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Abstract

This dissertation investigates the effects of two subunit vaccines H1:IC31 and H56:IC31 as

well as prior M.tb sensitization on the immune responses of three cohorts of South African

adolescents and adults. The primary outcomes are frequencies of antigen-specific CD4 T cells

expressing different combinations of immunological markers over three time points. Two M.tb

antigens are investigated: Ag85B and ESAT-6. The dissertation compares the results produced

by the standard procedures that would typically be employed in the immunology research

community to investigate these aims with the results produced by employing a mixed effect

modelling approach. Not only is it of interest to investigate whether the results agree, but

also to investigate the difference in inference that one can make and whether the mixed effect

modelling approach is able to provide greater insight into the data. Methods typically employed

by the immunology community that are used in this thesis are non-parametric pair-wise tests and

the data analysis pipelines mixture models for single-cell assays (MIMOSA) and combinatorial

polyfunctionality analysis of single cells (COMPASS). For the mixed effect modelling approach,

generalized linear mixed effect models with various hierarchical structures as well as latent

variable models are employed. Results suggest that 5 µg of the vaccine induces the strongest

immune response. The mixed effect modelling approach showed good potential in terms of depth

of analysis and ease of interpretation, however many model assumptions were violated making

inference difficult. The standard approaches where much more cumbersome to implement and

interpret and resulted in significant multiple testing concerns.
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Chapter 1

Introduction

1.1 Introduction

Tuberculosis (TB) is currently the second leading cause of death from a single pathogen globally,

with The World Health Organisation (WHO) estimating a death toll of 1.6 million during 2021

[1]. The WHO estimated that 10.6 million people fell ill with TB in 2021, the vast majority

of whom were adolescents and adults (approximately 89%). Both the WHO and the United

Nations (UN) have set goals of ending TB by 2030 and 2035 respectively. Interrupting the

transmission of M.tb is key to eliminating TB disease and meeting these targets. This can be

achieved through the development of novel drugs, better diagnostic tests and more effective

vaccines for TB [2].

TB is an airborne disease caused by the bacteria Mycobacterium tuberculosis (M.tb) [1]. When

an individual has contracted M.tb infection, they can remain healthy and non-infectious, or

progress to TB disease, which may be symptomatic and infectious. M.tb can also disseminate

to any part of the body, and when it causes disease in the lungs it is referred to as pulmonary TB

and is considered infectious [3]. Extra-pulmonary TB (i.e. M.tb that has disseminated to areas

other than the lungs) is considered non-infectious. About 70% of symptomatic TB cases are

pulmonary and thus infectious [4]. Transmission can occur when an individual with pulmonary

TB expels M.tb by coughing, sneezing or spitting, making pulmonary M.tb-infected individuals

the reservoir for M.tb. The WHO estimates that an individual with pulmonary TB can infect

5-15 susceptible individuals per year through close contact [1]. Adolescents and adults with

pulmonary TB are primarily responsible for transmission of M.tb and thus are the demographic

that should be targeted when developing interventions to stop the transmission of TB [5].

TB disease is both treatable and curable, although it is estimated that without proper treatment,

45% of HIV-negative individuals with active TB and nearly all HIV-positive individuals with

active TB would die [1]. The standard treatment of drug-susceptible TB disease is a 6 month

course of four antimicrobial drugs. However, there are often delays in treatment-seeking due to

symptoms frequently being mild for the first few months. This can result in transmission from

the unknowingly infected individual to others, furthering the spread of TB despite eventual

treatment of the disease. Once an individual has recovered, they are not necessarily immune

and they may develop TB again via exogenous M.tb infection (progression upon re-infection) or

via endogenous M.tb infection (progression of the existing infection, also known as reactivation

or relapse) [6]. Thus treatment of the disease alone is not enough to interrupt the transmission

of TB disease and preventative steps such as vaccines are necessary as well.

Bacille Calmette-Guérin (BCG) is the currently licensed vaccine against TB and has been

administered to infants at birth for over 100 years. BCG primarily protects children against

TB meningitis and miliary disease [7]. In South Africa, BCG is administered at birth with a
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coverage of 89% among 1-year-olds as of 2021 [8]. However, there is evidence that by adolescence

BCG provides inconsistent protection against pulmonary TB [9]. There is also limited evidence

that the BCG (re-)vaccination of adolescents and adults is effective in preventing TB [10]. This

is significant because adolescents and adults with pulmonary TB are the primary transmitters

of TB. Thus, a vaccine that is effective in both adolescents and adults is key to interrupting the

transmission of TB disease [11, 12].

The apparent ineffectiveness of BCG re-vaccination has been theorised as being attributed to

prior M.tb sensitisation and has lead to the masking and blocking hypotheses. The masking

hypothesis suggests that environmental sensitisation to M.tb, or closely-related non-tuberculous

mycobateria, provides enough protection against TB such that BCG re-vaccination barely offers

any additional protection. The blocking hypothesis suggests that environmental sensitisation to

M.tb prior to vaccination may trigger an immune response capable of blocking the replication

of the BCG vaccine or accelerating its clearance before an effective immune response can be

stimulated [13]. In TB endemic countries such as South Africa, it is estimated that more than

three-fourths of the adult population are M.tb-infected [14]. Thus both hypotheses imply that

in the context of South Africa, a vaccine targeted at adolescents and adults would need to be

effective regardless of M.tb sensitisation.

A key component of an individual’s immune response to M.tb is the recognition of M.tb antigens

by the individual’s immune system. M.tb antigens are molecular structures expressed by the

pathogen and are the key ingredient in M.tb vaccine development [15]. Two immuno-dominant

M.tb antigens included in the candidate vaccines evaluated in this project are antigen 85B

(Ag85B) and early secretory antigen target-6 (ESAT-6). Ag85B is expressed by both BCG and

M.tb, and therefore the immune recognition of this antigen is expected in bothM.tb unsensitized

as well as sensitized individuals before vaccination. On the other hand, ESAT-6 is expressed by

M.tb and not BCG, therefore the immune recognition of this antigen is only expected in M.tb

sensitized individuals before vaccination.

This project aims to investigate the effects of two subunit vaccines H1 and H56, administered

with IC31 adjuvant, on the immune responses of three cohorts of adolescents and adults, the

target demographic for preventing TB transmission. It will also investigate the effect of prior

M.tb sensitisation on the immune responses of participants, thus investigating whether the

vaccines would be immunogenic in an TB endemic country such as South Africa. Since vaccine

regimen is a key factor for determining vaccine effectiveness, it is also of interest to investigate

the effect of vaccine regimen, specifically vaccine concentration and number of administrations,

on the immune response. The immune response shall be quantified by analysing the antigen-

specific CD4 T cell magnitude, functional quality and memory profiles of the participants, where

the antigens of interest are Ag85B and ESAT-6.

1.2 Aims and objectives

There are three specific, immunological aims for this study:
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1.2. AIMS AND OBJECTIVES

1. To investigate the effects of vaccine regimen, M.tb sensitisation and antigen specificity on

CD4 T cell magnitude.

2. To investigate the effects of vaccine regimen, M.tb sensitisation and antigen specificity on

CD4 T cell functional quality.

3. To investigate the effects of vaccine regimen, M.tb sensitisation and antigen specificity on

CD4 T cell differentiation.

In the context of this project, vaccine regimen is determined by the concentration and the

number of administrations of the vaccine. QuantiFERON-TB Gold (QFT) status shall be used

as a proxy for M.tb-sensitisation, where QFT negative (QFT-) individuals are assumed to be

M.tb-unsensitised and QFT positive (QFT+) individuals are assumed to be M.tb-sensitised.

Furthermore, the antigens of interest in this project are Ag85B and ESAT-6.

With regards to the first aim, the magnitude of the T cell response shall be quantified by the

number of cytokine positive cells observed. In the context of this project, cytokine positive

cells are CD4 T cells which express at least one of the following cytokines (also known as

functional markers): interleukin-2 (IL-2), interleukin-17 (IL-17), tumour-necrosis factor (TNF)

and interferon-γ (IFN-γ). CD4 T cells generally only express cytokines after antigen recognition,

thus cytokine positive cells can be classified as antigen-specific cells. Consequently, measuring

the number of cytokine positive cells after in vitro stimulation is roughly equivalent to measuring

the number of antigen-specific cells, which is why it can be used to quantify the immune response.

It is hypothesised that M.tb-sensitised individuals will require a lower vaccine concentration to

induce the greatest magnitude of cytokine positive CD4 T cells compared to M.tb-unsensitised

individuals. This hypothesis shall be investigated by analysing the relationship between QFT

status, vaccine concentration, number of vaccine administrations and the frequencies of cytokine

positive CD4 T cells.

For the second aim, T cell functional quality refers to the pattern of cell functional marker

expression. Thus, the frequency of cells expressing specific combinations of functional markers

is of interest rather than simply the frequency of cytokine positive cells. It has been shown

that better quality T cell responses are associated with disease non-progression and protection,

where cells with better quality responses are those with greater degrees of functionality (i.e.

express more functional markers) [16]. It is hypothesised that T cell functional quality is

influenced by vaccine concentration and M.tb sensitisation and that high frequencies of T cells

expressing IL-2 and TNF together and T cells expressing IL-2, TNF and IFN-γ together are

associated with lower concentrations of the vaccine in M.tb-sensitised individuals compared to

unsensitised individuals. This will be investigated by analysing the relationship between QFT

status, vaccine regimen and the frequencies of antigen-specific T cells producing all functional

markers measured on the dataset. It is also hypothesised that the functional profiles of T

cells recognising Ag85B are distinct from those of T cells recognising ESAT-6 and that after

vaccination, the functional profiles of T cells recognising Ag85B or ESAT-6 differ between

M.tb-sensitised and M.tb-unsensitised individuals. This shall be investigated by comparing the
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functional profiles of Ag85B- and ESAT-6-specific T cells induced by different vaccine regimens

and analysing their relationship with QFT status.

With regards to the third aim, it is hypothesised that a high vaccine concentration in M.tb-

sensitised individuals drives T cells towards a more differentiated phenotype compared to un-

sensitised individuals. A cell has a more differentiated phenotype compared to another cell

depending on the specific combination of memory markers expressed by that cell. In the con-

text of this project, the memory markers that will be measured are CCR7 and CD45RA. This

hypothesis shall be investigated by measuring the frequency of antigen-specific (i.e. cytokine

positive) T cells expressing different combinations of memory markers and analysing the rela-

tionship between this and vaccine dose as well as QFT status. It is also hypothesised that the

differentiation profiles of T cells recognising Ag85B are distinct from those of T cells recognising

ESAT-6 and that after vaccination, the differentiation profiles of T cells recognising Ag85B or

ESAT-6 differ between M.tb-sensitised and M.tb-unsensitised individuals. This shall be investi-

gated by comparing the differentiation profiles of Ag85B- and ESAT-6-specific T cells induced

by different vaccine regimens and analysing their relationship with QFT status.

The statistical aim is to compare the results produced by the standard procedures that would

typically be employed in the immunology research community to investigate these aims with the

results produced by employing a mixed effect modelling approach. Not only is it of interest to

investigate whether the results agree, but also to investigate the difference in inference that one

can make and whether the mixed effect modelling approach is able to provide greater insight

into the data.
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Chapter 2

Literature review

2.1 Progression of M.tb infection

After inhalation of M.tb bacteria, the bacteria can either by eliminated by the body’s immune

system or, in the case of pulmonary TB, it can disseminate to the lungs and infect alveolar

macrophages, a type of white blood cell located in the pulmonary alveoli that encapsulate

and kill microorganisms, remove dead cells and enhance the action of other immune cells [17].

Later, it may disseminate to other myeloid cells, establishing infection [18, 19]. The M.tb

bacteria employs several tactics to allow sufficient time for it to establish a chronic infection in

the lungs before an effective T cell response can be mounted. One way that it does this is by

delaying the transportation of the M.tb bacteria and its products to the regional lymph nodes,

thus delaying the priming and migration of T cells to the infection site, consequently delaying

the body’s immune response [20]. In order to launch an effective immune response, T cells need

to traffic to the infected tissues timeously where they must be able to recognise and respond

to the M.tb antigens. Thus, in order for a TB vaccine to be effective, antigen-specific T cells

induced by vaccination should be able to migrate to the lungs and mount an effective immune

response against M.tb [21].

Once T cells have reached the infection site, they play a key role in granuloma formation

[22]. Granulomas are organised and localised masses of immune cells containing infected

macrophages, stimulated macrophages, lymphocytes and other immune cells [23]. The inability

of granulomas to contain the M.tb bacteria can lead to M.tb dissemination and thus onset of

active disease [24]. Thus, granulomas are important for controlling and containing M.tb infec-

tion [23]. CD4 T cells expressing TNF have been shown to play a critical role in granuloma

formation, while CD4 T cells expressing IFN-γ have been shown to play an important role in

containing the M.tb bacteria within the granuloma and infected macrophages [25, 26, 27, 28].

2.2 TB vaccines

The two subunit vaccines used in this project, H1 and H56, were both developed as pre- and

post-exposure vaccines specifically targeted at TB endemic populations. Both vaccines are

formulated with a Th1-priming adjuvant IC31. The role of an adjuvant is to enhance the

immunogenicity of a vaccine and hence achieve a more durable immune response [29]. Adjuvant

IC31 strengthens the induced immune response by promoting differentiation of naive CD4 T

cells into T helper 1 (Th1) cells (i.e. CD4 T cells expressing IFN-γ, TNF and/or IL-2) which

have been shown to play an essential role in preventing the rapid progression of M.tb infection

[30, 20].

Both vaccines contain protein antigens ESAT-6 and Ag85B, however H56 contains an extra
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antigen, Rv2660c. Antigens are molecular structures that are recognized by the immune system,

and a vaccine includes antigens that are specific for the target pathogen [31]. Ag85B is present

in both BCG and M.tb, however both ESAT-6 and Rv2660c are only present in M.tb [32].

Ag85B has been shown to be highly expressed during the acute phase of M.tb infection as

well as frequently recognized by Th1 cells, thus making it highly immunogenic [33]. ESAT-6,

on the other hand, is expressed throughout M.tb infection and has been shown to be highly

immunogenic in human and animal models [34, 35]. Rv2660c is a hypothetical M.tb antigen

whose transcripts are upregulated during nutrient starvation, however its exact function is

unknown [36]. For this project, both vaccines H1 and H56 will be treated as equivalent since

only the Ag85B and ESAT-6 stimulated response, the two antigens present in both vaccines,

will be investigated and not the Rv2660c stimulated response.

While both functional antigen-specific CD4 T cells and CD8 T cells are induced by M.tb infec-

tion, the majority of TB vaccines, including those studied in this project (H1 and H56), primarily

induce CD4 responses [37]. As previously mentioned, CD4 cells producing Th1 cytokines are

key immune players against M.tb infection. Specifically, Th1 cells assist in controlling M.tb

bacterial growth by activating infected macrophages to kill intracellular M.tb bacteria [27].

2.3 T cell immune responses to M.tb

The functional and memory markers expressed by a T cell define the cell’s differentiation state,

its functionality as well as its memory capabilities, hence why measuring the frequencies of

these marker combinations is so important for quantifying the immune response against TB.

The differentiation state of a T cell is determined by the combination of memory and functional

markers expressed by that cell. Naive T cells (TN) are the least differentiated cells, followed

by central memory T cells (TCM), then effector memory cells (TEM) and finally the most

differentiated T cells, terminal effector T cells (TTE). These CD4 T cell subsets are defined by

the cell’s expression of memory markers CCR7 and CD45RA. Naive CD4 T cells express both

CCR7 and CD45RA, TCM CD4 T cells express CCR7 but not CD45RA, TEM CD4 T do not

express either marker and terminal CD4 T cells express CD45RA but not CCR7. Within these

four CD4 T cell subsets, the expression of cytokines further determines the cell differentiation.

Figure 2.1 summarises the differentiation of CD4 T cell according to the cells memory marker

and Th1 cytokine expression. Continued antigen stimulation can result in the progressive cell

differentiation, resulting in terminally differentiated CD4 T cells that only produce IFN-γ and

have relatively short life spans. Thus, antigen exposure or innate immune factors affect the

extent of T cell differentiation [16].

The memory capabilities of a CD4 T cell depend on the differentiation state of the cell (i.e. both

the memory and functional markers expressed). Immunological memory is defined as the ability

of the immune system to have an enhanced response upon re-challenge with the same pathogen

[38]. As a cell becomes more differentiated, its long-term memory potential decreases, as seen in

Figure 2.1. Naive CD4 T cells as well as TCM cells expressing less than two functional markers
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2.3. T CELL IMMUNE RESPONSES TO M.TB

have the highest long-term memory potential while TTE cells have the least memory potential

since they are very short-lived. The induction of CD4 T cells with longer-term memory potential

is an essential component of an efficacious vaccine in order to confer long-term immunity [39].

While CD4 T cell differentiation is defined based on which memory markers CCR7 and CD45RA

are expressed, T cell functionality depends on the number of functional markers expressed. The

more functional markers a cell expresses, the higher its degree of functionality, with polyfunc-

tional cells expressing two or more functional markers. Figure 2.1 shows how cell functionality

changes depending on the number of functional markers expressed. Continued antigen stimula-

tion can also result in the progressive loss of a cell’s functional marker production (i.e. loss of

functionality) . Cell functionality is of particular interest in this project as it has been shown

that greater degrees of polyfunctionality are associated disease non-progression and protection

in other infectious disease models [16]. Consequently, most TB vaccines focus on inducing

polyfunctional Th1 CD4 cells, although it is not known whether these cells provide sufficient

protection [37].
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long-term protection than just measuring the frequency 
of IFNγ-producing CD4+ T cells.

Once CD4+ T cells have developed into IFNγ+ 
TNF+IL-2+ T cells they have three potential fates: they can 
persist as memory or effector T cells; they can further 
differentiate into less-functional T cells; or they can die 
following activation. The enhanced effector function and 
the differences in memory capacity between the discrete 
populations of cytokine-producing CD4+ T cells have 
important implications for vaccine design. Optimal  
protection would be achieved by having a population of 
multifunctional T cells that can mediate an effector func-
tion quickly and have a reservoir of memory T cells4,52 that 
secrete IL-2, TNF or both and have effector potential.

The linear differentiation model is most evident under 
conditions of transient antigenic and innate stimulation, 
such as vaccination with protein and adjuvant or with 
DNA. With greater stimulations, such as high doses of 

viral vectors or live infections, differentiation proceeds 
rapidly (or immediately) to IFNγ-secreting effector CD4+ 
T-cell populations.

Hierarchical control of CD8+ T-cell cytokine responses. 
In characterizing the hierarchy of cytokine produc-
tion from CD8+ T cells following acute infection with 
LCMV53,54, VSV54 or influenza virus49 in mice, IFNγ is 
expressed by virtually all CD8+ T cells at the peak of the 
response. Contained within the population of IFNγ- 
producing CD8+ T cells is a subpopulation of T cells 
that also secretes TNF, and a smaller subpopulation that 
secretes both TNF and IL-2. Furthermore, compared 
with that of IFNγ and TNF, the induction of IL-2- 
producing CD8+ T cells is detected at a later time point, 
and its expression increases over time. In contrast to 
acute infection, few TNF- or IL-2-producing CD8+ 
T cells are generated during chronic LCMV infection, 

Figure 4 | Models for effector and memory T-cell differentiation. a | CD4+ T-cell differentiation can be modelled as a 
linear process, in which cells progressively gain functionality with further differentiation, until they reach the stage that is 
optimized for their effector function (such as the production of interleukin-2 (IL-2), interferon-γ (IFNγ) and tumour-necrosis 
factor (TNF)). Continued antigenic stimulation can lead to progressive loss of memory potential as well as cytokine 
production, resulting in terminally differentiated CD4+ T cells that only produce IFNγ and are short-lived. Following 
antigen stimulation, any of these stable differentiated subsets can also develop into activated effector CD4+ T cells, 
leading to their death. The amount of initial antigen exposure or innate-immune factors in the microenvironment will 
govern the extent of differentiation. b | Following stimulation, naive CD8+ T cells fully differentiate into activated 
effector CD8+ T cells that secrete IFNγ, most with cytolytic activity. Two models for the generation of CD8+ central memory 
T cells (TCM cells) and CD8+ effector memory T cells (TEM cells) are depicted by colour (‘linear differentiation’ is shown with 
black dotted arrows; ‘fixed lineage’ with red dotted arrows73; and black arrows depict transitions for both models). As 
for CD4+ T cells, continued antigenic stimulation of CD8+ T cells can lead to terminal differentiation and cell death. Unlike 
CD4+ TEM cells, CD8+ TEM cells may be able to re-acquire IL-2 expression and become CD8+ TCM cells.
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Figure 2.1: Diagram of CD4 T cell differentiation. Credit: Seder et al. (2008) [16].

TCM cells result from antigen-naive T cells that have been stimulated by an antigen and survive

after the antigen has been eliminated. TCM cells are relatively long-lived and display similar

behaviour to stem cells in terms of their regenerative abilities. As previously mentioned, a key

characteristic of TCM cells is their long-term memory potential, thus making induction of TCM

cells a key characteristic of an efficacious vaccine. TCM cells are also noted for their ability

to trigger anamnestic responses upon re-challenge with M.tb as well as maintaining protective

T cell immune responses during prolonged antigenic stimulation. Despite these qualities, TCM

cells are only considered a second line of defense due to their inability to enter infected tissues

[40].

TEM cells are considered the first line of defense against M.tb as they rapidly traffic to the site

of infection and display immediate effector function on antigenic stimulation [40, 41]. However,

TEM cells are relatively short-lived and fail to endure under continuous antigenic stimulation

during prolonged M.tb infection [42].
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IFN-γ production has been shown to be an essential mechanism for CD4 T cell-mediated pro-

tection, playing an important role in controlling M.tb replication and in containing the M.tb

bacteria within the granuloma [27, 28]. There is also evidence that humans with abnormal

IFN-γ receptors are more susceptible to disease [43]. Expression of IL-2 induces proliferation,

aids the survival of antigen-specific T cells and is involved in the development of memory T

cells during the early infection phase [44]. Although early research suggested that IL-17 was

not necessary for protective immunity against M.tb, more recent research suggests that IL-17 is

in fact required in order to drive the induction of IL-12 [45]. There is also evidence that IL-17

plays a role in mediating vaccine-induced protection against M.tb [46].

2.4 QuantiFERON-TB Gold (QFT)

One of the key aims of this project is to investigate the effects of M.tb-sensitisation on immune

response to vaccination. In order to do this, QFT status shall be used as a proxy for M.tb-

sensitisation. QFT is an in vitro test used to measure M.tb infection. Specifically, it is an

Interferon-Gamma Release Assay (IGRA) that measures the amount of IFN-γ released from an

individual’s T cells in whole blood when stimulated with antigens ESAT-6 and culture filtrate

protein-10 (CFP-10). The significance of using ESAT-6 and CFP-10 is that these antigens are

expressed by M.tb alone and not BCG or most environmental mycobacteria, thus increasing

the specificity of the test [47]. The IFN-γ response of the negative control is subtracted from

the IFN-γ response after antigen stimulation. If an individual has a background subtracted

response greater than the cut-off of 0.35 international units per mL (IU/mL), then they are

classified as QFT+ while those below the cut-off are classified as QFT- [48]. However, this

cut-off is a practical interpretation of the test results and there is evidence that results within

the board-line range of 0.20 to 0.99IU/ml should be interpreted with caution [49], implying

that classification of borderline cases may be inaccurate. Despite this, QFT status rather than

quantitative values shall be used in this project since it is still common to do so and because it

simplifies the analysis.

2.5 Statistical methods traditionally used

Statistical methods traditionally used by the immunology community consist mostly of simplistic

and low dimensional techniques such as ad hoc rules based on fold-changes, Hotelling’s T2

statistics, exact tests of 2 × 2 contingency tables and graphical displays of summary statistics

[50]. Such methods put a large emphasis on statistical hypothesis testing and p-values and thus

typically result in multiple comparisons across participants as well as across cell subsets which

need to be adjusted for, resulting in a loss of power. Another disadvantage of these methods

is their low dimensionality whereby subjects and/or cell subsets are tested separately without

allowing for the sharing of information across observations [51].

Recently, to combat these shortcomings two data analysis pipelines have become increasingly
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popular in the immunology community: mixture models for single-cell assays (MIMOSA) [51]

and combinatorial polyfunctionality analysis of single cells (COMPASS) [50]. Both methods

have the advantage of sharing information across participants and COMPASS has the additional

advantage of being compatible with multivariate data. These two data analysis pipelines, along

with other non-parametric techniques such as graphical displays and non-parametric statistical

tests, shall be discussed in detail in Chapter 4. Chapter 4 will also introduce and discuss the

more sophisticated statistical modelling used in this dissertation.

9



Chapter 3

Study Design and Data Manipulations

3.1 Study design

This study is a retrospective study which uses data and samples collected from three clinical

trials conducted by the South African Tuberculosis Vaccine Initiative (SATVI) in collaboration

with Statens Serum Institute (SSI). The three trials used are trials H1-THYB04 [52], H56-032

[53] and H56-035 [36]. Throughout this project, these three trials shall be referred to as trials

A, B and C respectively.

Trial A was a Phase II clinical trial consisting of a total of 240 adolescents. Figure 3.1 shows the

experimental design used for this trial. Each participant was randomly assigned to one of four

groups, with randomisation accounting for the fact that half of the participants in each group

should be QFT- and the other half should be QFT+. Depending on their group allocation, each

participant was administered either 15 µg or 50 µg of the H1 vaccine either once off or twice

with an interval of 56 days between doses.

QFT-

QFT+

15

30

50

30 30 30 30 303030

Figure 3.1: Diagram of the Trial A cohort. Each figure represents a group, with the number of participants in
that group indicated by the number. The number in the vial represents the concentration in µg of the vaccine
used. The needles represent the administration schedule of the vaccine: one needle for one administration and
two for two administrations. The groups are colour coded by QFT status.

Trial B was a first-in-human, open label Phase I clinical trial with a very small cohort of only 25

adults, as seen in Figure 3.2. QFT+ participants were randomly assigned to one of two groups

and QFT- participants formed the third group. Each participant received three administrations

of either 15 µg or 50 µg of vaccine H56 with 56 day intervals between doses.
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QFT-

QFT+

15

8

50

8 9

Figure 3.2: Diagram of the Trial B cohort. Each figure represents a group, with the number of participants in
that group indicated by the number. The number in the vial represents the concentration in µg of the vaccine
used. The 3 needles represent the 3 administrations of the vaccine that each participant received.The groups are
colour coded by QFT status.

Trial C was a Phase I/IIa clinical trial enrolling 81 healthy adults, as seen in Figure 3.2. The

first phase of the trial was the dose selection stage which enrolled 45 QFT- participants and

randomly assigned them to one of three groups. Each participant was administered two doses

of either 5 µg, 15 µg or 50 µg of H56. Based on the results of the first phase of the trial, a dose

of 5 µg of the vaccine was then chosen for the schedule selection phase of the trial. This phase

enrolled 12 QFT- and 24 QFT+ participants and randomly assigned the QFT+ participants to

one of two groups and the QFT- participants formed the third group. Participants were then

administered either two or three doses of 5 µg.

QFT-

QFT+

5

15

15 50

II

5

12

Pase I: Pase II:

15 15 12 12

Figure 3.3: Diagram of the Trial C cohort. Each figure represents a group, with the number of participants in
that group indicated by the number. The number in the vial represents the concentration in µg of the vaccine
used. The needles represent the administration schedule of the vaccine: 2 needles for 2 administrations and 3 for
3 administrations. The groups are colour coded by QFT status.

3.2 Data integration

Data generated from the three trials was combined for this study in order to span a wider

range of vaccine doses and number of administrations compared to each individual study, as
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seen in Figure 3.4. Data from all participants in trial B was included in the combined cohort,

however only data from a subset of participants from trials A and C were used due to time

constraints on the data pre-processing steps, specifically gating, that needed to be performed

by the immunologists prior to the analysis of the data.

Gating refers to the process of selecting successive subpopulations of cells where only cell data

from the final subpopulation will be used for statistical analysis [54]. Each trial’s investigator

had employed a different gating strategy, thus a new unified gating strategy was applied across

all three trials in FlowJo™ (a software package used to analyse flow cytometry data) in order to

minimize between trial bias. Gating was performed manually to each whole blood sample one

at a time, as is common, which is a very time-consuming process.

QFT-

QFT+

5

15 12 11 11
C C C C

20
A

22
A

50

21 827 9
A A B B

15

21 25 24 12 15 8
A A A A A B

Figure 3.4: Diagram of the full cohort that will be used for this project. Each figure represents a group, with
the number of participants in that group indicated by the number and the trial from which those participants
came from indicated by the letter. The number in the vial represents the concentration in µg of the vaccine used.
The needles represent the administration schedule of the vaccine: one needle for one administrations, two for two
administrations, etc. The groups are colour coded by QFT status. No data is available for the groups in grey.

The key differences between the three trials are the type of vaccine administered and the age

group of the cohorts. Trial A administered vaccine H1 to a cohort of adolescents while trials

B and C administered vaccine H56 to two cohorts of adults. A key assumption of the study

design is that the two vaccines are essentially equivalent. As previously discussed, both the H1

and H56 vaccines contain M.tb antigens Ag86B and ESAT-6, with the only difference being

that H56 contains a third antigen, Rv2660c, while H1 does not. The rationale for treating H1

and H56 as equivalent is that the function of antigen Rv2660c is unknown [36] and that only

stimulation with Ag85B and ESAT-6 will be analysed, and immune responses to Rv2660c were

ignored. With regards to the confounding factor age, this can be accounted for and investigated

in the statistical modelling approach of the analysis.

The data collected was longitudinal with whole blood samples collected at different time points

for different participants depending on which trial they were enrolled in and what dosage sched-

ule they were on. In order to combine the data collected in these three trials, it was decided to

harmonise these time points by choosing three universal time points: a baseline (pre-exposure),

peak and memory time point. Figure 3.5 outlines how this was done for each dose schedule.

The peak time point needed to be two weeks after the last vaccine dose and the memory time
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point needed to be 6 to 10 months after the last vaccine dose, hence why the time points fall

on different days depending on the number of administrations received of the vaccine. Because

the sample collection days were not the same across trials, samples collected from participants

receiving two vaccine administrations on day 224 in trial A and day 292 in trial C were classified

as memory time point data. Similarly, for participants receiving three vaccine administrations,

samples collected on day 210 in trial B and day 292 in trial C were classified as memory time

point data.

1 Dose  14 0  224

3 Doses  0  56  112  126  292 210
B C 

2 Doses  0  56  70  224  292
A C 

Baseline Peak Memory  

 (days)

 (days)

 (days)

Figure 3.5: Diagram of the unified sample selection schedule for the combined datasets. A separate timeline is
given for each vaccine schedule and the syringes indicate the days that the vaccine was administered. The red
vials indicate the days of interest where samples were collected, each day colour coded according to whether it is
a baseline, peak or memory response.

The diagram summarising the data integration process and noting which observations were

missing or removed can be found in the Appendix, Figure B.1.

3.3 Importing data

After the data was re-gated in FlowJo™, it needed to be imported into the statistical software

environment R [55] in order for the counts and frequencies of cells expressing different marker

combinations to be computed. Usually these counts are computed in FlowJo™, but for larger

datasets where many more markers have been measured this would not be possible. It was

decided to compute the counts in R because it was desirable to establish a new data analysis

pipeline that is compatible with larger datasets. This is particularly necessary in the context of

this study because while the counts for whole blood dataset could have been computed using

FlowJo™, a related peripheral blood mononuclear cell (i.e. blood cells with a round nucleus

[56]) dataset which will be analysed in a follow-up project would be far too large. Packages

flowCore [57], flowWorkspaceData [58] and CytoML [59] were used to import the FlowJo™ work

spaces into R and create a function that could compute the counts and frequencies of marker

combinations.
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3.4. DATA DESCRIPTION

3.4 Data description

Whole blood samples were collected from each participant at each time point (baseline, peak

and memory). Each participant has 4 whole blood samples for a given day, one stimulated with

Ag85B, one stimulated with ESAT-6, one stimulated with phytohaemagglutinin (PHA) and one

unstimulated. For each of these samples, the frequency of each marker combination is recorded.

A specific participant and time point combination shall be referred to as a participant visit (e.g.

PID 1010 at baseline) and a specific participant, time point and stimulus combination shall

be referred to as one observation (e.g. PID 1010 at baseline under stimulation with ESAT-6).

Thus, provided that no observations are missing, each participant will have three participant

visits and a total of 3× 3 = 9 observations. Note that the PHA observations are only relevant

for the data cleaning process and will not be used in the statistical analysis, hence why there

are three stimuli rather than four.

The explanatory variables of interest are participant-specific variables QFT status, administra-

tion and concentration as well as observation-specific variables stimulus and time point. QFT

status will be a categorical variable used as a proxy for M.tb-sensitisation. Administration refers

to the number of administrations of the vaccine that the participant received (either 1, 2 or

3), while concentration refers to the concentration of the vaccine that the participant received

(either 5 µg, 15 µg or 50 µg). These two variables will be included in the models as continuous

variables in order to limit the complexity of the model structure. Stimulus will be a categorical

variable with categories Ag85B, ESAT-6 and unstimulated. Demographic variables sex, eth-

nicity and age are also available for inclusion in the models, although they are not of primary

interest.

The response of interest are the frequencies of cells expressing different combinations of the

markers seen in Table 3.1. The markers with rationale “Function” in the table are functional

markers, also known as cytokines, specifically induced upon antigen stimulation, where the spe-

cific combination of functional markers expressed by a cell describe the functional quality of that

cell. The markers with rationale “Phenotype” are phenotypic markers, also known as memory

markers, and describe the memory state of the cell at the steady state (i.e. not significantly

modulated by stimulation). The different possible combinations of markers expressed by cells

shall be referred to as marker combinations, the different combinations of functional markers

as functional combinations and the different combinations of memory markers as memory com-

binations. For the whole blood dataset there are 26 = 64 possible marker combinations. Not

all combinations are relevant or observable, so this number will be reduced in the dimension

reduction step of the analysis.
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Table 3.1: Flow cytometry panel showing the markers measured for the dataset.

Fluorochrome Marker Rationale

APC-H7 CD3

BV786 CD4 T cells

BUV805 CD8

PE IL-2

PE-Cy7 TNF Functions

AF700 IFN-γ

BV605 IL-17

PE-CF594 CCR7 Phenotype

BV570 CD45RA

There are a variety of outcomes of interest, all of which are frequencies of either CD4 T cells or

cytokine positive CD4 T cells. The frequency may be background subtracted, meaning that the

unstimulated frequency is subtracted from the stimulated frequency. The response of interest

will depend on the statistical method employed, and shall be discussed in further detail in

Chapter 4.

3.5 Data cleaning

Data cleaning was done as per the SATVI Immunology Lab Data Management for Clinical

Vaccine Trials standard operating procedure number S137-02 with some amendments. Below

are the detailed amended steps:

(a) Exclude all participants visits for which the unstimulated control is missing, since all

observations will require their corresponding unstimulated observation in order to calculate

the response of interest.

(b) Plot the frequency of cytokine positive CD4 T cells for all unstimulated observations and

use this plot to identify any potential outliers. To determine if the outliers should be

removed, look at previous notes made during the re-gating process.

(c) Calculate the frequency of cytokine positive CD4 T cells for each observation (stimulated

and unstimulated). Next, calculate the median value of this frequency for all unstimulated

observations only. Using this value, calculate the Median Absolute Deviation (MAD) by

taking the absolute value of the difference between the median and the actual frequency for

each unstimulated observation, and then taking the median of these resulting differences.

If a participant visit has a PHA-induced frequency less than or equal to the unstimulated

median frequency + 3MAD, then check the Ag85B and ESAT-6 frequencies and see if

any of those pass the cut-off. If none of the frequencies pass the cut-off, then exclude the

whole participant visit. In other words, if the frequency for at least one stimulus passes
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the cutoff, then the participant visit will not be excluded. If the PHA responses are not

available for the participant visit, use Ag85B responses instead, and if that is not available,

use ESAT-6 instead. This is done to check that the assay was performed correctly. If no

response is detected to any of the stimulations, a technical error may have occurred.

(d) Exclude all participant visits for which the PHA-, Ag85B- and ESAT-6-induced cytokine

positive CD4 T cells are less than or equal to the corresponding frequency for the unstim-

ulated control.

Because the goal is to create a unified dataset, the above points were applied to the dataset after

combing the data from all three trials, instead of applying the steps to each trial’s data separately

and then combining the data to form the cleaned dataset. Overall, only one participant visit

was removed, the details of which can be found in Figure B.2 in Appendix B.
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Chapter 4

Statistical Methods

This chapter shall outline the statistical methods used to investigate the three aims of this

project. For each aim, a mixed effect modeling approach shall be employed as well as a “stan-

dard” approach using statistical procedures typically employed by the immunologist community.

The specific responses analysed using each statistical method is dependent not only on the sta-

tistical method used but also on the aim being investigated. While some methods such as

combinatorial polyfunctionality analysis of single cells (COMPASS) and to some extent mix-

ture models for single-cell assays (MIMOSA) shall be used to investigate only one aim, many of

the methods discussed here shall be applied to more than one aim. This means that for many of

the statistical methods used, there is more than one corresponding response variable. As such,

for many of the statistical methods discussed the exact calculation of the response variable will

not be given in this chapter but rather in subsequent chapters which are separated by aim and

which apply the methods outlined here.

The layout of this chapter is as follows: Section 4.1 introduces notation that shall be used

throughout this chapter and in subsequent chapters. Section 4.2 will describe the statistical

methods typically employed by the immunologist community, that being non-parametric meth-

ods, MIMOSA and COMPASS. The mixed effect modelling approach will be broken up into

two sections: Section 4.3.1 shall discuss generalised linear mixed effect models (GLMEM’s) and

Section 4.3.2 shall discuss latent variable models (LVM’s).

4.1 Notation

The following sections require the introduction of some important notation. Let V be the

total number of visits across all participants, i ∈ {1, ..., I} be the specific participant ID and

j ∈ {1, ..., J} be the specific visitation day (either baseline, peak or memory). Thus, in the

case of no missing values, V = I × J . Let c be a specific cytokine combination (for example

TNF+IL2-IFNγ+IL17-) and c+ be a specific cytokine positive combination. Thus, c ∈ {1, ..., C}
where C = 24 and c+ ∈ {1, ..., C − 1} since there is only one cytokine combination which is not

cytokine positive (TNF-IL2-IFNγ-IL17-). Let s stand for stimulated (either Ag85B or ESAT-6)

and u stand for unstimulated.

Let n
(s)
ijc be the number of CD4 T cells expressing cytokine combination c in the sample collected

from participant i at time point j after stimulation with s. Similarly, let n
(u)
ijc be the number

of CD4 T cells expressing cytokine combination c in the sample collected from participant i at

time point j when unstimulated.

Let n
(s)
ijc+

be the number of CD4 T cells expressing cytokine positive combination c+ in the

sample collected from participant i at time point j after stimulation with s.
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Let

N
(s)
ij = n

(s)
ij. =

C∑
c=1

n
(s)
ijc and N

(u)
ij = n

(u)
ij. =

C∑
c=1

n
(u)
ijc .

In other words, N
(s)
ij is the total number of CD4 T cells observed in the sample collected from

participant i at time point j after stimulation with s. Similarly, let

N
(s)
ij+ =

C−1∑
c+=1

n
(s)
ijc+

and N
(u)
ij+ =

C−1∑
c+=1

n
(u)
ijc+

.

In other words, N
(s)
ij+ is the total number of cytokine positive CD4 T cells observed in the sample

collected from participant i at time point j after stimulation with s.

Finally, define n
(s)
ijm as the number of CD4 T cells expressing memory combination m in the

sample collected from participant i at time point j after stimulation with s. Here, m is a specific

combination of two memory markers CCR7 and CD45RA (for example CCR7+CD45RA-) and

hence m ∈ {1, ...,M} where M = 22. Define n
(u)
ijm similarly. Let n

(s)
ijm+ be the number of

cytokine positive CD4 T cells expressing memory combination m+ in the sample collected from

participant i at time point j after stimulation with s. Here, m+ ∈ {1, ...,M+} where M+ = 22

still but now m+ refers to cells that express memory combination m and are also cytokine

positive (i.e. express at least one cytokine). Define n
(s)
ijm similarly. Note that this means that

N
(s)
ij =

M∑
m=1

n
(s)
ijm and N

(u)
ij =

M∑
m=1

n
(u)
ijm,

and

N
(s)
ij+ =

M+∑
m+=1

n
(s)
ijm+ and N

(u)
ij+ =

M+∑
m+=1

n
(u)
ijm+ .

4.2 Standard approach

The traditional approach to data analysis employed by the immunologist community predomi-

nately consists of data visualisation techniques, such as box-plots and longitudinal plots, coupled

with non-parametric significance tests [50]. Since the data used is usually very skew and zero-

inflated and thus non-normal, these significance tests need to be non-parametric. The two

significance tests that shall be used in this project are the Mann–Whitney U test for compar-

isons between independent samples and the Wilcoxon signed-rank test for comparisons between

dependent samples. Both the Mann–Whitney and Wilcoxon tests test whether the observations
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from two samples are drawn from the same distribution. However, analysing immunological

data where there are many different data subsets and many hypotheses of interest, as in this

project, necessitates multiple comparisons and thus presents the challenge of adjusting for mul-

tiple testing.

Two data analysis pipelines that have recently become popular in the immunologist community

are COMPASS and MIMOSA. These data analysis pipelines, together with data visualisation

techniques and significance tests shall constitute the statistical analysis approach employed in

this project in order to be representative of the standard data analysis approach employed by

the immunologist community. Section 4.2.1 will discuss statistical power, significance levels

and multiple testing in relation to the significance tests that shall be conducted in this project.

Sections 4.2.2 and 4.2.3 shall describe the data analysis pipelines COMPASS and MIMOSA and

how they will be used in this project.

4.2.1 Statistical significance, power and multiple testing

As discussed by Murphy et al. (2010) [60], concluding that something is statistically significant

usually says more about the study design rather than the actual results. This is because

significance depends upon the pre-specified significance level α as well as the sample size of the

experiment. The significance level α is the probability of making a type I error, which is defined

as the probability of rejecting the null hypothesis when it is in fact true, or more specifically in

the case of the significance tests used in this project, the probability of concluding that there is

a difference when in fact there is not. A related concept is statistical power, which is defined as

the probability of rejecting the null hypothesis when it is in fact wrong [60], or in other words,

the probability of finding a difference if it exists.

The problem with conducting multiple significance tests, is that with each additional signifi-

cance test the maximum experiment-wise error rate (MEER), the probability of an investigator

concluding that there is at least one statistically significant difference regardless of whether this

is true or not, increases [61]. Thus, if a researcher wishes to be able to conclude statistical

significance, not adjusting for multiple testing would result in the MEER being much higher

than expected, and increases the probability of the investigator committing a Type I error.

According to Bender et al. (2001) [62], adjusting for multiple testings consists of three main

steps

1. identifying which significance tests belong to a single experiment,

2. choosing which error rate to control, and

3. choosing the appropriate multiple testing adjustment.

In order to adjust for multiple testing, one first needs to determine how many tests are being

performed, a task around which there is much debate and little consensus. Bender et al. (2001)
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[62] suggest that significance tests belong to one single experiment if all of the tests and only

these tests are used to make one final conclusion or decision. Since there are many aims and

hypotheses that shall be investigated in this project, it was decided to consider each plot as a

single experiment, as each plot was created to answer a slightly different question. The plots

used in this project were either collections of box-plots or longitudinal profiles, where the aim

was to compare the distribution of the data between the different box-plots or time points.

Thus, adjusting for multiple testing shall be done within each plot separately.

Controlling the MEER is generally seen as the best protection against type I errors and thus

produces the strongest statistical inference [62]. Hence, controlling the MEER is generally

recommended for confirmatory analyses [62, 63]. The Bonferroni correction is one of the most

simple and popular methods of controlling MEER, however it comes at the cost of significantly

reduced power and is generally not recommended for when the number of tests exceeds five [61,

62].

Another, more recent method of adjusting for multiple testing is by controlling the expected

proportion of false positives, called the false discovery rate (FDR), rather than the MEER.

Controlling the FDR rather than the MEER is less conservative with respects to Type I error

but has the advantage of being more statistically powerful [61]. As such, controlling of the

FDR is recommended for exploratory analyses as oppose to confirmatory analyses [63]. Gelman

et al. (2012) [61] note that controlling the FDR is particularly appropriate in fields such as

genetics where it is expected to observe a couple of real effects amidst a large quantity of zero

effects, for example when examining the effect of a treatment on differential expression of genes.

The Benjamini-Hochberg procedure is a popular method for controlling the FDR, and has been

shown to be more powerful than the Bonferroni correction [64].

For this project, it was decided to adjust for multiple testing by controlling the FDR using the

Benjamini-Hochberg procedure for two main reasons. Firstly, because of the many aims and

hypotheses specified, this project should be considered more of an exploratory analysis rather

than a confirmatory analysis, and thus controlling the FDR is more appropriate as more power is

desired. Secondly, this project aims to examine the effect of antigen stimulation on differential

biomarker expression, and due to the large number of marker combinations considered, it is

expected that many of these marker combinations will not be differentially expressed and thus

are biologically irrelevant.

Although this project will adjust for multiple testing, it is important to understand this is not

a perfect solution and it does not imply that the probability of a Type I is now, say α = 5%,

and thus that any observed p-values below α = 5% are necessarily statistically significant.

Adjusting for multiple testing is still useful as it does reduce the probability of a Type I error

but it also runs the danger producing an over-confident investigator. As such, this project will

avoid concluding statistical significance but rather comment on the strength of observed results,

in order to emphasise that the epidemiological conclusions made in this project are exploratory

only.
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4.2.2 MIMOSA

Mixture models for single-cell assays (MIMOSA) is a Bayesian hierarchical framework developed

by Finak et al. (2014) [51] aimed at testing differential biomarker expression between two

conditions using single-cell assays. In the context of this thesis, MIMOSA was used to identify

participant visits for which the proportion of cytokine positive cells was significantly different

for the stimulated sample taken on that visit compared to the unstimulated sample also taken

on that visit for the same participant. Such participant visits are known as responders. Since

there are two stimuli, Ag85B and ESAT-6, MIMOSA was applied separately for each stimulus,

resulting in two datasets, one for each stimulus. The theory described below is a summary of

that presented by Finak et al. (2014) [51] and Finak et al. (2020) [65], adapted to be specific

to how it will be used in this project.

For Ag85B there are V = 732 participant visits (732 Ag85B-stimulated observations and 732

unstimulated observations) and for ESAT-6 there are V = 734 participant visits. The variables

of interest are total number of cytokine positive cells N
(s)
ij+ and N

(u)
ij+ as well as the total number

of CD4 T cells N
(s)
ij and N

(u)
ij . Note that N

(s)
ij is equal to the total number of cytokine positive

CD4 T cells (N
(s)
ij+) plus the total number of CD4 T cells expressing no cytokines, and similarly

so for N
(u)
ij and N

(u)
ij+. The vector of observed counts for participant i on visit j can be denoted

as yij = (N
(s)
ij+, N

(u)
ij+). In other words, observations are paired, containing a stimulated and an

unstimulated component.

For each participant visit, N
(s)
ij+ and N

(u)
ij+ can be modelled using binomial distributions as follows

(
N

(s)
ij+ | p(s)ij

)
∼ Bin

(
N

(s)
ij , p

(s)
ij

)
and

(
N

(u)
ij+ | p(u)ij

)
∼ Bin

(
N

(u)
ij , p

(u)
ij

)
,

where p
(s)
ij is the unknown proportion of s-stimulated CD4 T cells which are cytokine positive,

and similarly so for p
(u)
ij .

MIMOSA tests for differential expression by fitting a two-component mixture model where the

two components represent two competing hypotheses. The first component models the null

hypothesis of no response, while the second component models the alternative hypothesis of

response. Specifically, under the null hypothesis the proportion of cytokine positive cells is the

same in the stimulated and unstimulated samples (although counts may differ), while under

the alternative hypothesis the proportion of cytokine positive cells is greater in the stimulated

sample compared to the unstimulated sample. This can be denoted as follows
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H0 : p
(s)
ij = p

(u)
ij

H1 : p
(s)
ij > p

(u)
ij .

For non-responders, bothN
(s)
ij+ andN

(u)
ij+ would be generated by the same distribution, Bin(N

(u)
ij , p

(u)
ij ),

while for responders N
(u)
ij+ would be generated by Bin(N

(u)
ij , p

(u)
ij ) and N

(s)
ij+ would be generated

by Bin(N
(s)
ij , p

(s)
ij ).

Although the mixture model is participant visit specific, the models share information across

all participant visits through the use of exchangeable Beta priors on the unknown proportions.

For non-responders,

H0 : (p
(u)
ij | zij = 0) ∼ Beta(α(u), β(u)),

while for responders

H1 : (p
(u)
ij | z(s)ij = 1) ∼ Beta(α(u), β(u)) and (p

(s)
ij | z(s)ij = 1) ∼ Beta(α(s), β(s)).

z
(s)
ij is an indicator variable that equals 1 if participant i on day j is a responder for stimulus s and

zero otherwise, and it’s assumed that z
(s)
ij ∼ Be(w(s)) are independent draws from a Bernoulli

distribution with probability w(s), where w(s) is the unknown proportion of responders for

stimulus s. α(u), β(u), α(s) and β(s) are the unknown hyper-parameters that allow information

to be shared across all participants. The parameter vector θ = (α(u), β(u), α(s), β(s), w(s)) can

then be estimated either in an empirical-Bayes fashion using an expectation-maximization (EM)

algorithm or using a fully Bayesian approach by use of a Markov chain Monte Carlo (MCMC)

algorithm. For this project, the MCMC algorithm was used as it is generally more stable than

the EM algorithm.

Using the estimated posterior probabilities, the false discovery rates (FDR) are obtained by

using “q-values” as the estimated FDR. These q-values are calculated using the methods intro-

duced by Storey and Tibshirani (2003) [66].

Filtering out non-responders

Applying MIMOSA to the ESAT-6 dataset and the Ag85B dataset separately produced FDR

for each stimulated observation. All observations with an estimated FDR greater than 0.01

were classified as non-responders. In other words, a certain participant visit could be classified

as a responder for, say, Ag85B but also classified as a non-responder for ESAT-6. A further

data filtering step was then applied: all stimulated observations for which the frequency of
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cytokine positive CD4 T cells was less than 3 times that when unstimulated were also classified

as non-responders. These filtering steps have been used to select responding observations in

previous SATVI studies [67, 68]. In Chapter 5, the response rate shall be investigated while

in Chapter 7, a new response variable shall be defined which can only be calculated using

responding observations.

It should also be noted that the act of filtering out observations using MIMOSA is in a sense

determining statistical significance. One is identifying responders as those whose proportion

of cytokine positive cells was significantly different for the stimulated sample compared to the

unstimulated sample.

4.2.3 COMPASS

Combinatorial polyfunctionality analysis of single cells (COMPASS) is a Bayesian hierarchical

framework developed by Lin et al. (2015) [50] aimed at modelling all observed cell subsets

and identifying those that are most likely to have antigen-specific responses. In the context

of this thesis, COMPASS was used to identify cytokine combinations which are expressed at

a significantly higher frequency after stimulation with a certain antigen and thus are antigen-

specific. COMPASS has the advantage of providing posterior probabilities for each participant

visit for each cytokine combination rather than just one posterior probability for each participant

visit as MIMOSA did. As with MIMOSA, COMPASS also had to be applied separately for each

stimulus, Ag85B and ESAT-6. The theory described will be a summary of that presented by

Lin et al. (2015) [50], adapted to be specific to how it will be used in this project.

Assume that the set 1, ..., C of all possible cytokine combinations is arranged in ascending order

according to their degree of functionality, except for the last subset C which is set to be the

null with zero degree of functionality. Let n
(s)
ij =

(
n
(s)
ij1, ..., n

(s)
ijC

)
and n

(u)
ij =

(
n
(u)
ij1 , ..., n

(u)
ijC

)
,

where n
(s)
ijc and n

(u)
ijc are as defined in Section 4.1. n

(s)
ij and n

(u)
ij can the be jointly modelled by

the following multinomial distributions

(
n
(s)
ij |p(s)ij

)
∼ MN

(
N

(s)
ij ,p

(s)
ij

)
, and (4.1)(

n
(u)
ij |p(u)ij

)
∼ MN

(
N

(u)
ij ,p

(u)
ij

)
, (4.2)

where p
(s)
ij =

(
p
(s)
ij1, ..., p

(s)
ijC

)
and p

(u)
ij =

(
p
(u)
ij1 , ..., p

(u)
ijC

)
are two unknown proportion vectors,

where p
(s)
ijc is the proportion of CD4 T cells expressing cytokine combination c for participant i

on visit j when stimulated.

The following two competing hypotheses can be considered in order to detect the responding

participant visits
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H0 : p
(u)
ij = p

(s)
ij ,

H1 : ∃c ∈ {1, .., C − 1} such that p
(u)
ij ̸= p(s)ij .

In other words, under the null hypothesis, there is no difference in the proportion of cytokine

producing cells between stimulated and unstimulated samples, and the proportion parameter is

shared across the two multinomial models. Under the alternative hypothesis, there is at least

one cytokine combination c which is considered antigen-specific.

A binary indicator γij = (γij1, ..., γijC)
′ can be introduced so that γijc = 1 if p

(s)
ijc = p

(u)
ijc and

zero otherwise. Consequently, p
(s)
ij = p

(u)
ij if and only if γij is a vector of zeros and p

(s)
ij ̸= p

(u)
ij

otherwise. Thus, γij introduces dependencies between the two sample conditions and Equations

4.1 and 4.2 can be rewritten as follows

(
n
(s)
ij |p(s)ij ,γij

)
∼ MN

(
N

(s)
ij ,p

(s)
ij γij + p

(u)
ij (1− γij)

)
, and(

n
(u)
ij |p(u)ij ,γij

)
∼ MN

(
N

(u)
ij ,p

(u)
ij

)
.

Parameters p
(s)
ij , p

(u)
ij and γij are the parameters of the model and are modelled in terms of

unknown hyperparameters that share information across participant visits. Again, the MCMC

algorithm is used to estimate these hyperparameters.

For this project, there are three COMPASS outcomes of interest: posterior probabilities, func-

tional scores (FS) and polyfunctional scores (PFS). The posterior probabilities are available

for each cytokine combination for each participant visit and are the posterior means of the

binary indicators γij . These posterior probabilities can be interpreted as the probability that

a cytokine combination is antigen-specific for a given participant visit and thus can be used to

quantify the cell subset responses.

COMPASS also provides a FS and a PFS for each participant visit. Both scores summarise

the response across the different cell subsets for each participant visit. The advantage of these

scores over the posterior probabilities is that they provide a single qualitative value for each

participant visit, making it easier for statistical analysis, comparisons across treatment groups

and correlation with outcomes of interest.

The FS is defined as the posterior mean of the average number of antigen-specific cell subsets,

irrespective of their degree of functionality, denoted as follows

FSij =

C−1∑
c=1

γ̂ijc
C − 1

,
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where γ̂ijc is the posterior mean of γijc estimated using the MCMC algorithm. FS can be

interpreted as the proportion of antigen-specific cell subsets for a given participant visit among

all possible subsets.

The PFS is the mean of the posterior probabilities, weighted by the cell subset’s degree of

functionality and normalised by the total number of possible cell subsets that could be observed,

given the number of markers considered, denoted as follows

PFSij =

∑C−1
c=1 γ̂ijc × d(c)/

(
M
d(c)

)
(M × (M + 1)/2)

,

where M is the number of cytokines measured, and d(c) is the degree of functionality of cell

subset c and is simply equal to the number of cytokines expressed by the cell.

4.3 Mixed effect modelling approach

The immune response data used in this project presents many challenges, including the following

1. the response variable, which will be some type of frequency specific to the aim being

addressed, is highly skewed and zero inflated,

2. the data is longitudinal with multiple nested classification factors (time point nested in

marker combination nested in stimulus nested in participant),

3. there are many explanatory variables and in some cases many response variables, and

4. the response is not linear over time.

In order to address these challenges, generalised linear mixed effect models (GLMEM’s) as well

as latent variable models (LVM’s) were used to model the data. In the subsequent sections, the

theory underlying these models shall be presented in order to show how these models account

for the above challenges and to justify why they were chosen for this dataset.

4.3.1 GLMEMs using GAMLSS

This section shall define GLMEMs using the generalised additive models for location, scale and

shape (GAMLSS) framework. GAMLSS refers to a type of distributional regression model where

the response can have any distribution and the parameters of that distribution can depend on

other explanatory variables [69]. This section begins by describing the evolution of GAMLSS

from the humble linear regression model. The theory described will be a summary of that

presented by Stasinopoulos et al. (2017) [69].

A linear regression model (LM) with response Y , r covariates x1, ..., xr and sample size n is

defined as follows
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Yi = β0 + β1xi1 + ...+ βrxir + ϵi

where

ϵi
iid∼ N(0, σ2), and i = 1, 2, ..., n,

where ϵi are independently and identically normally distributed with mean zero and variance σ2.

Note that this specification is equivalent to Yi ∼ N(µi, σ
2), where µi = β0 + β1xi1 + ...+ βrxir

and Yi is independently and identically normally distributed. This can be written in vector

form as follows

Y
iid∼ N(µ, σ21)

µ =Xβ,

where Y is a n× 1 response vector, µ is a n× 1 vector of means, 1 is a n× 1 vector of ones, X

is a n× (r + 1) design matrix and β is a (r + 1)× 1 vector of regression coefficients. Note that

the design matrix will have a column of ones to account for the intercept term, hence why there

are (r+1) columns instead of r. When fitting a LM, the parameters that need to be estimated

are σ2 and β, a total of r + 2 parameters.

Generalised linear models (GLMs) build on LMs by making two key changes to the model

formula

1. the response variable Y can have any distribution from the exponential family, not just

the normal distribution, and

2. a monotonic link function g(.) can be used to model the relationship between µ and Xβ.

A GLM can be written in vector form as follows

g(µi) = β0 + β1xi1 + ...+ βrxir

where

Yi
iid∼ ξ(µi, ϕ), and i = 1, 2, ..., n,

where ξ represents a distribution from the exponential family with dispersion parameter ϕ. The

above can be written in vector form as follows

Y
iid∼ ξ(µ, ϕ1)

η = g(µ) =Xβ,

26



4.3. MIXED EFFECT MODELLING APPROACH

where η is called the linear predictor. The great advantage of using a GLM over a LM is that

it allows for modelling of non-normal responses, such as the data used in this project, with

the exponential family of distributions. The exponential family of distributions includes a wide

variety of distributions such as the normal, Poisson, gamma, inverse Gaussian and Tweedie

distributions. In order to model a response that may not be normal and thus may have a range

that is subset of the real line, a link function is needed to ensure that the parameter estimates

remain within their appropriate range.

Generalised additive models (GAM’s) build further on GLM’s by allowing more flexible mod-

elling between η = g(µ) and the continuous explanatory variables through the addition of

smoothing functions. A GAM can be written as follows

Y
iid∼ ξ(µ, ϕ1)

η = g(µ) =Xβ + s1(x1) + ...+ sJ(xJ),

where sj(xj) is a chosen non-parametric smoothing function applied to continuous explanatory

variable xj , where j = 1, 2, .., J . Note that the explanatory variables xj do not have to be

included in the design matrix X, hence the use of different subscripts. Thus the relationship

between η = g(µ) and the explanatory variables no longer has to be linear as it was before.

Since smoothing functions will not be used in models fit in this project, no further details shall

be given.

GAMLSS then builds on GAM’s by making three key changes to the model formula

1. The distribution of Y no longer has to belong to the exponential family,

2. Y is allowed to have a distribution with up to four different parameters (mean, scale and

two shape parameters) instead of just two, and

3. All four of these parameters can be modelled as functions of the explanatory variables,

not just µ.

GAMLSS can be defined as follows

Y
iid∼ D(µ,σ,ν, τ )

η1 = g1(µ) =X1β1 + s11(x11) + ...+ s1J1(x1J1)

η2 = g2(σ) =X2β2 + s21(x21) + ...+ s2J2(x2J2)

η3 = g3(ν) =X3β3 + s31(x31) + ...+ s3J3(x3J3)

η4 = g4(τ ) =X4β4 + s41(x41) + ...+ s4J4(x4J4)
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where D(µ,σ,ν, τ ) is a four-parameter distribution, σ is the scale parameter, related to the

variance by V (Y ) = σ2µ2, and ν and τ are shape parameters often related to skewness and

kurtosis. The distribution D(µ,σ,ν, τ ) can be continuous, discrete or mixed with approxi-

mately 100 different distributions compatible with the gamlss [70] package in R and the option

to specify your own custom distribution. There are also many zero-inflated distributions that

are compatible with the gamlss package, which makes GAMLSS even more appropriate for the

data used in this project.

As shown, GAMLSS models allow for linear or non-linear parametric functions of the explana-

tory variables, or non-linear smoothing functions of explanatory variables. However, they also

allow for the inclusion of various additive terms, including random effects, which is what makes

them relevant to this project.

GAMLSS allows for the addition of random effects because smoothing can be represented as

a random effect model. Random effects are useful for modelling longitudinal data as they

are able to capture the within-participant correlation between observations. This is achieved

by assuming that there exist participant-level random effects variables bi which provide an

additional source of the variation within the data and are independently normally distributed

with mean 0 and variance-covariance matrix ψ. Random effects can either be included as

intercept random effects where they are simply added to the model or as slope random effects

where they are allowed to interact with explanatory variables in the model. Although it is

possible to include random effects on the mean, scale parameters and two shape parameters, for

the purposes of this project random effects shall only be included on the mean. Thus, GAMLSS

with the addition of a random effect on the mean can be defined as follows

Y
iid∼ D(µ,σ,ν, τ )

η1 = g1(µ) =X1β1 +Z1b1

η2 = g2(σ) =X2β2

η3 = g3(ν) =X3β3

η4 = g4(τ ) =X4β4.

For the purposes of this project, only the mean and scale parameters shall be modelled in terms

of explanatory variables. If a distribution with one or two shape parameters is chosen, then

these parameters shall be modelled as constants.

Model Components

There are three aspects of the model construction that need to considered prior to model

specification and the model building procedure. These include
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1. the link function,

2. the parameterisation of the time component, and

3. the covariates of interest.

These aspects of the model construction will be mostly the same across all models fit in this

project. Other aspects of model construction which will not necessarily be the same across all

models, such as selection of the appropriate conditional distribution and determination of the

structure of the random effects, shall be determined during the model building procedure which

is discussed in section 4.3.1.

Link-function

In order to fit a GLMEM to the data, an appropriate link function needs to be specified. The

responses of interest for all three aims are frequencies and thus have range (0, 100), meaning

that µ ∈ (0, 100). The link function g is needed to convert µ from the range (0, 100) to the same

range as Xβ, which is (−∞,∞). The first potential candidate is the log link function, which

maps from the positive reals to the reals. Using the log link,

Xβ = g(µ) = log(µ) ∈ (−∞,∞),

µ = g−1(Xβ) = eXβ ∈ (0,∞).

Technically this is not ideal because µ should have an upper bound of 100, but since all the

frequencies are extremely low and nowhere near this upper bound, this is likely to not be a

problem. However, if one did want to ensure that the upper bound was preserved, one could

convert the response variable Y to a proportion rather than a frequency and then use a logit

link function which maps from the (0, 1) to the reals. Converting the response to a proportion

(i.e. dividing it by 100) would result in µ ∈ (0, 1). Using a logit link,

Xβ = g(µ) = log

(
µ

1− µ

)
∈ (−∞,∞),

µ = g−1(Xβ) =
1

1 + e−Xβ
∈ (0, 1),

and thus the upper bound is preserved. However, using a logit link may exacerbate the existing

problem of numerical underflow (because of dividing Y by 100) as well as make interpretation

of variable coefficients more difficult. Thus, it was decided to rather use the log link function

for all our models.

Parameterisation of the time component

An important consideration when fitting a GLMEM is that parameterisation of the time com-
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ponent. It is expected that for all responses, the vaccine-induced immune response will increase

from baseline to peak time point and then decrease from peak to memory. Thus, the cell fre-

quencies are not linear over time but are instead triangular in shape, suggesting that perhaps

a spline would be appropriate. However, another issue is the choice of using categorical time

points baseline, peak or memory or using the actual sample collection days which are contin-

uous. The problem with using days is that the longitudinal profiles of the response will differ

significantly depending on the participant and the number of vaccine administrations they re-

ceived. Referring back to Figure 3.5, participants who received 3 administrations of the vaccine

would have a linear increase in response between days 0 and 128, but the profile of someone who

received only one administration of the vaccine will be triangular on that same range, peaking

at day 14 and then decreasing to day 128. This would make fitting a spline impossible as the

break point would need to be different for different participants, depending on the number of

vaccine administrations that they received. Thus, in order to ensure consistent response pro-

files, it was decided to use the categorical time points since all participants should experience a

linear increase from baseline to peak, and then a linear decrease from peak to memory. Since a

categorical time variable shall be used, it is not necessary to apply any transformations to the

time component, such as modelling it as a spline, since it essentially already acts as a spline

with a break point at the peak time point. Thus, all of the GLMEMs that will be fit will include

the following time component

β1I
Peak
j + β2I

Mem
j ,

where IPeak
j is an indicator variable that equals 1 if time point j = peak and zero otherwise,

and similarly so for IMem
j , thus using baseline as the reference time point.

If the effect of time point differs depending on the actual day that the time point occurred, an

interaction between time point and number of administrations can also be included in order to

capture this variation. This is because the day that the time point occurred is mainly dependent

on the number of administrations of the vaccine that the participant received. The potential

addition of this interaction term to the model will be investigated during the model building

process as part of the selection of interaction terms.

The reason for considering an interaction between time point and number of administrations

rather than time point and days is that the former is of more interest with regards to the aims

of this project compared to the latter. Furthermore, it would be redundant to include a day

and time point main effect in the model (which would be necessary if including an interaction

between day and time point) because time point is completely determined by day. Thus, day

will not be included as a main effect either.

Covariates of interest

The key covariates of interest are categorical variables time point and QFT status as well as

continuous variables vaccine concentration and number of administrations. Since these variables

are present in all three aims of this project, they shall be included in all fitted models. For
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certain response variables, categorical variables stimulus and marker combination may also be

included. Other variables that will be considered during the fixed effect selection process are

ethnicity, age and sex. These variables will only be included if they improve the fit of the overall

model. The choice of interaction variables shall be determined in the model building process

which is discussed in Section 4.3.1.

Single level of grouping

Multilevel models are useful when data has multiple nested classification factors, such as the

data used in this project where time point is nested within marker combination nested in

stimulus nested in participant [71]. Either, one would have to subset by these classification

factors into smaller datasets and fit multiple mixed effect models, one to each dataset, or one

can fit a multi-level mixed effect model to the whole dataset. This project shall explore both

approaches by fitting mixed effect models with single, two and three levels of grouping.

The first set of models that shall be fit are single-level GLMEMs grouped at the participant level

for each marker-stimulus combination, as depicted in Figure 4.1. In other words, observations

are nested within participants.

Participant

Baseline Memory

Participant Level (i)

Level (j)
Observation 

Peak

Figure 4.1: Illustration of the multivariate multilevel nature of the data used to fit the single-level GLMEM,
where time point is nested within participant.

The general formula for a single-level GLMEM can be written as

log(µij) = x
T
ijβ + zTijbi,

log(σij) = w
T
ijα,

i = 1, ..., I, j = 1, 2, 3,

where

bi ∼ N (0,ψ) and ϵij ∼ N
(
0, σ2

e

)
.

µij is the average CD4 T cell frequency for participant i at time j, while xij and zij are vectors

of observation- and participant-level covariates with dimensions p×1 and q×1 respectively and

β is a p× 1 vector of variable coefficients. I is the total number of subjects in the dataset, bi is

a q×1 vector of participant-specific random effects and ϵij is the observation-level random error

(i.e. the within-group error). bi is assumed to be independent for different i, ϵij is assumed to
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be independent for different observations and the bi is assumed to be independent of ϵij .

For simplicity, only µij has been modelled with a random effect, not σij . The models used in

this project will at most model σij as well as µij as a function of explanatory variables, and

any potential shape parameters shall be kept constant. The purpose of modelling σij is to

try cope with the within-participant heterogeneity since the gamlss package does not support

specification of a variance function. Usually, specifying a variance and/or correlation function

allows one to relax the assumptions of independent within-participant errors with constant

variance. The reason for not modelling the shape parameters was that the residuals did not

exhibit excess skewness or kurtosis.

It was decided to restrict the random effects to the intercept and time effects in the models.

Thus, the only covariate that zij could contain is time point, along with a column of ones in

order to fit a participant-specific intercept random effect.

Two levels of grouping

The second set of models that shall be fit are two-level GLMEMs which combine either markers

or stimuli into one model. Thus, the two-level GLMEMs are grouped at the stimulus or marker

combination level (second level) and the participant level (first level), as depicted in Figure 4.2.

In other words, observations are nested in stimulus (or marker combination) which is nested in

participant. Whether the model is grouped by stimulus or marker combination depends on the

aim being addressed and the response variable of interest.

Participant

Combo 1 Combo 2 Combo M

Baseline Peak Memory

. . .

. . . . . .

Participant Level (i)

Marker Level (j)

Level (k)
Observation 

(a)

Participant

ESAT-6

Baseline Peak Memory

Ag85B

Baseline Peak Memory

Participant Level (i)

Stimulus Level (j)

Level (k)
Observation 

(b)

Figure 4.2: Illustration of the multivariate multilevel nature of the data used to fit the two-level GLMEM’s,
where either (a) time point is nested within marker combination which is nested within participant, or (b) time
point is nested within stimulus which is nested within participant.

The general formula for a two-level GLMEM can be written as

log(µijk) = x
T
ijkβ + zTijkbi,

log(σijk) = w
T
ijkα,

i = 1, ..., I, j = 1, ..., J, k = 1, 2, 3

where

bi ∼ N (0,ψ1) and ϵijk ∼ N
(
0, σ2

)
.
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µijk is the average CD4 T cell frequency for participant i, the first level of grouping, under

stimulus j (or expressing marker combination j), the second level of grouping, at time point k.

xijk is a vector of observation-level covariates with dimensions p×1. bi is the first-level random

effect with dimensions q1 × 1 and zTijk is its associated vector of covariates. bi is assumed to

be independent for different i and ϵijk is assumed to be independent for different observations.

Again, the random effect is assumed to be independent of the within-group errors.

In the case where stimulus is the second level of grouping, there was the option to either

include stimulus as a fixed effect or as a random effect. Since there are only two levels of

stimulus, ESAT-6 and Ag85B, and since a key aim of this project is how antigen specificity

effects vaccine-induced immune response and because the difference between stimuli is expected

to be systematic and not random, it was decided to include stimulus as a fixed effect rather than

a random effect. For these reasons, a stimulus-specific (nested within participant) random effect

was not included in the above model specification, and all two-level GLMEM’s with stimulus as

the second level of grouping fit in this project will include stimulus as a fixed effect. Similarly,

in the case where marker combination is the second level of grouping, marker combination will

be included as a fixed effect rather than a random effect.

Again, it was decided to restrict the random effects to the intercept and time effects in the

models. Thus, the only covariates that zijk could contain is time point and stimulus or marker

combination, along with a column of ones in order to fit a participant-specific intercept random

effect.

Three levels of grouping

The final set of models that shall be fit are three-level GLMEMs grouped at the marker com-

bination level (third level), stimulus level (second level) and participant level (first level), as

depicted in Figure 4.3. The purpose of this model is to be able to fit a single model to all marker

combinations for both stimuli.

Participant

ESAT-6

Combo 1 Combo 2 Combo M

Baseline

Ag85B

Peak Memory

Combo 1 Combo 2 Combo M

Baseline Peak Memory

. . .

. . . . . .

. . .

. . . . . .

Participant Level (i)

Stimulus Level (j)

Marker Level (k)

Level (l)
Observation 

Figure 4.3: Illustration of the multivariate multilevel nature of the data used to fit the three-level GLMEM,
where time point is nested within marker combination nested within stimulus nested within participant.
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The general formula for a three-level GLMEM can be written as

log(µijkl) = x
T
ijklβ + zTi bijkl,

log(σijkl) = w
T
ijklα,

i = 1, ..., I, j = 1, 2, k = 1, ..., C, l = 1, 2, 3,

where

bi ∼ N (0,ψ1) and ϵijkl ∼ N
(
0, σ2

)
.

µijkl is the average CD4 T cell frequency for subject i, the first level of grouping, under stimulus

j, the second level of grouping, for marker combination k, the third level of grouping, and at

time point l. xijkl is a vector of observation-level covariates with dimensions p × 1. bi is the

first-level random effect with dimensions q1 × 1 and zTi is its associated vector of covariates. bi

is assumed to be independent for different i and ϵijkl is assumed to be independent for different

observations. Again, the random effect is assumed to be independent of the within-group errors.

Using the same reasoning as was used for the two-level GLMEM, stimulus and marker combi-

nation shall be included as a fixed effects rather than random effects in all three level models.

Similarly to the two-level GLMEM, the only covariates that zijkl could contain is time point,

stimulus and marker combination, along with a column of ones in order to fit a participant-

specific intercept random effect.

Model building procedure

The model building procedure for all GLMEM’s fit in this project shall follow the following

steps

1. Select an appropriate conditional distribution for the response variable by considering its

marginal distribution.

2. Determining the structure of the random effects by looking at all possible structures.

3. Select the main effects using step-wise selection.

4. Select the interaction terms.

5. Select the main effects for the parameterization of σ using step-wise selection.

6. Examine model diagnostic plots and check model assumptions.

The first step is to choose an appropriate distribution for the response variable. Even though

the distribution specified for a GLMEM is that for the response variable conditional on the

model’s explanatory variables, the distribution shall be chosen by considering only the marginal
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distribution of the response variable. This is because the model’s explanatory variables will

only be known after steps 3 and 4 have been performed, both of which require the specification

of the conditional distribution of the response. Thus, an appropriate conditional distribution of

the response shall be chosen based solely on the empirical marginal distribution of the response,

since this is all the information that is available and since the marginal distribution of the

response usually indicates which distribution is likely to work.

The structure of the random effects shall be determined by fitting models containing only the

covariates of interest, as specified in Section 4.3.1, but with different random effect structures

and comparing the fit of these models. Specifically, models with only intercept random effects

as well as models with intercept and different slope random effects shall be compared. For

accuracy, restricted maximum likelihood (REML) shall be used instead of maximum likelihood

(ML) when fitting the models, since the gamlss package does not allow for ANOVA comparison

of models. The optimal model will be the one with the lowest generalized Akaike information

criterion (GAIC) with k =
√

log(n).

After the selection of random effect structure, step-wise selection shall be used to determine

whether the addition of any of the demographic variables sex, ethnicity and age will improve

the model fit. This shall determine the main effects of the model.

For steps 3 and 4, step-wise selection shall also be used to select the two-way interactions since

all possible two-way interactions were plausible. Of course, only interactions between the main

effects selected in the previous step will be considered. After the two-way interactions were

selected, three-way interactions using these two-way interactions will be added to the model

if they improved the model fit, which will again determined by GAIC. Note that three-way

interactions will only be considered when there were already two or more two-way interactions

in the model.

Before conducting inference on a fitted model, certain underlying model assumptions must be

checked in order to better understand any potential weakness of the model used. As outlined

by Pinheiro and Bates (2006) [71], there are two key assumptions made when fitting a mixed

effect model:

1. Within-participant errors are independent and identically normally distributed with mean

of zero and variance σ2
e and they are independent of the random effects.

2. Random effects are normally distributed with mean zero and covariance matrix ψ and are

independent between subjects.

The assumption that the within-participant errors are identically distributed with the same

variance (i.e. the assumption that the within-participant errors are homoscedastic) can be

assessed by plotting the normalised quantile residuals against participant-specific covariates as

well as against the fitted values. If the model assumption holds, then these residuals should be

homoscedastic. The normality assumptions of both the within-participant errors as well as the

random effects shall be assessed using qq-plots.
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Only diagnostic plots shall be used to assess these assumptions rather than hypothesis tests,

since the diagnostic plots and hypothesis tests are rarely not in agreement [71]. Diagnostic plots

not only allow one to identify problems in the model, but they can also potentially provide

information as to what is causing the problem where as hypothesis tests cannot [72].

4.3.2 LVM’s

An important limitation of GLMEM’s is that they can only be used to model univariate re-

sponses or multivariate responses whose structure has been changed to a long univariate re-

sponse, which is what has been done thus far. For all three project aims, the response can be

considered multivariate. For the first aim, the response matrix would consist of two columns,

one for each stimulus. For the second aim, the response would consist of 2× 16 = 32 columns,

one for each stimulus and cytokine combination pair. For the third aim, the response would

consist of 2 × 4 = 8 columns, one for each stimulus and memory combination pair. In Section

4.3.1, multilevel, hierarchical GLMEM’s were used to account for the multivariate nature of

the response variable, however the response was always treated as univariate. Latent variable

models (LVM’s) extend the univariate GLMEM’s to multivariate response variables through the

use of latent variables, making them a potential alternative approach to modelling the response

variables associated with each aim.

Although LVM’s could be used for all three aims, this project shall only use LVM’s to investigate

the second aim, as the dimensionality of the response is far higher compared to that of the other

aims. In order to reduce the dimensionality of the response, output from COMPASS shall be

used to select the cytokine combinations that are biologically relevant, the details and results

of which can be found in Section 6.2. Since COMPASS had to be applied to each stimulus

separately, the cytokine combinations selected in response to ESAT-6 may not be the same

as those selected in response to Ag85B. Thus, two separate LVM’s would need to be fit to

each stimulus: a LVM fit to a V Ag85B × CAg85B response matrix and another LVM fit to a

V ESAT6 ×CESAT6 response matrix, where V Ag85B and V ESAT6 are the number of participants

visits with responses available for Ag85B and ESAT-6 respectively, and CAg85B and CESAT6

are the number of biologically relevant cytokine combinations when stimulated by Ag85B and

ESAT-6 respectively. The LVM theory described below will be a summary of that presented by

Warton et al. (2015) [73] and Hui et al. (2016) [74], adapted to be applicable to these specific

response variables.

Model Structure

LVM’s were initially developed to analyse abundance data in ecology, where the abundance of

various different taxa, such as species, are observed at various different sites. The rows of the

response matrix would be the sites and columns would be the species. Site-specific variables

would be considered covariates and species-specific variables would be considered traits. LVM’s

allow for both covariates and traits to be included in the model.
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The general form of the LVM specification covariates but without traits for the cytokine com-

bination responses is as follows

g(µijk) = x
T
ikβj + z

T
ikbi + u

T
ikθj ,

i = 1, ..., I, j = 1, ..., Cs, k = 1, 2, 3

where

bi ∼ N (0,ψ1) and uik ∼ N (0, I) .

µijk is the average frequency of CD4 T cells from participant i at time point k expressing cy-

tokine combination j and g(.) is the associated link function. xik is a vector of observation-level

covariates with dimensions p × 1. bi is the participant-specific random effect with dimensions

q× 1 and zTik is its associated vector of covariates. uT
ik is the latent variable and θj is the factor

loadings, which together induce correlations between the cytokine combinations j of participant

i at time point k. Notice that the covariate coefficients βj are now cytokine combination-specific,

allowing for a different covariate coefficients for each cytokine combination. The latent vari-

ables uT
ik are assumed to be unknown and drawn randomly and independently from a bivariate

standard normal distribution.

Latent variables

As previously mentioned, latent variables and their factor loadings induce correlations between

the cytokine combinations. Thus, latent variables can be interpreted as capturing any residual

covariance not explained by the model covariates and hence can be thought of as missing model

predictors.

The latent variable uT
ik is treated as a random effect and since it is common across all cytokine

combinations for participant j and time point k, uT
ik is able to induce correlation across the dif-

ferent cytokine combinations. The degree of the correlation between the cytokine combinations

is controlled for by the factor loadings θj and the number of latent variables included in the

model controls the model’s complexity.

The above model specification assumes that latent variables are independent across participant

visits, however other correlation structures are possible. The advantage of assuming indepen-

dence is that it creates a more parsimonious model and substantially decreases computation

time. The inclusion of participant-specific random effects accounts for the correlation between

visits from the same participant, and in fact it is recommended to include row random effects

rather than assume a non-independent correlation structure for the latent variables [75].

The inclusion of latent variables also allows one to produce model-based ordination plots. Or-

dination is a visualisation tool that attempts to capture the main features of multivariate data

and represent it in two or three dimensions. The latent variables represent the main axes of
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covariation of CD4 T cell subset frequencies across the different cytokine combinations, and thus

the number of latent variables determines the dimension of the ordination plot. The ordination

plot is created by plotting the V Ag85B (or V ESAT6) estimated latent variable values as a scatter

plot and then overlaying a bi-plot by plotting the corresponding CAg85B (or CESAT6) factor

loadings. Since one of the goals of fitting LVM’s is to create these ordination plots, all LVM’s

shall only include two latent variables. If ordination plots are not a priority of one’s analysis,

then it is suggested to fit models with different numbers of latent variables and compare the fit

using diagnostic plots.

Inclusion of traits

The above LVM can be extended to include traits for the responses j. This is done by modelling

the variable coefficients, β, as random effects, which reduces the number of parameters that need

to be estimated. Specifically, the model coefficients β are assumed to be drawn from normal

distributions

βwj ∼ N
(
κ0,w + T ′

jκw, σ
2
w

)
,

where βwj is the wth element of βj and Tj is the vector of traits corresponding to cytokine

combination j. κ0,w and κw are the regression parameters relating the traits to the cytokine

combination-specific variable coefficients. LVM’s with the inclusion of traits shall be discussed

in further detail in Section 6.3.2 where these models are applied.

Comparison of GLMEM’s and LVM’s

The main difference between GLMEM’s and LVM’s is that univariate GLMEM’s modelling

multivariate responses whose structure has been changed to a long univariate response do not

model the residual covariation across the multiple responses. In other words, while both models

use covariates and shared coefficient estimates to model covariation in the responses, LVM’s use

latent variables and factor loadings to also model any residual covariation not explained by the

model covariates, while GLMEM’s do not.

Other, more minor differences include that univariate GLMEM’s share coefficients across differ-

ent cytokine combinations, while LVM’s allows for different cytokine combination-specific coeffi-

cient’s. This is attractive because it is very likely that the relationship between immune response

and the covariates is not the same for different cytokine combinations. While GLMEM’s can

account for this through the inclusion of interactions between the covariates and the cytokine

combinations, this requires more parameters to be estimated.

While response traits (i.e. cytokine combination-specific covariates) can be included in GLMEM’s,

they do not necessarily result in a simpler model as they do when included in LVM’s. Further-
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more, the GLMEM’s considered in this project do not include response traits.

Model building procedure

Hui et al. (2016) [75] strongly advise against using information criteria to compare model fit,

instead suggesting that the stochastic search variable selection (SSVS) method provided by the

boral package should be used for model selection instead. However, the authors note that using

SSVS results in the summaries of the model coefficients such as posterior medians and highest

posterior density (credible) intervals possibly being problematic. An alternative approach is to

use the differences in the trace of the estimated residual covariance matrix induced by the latent

variables, which quantifies how well the covariates describe the covariation between cytokine

combinations. This can be used to compare LVM’s in terms of how much more or less the

model’s covariates account for the covariation between cytokine combinations. However, while

this could potentially be used for selection of model covariates this cannot be used for trait

and random effect selection. Thus, the LVM’s fit here shall be illustrative and not focus on the

model building procedure. The choice of random and fixed effects to include in the model shall

be informed by those included in the GLMEM’s fit previously, rather than by comparison of

LVM’s with different random and fixed effects. The choice of the conditional distribution of the

response as well as the link function shall also be informed by the GLMEM’s. Where the fit of

LVM’s are compared, they shall be compared using diagnostic plots only.

39



Chapter 5

Investigating the effects of vaccine reg-

imen, M.tb sensitisation and antigen

specificity on CD4 T cell magnitude.

In this chapter, the first aim of this project, that is the effects of vaccine regimen, M.tb sen-

sitisation and antigen specificity on CD4 T cell magnitude, shall be investigated. Along with

exploring this aim, this chapter shall also investigate the hypothesis that M.tb-sensitised indi-

viduals will require a lower vaccine concentration to induce the greatest magnitude of cytokine

positive CD4 T cells compared to M.tb-unsensitised individuals.

As discussed in Section 1.2, the magnitude of the T cell response is equivalent to the frequency

of antigen-specific CD4 T cells observed. Cytokine positive cells are antigen-specific, and thus

the frequency of antigen-specific CD4 T cells can be measured by measuring the frequency of

cytokine positive cells. Even though cytokine positive cells should generally only be observed

after stimulation with either ESAT-6 or Ag85B, in practice there are low frequencies of cytokine

positive cells observed when unstimulated. Thus, one of the response variables of interest in

this chapter will be the TRF, which is the background subtracted frequency of cytokine positive

cells.

Notice that the TRF is calculated for all participant visits, regardless of whether that participant

visit actually responded to stimulation (i.e. the frequency of cytokine positive cells before

stimulation was significantly greater after stimulation). Thus, another response variable of

interest in this chapter is the response rate, the proportion of participant visits which can be

classified as responders out of all participant visits, where responders shall be classified using

MIMOSA as outlined in Section 4.2.2.

This chapter will begin by implementing a standard approach to investigating these objectives,

consisting of a non-parametric approach to investigating the TRF in Section 5.1.1, followed by

the investigation of the response rate obtained using MIMOSA in Section 5.1.2. Section 5.2 will

then fit single- and two-level GLMEM’s to TRF and compare the fit and inference made from

these models. Finally, Section 5.3 will summarise the main findings made in this chapter and

compare the standard approach to the the mixed effect modelling approach.
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5.1 Standard approach

This section consists of a non-parametric approach exploring the TRF followed by the use

of the data analysis pipeline MIMOSA. The non-parametric approach consists of graphical

representations and pairwise tests of the TRF. The MIMOSA approach consists of graphical

representations of the response rate obtained using MIMOSA.

5.1.1 Non-parametric approach

In this section, graphical representations and pairwise tests of the TRF shall be investigated.

Since the TRF would need to be calculated separately for Ag85B and ESAT-6, in order to avoid

unnecessary repetition, the TRF for the two stimuli shall be combined into a single response

called the total vaccine response (TVR). The TVR for participant i at visit j is simply the sum

of the Ag85B TRF and the ESAT-6 TRF for that participant visit. TVR is used as a measure

of vaccine take, a higher TVR suggesting stronger vaccine-induced immune responses. The

separate TRF plots can be found in the Appendix and will be referenced where appropriate.

In order to compare the different vaccine administrations given QFT status, time point and vac-

cine concentration, the longitudinal profiles of the median TVR were plot, as seen in Figure 5.1.

The strongest difference in TVR is seen between one and two administrations for QFT- partici-

pants receiving either 15 µg or 50 µg of the vaccine. At the lowest concentration of the vaccine,

there seems to be no difference between the number of administrations of the vaccine, in which

case the least resource-intensive schedule would be preferred, specifically two administrations

of 5 µg of the vaccine. For 15 µg and 50 µg of the vaccine, two administrations of the vaccine

produces a much higher TVR at peak and memory for QFT- participants compared to only

one administration. There is also no difference between two and three administrations. Thus,

since the selected vaccine schedule would need to be administered to QFT- and QFT+ people

indiscriminately, two administrations of the vaccine seems to be preferable when a concentration

of 15 µg or 50 µg of the vaccine is used. Thus, these plots suggest that two administrations of

the vaccine is preferable, regardless of the concentration used, with the caveat that there was no

study arm with one administration of 5 µg. There was also evidence that two administrations

of the vaccine was preferable when TRF was plotted for both ESAT-6 and Ag85B (see Figures

C.1 and C.4).
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Figure 5.1: Longitudinal profiles of the median TVR frequencies of CD4 T cells for different administrations of
the vaccine (No. of Admin.). The error bars denote the interquartile range of the TVR frequencies. The medians
have been plotted for three different time points: baseline, peak and memory. Benjamini Hochberg adjusted
p-values, determined by (unpaired) Mann Whitney tests comparing the different numbers of administrations for
the same time point are shown in the table.
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To further compare the different vaccine administrations without having to subdivide by time

point, the area under the curve (AUC) of the longitudinal profiles of the median TVR in Figure

5.1 were plot, as seen in Figure 5.2. The only strong difference in TVR AUC is seen between one

and two administrations of 50 µg of the vaccine for QFT- participants. Since two administrations

of 50 µg of the vaccine has a higher AUC TVR than one administration and is not different from

3 administrations, this suggest that two administrations is preferable when 50 µg of the vaccine

is administered. There is also no difference between two and 3 administrations of 5 µg of the

vaccine, suggesting that two administrations is again preferable when administrating 5 µg of

the vaccine. Both of these results are in agreement with what was seen in Figure 5.1. However,

while Figure 5.1 suggested that two administrations of the vaccine was also preferable when

administering 15 µg of the vaccine, Figure 5.2 does not support this. A strong difference in

AUC TVR is only seen between one and two administrations of 50 µg of the vaccine for QFT-

participants, which is again in agreement with what was seen in Figure 5.1. Overall, Figure

5.2 also suggests that two administrations of the vaccine is preferable. These results are also in

agreement with what was seen when plotting the TRF AUC for each stimulus separately, which

can be seen in Figures C.2 and C.5.
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Figure 5.2: Box-plots of the TVR AUC, plotted for different QFT statuses, vaccine concentrations and number
of vaccine administrations received. Benjamini Hochberg adjusted p-values, determined by (unpaired) Mann
Whitney tests comparing the different numbers of administrations for the same vaccine concentration are shown.
For example, for the TVR AUC of QFT- participants who received 50 µg of the vaccine, the Benjamini Hochberg
adjusted p-value comparing those who received one administration to those that received two administrations is
0.227.

Since the majority of the evidence seen in Figures 5.1 and 5.2 suggested that two administrations

of the vaccine was preferable, it was decided that two administrations would be selected to

investigate the optimal vaccine concentration. In order to determine which concentration is

optimal when two administrations of the vaccine is used, the TVR at post-vaccination time

points for participants who received two administrations of the vaccine was plot, as seen in

Figure 5.3. At both peak and memory time points and for both QFT- and QFT+ participants,

there are no differences in TVR between the different vaccine concentrations. Thus, Figure 5.3

suggests a concentration of 5 µg of the vaccine is preferable when administering two doses of

the vaccine. These results are in agreement with what was seen when plotting the TRF for
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each stimulus separately, which can be seen in Figures C.3 and C.6. Note that since there

are no participants who received one administrations of 5 µg of the vaccine in this study, one

cannot conclude that two doses of 5 µg of the vaccine is preferable over one dose, only that

it is preferable over 3 doses. With regards to the hypothesis that M.tb-sensitised individuals

will require a lower vaccine concentration to induce the greatest magnitude of cytokine positive

CD4 T cells compared to M.tb-unsensitised individuals, the results seen here do not support

this hypothesis. For two vaccine administrations, there is evidence that there is no difference

in the magnitude of cytokine positive CD4 T cells between the different vaccine concentrations,

for both M.tb-sensitised and -unsensitised individuals.
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Figure 5.3: Box-plots for the peak and memory TVR frequencies for the participants who received two ad-
ministrations of the vaccine. Box-plots are plotted for different QFT statuses as well as for different vaccine
concentrations. Benjamini Hochberg adjusted p-values, determined by (unpaired) Mann Whitney tests compar-
ing the different vaccine concentrations for the same QFT status are shown.

5.1.2 MIMOSA

Using results of the data filtering using MIMOSA discussed in Section 4.2.2, the response rate

can be used to further investigate the effects of vaccine regimen and QFT status on the mag-

nitude of the immune response. Figures 5.4 and 5.5 show the percentage of participant visits

retained as responders after stimulation (i.e. the response rate). Referring to Figure 5.4, when

stimulated with Ag85B, the response rate is generally highest at peak and lowest at baseline,

regardless of QFT status, vaccine concentration and number of administrations. It was ex-

pected that baseline would have the lowest response rate since it was prior to vaccination, and

vaccination should increase an individual’s immune response. The response rate at baseline is

greater for QFT+ participants compared to QFT- participants, which is expected since QFT+

are M.tb-sensitised and thus should already have some level of natural immunity prior to vacci-

nation. There does not seem to be much difference in response rate between QFT- and QFT+

participants at peak and at memory, suggesting that the level of vaccine take might not differ

between QFT statuses. Although the memory response rate is generally less than the peak

response rate, it is still generally higher than the baseline response rate, suggesting that the

vaccine does offer some level of long-term immune responses. Two notable exceptions are the

QFT+ participants receiving three administrations of either 15 µg or 50 µg of the vaccine, both
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of whose response rates are very low. This could suggest that more administrations of higher

doses of the vaccine do not offer long term immunity in QFT+ participants.
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Figure 5.4: Bar-plots showing the percentage of Ag85B-stimulated observations retained as Ag85B responders
(i.e. the response rate) after applying the data filtering steps discussed in Section 4.2.2.

When stimulated with ESAT-6, as in Figure 5.5, the response rate is again generally highest

at peak and lowest at baseline, regardless of QFT status, vaccine concentration and number

of administrations. Again, the response rate at baseline is greater for QFT+ participants

compared to QFT- participants, except now the difference is much larger than for Ag85B. The

response rate at peak and memory generally seems to be lower for QFT- participants compared

to QFT+ participants, a difference which was not seen for Ag85B. This could suggest that there

is in fact a difference in the level of immunogenicity between QFT- and QFT+ participants,

QFT+ participants being afforded a higher level of vaccine take. Although the memory response

rate is generally less than the peak response rate, it is again still generally higher than the

baseline response rate, suggesting that the vaccine does offer some level of long-term immunity.

Again, participants who received three administrations of 50 µg of the vaccine had a much lower

response rate, this time regardless of their QFT status. This could further suggest that more

administrations of higher doses of the vaccine do not offer long term immunity.
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Figure 5.5: Bar-plots showing the percentage of ESAT-6-stimulated observations retained as ESAT-6 responders
(i.e. the response rate) after applying the data filtering steps discussed in Section 4.2.2.

5.2 GLMEM’s

In order to model the magnitude of the immune response, the TRF shall be used as the response

variable modelled using three different GLMEM’s. Specifically, two single-level GLMEM’s shall

be fit, one using the TRF under stimulation with ESAT-6 as the response variable and the other

using the TRF under stimulation with Ag85B as the response variable. A two-level GLMEM

grouped by stimulus nested within participant shall be fit to the TRF under stimulation with

either ESAT-6 or Ag85B.

5.2.1 Candidate distributions for the response

In order to choose an appropriate conditional distribution for the response variable, the marginal

distribution of the response needs to be assessed. Figures 5.6 (a) and (b) show the density plots

for each of the two response variables for the single-level GLMEM’s and Figure 5.6 (c) shows

the density plot for the response variable of the two-level GLMEM’s grouped by stimulus.

All variables are continuous on the domain [0, 100], highly zero-inflated and positively skewed.

Possible candidate distributions are the Gamma, log-normal and Weibull, since they all at most

require two parameters and are suitable for continuous right-skewed data. Note that choosing a

log-normal distribution for the response would mean that essentially a linear mixed effect model

(LMEM) is fit to the log-transformed response. In this case, the identity link function would
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be used rather than the log link function.

For all three of these distributions, it was necessary to transform the response by adding a

small non-zero term, 0.001. In the case of the Weibull and the Gamma distributions, this was

necessary because a log link function was used and without the transformation, µ was usually

equal to zero. In the case of the log-normal distribution, this was necessary so that the response

was non-zero and could be logged.

Two more distributions of interest are the Sichel distribution and compound Poisson Tweedie

distribution (which shall be referred to as a Tweedie distribution). Although these distributions

are traditionally used to model count data and the data used here are frequencies, these distri-

butions have the advantage of being well-suited to skew data. However, because the response

is not only frequencies but very small frequencies close to zero, fitting a Sichel was often not

possible because µ tended towards zero when it needed to be strictly greater than zero. Scaling

the response by a large value would prevent µ from tending towards zero, but it would also

result in a bimodal distribution (one of the peaks being at zero) which no longer has the same

shape as a Sichel. The Tweedie distribution was however successful as its mean could equal

zero.

One could also consider a zero-inflated distribution such as a zero-inflated Poisson (ZIP) or a

zero-inflated negative binomial (ZINB). These distributions could be appropriate because they

would account for the significant zero-inflation in the data. However, there are two features that

make these distributions inappropriate. Firstly, the data used is frequencies, not count data

which is what the ZIP and ZINB model. Secondly, all the non-zero frequencies are very small,

meaning that the mean of the distribution after accounting for the zero-inflated component still

tends towards zero. This is a problem because neither a ZIP or a ZINB can have a mean of

zero. Again, scaling the response variable by a large number does not work.

Thus for each of the responses, we shall fit a log-normal, Gamma, Weibull and Tweedie distri-

bution. These distributions were chosen for their ability to fit positively skewed data while still

being interpretable and parsimonious, with only a maximum of three parameters necessary.
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Figure 5.6: Density plots of the (a) TRF after stimulation with Ag85B, (b) TRF after stimulation with ESAT-6
and (c) TRF after stimulation with either ESAT-6 or Ag85B.
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5.2.2 Single-level GLMEM: TRF after ESAT-6 stimulation

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable, the

TRF after stimulation with ESAT-6. The log-normal, Gamma and Weibull distributions were fit

using the fitdistrplus [76] package in R, while the Tweedie distribution was fit using the cplm

[77] package. Table 5.1 summaries the resultant AIC and BIC values from the fitted log-normal,

Gamma and Weibull distributions. The log-normal had the lowest AIC and BIC compared to

the other distributions, suggesting that out of the three distributions the log-normal fit the data

best.

Table 5.1: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the TRF after ESAT-6
stimulation

Distribution AIC BIC

Log-normal -1732.253 -1723.056

Gamma -1608.404 -1599.207

Weibull -1651.558 -1642.361

To further assess the fit, the empirical versus theoretical quantiles were plot, as seen in Figure

5.7. All four quantile-quantile plots (qq-plots) suggest that neither of the distributions fit the

data well, however the Weibull distribution does seem to fit the data far better than the other

three distributions. So, even though the Weibull did not have the lowest AIC and BIC, it was

decided to assume that the conditional response follows a Weibull distribution.
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Figure 5.7: QQ-plots of the ESAT-6 TRF fit to (a) Tweedie, (b) log-normal, (c) Gamma and (b) Weibull
distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows
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log(µij) = β0 + β1I
Peak
j + β2I

Mem
j + β3I

QFT+
i + β4x

Admin
i + β5x

Conc
i

+ β6x
Admin∗QFT+
i + β7x

Admin∗Peak
ij + β8x

Admin∗Mem
ij + b0i,

log(σij) = α0 + α1x
Admin
i ,

for i = 1, ..., I and j = 1, 2, 3,

where

b0i ∼ N
(
0, σ2

0

)
and ϵij ∼ N

(
0, σ2

e

)
.

Here, µij is the average ESAT-6 TRF for participant i, the first level of grouping, at time point

j. σ̂0 = 0.820 with 95% confidence interval (0.740; 0.908) and σ̂e = 1.081 with 95% confidence

interval (1.015; 1.151). No participant-specific random effect was added on time point due to

convergence issues. No three-way interactions were included in the model since they did not

improve the model fit.

Model diagnostics can be found in Appendix D.1, where there was some evidence that the

homogeneity assumption of the residuals and normality assumption of the random effects were

violated.

Referring to the parameter estimates seen in Table 5.2, there is evidence that TRF decreases

with increasing concentration and that variation in TRF increases with increasing number of

administrations. There is also evidence of strong interactions between number of administrations

and QFT status as well as between number of administrations and time point.

Table 5.2: Parameter estimates of the single-level GLMEM fit to the ESAT-6 TRF.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -4.064 0.119 -34.117 < 2× 10−16

Peak β1 0.992 0.130 7.640 1.09× 10−13

Mem. β2 -0.135 0.132 -1.027 0.305

QFT+ β3 2.629 0.107 24.548 < 2× 10−16

Admin. β4 0.209 0.055 3.819 0.0002

Conc. β5 -0.009 0.0009 -9.881 < 2× 10−16

Admin*QFT+ β6 -0.559 0.051 -10.854 < 2× 10−16

Admin*Peak β7 0.001 0.062 0.022 0.983

Admin*Memory β8 0.315 0.063 5.006 7.66× 10−7

σ Coefficients:

α0 0.447 0.081 5.547 4.69× 10−8

Admin. α1 0.138 0.041 3.325 0.001
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Figure 5.8 was created in order to more easily interpret the interactions by plotting the expected

value of logged mean log(µij) for changing QFT status, time point and number of administra-

tions while keeping all other variables constant using the parameter estimates in Table 5.2.

QFT- participants seem to consistently have lower TRF compared to QFT+ participants. For

QFT+ participants, TRF decreases with increasing vaccine administrations at all time points.

However, for QFT- participants this relationship is reversed: TRF increases with increasing

vaccine administrations, although this is only seen at the memory time point. Both peak and

memory time points always have higher TRF compared to baseline, as expected. However, at

baseline there is an unexpectedly large difference in TRF between the QFT+ participants re-

ceiving different vaccine administrations. This difference is surprising because at baseline, none

of the participants have received the vaccine, and thus one would expect no difference between

participants in the different vaccine arms, as seen for the QFT- participants. Perhaps this is just

a result of the model trying to capture the interaction between number of administrations and

QFT status at peak and memory time points. However, the addition of a three-way interaction

with QFT, administrations and time point did not improve the model fit. This difference could

also be due to slightly different populations enrolled in the separate trials that were merged

together to form this dataset.
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Figure 5.8: The expected value of logged mean log(µij) for changing QFT status, time point and number of
administrations while keeping all other variables constant.

5.2.3 Single-level GLMEM: TRF after Ag85B stimulation

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable,TRF

after stimulation with Ag85B. The log-normal, Gamma and Weibull distributions were fit using

the fitdistrplus [76] package in R, while the Tweedie distribution was fit using the cplm [77]

package. Table 5.3 summaries the resultant AIC and BIC values from the fitted log-normal,

Gamma and Weibull distributions. The log-normal and Weibull had almost the same AIC and

BIC values, both lower than that of the Gamma distribution. This suggests that both the

log-normal and Weibull distributions are potentially good fits for the response variable.
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Table 5.3: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the TRF after Ag85B
stimulation

Distribution AIC BIC

Log-normal -1075.079 -1065.887

Gamma -1064.242 -1055.051

Weibull -1074.812 -1065.62

To further assess the fit, the empirical versus theoretical quantiles were plot, as seen in Figure

5.9. All four qq-plots suggest that neither of the distributions fit the data well, however the

Weibull distribution does seem to fit the data far better than the other three distributions. Since

the Weibull also had the lowest AIC and BIC, it was decided to assume that the conditional

response follows a Weibull distribution.
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Figure 5.9: QQ-plots of the Ag85B TRF fit to (a) Tweedie, (b) log-normal, (c) Gamma and (b) Weibull distri-
butions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

log(µij) = β0 + β1I
Peak
j + β2I

Mem
j + β3I

QFT+
i + β4x

Admin
i + β5x

Conc
i

+ β6x
Admin∗Peak
ij + β7x

Admin∗Mem
ij + β8I

Peak∗QFT+
ij + β9I

Mem∗QFT+
ij

+ b0i,

log(σij) = α0,

for i = 1, ..., I and j = 1, 2, 3,

where

b0i ∼ N
(
0, σ2

0

)
and ϵij ∼ N

(
0, σ2

e

)
.

Here, µij is the average Ag85B TRF for participant i, the first level of grouping, at time point

j. σ̂0 = 0.836 with 95% confidence interval (0.759; 0.922) and σ̂e = 1.025 with 95% confidence
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interval (0.964; 1.090). No participant-specific random effect was added on time point due to

convergence issues. No three-way interactions were included in the model since they did not

improve the model fit.

Model diagnostics can be found in Appendix D.2, where there was some evidence that the

homogeneity assumption of the residuals and normality assumption of the residuals and random

effects are violated.

Referring to the parameter estimates seen in Table 5.4, there is again evidence that TRF

increases with decreasing concentration. There is also evidence of strong interactions between

number of administrations and time point and QFT status and time point. Referring to Figure

5.4, there is evidence that QFT+ participants consistently have a higher TRF compared to

QFT- participants. At peak and memory time points, TRF increases with increasing vaccine

administrations, for both QFT+ and QFT- participants. The increase from baseline to peak

appears to be much steeper for QFT- participants, suggesting a greater increase in TRF from

baseline to peak compared to QFT+ participants. Difference in TRF between different vaccine

administrations is more pronounced at memory time point than peak time point, suggesting that

selecting the appropriate number of administrations is more important for producing long-term

immune responses rather than short-term.

Table 5.4: Parameter estimates of the single-level GLMEM fit to the Ag85B TRF.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -3.085 0.083 -37.379 < 2× 10−16

Peak β1 1.355 0.114 11.884 < 2× 10−16

Mem. β2 0.468 0.111 4.233 2.75× 10−5

QFT+ β3 0.947 0.055 17.359 < 2× 10−16

Admin. β4 -0.106 0.038 -2.781 0.006

Conc. β5 -0.003 0.001 -3.246 0.001

Admin*Peak β6 0.171 0.054 3.168 0.002

Admin*Memory β7 0.295 0.054 5.459 7.59× 10−8

Peak*QFT+ β8 -0.546 0.077 -7.059 5.7× 10−12

Mem*QFT+ β9 -0.460 0.077 -5.971 4.5× 10−9
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Figure 5.10: The expected value of logged mean log(µij) for changing QFT status, time point and number of
administrations while keeping all other variables constant.

5.2.4 Two-level GLMEM: TRF after stimulation with either ESAT-6 or

Ag85B

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable, the

TRF after stimulation with either ESAT-6 or Ag85B. The log-normal, Gamma and Weibull

distributions were fit using the fitdistrplus [76] package in R, while the Tweedie distribution

was fit using the cplm [77] package. Table 5.5 summaries the resultant AIC and BIC values

from the fitted log-normal, Gamma and Weibull distributions. The log-normal had the lowest

AIC and BIC compared to the other distributions, suggesting that out of the three distributions

the log-normal fit the data best.

Table 5.5: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the TRF after
stimulation with either ESAT-6 or Ag85B

Distribution AIC BIC

Log-normal -2748.242 -2737.661

Gamma -2635.147 -2624.567

Weibull -2682.647 -2672.066

To further assess the fit, the empirical versus theoretical quantiles were plot, as seen in Figure

5.11. All four qq-plots suggest that neither of the distributions fit the data well, however the

Weibull distribution does seem to fit the data far better than the other three distributions. So,

even though the Weibull did not have the lowest AIC and BIC, it was decided to assume that

the conditional response follows a Weibull distribution.
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Figure 5.11: QQ-plots of the TRF after stimulation with either Esat-6 or Ag85B fit to (a) Tweedie, (b) log-
normal, (c) Gamma and (b) Weibull distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

log(µijk) = β0 + β1I
Peak
k + β2I

Mem
k + β3I

QFT+
i + β4x

Admin
i + β5x

Conc
i + β6I

ESAT6
j

+ β7I
ESAT6∗QFT+
ij + β8I

Peak∗QFT+
ik + β9I

Mem∗QFT+
ik + β10I

Conc∗ESAT6
ij

+ β11x
Peak∗Admin
ik + β12x

Mem∗Admin
ik + β13I

Peak∗ESAT6
jk + β14I

Mem∗ESAT6
jk

+ b0i,

log(σijk) = α0,

for i = 1, ..., I, j = 1, 2, and k = 1, 2, 3,

where

b0i ∼ N
(
0, σ2

0

)
and ϵijk ∼ N

(
0, σ2

e

)
.

Here, µijk is the average TRF for participant i, the first level of grouping, after stimulation with

stimulus j, the second level of grouping, at time point k. σ̂0 = 0.713 with 95% confidence interval

(0.644; 0.790) and σ̂e = 1.083 with 95% confidence interval (1.041; 1.127). No participant-specific

random effect was added on time point due to convergence issues. No three-way interactions

were included in the model since they did not improve the model fit.

Model diagnostics can be found in Appendix D.3, where there was some evidence that the

homogeneity assumption of the residuals and normality assumption of the random effects are

violated.

Referring to the parameter estimates seen in Table 5.6, there is evidence that TRF decreases

with increasing concentration for all participants, even more so if under ESAT-6 stimulation.

The difference in TRF between different vaccine administrations is only strong at the memory

time point, where increasing number of administrations is associated with increasing the TRF

for all participants. For QFT- participants, TRF is lower under ESAT-6 stimulation compared
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to Ag85B stimulation, even more so at post-vaccination time points and even more so for

higher concentrations. However, for QFT+ participants the TRF is always higher under ESAT-

6 stimulation compared to Ag85B stimulation, although less so at peak and memory time

points and at higher concentrations. QFT+ participants are also associated with higher TRF

compared to QFT- participants, regardless of stimulation, although this difference becomes less

pronounced at post-vaccination time points. Due to the large number of interactions in this

model, it was decided not to include a plot of the interactions as it would be difficult to interpret.

Table 5.6: Parameter estimates of the single-level GLMEM fit to the TRF after stimulation with ESAT-6 or
Ag85B.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -3.003 0.096 -31.273 < 2× 10−16

Peak β1 1.449 0.128 11.316 < 2× 10−16

Mem. β2 0.419 0.123 3.397 0.001

QFT+ β3 0.917 0.066 13.808 < 2× 10−16

Admin. β4 -0.068 0.040 -1.691 0.091

Conc. β5 -0.003 0.001 -2.483 0.013

ESAT6 β6 -0.618 0.083 -7.414 2.27× 10−13

ESAT6 *QFT+ β7 1.079 0.066 16.264 < 2× 10−16

Peak*QFT+ β8 -0.484 0.081 -5.941 3.67× 10−9

Mem*QFT+ β9 -0.415 0.081 -5.105 3.83× 10−7

Conc*ESAT6 β10 -0.008 0.002 -4.627 4.11× 10−6

Admin*Peak β11 0.047 0.057 0.837 0.403

Admin*Mem β12 0.279 0.057 4.873 1.24× 10−6

ESAT6 *Peak β13 -0.305 0.082 -3.735 0.0002

ESAT6 *Mem β14 -0.278 0.081 -3.423 0.001

5.2.5 Comment on the GLMEM’s

Deviation from normality and constant variance assumptions for some models may impact on

accuracy of the statistical inference. Hence, it is preferred to look at what relationships are con-

sistently seen across all three models. As such, after assessing the results, the following inference

was common amongst all three models. For all models, there was no evidence that the demo-

graphic variables age, sex and ethnicity had an effect on TRF. QFT+ participants consistently

had a higher TRF compared to QFT- participants, no matter the number of administrations,

concentration or stimulus. There was evidence that TRF decreases with increasing concentra-

tion, no matter the number of administrations, QFT status or stimulus. There was evidence

that there exists a strong interaction between number of administrations and time point, where

at the memory time point TRF increases with increasing numbers of administrations. As ex-

pected, both peak and memory time points always have a higher TRF compared to baseline.

Note that a comparison between ESAT-6 and Ag85B can only be made using the two-level
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GLMEM, and since there is only one of these models, it is preferred not to comment on the

difference between ESAT-6 and Ag85B.

Thus, there is evidence that the lowest vaccine concentration, 5 µg, should be considered as

the preferred vaccine concentration. With regards to vaccine administrations, both the one-

level Ag85B GLMEM and two-level GLMEM suggested that TRF increases in order to elicit

long-term immune responses, 3 administrations of the vaccine should be considered. However,

while the one-level ESAT-6 GLMEM suggested that this was true for QFT- participants, it

suggested that for QFT+ participants one administration produced the highest TRF at both

post-vaccination time points. As such, it is inconclusive as to which number of vaccine ad-

ministrations induces the highest vaccine take. With regards to the hypothesis of interest, no

interaction between vaccine concentration and QFT status was observed in either model, sug-

gesting that there is no difference in the magnitude of cytokine positive CD4 T cells between

the different vaccine concentrations, for both M.tb-sensitised and -unsensitised individuals.

In terms of the interpretability of the models, the two-level GLMEM required far more inter-

action terms in order to account for the sharing of covariate coefficients between Ag85B and

ESAT-6. Specifically, including interactions between stimulus and QFT, concentration and time

point suggest that the relationship between TRF and these covariates varies between the two

stimuli. The advantage of these higher-level models is that they allow for inference related to

specific hypotheses, such as comparison between ESAT-6 and Ag85B in the case of the two-level

GLMEM. A notable disadvantage is the increase in the number of interaction terms and model

complexity (although there is also an increase in the number of observations), which can result

in a model that is difficult to interpret.

5.3 Discussion

Both the standard approach as well as the GLMEM’s suggested that 5 µg should be considered

as the preferred vaccine concentration. However, while the standard procedure suggested that

two administrations of the vaccine was sufficient, the GLMEM’s produced conflicting evidence

as to which number of administrations was optimal. Hence, while there is strong evidence that

5 µg of the vaccine should be considered, there is conflicting evidence as to the number of admin-

istrations that should be considered. With regards to the hypothesis of interest, both methods

found no evidence that there exists a difference in the magnitude of cytokine positive CD4 T

cells between the different vaccine concentrations, for both M.tb-sensitised and -unsensitised

individuals.

A clear disadvantage of the non-parametric approach shown in Section 5.1.1 is the multiple

testing which prevents one from making any strong inference from the results. However, the

GLMEM’s do not completely avoid the same problem. Since multiple models have been fit and

used to make inference, multiple testing is still an issue and the probability of a type I error is

unknown and higher than 5%. As such, the results produced by both the models and standard

approach should be interpreted with caution and be used for exploratory analysis rather than

56



5.3. DISCUSSION

confirmatory. The purpose of the models is to illustrate how they can be used in such a

setting, and in future, fitting fewer models with more of an emphasis on the model building

procedure can provide stronger inference as well as including power calculations when reporting

results. With respects to significance testing in the standard approach, Bender et al. (2001) [62]

emphasise the importance of formulating a clear statistical analysis plan and pre-specifying the

hypotheses and their priorities. Multiplicity becomes a significant issue when there are many

different hypotheses of interest and equal priority and/or in the case of exploratory studies.

Trying to investigate the effects of many different variables on the response, as done in this

chapter, makes it very difficult to guard against multiple testing. The plots of the response rate

created by filtering out responders using MIMOSA also suffer from multiple testing and do rely

on determining statistical significance in order to categorise participant visits as responders and

non-responders.

The main advantage that GLMEM’s have over significance testing is that they provide effect

sizes in the form of variable coefficients, where as significance tests focus more on hypothesis

testing and p-values. Providing effect sizes alongside the p-values gives one greater insight into

how much of an effect a given variable has on the response, which is more informative than just

knowing that an effect exists, which is what p-values provide.

In conclusion, the standard approach and the mixed effect modelling approach both produced

similar inference, with the main disagreement being the number of vaccine administrations

that produce the greatest immune response. However, while both approaches could be used to

determine which variables may have an effect on immune response, only the GLMEM’s were

able to provide estimates of the effect size. Both approaches suffered from issues of multiple

testing, hence why all results should be interpreted as exploratory and used to guide future

hypothesis formulations and experiments.
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Chapter 6

Investigating the effects of vaccine reg-

imen, M.tb sensitisation and antigen

specificity on CD4 T cell functional

quality

In this chapter, the second aim of this project, that is the effects of vaccine regimen, M.tb

sensitisation and antigen specificity on CD4 T cell functional quality, shall be investigated.

Along with exploring this aim, this chapter shall also investigate the hypothesis that T cell

functional quality is influenced by vaccine concentration and M.tb sensitisation and that high

frequencies of T cells expressing IL-2 and TNF together and T cells expressing IL-2, TNF

and IFN-γ together are associated with lower concentrations of the vaccine in M.tb-sensitised

individuals compared to unsensitised individuals. Another hypothesis of interest is that the

functional profiles of T cells recognising Ag85B are distinct from those of T cells recognising

ESAT-6. The last hypothesis to test was that after vaccination, the functional profiles of T cells

recognising Ag85B or ESAT-6 differ between M.tb-sensitised and M.tb-unsensitised individuals.

As discussed in Section 1.2, T cell functional quality refers to the pattern of cell functional

marker (i.e. cytokine) expression. Thus, the frequency of cells expressing different cytokine

combinations is the response interest. Since there are four different cytokines that were mea-

sured, IL-2, TNF, IL-17 and IFN-γ, there are a total of 24 = 16 different possible cytokine

combinations, and thus 16 different response variables.

Due to the high-dimensionality of the response variable, COMPASS will be used both in the

standard approach and the mixed effect modelling approach for variable reduction. During the

standard approach, the FS and PFS produced by COMPASS shall be used as the response

variable of interest, acting as two summary scores of the 16 different response variables. For

the mixed effect modelling approach, the results from COMPASS shall be used to filter out

cytokine combinations which are not differentially expressed.

This chapter will begin by implementing the standard approach to investigate these objectives,

first analysing the FS and PFS produced by COMPASS using data visualisation and hypothesis

testing in Section 6.1.1, followed by a more in-depth analysis of the frequency of the different

cytokine combinations using data visualisation and hypothesis testing in Section 6.1.2. For

the mixed effect modelling approach, COMPASS shall be used to first reduce the number of

cytokine combinations in the response. Then, two-level GLMEM’s shall be fit to the reduced

selection of cytokine responses in Section 6.2 followed by LVM’s in Section 6.3.
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6.1 Standard approach

This section shall analyse the FS and PFS computed using COMPASS as well as the CD4 T cell

frequency of the 16 different cytokine combinations. FS can be interpreted as the proportion of

antigen-specific cell subsets expressed for a given participant visit among all possible subsets.

The PFS can be interpreted as the FS weighted by the cell subset’s degree of functionality,

where higher degrees of functionality are weighted more. Thus, the PFS gives one an idea of

the quality of the T cell response while FS gives one an idea of the proportion of cytokine

combinations which were differentially expressed. Both FS and PFS shall be used as summary

statistics of the CD4 T cell frequency of the 16 different cytokine combinations. Using FS and

PFS as the response instead of the individual cytokine combinations reduces the dimensionality

of the response variable, making it easier to plot and analyse.

While the FS and PFS provides a good summary measure of the functional quality of the

response, it does not provide insight into the specific functional profiles making up the immune

response, however the CD4 T cell frequency of the 16 different cytokine combinations does.

Thus, some of the hypotheses of interest shall be investigated using both the FS and PFS

response as well as the CD4 T cell frequency of the cytokine combinations response in order to

make inference about not only the level of functionality but also the specific functional profiles

making up the response.

Section 6.1.1 will use the FS and PFS produced by COMPASS as the response of interest. It will

begin with selecting the number of vaccine administrations that induces the best quality immune

responses. It will then investigate the relationship between vaccine concentration and QFT

status, followed by selection of the vaccine concentration that induces the best quality immune

responses. Then, the relationship between QFT status and stimulus shall be investigated,

followed by an analysis of the posterior probabilities produced by COMPASS used to infer

which cytokine combinations are antigen-specific.

Section 6.1.2 will then use the CD4 T cell frequency of the cytokine combinations as the re-

sponse variable in order to investigate some of the hypotheses of interest in terms of specific

functional profiles rather than just the overall functional quality. Firstly, the hypothesis that

high frequencies of T cells expressing IL-2 and TNF together and T cells expressing IL-2, TNF

and IFN-γ together are associated with lower concentrations of the vaccine in M.tb-sensitised

individuals compared to unsensitised individuals shall be investigated. Then, the hypothesis

that after vaccination, the functional profiles of T cells recognising Ag85B or ESAT-6 differ

between QFT+ and QFT- individuals shall be investigated.

6.1.1 COMPASS

The below plots in Figure 6.1, 6.2, 6.3 and 6.4 were created to investigate which number

of administrations of the vaccine induces the highest FS and PFS (i.e. the highest quality

immune responses) with the goal of only looking at observations from participants who received
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this number of administrations in future plots. Referring to Figure 6.1 which plots the FS

using observations stimulated by ESAT-6, relatively large differences between administrations

are seen when 5 µg or 50 µg of the vaccine was administered. For QFT+ participants who

received 5 µg, the participants who received two vaccine administrations had much higher FS at

peak compared to those who received three administrations. While for QFT- participants who

received 50 µg, the participants who received two vaccine administrations had much higher FS at

peak and memory compared to those who received one administration. For QFT+ participants

who received 50 µg, the participants who received three administrations have much lower FS at

baseline compared to participants who received one or two administrations. Since this was at

baseline, and hence before either of the treatment arms received their vaccinations, it suggests

that there was a difference between the participants chosen for each treatment arm, rather than

a difference caused by the number of vaccine administrations. Thus, overall there is evidence

that two vaccine administrations may have induced a higher quality immune response.
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Figure 6.1: Longitudinal profiles of the median ESAT-6 FS of CD4 T cells for different vaccine administrations
(Admin.). The error bars denote the interquartile range of the FS. The medians have been plotted for three dif-
ferent time points: baseline, peak and memory. Benjamini Hochberg adjusted p-values, determined by (unpaired)
Mann Whitney tests comparing the different numbers of administrations for the same time point are shown in
the table.
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Referring to Figure 6.2, the only potentially noticeable difference in PFS determined after

ESAT-6 stimulation is seen in QFT- participants who were administered 50 µg of the vaccine.

For these participants, those that received two administrations generally had a higher PFS at

peak and memory compared to those who received one administration. Thus, there is evidence

that two vaccine administrations may have induced a higher quality immune response.
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Figure 6.2: Longitudinal profiles of the median ESAT-6 PFS of CD4 T cells for different vaccine administra-
tions (Admin.). The error bars denote the interquartile range of the PFS. The medians have been plotted for
three different time points: baseline, peak and memory. Benjamini Hochberg adjusted p-values, determined by
(unpaired) Mann Whitney tests comparing the different numbers of administrations for the same time point are
shown in the table.

Looking at the Ag85B FS shown in Figure 6.3, the only potentially noticeable difference between

administrations is seen when a concentration of 50 µg was used. For QFT- participants who

received 50 µg, the participants who received one vaccine administration had lower FS at both

post-vaccination time points compared to those who received two or three administrations. Since

there wass seemingly no difference between two and three administrations, the least resource-

intensive option, two administrations, is preferred. Note that a difference also seems to be
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present at baseline between the cohort which received one administrations and the cohort which

received two administrations, suggesting that there was a difference between these cohorts prior

to vaccine administration. This could be a potential confounder and influence the difference

seen later on between the two cohorts at peak and memory. This could mean that the difference

between the two cohorts was exaggerated, however even if this was the case, the conclusion of

choosing two administrations would not change because of the difference seen between one and

two administrations. For QFT+ participants who received 50 µg, the participants who received

three administrations generally had higher FS at both post-vaccination time points compared

to those who received one administration. This indicates that three administrations would be

preferred over one. However, there is no difference between two and three administrations, so

again the least resource-intensive option, two administrations, is preferred.
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Figure 6.3: Longitudinal profiles of the median Ag85B FS of CD4 T cells for different vaccine administrations
(Admin.). The error bars denote the interquartile range of the FS. The medians have been plotted for three dif-
ferent time points: baseline, peak and memory. Benjamini Hochberg adjusted p-values, determined by (unpaired)
Mann Whitney tests comparing the different numbers of administrations for the same time point are shown in
the table.
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Looking at the Ag85B PFS shown in Figure 6.4, again the only potentially noticeable difference

between administrations is seen when a concentration of 50 µg was used. For QFT- participants

who received 50 µg of the vaccine, the inference made using Figure 6.3 applies here as well

when looking at PFS. As such, it shall not be repeated here. For QFT+ participants who

received 50 µg, participants who received three vaccine administrations had higher PFS at

post vaccination time points compared to those who received one or two administrations. This

indicates that three administrations would be preferred. However, there was also a potential

difference at baseline between the cohort which received two administrations and the cohort

which received three administrations, suggesting that there was a difference between these

cohorts prior to vaccine administration, which could be a potential confounder and influence

the difference seen later on between the two cohorts. This could mean that there was actually

no difference due to number of administrations between the two cohorts, in which case the

conclusion would change and two administrations would be preferred. As such, it is unclear

whether two or three administrations induce the highest quality immune response.
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Figure 6.4: Longitudinal profiles of the median Ag85B PFS of CD4 T cells for different vaccine administrations
(Admin.). The error bars denote the interquartile range of the PFS. The medians have been plotted for three
different time points: baseline, peak and memory. Benjamini Hochberg adjusted p-values, determined by (un-
paired) Mann Whitney tests comparing the different numbers of administrations for the same time point are
shown in the table.

Therefore, based on Figures 6.1, 6.2, 6.3 and 6.4, there is evidence that two administrations

produced the greatest FS and PFS, and thus that two administrations may have induced the

highest quality immune response. Thus, only observations from participants who received two

vaccine administrations shall be used in future plots.

Before determining the corresponding concentration that shall be used to further filter obser-

vations, the hypothesis that higher quality immune responses are associated with lower con-

centrations of the vaccine in M.tb-sensitised individuals compared to unsensitised individuals

shall be investigated. Thus, the below plots in Figure 6.5 and 6.6 were created to investi-

gate the difference in functionality between QFT- and QFT+ participants for different vaccine

concentrations.

Referring to Figure 6.5, the ESAT-6 FS was higher in QFT+ participants compared to QFT-
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participants across all time points and vaccine concentrations, except for at the peak time

point for participants who received 50 µg of the vaccine, where there was no evidence of a

difference between QFT- and QFT+ participants. Similarly, the ESAT-6 PFS was seemingly

higher in QFT+ participants compared to QFT- participants across all time points and vaccine

concentrations, except for at both post-vaccination time points for participants who received

50 µg of the vaccine, where there was no difference between QFT- and QFT+ participants.

Thus, under ESAT-6 stimulation, there is evidence that for participants who received lower

vaccine concentrations, QFT+ participants had higher quality immune responses compared to

QFT- participants. For 50 µg of the vaccine, there is evidence that there was no difference

between QFT+ and QFT- participants.
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Figure 6.5: Box-plots of ESAT-6 FS and PFS for two administrations of the vaccine for different vaccine con-
centrations and QFT statuses. Benjamini Hochberg adjusted p-values, determined by (unpaired) Mann Whitney
tests comparing different QFT statuses for the same vaccine regimen are shown.

To further investigate this hypothesis, the Ag85B FS and PFS were plot, as seen in Figure

6.6. There is no evidence that there was a difference in FS or PFS between QFT+ and QFT-

participants across both time points and vaccine concentrations. Thus, there is evidence that

there was a difference in functionality between QFT- and QFT+ participants for different

vaccine concentrations under ESAT-6 stimulation but not under Ag85B stimulation.
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Figure 6.6: Box-plots of Ag85B FS and PFS for two administrations of the vaccine for different vaccine concen-
trations and QFT statuses. Benjamini Hochberg adjusted p-values, determined by (unpaired) Mann Whitney
tests comparing different QFT statuses for the same vaccine regimen are shown.

The below plots in Figure 6.7 and 6.8 were created to investigate which vaccine concentration

induced the highest FS and PFS when considering only two administrations of the vaccine.

Referring to Figure 6.7, after ESAT-6 stimulation there is no evidence that a difference in FS

or PFS existed between the three concentrations for both QFT- and QFT+ participants across

all post-vaccination time points.
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Figure 6.7: Box-plots of ESAT-6 FS and PFS for two administrations of the vaccine for different vaccine con-
centrations and QFT statuses. Benjamini Hochberg adjusted p-values, determined by (unpaired) Mann Whitney
tests comparing different vaccine concentrations for the same QFT status are shown.

Referring to Figure 6.8, after Ag85B stimulation there is again no evidence that a difference in FS

or PFS existed between the three vaccine concentrations for both QFT- and QFT+ participants

across all post-vaccination time points. Since there is no evidence that a difference between

the vaccine concentrations existed after either stimulation, the lowest vaccine concentration is

preferred as it is the least resource-intensive. Thus, there is evidence that a concentration of

5 µg of the vaccine is preferable when administering two doses of the vaccine. Hence, only

observations from participants who received two administrations of 5 µg of the vaccine shall be

used in future plots. Note that this is the same regimen that was chosen when analysing the

magnitude of the T cell response, suggesting that this regimen was not only optimal in terms

of functional quality but also in terms of magnitude of the response.
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Figure 6.8: Box-plots of Ag85B FS and PFS for two administrations of the vaccine for different vaccine concen-
trations and QFT statuses. Benjamini Hochberg adjusted p-values, determined by (unpaired) Mann Whitney
tests comparing different vaccine concentrations for the same QFT status are shown.

The below plots in Figure 6.9 were created to investigate the hypothesis that after vaccination,

the functional profiles of T cells recognising Ag85B or ESAT-6 differed between QFT+ and QFT-

individuals. When comparing QFT status, there is strong evidence that QFT+ participants had

higher FS and PFS compared to QFT- participants across both post-vaccination time points

after ESAT-6 stimulation but not after Ag85B stimulation. When comparing the two stimuli,

the samples after Ag85B stimulation seemed to have had higher FS and PFS, regardless of QFT

status and time point. Thus, there is strong evidence that after vaccination QFT+ participants

had higher quality immune responses to ESAT-6 stimulation compared to QFT- participants,

however this is not observed for Ag85B. There is also evidence that Ag85B induced higher

quality immune responses compared to ESAT-6.
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Figure 6.9: Box-plots of the FS and PFS for two administrations of 5 µg of the vaccine for different stimuli
and QFT statuses. Benjamini Hochberg adjusted p-values are shown, where the p-values between different QFT
statuses but within the same stimulus were determined by (unpaired) Mann Whitney tests while the p-values
between different stimuli but within the same QFT status were determined by paired Wilcoxon tests.

Before moving onto the non-parametric approach where hypotheses around specific cytokine

combinations shall be investigated, the posterior probabilities calculated using COMPASS can

also be analysed to select which cytokine combinations may or may not be reliably detected.

Recall that the posterior probabilities can be interpreted as the probability that a cytokine

combination is antigen-specific for a given participant visit. Figure 6.10 shows the poste-

rior probabilities produced by applying COMPASS to ESAT-6-stimulated observations and

Ag85B-stimulated observations for all participant visits, even those that did not receive two

administrations of 5 µg of the vaccine. Referring to the heatmap for the ESAT-6 stimulated

observations, cytokine combinations IFN-γ+IL2+TNF−IL17+, IFN-γ+IL2-TNF+IL17+, IFN-

γ−IL2+TNF+IL17+ and IFN-γ−IL2+TNF−IL17+ were excluded from the plot because their

posterior probabilities were below the specified threshold and thus were identified as biologically

irrelevant. Cells expressing IL-17 and IFN-γ only as well as cells expressing IL-17 and TNF only

are associated with very low posterior probabilities, and thus had low antigen-specific responses

and may also be biologically irrelevant. Cells expressing all cytokines as well as cells expressing

only IL-17 are also associated with low posterior probabilities, indicating that they had a low

ESAT-6-specific response.
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After Ag85B stimulation, no cytokine combinations were excluded from the plot. Cells ex-

pressing IL-17 and IL-2 only as well as cells expressing IL-17 only are associated with very

low posterior probabilities, and thus had low antigen-specific responses and may be biologi-

cally irrelevant. After Ag85B stimulation, more low posterior probabilities are seen at baseline

compared to peak and memory time points. At baseline, there seems to be slightly more low

posterior probabilities seen for QFT- participants compared to QFT+ participants, however at

peak and memory time points there does not seem to be any obvious difference between QFT-

and QFT+ participants.
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Figure 6.10: Heatmap of COMPASS posterior probabilities for the (a) ESAT-6 and (b) Ag85B data. The
columns correspond to the different cell subsets modelled by COMPASS, colour-coded by the cytokines they
express (white = “not expressed”, shaded = “expressed” and colour = “degree of functionality”), and ordered
by degree of functionality from one function on the left to four functions on the right. Rows correspond to
participant visits ordered by QFT status and time point. Each cell of the heatmap shows the probability that
a given cytokine combination (column) has an antigen-specific response in the corresponding participant visit
(column), where the probability is colour-coded from white (zero) to purple (one). Four cytokine combinations,
IFN-γ+IL2+TNF−IL17+, IFN-γ+IL2−TNF+IL17+, IFN-γ−IL2+TNF+IL17+ and IFN-γ−IL2+TNF−IL17+,
were excluded from the ESAT-6 results as they had a mean posterior probability that was less than 0.01.

6.1.2 Non-parametric approach

This section will focus on the response of the individual cytokine combinations rather than the

overall functional quality of the response. The optimal regimen will not be investigated again

using individual cytokine combination frequencies, but rather the regimen of two administrations

of 5 µg shall be used in order to avoid an excessive amount of plots and repetition.

In order to investigate the hypothesis that high frequencies of T cells expressing IL-2 and TNF

together and T cells expressing IL-2, TNF and IFN-γ together are associated with lower concen-

trations of the vaccine in M.tb-sensitised individuals compared to unsensitised individuals, the

frequency of cells expressing IFN-γ−IL2+TNF+ and IFN-γ+IL2+TNF+ after stimulation with

either ESAT-6 or Ag85B was plot for all vaccine concentrations, as seen in Figure 6.11. Only

participants that received two administrations of the vaccine, as chosen in Section 6.1.1, are

shown. After ESAT-6 stimulation, QFT+ individuals had higher frequencies of cells expressing

IFN-γ−IL2+TNF+ compared to QFT- individuals, at the lowest vaccine concentration (5 µg)
only. After Ag85B stimulation, there was no difference in the frequency of cells expressing IFN-
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γ−IL2+TNF+ between QFT+ and QFT- participants. For both stimuli, QFT+ individuals

had much higher frequencies of cells expressing IFN-γ+IL2+TNF+ compared to QFT- individ-

uals at all vaccine concentrations. However, the difference does seem to be strongest at lower

concentrations. Thus, there is minimal evidence that QFT+ individuals had higher frequencies

of cells expressing IFN-γ−IL2+TNF+ compared to QFT- individuals. However, there is strong

evidence that QFT+ individuals had higher frequencies of cells expressing IL2+TNF+IFN-γ+

compared to QFT- individuals after both Ag85B and ESAT-6 stimulation, particularly at lower

concentrations.
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Figure 6.11: Box-plots of the frequency of CD4 T cells expressing IFN-γ−IL2+TNF+ and IFN-γ+IL2+TNF+
after stimulation with either ESAT-6 or Ag85B are shown for different concentrations. Only observations from
participants who received two administrations of the vaccine were used. Benjamini Hochberg adjusted p-values,
determined by (unpaired) Mann Whitney tests comparing QFT+ and QFT- observations for the same vaccine
concentrations are shown.

The plots in Figures 6.12 and 6.13 were created to further investigate the hypothesis that af-

ter vaccination, the functional profiles of T cells recognising Ag85B or ESAT6 differ between

QFT+ and QFT- individuals. Figure 6.12 was used to compare QFT+ and QFT- individuals

while Figure 6.13 was used to compare the two stimuli. Referring to Figure 6.12, after ESAT-6

stimulation at the peak time point there is evidence that QFT+ participants had higher fre-

quencies of cells expressing only IL-2 and IFN-γ, cells expressing only IFN-γ and cells expressing

all cytokines except IL-2 compared to QFT- participants. This is again seen at the memory
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time point, where additionally the frequency of cells expressing only IL-2 and TNF as well as

cells expressing all cytokines except IL-17 was higher in QFT+ participants compared to QFT-

participants. After Ag85B stimulation, there is evidence that QFT- participants had higher fre-

quencies of cells expressing all cytokines except IFN-γ. Otherwise, there is no evidence that a

difference in frequency existed between QFT- and QFT+ participants after Ag85B stimulation.

Overall, there is evidence that the functional profiles of T cells recognising ESAT-6 differed be-

tween QFT+ and QFT- individuals, however there is little evidence that this difference exists

after Ag85B stimulation.
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Figure 6.12: Box-plots of the frequency of CD4 T cells expressing various marker combinations after two ad-
ministrations of 5 µg of the vaccine. Benjamini Hochberg adjusted p-values, determined by (unpaired) Mann
Whitney tests comparing the different QFT status for the same marker combination are shown in the table.

Referring to Figure 6.13, there is evidence that for QFT- participants at baseline, there was

no difference in the frequency of any of the cytokine combinations between the two stimuli. In

general, very low frequencies were observed after ESAT-6 stimulation. For QFT+ participants

at baseline, there is evidence that the frequency of cells expressing only TNF and IL-2 as well

the frequency of cells expressing only TNF and IFN-γ were higher after ESAT-6 stimulation

compared to Ag85B stimulation. For QFT- participants at peak, almost all cytokine combina-

tions were expressed at higher frequencies after Ag85B stimulation compared to after ESAT-6

stimulation. Generally, the frequencies after ESAT-6 stimulation were much higher than they

were at baseline. For QFT+ participants at peak, again the frequency of cells expressing only

TNF and IFN-γ was higher after ESAT-6 stimulation compared to Ag85B stimulation. The

frequency of cells expressing IFN-γ only was also higher after ESAT-6 stimulation compared

to Ag85B stimulation. However, the frequency of cells expressing only IL-2 was lower after

ESAT-6 stimulation compared to Ag85B stimulation. For QFT- participants at memory, many
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the cytokine combinations were expressed at much higher frequencies after Ag85B stimulation

compared to after ESAT-6 stimulation, although not as many combinations as was seen at peak.

Generally, the frequencies after ESAT-6 stimulation were much lower than they were at peak.

For QFT+ participants at memory, again the frequency of cells expressing only TNF and IFN-γ

as well as the frequency of cells expressing only IFN-γ were higher after ESAT-6 stimulation

compared to Ag85B stimulation. The frequency of cells expressing IL-2 and IFN-γ only was

higher after ESAT-6 stimulation compared to Ag85B stimulation. Thus, besides from QFT-

participants at baseline, there is evidence that the functional profiles of cells recognising Ag85B

were distinct from those recognising ESAT-6, especially in QFT- participants post-vaccination.
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(d) QFT+ Peak
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(e) QFT- Memory
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Figure 6.13: Box-plots of the frequency of CD4 T cells expressing various marker combinations after two admin-
istrations of 5 µg of the vaccine. Benjamini Hochberg adjusted p-values, determined by paired Wilcoxon tests
comparing the different stimuli for the same marker combination are shown in the table.

6.1.3 Comment on the standard approach

In this section, two different sets of response variables were explored: the FS and PFS produced

using COMPASS and the CD4 T cell frequency of the 16 different cytokine combinations.
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Both responses gave slightly different inference, with the FS and PFS providing a summary

measure on functional quality of the immune response while the cytokine combinations frequency

provided more insight into the exact functional profiles making up the response. Using the FS

and PFS, it is far easier to identify which subset of observations produces higher quality immune

responses, where this is harder to determine using the frequency of the cytokine combinations.

While the FS and PFS had the advantage of reducing the dimensionality of the response and

thus make inference easier, they did have the disadvantage of relying on COMPASS being

implemented appropriately and it was not possible to depict the confidence intervals for each

FS and PFS when they are analysed.

Using the FS and PFS, the optimal regimen of two administrations of 5 µg of the vaccine was

selected. This was the same regimen that was selected when analysing the magnitude of the T

cell response, suggesting that this regimen was not only optimal in terms of functional quality

but also in terms of magnitude of the response. The FS and PFS provided evidence that QFT+

participants had higher quality immune responses after ESAT-6 stimulation at lower concen-

trations compared to QFT- participants but that there was no evidence of a difference under

Ag85B stimulation. Using frequency of the cytokine combinations response, the same hypoth-

esis was investigated but focusing on the two cytokine combinations IFN-γ+IL2+TNF+ and

IFN-γ−IL2+TNF+. There was strong evidence that QFT+ individuals had higher frequencies

of cells expressing IFN-γ+IL2+TNF+ after stimulation with either stimulus compared to QFT-

participants, particularly at lower concentrations, but there was no evidence of a difference in

expression of IFN-γ−IL2+TNF+. Both sets of response variables provided evidence that the

functional profiles of T cells recognising ESAT-6 differed between QFT+ and QFT- individuals

but that no difference existed for T cells recognising Ag85B. The FS and PFS was able to

qualify this difference, providing evidence that QFT+ participants had higher quality immune

responses. Both responses also found evidence that the functional profiles of cells recognising

Ag85B were distinct from those recognising ESAT-6, with the FS and PFS further qualifying

this difference by identifying that Ag85B induced higher quality immune responses.

6.2 GLMEM’s

In order to make inference about specific cytokine combinations, the response variable of interest

for this section is the frequency of CD4 T cells expressing cytokine combination j observed for

participant i at time point k under stimulus s, Y
(s)
ijk . However, not all cytokine combinations shall

be included in the response, since some are observed at very low frequencies and are biological

irrelevant and would further zero-inflate the data substantially. Thus, the COMPASS output

was used to inform the selection of the appropriate cytokine combinations. Specifically, the

posterior probabilities produced by COMPASS were used to select the cytokine combinations.

All cytokine combinations for which more than 30% of observations had posterior probabilities

less than 0.1 were excluded from the response, a similar criteria to what has been used in previous

literature [78, 68]. Cytokine combination IFN-γ-IL2-TNF-IL17- was also excluded since only

cytokine positive combinations were of interest. Since COMPASS had to be applied separately to

74



6.2. GLMEM’S

each stimulus, different cytokine combinations were excluded depending on the stimulus. Under

ESAT-6, only 7 cytokine combinations were retained and under Ag85B, 9 cytokine combinations

were retained. The exact cytokine combinations that were retained for each stimulus can be

seen in Table 6.1. Interestingly, no cytokine combinations that expressed IL-17 after ESAT-

6 stimulation were retained as biologically relevant, while after Ag85B stimulation, only two

cytokine combinations that expressed IL-17 were retained as biologically relevant. All cytokine

combinations that did not express IL-17 were identified as biologically relevant, for both stimuli.

Separate two-level GLMEM’s grouped by memory combination nested within participant shall

be fit to each stimulus using Yijk as the response variable. Since different cytokine combinations

were excluded depending on the stimulus, a three-level GLMEM grouped by cytokine combina-

tion nested in stimulus was not fit, as depending on the stimulus different cytokine combinations

would need to be included into the model.

Table 6.1: Table showing the cytokine combinations that were identified using COMPASS as biologically relevant
depending on the stimulation used, indicated with a tick.

Cytokine Combination ESAT-6 Ag85B

IFN-γ+IL2+TNF+IL17+ ✓

IFN-γ+IL2+TNF−IL17+

IFN-γ+IL2+TNF+IL17− ✓ ✓

IFN-γ+IL2+TNF−IL17− ✓ ✓

IFN-γ+IL2−TNF+IL17+

IFN-γ+IL2−TNF−IL17+

IFN-γ+IL2−TNF+IL17− ✓ ✓

IFN-γ+IL2−TNF−IL17− ✓ ✓

IFN-γ−IL2+TNF+IL17+ ✓

IFN-γ−IL2+TNF−IL17+

IFN-γ−IL2+TNF+IL17− ✓ ✓

IFN-γ−IL2+TNF−IL17− ✓ ✓

IFN-γ−IL2−TNF+IL17+

IFN-γ−IL2−TNF−IL17+

IFN-γ−IL2−TNF+IL17− ✓ ✓

6.2.1 Candidate distributions for the response

In order to choose an appropriate conditional distribution for the response variable, the marginal

distribution of the response needs to be assessed. Figure 6.14 shows the density plots for each

of the response variables for the two-level GLMEM’s grouped by memory combination. Both

response variables are continuous on the domain [0, 100], highly zero-inflated and positively

skewed. Possible candidate distributions are again the Gamma, log-normal and Weibull, since

they all at most require two parameters and are suitable for continuous right-skewed data.

Again, the Tweedie distribution shall also be considered because it is well-suited to skew data.

For the same reasoning given in Section 5.2.1, neither the Sichel, ZIP or ZIPNB distributions
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were considered.
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Figure 6.14: Density plots of the frequency of cells expressing any one of the cytokine combinations selected in
Table 6.1 after stimulation with (a) ESAT-6 or (b) Ag85B. These frequencies will be used as the response variable
for the two-level GLMEM’s grouped by memory combination.

6.2.2 Two-level GLMEM after ESAT-6 stimulation

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable,

the frequency of CD4 T cells which express certain cytokine combinations, selected using the

COMPASS output, after stimulation with ESAT-6. The log-normal, Gamma and Weibull dis-

tributions were fit using the fitdistrplus [76] package in R, while the Tweedie distribution

was fit using the cplm [77] package. Table 6.2 summaries the resultant AIC and BIC values

from the fitted log-normal, Gamma and Weibull distributions. The log-normal had the lowest

AIC and BIC compared to the other distributions, suggesting that out of the three distributions

the log-normal fit the data best.

Table 6.2: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the cytokine combi-
nation frequencies after ESAT-6 stimulation

Distribution AIC BIC

Log-normal -35128.59 -35115.51

Gamma -32846.64 -32833.55

Weibull -33808.39 -33795.31

To further assess the fit, the empirical versus theoretical quantiles were plot, as seen in Figure

6.15. All four qq-plots suggest that neither of the distributions fit the data well, however the

log-normal distribution does seem to fit the data far better than the other three distributions.

Since the log-normal also had the lowest AIC and BIC compared to the Weibull and Gamma,

it was decided to assume that the conditional response follows a log-normal distribution.
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Figure 6.15: QQ-plots of the cytokine combination frequencies after ESAT-6 stimulation fit to (a) Tweedie, (b)
log-normal, (c) Gamma and (b) Weibull distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

log(µijk) = x
T
ijkβ + b0i,

log(σijk) = w
T
ijkα,

for i = 1, ..., I, j = 1, 2, .., 7 and k = 1, 2, 3,

where

b0i ∼ N
(
0, σ2

0

)
and ϵijk ∼ N

(
0, σ2

e

)
.

Here i is the participant ID, j is the cytokine combination and k is the time point. σ̂0 =

0.647 with 95% confidence interval (0.585; 0.714) and σ̂e = 1.022 with 95% confidence interval

(1.002; 1.043). Vector notation was used due to the large number of model parameters, and the

exact explanatory variables included in the model can be seen in Table 6.3. No participant-

specific random effect was included on the indicator variable reflecting the cytokine combinations

due to convergence issues and it was not included on time point because it resulted in higher

GAIC values, indicating an inferior fit. A three-way interaction between number of adminis-

trations, concentration and time point was included in the model as it improved the model

fit.

Model diagnostics can be found in Appendix E.1, where there was evidence that the normality

assumption of the random effects is violated, but that the normality and homogeneity assump-

tions of the residuals are valid.

Referring to the parameter estimates seen in Table 6.3, there is evidence of a strong interaction

between QFT status and cytokine combination. QFT+ participants are associated with higher

frequencies compared to QFT- participants, no matter the cytokine combination. However,

the size of the difference is dependent on the cytokine combination. For example, the reference

category IFN-γ+IL2+TNF+IL17− is associated with the largest difference in frequency between

QFT+ and QFT- participants, while IFN-γ−IL2+TNF−IL17− is associated with the smallest

difference. There is a strong interaction between time point, vaccine concentration and number

of administrations. At baseline, number of administration and vaccine concentration does not
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have an effect on cytokine frequency. This makes sense because baseline is a pre-vaccination time

point, and thus future vaccine regimen should have no effect on the response. At peak, frequency

decreases as the number of administrations increases, except for when a vaccine concentration

of 50 µg is used, in which case the relationship is reversed. At peak, frequency decreases as

the vaccine concentration decreases, except for when three administrations are received, in

which case the relationship is reversed. Thus there is evidence that one administration of

5 µg produces the greatest immune response. At the memory time point, the frequency is

highest when three administrations are given, regardless of concentration, and when 5 µg is

administered, regardless of the number of administrations. Thus to induce a long-term immune

response, there is evidence that one administration of 5 µg, the least resource intensive regimen,

is optimal.

The variation in frequency is highest for cells expressing IFN-γ+IL2−TNF−IL17−, and secondly

for cells expressing the reference category IFN-γ+IL2+TNF+IL17−. There is also evidence that

variance increases with increasing number of administrations and decreases with increasing

vaccine concentrations. QFT+ participants are associated with higher variation in cytokine

combination frequencies compared to QFT- participants.
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Table 6.3: Parameter estimates of the two-level GLMEM fit to the cytokine combination frequencies after ESAT-6
stimulation.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -6.405 0.136 -47.039 < 2× 10−16

Peak β1 1.945 0.180 10.826 < 2× 10−16

Mem. β2 0.630 0.178 3.538 0.0004

QFT+ β3 2.565 0.079 32.375 < 2× 10−16

Admin. β4 -0.056 0.062 -0.903 0.366

Conc. β5 0.002 0.003 0.721 0.471

IFN-γ+IL2+TNF−IL17− β6 -0.285 0.068 -4.205 2.66× 10−5

IFN-γ+IL2−TNF+IL17− β7 -0.038 0.070 -0.543 0.587

IFN-γ+IL2−TNF−IL17− β8 0.167 0.085 1.959 0.050

IFN-γ−IL2+TNF+IL17− β9 0.255 0.070 3.619 0.0003

IFN-γ−IL2+TNF−IL17− β10 0.225 0.075 3.017 0.003

IFN-γ−IL2−TNF+IL17− β11 0.201 0.069 2.901 0.004

Admin.*Conc. β12 -0.001 0.002 -0.686 0.493

Admin.*Peak β13 -0.378 0.088 -4.311 1.66× 10−5

Admin.*Mem. β14 0.031 0.087 0.352 0.725

Conc.*Peak β15 -0.035 0.005 -7.159 9.33× 10−13

Conc.*Mem. β16 -0.020 0.005 -4.131 3.67× 10−5

IFN-γ+IL2+TNF−IL17−*QFT+ β17 -1.006 0.101 -9.941 < 2× 10−16

IFN-γ+IL2−TNF+IL17−*QFT+ β18 -1.032 0.105 -9.867 < 2× 10−16

IFN-γ+IL2−TNF−IL17−*QFT+ β19 -0.930 0.127 -7.303 3.27× 10−13

IFN-γ−IL2+TNF+IL17−*QFT+ β20 -1.694 0.105 -16.102 < 2× 10−16

IFN-γ−IL2+TNF−IL17−*QFT+ β21 -2.509 0.112 -22.456 < 2× 10−16

IFN-γ−IL2−TNF+IL17−*QFT+ β22 -1.616 0.1035 -15.604 < 2× 10−16

Admin.*Conc.*Peak β23 0.014 0.002 5.566 2.74× 10−8

Admin.*Conc.*Mem. β24 0.007 0.002 3.012 0.003

σ Coefficients:

α0 -0.035 0.042 -0.850 0.395

IFN-γ+IL2+TNF−IL17− α1 -0.228 0.037 -6.132 9.35× 10−10

IFN-γ+IL2−TNF+IL17− α2 -0.147 0.037 -3.952 7.85× 10−5

IFN-γ+IL2−TNF−IL17− α3 0.228 0.037 6.146 8.59× 10−10

IFN-γ−IL2+TNF+IL17− α4 -0.135 0.037 -3.629 0.0003

IFN-γ−IL2+TNF−IL17− α5 -0.007 0.037 -0.196 0.844

IFN-γ−IL2−TNF+IL17− α6 -0.173 0.037 -4.674 3.04× 10−6

QFT+ α7 0.129 0.020 6.385 1.87× 10−10

Conc. α8 -0.002 0.0005 -4.398 1.12× 10−5

Admin. α9 0.058 0.014 4.147 3.43× 10−5
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6.2.3 Two-level GLMEM after Ag85B stimulation

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable, the

frequency of CD4 T cells which express certain cytokine combinations, selected using the COM-

PASS output, after stimulation with Ag85B. The log-normal, Gamma and Weibull distributions

were fit using the fitdistrplus [76] package in R, while the Tweedie distribution was fit us-

ing the cplm [77] package. Table 6.4 summaries the resultant AIC and BIC values from the

fitted log-normal, Gamma and Weibull distributions. The log-normal had the lowest AIC and

BIC compared to the other distributions, suggesting that out of the three distributions the

log-normal fit the data best.

Table 6.4: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the cytokine combi-
nation frequencies after Ag85B stimulation

Distribution AIC BIC

Log-normal -42721.26 -42707.68

Gamma -40567.19 -40553.61

Weibull -41430.89 -41417.3

To further assess the fit, the empirical versus theoretical quantiles were plot, as seen in Figure

6.16. All four qq-plots suggest that neither of the distributions fit the data well, however the

log-normal distribution does seem to fit the data far better than the other three distributions.

Since the log-normal also had the lowest AIC and BIC compared to the Weibull and Gamma,

it was decided to assume that the conditional response follows a log-normal distribution.
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Figure 6.16: QQ-plots of the cytokine combination frequencies after Ag85B stimulation fit to (a) Tweedie, (b)
log-normal, (c) Gamma and (b) Weibull distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

log(µijk) = x
T
ijkβ + b0i,

log(σijk) = w
T
ijkα,

for i = 1, ..., I, j = 1, 2, .., 9 and k = 1, 2, 3,
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where

b0i ∼ N
(
0, σ2

0

)
and ϵijk ∼ N

(
0, σ2

e

)
.

Here i is the participant ID, j is the cytokine combination and k is the time point. σ̂0 =

0.488 with 95% confidence interval (0.442; 0.538) and σ̂e = 1.017 with 95% confidence interval

(1.000; 1.035). Vector notation was used due to the large number of model parameters, and the

exact explanatory variables included in the model can be seen in Table 6.5. No participant-

specific random effect was included on the indicator variable reflecting the cytokine combinations

due to convergence issues and it was not included on time point because it resulted in higher

GAIC values, indicating an inferior fit. No three-way interactions were included in the model

as they did not improve the model fit.

Model diagnostics can be found in Appendix E.2, where there was evidence that the normality

assumption of the random effects is violated, but that the normality and homogeneity assump-

tions of the residuals are valid.

Referring to the parameter estimates seen in Tables 6.5 and 6.6, it is clear that this model is

very complicated and potentially over-fit due to the many parameters required. All of the vari-

ables of interest, time point, QFT status, number of administrations and vaccine concentration,

interact strongly with cytokine combination. This suggests that the relationship between these

variables of interest and the response variable is highly dependent on the cytokine combination

under consideration. This motivates the decision to model this response using a LVM, since a

LVM would allow cytokine combination-specific coefficients on these variables of interest. Thus,

a LVM would be able to capture the cytokine-combination dependant relationship between the

variables of interest and the response variable without the need for interaction variables which

require more model parameters. LVM’s coefficients would also potentially be easier to inter-

pret compared to these interaction coefficients. This model is very difficult to interpret, so

only inference for the reference category IFN-γ+IL2+TNF+IL17+ shall be made. For QFT-

participants, the frequency of IFN-γ+IL2+TNF+IL17+ at both post-vaccination time points

decreases with increasing vaccine concentration, regardless of number of vaccine administra-

tions. For a fixed concentration, the frequency of IFN-γ+IL2+TNF+IL17+ at peak increases

with increasing numbers of administrations for QFT- participants. However at the memory

time point, the frequency of IFN-γ+IL2+TNF+IL17+ at peak increases with increasing ad-

ministrations, regardless of concentration. Thus, three administrations of 5 µg induces the

greatest frequency of IFN-γ+IL2+TNF+IL17+ in QFT- participants at both post-vaccination

time points.

In terms of variation, all of the cytokine combinations are associated with higher variation

in frequency compared to the reference combination IFN-γ+IL2+TNF+IL17+. Baseline ob-

servations are also associated with higher variation in frequency and QFT+ participants are

associated with higher variation in cytokine combination frequencies compared to QFT- partic-

ipants.
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Table 6.5: Parameter estimates of the two-level GLMEM fit to the cytokine combination frequencies after Ag85B
stimulation.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -6.863 0.090 -76.160 < 2× 10−16

Peak β1 0.508 0.096 5.309 1.14× 10−7

Mem. β2 0.018 0.096 0.190 0.849

QFT+ β3 0.230 0.051 4.529 6.05× 10−6

Admin. β4 0.069 0.036 1.912 0.056

Conc. β5 -0.003 0.001 -2.580 0.010

IFN-γ+IL2+TNF+IL17− β6 1.255 0.187 6.693 2.38× 10−11

IFN-γ+IL2+TNF−IL17− β7 0.991 0.147 6.757 1.53× 10−11

IFN-γ+IL2−TNF+IL17− β8 0.993 0.166 5.972 2.47× 10−9

IFN-γ+IL2−TNF−IL17− β9 1.708 0.205 8.316 < 2× 10−16

IFN-γ−IL2+TNF+IL17+ β10 0.278 0.105 2.654 0.008

IFN-γ−IL2+TNF+IL17− β11 0.345 0.141 2.438 0.015

IFN-γ−IL2+TNF−IL17− β12 1.065 0.157 6.773 1.37× 10−11

IFN-γ−IL2−TNF+IL17− β13 1.016 0.158 6.437 1.31× 10−10

Admin.*IFN-γ+IL2+TNF+IL17− β14 0.145 0.071 2.047 0.041

Admin.*IFN-γ+IL2+TNF−IL17− β15 -0.205 0.055 -3.693 0.0002

Admin.*IFN-γ+IL2−TNF+IL17− β16 -0.029 0.063 -0.466 0.641

Admin.*IFN-γ+IL2−TNF−IL17− β17 -0.500 0.078 -6.444 1.25× 10−10

Admin.*IFN-γ−IL2+TNF+IL17+ β18 -0.122 0.040 -3.098 0.002

Admin.*IFN-γ−IL2+TNF+IL17− β19 0.056 0.053 1.042 0.298

Admin.*IFN-γ−IL2+TNF−IL17− β20 -0.263 0.059 -4.430 9.58× 10−6

Admin.*IFN-γ−IL2−TNF+IL17− β21 -0.121 0.060 -2.023 0.043

IFN-γ+IL2+TNF+IL17−*Conc. β22 -0.003 0.003 -1.250 0.211

IFN-γ+IL2+TNF−IL17−*Conc. β23 0.003 0.002 1.399 0.162

IFN-γ+IL2−TNF+IL17−*Conc. β24 -0.001 0.002 -0.470 0.638

IFN-γ+IL2−TNF−IL17−*Conc. β25 0.002 0.003 0.860 0.390

IFN-γ−IL2+TNF+IL17+*Conc. β26 0.002 0.001 1.311 0.190

IFN-γ−IL2+TNF+IL17−*Conc. β27 0.006 0.002 2.974 0.003

IFN-γ−IL2+TNF−IL17−*Conc. β28 0.015 0.002 6.963 3.66× 10−12

IFN-γ−IL2−TNF+IL17−*Conc. β29 0.007 0.002 3.307 0.0009

Conc.*Peak β30 -0.005 0.001 -3.791 0.0002

Conc.*Mem. β31 0.0004 0.001 0.274 0.784

Admin.*Peak β32 0.198 0.036 5.536 3.22× 10−8

Admin.*Mem. β33 0.224 0.036 6.247 4.46× 10−10
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Table 6.6: Parameter estimates of the two-level GLMEM fit to the cytokine combination frequencies after Ag85B
stimulation continued.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

IFN-γ+IL2+TNF+IL17−*Peak β34 0.776 0.125 6.206 5.77× 10−10

IFN-γ+IL2+TNF−IL17−*Peak β35 1.112 0.098 11.367 < 2× 10−16

IFN-γ+IL2−TNF+IL17−*Peak β36 0.333 0.111 2.996 0.003

IFN-γ+IL2−TNF−IL17−*Peak β37 1.136 0.137 8.297 < 2× 10−16

IFN-γ−IL2+TNF+IL17+*Peak β38 -0.216 0.070 -3.090 0.002

IFN-γ−IL2+TNF+IL17−*Peak β39 1.599 0.095 16.915 < 2× 10−16

IFN-γ−IL2+TNF−IL17−*Peak β40 1.531 0.105 14.597 < 2× 10−16

IFN-γ−IL2−TNF+IL17−*Peak β41 0.319 0.105 3.025 0.002

IFN-γ+IL2+TNF+IL17−*Mem. β42 0.603 0.126 4.802 1.61× 10−6

IFN-γ+IL2+TNF−IL17−*Mem. β43 0.870 0.098 8.855 < 2× 10−16

IFN-γ+IL2−TNF+IL17−*Mem. β44 0.001 0.111 0.012 0.990

IFN-γ+IL2−TNF−IL17−*Mem. β45 0.386 0.137 2.805 0.005

IFN-γ−IL2+TNF+IL17+*Mem. β46 -0.090 0.070 -1.287 0.198

IFN-γ−IL2+TNF+IL17−*Mem. β47 1.420 0.095 14.942 < 2× 10−16

IFN-γ−IL2+TNF−IL17−*Mem. β48 1.203 0.105 11.421 < 2× 10−16

IFN-γ−IL2−TNF+IL17−*Mem. β49 0.007 0.106 0.071 0.944

IFN-γ+IL2+TNF+IL17−*QFT+ β50 0.775 0.100 7.722 1.32× 10−14

IFN-γ+IL2+TNF−IL17−*QFT+ β51 0.329 0.079 4.193 2.79× 10−5

IFN-γ+IL2−TNF+IL17−*QFT+ β52 0.595 0.089 6.682 2.56× 10−11

IFN-γ+IL2−TNF−IL17−*QFT+ β53 0.494 0.110 4.495 7.09× 10−6

IFN-γ−IL2+TNF+IL17+*QFT+ β54 -0.099 0.056 -1.760 0.078

IFN-γ−IL2+TNF+IL17−*QFT+ β55 0.133 0.076 1.751 0.080

IFN-γ−IL2+TNF−IL17−*QFT+ β56 -0.134 0.084 -1.594 0.111

IFN-γ−IL2−TNF+IL17−*QFT+ β57 0.243 0.085 2.871 0.004

Peak*QFT+ β58 -0.159 0.051 -3.152 0.002

Mem.*QFT+ β59 -0.224 0.051 -4.402 1.09× 10−5

σ Coefficients:

α0 -0.592 0.032 -18.612 < 2× 10−16

IFN-γ+IL2+TNF+IL17− α1 0.844 0.037 22.655 < 2× 10−16

IFN-γ+IL2+TNF−IL17− α2 0.536 0.037 14.443 < 2× 10−16

IFN-γ+IL2−TNF+IL17− α3 0.700 0.037 18.846 < 2× 10−16

IFN-γ+IL2−TNF−IL17− α4 0.950 0.037 25.583 < 2× 10−16

IFN-γ−IL2+TNF+IL17+ α5 0.002 0.037 0.048 0.962

IFN-γ−IL2+TNF+IL17− α6 0.488 0.037 13.120 < 2× 10−16

IFN-γ−IL2+TNF−IL17− α7 0.628 0.037 16.857 < 2× 10−16

IFN-γ−IL2−TNF+IL17− α8 0.633 0.037 17.059 < 2× 10−16

Peak α9 -0.105 0.022 -4.834 1.37× 10−6

Mem. α10 -0.098 0.022 -4.508 6.65× 10−6

QFT+ α11 0.069 0.018 3.890 0.0001
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6.2.4 Comment on the GLMEM’s

There was evidence that the ESAT-6 GLMEM fit the data well, with evidence that only the

normality assumption of the random effects was violated. As such, inference can be made using

this model. There was evidence that one administration of 5 µg was the optimal regimen for

inducing long-term immune responses. With regards to the hypotheses of interest, there was

no evidence of an interaction between QFT status and concentration, and thus no evidence

that higher quality immune responses are associated with lower concentrations of the vaccine in

QFT+ individuals compared to QFT- individuals. There was also evidence that the frequency

of all 7 cytokine combinations was higher in QFT+ participants compared to QFT- participants,

and there was evidence of an interaction between QFT status and cytokine combination. The

effect size of QFT on the frequency of cells expressing IFN-γ+IL2+TNF+IL17− was relatively

large, supporting the hypothesis that the frequency of T cells expressing IFN-γ, IL-2 and TNF

together is higher in QFT+ participants. Although the effect size of QFT on the frequency of

cells expressing IFN-γ−IL2+TNF+IL17− was not as large, there was still evidence that the

frequency of T cells expressing IL-2 and TNF together is higher in QFT+ participants.

There was evidence from diagnostic plots that the Ag85B GLMEM fit the data adequately,

however the large number of parameters in the model suggested that it may be over-fit to the

data. As such, the Ag85B GLMEM should not be relied upon for inference. However, the general

interpretability of the model can be discussed. It was difficult to determine which regimen was

optimal using the parameter estimates due to the large number of interaction terms. The output

would probably be more beneficial to an immunologist with specialist knowledge as to which

cytokine combinations are most important when trying to induce a long-term immune response.

By focusing on these cytokine combinations, it may be possible to infer an optimal regimen.

Modelling the FS and PFS would also be helpful for selecting a vaccine regimen, as these scores

act as useful summary statistics of the cytokine frequencies. Perhaps it would be beneficial to

model the FS and PFS specifically with the goal of selecting an optimal hypothesis, and then

modelling the individual cytokine combinations as done here can be used to explore the effects

of QFT status, stimulus and vaccine regimen on the individual cytokine combinations to better

understand the quality of the immune response.

6.3 LVM’s

Since the complexity of the Ag85B GLMEM seemed to suggest that a LVM would be more

appropriate while the simpler ESAT-6 GLMEM seemed to fit the data well, only a Ag85B LVM

shall be fit. A further reason for only considering Ag85B LVM’s and not ESAT-6 LVM’s as well

is to avoid unnecessary repetition, as this is an illustrative example only. The structure of the

Ag85B GLMEM shall be used to inform the structure of the LVM’s fit. Based off of the Ag85B

GLMEM, all LVM’s fit shall include a random effect on the intercept only, main effects time

point, QFT status, number of administrations and dose and interactions between time point

and number of administrations, concentration and QFT status. The conditional distribution
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of each cytokine combination response was assumed to be log-normal with standard deviation

σj and an identity link function was used. First, a LVM without traits shall be fit followed by

a LVM with traits. The two models shall then be compared using their diagnostic plots and

parameter estimates.

6.3.1 LVM without traits

The model specification for the LVM fit without traits is as follows

µijk = β0j + β1jI
Peak
k + β2jI

Mem
k + β3jI

QFT+
i + β4jx

Admin
i + β5jx

Conc
i +

β6jx
Admin∗Peak
ik + β7jx

Admin∗Mem
ik + β8jx

Conc∗Peak
ik + β9jx

Conc∗Mem
ik +

β10jI
Peak∗QFT+
ik + β11jI

Mem∗QFT+
ik +

b0i + θ1ju1ik + θ2ju2ik,

i = 1, ..., I, j = 1, ..., 9, k = 1, 2, 3

where

b0i ∼ N
(
0, σ2

0

)
and uik ∼ N (0, I2×2) .

The participant-specific random effects b0i are independent of the latent random variables uik.

The model was fit using the boral package in R [75].

The plots of the Dunn-Smyth residuals seen in Figure 6.17 were created in order to assess

the model fit. Referring to Figure 6.17(a), their is a definite fan shape where the variation of

the residuals decreases as the linear predictors increase. In Figure 6.17(b), a random scatter is

observed, indicating that the model is appropriate across participant visits. In Figure 6.17(c), all

cytokine combinations have very similar residual variation, except for the seventh combination,

IFN-γ−IL2+TNF+IL17−, for which the residual variation is much less. Finally, Figure 6.17(d)

suggests that the assumption of normally distributed residuals may be violated. Overall, there

is evidence that some of the model assumptions may be violated and that the model does not

fit the data that well.
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Figure 6.17: Plots for residual analysis of the Ag85B LVM without traits. Each colour represents a different
cytokine combination. (a) Dunn– Smyth residuals versus linear predictors, (b) Dunn–Smyth residuals versus row
index, (c) Dunn–Smyth residuals versus column index and (d) normal quantile plot of Dunn–Smyth residuals.

Referring to Figure 6.18(a), all correlations between the cytokine combinations due to the model

covariates are strong and positive. In other words, these cytokine combinations are strongly and

positively correlated due to being observed for the same QFT status, number of administrations,

concentrations and at the same time points. Referring to Figure 6.18(b), most of the residual

correlations are positive and strong, suggesting that there is a large number of strong correlations

between the cytokine combinations even after controlling for covariates. This is likely due to

some underlying immunological relationship between the cytokine combinations, since it is clear

that many of the cytokine combinations are correlated due to reasons other than QFT status,

time point and vaccine regimen. However, for IFN-γ−IL2+TNF+IL17+ there seems to be

no significant correlation between it and other IFN-γ-expressing cytokine combinations after

controlling for covariates QFT status, time point and vaccine regimen.
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Figure 6.18: Plots of the correlations between cytokine combinations due to the model covariates (a) and residual
correlations (b), based on the correlated response model. Only the significant correlations, as based on the 95%
credible intervals excluding zero, have been plotted.

The parameter estimates for the fitted LVM can be found in Tables 6.7, 6.8 and 6.9. Referring

to Tables 6.7 and 6.8, the peak time point coefficients are all positive and with confidence in-

tervals that do not contain zero, suggesting that for all cytokine combinations, the frequency

that they are expressed is higher at peak compared to baseline. Many of the confidence in-

tervals for the coefficients of the interactions between time point and concentration and time

point and QFT status do not include zero, suggesting that perhaps the model could do without

these interactions. At baseline and peak, for all cytokine combinations except three, the QFT+

participants have a higher frequency compared to QFT-. For the other cytokine combinations,

there is no difference in frequency between QFT+ and QFT- participants. At memory, QFT+

participants have higher frequencies of all cytokine combinations except four, and have lower

frequencies of IFN-γ−IL2+TNF+IL17− and IFN-γ−IL2+TNF+IL17+. Many of the adminis-

tration and concentration confidence intervals include zero, which is to be expected since there

should not be much difference in immune response between the different treatment arms at

baseline, prior to vaccination. After vaccination, the frequency of more than half of the cy-

tokine combinations (all of which express IL-2) increases with increasing numbers of vaccine

administrations, except for IFN-γ+IL2−TNF−IL17− which decreases. The frequency of IFN-

γ+IL2+TNF+IL17+ , IFN-γ+IL2+TNF+IL17− and IFN-γ−IL2+TNF+IL17+ decreases with

increasing vaccine concentration, while for all other cytokine combinations there is no change,

except for IFN-γ−IL2+TNF−IL17− which increases slightly with increasing concentration.

Referring to Table 6.9, the confidence intervals of the factor loadings for all of the first latent

variable and most of the second latent variable do not contain zero, suggesting that there is a

lot of residual covariation not explained by the model covariates that the latent variables are

accounting for.
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Table 6.7: Parameter estimates of the LVM without traits fit to the cytokine combination frequencies after Ag85B
stimulation. Values in the brackets correspond to the 95% highest posterior density (credible) intervals.

Parameter:

Peak Memory QFT+ Admin. Conc.

Response j: β̂1j β̂2j β̂3j β̂4j β̂5j

IFN-γ+IL2+TNF+IL17+ 0.398 (0.126, 0.686) 0.005 (-0.271, 0.270) 0.107 (-0.033, 0.270) 0.057 (-0.035, 0.169) -0.003 (-0.007, 0.001)

IFN-γ+IL2+TNF+IL17− 0.988 (0.136, 1.834) 0.264 (-0.539, 1.161) 1.137 (0.785, 1.483) 0.071 (-0.165, 0.311) -0.011 (-0.021, -0.001)

IFN-γ+IL2+TNF−IL17− 1.156 (0.515, 1.762) 0.074 (-0.572, 0.726) 0.532 (0.213, 0.806) -0.384 (-0.593, -0.204) -0.003 (-0.010, 0.005)

IFN-γ+IL2−TNF+IL17− 0.892 (0.143, 1.624) -0.133 (-0.843, 0.568) 0.745 (0.415, 1.073) 0.027 (-0.211, 0.234) -0.006 (-0.015, 0.002)

IFN-γ+IL2−TNF−IL17− 2.062 (1.176, 2.947) 0.055 (-0.848, 0.925) 0.488 (0.076, 0.853) -0.441 (-0.704, -0.163) 0.001 (-0.010, 0.011)

IFN-γ−IL2+TNF+IL17+ 0.401 (0.113, 0.681) 0.200 (-0.068, 0.496) 0.103 (-0.057, 0.253) 0.010 ( -0.096, 0.121) -0.001 (-0.005, 0.002)

IFN-γ−IL2+TNF+IL17− 1.593 (1.033, 2.172) 1.225 (0.661, 1.863) 0.691 (0.423, 0.981) -0.064 (-0.250, 0.114) -0.002 (-0.009, 0.005)

IFN-γ−IL2+TNF−IL17− 1.782 (1.200, 2.405) 0.607 (0.007, 1.277) -0.101 (-0.381 ,0.169) -0.342 (-0.514, -0.134) 0.012 (0.005 ,0.020)

IFN-γ−IL2−TNF+IL17− 0.916 (0.282, 1.631) 0.209 (-0.448, 0.869) 0.554 (0.251, 0.864) 0.017 (-0.189, 0.204) 0.000 (-0.008, 0.008)

Table 6.8: Parameter estimates of the LVM without traits fit to the cytokine combination frequencies after Ag85B
stimulation continued. Values in the brackets correspond to the 95% highest posterior density (credible) intervals.

Parameter:

Admin*Peak Admin*Mem Conc*Peak Conc*Mem Peak*QFT+ Mem*QFT+

Response j: β̂6j β̂7j β̂8j β̂9j β̂10j β̂11j

IFN-γ+IL2+TNF+IL17+ 0.219 (0.107, 0.339) 0.201 (0.090, 0.321) -0.005 (-0.009, -0.001) 0.000 (-0.005, 0.004) 0.001 (-0.164, 0.189) -0.069 (-0.252, 0.093)

IFN-γ+IL2+TNF+IL17− 0.295 (-0.091, 0.620) 0.446 (0.113, 0.799) 0.003 (-0.011, 0.016) 0.002 (-0.010, 0.017) -0.346 (-0.844, 0.133) -0.457 (-0.910, 0.066)

IFN-γ+IL2+TNF−IL17− 0.459 (0.219, 0.722) 0.575 (0.309, 0.839) -0.006 (-0.015, 0.004) 0.006 (-0.005, 0.015) -0.176 (-0.561, 0.198) -0.194 (-0.563, 0.209)

IFN-γ+IL2−TNF+IL17− 0.124 (-0.190, 0.421) 0.246 (-0.054, 0.519) -0.004 (-0.016, 0.007) 0.002 (-0.011, 0.012) -0.095 (-0.512, 0.353) -0.091 (-0.515, 0.359)

IFN-γ+IL2−TNF−IL17− 0.077 (-0.318, 0.440) 0.244 (-0.146, 0.583) -0.014 (-0.029, 0.000) 0.002 (-0.012, 0.015) -0.034 (-0.551, 0.500) 0.283 (-0.236, 0.816)

IFN-γ−IL2+TNF+IL17+ 0.126 (0.005, 0.253) 0.095 (-0.015, 0.219) -0.005 (-0.010, -0.001) -0.001 (-0.005, 0.004) -0.101 (-0.270, 0.058) -0.221 (-0.377, -0.053)

IFN-γ−IL2+TNF+IL17− 0.440 (0.154, 0.652) 0.436 (0.179, 0.672) 0.003 (-0.006, 0.012) 0.004 (-0.005, 0.014) -0.508 (-0.829, -0.143) -0.828 (-1.168, -0.509)

IFN-γ−IL2+TNF−IL17− 0.367 (0.113, 0.645) 0.430 (0.161, 0.673) -0.008 (-0.018, 0.001) 0.002 (-0.009, 0.011) -0.070 (-0.430, 0.323) 0.187 (-0.155, 0.581)

IFN-γ−IL2−TNF+IL17− 0.034 (-0.228, 0.319) 0.151 (-0.153, 0.393) 0.003 (-0.007, 0.015) 0.001 (-0.010, 0.012) -0.252 (-0.661, 0.155) -0.398 (-0.801, -0.007)

Table 6.9: Parameter estimates of the LVM without traits fit to the cytokine combination frequencies after Ag85B
stimulation continued. Values in the brackets correspond to the 95% highest posterior density (credible) intervals.

Parameter:

Intercept Factor Loadings Standard Deviation

Response j: β̂0j θ̂1j θ̂2j σ̂j

IFN-γ+IL2+TNF+IL17+ -6.781 (-7.022, -6.517) 0.085 (0.042, 0.129) 0.000 (0.000, 0.000) 0.481 (0.454, 0.511)

IFN-γ+IL2+TNF+IL17− -5.272 (-5.860, -4.680) 0.687 (0.418, 1.104) 0.814 (0.313, 1.030) 0.972 (0.908 ,1.027)

IFN-γ+IL2+TNF−IL17− -5.326 (-5.831, -4.855) 0.369 (0.151, 0.747) 0.652 (0.382, 0.788) 0.756 (0.704, 0.810)

IFN-γ+IL2−TNF+IL17− -5.748 (-6.212, -5.184) 0.413 (0.123, 0.977) 0.949 (0.592, 1.103) 0.701 (0.629, 0.774)

IFN-γ+IL2−TNF−IL17− -5.060 (-5.700, -4.365) 0.400 (0.032, 1.056) 1.096 (0.724, 1.266) 0.997 (0.916, 1.072)

IFN-γ−IL2+TNF+IL17+ -6.683 (-6.937, -6.425) 0.136 (0.072, 0.196) -0.085 (-0.156, -0.025) 0.446 (0.421, 0.474)

IFN-γ−IL2+TNF+IL17− -6.195 (-6.650, -5.773) 0.963 (0.802, 1.054) 0.072 (-0.535, 0.357) 0.139 (0.004, 0.393)

IFN-γ−IL2+TNF−IL17− -5.443 (-5.902, -4.972) 0.361 (0.268, 0.452) -0.021 (-0.254, 0.127) 0.994 (0.944, 1.048)

IFN-γ−IL2−TNF+IL17− -5.876 (-6.366, -5.391) 0.583 (0.372, 0.841) 0.540 (0.122, 0.742) 0.844 (0.798, 0.897)
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Referring to the ordination plots seen in Figure 6.19, all the participant visit are grouped to-

gether in a single cluster in the middle of all the cytokine combinations. This indicates that

the different variable covariates induce responses across similar cytokine combinations. One

cytokine combination, IFN-γ−IL2−TNF+IL17−, is very close to many of the observations, sug-

gesting that many observations are more associated with the IFN-γ−IL2−TNF+IL17− response

compared to other cytokine combinations. Comparatively, IFN-γ−IL2+TNF+IL17− is located

furthest away from the observations, suggesting that the observations are least associated with

IFN-γ−IL2+TNF+IL17−. Cytokine combinations far from the origin and in the same direction

are correlated [73]. For example, IFN-γ+IL2−TNF+IL17− and IFN-γ+IL2−TNF−IL17− are

highly correlated with each other, and IFN-γ−IL2+TNF+IL17+ and IFN-γ+IL2+TNF+IL17+

are highly correlated with each other and fairly highly correlated with IFN-γ−IL2+TNF−IL17−
as well.
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Figure 6.19: Model based unconstrained ordination biplots for the LVM without traits. Each of the participant
visits is labelled by its row number, while the 9 cytokine combinations are shown in red.

6.3.2 LVM with traits

In this section, a LVMwith traits for the responses IFN-γ+IL2+TNF+IL17+, ..., IFN-γ−IL2−TNF+IL17−
was fit. Traits were included in order to help explain the differences in the cytokine combina-

tions’ immune responses to the model covariates [74]. Since no cytokine combination-specific

variables were available, it was decided to use the cytokines as traits. Since there are four cy-

tokines, each response’s trait variables form a 4× 1 vector of indicator variables which describe

which cytokines are expressed by that response. For example, a the trait vector associated with

response IFN-γ+IL2−TNF+IL17− is as follows

TIFNγ+IL2−TNF+IL17− =


1

0

1

0


where the first element is 1 indicating that IFN-γ was expressed, the second element is 0

indicating that IL-2 was not expressed, the next element 1 indicates that TNF was expressed
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and the final element 0 indicates that IL-17 was not expressed.

Thus, the model specification for the LVM fit with traits is as follows

µijk = β0j + β1jI
Peak
k + β2jI

Mem
k + β3jI

QFT+
i + β4jx

Admin
i + β5jx

Conc
i +

β6jx
Admin∗Peak
ik + β7jx

Admin∗Mem
ik + β8jx

Conc∗Peak
ik + β9jx

Conc∗Mem
ik +

β10jI
Peak∗QFT+
ik + β11jI

Mem∗QFT+
ik +

b0i + θ1ju1ik + θ2ju2ik,

i = 1, ..., I, j = 1, ..., 9, k = 1, 2, 3.

Due to the inclusion of traits in the model, the cytokine combination-specific variable coeffi-

cients, βwj where w = 0, ..., 11, are now modelled as random effects drawn from the normal

distributions

β0j ∼ N
(
κ0,0 + T

′
jκ0, σ

2
0

)
β1j ∼ N

(
κ0,1 + T

′
jκ1, σ

2
1

)
...

β11j ∼ N
(
κ0,11 + T

′
jκ11, σ11

2
)

where κ0,w and κw are the regression parameters relating the traits to the cytokine combination-

specific variable coefficients. κw is a 4× 1 vector formulated as follows

κw =


κIFN-γ,w

κIL2,w

κTNF,w

κIL17,w


where κIFN-γ,w is the regression parameter relating trait IFN-γ to variable coefficient βwj , and

similarly so for κIL2,w, κTNF,w and κIL17,w. Note that κw does not depend on j, the cytokine

combination. In other words, κ0,w and κw are shared across the different cytokine combinations.

The reason for including the β coefficients as random effects rather than fixed effects is that

it allows the β’s to absorb any additional between cytokine combination differences in immune

responses not explained by traits [75].

The inclusion of traits in a LVM can be considered a simplification of a LVM without traits

[74]. For the LVM without traits, 12 × 9 response-specific β coefficients had to be estimated,

one for each covariate and cytokine combination pair, where there were a total of 12 covariates

(including the intercept) and 9 cytokine combinations. For the LVM with traits, this is reduced
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to 12 × 6 parameter estimates, specifically one regression coefficient κ for each covariate and

trait combination pair and one σ for each covariate, where there are a total of 12 covariates and

5 traits (including the intercepts).

Referring to Figure 6.20, the diagnostic plots for the LVM with traits are very similar to those

seen in Figure 6.17 for the model without traits, and thus the same comments apply. Thus,

there is no evidence that the more complicated model (the LVM without traits) fits the data

better than the simpler model (the LVM with traits).

−7 −6 −5 −4 −3 −2 −1

−
4

−
2

0
2

4

Linear Predictors

D
un

n−
S

m
yt

h 
R

es
id

ua
ls

(a)

−
4

−
2

0
2

4

Row index

D
un

n−
S

m
yt

h 
R

es
id

ua
ls

1 35 75 120 171 222 273 324 375 426 477 528 579 630 681

(b)

−
4

−
2

0
2

4

Column index

D
un

n−
S

m
yt

h 
R

es
id

ua
ls

1 2 3 4 5 6 7 8 9

(c)

−4 −2 0 2 4

−
4

−
2

0
2

4

Quantile−Quantile Plot

Theoretical Quantiles

S
am

pl
e 

Q
ua

nt
ile

s

(d)

Figure 6.20: Plots for residual analysis of the Ag85B LVM with traits. Each colour represents a different cytokine
combination. (a) Dunn– Smyth residuals versus linear predictors, (b) Dunn–Smyth residuals versus row index,
(c) Dunn–Smyth residuals versus column index and (d) normal quantile plot of Dunn–Smyth residuals.

Referring to Figure 6.21, the correlation plots are almost identical to those seen in Figure 6.18

for the LVM without traits, and thus the same comments and analysis apply here.
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Figure 6.21: Plots of the correlations between cytokine combinations due to the model covariates (a) and residual
correlations (b), based on the correlated response model. Only the significant correlations, as based on the 95%
credible intervals excluding zero, have been plotted.

The parameter estimates for the fitted LVM can be found in Tables 6.10 and 6.11. Referring to

Table 6.10, a couple of the confidence intervals for the traits’ coefficients do not include zero,

suggesting that the inclusion of traits in the model did help explain the differences in the cytokine

combinations’ immune responses to the model covariates. Notably, the confidence intervals for

the coefficients for trait TNF did not contain zero for covariates QFT status, administrations and

vaccine concentration as well as two of the interaction variables, suggesting that including TNF

as a trait in the model was necessary as it helps to explain the cytokine combinations’ different

responses to these covariates. However, there is evidence that IFN-γ could be omitted from the

model since all of it’s coefficients’ confidence intervals contained zero. All cytokine combinations

are expected to be observed at higher frequencies at peak time point compared to baseline, based

on the κ̂0,P eak. At all time points, all cytokine combinations expressing IL-17 are expected to be

observed at lower frequencies in QFT+ participants compared to QFT- participants. However,

at baseline and peak, all cytokine combinations expressing TNF but not IL-17 are expected to

be observed at higher frequencies in QFT+ participants compared to QFT- participants and

at memory all cytokine combinations expressing TNF are expected to be observed at lower

frequencies in QFT+ participants compared to QFT- participants. All cytokine combinations

that do not express TNF are expected to decrease in frequency with increasing administrations,

while all cytokines combinations that do express TNF are expected to increase in frequency, even

more so at peak and memory time points if IL-2 is expressed as well. All cytokine combinations,

are expected to increase in frequency with increasing concentration, although less so at baseline

and memory for combinations expressing TNF.

Referring to Table 6.11, the confidence intervals of the factor loadings for all of the first latent

variable and most of the second latent variable do not contain zero, suggesting that much of

the residual covariation is not explained by the model covariates that the latent variables are

accounting for.
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Table 6.10: Parameter estimates of the LVM with traits fit to the cytokine combination frequencies after Ag85B
stimulation. Values in the brackets correspond to the 95% highest posterior density (credible) intervals.

Variable β̂wj κ̂0,w κ̂IFN-γ,w κ̂IL2,w κ̂TNF,w κ̂IL17,w σ̂w

Intercept β0j -5.512 (-6.534, -4.262) 0.181 (-0.605, 1.084) -0.064 (-0.937, 0.805) -0.536 (-1.505, 0.295) -0.750 (-1.752, 0.488) 0.401 (0.142, 1.044)

Peak β1j 1.879 (0.699, 3.116) -0.210 (-1.066, 0.713) -0.038 (-0.981, 0.914) -0.551 (-1.384, 0.571) -0.739 (-1.838, 0.470) 0.459 (0.142, 1.153)

Memory β2j 0.346 (-0.766, 1.423) -0.424 (-1.126, 0.299) 0.433 (-0.407, 1.254) 0.161 (-0.725, 0.985) -0.612 (-1.717, 0.441) 0.360 (0.117, 0.913)

QFT+ β3j -0.022 (-0.494, 0.598) 0.313 (-0.116, 0.749) 0.173 (-0.230, 0.606) 0.532 (0.119, 1.016) -0.728 (-1.298, -0.270) 0.193 (0.038, 0.525)

Admin. β4j -0.369 (-0.617, -0.121) 0.047 (-0.105, 0.177) 0.005 (-0.165, 0.179) 0.410 (0.236, 0.595) -0.024 (-0.241, 0.198) 0.042 (0.000, 0.158)

Conc. β5j 0.012 (0.001, 0.023) -0.007 (-0.014, 0.000) -0.003 (-0.011, 0.006) -0.009 (-0.018, -0.001) 0.001 (-0.008, 0.012) 0.003 (0.000, 0.009)

Admin*Peak β6j 0.028 (-0.344, 0.346) 0.043 (-0.162, 0.253) 0.326 (0.081, 0.586) -0.012 (-0.304, 0.203) -0.210 (-0.505, 0.098) 0.059 (0.000, 0.230)

Admin*Mem β7j 0.161 (-0.137, 0.441) 0.081 (-0.086, 0.245) 0.273 (0.043, 0.472) -0.047 (-0.270, 0.144) -0.285 (-0.530, -0.023) 0.033 (0.000, 0.125)

Conc*Peak β8j -0.012 (-0.022, 0.001) -0.002 (-0.011, 0.005) 0.004 (-0.005, 0.012) 0.009 (0.001, 0.018) -0.006 (-0.016, 0.006) 0.002 (0.000, 0.009)

Conc*Mem β9j 0.000 (-0.011, 0.013) 0.000 (-0.008, 0.007) 0.003 (-0.006, 0.011) -0.001 (-0.010, 0.009) -0.002 (-0.013, 0.009) 0.002 (0.000, 0.008)

Peak*QFT+ β10j 0.000 (-0.431, 0.434) 0.099 (-0.137, 0.390) -0.231 (-0.533, 0.107) -0.219 (-0.519, 0.082) 0.349 (-0.012, 0.742) 0.060 (0.000, 0.240)

Mem*QFT+ β11j 0.268 (-0.270, 0.781) 0.147 (-0.212, 0.479) -0.407 (-0.813, 0.054) -0.557 (-0.959, -0.161) 0.471 (-0.056, 0.971) 0.124 (0.000, 0.443)

Table 6.11: Parameter estimates of the LVM with traits fit to the cytokine combination frequencies after Ag85B
stimulation continued. Values in the brackets correspond to the 95% highest posterior density (credible) intervals.

Parameter:

Factor Loadings Standard Deviation

Response j: θ̂1j θ̂2j σ̂j

IFN-γ+IL2+TNF+IL17+ 0.087 (0.050, 0.133) 0.000 (0.000, 0.000) 0.481 (0.452, 0.509)

IFN-γ+IL2+TNF+IL17− 0.922 (0.612, 1.156) 0.544 (0.065, 0.906) 0.968 (0.911, 1.035)

IFN-γ+IL2+TNF−IL17− 0.567 (0.312, 0.803) 0.510 (0.197, 0.735) 0.755 (0.703, 0.805)

IFN-γ+IL2−TNF+IL17− 0.717 (0.349, 1.063) 0.777 (0.330, 1.014) 0.703 (0.634, 0.775)

IFN-γ+IL2−TNF−IL17− 0.753 (0.326, 1.178) 0.911 (0.447, 1.195) 0.996 (0.920, 1.076)

IFN-γ−IL2+TNF+IL17+ 0.109 (0.038, 0.173) -0.112 (-0.170, -0.057) 0.446 (0.421, 0.472)

IFN-γ−IL2+TNF+IL17− 0.940 (0.726, 1.048) -0.266 (-0.688, 0.134) 0.166 (0.014, 0.343)

IFN-γ−IL2+TNF−IL17− 0.342 (0.229, 0.437) -0.130 (-0.314, 0.029) 0.994 (0.947, 1.051)

IFN-γ−IL2−TNF+IL17− 0.729 (0.533, 0.874) 0.323 (-0.077, 0.600) 0.845 (0.797, 0.893)
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6.3. LVM’S

Referring to Figure 6.22, the correlation plots are almost identical to those seen in Figure 6.19

for the LVM without traits, and thus the same comments and analysis apply here.
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Figure 6.22: Model based unconstrained ordination biplots for the LVM with traits. Each of the participant
visits is labelled by its row number, while the 9 cytokine combinations are shown in red.

6.3.3 Comment on the LVM’s

Based on the the Dunn-Smyth residuals, there is evidence that both LVM’s violated some of the

model assumptions, specifically homogeneity and normality of the residuals, and thus should

not be relied upon for inference. However, for the sake of illustration the results in terms of

the objectives of this chapter shall be discussed with the caveat that they should be interpreted

with caution.

For the LVM without traits, there was evidence that QFT+ participants had higher frequencies

of many of the cytokine combinations compared to QFT- participants, thus supporting the hy-

pothesis that the functional profiles of T cells recognising Ag85B differed between QFT+ and

QFT- individuals. However, there was evidence against the hypothesis that QFT+ participants

had higher frequencies of T cells expressing IL-2 and TNF together compared to QFT- partici-

pants. For T cells expressing IL-2, TNF and IFN-γ together, there was evidence that frequencies

were higher in QFT+ participants only when IL-17 was not expressed as well. Most cytokine

combinations increased in frequency with increasing number of administrations while only three

cytokine combinations, all with high functionality, decreased in frequency with increasing vac-

cine concentration, while all other frequencies remained unaffected. This could suggest that

three administrations of 5 µg is the optimal regimen.

For the LVM with traits, the effect of administration on the frequency of the cytokine combi-

nations depended on their expression of TNF, while increasing concentration seemed to always

result in an increase in frequency. Thus, 50 µg would be the optimal vaccine concentration but

the number of administrations is inconclusive, although specialist knowledge about the individ-

ual cytokine combinations could change this. There was evidence supporting the hypothesis

that QFT+ participants had higher frequencies of T cells expressing IL-2 and TNF together

and T cells expressing IL-2, TNF and IFN-γ together compared to QFT- participants only at

baseline and peak time points and only if IL-17 was not expressed. This relationship was mainly
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6.4. DISCUSSION

dependant on the expression of TNF.

The LVM with traits allowed one to make inference more specific to the individual cytokines

rather than the cytokine combinations. This made it more difficult to make inference about

the overall effect of covariates on the functional quality of the response and thus made it more

difficult to identify an optimal vaccine regimen. However, the inclusion of traits did have

the advantage of simplifying the model without worsening the model fit. Thus, the choice of

whether to use a LVM with traits or without traits mainly depends on the type of inference

the investigator would like to make. If the focus is on the effect of the expression of individual

cytokines on the relationship between the cytokine combinations and the the covariates, then a

model with traits would be preferable. However if they are more interested in investigating the

relationship between specific cytokine combinations and the covariates, then a model without

traits is preferable. Note that a LVM with traits can be used to make inference about cytokine

combinations, it just may be more difficult to interpret.

6.4 Discussion

Since the Ag85B GLMEM and both LVM’s did not fit the data adequately, only the inference

from the ESAT-6 GLMEM shall be compared to that of the standard approach. Both the ESAT-

6 GLMEM and the standard approach provided evidence suggesting that 5 µg was the optimal

vaccine concentration, however they disagreed on the optimal number of administrations. The

standard approach provided evidence that higher quality immune responses are associated with

lower concentrations of the vaccine in QFT+ individuals compared to QFT- individuals but

the GLMEM provided evidence against this. Both the GLMEM and the standard approach

showed evidence that QFT+ participants had higher quality immune responses compared to

QFT- individuals. Both the standard approach and the GLMEM provided evidence that QFT+

individuals had higher frequencies of cells expressing IFN-γ+IL2+TNF+ after stimulation with

ESAT-6 compared to QFT- participants, but the GLMEM and standard approach disagreed on

whether IFN-γ−IL2+TNF+ was differentially expressed. Because the ESAT-6 GLMEM only

used ESAT-6 stimulated observations, no comparisons could be made between stimuli.

As discussed in Section 5.3, a major disadvantage of the hypothesis testing used in the standard

approach as well as the fitting of multiple models in the mixed effect modelling approach is the

multiple testing which prevents one from making any strong inference from the results. The

effects of multiple testing can be minimised though not eliminated in the case of the mixed effect

models by fitting one model for each stimulus, either a GLMEM or a LVM, and focusing more on

the model building procedure. Note that the use of COMPASS adds another source of multiple

testing since it is used to select cytokine combinations that are differentially expressed, which

can be considered a form of significance testing. In the case of the standard approach, again

the effects can be minimised by formulating a clear statistical analysis plan and focusing on one

or two hypotheses of interest. Thus all inference made in this chapter should be interpreted

with caution and be used for exploratory analysis rather than confirmatory due to the issue of
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multiple testing.

Again, the main advantage that both GLMEM’s and LVM’s have is that they provide effect

sizes in the form of variable coefficients, where as significance tests focus more on hypothesis

testing and p-values. Also, LVM’s are able to account for the multivariate nature of the data

and take into consideration correlations between different response variables.

In terms of which response variable to use, it depends on the aim of the investigator. If they are

more interested in identifying which subsets have higher quality immune responses compared

to others, then the FS and PFS are more appropriate. If they wish to make inference about

specific cytokine combinations and how their expression is affected by different covariates, then

the cytokine combination frequency should be used. Note that while both response variables

can be used for all approaches, it would probably not be necessary to use LVM’s for the FS and

PFS response, as it is very low dimensional and the relationships between covariates and the

FS and the PFS probably do not vary substantially.

As to whether a GLMEM or LVM is more appropriate when modelling the cytokine combina-

tions frequencies, it depends very much on the relationship between the different covariates and

the response variables. In the unlikely case that relationship between covariates and cytokine

combinations is the same across all cytokine combinations, then it is suggested to rather model

the cytokine combinations frequencies using GLMEM’s as it requires less parameters, as was

seen for ESAT-6 GLMEM. Otherwise, it is recommended that LVM’s should be used as it makes

the interpretation easier due to the large number of interaction terms in the GLMEM.

Key to both approaches in this chapter was the use of COMPASS for dimension reduction,

whether that be by providing summary statistics FS and PFS, or by identifying biologically

meaningful cytokine combinations. A disadvantage of using COMPASS is that no diagnostic

checks are available, meaning that it is not possible to check model assumptions. While COM-

PASS does provide confidence intervals, p-values and q-values, it is not possible to represent

these when visualising the FS and PFS as was done in this chapter, meaning that the reader is

not provided with information as to the confidence of these estimates.
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Chapter 7

Investigating the effects of vaccine reg-

imen, M.tb sensitisation and antigen

specificity on CD4 T cell differentia-

tion

In this chapter, the third aim of this project, that is the effects of vaccine regimen, M.tb sensi-

tisation and antigen specificity on CD4 T cell differentiation, shall be investigated. Along with

exploring this aim, this chapter shall also investigate the hypothesis that a high vaccine con-

centration in M.tb-sensitised individuals drives T cells towards a more differentiated phenotype

compared to unsensitised individuals. Another hypothesis of interest is that the differentiation

profiles of T cells recognising Ag85B are distinct from those of T cells recognising ESAT-6 and

that after vaccination, the differentiation profiles of T cells recognising Ag85B or ESAT-6 differ

between M.tb-sensitised and M.tb-unsensitised individuals.

As discussed in Section 1.2, T cell differentiation depends on the specific combination of

memory markers CCR7 and CD45RA expressed by the cell. Naive T cells are defined as

CCR7+CD45RA+ and are the least differentiated T cells, followed by TCM cells which are de-

fined as CCR7+CD45RA−, then TEM cells which are defined as CCR7−CD45RA− and finally

the most differentiated T cells, TTE cells which are defined as CCR7−CD45RA+.

In this chapter, two different response variables will be considered: the magnitude of the antigen-

specific immune response and the qualitative antigen-specific immune response. Both responses

shall be assessed using the standard approach of box-plots and Mann Whitney tests with Ben-

jamini Hochberg adjusted p-values for multiple testing, but only the magnitude of the antigen-

specific immune response shall be assessed using GLMEM’s.

Numerically the magnitude of the antigen-specific immune response can be defined as follows

Y
(s)
ijk =

n
(s)
ijk+

N
(s)
ij

−
n
(u)
ijk+

N
(u)
ij

, (7.1)

where n
(s)
ijk+

and n
(u)
ijk+

are the number of cytokine positive cells observed for subject i which

express marker combination k+ at time point j when stimulated with s and when unstimulated

respectively. N
(s)
ij and N

(u)
ij are the total number of CD4 T cells observed for subject i at visit

j when stimulated with s and when unstimulated respectively. Note that the markers forming

the marker combinations k+ considered here are IL-2, TNF, IFN-γ, CCR7 and CD45RA. Thus,

cytokine IL-17 is ignored as its expression does not impact the differentiation profile of the cell.
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Numerically the qualitative antigen-specific immune response can be defined as follows

Y
(s)
ijm =

n
(s)
ijm+

N
(s)
ij+

, (7.2)

where n
(s)
ijm+ is the number of cytokine positive cells observed for subject i which express memory

combination m at time point j when stimulated with s and N
(s)
ij+ is the number of cytokine

positive cells observed for subject i at visit j.

Generally, upon antigen-stimulation a cell is only considered antigen-specific (i.e. it recognises

the antigen) if it expresses at least one cytokine above the background levels measured in the

unstimulated sample. To assess the quality of the antigen-specific immune response, one looks

at the frequencies of different memory combinations. Thus, even though this is a numerical

value, it is considered a qualitative measure because it describes the differentiation attributes

of antigen-specific cells.

However, the qualitative antigen-specific immune response is only antigen-specific and hence

meaningful when it is calculated for observations classified as responders. This response cannot

simply be background subtracted because when a sample is unstimulated, there should be no

antigen-specific response because no antigen stimulation took place, and thus n
(u)
ij ≈ 0 meaning

that the response cannot be calculated for the unstimulated case. This is why it is necessary

to filter out non-responding observations so that the qualitative immune response is antigen-

specific. Responders shall again be classified using MIMOSA as outlined in Section 4.2.2.

Section 7.1 shall employ the standard approach of box-plots and Mann Whitney tests to assess

the magnitude of the antigen-specific immune response in Section 7.1.1, and the qualitative

antigen-specific immune response in Section 7.1.2. Section 7.2 shall then fit single-level, two-

level and three-level GLMEM’s to the magnitude of the antigen-specific immune response and

compare the results. Section 7.3 shall then discuss the similarities and differences between the

standard approach and the GLMEM approach in terms of inference made as well as general

interpretability and ease of application.

7.1 Standard approach

In this section, both the magnitude of the antigen-specific immune response and the qualitative

antigen-specific immune response shall be assessed in order to investigate the aim and hypothe-

ses of this chapter. First, the hypothesis that higher vaccine concentrations in M.tb-sensitised

individuals drives T cells towards a more differentiated phenotype compared to unsensitised

individuals shall be investigated. Secondly, the hypothesis that after vaccination, differentia-

tion profiles differ between M.tb-sensitised and M.tb-unsensitised individuals shall be investi-

gated. Finally, the hypothesis that differentiation profiles differ between ESAT-6 stimulation

and Ag85B stimulation shall be investigated. In order to minimise the number of plots that
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7.1. STANDARD APPROACH

need to be created and to avoid unnecessary repetition, the last two hypotheses shall be inves-

tigated using only observations from participants who received two administrations of 5 µg of

the vaccine, which was the optimal regimen determined by the standard approach in Sections

5.1 and 6.1 for both T cell magnitude and T cell functional quality. For the same reason, the

first aim will only use observations from participants who received two administrations of the

vaccine.

7.1.1 Magnitude of the antigen-specific immune response

The plots in Figure 7.1 were created to investigate the hypothesis that higher vaccine concen-

tration in QFT+ individuals drives T cells towards more differentiated phenotypes compared to

QFT- individuals. After Ag85B stimulation, there was evidence that QFT- and QFT+ partici-

pants only differed in terms of frequency of TCM cells expressing IL-2 when administered 5 µg,
where higher frequencies were observed in QFT- participants. After ESAT-6 stimulation for

samples from participants who received 5 µg of the vaccine, the frequencies of almost all marker

combinations were higher in QFT+ participants. After ESAT-6 stimulation for samples from

participants who received 15 µg f the vaccine as well as those who received 50 µg of the vaccine,

the frequencies of more highly differentiated cells was higher in QFT+ participants compared to

QFT- participants, while there is mostly no difference in the frequencies of early differentiated

cells. Overall, there does seem to be evidence supporting the hypothesis that higher concentra-

tions in QFT+ individuals drives T cells towards more differentiated phenotypes compared to

QFT- individuals. However, this is only seen after ESAT-6 stimulation, not Ag85B stimulation.
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(a) Ag85B Memory 5 µg
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(b) ESAT6 Memory 5 µg
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(c) Ag85B Memory 15 µg
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(d) ESAT6 Memory 15 µg
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Figure 7.1: Box-plots of the logged background-subtracted frequencies of ESAT-6-stimulated CD4 T cells which
express a certain combination of cytokines and memory markers at the memory time point. These frequencies
are from all participants who received two administrations of the vaccine. Box-plots are plotted for different QFT
statuses as well as for different stimuli. Benjamini Hochberg adjusted p-values, determined by Mann Whitney
tests, are shown in the tables and compare the QFT- samples to the QFT+ samples. CCR7+CD45RA+ denotes
cells that express at least one cytokine (IFN-γ, IL-2 and/or TNF) and express both memory markers CCR7 and
CD45RA. Similarly, CCR7−CD45RA+ are cells that express at least one cytokine and express memory marker
CD45RA but not CCR7.

Using only observations from participants who received two administrations of 5 µg of the

vaccine, Figure 7.2 in conjunction with Figure 7.1 (a) and (b) can be used to investigate the hy-

pothesis that after vaccination, differentiation profiles of T cells recognising Ag85B or ESAT-6

differ between QFT+ and QFT- individuals. As already seen in Figure 7.1, there is evidence

that differentiation profiles of T cells recognising ESAT-6 differed between QFT+ and QFT-

individuals. After Ag85B stimulation, the only difference seen was for the frequency of TCM

cells expressing IL-2 only, where frequencies were higher in QFT- participants compared to

QFT+ participants. From Figure 7.2, there is evidence that at the peak time point, differentia-

tion profiles of T cells recognising ESAT-6 differed between QFT+ and QFT- individuals, with
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QFT+ participants having higher frequencies of TEM cells expressing IL-2 only, TCM and TEM

cells expressing IFN-γ but not TNF. After Ag85B stimulation, the only difference seen at the

peak time point was for the frequency of TCM cells expressing TNF and IL-2 but not IFN-γ,

where frequencies were significantly higher in QFT- participants compared to QFT+ partici-

pants. Thus, there is evidence that after vaccination differentiation profiles of T cells recognising

ESAT-6 differ between QFT+ and QFT- individuals, however there is limited evidence that this

difference exists for Ag85B-recognising T cells.
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(a) Ag85B Peak
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(b) ESAT6 Peak

Figure 7.2: Box-plots of the logged background-subtracted frequencies of ESAT-6-stimulated CD4 T cells which
express a certain combination of cytokines and memory markers at the peak time point. These frequencies are
from all participants who received two administrations of 5 µg. Box-plots are plotted for different QFT statuses
as well as for both stimuli. Benjamini Hochberg adjusted p-values, determined by Mann Whitney tests, are
shown in the tables and compare the QFT- samples to the QFT+ samples. CCR7+CD45RA+ denotes cells that
express at least one cytokine (IFN-γ, IL-2 and/or TNF) and express both memory markers CCR7 and CD45RA.
Similarly, CCR7−CD45RA+ are cells that express at least one cytokine and express memory marker CD45RA
but not CCR7.

Using only observations from participants who received two administrations of 5 µg of the vac-

cine, Figures 7.3, 7.4 and 7.5 were created to investigate the hypothesis that the differentiation

profiles of cells recognising Ag85B are distinct from those recognising ESAT6. Referring to Fig-

ure 7.3, there was no evidence that a difference existed between Ag85B and ESAT-6 at baseline

for any of the marker combinations, except for TEM cells expressing only IFN-γ and TNF in

QFT+ participants. Specifically, for QFT+ participants, the frequency of TEM cells expressing

only IFN-γ and TNF is lower after Ag85B stimulation compared to after ESAT-6 stimulation.

Generally, the frequencies after ESAT-6 stimulation were quite low for QFT- participants but

not for QFT+ participants. Thus at baseline, there is little evidence that the differentiation

profiles of cells recognising Ag85B are distinct from those recognising ESAT-6.
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(a) QFT- Baseline Response
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(b) QFT+ Baseline Response

Figure 7.3: Box-plots of the logged background-subtracted frequencies of ESAT-6-stimulated CD4 T cells which
express a certain combination of cytokines and memory markers at baseline. These frequencies are from all
participants who received two administrations of 5 µg. Box-plots are plotted for different QFT statuses as well
as for different stimuli. Benjamini Hochberg adjusted p-values, determined by Mann Whitney tests, are shown
in the tables and compare the Ag85B samples to the ESAT-6 samples. CCR7+CD45RA+ denotes cells that
express at least one cytokine (IFN-γ, IL-2 and/or TNF) and express both memory markers CCR7 and CD45RA.
Similarly, CCR7−CD45RA+ are cells that express at least one cytokine and express memory marker CD45RA
but not CCR7.

Referring to Figure 7.4, there is evidence that frequencies were lower after ESAT-6 stimulation

compared to Ag85B stimulation for many early differentiated marker combinations for QFT-

participants. Specifically, differences were seen between all TCM and TEM cells expressing IL-2

as well as TCM and TEM cells expressing only TNF. For QFT+ participants, higher frequencies

were observed after ESAT-6 stimulation compared to Ag85B stimulation for only two marker

combinations, both of which are highly differentiated. Generally, ESAT-6 frequencies are always

lower compared to Ag85B frequencies in QFT- participants, while for QFT+ participants this

relationship is reversed. Thus at peak, there is evidence that the differentiation profiles of cells

recognising Ag85B are distinct from those recognising ESAT-6, more so in QFT- participants

compared to QFT+ participants.
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(a) QFT- Peak Response
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(b) QFT+ Peak Response

Figure 7.4: Box-plots of the logged background-subtracted frequencies of ESAT-6-stimulated CD4 T cells which
express a certain combination of cytokines and memory markers at peak time point. These frequencies are from
all participants who received two administrations of 5 µg. Box-plots are plotted for different QFT statuses as well
as for different stimuli. Benjamini Hochberg adjusted p-values, determined by Mann Whitney tests, are shown
in the tables and compare the Ag85B samples to the ESAT-6 samples. CCR7+CD45RA+ denotes cells that
express at least one cytokine (IFN-γ, IL-2 and/or TNF) and express both memory markers CCR7 and CD45RA.
Similarly, CCR7−CD45RA+ are cells that express at least one cytokine and express memory marker CD45RA
but not CCR7.
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Referring to Figure 7.5, there is evidence that for QFT- participants, the frequencies of almost

all TCM and TEM cells expressing IL-2 is still higher after Ag85B stimulation compared to

ESAT-6 stimulation. However, the frequency of TEM cells expressing only TNF is no longer

different between stimuli. For QFT+ participants, the frequencies of TEM cells expressing IFN-

γ and either IL-2 or TNF (but not both), TCM cells expressing all three cytokines as well as

naive T cells are higher after ESAT-6 stimulation compared to Ag85B stimulation. Generally,

ESAT-6 frequencies are always lower compared to Ag85B frequencies in QFT- participants,

while for QFT+ participants the opposite is true. Thus at memory, there is evidence that the

differentiation profiles of cells recognising Ag85B are distinct from those recognising ESAT-6,

more so in QFT- participants compared to QFT+ participants.

In conclusion, post-vaccination there is evidence that the differentiation profiles of cells recognis-

ing Ag85B are distinct from those recognising ESAT-6, more so in QFT- participants compared

to QFT+ participants. However, pre-vaccination there is little evidence that a difference exists.
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(a) QFT- Memory Response
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(b) QFT+ Memory Response

Figure 7.5: Box-plots of the logged background-subtracted frequencies of ESAT-6-stimulated CD4 T cells which
express a certain combination of cytokines and memory markers at memory. These frequencies are from all
participants who received two administrations of 5 µg. Box-plots are plotted for different QFT statuses as well
as for different stimuli. Benjamini Hochberg adjusted p-values, determined by Mann Whitney tests, are shown
in the tables and compare the Ag85B samples to the ESAT-6 samples. CCR7+CD45RA+ denotes cells that
express at least one cytokine (IFN-γ, IL-2 and/or TNF) and express both memory markers CCR7 and CD45RA.
Similarly, CCR7−CD45RA+ are cells that express at least one cytokine and express memory marker CD45RA
but not CCR7.

7.1.2 Qualitative antigen-specific immune response

This section shall investigated the same hypotheses as the preceding section, however now the

qualitative antigen-specific immune response shall be investigated rather than the magnitude of

the antigen-specific immune response. Since the qualitative antigen-specific immune response

is being used, the plots shall be subdivided by memory combination rather than marker com-

bination.

The plots in Figure 7.6 were created to investigate the hypothesis that higher concentrations

in QFT+ individuals drives T cells towards more differentiated phenotypes compared to QFT-

individuals. There is no evidence of that a difference in frequency exists between QFT- and

QFT+ participants for any of the memory combinations. For all plots, the frequency of TEM

cells is highest, followed by TCM cells, then naive cells and finally terminally differentiated
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cells. Thus, there is no evidence that higher concentrations in QFT+ individuals drives T cells

towards more differentiated phenotypes compared to QFT- individuals.
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Figure 7.6: Box-plots of the frequencies of cytokine positive CD4 T cells which are cytokine positive and express a
certain memory combination at the memory time point. These frequencies are from all participants who received
2 administrations of the vaccine. Box-plots are plotted for different QFT statuses as well as for different stimuli.
Benjamini Hochberg adjusted p-values, determined by Mann Whitney tests, are shown in the tables and compare
the QFT- samples to the QFT+ samples.

The below plots seen in Figure 7.7 in conjunction with Figure 7.6 (a) and (b) can be used to

investigate the hypothesis that after vaccination, differentiation profiles of T cells recognising

Ag85B or ESAT-6 differ between QFT+ and QFT- individuals. For all four plots, there is no

evidence that a difference in the frequencies of any of the memory combinations exists between

QFT- and QFT+ participants. Thus, there is no evidence that after vaccination, differentiation

profiles of T cells recognising Ag85B or ESAT-6 differ between QFT+ and QFT- individuals.
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(b) ESAT6 Peak

Figure 7.7: Box-plots of the frequencies of cytokine positive CD4 T cells which are cytokine positive and express
a certain memory combination at the peak time point. These frequencies are from all participants who received
2 administrations of 5 µg. Box-plots are plotted for different QFT statuses as well as for both stimuli. Benjamini
Hochberg adjusted p-values, determined by Mann Whitney tests, are shown in the tables and compare the QFT-
samples to the QFT+ samples.

The below plots in Figures 7.8, 7.9 and 7.10 were created to investigate the hypothesis that the

differentiation profiles of cells recognising Ag85B are distinct from those recognising ESAT-6.

Note that because of the filtering out of non-responding observations, the number of observations

available for ESAT-6 was often very different to the number available for Ag85B, and hence a

paired Wilcoxon test could not be conducted and no p-values could be calculated. Instead, the

box-plots shall be compared in terms of how much they overlap.

Referring to Figure 7.8, while there is not much overlap between the ESAT-6 and Ag85B box-

plots for naive T cells and TCM cells in QFT-, both of the ESAT-6 box-plots are only made up

of four observations, and hence any comparison between the two stimuli for these cell subsets

has very low power. For QFT+ participants, all plots overlap substantially, thus providing no

evidence that the frequencies of any of the memory combinations differs between stimuli. Thus,

there is no evidence that at baseline, the differentiation profiles of cells recognising Ag85B are

distinct from those recognising ESAT-6.

0

25

50

75

%
 o

f c
yt

ok
in

e+
 c

el
ls

Ag85B
ESAT6

+

+

−

+

−

−

−

+CCR7

CD45RA

(a) QFT- Baseline Response

0

25

50

75

%
 o

f c
yt

ok
in

e+
 c

el
ls

Ag85B
ESAT6

+

+

−

+

−

−

−

+CCR7

CD45RA

(b) QFT+ Baseline Response

Figure 7.8: Box-plots of the frequencies of cytokine positive CD4 T cells which are cytokine positive and express
a certain memory combination at baseline. These frequencies are from all participants who received 2 adminis-
trations of 5 µg. Box-plots are plotted for different QFT statuses as well as for different stimuli.
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Referring to Figure 7.9, for both QFT- and QFT+ participants, there is substantial overlap

between most of the box-plots, providing no evidence that the frequencies of any of the memory

combinations differs between stimuli. However, for QFT- participants, the box-plots of the naive

T cell frequencies do not overlap much, suggesting that the frequency of naive T cells may be

higher under ESAT-6 stimulation compared to Ag85B stimulation in QFT- participants. Thus,

there is no evidence that at the peak time point, the differentiation profiles of cells recognising

Ag85B are distinct from those recognising ESAT-6.
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Figure 7.9: Box-plots of the frequencies of cytokine positive CD4 T cells which are cytokine positive and express
a certain memory combination at peak time point. These frequencies are from all participants who received 2
administrations of 5 µg. Box-plots are plotted for different QFT statuses as well as for different stimuli.

Referring to Figure 7.10, for both QFT- and QFT+ participants, there is substantial overlap

between the box-plots, providing no evidence that the frequencies of any of the memory com-

binations differs between stimuli. Thus, there is no evidence at any of the time points that the

differentiation profiles of cells recognising Ag85B are distinct from those recognising ESAT-6.
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Figure 7.10: Box-plots of the frequencies of cytokine positive CD4 T cells which are cytokine positive and
express a certain memory combination at memory. These frequencies are from all participants who received 2
administrations of 5 µg. Box-plots are plotted for different QFT statuses as well as for different stimuli.
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7.1.3 Comment on the standard approach

This section analysed two different response variables, magnitude of the antigen-specific immune

response and the qualitative antigen-specific immune response, to investigate the differentiation

of the immune response. Both response variables provided no evidence that higher concentra-

tions in QFT+ individuals drives T cells towards more differentiated phenotypes compared to

QFT- individuals after Ag85B stimulation, but disagreed as to whether there was evidence of

this after ESAT-6 stimulation. Similarly, both responses provided no evidence that after vac-

cination, differentiation profiles of T cells recognising Ag85B differ between QFT+ and QFT-

individuals, but disagreed as to whether there was evidence of this for T cells recognising ESAT-

6. While the magnitude of the antigen-specific immune response provided evidence that the

differentiation profiles of cells recognising Ag85B were distinct from those recognising ESAT-6,

the qualitative antigen-specific immune response provided no evidence that a difference existed.

Thus, there was very little agreement in terms of the inference made between the two responses.

7.2 Generalised Linear Mixed Effect Models

The response variable of interest for this section is the magnitude of the antigen-specific immune

response, Y
(s)
ijk . However, for the GLMEM’s, k will be the memory combinations only, not the

marker combination (i.e. the combinations of both cytokines and memory markers) as seen in

Section 7.1.1.

For the mixed effect modelling, the magnitude of the antigen-specific immune response is used

rather than the qualitative antigen-specific immune response response because the filtering out

of non-responding participant visits needed for the qualitative response results in incomplete

observations for the majority of participants. Mixed effect models were not fit to incomplete

data because any form of imputation, including model-based imputation, would be inappropriate

since the observations are removed rather than missing, the qualitative response cannot be used

for the mixed effect models.

Thus, 8 single-level GLMEM’s shall be fit using Y
(s)
k as the response variable. For example, a

single-level model will be fit to Y
(ESAT−6)
CCR7+CD45RA−, the magnitude of the ESAT-6-specific immune

response for cells expressing CCR7+CD45RA−. 2 two-level models grouped by memory com-

bination nested within participant shall be fit using Y (s) as the response variable and another

4 two-level models grouped by stimulus nested within participant shall be fit using Yk as the

response variable. Here, Y (s) is the vector of all observed CD4 T cell frequencies observed

under stimulus s, and Yk is the vector of all observed CD4 T cell frequencies of cells expressing

memory combination k. Finally, a three-level model grouped by memory combination nested

in stimulus nested in participant shall be fit to using Y as the response variable.
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7.2.1 Candidate distributions for the response

In order to choose an appropriate conditional distribution for the response variable, the marginal

distribution of the response needs to be assessed. Figures 7.11 and 7.12 show the density plots for

each of the 8 response variables for the single-level GLMEM’s and Figure 7.13 shows the density

plots for each of the 4 response variables for the two-level GLMEM’s grouped by stimulus.

Figures 7.14 and 7.15 show the density plots for each of the 2 response variables for the two-

level GLMEM’s grouped by memory combination using all memory combinations as well as the

density plots of both response variables when only memory combinations CCR7+CD45RA− and

CCR7−CD45RA− are considered. Similarly, Figure 7.16 shows the density plot for the response

variable for the three-level GLMEM using all memory combinations as well as the response

when only considering memory combinations CCR7+CD45RA− and CCR7−CD45RA−. All

variables are continuous on the domain [0, 100], highly zero-inflated and positively skewed.

Possible candidate distributions are the Gamma, log-normal and Weibull, since they all at

most require two parameters and are suitable for continuous right-skewed data. Again, the

Tweedie distribution shall also be considered because it is well-suited to skew data. For the

same reasoning given in Section 5.2.1, neither the Sichel, ZIP or ZIPNB distributions were

considered.

As seen in Figures 7.11, 7.12 and 7.13, the density plots of the frequencies of cells expressing

CCR7+CD45RA+ as well as that for cells expressing CCR7−CD45RA+ are very zero-inflated

compared to that for the other two marker combinations. This made it very difficult to find

a suitable distribution for the conditional response and thus made these two responses very

difficult to model. Similarly, the density plots for observations from all memory combinations

are much more zero-inflated compared to those using only observations for memory combi-

nations CCR7+CD45RA− and CCR7−CD45RA−, as seen in Figures 7.14, 7.15 and 7.16.

Thus, it was decided to only look at the frequencies for cells expressing CCR7+CD45RA−
or CCR7−CD45RA−, since it was not possible to find a suitable conditional distribution when

using all memory combinations.
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Figure 7.11: Density plots of the frequency of cells expressing memory combinations (a) CCR7+CD45RA+, (b)
CCR7+CD45RA−, (c) CCR7−CD45RA+ and (d) CCR7−CD45RA− after stimulation with ESAT-6, which will
be used as the response variable for the ESAT-6 single-level GLMEM’s.
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Figure 7.12: Density plots of the frequency of cells expressing memory combinations (a) CCR7+CD45RA+, (b)
CCR7+CD45RA−, (c) CCR7−CD45RA+ and (d) CCR7−CD45RA− after stimulation with Ag85B, which will
be used as the response variable for the Ag85B single-level GLMEM’s.
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Figure 7.13: Density plots of the frequency of cells expressing memory combinations (a) CCR7+CD45RA+, (b)
CCR7+CD45RA−, (c) CCR7−CD45RA+ and (d) CCR7−CD45RA− after stimulation with either ESAT-6 or
Ag85B, which will be used as the response variable for two-level GLMEM’s grouped by stimulus.
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Figure 7.14: Density plots of the frequency of cells expressing a certain memory combination after stimulation
with ESAT-6, which will be used as the response variable for two-level GLMEM’s grouped by memory combi-
nation. Plot (a) uses observations from all four memory combinations while (b) uses observations from memory
combinations CCR7+CD45RA− and CCR7-CD45RA− only.
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Figure 7.15: Density plots of the frequency of cells expressing a certain memory combination after stimulation with
Ag85B, which will be used as the response variable for two-level GLMEM’s grouped by memory combination. Plot
(a) uses observations from all four memory combinations while (b) uses observations from memory combinations
CCR7+CD45RA− and CCR7−CD45RA− only.
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Figure 7.16: Density plots of the frequency of cells expressing a certain memory combination after stimulation
with either ESAT-6 or Ag85B, which will be used as the response variable for three-level GLMEM grouped by
memory combination nested within stimulus. Plot (a) uses observations from all four memory combinations while
(b) uses observations from memory combinations CCR7+CD45RA− and CCR7−CD45RA− only.

7.2.2 Single-level GLMEM: frequency of CCR7+CD45RA− after ESAT-6

stimulation

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable, the

frequency of CD4 T cells which are cytokine positive and express CCR7+CD45RA− after

stimulation with ESAT-6. The log-normal, Gamma and Weibull distributions were fit using

the fitdistrplus [76] package in R, while the Tweedie distribution was fit using the cplm [77]

package. Table 7.1 summaries the resultant AIC and BIC values from the fitted log-normal,

Gamma and Weibull distributions. The log-normal had the lowest AIC and BIC compared to

the other distributions, suggesting that out of the three distributions the log-normal fit the data

best.

Table 7.1: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the frequency of CD4
T cells which are cytokine positive and express CCR7+CD45RA− after stimulation with ESAT-6.

Distribution AIC BIC

Log-normal -4815.481 -4806.286

Gamma -4563.668 -4554.474

Weibull -4668.539 -4659.344
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To further assess the fit, the empirical versus theoretical quantiles were plot, as seen in Figure

7.17. All four qq-plots suggest that neither of the distributions fit the data well, however the

log-normal distribution does seem to fit the data far better than the other three distributions.

Since the log-normal also had the lowest AIC and BIC compared to the Weibull and Gamma,

it was decided to assume that the conditional response follows a log-normal distribution.
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Figure 7.17: QQ-plots of the frequency of CD4 T cells which are cytokine positive and express CCR7+CD45RA−
after stimulation with ESAT-6 fit to (a) Tweedie, (b) log-normal, (c) Gamma and (b) Weibull distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

µij = β0 + β1I
Peak
j + β2I

Mem
j + β3I

QFT+
i + β4x

Admin
i + β5x

Conc
i + b0i,

log(σij) = α0 + α1I
QFT+
i + α2x

Admin
i ,

for i = 1, ..., I and j = 1, 2, 3,

where

b0i ∼ N
(
0, σ2

0

)
and ϵij ∼ N

(
0, σ2

e

)
.

Here i is the participant and j is the time point. The standard deviation estimates were

σ̂0 = 0.923 with 95% confidence interval (0.793; 1.074) and σ̂e = 1.124 with 95% confidence

interval (1.055; 1.198). No participant-specific random effect was included on the time point

variable because doing so resulted in a model that would not converge.

Model diagnostics can be found in Appendix F.1, where there was some evidence that the

homogeneity assumption of the residuals and normality assumption of the random effects are

violated.

Referring to the parameter estimates in Table 7.2, there is evidence that frequency increases

from baseline to peak, and slightly less from baseline to memory. QFT+ participants seem to

have higher frequencies of cells expressing CCR7+CD45RA− compared to QFT- participants.

There is also evidence that frequency decreases with increasing vaccine concentration but that
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number of administrations does not have a strong effect on frequency. QFT+ participants

are also associated with a higher variation in frequency compared to QFT- participants, and

variances seems to increase with increasing numbers of administrations.

Table 7.2: Parameter estimates of the single-level GLMEM fit to the frequency of CD4 T cells which are cytokine
positive and express CCR7+CD45RA− after stimulation with ESAT-6.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -6.635 0.142 -46.880 < 2× 10−16

Peak β1 0.722 0.0962 7.502 2.42× 10−13

Mem. β2 0.349 0.096 3.625 0.0003

QFT+ β3 1.876 0.084 22.421 < 2× 10−16

Admin. β4 0.098 0.057 1.729 0.084

Conc. β5 -0.007 0.002 -3.268 0.001

σ Coefficients:

α0 -0.264 0.080 -3.282 0.001

QFT+ α1 0.414 0.054 7.718 5.28× 10−14

Admin α2 0.079 0.037 2.119 0.035

7.2.3 Single-level GLMEM: frequency of CCR7−CD45RA− after ESAT-6

stimulation

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable, the

frequency of CD4 T cells which are cytokine positive and express CCR7−CD45RA− after

stimulation with ESAT-6. Again, the log-normal, Gamma and Weibull distributions were fit

using the fitdistrplus [76] package in R, while the Tweedie distribution was fit using the

cplm [77] package. Table 7.3 summaries the resultant AIC and BIC values from the fitted

log-normal, Gamma and Weibull distributions. The Weibull distribution had the lowest AIC

and BIC compared to the other distributions, suggesting that out of the three distributions the

Weibull fit the data best.

Table 7.3: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the frequency of CD4
T cells which are cytokine positive and express CCR7−CD45RA− after stimulation with ESAT-6.

Distribution AIC BIC

Log-normal -2193.888 -2184.694

Gamma -2191.159 -2181.965

Weibull -2227.587 -2218.393

Referring to the empirical versus theoretical quantiles seen in Figure 7.18, the Weibull clearly

fits the data far better than the other three distributions. Thus, based off the qq-plots and

the AIC and BIC, it was decided to assume that the conditional response follows a Weibull

distribution.
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Figure 7.18: QQ-plots of the frequency of CD4 T cells which are cytokine positive and express CCR7−CD45RA−
after stimulation with ESAT-6 fit to (a) Tweedie, (b) log-normal, (c) Gamma and (b) Weibull distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

log(µij) = β0 + β1I
Peak
j + β2I

Mem
j + β3I

QFT+
i + β4x

Admin
i + β5x

Conc
i

+ β6x
Admin∗QFT+
i + b0i,

log(σij) = α0,

for i = 1, ..., I and j = 1, 2, 3,

where

b0i ∼ N
(
0, σ2

0

)
and ϵij ∼ N

(
0, σ2

e

)
.

Here i is the participant and j is the time point. The standard deviation estimates were

σ̂0 = 0.986 with 95% confidence interval (0.891; 1.090) and σ̂e = 1.013 with 95% confidence

interval (0.952; 1.079). The scale parameter σij was modelled as a constant, and again no

participant-specific random effect was added on time point due to convergences issues.

Model diagnostics can be found in Appendix F.2, where there was slight evidence that the

homogeneity assumption of the residuals and substantial evidence that the normality assumption

of the residuals and random effects are violated.

Referring to the parameter estimates in Table 7.4, there is again evidence that frequency in-

creases from baseline to peak, and slightly less from baseline to memory. There is also evidence

that frequency decreases with increasing vaccine concentration and that a strong interaction

between number of administrations and QFT status exists, which is depicted in Figure 7.19.

While frequency was always greater for QFT+ participants compared to QFT- participants, for

QFT+ participants frequency decreases as number of administrations increases while for QFT-

participants frequency increases as number of administrations increases.
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Table 7.4: Parameter estimates of the single-level GLMEM fit to the frequency of CD4 T cells which are cytokine
positive and express CCR7−CD45RA− after stimulation with ESAT-6.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -5.012 0.113 -44.365 < 2× 10−16

Peak β1 1.307 0.058 22.366 < 2× 10−16

Mem. β2 0.736 0.059 12.566 < 2× 10−16

QFT+ β3 2.984 0.132 22.583 < 2× 10−16

Admin. β4 0.303 0.0507 5.985 4.08× 10−9

Conc. β5 -0.011 0.001 -8.512 < 2× 10−16

Admin*QFT+ β6 -0.611 0.068 -9.043 < 2× 10−16
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Figure 7.19: The expected value of logged mean log(µij) for changing QFT status and number of administrations
while keeping all other variables constant.

7.2.4 Single-level GLMEM: frequency of CCR7+CD45RA− after Ag85B

stimulation

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable, the

frequency of CD4 T cells which are cytokine positive and express CCR7+CD45RA− after

stimulation with Ag85B. Again, the log-normal, Gamma and Weibull distributions were fit

using the fitdistrplus [76] package in R, while the Tweedie distribution was fit using the

cplm [77] package. Table 7.5 summaries the resultant AIC and BIC values from the fitted

log-normal, Gamma and Weibull distributions. The Weibull distribution had the lowest AIC

and BIC compared to the other distributions, suggesting that out of the three distributions the

Weibull fit the data best.

Table 7.5: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the frequency of CD4
T cells which are cytokine positive and express CCR7+CD45RA− after stimulation with Ag85B.

Distribution AIC BIC

Log-normal -3315.677 -3306.488

Gamma -3389.29 -3380.101

Weibull -3391.507 -3382.319
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Referring to the empirical versus theoretical quantiles seen in Figure 7.20, the Weibull clearly

fits the data far better than the other three distributions. Thus, based off the qq-plots and

the AIC and BIC,it was decided to assume that the conditional response follows a Weibull

distribution.
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Figure 7.20: QQ-plots of the frequency of CD4 T cells which are cytokine positive and express CCR7+CD45RA−
after stimulation with Ag85B fit to (a) Tweedie, (b) log-normal, (c) Gamma and (b) Weibull distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

log(µij) = β0 + β1I
Peak
j + β2I

Mem
j + β3I

QFT+
i + β4x

Admin
i + β5x

Conc
i

+ β6I
Peak∗QFT+
ij + β7I

Mem∗QFT+
ij + b0i,

log(σij) = α0 + α1x
Admin
i ,

for i = 1, ..., I and j = 1, 2, 3,

where

b0i ∼ N
(
0, σ2

0

)
and ϵij ∼ N

(
0, σ2

e

)
.

Here i is the participant and j is the time point. The standard deviation estimates were

σ̂0 = 1.038 with 95% confidence interval (0.931; 1.157) and σ̂e = 1.005 with 95% confidence

interval (0.944; 1.071). Again, no participant-specific random effect was included on time point

due to convergences issues.

Model diagnostics can be found in Appendix F.3, where there was some evidence that the

homogeneity and normality assumptions of the residuals are violated.

Referring to the parameter estimates seen in Table 7.6, there is evidence that frequency increases

with increasing number of vaccine administrations and that vaccine concentration does not have

a strong effect on frequency. Variation in frequency also increases with increasing number of

administrations. There is evidence of a strong interaction between time point and QFT status,

as depicted in Figure 7.21. While frequency is always higher for QFT+ participants compared to
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QFT- participants, the profiles over time are flatter for QFT+ participants compared to QFT-

participants. In other words, the increase in frequency from baseline to both post-vaccination

time points is more pronounced in QFT- participants compared to QFT+ participants.

Table 7.6: Parameter estimates of the single-level GLMEM fit to the frequency of CD4 T cells which are cytokine
positive and express CCR7+CD45RA− after stimulation with Ag85B.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -5.883 0.122 -48.414 < 2× 10−16

Peak β1 2.015 0.102 19.843 < 2× 10−16

Mem. β2 1.625 0.101 16.086 < 2× 10−16

QFT+ β3 1.260 0.101 12.486 < 2× 10−16

Admin. β4 0.296 0.042 7.055 5.57e-12

Conc. β5 -0.002 0.001 -1.317 0.188

Peak*QFT+ β6 -0.788 0.143 -5.529 5.13× 10−8

Mem*QFT+ β7 -0.875 0.142 -6.186 1.26× 10−9

σ Coefficients:

α0 -0.066 0.085 -0.779 0.437

Admin α1 0.165 0.044 3.757 0.0002
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Figure 7.21: The expected value of logged mean log(µij) for changing QFT status and time point while keeping
all other variables constant.

7.2.5 Single-level GLMEM: frequency of CCR7−CD45RA− after Ag85B

stimulation

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable,

the frequency of CD4 T cells which are cytokine positive and express CCR7-CD45RA- after

stimulation with Ag85B. Again, the log-normal, Gamma and Weibull distributions were fit

using the fitdistrplus [76] package in R, while the Tweedie distribution was fit using the

cplm [77] package. Table 7.7 summaries the resultant AIC and BIC values from the fitted

log-normal, Gamma and Weibull distributions. The Weibull distribution had the lowest AIC

and BIC compared to the other distributions, suggesting that out of the three distributions the
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Weibull fit the data best.

Table 7.7: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the frequency of CD4
T cells which are cytokine positive and express CCR7−CD45RA− after stimulation with Ag85B.

Distribution AIC BIC

Log-normal -1580.604 -1571.416

Gamma -1688.453 -1679.264

Weibull -1693.197 -1684.008

Referring to the empirical versus theoretical quantiles seen in Figure 7.22, the Weibull clearly

fits the data far better than the other three distributions. Thus, based off the qq-plots and

the AIC and BIC, it was decided to assume that the conditional response follows a Weibull

distribution.
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Figure 7.22: QQ-plots of the frequency of CD4 T cells which are cytokine positive and express CCR7−CD45RA−
after stimulation with Ag85B fit to (a) Tweedie, (b) log-normal, (c) Gamma and (b) Weibull distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

log(µij) = β0 + β1I
Peak
j + β2I

Mem
j + β3I

QFT+
i + β4x

Admin
i + β5x

Conc
i

+ β6I
Peak∗QFT+
ij + β7I

Mem∗QFT+
ij + b0i,

log(σij) = α0,

for i = 1, ..., I and j = 1, 2, 3,

where

b0i ∼ N
(
0, σ2

0

)
and ϵij ∼ N

(
0, σ2

e

)
.

Here i is the participant and j is the time point. The standard deviation estimates were

σ̂0 = 1.016 with 95% confidence interval (0.922; 1.119) and σ̂e = 0.960 with 95% confidence

interval (0.902; 1.022). The scale parameter σij was modelled as a constant, and again no
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participant-specific random effect was added on time point due to convergences issues.

Model diagnostics can be found in Appendix F.4, where there was some evidence that the

homogeneity and normality assumptions of the residuals are violated.

Referring to the parameter estimates seen in Table 7.8, there is evidence that frequency increases

with increasing number of administrations but decreases with higher vaccine concentrations.

There is again evidence of a strong interaction between time point and QFT status, as depicted

in Figure 7.23. The interpretation here is the same as for Figure 7.21: frequency is always

higher for QFT+ participants compared to QFT- participants, but the profiles over time are

flatter for QFT+ participants compared to QFT- participants.

Table 7.8: Parameter estimates of the single-level GLMEM fit to the frequency of CD4 T cells which are cytokine
positive and express CCR7−CD45RA− after stimulation with Ag85B.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -4.192 0.082 -51.130 < 2× 10−16

Peak β1 2.098 0.074 28.516 < 2× 10−16

Mem. β2 1.293 0.073 17.613 < 2× 10−16

QFT+ β3 1.185 0.073 16.288 < 2× 10−16

Admin. β4 0.078 0.030 2.605 0.009

Conc. β5 -0.004 0.001 -3.614 0.0003

Peak*QFT+ β6 -0.801 0.103 -7.807 3.46× 10−14

Mem*QFT+ β7 -0.691 0.103 -6.732 4.61× 10−11
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Figure 7.23: The expected value of logged mean log(µij) for changing QFT status and time point while keeping
all other variables constant.

7.2.6 Two-level GLMEM: Frequency of CCR7+CD45RA−

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable, the

frequency of CD4 T cells which are cytokine positive and express CCR7+CD45RA− after stim-

ulation with either Ag85B or ESAT-6. Again, the log-normal, Gamma and Weibull distributions

were fit using the fitdistrplus [76] package in R, while the Tweedie distribution was fit using
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the cplm [77] package. Table 7.9 summaries the resultant AIC and BIC values from the fitted

log-normal, Gamma and Weibull distributions. The log-normal distribution had the lowest AIC

and BIC compared to the other distributions, suggesting that out of the three distributions the

log-normal fit the data best.

Table 7.9: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the frequency of
CD4 T cells which are cytokine positive and express CCR7+CD45RA− after stimulation with either Ag85B or
ESAT-6.

Distribution AIC BIC

Log-normal -8031.532 -8020.954

Gamma -7885.24 -7874.663

Weibull -7963.073 -7952.496

Referring to the empirical versus theoretical quantiles seen in Figure 7.24, the Weibull clearly

fits the data far better than the other three distributions, including the log-normal. Thus, since

the Weibull and log-normal have very similar AIC and BIC values, it was decided to assume

that the conditional response follows a Weibull distribution.
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Figure 7.24: QQ-plots of the frequency of CD4 T cells which are cytokine positive and express CCR7+CD45RA−
after stimulation with either Ag85B or ESAT-6 fit to (a) Tweedie, (b) log-normal, (c) Gamma and (b) Weibull
distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

log(µijk) = β0 + β1I
Peak
k + β2I

Mem
k + β3I

QFT+
i + β4x

Admin
i + β5x

Conc
i + β6I

ESAT6
i

+ β7I
Peak∗QFT+
ik + β8I

Mem∗QFT+
ik + β9I

Peak∗ESAT6+
jk + β10I

Mem∗ESAT6+
jk

+ β11I
ESAT6∗QFT+
ij + b0i,

log(σijk) = α0,

for i = 1, ..., I, j = 1, 2 and k = 1, 2, 3,
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where

b0i ∼ N
(
0, σ2

0

)
and ϵijk ∼ N

(
0, σ2

e

)
.

Here i is the participant, j is the stimulus and k is the time point. The standard deviation

estimates were σ̂0 = 0.908 with 95% confidence interval (0.816; 1.011) and σ̂e = 1.023 with 95%

confidence interval (0.983; 1.065). The scale parameter σij was modelled as a constant, and

again no participant-specific random effect was added on time point due to convergences issues.

No participant-specific random effect was included on stimulus since it resulted in higher GAIC

values, indicating an inferior fit. No three-way interactions were included in the model since

they did not improve the model fit.

Model diagnostics can be found in Appendix F.5, where there was some evidence that the

homogeneity assumption of the residuals and normality assumption of the residuals and random

effects are violated.

Referring to the parameter estimates seen in Table 7.10, there is evidence that frequency in-

creases with increasing number of vaccine administrations but decreases with higher vaccine

concentrations. There is also evidence of strong interactions between time point and QFT sta-

tus, time point and stimulus and QFT status and stimulus, although a three-way interaction

between these variables did not improve the model fit. Referring to the interactions represented

in Figure 7.25, QFT+ participants always had higher frequencies than QFT- participants when

comparing responses to the same stimulus. At post-vaccination time points, frequencies are

always higher after Ag85B stimulation compared to ESAT-6 stimulation. The difference in

frequency between ESAT-6 and Ag85B samples is greater for QFT- participants compared to

QFT+ participants at all time points, especially at baseline. Again, profiles are much flatter

for QFT+ participants compared to QFT- participants.

Table 7.10: Parameter estimates of the two-level GLMEM fit to the frequency of CD4 T cells which are cytokine
positive and express CCR7+CD45RA− after stimulation with either Ag85B or ESAT-6.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -5.508 0.118 -46.858 < 2× 10−16

Peak β1 2.029 0.113 17.910 < 2× 10−16

Mem. β2 1.556 0.112 14.057 < 2× 10−16

QFT+ β3 1.365 0.105 12.955 < 2× 10−16

Admin. β4 0.202 0.037 5.385 8.62× 10−8

Conc. β5 -0.006 0.001 -4.346 1.5× 10−5

ESAT6 β6 -1.142 0.106 -10.794 < 2× 10−16

Peak*QFT+ β7 -0.993 0.129 -7.697 2.81× 10−14

Mem*QFT+ β8 -0.930 0.129 -7.218 9.12× 10−13

Peak*ESAT6 β9 -0.877 0.129 -6.788 1.75× 10−11

Mem*ESAT6 β10 -0.730 0.129 -5.645 2.04× 10−8

ESAT6*QFT+ β11 1.370 0.105 13.025 < 2× 10−16
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Figure 7.25: The expected value of logged mean log(µij) for changing QFT status, stimulus and number of
administrations while keeping all other variables constant.

7.2.7 Two-level GLMEM: Frequency of CCR7−CD45RA−

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable, the

frequency of CD4 T cells which are cytokine positive and express CCR7−CD45RA− after stim-

ulation with either Ag85B or ESAT-6. Again, the log-normal, Gamma and Weibull distributions

were fit using the fitdistrplus [76] package in R, while the Tweedie distribution was fit using

the cplm [77] package. Table 7.11 summaries the resultant AIC and BIC values from the fitted

log-normal, Gamma and Weibull distributions. The Weibull distribution had the lowest AIC

and BIC compared to the other distributions, suggesting that out of the three distributions the

Weibull fit the data best.

Table 7.11: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the frequency of
CD4 T cells which are cytokine positive and express CCR7−CD45RA− after stimulation with either Ag85B or
ESAT-6.

Distribution AIC BIC

Log-normal -3750.196 -3739.618

Gamma -3862.865 -3852.287

Weibull -3897.445 -3886.867

Referring to the empirical versus theoretical quantiles seen in Figure 7.26, the Weibull clearly

fits the data far better than the other three distributions. Thus, based off the qq-plots and

the AIC and BIC, it was decided to assume that the conditional response follows a Weibull

distribution.
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Figure 7.26: QQ-plots of the frequency of CD4 T cells which are cytokine positive and express CCR7−CD45RA−
after stimulation with either Ag85B or ESAT-6 fit to (a) Tweedie, (b) log-normal, (c) Gamma and (b) Weibull
distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

log(µijk) = β0 + β1I
Peak
k + β2I

Mem
k + β3I

QFT+
i + β4x

Admin
i + β5x

Conc
i + β6I

ESAT6
i

+ β7I
Peak∗QFT+
ik + β8I

Mem∗QFT+
ik + β9I

ESAT6∗QFT+
ij + b0i,

log(σijk) = α0,

for i = 1, ..., I, j = 1, 2, and k = 1, 2, 3,

where

b0i ∼ N
(
0, σ2

0

)
and ϵijk ∼ N

(
0, σ2

e

)
.

Here i is the participant, j is the stimulus and k is the time point. The standard deviation

estimates were σ̂0 = 0.857 with 95% confidence interval (0.773; 0.949) and σ̂e = 1.008 with 95%

confidence interval (0.969; 1.048). The scale parameter σij was modelled as a constant, and

again no participant-specific random effect was added on time point due to convergences issues.

No participant-specific random effect was included on stimulus since it resulted in higher GAIC

values, indicating an inferior fit. No three-way interactions were included in the model since

they did not improve the model fit.

Model diagnostics can be found in Appendix F.6, where there was some evidence that the

homogeneity assumption of the residuals and normality assumption of the random effects are

violated.

Referring to the parameter estimates seen in Table 7.12, there is evidence that frequency de-

creases with higher vaccine concentrations but that number of administrations does not have a

strong effect. There is also evidence of strong interactions between time point and QFT status

and QFT status and stimulus, as represented in Figure 7.27. QFT+ participants consistently

have higher frequencies compared to QFT- participants and again profiles are flatter for QFT+
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participants compared to QFT- participants. Frequency is higher under ESAT-6 stimulation

compared to Ag85B stimulation for QFT+ individuals, however the opposite is true for QFT- in-

dividuals. The difference in frequency between ESAT-6 and Ag85B samples is greater for QFT-

participants compared to QFT+ participants at all time points, with virtually no difference

between the two stimuli for QFT+ participants.

Table 7.12: Parameter estimates of the two-level GLMEM fit to the frequency of CD4 T cells which are cytokine
positive and express CCR7−CD45RA− after stimulation with either Ag85B or ESAT-6.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -3.723 0.089 -41.612 < 2× 10−16

Peak β1 1.752 0.073 23.971 < 2× 10−16

Mem. β2 1.103 0.073 15.120 < 2× 10−16

QFT+ β3 1.114 0.085 13.093 < 2× 10−16

Admin. β4 0.030 0.030 1.000 0.318

Conc. β5 -0.008 0.001 -7.406 2.40× 10−13

ESAT6 β6 -1.048 0.060 -17.566 < 2× 10−16

Peak*QFT+ β7 -0.620 0.102 -6.067 1.73× 10−9

Mem*QFT+ β8 -0.587 0.102 -5.755 1.09× 10−08

ESAT6*QFT+ β9 1.174 0.083 14.085 < 2× 10−16
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Figure 7.27: The expected value of logged mean log(µij) for changing QFT status, time point and stimulus while
keeping all other variables constant.

7.2.8 Two-level GLMEM: frequency after ESAT-6 stimulation

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable,

the frequency of CD4 T cells which are cytokine positive and express CCR7+CD45RA− or

CCR7−CD45RA− after stimulation with ESAT-6. Again, the log-normal, Gamma and Weibull

distributions were fit using the fitdistrplus [76] package in R, while the Tweedie distribution

was fit using the cplm [77] package. Table 7.13 summaries the resultant AIC and BIC values

from the fitted log-normal, Gamma and Weibull distributions. The log-normal distribution had

the lowest AIC and BIC compared to the other distributions, suggesting that out of the three

distributions the log-normal fit the data best.
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Table 7.13: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the frequency of
CD4 T cells which are cytokine positive and express CCR7+CD45RA− or CCR7−CD45RA− after stimulation
with ESAT-6.

Distribution AIC BIC

Log-normal -6703.374 -6692.794

Gamma -6462.285 -6451.705

Weibull -6607.771 -6597.19

Referring to the empirical versus theoretical quantiles seen in Figure 7.28, the Weibull clearly

fits the data far than the other three distributions, including the log-normal distribution. Thus,

despite the lower AIC and BIC of the log-normal, it was decided based off the qq-plots to assume

that the conditional response follows a Weibull distribution.
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Figure 7.28: QQ-plots of the frequency of CD4 T cells which are cytokine positive and express CCR7+CD45RA−
or CCR7−CD45RA− after stimulation with ESAT-6 fit to (a) Tweedie, (b) log-normal, (c) Gamma and (b)
Weibull distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

log(µijk) = β0 + β1I
Peak
k + β2I

Mem
k + β3I

QFT+
i + β4x

Admin
i + β5x

Conc
i

+ β6I
CCR7−CD45RA−
j + β7I

Peak∗CCR7−CD45RA−
jk + β8I

Mem∗CCR7−CD45RA−
jk

+ β9I
Peak∗QFT+
ik + β10I

Mem∗QFT+
ik + b0i,

log(σijk) = α0 + α1I
CCR7−CD45RA−
j ,

for i = 1, ..., I, j = 1, 2 and k = 1, 2, 3,

where

b0i ∼ N
(
0, σ2

0

)
and ϵijk ∼ N

(
0, σ2

e

)
.

Here i is the participant, j is the memory combination and k is the time point. The standard

deviation estimates were σ̂0 = 0.943 with 95% confidence interval (0.854; 1.041) and σ̂e = 1.048
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with 95% confidence interval (1.008; 1.089). No participant-specific random effect was included

on time point due to convergences issues and it was not included on stimulus because it resulted

in higher GAIC values, indicating an inferior fit. No three-way interactions were included in

the model since they did not improve the model fit.

Model diagnostics can be found in Appendix F.7, where there was evidence that the normality

assumption of the random effects is violated.

Referring to the parameter estimates seen in Table 7.14, there is evidence that frequency de-

creases for with higher vaccine concentrations but that number of administrations does not

have a strong effect. Variation in the frequency of cells expressing CCR7−CD45RA− seems to

be higher than that for cells expressing CCR7+CD45RA−. There is also evidence of strong

interactions between time point and QFT status and QFT status and memory combination, as

represented in Figure 7.29. Frequency is highest at peak and lowest at baseline for all except for

cells expressing CCR7+CD45RA− from QFT+ participants which is lowest at memory. QFT+

participants always have higher frequencies compared to QFT- participants when comparing

the same memory combination, and again the profiles of QFT+ participants are flatter. For

the same QFT status, the frequency of cells expressing CCR7+CD45RA− is always less than

those expressing CCR7−CD45RA−.

Table 7.14: Parameter estimates of the two-level GLMEM fit to the frequency of CD4 T cells which are cytokine
positive and express CCR7+CD45RA− or CCR7−CD45RA− after stimulation with ESAT-6.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -5.905 0.108 -53.725 < 2× 10−16

Peak β1 0.959 0.115 8.340 < 2× 10−16

Mem. β2 0.577 0.117 4.950 8.45× 10−7

QFT+ β3 2.367 0.079 29.795 < 2× 10−16

Admin. β4 -0.004 0.032 -0.126 0.9

Conc. β5 -0.010 0.001 -8.932 < 2× 10−16

CCR7−CD45RA− β6 1.182 0.086 13.788 < 2× 10−16

Peak*CCR7−CD45RA− β7 0.774 0.119 6.523 1× 10−10

Mem*CCR7−CD45RA− β8 0.569 0.119 4.788 1.89× 10−6

Peak*QFT+ β9 -0.699 0.112 -6.249 5.66× 10−10

Mem*QFT+ β10 -0.671 0.111 -6.069 1.71× 10−9

σ Coefficients:

α0 -0.077 0.029 -2.658 0.008

CCR7−CD45RA− α1 0.391 0.042 9.308 < 2× 10−16
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Figure 7.29: The expected value of logged mean log(µij) for changing QFT status, time point and memory
combination while keeping all other variables constant.

7.2.9 Two-level GLMEM: frequency after Ag85B stimulation

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable,

the frequency of CD4 T cells which are cytokine positive and express CCR7+CD45RA− or

CCR7−CD45RA− after stimulation with Ag85B. Again, the log-normal, Gamma and Weibull

distributions were fit using the fitdistrplus [76] package in R, while the Tweedie distribution

was fit using the cplm [77] package. Table 7.15 summaries the resultant AIC and BIC values

from the fitted log-normal, Gamma and Weibull distributions. The Weibull distribution had

the lowest AIC and BIC compared to the other distributions, suggesting that out of the three

distributions the Weibull fit the data best.

Table 7.15: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the frequency of
CD4 T cells which are cytokine positive and express CCR7+CD45RA− or CCR7−CD45RA− after stimulation
with Ag85B.

Distribution AIC BIC

Log-normal -4727.231 -4716.656

Gamma -4849.644 -4839.069

Weibull -4882.598 -4872.023

Referring to the empirical versus theoretical quantiles seen in Figure 7.30, the Weibull clearly

fits the data far better than the other three distributions. Thus, based off the qq-plots and

the AIC and BIC, it was decided to assume that the conditional response follows a Weibull

distribution.
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Figure 7.30: QQ-plots of the frequency of CD4 T cells which are cytokine positive and express CCR7+CD45RA−
or CCR7−CD45RA− after stimulation with Ag85B fit to (a) Tweedie, (b) log-normal, (c) Gamma and (b) Weibull
distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows

log(µijk) = β0 + β1I
Peak
k + β2I

Mem
k + β3I

QFT+
i + β4x

Admin
i + β5x

Conc
i

+ β6I
CCR7−CD45RA−
j + β7I

Peak∗CCR7−CD45RA−
jk

+ β8I
Mem∗CCR7−CD45RA−
jk + b0i,

log(σij) = α0 + α1I
CCR7−CD45RA−
j + α2x

Admin
i ,

for i = 1, ..., I, j = 1, 2 and k = 1, 2, 3,

where

b0i ∼ N
(
0, σ2

0

)
and ϵijk ∼ N

(
0, σ2

e

)
.

Here i is the participant, j is the memory combination and k is the time point. The standard

deviation estimates were σ̂0 = 0.965 with 95% confidence interval (0.880; 1.058) and σ̂e = 0.979

with 95% confidence interval (0.942; 1.019). No participant-specific random effect was included

on time point due to convergences issues and it was not included on stimulus because it resulted

in higher GAIC values, indicating an inferior fit.

Model diagnostics can be found in Appendix F.8, where there was some evidence that the

homogeneity assumption of the residuals and normality assumption of the residuals and random

effects are violated.

Referring to the parameter estimates seen in Table 7.16, frequency increases with increasing

number of administrations but decreases with higher vaccine concentrations. Cells seem to ex-

press CCR7−CD45RA− at higher frequencies compared to CCR7+CD45RA− and there is a

higher variation in frequency of cells expressing CCR7−CD45RA−. The variation in cell fre-

quency also increases as number of administrations increases. There is evidence that a strong
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interaction exists between time point and QFT status, as represented in Figure 7.31. Fre-

quency is still always higher in QFT+ participants compared to QFT- participants and QFT+

participants still have flatter profiles over time.

Table 7.16: Parameter estimates of the two-level GLMEM fit to the frequency of CD4 T cells which are cytokine
positive and express CCR7+CD45RA− or CCR7−CD45RA− after stimulation with Ag85B.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -5.414 0.087 -62.038 < 2× 10−16

Peak β1 2.064 0.069 29.938 < 2× 10−16

Mem. β2 1.388 0.069 20.024 < 2× 10−16

QFT+ β3 1.207 0.068 17.624 < 2× 10−16

Admin. β4 0.149 0.029 5.169 2.75× 10−7

Conc. β5 -0.003 0.001 -3.181 0.002

CCR7−CD45RA− β6 1.061 0.046 23.302 < 2× 10−16

Peak*QFT+ β7 -0.783 0.097 -8.099 1.32× 10−15

Mem*QFT+ β8 -0.702 0.097 -7.258 6.95× 10−13

σ Coefficients:

α0 -0.160 0.061 -2.642 0.008

CCR7−CD45RA− α1 0.440 0.043 10.249 < 2× 10−16

Admin. α2 0.097 0.030 3.250 0.001
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Figure 7.31: The expected value of logged mean log(µij) for changing QFT status and time point while keeping
all other variables constant.

7.2.10 Three-level GLMEM: frequency of all memory combinations

A log-normal, Gamma, Weibull and Tweedie distribution were all fit to response variable, the

frequency of CD4 T cells which are cytokine positive and express either CCR7+CD45RA−
or CCR7−CD45RA− after stimulation with either Ag85B or ESAT-6. Again, the log-normal,

Gamma and Weibull distributions were fit using the fitdistrplus [76] package in R, while the

Tweedie distribution was fit using the cplm [77] package. Table 7.17 summaries the resultant

AIC and BIC values from the fitted log-normal, Gamma and Weibull distributions. The log-
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normal distribution had the lowest AIC and BIC compared to the other distributions, suggesting

that out of the three distributions the log-normal fit the data best.

Table 7.17: The AIC and BIC after fitting log-normal, Gamma and Weibull distributions to the frequency of
CD4 T cells which are cytokine positive and express CCR7+CD45RA− or CCR7−CD45RA− after stimulation
with either Ag85B or ESAT-6.

Distribution AIC BIC

Log-normal -11325.36 -11313.4

Gamma -11246.85 -11234.89

Weibull -11395.16 -11383.2

Referring to the empirical versus theoretical quantiles seen in Figure 7.32, the Weibull clearly

fits the data far better than the other three distributions. Thus, based off the qq-plots and

the AIC and BIC, it was decided to assume that the conditional response follows a Weibull

distribution.

0.0

0.5

1.0

1.5

0.0 0.2 0.4 0.6 0.8
Theoretical quantiles

E
m

pi
ric

al
 q

ua
nt

ile
s

(a) Tweedie

0.0

0.5

1.0

1.5

0 5 10 15 20 25
Theoretical quantiles

E
m

pi
ric

al
 q

ua
nt

ile
s

(b) Log-normal

0.0

0.5

1.0

1.5

0.0 0.3 0.6 0.9
Theoretical quantiles

E
m

pi
ric

al
 q

ua
nt

ile
s

(c) Gamma

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5 2.0
Theoretical quantiles

E
m

pi
ric

al
 q

ua
nt

ile
s

(d) Weibull

Figure 7.32: QQ-plots of the frequency of CD4 T cells which are cytokine positive and express either
CCR7+CD45RA− or CCR7−CD45RA− after stimulation with either Ag85B or ESAT-6 fit to (a) Tweedie,
(b) log-normal, (c) Gamma and (b) Weibull distributions.

Following the model building steps laid out in Section 4.3.1, the optimal model chosen is as

follows
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where
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0, σ2
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and ϵijkl ∼ N

(
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.

Here i is the participant, j is the stimulus, k is the memory combination and l is the time point.

The standard deviation estimates were σ̂0 = 0.827 with 95% confidence interval (0.749; 0.913)

and σ̂e = 1.024 with 95% confidence interval (0.997; 1.052). No participant-specific random

effect was included on time point due to convergences issues and it was not included on stimulus

and/or memory combination because it resulted in models with higher GAIC values, indicating

inferior fits. No three-way interactions were included in the model since they did not improve

the model fit.

Model diagnostics can be found in Appendix F.9, where there was some evidence that the

homogeneity assumption of the residuals and normality assumption of the random effects are

violated.

Referring to the parameter estimates seen in Table 7.18, the variation in frequency is greater

for CCR7−CD45RA− compared to CCR7+CD45RA− and also greater after Ag85B stimula-

tion compared to ESAT-6 stimulation. There are a large number of interaction variables in

the model, which does make it difficult to interpret. Notably, time point interacts with all

covariates except for concentration and stimulus interacts with all covariates except for num-

ber of administrations. As concentration increases, frequency decreases, with the difference

even more pronounced after ESAT-6 stimulation compared to Ag85B stimulation. Number

of vaccine administrations only has a strong effect on frequency at the memory time point,

where more administrations is associated with higher frequencies, although more so for cells

expressing CCR7+CD45RA− compared to CCR7−CD45RA−. QFT status has a very strong

effect on frequency, with QFT+ participants associated with higher frequencies compared to

QFT- participants at all time points, although this difference is more pronounced at baseline.
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The frequency of cells expressing CCR7−CD45RA− is always higher than the frequency of

cells expressing CCR7+CD45RA−, although this difference decreases as number of adminis-

trations increases. Stimulus has a very strong effect on frequency, but it depends a lot on

the other covariates. For example, for low vaccine concentrations at baseline, the frequency of

cells expressing CCR7+CD45RA− is lower after ESAT-6 stimulation compared to after Ag85B

stimulation when looking at QFT- participants, but when looking at QFT+ participants this

relationship is reversed.

Table 7.18: Parameter estimates of the three-level GLMEM fit to the frequency of CD4 T cells which are cytokine
positive and express either CCR7+CD45RA− or CCR7−CD45RA− after stimulation with either Ag85B or
ESAT-6.

Variable Parameter Estimate Std. Error t-value p-value

µ Coefficients:

β0 -5.120 0.129 -39.774 < 2× 10−16

Peak β1 1.561 0.145 10.768 < 2× 10−16

Mem. β2 0.759 0.144 5.280 1.4× 10−7

QFT+ β3 1.248 0.068 18.275 < 2× 10−16

Admin. β4 0.083 0.054 1.532 0.126

Conc. β5 -0.003 0.001 -2.711 0.007

ESAT6 β6 -1.080 0.103 -10.518 < 2× 10−16

CCR7−CD45RA− β7 1.277 0.120 10.670 < 2× 10−16

ESAT6*QFT+ β8 1.237 0.072 17.237 < 2× 10−16

Peak*QFT+ β9 -0.775 0.087 -8.915 < 2× 10−16

Mem*QFT+ β10 -0.759 0.087 -8.751 < 2× 10−16

Peak*Admin β11 0.077 0.060 1.284 0.199

Mem*Admin β12 0.266 0.061 4.379 1.24× 10−5

ESAT6*Conc β13 -0.008 0.002 -4.157 3.32× 10−5

Peak*CCR7−CD45RA− β14 0.358 0.091 3.956 7.81× 10−5

Mem*CCR7−CD45RA− β15 0.139 0.090 1.536 0.125

ESAT6*CCR7−CD45RA− β16 0.505 0.075 6.783 1.45× 10−11

Peak*ESAT6 β17 -0.469 0.089 -5.298 1.26× 10−7

Mem*ESAT6 β18 -0.367 0.088 -4.165 3.21× 10−5

Admin*CCR7−CD45RA− β19 -0.170 0.051 -3.320 0.001

σ Coefficients:

α0 -0.034 0.026 -1.328 0.184

CCR7−CD45RA− α1 0.270 0.029 9.188 < 2× 10−16

ESAT6 α2 -0.153 0.029 -5.221 1.92× 10−7

7.2.11 Comment on the GLMEM’s

Deviation from normality and constant variance assumptions for some models may impact on

accuracy of the statistical inference. Hence, it is preferred to look at what relationships are con-
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sistently seen across all nine models. As such, after assessing the results, the following inference

was common amongst all models. For all models, there was no evidence that the demographic

variables age, sex and ethnicity had an effect on frequency. For all single- and two-level mod-

els except for one, frequency decreased with increasing vaccine concentration. Thus, there is

strong evidence that the frequency of CCR7+CD45RA− cells and highly differentiated cells

CCR7−CD45RA− decreases with increasing concentration. There was evidence that frequency

is higher for QFT+ participants compared to QFT- participants for all single- and two-level

models under all conditions, except for the two-level GLMEM of CCR7+CD45RA− where this

relationship depended on time point. Thus, there is strong evidence that frequency of highly dif-

ferentiated cells is greater in QFT+ samples compared to QFT- samples. There was conflicting

evidence on the effect of number of administrations on frequency for both memory combina-

tions. All models except for the one showed evidence of an interaction between time point and

QFT status. Across all of these models (except the last model), QFT+ samples had flatter

profiles over time, i.e. the difference in frequency post-vaccination compared to pre-vaccination

was smaller for QFT+ participants compared to QFT- participants, which is expected since

QFT+ participants had pre-existing responses to both antigens included in the vaccine. For all

two-level GLMEM’s grouped by stimulus and the three-level GLMEM, there was evidence of an

interaction between QFT status and stimulus. However, the way that these variables interact

seem to be differ between the models. For the two-level GLMEM’s grouped by cytokine com-

bination and the three-level GLMEM, there was strong evidence that a difference in frequency

between the two stimuli existed. However, the nature of the difference differs between models.

None of the models showed evidence of an interaction between QFT and concentration.

Thus, in terms of the hypotheses specific to this chapter, there is evidence that the lowest

vaccine concentration, 5 µg, should be considered as the preferred vaccine concentration. Since

the models had conflicting results on the effect of number of vaccine administrations, it is

inconclusive as to which number of vaccine administrations is preferred. There was strong evi-

dence supporting the hypothesis that after vaccination, differentiation profiles differed between

QFT+ and QFT- participants, and specifically, there was evidence that frequency of highly

differentiated cells was greater in QFT+ samples compared to QFT- samples. There was also

evidence supporting the hypothesis that differentiation profiles differed between ESAT-6 and

Ag85B stimulation, although there was conflicting evidence as to how they differed. There

was no evidence that higher concentrations in QFT+ individuals drives T cells towards more

differentiated phenotypes compared to QFT- individuals

In terms of the interpretability of the models, as more levels of grouping were included in

the model, the more interaction terms were required to account for the sharing of covariate

coefficients between Ag85B and ESAT-6 and/or between memory combinations. The three-

level model in particular had a large number of interaction terms and was a very complex

model. The advantage of these higher-level models is that they allow for inference related to

specific hypotheses, such as comparison between ESAT-6 and Ag85B as well as between memory

combinations. A notable disadvantage is the increase in the number of interaction terms and

model complexity (although there is also an increase in the number of observations), which can
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result in a model that is difficult to interpret.

7.3 Discussion

The standard approach produced conflicting results and very much depended on the response

of interest. Given the discordance in results between the two approaches, and the fact that

many observations were lost with the filtering step when doing the qualitative analysis, and

that the literature supports the hypothesis that T cells recognizing Ag85B and ESAT-6 have

different differentiation profiles [79], it seems as if the first approach, which used the magnitude

of the antigen-specific immune response, is more informative for the field. In particular, the

first approach has the advantage of being easier to implement since there are less filtering steps,

retaining all the data and thus having more power and it seems to reflect known biology in a

more comprehensive way.

As discussed in Sections 5.3 and 6.4, multiplicity is very much an issue in this chapter as well,

and all inference should be treated as exploratory. With this caveat, the inference made using

both methods shall be compared. The GLMEM’s showed strong evidence supporting the hy-

pothesis that after vaccination, differentiation profiles differed between QFT+ and QFT- partic-

ipants regardless of stimulus. However, the magnitude of the antigen-specific immune response

only provided evidence of this for ESAT-6 stimulated observations, and both of the standard

approach response variables provided evidence against this hypothesis for Ag85B stimulated

observations. Both the GLMEM’s and standard approach using the magnitude of the antigen-

specific immune response provided evidence that the differentiation profiles of cells recognising

Ag85B were distinct from those recognising ESAT-6, while the qualitative antigen-specific im-

mune response provided evidence against this. The GLMEM’s and both standard approaches

provided no evidence that higher concentrations in QFT+ individuals drives T cells towards

more differentiated phenotypes compared to QFT- individuals after Ag85B stimulation, but

disagreed as to whether this was the case after ESAT-6 stimulation as well. Thus there was

very little agreement between the different methods, possibly at least in part due to the fact

that they all used slightly different responses.

Again, the main advantage that the GLMEM’s have is that they provide effect sizes in the

form of variable coefficients, where as significance tests focus more on hypothesis testing and

p-values. A key disadvantage of the qualitative antigen-specific immune response is that it is

very dependant on the fit of MIMOSA for which their are no diagnostic plots available. While

MIMOSA, like COMPASS, does provide confidence intervals, p-values and q-values, there is

no way to include this in the standard approach plots. Thus, the reader is not provided with

a measure of the uncertainty associated with the selected responders. However, GLMEM’s

are mainly interpreted using the estimated variable coefficients, all of which have associated

standard errors, p-values and confidence intervals.
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Chapter 8

Concluding Remarks and Suggestions

For Future Work

This dissertation used many plots, hypothesis tests and statistical models to investigated several

different hypotheses under three different aims. The three aims were to investigate the effects of

vaccine regimen, M.tb sensitization and antigen specificity on CD4 T cell magnitude, functional

quality and differentiation. For each of these aims, an analysis using standard procedures that

would typically be employed in the immunology research community was used as well as a

mixed effect modelling approach. As well as investigating the three immunological aims, the

two approaches were implemented in order to also investigate the statistical aim to compare

the standard approach and the mixed effect modelling approach in terms of inference and ease

of interpretation. The standard approach consisted of non-parametric pair-wise tests and the

data analysis pipelines MIMOSA and COMPASS, while the mixed effect modelling approach

made use of GLMEM’s with various hierarchical structures as well as LVM’s.

When comparing the standard approach to the GLMEM approach in Chapter 5, there was

strong agreement between the two methods in terms of the inference made about the CD4 T

cell magnitude, with the only disagreement being on the choice of the number of vaccine ad-

ministrations. In Chapter 6, both GLMEM’s and LVM’s formed the mixed effect modelling

approach, however only one of the four models, the two-level GLMEM modelling ESAT-6 stim-

ulated observations, fit the data adequately. Thus only inference from this model could be

compared to the standard approach. Between the two approaches, there was a roughly equal

mixture of hypotheses that the two methods agreed on and disagreed on. In Chapter 7, there

was a lot of disagreement between the two methods. Based on the results of all three aims,

there seems to be consensus that 5 µg of the vaccine should be considered as the preferred

vaccine concentration. There was also evidence that QFT+ participants had higher quality im-

mune responses and different differentiation profiles compared to QFT- participants, but that

no difference in magnitude of the immune response existed between the two QFT statuses.

Both the hypothesis testing of the standard approach and the mixed effect models struggle with

the issue of multiple testing, which prevents one from making any strong inference from the

results and consequently the results reported in this project should be treated as exploratory

only. The effects of multiple testing can be minimised, although not eliminated, in the case

of the mixed effect models by fitting fewer models and focusing more on the model building

procedure. In the case of the standard approach, the effects can be minimised by formulating

a clear statistical analysis plan and focusing on one or two hypotheses of interest, rather than

trying to use one dataset to answer many different hypotheses as done in this project.

Both data analysis pipelines COMPASS and MIMOSA were very useful in terms of dimension

reduction and COMPASS in particular could be used in both the standard approach as well

as the mixed effect modelling approach. However, while both pipelines provide confidence
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intervals, p-values and q-values, these measures of uncertainty could not be included in the

plots used in the standard approach nor could they be represented in any practical way for the

selection of the biologically meaningful cytokine combinations for the GLMEM’s and LVM’s.

The GLMEM’s that did not use these data analysis pipelines had the advantage of providing

measures of uncertainty when reporting results through the inclusion of standard errors and p-

values with the option to also include confidence intervals. COMPASS and MIMOSA also were

not able to provide diagnostic plots to assess the model fit and adherence to model assumptions,

while the mixed effect models could provide this.

The main advantage that the GLMEM’s and LVM’s provided over the standard approach was

that they provided effect sizes rather than just focusing on p-values as the hypothesis testing

does. Mixed effect models also have the convenience of being able to compare the effects of many

different covariates on (sometimes) many different response variables using a single model, while

for the standard approach, often multiple plots and hypothesis tests are required in order to

answer a single question, making them both tedious to create and tedious to interpret. In

general, statistical models have the advantage of describing the data generating process of

the entire complex system, while hypothesis testing can only probe one isolated dimension of

the system [80]. Thus, GLMEM’s and LVM’s should be considered for use in future studies

investigating immune responses to M.tb.

Suggestions for future work include investigating the use of quantile regression for modelling

immune responses. The skewness and zero-inflation of the data may be a reason for the in-

adequate fit of most of the models in this project. Quantile regression is suited to such data

because it relates the chosen quantile rather than the mean to a linear combination of covari-

ates [81]. Another area of future work is the use of GLMEM’s and/or LVM’s for confirmatory

analysis by prioritising model fit and carefully planning how the model should be formulated

with an immunologist. It may also be worth further investigating the applicability of LVM’s to

immune responses. LVM’s showed promise as an alternative to GLMEM’s, especially when the

dimensionality of the response variable is large, and it would be interesting to apply them to a

similar data set but perform a more rigorous model building procedure then was done in this

project. It would also be interesting to include other traits besides the cytokines.
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Appendix A

Code

All code created and used in this thesis can be found in this GitHub repository: https:

//github.com/Kelly-A-W/Masters-Thesis-
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Appendix B

Data processing diagrams

H 1  T R I A L H 5 6 - 0 3 2 H 5 6 - 0 3 5
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s a m p l e s  a v a i l a b l e

R e m o v e d  P I D s  1 0 4 ,  8 5 ,  1 2 1 ,  1 2 2
d u e  t o  s a m p l e  q u a l i t y  i s s u e s

R e m o v e d  P I D s  8 1 ,  9 4 ,  1 3 1  a s
t h e y  d i d  n o t  c o n s e n t  t o  l o n g -

t e r m  s t o r a g e  o f  t h e i r  d a t a

P I D  1 7 3 :  P H A  s a m p l e s  f o r  d a y s  0  &  1 4
P I D  1 8 4 :  P H A  s a m p l e s  f o r  a l l  3  d a y s
P I D  1 8 5 :  P H A  s a m p l e  f o r  d a y  0
P I D  1 9 8 :  P H A  s a m p l e  f o r  d a y  7 0
P I D  2 2 3 :  P H A  s a m p l e s  f o r  d a y s  0  &  2 2 4  

M i s s i n g  O b s e r v a t i o n s :
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M i s s i n g  O b s e r v a t i o n s :

O n l y  t h r e e  v i s i t s  w e r e  r e t a i n e d  f o r  e a c h  p a r t i c i p a n t :  b a s e l i n e ,  p e a k  a n d  m e m o r y

Figure B.1: Diagram showing the data integration process and which observations were removed or missing.

D a t a  C l e a n i n g :

( a )   R e m o v e  a l l  v i s i t s  w i t h  m i s s i n g  u n s t i m u l a t e d  o b s e r v a t i o n s .
      -  B a s e l i n e  v i s i t  w a s  r e m o v e d  f o r  P I D  3 0 2 6  f r o m  t h e  H 5 6 - 0 3 5  T r i a l

( a )   I d e n t i f y  o u t l y i n g  u n s t i m u l a t e d  T R F  o b s e r v a t i o n s  a n d  r e m o v e  v i s i t  i f  t h e y  w e r e
a l s o  f l a g g e d  w h e n  g a t i n g .
     +  N o  v i s i t s  r e m o v e d

( b )   R e m o v e  v i s i t s  f o r  w h i c h  S t i m u l a t e d  T R F  ≤  U n s t i m u l a t e d  M e d i a n  T R F  +  3 x M A D
f o r  A L L  s t i m u l a t e d  s a m p l e s  a v a i l a b l e  f o r  t h a t  v i s i t .
    +  N o  v i s i t s  r e m o v e d

( c )  R e m o v e  v i s i t s  f o r  w h i c h  S t i m u l a t e d  T R F  ≤  U n s t i m u l a t e d  T R F  f o r  A L L
s t i m u l a t e d  s a m p l e s  a v a i l a b l e  f o r  t h a t  v i s i t .
    +  N o  v i s i t s  r e m o v e d

Figure B.2: Diagram showing the data cleaning process for the dataset, indicating which observations were
removed.
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Appendix C

TRF non-parametric approach plots
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Figure C.1: Shown are the longitudinal profiles of the median Ag85B TRF of CD4 T cells for 1, 2 or 3 adminis-
trations of the vaccine (No. of Admin.). The error bars denote the interquartile range of the TVR frequencies.
The medians have been plotted for three different time points: baseline, peak and memory. Benjamini Hochberg
adjusted p-values, determined by (unpaired) Mann Whitney tests comparing the different numbers of adminis-
trations for the same time point are shown in the table.147
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Figure C.2: Shown are box-plots of AUC for each individual’s CD4 T cell Ag85B TRF over time. Box-plots
of AUCs are plotted for different QFT statuses, vaccine concentrations and number of vaccine administrations
received. Benjamini Hochberg adjusted p-values, determined by (unpaired) Mann Whitney tests comparing the
different numbers of administrations for the same vaccine concentration are shown.
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Figure C.3: Shown are the box-plots for the peak and memory CD4 T cell Ag85B TRF for the participants
who received two administrations of the vaccine. Box-plots are plotted for different QFT statuses as well as
for different vaccine concentrations. Benjamini Hochberg adjusted p-values, determined by (unpaired) Mann
Whitney tests comparing the different vaccine concentrations for the same QFT status are shown.
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Figure C.4: Shown are the longitudinal profiles of the median ESAT-6 TRF of CD4 T cells for 1, 2 or 3
administrations of the vaccine (No. of Admin.). The error bars denote the interquartile range of the TVR
frequencies. The medians have been plotted for three different time points: baseline, peak and memory. Benjamini
Hochberg adjusted p-values, determined by (unpaired) Mann Whitney tests comparing the different numbers of
administrations for the same time point are shown in the table.
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Figure C.5: Shown are box-plots of AUC for each individual’s CD4 T cell ESAT-6 TRF over time. Box-plots
of AUCs are plotted for different QFT statuses, vaccine concentrations and number of vaccine administrations
received. Benjamini Hochberg adjusted p-values, determined by (unpaired) Mann Whitney tests comparing the
different numbers of administrations for the same vaccine concentration are shown.
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Figure C.6: Shown are the box-plots for the peak and memory CD4 T cell ESAT-6 TRF for the participants
who received two administrations of the vaccine. Box-plots are plotted for different QFT statuses as well as
for different vaccine concentrations. Benjamini Hochberg adjusted p-values, determined by (unpaired) Mann
Whitney tests comparing the different vaccine concentrations for the same QFT status are shown.
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Appendix D

TRF GLMEM’s diagnostic plots

D.1 Single-level GLMEM: TRF after ESAT-6 stimulation

The homogeneity of the within-participant residual variance across the model covariates was

assessed using box-plots of the normalised quantile residuals, as seen in Figure D.1. The vari-

ation of the residuals seems to decrease as time point increases, suggesting that there is a lot

of variation at baseline that is unexplained by the model and consequently that the assump-

tion of homoscedastic within-participant errors may be invalid. There also seems to be a slight

difference in residual variation for different vaccine concentrations and doses, with the low-

est concentration and the lowest dose being associated with smaller variance. There does not

seem to be a difference in variation between QFT+ and QFT- participants until subdivided

by number of administrations, where QFT- participants seem to be associated with a higher

residual variance when administered two or three doses compared to QFT+ participants. For

all plots, the residuals are centered around zero, suggesting that the assumption that the within-

participant errors have a mean of zero is valid. Plot (a) also provides insight into whether the

parameterization of time point in the model was appropriate. Since the box-plots are linearly

arranged, this suggests that the parameterization of time point in the model is appropriate.
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Figure D.1: Box-plots of the normalised quantile residuals plot against the model covariates for the single-level
GLMEM modelling the TRF after ESAT-6 stimulation.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure D.2. There is no obvious pattern in the plot and no clear change

in variation of the residuals with increasing fitted values, providing no evidence against the

assumption of constant variance of the within-group errors.
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D.2. SINGLE-LEVEL GLMEM: TRF AFTER AG85B STIMULATION
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Figure D.2: Scatter plot of the normalised quantile residuals plot against the fitted values of the single-level
GLMEM modelling the TRF after ESAT-6 stimulation.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure D.3. The residuals keep fairly close to the reference

line, suggesting that the assumption of normality may be valid for the chosen model. However,

the estimated random effects deviate a significantly from the reference line, suggesting that the

random effects may not be normally distributed. However, this also does not compromise model

fit, although it may effect model inference.
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Figure D.3: QQ-plots of (a) the residuals and (b) the random effects of the single-level GLMEM modelling the
TRF after ESAT-6 stimulation.

D.2 Single-level GLMEM: TRF after Ag85B stimulation

The homogeneity of the within-participant residual variance across the model covariates was

assessed using the box-plots of the normalised quantile residuals seen in Figure D.4. The

variation of the residuals at baseline is much larger than that at peak and memory, suggesting

that there is a lot of unexplained variation associated with baseline observations and that the

assumption of homoscedastic within-participant errors may be invalid. However, since the box-

plots of the time points are linearly arranged, there is evidence that parameterization of time

point in the model was appropriate. With regards to the other variables, there does not seem to

be much difference in variation between the different variable levels. For all plots, the residuals

are centered around zero, suggesting that the assumption that the within-participant errors
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D.2. SINGLE-LEVEL GLMEM: TRF AFTER AG85B STIMULATION

have a mean of zero is valid.
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Figure D.4: Box-plots of the normalised quantile residuals plot against the model covariates for the single-level
GLMEM modelling the TRF after Ag85B stimulation.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure D.5. There does seem to be a slight funnel effect with variation decreasing

as fitted values increase. This suggests that the model better captures larger, more extreme

frequencies.
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Figure D.5: Scatter plot of the normalised quantile residuals plot against the fitted values of the single-level
GLMEM modelling the TRF after Ag85B stimulation.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure D.6. The residuals and the random effects deviate

substantially from the reference line, suggesting that the assumption of normality is violated

for both the residuals and the random effects.
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D.3. TWO-LEVEL GLMEM: TRF AFTER STIMULATION WITH EITHER ESAT-6 OR
AG85B
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Figure D.6: QQ-plots of (a) the residuals and (b) the random effects of the single-level GLMEM modelling the
TRF after Ag85B stimulation.

D.3 Two-level GLMEM: TRF after stimulation with either ESAT-

6 or Ag85B

The homogeneity of the within-participant residual variance across the model covariates was as-

sessed using box-plots of the normalised quantile residuals, as seen in Figure D.7. The variation

of the residuals at baseline is again slightly larger than that at peak and memory, suggesting

that there is a lot of unexplained variation associated with baseline observations and that the

assumption of homoscedastic within-participant errors may be invalid. Otherwise, there is no

obvious difference in variation between the levels of the remaining variables.
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Figure D.7: Box-plots of the normalised quantile residuals plot against the model covariates for the two-level
GLMEM modelling the TRF.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure D.8. There is a prominent funnel effect with variation decreasing as fitted

values increase. This suggests that the model better captures larger, more extreme frequencies.
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D.3. TWO-LEVEL GLMEM: TRF AFTER STIMULATION WITH EITHER ESAT-6 OR
AG85B
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Figure D.8: Scatter plot of the normalised quantile residuals plot against the fitted values of the two-level GLMEM
modelling the TRF.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure D.9. The residuals keep very close to the reference

line, suggesting that the assumption of normality is valid for the chosen model. However, the

estimated random effects deviate a significantly from the reference line, suggesting that the

random effects may not be normally distributed.
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Figure D.9: QQ-plots of (a) the residuals and (b) the random effects of the two-level GLMEM modelling the
TRF.
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Appendix E

Cytokine combination GLMEM’s di-

agnostic plots

E.1 Two-level GLMEM after ESAT-6 stimulation

The homogeneity of the within-participant residual variance across the model covariates was

assessed using box-plots of the normalised quantile residuals, as seen in Figure E.1. There is

no obvious difference in variation between the levels of any of the variables, suggesting that the

assumption of homoscedastic within-participant errors may be valid.
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Figure E.1: Box-plots of the normalised quantile residuals plot against the model covariates for the two-level
GLMEM modelling the cytokine combination frequency after ESAT-6 stimulation.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure E.2. There is no obvious pattern in the residuals and no clear change in

variation with increasing fitted values, providing no evidence against the assumption of constant

variance of the within-group errors.
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E.2. TWO-LEVEL GLMEM AFTER AG85B STIMULATION
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Figure E.2: Scatter plot of the normalised quantile residuals plot against the fitted values of the two-level GLMEM
modelling the cytokine combination frequency after ESAT-6 stimulation.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure E.3. The random effects deviate substantially from the

reference line, suggesting that the assumption of normal random effects may not be valid. The

residuals however lie very close to the reference line, suggesting that the assumption of normal

residuals is valid.
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(b) Random Effects

Figure E.3: QQ-plots of (a) the residuals and (b) the random effects of the two-level GLMEM modelling the
cytokine combination frequency after ESAT-6 stimulation.

E.2 Two-level GLMEM after Ag85B stimulation

The homogeneity of the within-participant residual variance across the model covariates was

assessed using box-plots of the normalised quantile residuals, as seen in Figure E.4. There is

no obvious difference in variation between the levels of any of the variables, suggesting that the

assumption of homoscedastic within-participant errors may be valid.
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E.2. TWO-LEVEL GLMEM AFTER AG85B STIMULATION
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Figure E.4: Box-plots of the normalised quantile residuals plot against the model covariates for the two-level
GLMEM modelling the cytokine combination frequency after Ag85B stimulation.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure E.5. There is no obvious pattern in the residuals and no clear change in

variation with increasing fitted values, providing no evidence against the assumption of constant

variance of the within-group errors.
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Figure E.5: Scatter plot of the normalised quantile residuals plot against the fitted values of the two-level GLMEM
modelling the cytokine combination frequency after Ag85B stimulation.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure E.6. The random effects deviate substantially from the

reference line, suggesting that the assumption of normal random effects may not be valid. The

residuals however lie very close to the reference line, suggesting that the assumption of normal

residuals is valid.
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Figure E.6: QQ-plots of (a) the residuals and (b) the random effects of the two-level GLMEM modelling the
cytokine combination frequency after Ag85B stimulation.
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Appendix F

Memory combination GLMEM’s di-

agnostic plots

F.1 Single-level GLMEM: frequency of CCR7+CD45RA− after

ESAT-6 stimulation

The homogeneity of the within-participant residual variance across the model covariates was

assessed using box-plots of the normalised quantile residuals, as seen in Figure F.1. The variation

of the residuals for QFT+ participants is much larger than that of QFT- participants, suggesting

that there is a lot of variation associated with QFT+ participants that is unexplained by the

model and consequently that the assumption of homoscedastic within-participant errors may

be invalid. However, this does not compromise model fit, especially since there does not seem

to be much difference in variation between the different levels of the other variables. For all

plots, the residuals are centered around zero, suggesting that the assumption that the within-

participant errors have a mean of zero is valid. Plot (a) also provides insight into whether the

parameterization of time point in the model was appropriate. Since the box-plots are linearly

arranged, this suggests that the parameterization of time point in the model is appropriate.
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Figure F.1: Box-plots of the normalised quantile residuals plot against the model covariates for the single-level
GLMEM modelling the frequency of CCR7+CD45RA− expression after ESAT-6 stimulation.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure F.2. The diagonal lines seen in the plot are due to the zero-inflation in

the observed response as well as because the response variable can only take on positive values,

and thus zeros acts as a cut-off. Otherwise, there is no obvious pattern in the plot and no clear

change in variation of the residuals with increasing fitted values, providing no evidence against

the assumption of constant variance of the within-group errors.
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F.2. SINGLE-LEVEL GLMEM: FREQUENCY OF CCR7−CD45RA− AFTER ESAT-6
STIMULATION
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Figure F.2: Scatter plot of the normalised quantile residuals plot against the fitted values of the single-level
GLMEM modelling the frequency of CCR7+CD45RA− expression after ESAT-6 stimulation.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure F.3. The residuals keep fairly close to the reference

line, suggesting that the assumption of normality may be valid for the chosen model. However,

the estimated random effects deviate a significantly from the reference line, suggesting that the

random effects may not be normally distributed. However, this also does not compromise model

fit, although it may effect model inference.
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Figure F.3: QQ-plots of (a) the residuals and (b) the random effects of the single-level GLMEM modelling the
frequency of CCR7+CD45RA− expression after ESAT-6 stimulation.

F.2 Single-level GLMEM: frequency of CCR7−CD45RA− after

ESAT-6 stimulation

The homogeneity of the within-participant residual variance across the model covariates was as-

sessed using the box-plots of the normalised quantile residuals seen in Figure F.4. The variation

of the residuals at baseline is much larger than that at peak and memory, suggesting that there

is a lot of unexplained variation associated with baseline observations and that the assumption

of homoscedastic within-participant errors may be invalid. However, since the box-plots of the

time points are linearly arranged, there is evidence that parameterization of time point in the

model was appropriate. With regards to the other variables, there does not seem to be much
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F.2. SINGLE-LEVEL GLMEM: FREQUENCY OF CCR7−CD45RA− AFTER ESAT-6
STIMULATION

difference in variation between the different variable levels. For all plots, the residuals are cen-

tered around zero, suggesting that the assumption that the within-participant errors have a

mean of zero is valid.
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Figure F.4: Box-plots of the normalised quantile residuals plot against the model covariates for the single-level
GLMEM modelling the frequency of CCR7−CD45RA− expression after ESAT-6 stimulation.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure F.5. There is no obvious pattern in the residuals and no clear change in

variation with increasing fitted values, providing no evidence against the assumption of constant

variance of the within-group errors.
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Figure F.5: Scatter plot of the normalised quantile residuals plot against the fitted values of the single-level
GLMEM modelling the frequency of CCR7−CD45RA− expression after ESAT-6 stimulation.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure F.15. The points in both plots deviate from the

reference line substantially at the tails, suggesting that the assumption of normality may not

be valid for both the residuals and the random effects.
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Figure F.6: QQ-plots of (a) the residuals and (b) the random effects of the single-level GLMEM modelling the
frequency of CCR7−CD45RA− expression after ESAT-6 stimulation.

F.3 Single-level GLMEM: frequency of CCR7+CD45RA− after

Ag85B stimulation

The homogeneity of the within-participant residual variance across the model covariates was

assessed using box-plots of the normalised quantile residuals, as seen in Figure F.7. The variation

of the residuals at baseline is again much larger than that at peak and memory, suggesting

suggesting that there is a lot of unexplained variation associated with baseline observations and

that the assumption of homoscedastic within-participant errors may be invalid. The residual

variation also seems to be slightly larger for QFT- participants compared to QFT+ participants

and this difference becomes more pronounced when subdivided by time point. It seems as

if at baseline the unexplained variation is larger for QFT+ participants compared to QFT-

participants, but at peak and memory the opposite is true. With regards to the other variables,

there does not seem to be much difference in variation between the different variable levels.

For all plots, the residuals are centered around zero, suggesting that the assumption that the

within-subject errors have a mean of zero is valid.
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Figure F.7: Box-plots of the normalised quantile residuals plot against the model covariates for the single-level
GLMEM modelling the frequency of CCR7+CD45RA− expression after Ag85B stimulation.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure F.8. There is no obvious pattern in the residuals and no clear change in

variation with increasing fitted values, providing no evidence against the assumption of constant

variance of the within-group errors.
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Figure F.8: Scatter plot of the normalised quantile residuals plot against the fitted values of the single-level
GLMEM modelling the frequency of CCR7+CD45RA− expression after Ag85B stimulation.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure F.9. The residuals deviate substantially from the

reference line, suggesting that the assumption of normal residuals may not be valid. The

random effects however lie fairly close to the reference line, suggesting that the assumption of

normal random effects is valid.
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(b) Random Effects

Figure F.9: QQ-plots of (a) the residuals and (b) the random effects of the single-level GLMEM modelling the
frequency of CCR7+CD45RA− expression after Ag85B stimulation.

F.4 Single-level GLMEM: frequency of CCR7−CD45RA− after

Ag85B stimulation

The homogeneity of the within-participant residual variance across the model covariates was

assessed using box-plots of the normalised quantile residuals, as seen in Figure F.10. The varia-

tion of the residuals at baseline is again much larger than that at peak and memory, suggesting

suggesting that there is a lot of unexplained variation associated with baseline observations and

that the assumption of homoscedastic within-participant errors may be invalid. There is not

much difference between the levels of the other variables, although when subdivided by time,

there does seem to be more unexplained variation associated with QFT- participants at memory

time point compared to QFT+ participants. For all plots, the residuals are centered around

zero, suggesting that the assumption that the within-subject errors have a mean of zero is valid.
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Figure F.10: Box-plots of the normalised quantile residuals plot against the model covariates for the single-level
GLMEM modelling the frequency of CCR7−CD45RA− expression after Ag85B stimulation.
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F.5. TWO-LEVEL GLMEM: FREQUENCY OF CCR7+CD45RA−

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure F.11. There does seem to be a slight funnel effect with variation decreasing

as fitted values increase. This suggests that the model better captures larger, more extreme

frequencies.
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Figure F.11: Scatter plot of the normalised quantile residuals plot against the fitted values of the single-level
GLMEM modelling the frequency of CCR7−CD45RA− expression after Ag85B stimulation.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure F.12. The residuals deviate substantially from the

reference line, suggesting that the assumption of normal residuals may not be valid. The

random effects however lie fairly close to the reference line, suggesting that the assumption of

normal random effects is valid.
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(b) Random Effects

Figure F.12: QQ-plots of (a) the residuals and (b) the random effects of the single-level GLMEM modelling the
frequency of CCR7−CD45RA− expression after Ag85B stimulation.

F.5 Two-level GLMEM: Frequency of CCR7+CD45RA−

The homogeneity of the within-participant residual variance across the model covariates was

assessed using box-plots of the normalised quantile residuals, as seen in Figure F.10. The varia-

tion of the residuals at baseline is again much larger than that at peak and memory, suggesting

suggesting that there is a lot of unexplained variation associated with baseline observations and

that the assumption of homoscedastic within-participant errors may be invalid. There also a
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F.5. TWO-LEVEL GLMEM: FREQUENCY OF CCR7+CD45RA−

difference in unexplained variation between QFT+ and QFT- participants and this difference

depends on time point as well as stimulus. At baseline, the unexplained variation is larger for

QFT+ participants compared to QFT- participants and the opposite is true at peak, while at

memory there is no difference. Under ESAT-6 stimulation, the unexplained variation is also

larger for QFT+ participants compared to QFT- participants. The unexplained variation be-

tween Ag85B and ESAT-6 seems to depend on time point, with larger unexplained variation

associated with Ag85B at baseline compared to ESAT-6, but the opposite is true at peak.
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Figure F.13: Box-plots of the normalised quantile residuals plot against the model covariates for the two-level
GLMEM grouped by stimulus modelling the frequency of CCR7+CD45RA− expression.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure F.14. There is no obvious pattern in the residuals and no clear change in

variation with increasing fitted values, providing no evidence against the assumption of constant

variance of the within-group errors.
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Figure F.14: Scatter plot of the normalised quantile residuals plot against the fitted values of the two-level
GLMEM grouped by stimulus modelling the frequency of CCR7+CD45RA− expression.

The normality assumptions of the within-participant errors as well as the random effects were
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F.6. TWO-LEVEL GLMEM: FREQUENCY OF CCR7−CD45RA−

checked using qq-plots, as seen in Figure F.15. The points in both plots deviate from the

reference line substantially at the tails, suggesting that the assumption of normality may not

be valid for both the residuals and the random effects.
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(b) Random Effects

Figure F.15: QQ-plots of (a) the residuals and (b) the random effects of the two-level GLMEM grouped by
stimulus modelling the frequency of CCR7+CD45RA− expression.

F.6 Two-level GLMEM: Frequency of CCR7−CD45RA−

The homogeneity of the within-participant residual variance across the model covariates was

assessed using box-plots of the normalised quantile residuals, as seen in Figure F.16. The varia-

tion of the residuals at baseline is again much larger than that at peak and memory, suggesting

suggesting that there is a lot of unexplained variation associated with baseline observations

and that the assumption of homoscedastic within-participant errors may be invalid. There is

not much difference between the levels of the other variables. There is notably no obvious

difference in variation between QFT- and QFT+ participants, even when subdivided by time.

For all plots, the residuals are centered around zero, suggesting that the assumption that the

within-subject errors have a mean of zero is valid.
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Figure F.16: Box-plots of the normalised quantile residuals plot against the model covariates for the two-level
GLMEM grouped by stimulus modelling the frequency of CCR7−CD45RA− expression.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure F.17. There does seem to be a slight funnel effect with variation decreasing

as fitted values increase. This suggests that the model better captures larger, more extreme

frequencies.
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Figure F.17: Scatter plot of the normalised quantile residuals plot against the fitted values of the two-level
GLMEM grouped by stimulus modelling the frequency of CCR7−CD45RA− expression.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure F.18. The residuals deviate from the reference lines

quite substantially at the tails while the the random effects deviate severely from the reference

line. This suggests that the assumption of normality may not be valid for both the residuals

and the random effects.
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Figure F.18: QQ-plots of (a) the residuals and (b) the random effects of the two-level GLMEM grouped by
stimulus modelling the frequency of CCR7−CD45RA− expression.

F.7 Two-level GLMEM: frequency after ESAT-6 stimulation

The homogeneity of the within-participant residual variance across the model covariates was

assessed using box-plots of the normalised quantile residuals, as seen in Figure F.19. There is

no obvious difference in variation between the levels of any of the variables, suggesting that the

assumption of homoscedastic within-participant errors may be valid.
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Figure F.19: Box-plots of the normalised quantile residuals plot against the model covariates for the two-level
GLMEM grouped by memory combination modelling the frequency after ESAT-6 stimulation.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure F.20. There is no obvious pattern in the residuals and no clear change in

variation with increasing fitted values, providing no evidence against the assumption of constant

variance of the within-group errors.
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Figure F.20: Scatter plot of the normalised quantile residuals plot against the fitted values of the two-level
GLMEM grouped by memory combination modelling the frequency after ESAT-6 stimulation.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure F.21. The random effects deviate substantially from

the reference line, suggesting that the assumption of normal random effects may not be valid.

The residuals however lie fairly close to the reference line, suggesting that the assumption of

normal residuals is valid.

−3

−2

−1

0

1

2

3

−2 0 2
Normal Quantiles

S
am

pl
e 

Q
ua

nt
ile

s

(a) Residuals

−2

−1

0

1

2

−3 −2 −1 0 1 2 3
Normal Quantiles

S
am

pl
e 

Q
ua

nt
ile

s

(b) Random Effects

Figure F.21: QQ-plots of (a) the residuals and (b) the random effects of the two-level GLMEM grouped by
memory combination modelling the frequency after ESAT-6 stimulation.

F.8 Two-level GLMEM: frequency after Ag85B stimulation

The homogeneity of the within-participant residual variance across the model covariates was

assessed using box-plots of the normalised quantile residuals, as seen in Figure F.22. The

variation of the residuals at baseline is again much larger than that at peak and memory,

suggesting that there is a lot of unexplained variation associated with baseline observations and

that the assumption of homoscedastic within-participant errors may be invalid. There also a

slight difference in unexplained variation at baseline between QFT+ and QFT- participants,

where QFT- participants are associated with larger unexplained variance compared to QFT+

participants. Otherwise, there is no obvious difference in variation between the levels of the

remaining variables.
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Figure F.22: Box-plots of the normalised quantile residuals plot against the model covariates for the two-level
GLMEM grouped by memory combination modelling the frequency after Ag85B stimulation.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure F.23. There does seem to be a slight funnel effect with variation decreasing

as fitted values increase. This suggests that the model better captures larger, more extreme

frequencies.
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Figure F.23: Scatter plot of the normalised quantile residuals plot against the fitted values of the two-level
GLMEM grouped by memory combination modelling the frequency after ESAT-6 stimulation.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure F.24. The residuals deviate from the reference lines

quite substantially at the tails while the the random effects deviate severely from the reference

line. This suggests that the assumption of normality may not be valid for both the residuals

and the random effects.
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(b) Random Effects

Figure F.24: QQ-plots of (a) the residuals and (b) the random effects of the two-level GLMEM grouped by
memory combination modelling the frequency after ESAT-6 stimulation.

F.9 Three-level GLMEM: frequency of all memory combina-

tions

The homogeneity of the within-participant residual variance across the model covariates was

assessed using box-plots of the normalised quantile residuals, as seen in Figure F.25. The

variation of the residuals at baseline is again slightly larger than that at peak and memory,

suggesting that there is a lot of unexplained variation associated with baseline observations

and that the assumption of homoscedastic within-participant errors may be invalid. Otherwise,

there is no obvious difference in variation between the levels of the remaining variables.
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Figure F.25: Box-plots of the normalised quantile residuals plot against the model covariates for the three-level
GLMEM modelling memory combination frequency.

To further assess the within-group errors assumptions, the residuals versus fitted values were

plot, as seen in Figure F.26. There does seem to be a funnel effect with variation decreasing
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as fitted values increase. This suggests that the model better captures larger, more extreme

frequencies.
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Figure F.26: Scatter plot of the normalised quantile residuals plot against the fitted values of the three-level
GLMEM modelling memory combination frequency.

The normality assumptions of the within-participant errors as well as the random effects were

checked using qq-plots, as seen in Figure F.27. The random effects deviate substantially from

the reference line, suggesting that the assumption of normal random effects may not be valid.

The residuals however lie fairly close to the reference line, suggesting that the assumption of

normal residuals is valid.
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Figure F.27: QQ-plots of (a) the residuals and (b) the random effects of the three-level GLMEM modelling
memory combination frequency.
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