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ABSTRACT

Correlates of tuberculosis and non-tuberculosis morbidity and immunity in

sub-Saharan African HIV-exposed, uninfected infants

Background:

Perinatal HIV transmission has been considerably reduced due to successful intervention programs.
Consequently, there is a growing population of infants who are HIV-exposed but uninfected
(1HEU), particularly in sub-Saharan Africa. These infants experience an increased risk of
morbidity compared to infants who are HIV-unexposed and uninfected (iHUU), predominantly
due to infectious diseases. Although the mechanisms underlying this increased vulnerability

remain unclear, it may be associated with their altered immunity and/or gut microbiota.

Bacillus Calmette-Guérin (BCG) vaccination is an effective intervention to prevent severe
tuberculosis (TB) disease in children. BCG vaccination also enhances heterologous protective
immunity against infections through epigenetic reprogramming of innate immune cells (known as
“trained innate immunity”’). However, whether iHEU receive comparable protection from BCG-

induced immunity against TB and non-TB infection as iHUU remains elusive.

Gut microbiota plays a critical role in immune development during infancy. A close relationship
between gut microbiota and vaccine responses has been reported in iHUU, including tetanus toxoid
(TT) vaccination. However, a limited number of studies longitudinally investigated the effect of
in utero HIV exposure on the gut microbiota, and results are often conflicting. In addition, not
many studies have compared the trajectory of gut microbiota between iHEU and iHUU across
multiple countries. While several studies have indicated reduced immune responses against TT
vaccination in iHEU compared to iHUU, the interplay between HIV exposure, gut microbiota, and

vaccine response is largely unexplored.
Aims:

In this dissertation, we examined three potential contributing factors that may underlie the higher

risk of morbidity observed among iHEU in sub-Saharan Africa. The specific aims were to examine
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whether BCG affords the same protection against TB infection (TBI) and disease in iHEU
(corresponds to Aim 1), effect of HIV exposure on longitudinal gut microbiota composition and
its association with TT vaccine response (corresponds to Aim 2), and optimization of epigenetic
assay protocol, intended for future investigation of BCG-induced histone modifications in iHEU

(corresponds to Aim 3).

Methods and results:

To assess TBI prevalence among iHEU and iHUU, a total of 418 mother-infant pairs from South
Africa and Botswana were included. All infants received BCG vaccination at birth as per standard
of care. T-SPOT.TB (ELISpot-based interferon-gamma release assay) was performed using
cryopreserved peripheral blood mononuclear cells (PBMCs) from infants aged 9-18 months. The
prevalence of TBI did not differ by the infant HIV exposure status, with 10 cases (3.4%) among
iHEU and four cases (3.2%) among iHUU, none with symptoms of active TB disease. This trend
was the same across two different African countries where the burden of HIV and TB is high.
However, because of the lower T-SPOT.TB positivity than initially anticipated, we were under

powered to conclude the effect.

To assess whether gut microbial succession alters immunity in iHEU, we profiled longitudinal gut
microbiota composition and associated this with TT vaccine responses in 354 mother-infant pairs
from South Africa and Nigeria. Stool samples were collected at 1 and 15 weeks of life, and 16S
ribosomal ribonucleic acid (rRNA) gene sequencing was performed. Plasma IgG anti-tetanus
antibody titers were measured by enzyme-linked immunosorbent assay (ELISA). The effect of
HIV exposure on infant gut microbiota composition was relatively modest compared to the impact
of age and geographical factors. However, HIV exposure and specific gut microbes were
independently associated with the TT vaccine response at 15 weeks of age. Results for South
Africa and Nigeria differed, possibly due to higher maternal anti-tetanus IgG titers and hence infant

baseline titers in Nigeria.
To optimize an epigenetic assay that can be applied to infant samples, monocytes and natural killer

(NK) cells were isolated from cryopreserved PBMCs using fluorescence-activated cell sorting

(FACS). Cleavage Under Targets and Tagmentation (CUT&Tag) was optimized for assessing the
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histone modifications, acetylation of histone H3 at lysine 27 (H3K27Ac), trimethylation of histone
H3 at lysine 4 (H3K4me3), and trimethylation of histone H3 at lysine 27 (H3K27me3; also used
as a positive control). The optimized protocol was then applied to a subset of infant samples (n =
14; aged between six and seven weeks). Optimal input cell number, polymerase chain reaction
(PCR) cycles, and sequencing depth were carefully determined for the CUT&Tag assay. These
adjustments were necessary to achieve the assay’s feasibility and data quality. The optimized
CUT&Tag protocol and fine-tuned data analysis strategy successfully exhibited its capability to
analyze multiple histone modifications using only 5,000 infant monocytes or NK cells as an input

sample.

Conclusions:

Prenatal HIV exposure and gut microbiota may independently influence infant TT vaccine
response. This supports the existing notion that iHEU exhibit altered immunity. Although previous
studies have indicated that iHEU experience a higher risk of infection than iHUU, our data
suggested that BCG vaccination was equally protective against TBI, irrespective of HIV exposure
status. The optimized CUT&Tag protocol will offer a useful tool for investigating histone
modifications using ultra-low input samples. This will be employed in the future study to explore
whether iHEU exhibit comparable epigenetic modifications induced by BCG vaccination as for
iHUU, providing valuable insight into whether iHEU receive similar non-specific protection from

BCG vaccination compared to iHUU.
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Chapter 1. Literature review

1.1. Human Immunodeficiency Virus (HIV) infection and disease

1.1.1. Epidemiology of HIV infection and disease

HIV is the causative agent of acquired immunodeficiency syndrome (AIDS). Due to the
availability of antiretroviral therapy (ART), the number of people dying of AIDS has dramatically
decreased. However, HIV infection is still a major public health issue, as approximately 39 million
people are currently living with HIV and 630,000 people died from AIDS-related illnesses in 2022
worldwide [1]. sub-Saharan Africa accounts for two-thirds of new HIV infections, though the
population of this region only makes up approximately 15% of the global population. HIV is
predominantly spread through heterosexual transmission in sub-Saharan Africa, with adolescent
girls and young women being particularly at high risk of HIV. In 2022, about 63% of new HIV

infections were among women and girls living in sub-Saharan Africa [1].

1.1.2. Prevention of vertical HIV transmission

Vertical transmission of HIV occurs during pregnancy, delivery, or via breastfeeding. Children in
sub-Saharan Africa account for nearly 90% of the population of children and adolescents living
with HIV [2]. Without intervention, the vertical transmission rate can be as high as 45% [3]. Since
2013, Option B+ has been recommended by the World Health Organization (WHO) to combat
vertical HIV transmission [4], whereby women with HIV should initiate lifelong ART regardless
of CD4 count or clinical stage. In 2022, among the 1.2 million pregnant women with HIV, 82%
were on ART globally [5]. Although its effectiveness is substantially dependent on the woman’s
adherence, Option B+ is shown to be a more effective approach to reducing vertical transmission
than previous guidelines [4,6-11]. With the successful prevention programs, the vertical
transmission rate in sub-Saharan Africa in 2021 ranged between 2-25% in 2021 [12]. Women with
HIV are advised to exclusively breastfeed their infants for six months and to continue
breastfeeding alongside complementary foods for 24 months or longer [13]. Furthermore, infants
born to women with HIV receive daily oral ART (either nevirapine or zidovudine) for a period of

two to six weeks after birth [14,15].
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1.2.Tuberculosis (TB) infection and disease

1.2.1. Epidemiology of TB infection and disease

TB disease is an airborne infectious disease caused by Mycobacterium tuberculosis (Mtb). TB
disease contributes to a major cause of mortality in the world. According to the WHO, an estimated
10 million people newly developed TB disease in 2018, with a global average of 130 cases per
100,000 population [16]. Most TB disease cases in 2018 occurred in South-East Asia (44%), Africa
(24%), and the Western Pacific (18%), with smaller percentages in the Eastern Mediterranean
(8%), Europe (3%), and the Americas (3%). WHO lists 30 high TB burden countries, which
account for 87% of the world’s TB disease cases. Among them, eight countries accounted for two-
thirds of the total cases: Bangladesh, China, India, Indonesia, Nigeria, Pakistan, Philippines, and
South Africa [16].

Among the global TB disease cases, 8.6% were people living with HIV (PLHIV) [16,17].
Estimated TB deaths in 2018 were 1.2 million among people without HIV and 251,000 among
PLHIV. TB disease can affect people regardless of age group and sex, but males (15 years and
older) accounted for the highest burden of 57% in 2018, whereas females (15 years and older) only
consisted of 32%, and children (younger than 15 years) for 11% [16], and the prevalence increases
with age [18]. About a quarter of the global population has been infected with Mtb, but most
individuals infected with Mtb are asymptomatic and remain in a latent stage of infection. The risks
of progressing to TB disease are about 5-10% in adults, 15% in adolescents, 24% in children aged
between one and five years, and 43% in infants under the age of one [19]. As progression from an
asymptomatic state to active TB disease is particularly rapid in the first five years of life [20,21],
early diagnosis and initiation of treatment are crucial to mitigate the burden of TB disease in

children [22].

1.2.2. Immune response against Mtb infection

Mtb is carried as airborne droplet nuclei when a person with active TB disease coughs.
Transmission of Mtb occurs when the droplets are inhaled into the lower respiratory tract of the
recipient host [23]. Mtb infection mainly causes pulmonary disease. However, extra-pulmonary
disease can occur if the Mtb is disseminated from the lung to other tissues (such as lymph nodes,

bone, and meninges) through the bloodstream and lymphatic system [24].
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The primary immune response against Mtb infection is phagocytosis by alveolar macrophages and
dendritic cells (DCs) through toll-like receptor (TLR) recognition. In addition, autophagy,
apoptosis, and inflammasome assembly are induced to control Mtb infection [25]. Macrophages
trigger pro-inflammatory responses and attract mononuclear cells to form a cluster of cells at the
infection site, known as granuloma (Figure 1.1) [26]. T helper type 1 (Thl) cells are also recruited
to the granuloma and help to develop the structure further [27]. Interferon-gamma (IFN-y) secreted
from Th1 cells is important for controlling Mtb infection [28]. In addition, Th1 immunity induces
the secretion of tumor necrosis factor-alpha (TNF-a), which enhances the microbicidal activity of

macrophages [29].
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Figure 1.1. Structure of TB granuloma. Macrophages are recruited to the infection site, where they
transform into epithelioid cells. These cells exhibit tightly interdigitated cell membranes, which helps to
create a barrier to isolate the infection. Macrophages also transform into foam cells. Other immune cells,
such as DCs, T cells, B cells, NK cells, and neutrophils, are also recruited to the granuloma. The center of
the granuloma is necrotic and apoptotic due to the death of infected macrophages. Abbreviation: DCs,
dendritic cells; NK cells, natural killer cells; TB, tuberculosis (Adapted from Ramakrishnan, 2012).

The cellular response in granulomas is orchestrated to prevent bacterial growth [30]. This state has
been called latent TB infection (LTBI) [31,32] but is now more commonly called TB infection
(TBI) [33-36] (Figure 1.2). A person with TBI is not infectious and does not present symptoms
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of TB disease. However, this latent state can progress soon after infection or can be reactivated if
the host immune system cannot suppress the growth of Mtb. Increased replication of Mtb causes
necrotic macrophage death, leading to granulomatous lesions and dissemination of Mtb [37]. Mtb
has adapted several mechanisms to evade the host immune responses, including blocking
phagosome maturation, limiting antigen presentation, and delaying the priming of adaptive

immunity [38-41].

Infection eliminated Latent tuberculosis infection Subclinical tuberculosis disease Active tuberculosis disease

With innate or With acquired
immune response immune response

Mycobacterium
tuberculosis
oD
o PAPAN
Lung
Heart
I >

TST Negative Positive Positive Positive Usually positive
IGRA Negative Positive Positive Positive Usually positive
Culture Negative Negative Negative Intermittently positive Positive
Sputum smear Negative Negative Negative Usually negative Positive or negative
Infectious No No No Sporadically Yes
Symptoms None None None Mild or none Mild to severe
Preferred treatment None None Preventive therapy Multidrug therapy Multidrug therapy

Figure 1.2. The spectrum of TB infection and disease. TB encompasses a wide spectrum of stages, from
initial infection to active disease. The stages are dependent on the immune condition of the infected person.
Upon exposure to Mtb, individuals may effectively eliminate pathogens through either an innate or acquired
immune response. Positive results from TST or IGRA indicate the involvement of the acquired immune
response in pathogen clearance. If the immune system fails to eradicate Mtb completely, the pathogen enters
a latent state (used to be referred to as LTBI and recently as TBI). During the latent state, Mtb remains
contained within the granuloma. Therefore, individuals with TBI do not exhibit symptoms but present
positive TST or IGRA results. When the immune system cannot control the bacterial growth within the
granuloma, the infected individuals progress to TB disease status. Abbreviation: IGRA, interferon-gamma
release assay; LTBI, latent TB infection; Mtb, Mycobacterium tuberculosis; TB, tuberculosis; TBI,
tuberculosis infection; TST, tuberculin skin test (Adapted from Furin, Cox, & Pai, 2019).
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1.2.3. Detection methods for TBI

Currently, there are two methods of detecting TBI: the tuberculin skin test (TST) and IFN-y release
assays (IGRAs). TST is the standard method to detect TBI via intradermal injection of tuberculin
purified protein derivative (PPD). The diameter of the skin reaction is used to evaluate TBI. The
benefit of this test is that it is inexpensive, simple, and suitable for resource-limited settings, and
extensive published literature is available for interpretation in different settings and populations.
However, TST may give false positive results because of its cross-reactivity with non-tuberculous
mycobacterium infection or Bacillus Calmette-Guérin (BCG) vaccination. In addition, a second
visit is required for diagnosis 48-72 hours (hrs) post-injection, and trained staff is required to
interpret results accurately. On the other hand, IGRAs are in vitro tests that include QuantiFERON-
TB Gold (QFT), QFT-Plus, and T-SPOT.TB. IGRAs use two or three TB antigens, predominantly
early secreted antigenic target 6 kDa (ESAT-6), and culture filtrate protein-10 (CFP-10). Because
these antigens are absent from BCG and most non-tuberculous mycobacterium, IGRAs do not
have cross-reactivity and are thus more specific than TST. Furthermore, negative and positive
internal controls in each assay improve the specificity of the results. Importantly, T-SPOT.TB tests
use peripheral blood mononuclear cells (PBMCs) and can and have been used on cryopreserved
samples [42]. A positive IGRA test indicates previous exposure to Mtb. However, it does not give
evidence of active TB disease. Therefore, clinical, radiological, or microbiological methods are

required to confirm active TB disease.

1.3.Vaccination for infants

Vaccination is regarded as one of the most significant public health achievements of the 20th
century. The Expanded Programme of Immunization (EPI) was launched in 1974 to provide
immunization against TB, diphtheria, tetanus, pertussis, measles, and polio to all children by 1990
[43,44]. Globally, vaccination prevents four to five million deaths yearly [45]. Each country adopts
immunization programs based on the disease burden and economic resources status. BCG and
tetanus toxoid (TT) vaccines are discussed in the following sections as these vaccines are relevant

to this dissertation.
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1.3.1. BCG vaccine

BCG is the only currently licensed vaccine against TB disease worldwide [46]. BCG is commonly
given at birth in most countries, although it is contraindicated in symptomatic HIV infection, as
the vaccination can lead to disseminated BCG [47]. When administered to newborn infants, BCG
protects against childhood TB disease and disseminated forms of TB disease, including miliary
TB and TB meningitis [48]. Since TB morbidity and mortality can be high in children under the

age of five [49], BCG vaccine is invaluable in preventing TB disease among this vulnerable group.

A meta-analysis has indicated that the duration of protection afforded by BCG can last up to 10
years [50]. The efficacy of BCG appears to vary by country, lasting up to 15 years in the UK [51],
40 years in Norway [52], and even extending to 50-60 years among American Indians and Alaska
Natives [53,54]. The underlying mechanisms for this variability in BCG efficacy may be (1)
exposure to environmental mycobacteria, (2) skewed immune response towards Th2 type due to
parasitic infections, and (3) immunization with different strains of BCG, (4) host genetics, and (5)

gut microbiota [54-56], among others.

BCG is a live attenuated vaccine derived from Mycobacterium bovis, isolated in 1902. Due to the
prolonged passage of bacterial strains in various conditions in different countries, there are several
regions of difference (RD) that have been introduced in the bacterial genomic deoxyribonucleic
acid (DNA) through insertion or tandem duplication (Figure 1.3) [57]. It is believed that the
deletion of RD1 is responsible for the attenuation of BCG [58]. The RD1 encodes several proteins,
including ESAT-6 and CFP-10, that are known to be essential for the pathogenicity of Mtb [59].
BCG strains can be divided into two types. BCG Japan, Birkhaug, Sweden, and Russia are
considered as “early strains,” and BCG Pasteur, Denmark, Glaxo, Connaught, and Tice are
considered as “late strains” [57]. The major difference between the early and late strains is that the
late strains have an absence of RD2. This variation of BCG strains may explain some of the

variability in efficacy of BCG in human clinical trials and varying T-cell responses in vitro [60,61].

26



M. bovis
1908

== RD1
IS
= RD2
1931
RD16
RD14 == == RD8 T
1961 )
Pasteur Frappier Tice Glaxo Birkhaug Japan Russia
Phipps  Connaught Denmark Prague Sweden Moreau

Figure 1.3. Genealogy of BCG sub-strains. BCG vaccine was developed from M. bovis, a bacterium
closely related to Mth. The bacterium was repeatedly cultured in different laboratories under different
conditions, introducing several RD. The most significant factor in the attenuation of BCG was the loss of
the RD1 region. This region is responsible for the secretion of the ESX-1 system, which includes the
proteins ESAT-6 and CFP-10. These proteins are thought to be important for the virulence of TB. Based
on the genomic difference, BCG sub-strains are grouped into “early strains” (BCG Birkhaug, Japan, Russia,
and Sweden) and “late strains” (BCG Pasteur, Glaxo, Denmark, Tice, Connaught). Abbreviation: BCG,
Bacillus Calmette-Guérin; CFP-10, culture filtrate protein-10; ESAT-6, early secreted antigenic target 6
kDa; RD, regions of difference; TB, tuberculosis (Adapted from Behr et al., 1999).

BCG is recognized by innate immune cells, such as neutrophils, macrophages, and DCs [54,62].
Pathogen-associated molecular patterns (PAMPs) from the bacterium cell wall, such as
peptidoglycan, arabinogalactan, and mycolic acids, are recognized via different pattern recognition
receptors (PRRs). In particular, TLR2 and TLR4 are involved in the recognition of BCG [54].
Another group of receptors involved in recognizing BCG are nucleotide-binding oligomerization
domain (NOD)-like receptors. It is known that NOD2 receptors recognize peptidoglycan of
bacterial cell walls [63]. In addition, C-type lectin receptors, such as DC-specific intercellular
adhesion molecule-3-grabbing nonintegrin (DC-SIGN), are involved in the recognition of BCG
[64]. Adaptive immune responses of both CD4+ and CD8+ cells are then induced by antigen-
presenting cells (APCs), such as DCs and macrophages, presenting antigenic peptides on their
major histocompatibility complex (MHC) molecules. It is important to note that BCG induces Thl
response in infants with skewed Th2 immunity [65]. Thl cells secrete IFN-y, which induces the
anti-mycobacterial activity of macrophages [66], and TNF-o and interleukin (IL)-2 [67]. A

longitudinal observational study in infants showed that the primary response to BCG involves IFN-
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v production from activated CD4+ T cells with predominant CD45RA-CCR7+ central memory
phenotypes. The BCG-specific CD4+ T-cell response was the highest at the 10-weeks post-
vaccination and had waned at 40 weeks [67]. Importantly, a growing body of evidence indicates

that BCG protects against all-cause childhood mortality, besides protecting against TBI [68—70].

1.3.2. Tetanus toxoid (TT) vaccine

Tetanus is an infection caused by the bacterium Clostridium tetani spores, which can be found in
various places, including in soils, ash, rusty tools, and animal excrement [71,72]. Spores of
Clostridium tetani can enter the body through the skin, often due to injuries. Once the bacterium
enters the body, it releases a toxin (tetanospasmin) into the bloodstream. The toxin affects the
nervous system, including the brain or spinal cord, and interferes with the motor neurons that
control muscle movement. Symptoms of tetanus appear 3-21 days after the infection. Common
symptoms include jaw muscle cramps, seizures, headache, fever, sweating, and muscle spasms in
the back, abdomen, and limbs. Although the disease is not spread between humans, an estimated
34,000 newborn infants died from neonatal tetanus in 2015 globally [71]. The main prevention of

the disease is through immunization with TT-containing vaccines.

TT vaccines can be administered alone or in combinations to protect from other diseases [72], such
as DTaP (diphtheria toxoid [DT]), TT, and acellular pertussis [aP]), DTwP (DT, TT, and whole-
cell pertussis [wP]), DT (DT and TT), Tdap (TT, DT, and aP), and Td (TT and DT) [72]. In South
Africa and Nigeria, infants receive TT vaccination at 6, 10, and 14 weeks of age (DTaP and DTwP,
respectively). In Botswana, infants receive DTWP at 2, 3, and 4 months of age [73]. Importantly,
TT response can depend on the formulation of the combination vaccine. It has been shown that the
acellular DTaP vaccination induced a Th2-skewed immune response compared to the cellular
DTwP formulation, indicating that the response to pertussis is dependent on the type of boost, but
in addition, responses to TT boost can also be skewed by the pertussis formulation used at prime
[74]. Neonatal tetanus can occur in newborn infants when the umbilical cord is cut using nonsterile
instruments, or the umbilical stump is covered with nonsterile material [71]. However, if mothers
are vaccinated and have sufficient circulating antibodies, infants can be protected from tetanus

through the transplacental transfer of antibodies [72].
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1.4.Epigenetic modifications

1.4.1. Chromatin structure

The human DNA genome usually consists of 23 pairs of chromosomes per cell that encode genetic
information. Each chromosome varies in size from around 50 to 300 million base pairs, and they
are tightly packaged within the nucleolus of a cell, which is only about 6 um in diameter. Human
DNA is wrapped around a complex of proteins called histones. The core histone complex gives
structural support to form nucleosomes (Figure 1.4) [75], which serve as the primary unit of
packing. The core histone complex comprises two units of H2A, H2B, H3, and H4 each, and 147
bp of DNA is wrapped around the octamer complex [76]. Each nucleosome is joined by a short
fragment of linker DNA (10-100 bp), forming 11 nm chromatin fiber representing a “beads-on-a-
string” structure (Figure 1.4). Chromatin is further folded to form chromosomes [75]. Based on
the accessibility, chromatin fibers can be categorized as euchromatin (open chromatin) or
heterochromatin (closed chromatin). Dynamic alternations of chromatin structure are achieved by

epigenetic modifications.
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Figure 1.4. Chromatin structure. DNA is wrapped around histone proteins to form chromatin, a “beads-
on-a-string” structure. Chromatin is a primary packing level and is folded into 30-nm chromatin fiber. The
chromatin fiber further compacted to form higher-order structures called chromosomes (Adapted from
Alberts et al., 2014).
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Epigenetics is the heritable chemical changes in DNA, ribonucleic acid (RNA), or protein without
alterations in the DNA sequence itself that thereby influence gene expression. There are three types
of epigenetic modifications observed in mammalian systems: (1) DNA methylation, (2) histone
modification, and (3) non-coding RNA (Figure 1.5) [77]. Various factors can induce epigenetic
changes, including nutrition, behavior, stress, smoking and alcohol consumption, air pollution, and

vaccines [78-80].
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Figure 1.5. Types of epigenetic modification. (A) DNA methylation involves the enzymic addition of a
methyl group onto the 5° region of a DNA cytosine. This modification is mediated by DNA
methyltransferase. In general, cytosine hypermethylation at CpG sites in a gene promoter region often
results in transcriptional silencing. (B) Histone modification occurs at the N-terminal of the histone tail.
The modification can be methylation, acetylation, ubiquitylation, or phosphorylation. Specific histone
modification is associated with alterations in chromatin structure, thereby influencing gene regulation. (C)
Non-coding RNAs, including IncRNAs, miRNAs, and piRNAs, regulate gene transcription and translation.
Abbreviation: IncRNAs, long non-coding RNAs; mRNA, messenger RNA; miRNAs, micro-RNAs;
piRNAs, piwi-interacting RNAs; RISC, RNA-induced silencing complex (Adapted from Arif et al., 2019).
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1.4.2. DNA methylation

DNA methylation is the enzymatic addition of a methyl (-CH3) group onto the 5’-position of the
pyrimidine ring in the cytosine to form 5-methylcytosine, mediated by DNA methyltransferase
(DNMT). DNA methylation is associated with gene suppression, and these epigenetic patterns are
maintained by DNMT1 during somatic cell division [81,82]. DNA methylation also maintains
cellular identity and embryonic development [83,84]. Most DNA methylation occurs within the
CG dinucleotide (CpG) sites. On the other hand, CpG islands, defined as clusters of CpG-rich
DNA longer than 200 bp, are usually devoid of DNA methylation. CpG islands are highly
conserved across vertebrate genomes, and about 60% of CpG islands in human genomes are
located in promoters [85]. Supporting this, hypermethylation at the CpG island of tumor-

suppressor genes is associated with cancer [86].

1.4.3. Non-coding RNA

Genes encoding mRNA that become proteins make up about 1% of the human genome, and the
function of remaining non-coding transcripts was only uncovered over the past two decades [87].
Non-coding RNAs (ncRNAs) are classified into two categories based on size. Long non-coding
RNAs (IncRNAs) are transcribed RNAs that are longer than 200 nt and represent 80% of the
transcribed human genome [88]. IncRNAs are transcribed by RNA polymerase II and have a
similar structure as mRNA, containing capped 5’ ends and polyadenylated 3’ ends [89]. Small
non-coding RNAs, on the other hand, are highly conserved RNAs shorter than 200 nt in length.
Small non-coding RNAs are further classified as micro-RNAs (miRNAs), piwi-interacting RNAs
(piRNAs), and small interfering RNAs (siRNAs) based on their biological functions [90]. An
increasing body of evidence indicates that non-coding RNAs have diverse roles in regulating gene

expression [91].

1.4.4. Histone modification

The N-terminal tails of core histones (H2A, H2B, H3, and H4) and the C-terminal tails of H2A
and H2B protrude from the surface of the nucleosome (Figure 1.6) [92]. These histone tails are
more susceptible to post-transitional modifications compared to the regions around the core.
Histone modification regulates chromatin structure and alters the accessibility for transcription

factors (TFs), thereby regulating gene transcription. For this reason, histone modifications can be
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considered markers of transcriptional status. Thus far, over 60 histone modification sites with
different biological roles in transcriptional activity have been described [93]. Major histone
modifications include methylation, acetylation, ubiquitylation, and phosphorylation. These

modifications couple with various enzymes [94].
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Figure 1.6. Post-translational modifications on histone tails. The N-terminal tails of the core histones
(H3, H2A, H2B, and H4) and the C-terminal tails of H2A and H2B protrude from the nucleosome and are
readily subjected to post-translational modifications. The major histone modifications include methylation,
acetylation, ubiquitylation, and phosphorylation. The location and types of post-translational modifications
are shown (Adapted from G. K. Azad & Tomar, 2014).

The location of histone markers depends on the types of modification. Some histone markers are
enriched at DNA regulatory sequences, such as the promoter (a region where transcription is
initiated) and enhancer regions (a short region of DNA that promotes gene expression). In contrast,
other histone markers are found across the gene body (i.e., the whole gene region, including exon

and intron regions) (Figure 1.7) [95,96].
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Figure 1.7. Peak profiles of representative histone modifications. Peak profiles of H3K4mel, H3K27Ac,
H3K4me3, and H3K27me3 along the DNA regulatory sequences (such as enhancer and promoter) and gene
body. Abbreviation: H3K27Ac, acetylation of histone H3 at lysine 27; H3K4mel, monomethylation of
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histone H3 at lysine 4; H3K4me3, trimethylation of histone H3 at lysine 4; H3K27me3, trimethylation of
histone H3 at lysine 27 (Adapted from Yashar WM, Kong G, VanCampen J, ef a/).

1.4.4.1. Histone modifications: Methylation

The common targets for methylation are lysine (K) and arginine (R) residues. Methylation mainly
occurs on lysine residues on H3 and H4 histone tails. Histone methylation is a reversible process.
The addition and removal of a methyl group (-CH3) occur via histone methyltransferases (HMTs)
and histone demethylases (HDMs), respectively. The reversible process can modulate chromatin
conformation. Histones can be either mono-, di-, or tri-methylated, and each modification serves
different functions. For example, the trimethylation of histone H3 at lysine 27 (H3K27me3) is
associated with gene repression, and mono-, di-, and trimethylation of histone H3 at lysine 4
(H3K4mel, H3K4me2, and H3K4me3) are associated with active transcription. Interestingly,
while H3K4me2 can be found in active enhancers and promoters, H3K4mel is enriched in active
enhancers, and H3K4me3 is enriched in active promoters. In addition, H3K4me3 is considered a
hallmark of active genes [97]. H3K4me3 is also found in CpG islands, and the level of H3K4me3

markers is inversely associated with DNA methylation levels [98].

1.4.4.2. Histone modifications: Acetylation

Acetylation involves the addition of an acetyl group (-COCH3) to a lysine residue on the histone
tail. Lysine residues can be acetylated via histone acetyltransferase (HAT) and removed by histone
deacetylases (HDACs). Adding an acetyl group to a histone neutralizes positively charged lysine
residues, making the DNA more accessible to TFs. Conversely, removing an acetyl group from a
histone restores the positive charge of lysine residues and promotes nucleosome interaction,
leading to less accessibility to TFs [99]. Therefore, histone acetylation is typically associated with
active transcription, while deacetylation is associated with transcriptional silencing. One of the
most studied histone acetylation sites is lysine 27 of histone H3 (H3K27Ac). This modification is
found in active enhancers. Since histone modification of H3K27Ac (active gene marker) and
H3K27me3 (repressed gene marker) target the same lysine residue, studies have shown that

switching between acetylation and methylation markers is mutually exclusive [100,101].
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Table 1.1. Histone modifications and their association with gene expression.

Active promoters H3K4me2, H3K4me3, H3 and H4 acetylation

Inactive promoters H3K27me3, H3K9me3

Active enhancers H3K4mel, H3K4me2, H3K27Ac

Inactive enhancers H3K9me2, H3K9me3

Active gene bodies H3K36me3, H3 and H4 acetylation, H3K79me3

1.4.4.3. Histone modifications: Ubiquitylation

Ubiquitin (Ub) is an 8.5 kDa protein expressed in all cells of eukaryotic organisms. Histone
ubiquitination is mediated by histone ubiquitin ligase and removed by deubiquitinating enzymes
(DUBs) [102,103]. Monoubiquitylation mainly occurs on histone H2A (H2Aubl) and H2B
(H2Bub1). H2Aubl is enriched in gene silencing coupled with Polycomb repressive complexes
[104]. H2Bubl, on the other hand, is associated with transcription elongation and enriched in the
gene body of active genes [105]. H2Bubl is also involved in the regulation of chromatin
conformation [106]. Other histone modifications also accompany histone ubiquitination. For
example, ubiquitination on H2B (H2Bub) is associated with H3K4me3 [107] and with H3K79me3
[108,109].

1.4.4.4. Histone modification: Phosphorylation

The addition of the phosphate group to histones is mediated by kinases and removed by
phosphatases [110]. Phosphorylation of histones occurs at tyrosine (Y), serine (S), and threonine
(T) residues of the histone tails. Well-studied histone phosphorylation sites include histone H3 at
threonine-3 (H3T3ph), serine-10 (H3S10ph), and histone H2A at threonine-120 (H2AT120ph).
Similar to histone ubiquitination, histone phosphorylation is associated with other histone
modifications. For example, H3S10ph is linked to histone acetylation, such as H4K16Ac, H3K9Ac,
and H3K14Ac [111,112]. Histone phosphorylation has been associated with various cellular
activities, including mitosis, DNA repair, and gene regulation [113-115]. As such, H3T3ph
mediates the chromosomal passenger complex (CPC) positioning into the correct orientation

during mitosis, which is critical for chromosome segregation [113].
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1.4.5. Detection methods for histone modifications

The standard technique for detecting histone modification is chromatin immunoprecipitation
(ChIP; Figure 1.8a) [116]. In this assay, proteins and DNA are cross-linked within cells, followed
by fragmentation of chromatin and immunoprecipitation using antibodies to selectively pull down
a protein of interest and the associated DNA fragments. Samples are then reverse cross-linked, and
proteins are digested to release DNA. Purified DNA is analyzed using microarrays (ChIP-chip),
quantitative real-time polymerase chain reaction (ChIP-qPCR), or sequencing (ChIP-seq) to
identify the genomic regions with which the protein modification of interest is associated. The
number of input cells required for ChIP assays varies depending on the downstream application.
However, using 1-10 million cells per antibody as input is generally recommended to ensure

reliable results [117].

Cleavage under targets & release using nuclease (CUT&RUN; Figure 1.8b) is an alternative
approach to assess histone modifications [118,119]. It was first described in 2017 and became a
more appealing method as it provides improved specificity and sensitivity compared to the ChIP-
seq. CUT&RUN uses protein A that is conjugated with micrococcal nuclease (MNase-pA). This
fusion protein complex binds to an antibody attached to the histone modification of interest and
cleaves off adjacent DNA regions, releasing short DNA fragments, which can then be subjected
to library preparation and sequencing. The advantage of CUT&RUN is that the cleavage and
release of DNA fragments only occurs at specific sites of interest within the cells, without
undergoing cross-linking and physical fragmentation of chromatins (as in ChIP-seq), which often
causes epitope masking. Moreover, CUT&RUN requires fewer input cells, as low as 100 cells per
antibody [119], allowing investigation of protein-DNA interactions using rare cell populations or
limited samples. This in sifu approach provides higher specificity and efficiency, resulting in
improved resolution of sequencing data with significantly less background noise. As a result, the
required sequencing depth for CUT&RUN is also considerably lower, around 3-5 million reads,
which is 10% of the sequencing depth required for ChIP-seq. Cleavage under targets and
tagmentation (CUT&Tag; Figure 1.8¢) is a similar approach to the CUT&RUN assay proposed
by the same group in 2019 [120,121]. Key differences between CUT&Tag and CUT&RUN are:
(1) CUT&Tag utilizes protein A that is conjugated with Tn5 transposase-protein A (pA-Tn5)
instead of MNase-pA, (2) no separate DNA library preparation step is required, (3) fewer input

35



cell numbers can be used compared to CUT&RUN, and (4) the protocol can be applied to the

single-cell platform.
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Figure 1.8. Histone modification profiling strategies. Experimental steps of ChIP-seq (a), CUT&RUN
(b), and CUT&Tag (c). Cells and nuclei are indicated in grey, nucleosomes in red, and target protein in
green. Unlike ChIP-seq, which involves cross-linking and fragmentation (in vivo), CUT&RUN and
CUT&Tag experiments are carried out without these steps (in situ). During CUT&RUN and CUT&Tag
experiments, only the nucleosomes close to the target protein are cleaved and released into the solution.
This targeted cleavage approach reduces background noise compared to ChIP-seq. Abbreviation: ChIP-seq,
chromatin immunoprecipitation and sequencing; CUT&RUN, Cleavage Under Targets and Release Using
Nuclease; CUT&Tag, Cleavage Under Targets And Tagmentation (Adapted from Kaya-Okur, Janssens,
Henikoff, Ahmad, & Henikoft, 2020).
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1.5. The human immune system

1.5.1. Innate immunity
Innate immunity serves as a first line of defense against invading pathogens. Key cellular
components involved in the innate immune response include natural killer (NK) cells, neutrophils,

monocytes, macrophages, and DCs.

Monocytes are leukocytes derived from hematological precursors in the bone marrow. They are
precursors of macrophages and DCs. Monocytes represent 5-10% of PBMCs and circulate in
peripheral blood for several days [122,123]. Monocytes protect the host against pathogens through
antigen presentation [124], phagocytosis [125], reactive oxygen species (ROS) production [126],
as well as cytokine and chemokine release [127]. Monocytes display significant heterogeneity in
both their functional and phenotype characteristics. Monocytes can be categorized into three major
populations according to the CDI14 and CD16 expression: classical (CD14++CD16-),
intermediate (CD14+CD16+), and non-classical (CD14+CD16++) [128]. The classical monocytes,
accounting for 80-95% of the total monocyte population, are the predominant subset [129]. They
exhibit pro-inflammatory properties, high phagocytic activity, and scavenging capabilities. The
intermediate monocytes constitute 2-8% of circulating monocytes and possess anti-inflammatory
characteristics. They are involved in antigen presentation, ROS release, and T-cell activation. Non-
classical monocytes comprise 2-11% of total circulating monocytes, and their primary functions

are patrolling the bloodstream and clearing debris, apoptotic cells, and pathogens.

NK cells are large granular lymphocytes. In humans, NK cells express CD56 and CD16 in the
absence of CD3. NK cells have cytotoxic ability and can induce cell death of target cells without
requiring prior exposure [130]. There are multiple mechanisms for activating NK cells, including
antibody-dependent cellular cytotoxicity (ADCC) and receptor-mediated pathways. ADCC
happens when Fc receptors on NK cells recognize antibodies that bind to the surface of target cells.
This binding activates NK cells and induces cytotoxic granules to release perforin and granzymes.
Perforin punctures holes in the cell membrane of the target cells, which allows granzyme to enter
the cell to induce cell apoptosis. NK cells also trigger cell death through activating or inhibitory
receptor-mediated pathways [131]. This process is called “recognition of missing self.” NK cells

recognize several self-ligands expressed on the surface of host cells. When host cells are healthy,
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this recognition sends signals to NK cells not to attack the host cells. However, when host cells
are infected or transformed, these self-ligands are often downregulated, which is recognized by

NK cells, thereby allowing NK cells to exert their cytotoxic functions to kill the target cells [132].

Some innate immune cells recognize PAMPs of invading pathogens via PRRs. Cells that express
PRRs include macrophages/ monocytes, DCs, neutrophils, and epithelial cells [133—135]. PRRs
can be divided into two types: membrane-bound proteins and cytoplasmic proteins. Membrane-
bound proteins include some of the TLR family, whereas cytoplasmic proteins include NOD-like
receptors and retinoic acid-inducible gene I (RIG-I)-like receptors. The interaction of PAMPs and
PRRs induces pro-inflammatory responses required to eliminate the invading pathogens [136—138].
For example, PAMP/PRR interaction triggers phagocytes (including macrophages, neutrophils,
monocytes, and DCs) to engulf pathogens, a process called phagocytosis [139]. DCs serve as a
cellular link between innate and adaptive immunity [140]. Upon activation, DCs migrate to the
lymph nodes, which is crucial in initiating adaptive immune responses via antigen presentation to

T cells [141]. Additionally, DCs interact with NK cells to protect against viral infections [142].

Although innate immune systems are historically considered short-lived and to provide uniform
responses, recent observations have revealed the existence of immunological memory within the
innate immune system, referred to as “trained innate immunity” [143]. Further details regarding

trained innate immunity will be discussed in a dedicated section below.

1.5.2. Adaptive immunity

The adaptive immune system is the hallmark of the immune system in higher animals that have
evolved to combat invading pathogens [144]. Adaptive immunity is an antigen-specific second-
line of defense response typically mediated by B and T cells. Although adaptive immunity takes
time to respond to the pathogen upon first encounter, it possesses immunological memory that
enables it to mount a robust and more effective response upon second exposure to the same
pathogen-derived antigens. Adaptive immunity comprises two arms of systems: cell-mediated and

humoral immunity.
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1.5.2.1. Cell-mediated immunity

Cell-mediated immunity is a highly specific immune response mediated by CD4+ and CD8+ T
cells. T cells originate from the bone marrow and undergo maturation in the thymus during thymic
development. In the thymus, T cells undergo differentiation and a selection process to ensure that
only functional T cells circulate in the blood and secondary lymphatic tissues (i.e., lymph nodes).
The high specificity of T cells is owing to the somatic recombination of T cell receptors (TCRs).
TCRs possess variable (V) and constant (C) regions, which undergo recombination during T cell
development upon antigen stimulation. Foreign antigens are recognized when presented by APCs,
such as DCs, in the context of MHC I by conventional CD8+ T cells and MHC II by conventional
CD4+ T cells. This recognition leads to the differentiation of naive T cells into effector T cells.
The differentiation of T cells is also directed by the cytokine environment [145]. Activated CD8+
T cells are crucial in eliminating the target cells via perforin/granzyme-induced apoptosis. On the
other hand, activated CD4+ T cells regulate the activation of other immune cells, thereby
controlling both humoral and cellular immune responses. Additionally, subsets of CD4+ and CD8+
T cells differentiate into memory cells. Upon subsequent exposure to the same antigen, these
memory cells will differentiate into effector cells, enabling a rapid and effective immune response

[146].

Depending on the types of cytokines they produce, CD4+ T cells can be classified into four major
somewhat distinct subsets: Thl, Th2, Th17, and regulatory T cells (Tregs) (Figure 1.9) [147],
although other subsets have been described, and in reality, there is some fluidity between the
subsets. Thl cells are characterized by their TNF-a and IFN-y cytokine production. A Thl
response is associated with the activation of other immune cells, such as CD8+, macrophages, and
NK cells. Thl-type immune responses are induced by intracellular organisms, such as viral and
intracellular bacterial infections. Th2 cells are characterized by their production of IL-4, IL-5, and
IL-13 cytokines. Th2 responses are involved in antibody-mediated immune responses and are
typically induced by parasitic infections or allergic reactions. Th17 cells are characterized by their
production of IL-17 and IL-22. Th17-type immune responses are induced by autoimmune disease
and extracellular fungal and bacterial infections at mucosal sites. Lastly, some CD4+ T cell

populations differentiate into Tregs, characterized by their production of IL-10 and transforming
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growth factor (TGF)-B. Tregs play a crucial role in regulating immune responses to suppress
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Figure 1.9. Differentiation of naive CD4+ T cells. Upon antigen presentation by APCs, naive CD4+ cells
undergo differentiation into somewhat distinct subsets, namely Th1, Th2, Th17, or Treg cells, among others
not discussed here. These subsets are characterized by their specific TFs and cytokine profiles. In the
presence of IL-12, naive CD4+ T cells differentiate into Th1 cells. This process is mediated by the activation
of the T-bet via STAT1 and STAT4 signaling. Th1 cells secrete IFN-y and TNF-0, which are crucial in
protection against intracellular pathogens. IL-4 induces Th2 differentiation. This differentiation requires
the activation of STAT6 and GATA3. Th2 cells play an important role in humoral immunity against
parasites via secretion of IL-4, IL-5, and IL-13. The combination of IL-6 and TGF-f§ promotes naive CD4+
T cells to differentiate into Th17 cells, mediated by activation of RORyt and STAT3. Th17 cells secrete IL-
17A, IL-17F, and IL-22 and are involved in autoimmune disease and the clearance of extracellular
pathogens. TGF-p alone induces naive CD4+ cells to differentiate into Treg cells through the activation of
Foxp3+. Treg cells secrete IL-10 and TGF- and are involved in immunoregulation. Abbreviation: APCs,
antigen-presenting cells; Foxp3, forkhead box P3; GATA3, GATA binding protein 3; IFN-y, interferon-
gamma,; IL, interleukin; RORyt, retinoic acid-related orphan receptor gamma; Treg, regulatory T cells;
STAT, Signal transducer and activator of transcription; Th, T helper; TFs, transcription factors; TGF-f,
transforming growth factor-beta; TNF-a, tumor necrosis factor-alpha (Adapted from Leung et al., 2010).

1.5.2.2. Humoral immunity

Humoral immunity involves the production of antibodies by plasma cells (effector B cells) in
response to antigens. Immature B cells are released from the bone marrow and develop into naive
B cells. The optimal activation of B cells and subsequent clonal expansion relies on the
involvement of antigen-activated T cells. After B cell clonal expansion, some B cells directly
differentiate into short-lived plasma cells, while others migrate to the germinal center (Figure
1.10) [148]. These B cells further proliferate in the “dark zone” within the germinal center. The

rapid proliferation of B cells induces somatic hypermutation (SHM), which allows the
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modification of the immunoglobulin variable region (IgV). This step is crucial for the affinity
maturation of B cells. Subsequently, B cells migrate to the “light zone” within the germinal center
and undergo affinity selection in the presence of follicular dendritic cells (FDCs) and T follicular
helper (TFH) cells. Further differentiation via class-switching occurs [149], allowing the heavy
chain of antibodies to switch from IgM and IgD to IgG, IgA, or IgE, thereby providing different
effector functions [150]. B cells that fail to produce appropriate antibodies undergo apoptosis,
while selected B cells either re-enter the germinal cycles or exit from the germinal center to become
memory B cells or long-lived plasma cells [148]. Importantly, the signal strength of the B-cell
receptor (BCR) determines the fate of B-cell differentiation [151]. Memory B cells can be formed
in a T-cell-independent manner via the synergetic interaction of B cell TLR and BCR [152,153].
These memory B cells exhibit a longer life span [154,155] and lower levels of SHM [156] than

memory B cells generated in a T-cell-dependent manner.
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Figure 1.10. Memory B cell generation. Naive CD4+ T cells and B cells are activated upon encountering
an antigen in a secondary lymphoid organ. Following this activation, the CD4+ T cells and B cells migrate
and interact at the border of the T cell and B cell zones. This interaction promotes the proliferation of B
cells (a). The proliferating B cells have three possible fates. They can differentiate into short-lived plasma
cells (b) or memory B cells (c) without migrating to the germinal center. Alternatively, B cells can migrate
to the germinal center, where they undergo rapid clonal expansion and diversification of their BCRs in the
“dark zone” within the germinal center (d). Subsequently, the B cells relocate to the “light zone” within the
germinal center and interact with FDCs and antigen-specific TFH cells. Affinity-matured B cells can re-
enter the cycles or exit from the germinal center to become memory B cells (e) or long-lived plasma cells
(f). The fate of B cell differentiation depends on the signals they receive. Stronger signals (indicated as
thick arrows) favor the development of plasma cells. In contrast, weaker signals (indicated as thin arrows)
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favor the development of memory B cells. Abbreviation: BCRs, B cell receptors; FDCs, follicular dendritic
cells; TFH cells, follicular helper T cells (Adapted from Kurosaki, Kometani, & Ise, 2015).

1.5.3. Infant immunity

Infant immune systems during the first months of life are dynamic and functionality different in
many aspects from the adults. In general, infant immune systems are considered “immature” [157],
such that younger infants are more susceptible to pathogens, including pertussis, enterovirus,
respiratory syncytial virus, or influenza [158-161]. However, this vulnerability of the infant
immune system is thought to result from tolerance mechanisms established during pregnancy to
protect against human leukocyte antigen (HLA)-mismatched inflammatory responses between
mothers and fetuses [162], since failure to establish immune tolerance is associated with a higher
risk of miscarriage [163]. Therefore, rather than simply being immature, the infant’s immune

system is under active suppression.

Immunity in early life exhibits unique characteristics. For instance, infant NK cells, a key effector
cell population at the initial phase of infection, are at higher frequency and have greater cytotoxic
capability than those of adults [164,165]. TLR responses also differ in infants, with higher
production of Th2 immune responses (including IL-6 and IL-10 production, respectively) and
reduced Thl immune responses (including IFN-y and IL-12 production) compared to adults [166—
168]. This Th2-skewed immunity is a hallmark of neonatal and infant immune systems, partially
due to impaired TLR-mediated APC responses. Collectively, these data support that infant immune
systems are phenotypically and functionally different compared to adults. Despite Th2-biased
immunity, live attenuated vaccines, such as BCG, have been shown to induce robust Th1 response

in infants [169—-171].

To develop a vigilant immune system, the fetal immune system requires priming through several
steps at the right time. Exposure to a diverse community of gut microbiota in early life is also
essential for shaping infant immunity and is often referred to as the “neonatal window of

opportunity” [172], as discussed further below.
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Infants receive a wide range of protection from their mothers, which provides initial immunity
during early life. Placental transfer of maternal antibodies starts in the first trimester of pregnancy
and provides passive protective humoral immunity until infants can produce their own antibodies
[173]. The transfer primarily occurs through the neonatal Fc receptor (FcRn) located in the
placental syncytiotrophoblasts [174]. The amount of IgG that a fetus receives from their mother
via the placenta depends on maternal antibody titers, the quantity of FcRn, and the length of
gestation [175]. Maternal antibodies are also provided through breast milk, which contains
antibodies such as igA, IgM, IgG, and secretory IgA (SIgA) [176]. SIgA comprises the highest

proportion of antibodies in breast milk.

1.5.4. Trained innate immunity

1.5.4.1. Concept of trained innate immunity

Adaptive immunity is the ability to recognize specific pathogens based on prior exposures and
elicit enhanced secondary immune responses upon re-exposure. Immunological memory is
established by preserving receptors specific for a collection of epitopes in adaptive immune cells
(i.e., T cells and B cells). Upon re-exposure to the same epitopes, memory cells are activated and
expand to mount an immune response. In contrast, innate immunity has been considered a non-
specific defense mechanism against invading pathogens. However, this notion of innate immunity
being primitive and non-specific has been challenged. There is a growing body of evidence
suggesting that organisms lacking adaptive immune responses, such as plants [177] and
invertebrates [178,179], exhibit non-specific protection against secondary infection after the first
exposure. Upon non-specific restimulation, this memory-like broad protection was also observed
in vertebrates, including mice [180] and humans [69]. The enhanced non-specific immunological
protection can last several months to a year in innate cells, including monocytes, macrophages,
and NK cells [181-185]. This phenomenon has been termed “trained innate immunity” by Netea
etal.in 2011 [143]. It is important to note that while adaptive immune responses confer long-term
responses to the same or highly similar pathogens, trained innate immunity provides broad

immune-enhancing effects [186].
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1.5.4.2. Stimuli that are known to induce trained innate immunity

Infectious stimuli like bacterial or fungal antigens can induce trained innate immunity. For
example, B-glucan, a Candida albicans cell wall component, has been shown to induce trained
innate immunity in monocyte-derived macrophages [185]. BCG is one of the most extensively
studied stimuli in the context of trained innate immunity and its corresponding mechanisms.
Vaccination with BCG in severe combined immunodeficiency (SCID) mice (lacking T cells and
B cells) has improved survival post-challenge with unrelated infections compared to the non-
vaccinated mice, indicating that BCG induces non-specific protection against non-mycobacterial
infection through functional reprogramming of innate immune cells [181]. Notably, proof-of-
principle trials among BCG-vaccinated healthy adult volunteers showed elevated production of
pro-inflammatory cytokines (TNF-o, IFN-y, and IL-1f). This enhancement is accompanied by an
altered functional state of circulating monocytes, characterized by increased expression of
activation markers (CD11b and TLR4), which persist for at least three months post-vaccination
[187]. Furthermore, a comparison of candida infection between SCID mice and NOD/SCID/IL2Ry
(NGS) mice (lacking NK cells, T cells, and B cells) suggested that NK cells partially mediate the
BCG-induced protection [182]. BCG-induced trained innate immunity has also been observed to
influence responses not only in heterologous Th1 cells but also in Th17 cells, persisting up to a
year post-vaccination [187]. Epidemiological evidence further supports the heterologous effects
induced by BCG. A randomized control trial in Uganda showed that BCG vaccination at birth
reduced all-cause infectious morbidity during the first six weeks of life [188]. Importantly, lower
risk of sepsis was observed among BCG-vaccinated children aged under 15 years in Spain [189],
and among low-birth-weight children aged under one year in Guinea-Bissau [190]. Similarly,
reduced risk of lower respiratory tract infections was also observed among the same cohort in
Spain [189], and children aged under five years in Guinea-Bissau where the protective effect was

more prominent among girls [191].

1.5.4.3. Mechanisms of trained innate immunity

Trained innate immunity has been observed in many innate immune cells, including monocytes
[181], macrophages [185], DCs [192], neutrophils [193], and NK cells [182]. Recent research has
shown that self-renewing long-lived cells, such as hematopoietic stem and progenitor cells

(HSPCs) in bone marrow, are associated with trained innate immunity [194—196]. This explains
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how circulating monocytes, with an average lifespan of 5-7 days, exhibit “memory-like

characteristics” for 3-12 months after BCG immunization [197].

Trained innate immunity is accompanied by genome-wide epigenetic histone modifications. These
epigenetic modifications induce or repress gene expression, enhancing protection against
subsequent infection. Studies have demonstrated that trained innate immunity accompanies
changes in chromatin architecture, including increased levels of active histone modification
markers, including H3K27Ac, H3K4mel, and H3K4me3, and decreased levels of repressive
histone modification, including H3K9me3 (Figure 1.11) [197-200]. These changes in the histone
markers are observed in the promoter or enhancer region of genes associated with inflammatory

cytokine responses, such as IL-1p, TNF-a, and IL-6 [197,201].
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Figure 1.11. Epigenetic modifications associated with trained innate immunity. Epigenetic
modifications and chromatin remodeling play an essential role in trained innate immunity. During the acute
stimulation phase, there are changes in epigenetic signatures and DNA methylation patterns, leading to
alterations in chromatin structure. These changes facilitate pro-inflammatory responses. Even after ceasing
the stimuli, some of these epigenetic changes persist, enabling innate immune cells to mount a faster and
more robust reaction with enhanced cytokine production upon restimulation. Key epigenetic changes
accompanied by trained innate immunity include increased H3K27Ac, H3Kmel, and H3K4me3 markers
and decreased DNA methylation levels. These epigenetic modifications collectively contribute to
establishing and maintaining trained innate immunity. Abbreviation: H3K27Ac, acetylation of histone H3
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at lysine 27; H3K4mel, monomethylation of histone H3 at lysine 4; H3K4me3, trimethylation of histone
H3 at lysine 4 (Adapted from Netea et al., 2020).

Multiple signaling pathways are involved in the regulation of trained innate immunity. The BCG-
induced trained innate immunity observed in monocytes affects the NOD2 signaling pathway
[181]. In addition, recent work has revealed the interplay between epigenetics and metabolism
involved in trained innate immunity (Figure 1.12) [202]. For example, BCG-trained monocytes
showed a shift in glucose metabolism towards glycolysis through the PI3K/AKT/mTOR pathways,
resulting in increased lactate production and glucose consumption (Warburg Effect) [199]. Similar

phenomena have been observed in f-glucan-trained monocytes [203].
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Figure 1.12. Mechanisms of non-specific protection induced by trained innate immunity. In
monocytes or macrophages, BCG (as the primary stimulus) is recognized by TLR, initiating a cascade of
events. This recognition triggers the activation of various TFs, including NFxB, STATs, and AP-1. The
activation of the TFs leads to the transcription of pro-inflammatory cytokines, such as TNF-o, IL-6, and
IL-1p. BCG stimulation also induces autophagy and activates the NOD2 signaling pathway, thereby further
enhancing pro-inflammatory responses. In addition, BCG upregulates Akt/mTOR signaling and HIF-1a,
resulting in the upregulation of gene expressions involved in glycolysis. The activated Akt/mTOR pathways
alter metabolite levels associated with chromatin-modifying enzymes. Notably, these responses are
heightened when the cells are challenged with heterologous secondary stimulus. Abbreviation: AP-1,
activator protein 1; BCG, Bacillus Calmette-Guérin; HIF-1a, hypoxia-inducible factor-1a; IL, interleukin;

46



AKT, protein kinase B; TLR, Toll-like receptor; TFs, transcription factors; TNF-q, tumor necrosis factor-
alpha; mTOR, mammalian target of rapamycin; NF«B, nuclear factor kappa B; NOD2, nucleotide-binding
oligomerization domain 2; STATSs, signal transducers and activators of transcription (Adapted from
Uthayakumar et al., 2018).

1.6. Human gut microbiota

1.6.1. Bacterial distribution and abundance in the gut

The adult intestine harbors about 10'3-10!* bacterial cells in total, which outnumber human cells
10-fold [204]. The collective genomes of these bacteria consist of more than five million genes
[205,206]. This vast array of bacterial gene products has a diverse impact on the human host’s
biomedical and metabolic activities. The bacterial population in the gastrointestinal (GI) tract
increases in density and complexity from the proximal to the distal gut [207]. Per gram of intestinal
content, the microbial density is 0-10> microbial cells/gram in the stomach, 10? microbial
cells/gram in the jejunum, 107-10® microbial cells/gram in the distal ileum, and 10''-10'? microbial
cells/gram in the colon (Figure 1.13) [208]. Analysis of the 16S ribosomal RNA (rRNA) genes in
infants and their mothers revealed that Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria accounted for approximately 95% of bacterial cells in gut microbiota [209].
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Figure 1.13. Bacterial distribution and abundance in GI tract. The human adult GI tract contains
approximately 10"°-10'* bacterial cells in total. In the stomach, the density of bacteria is 0-10* cells per
gram of intestinal content. The microbial cell density in the duodenum and jejunum is around 10? cells per
gram. The count rises to approximately 10° cells per gram in the proximal ileum. In the distal ileum, the
density further ranges to 107-10® cells per gram. Finally, the bacterial density in the colon peaks at 10'!-
102 microbial cells per gram. Abbreviation: GI, gastrointestinal (Adapted from Singh et al., 2019).
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1.6.2. Establishment of the gut microbiota in infants

The mutualistic relationship between microbes and humans begins at birth. At the early stages of
microbiota development, bacterial diversity is low, allowing newly incoming bacteria to colonize
successfully without competition from existing ones [210]. The early stage of neonatal microbiota

is characterized by low bacterial diversity and high variability between individuals.

An individual’s age is an important driver of the gut microbiota development. Other bacterial
species colonize over time and reach an “adult-like” gut microbial state after a few years,
characterized as highly diverse with a high relative abundance of Bacteroides and Clostridium spp.
[211,212]. Once the gut microbiota reaches an “adult-like” state, it remains relatively stable
throughout life [213]. Several factors are associated with the initial seeding and establishment of

the infant gut microbiota, described in the sections below (Figure 1.14) [214].

Maternal intestinal and Maternal vaginal flora
skin microbiota

Mode of delivery Environmental factors

Infant Gut Microbiota

Gestational Age Perinatal Antibiotics

Mode of feeding Maternal lifestyle

Figure 1.14. Factors influence infant gut microbiota development. The neonatal microbiota can be
affected by several factors, including mode of delivery, mode of feeding, gestational age, antibiotics usage,
maternal factors, and environmental conditions (Adapted from Hill ez al., 2021).
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1.6.2.1. Mode of delivery

Microbiota within the female reproductive tract is associated with maternal and infant health
outcomes. The vaginal microbiota mainly comprises Lactobacillus, Gardnerella, Prevotella, or
Sneathia spp. Among them, some Lactobacillus species (such as L. gasseri, L. crispatus, and L.
Jjensenii) are known to have protective characteristics, including lowering pH in the vaginal canal
through lactic acid production [215], while the role of L. iners is less clear [216]. Therefore, a non-
iners-Lactobacillus-dominated vaginal microbiota is considered favorable and associated with
positive health outcomes. When babies travel through the birth canal during labor, they are
exposed to the maternal vaginal microbiota. As a result, neonates born through vaginal birth have
a gut microbiota closely related to that of their mother’s vaginal microbiota, which is dominated
by Escherichia, Lactobacillus, Bacteroides, Bifidobacterium and Prevotella [217]. In contrast,
infants delivered by Cesarean section (C-section) often have a microbiota similar to their mothers’
skin or nosocomial environment, including Staphylococcus, Streptococcus, Klebsiella,
Enterococcus, and Clostridium [218]. Canadian infants delivered by C-section demonstrated lower
bacterial diversity and richness at four months of life than vaginally delivered infants [219]. In
addition, a systematic analysis suggested that this effect may last up to six months [220]. Whereas
some studies have shown this effect is either minimum or short-lived [221-223], other studies have

suggested that this effect may persist much longer, up to two to seven years [224-226].

Although it has been believed that the fetal environment is devoid of bacteria and bacterial
colonization only begins after birth (the “sterile womb paradigm”), a number of studies suggest
the presence of bacteria in the amniotic fluid, placenta, and meconium. However, this “in utero
colonization hypothesis” is still under debate [227-234]. The result can be heavily interfered with
by contamination in samples with low biomass when next-generation sequencing (NGS) is applied
for analysis. In addition, NGS techniques merely amplify bacterial DNA isolated from samples

and do not indicate whether the bacterial DNA was obtained from viable organisms [227].

1.6.2.2. Mode of feeding

Breastfeeding is considered the ideal mode of feeding for infants as human milk contains all the
necessary nutrients required for the first half-year of life [235]. In addition, breast milk is rich in

other bioactive molecules, including immunoglobulins, fatty acids, human milk oligosaccharides
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(HMOs), lysozyme, and other antimicrobial peptides [236]. Colostrum (the breast milk secreted
during the initial days after birth) possesses unique properties, rich in minerals, proteins, and fat-

soluble vitamins compared to milk produced later [235].

Breastfeeding plays an important role in shaping infants’ gut microbiota composition by
transmitting the microbial community from breast milk to the gut. The breast milk microbiota is
composed of facultative anaerobes (such as Staphylococcus, Streptococcus, Propionibacterium,
Enterococcus, and Lactobacillus) and obligate anaerobes (such as Bifidobacterium and
Veillonella) [237]. This partially explains why breastfed infants have a higher absolute abundance
of Lactobacillus, Enterococcus, and Bifidobacterium in their gut [238-241]. Some microbial
strains in breast milk samples have beneficial properties, particularly Lactobacillus gasseri and
Enterococcus faecium, which can potentially prevent infections in breastfed infants [238,242,243].
In addition, a follow-on formula containing Lactobacillus has been shown to reduce the incidence
of infections in infants between 6 and 12 months of age [244]. Lastly, studies have demonstrated
that commensal lactic acid bacteria (LAB) found in breast milk can inhibit HIV transmission,
indicating LAB have protective properties against HIV infection in gut mucosa in breastfed infants

[245,246].

HMOs are the third most abundant solid component in human breast milk [247]. Although HMOs
are non-digestible to the host, they serve as carbon sources for bacterial growth in the gut. For
example, HMOs promote the colonization of Bifidobacterium spp. in breastfed infants while
preventing the colonization of pathogenic bacteria [248]. Moreover, the SIgA in human breast
milk, especially in colostrum, facilitates the establishment of healthy infant gut microbiota [249].
On the other hand, formula feeding has been associated with higher microbial diversity compared
to breastfed infants, resembling the microbial composition of older children with increased taxa
from the phyla Bacteroidetes, Clostridium, Streptococcus, Veillonella, Atopobium, and

Enterobacteriaceae [250,251].

1.6.2.3. Introduction of complementary foods
Breast milk is important for developing and maturing infant gut microbiota, but introducing solid

food is essential for stabilizing microbial composition. For instance, introducing solid food
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increases the relative abundance of the phyla Bacteroidetes and Firmicutes [252]. Introduction of
complementary foods introduces a broader range of substrates and non-digestible carbohydrates,
which leads to increased bacterial proliferation and diversity in the gut. As a result, the gut
microbiota of infants transitions towards an “adult-like” state, typically dominated by phyla
Bacteroidetes and Firmicutes. Conversely, the relative abundance of bacteria, such as
Lactobacillaceae, Bifidobacteriaceae, Enterococcaceae, and Enterobacteriaceae, which are
commonly found during the breastfeeding period, starts to decrease during with complementary

feeding practices [253].

1.6.2.4. Gestational age

The gut microbiota of preterm infants (< 37 completed weeks gestational age) exhibits delayed
bacterial colonization and lower diversity compared to term infants. For example, among preterm
infants, there is a notable decrease in the relative abundance of Bifidobacterium, while
Enterobacter, Enterococcus, and Staphylococcus tend to be more abundant [210,254]. Similarly,
higher gestational age is positively associated with the relative abundance of Bifidobacterium-
dominated gut microbiota and negatively associated with the colonization of facultative anaerobes
[255]. Moreover, several studies report that potentially pathogenic bacteria, such as Clostridia,
Bacteroides, E. coli, and Klebsiella, are also increased in preterm infants’ gut microbiota. This
altered gut microbiota composition in preterm infants is often associated with a higher risk of

pathogenic infection, such as necrotizing enterocolitis (NEC) and sepsis [256,257].

1.6.2.5. Use of antibiotics

Often, antibiotics target both pathogens and commensal bacteria in the gut, leading to significant
alterations in the gut microbiota. This disruption includes reducing microbial diversity, richness,
and evenness and suppressing dominant bacterial growth, subsequently impacting microbial
succession [258-260]. A study investigating infants with suspected early-onset neonatal sepsis
demonstrated that antibiotic treatment led to the overgrowth of potentially pathogenic bacteria,
including Klebsiella and Enterococcus spp. In contrast, beneficial Bifidobacterium spp. were
profoundly negatively affected by the treatment [261]. Moreover, early exposure to antibiotics has
been linked to non-optimal gut microbiota composition and associated with an increased risk of

various immune disorders, such as asthma, allergy, or autoimmune diseases [262].
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1.6.2.6. Maternal factors

Maternal diet during pre- and postnatal periods significantly impacts the acquisition and
development of the infant gut microbiota. For example, a study by Chu ef al. revealed that maternal
high-fat diet during pregnancy was negatively associated with the relative abundance of
Bacteroides in their infants’ gut microbiota during the first six weeks of life [263]. In addition,
Lundgren et al. showed that the association between maternal food intake and infant gut microbiota
was influenced by mode of delivery. For example, maternal fruit consumption was positively
correlated with the relative abundance of Streptococcus/Clostridium group among infants
delivered by vaginal birth, and maternal dairy consumption was positively correlated with the

relative abundance of Clostridium group among infants delivered by C-section [264].

Maternal diet can also affect the gut microbiota of infants through breastfeeding. A cross-over
dietary intervention study revealed that maternal diet influenced the composition of HMOs,
specifically sialic acid and fucose, thereby shaping the metagenomic function of breast milk
microbiota [265]. Furthermore, maternal administration of antibiotics can profoundly affect the
colonization of infant gut microbiota and may lead to non-optimal infant gut microbiota
composition [266]. Additionally, accumulating evidence suggests that maternal obesity can

influence their infant gut microbiota [267,268].

1.6.2.7. Geography, ethnicity, and genetics

Geographical location and ethnicity have been found to significantly impact the establishment of
infant gut microbiota, likely influenced by lifestyle and dietary patterns. Studies have
demonstrated variations in gut microbiota profiles across countries. For example, Falony et al.
identified a 17-genera core gut microbiota among Western countries (Flemish and Dutch
populations as well as the US and UK), which reduced to 14 genera when compared to data from
cohorts in Papua New Guinea, Peru, and Tanzania [269]. Similarly, children living in rural areas
of Burkina Faso showed significant enrichment of Bacteroidetes and depletion of Firmicutes
compared to children living in urban areas in Italy. This study also suggested that diet can influence
the total short-chain fatty acid levels and the growth of potentially pathogenic bacteria in the
infant’s gut, especially Enterobacteriaceae (such as E. shigella and E. coli) [270].
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Emerging evidence indicates that geographical location and genetics are associated with acquiring
and maintaining specific bacterial taxa in the gut. Accumulating studies have revealed associations
between specific genetic loci and the colonization of particular bacteria [271-274]. To understand
the interaction between genetics and microbiota, well-controlled and unbiased approaches are
required. Due to the genetic and environmental resemblance, twins provide an appropriate model
for such studies. For instance, a study of monozygotic and dizygotic twin pairs demonstrated a
higher concordance rate for the carriage of methanogens (methane-producing bacterium) in
monozygotic twin pairs than in dizygotic twin pairs, indicating that host genetics influence the
composition of gut microbiota [275]. Furthermore, microbial communities and HMOs in human
milk also differ by genetic factors, contributing to variations among breastfed infants across

countries [276].

1.6.3. Relationship between gut microbiota and immunity

1.6.3.1. Structure and function of intestinal mucosa

The human intestinal mucosa serves crucial roles in the body by facilitating nutrient absorption
and creating physical barriers between the external nonsterile environment and the internal host
milieu. Additionally, it plays a vital role in immune sensing and regulation of the immune response.
Defense mechanisms against invading pathogens can be categorized into mechanical and

biological barriers (Figure 1.15) [277,278].
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Figure 1.15. The architecture of the intestinal barrier. The intestinal epithelium is composed of a
monolayer of IECs interconnected by TJs. The intestinal epithelium is covered by a protective mucus layer,
which can be divided into inner and outer layers. The inner mucus layer is abundant in IgA and AMPs,
which help to prevent bacterial growth within the region. However, certain opportunistic bacteria, like
segmented filamentous bacteria, can reside in the inner area. Subsets of IECs include Paneth cells, goblet
cells, enterocytes, enteroendocrine cells, and M cells. Paneth cells are located in the crypt bases and are
responsible for producing AMPs. The M cells in the PPs play a key role in antigen sampling in the gut.
Various immune cells reside in lamina propria, including plasma cells, IgA-producing B, macrophages,
DCs, mast cells, and effector T cells. Abbreviation: AMPs, antimicrobial peptides; DCs, dendritic cells;
IECs, intestinal epithelial cells; M cells, microfold cells; PPs, Peyer’s patches; TJs, tight junctions (Adapted
from Muniz, Knosp, & Yeretssian, 2012).

Mechanical barrier

Mucus membranes play a crucial role as a mechanical barrier against luminal antigens. These
membranes comprise two main layers: the epithelium layer and the mucus layer (Figure 1.15)
[278]. The intestinal epithelium layer is composed of a monolayer of intestinal epithelial cells
(IECs) connected by tight junctions (TJs) [279]. TJs are multiprotein complexes and act as
selectively permeable seals between the adjacent intestinal epithelial cells. They also set a
boundary between the apical and basolateral membrane domains. While TJs serve as an intestinal
barrier, they also allow the paracellular movements of ions and nutrients across the intestinal
epithelium [279]. Various IECs exist, including goblet cells, enteroendocrine cells, enterocytes,

microfold cells (M cells), and Paneth cells [278].

54



The intestinal mucus layer is primarily composed of glycosylated proteins (known as mucins).
Over 20 different mucins have been reported in humans, with MUC2 being the predominant mucin
secreted by goblet cells [280-282]. The heavy glycosylation of mucins contributes to their viscous
nature, which helps to prevent direct contact between microorganisms and host epithelial cells
[283]. Notably, the absence of MUC?2 leads to bacterial contact with the epithelium and can result
in colitis, highlighting the important role of MUC2 in segregating bacteria from epithelium
[284,285].

In the small intestine, a single mucus layer is closely attached to the intestinal epithelium [286]. In
contrast, the colon, which has a higher bacterial diversity, features two distinct mucus layers: a
dense inner layer tightly attached to the intestinal epithelium and a looser outer layer that lies above
the inner layer [284]. While the inner layer remains devoid of bacteria, the looser layer allows

colonization of commensal bacteria in the colon [278,286].

Biological barrier

The immune barrier in the intestine consists of effector T cells, Tregs, antigen-producing plasma
cells, innate lymphoid cells (ILCs), and gut-associated lymphoid tissue (GALT) (Figure 1.15)
[249]. In addition, antimicrobial proteins (AMPs) are secreted by Paneth cells in response to
enteric pathogen exposure. AMPs are a wide range of small peptide antibiotics that are important
to innate immunity. A diverse array of AMPs provides different inhibitory effects against

microorganisms [287,288].

The largest proportion of the immune system resides in the GALT, which mainly consists of T
cells, B cells, and DCs. The GALT can be classified into two types according to the anatomic and
functional properties: inductive sites and effector sites (Figure 1.15). Inductive sites include
draining mesenteric lymph nodes, isolated lymphoid follicles, Peyer’s patches (PPs), and
cryptopatches [289]. Within PPs, M cells are highly specialized in phagocytosis and provide a
major pathway for transporting luminal antigens [290]. M cells engulf and exocytose luminal
antigens into the subepithelial dome in PPs (the process is known as transcytosis). DCs and

macrophages then capture antigens for antigen presentation.
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Following the sampling and processing of antigens at inductive sites, effector cells modulate
immune responses in effector sites, primarily located in the epithelium and lamina propria.
Intraepithelial lymphocytes (IELs) are long-lived effector cells expressing a significant proportion
of TCRyd+ markers and possessing cytotoxic properties [291-294]. Activated B cells migrate into
lamina propria and differentiate into IgA-secreting plasma cells (Figure 1.16) [295]. Epithelial
cells expressing polymeric immunoglobulin receptors (pIgR) capture the IgA dimers. The dimeric
IgA-plgR is then cleaved in epithelial cells, releasing SIgA into the intestinal lumen [296,297].
Released SIgA protects the host from pathogens by antigen-pathogen cross-linking, known as

“immune exclusion” [298].
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Figure 1.16. Formation of SIgA. IgA-secreting plasma cells in the lamina propria produce IgA dimer. The
plgR expressed on the basolateral surfaces of intestinal epithelial cells binds to the IgA dimer and facilitates
its release into the intestinal lumen. Abbreviation: pIgR, polymeric immunoglobulin receptor; SIgA,
secretory IgA (Adapted from Costello et al., 2022).

Commensal bacteria colonizing the intestine also play a crucial role in preventing the colonization
of pathogens by producing antimicrobial compounds and competing for limited resources.
Numerous studies have shown the important role of beneficial bacteria, including Lactobacillus

and Bifidobacterium, in stabilizing the microbiota and enhancing the integrity of the intestinal
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mucosal barrier [299-301]. In addition, Tan et al. showed that serum IL-6, an inflammatory
cytokine, was positively associated with the bacterial load of potentially pathogenic bacteria
(including Enterobacteriaceae and Enterococcus) in the gut microbiota of adults. Conversely, a
negative association was observed with beneficial bacteria (such as Bifidobacterium) [302]. These

findings suggest that dysbiosis of the gut can lead to systemic inflammation.

1.6.3.2. Antigen passage in the intestinal lumen

In order to protect the host from invading pathogens, multiple pathways exist to sample antigens
in the intestinal lumen [303]. As described in the previous section, M cells in the PPs sample
antigens and actively transport them into the subepithelial dome where DCs and lymphocytes are
located. This induces T-cell differentiation and secretion of SIgA into the intestinal lumen
[290,304]. In addition, DCs can extend their dendritic extensions across paracellular junctions and
sample luminal antigens. Upon activation, DCs migrate into lymphoid structures to activate
lymphocytes [305]. Another method of antigen sampling involves the recognition of PAMPs or
microbe-associated molecular patterns (MAMPs) via PRRs (including TLRs and NOD-like
receptors). Activated PRRs trigger inflammatory responses, including the production of cytokines,
chemokines, and antimicrobial peptides, to effectively eliminate the invading pathogen [306]. For
instance, lipopolysaccharides (LPS), a major component of the surface membrane of gram-

negative bacteria, is recognized by TLR4, followed by increased IL-6 expression.

1.6.3.3. Mechanisms of intestinal mucosal tolerance

Gut microbiota and host immune systems are balanced in a dynamic equilibrium. Interaction with
diverse microorganisms enables intestinal development and maturation of the innate and adaptive
immune systems [307]. Cross-talk between the host and microbiota is vital in regulating gut
homeostasis during infancy and later life [308—310]. In order to maintain a balanced symbiotic
relationship between the host immune system and gut microbiota, the immune system must
develop tolerogenic responses towards commensal bacteria while mounting an effective response
against invading pathogens [311]. Several immune cell populations contribute to immune

tolerance within the intestinal mucosal immune system.
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Forkhead box P3+ (Foxp3+) Tregs play a crucial role in regulating and suppressing other immune
cells. Tregs are located in various tissues, including the intestinal mucosa [312]. Gut-resident Tregs,
characterized by co-expression of retinoic acid-related orphan receptor gamma (RORyt) and
FoxP3, are crucial for immune tolerance to the commensal bacteria in the gut. These RORyt+
Tregs express higher levels of immune suppressive molecules (such as inducible co-stimulator
[ICOS], lymphocyte activation gene 3 [LAG-3], and cytotoxic T-lymphocyte-associated protein 4
[CTLA-4]) than Tregs in lymph nodes [313]. The RORyt+ Tregs are differentiated and maintained
locally in response to microbiota-derived antigens, including bacterial fermentation products of
dietary fibers, short-chain fatty acids (SCFAs), and microbial secondary bile acids [314-316].
Studies have shown that Tregs residing in the intestine have a distinct TCR repertoire compared
to Tregs in other locations, suggesting that gut microbiota antigens influence the Treg population
in the intestine [317,318]. These commensal-specific Tregs also promote the production of IgA in
PPs, contributing to the immune homeostasis between the host and microbiota [319,320].
Importantly, the proportion of Tregs in tissue is higher in neonates compared to adults (30-40%
vs. 1-10%) with greater suppressive capacities, supporting the role of Tregs in establishing an

environment favorable for colonization of bacteria without excessive inflammation [321].

ILCs are another type of innate immune cells that share developmental and functional
characteristics with CD4+ T cells [322]. ILCs are subdivided into ILCls, ILC2s, and ILC3s,
characterized by T-bet+, GATA3+, and RORyt+ expression, respectively (Figure 1.17) [322].
Accumulating evidence suggests that group three ILCs (ILC3s) play a key role in establishing
immune tolerance to commensal microbes in the gut [323-326]. ILC3s are found in the mesenteric
lymph nodes and the lamina propria of the colon [325]. They are regulated by various cytokines
and microbial factors [322,327] and are involved in maintaining the integrity of the intestinal
mucosal barrier [328]. A study by Hepworth et al. showed that deletion of MHCII from ILC3s in
mice led to dysregulation of CD4+ T cell responses against commensal bacteria, leading to
intestinal inflammation [324]. The subsequent study showed that MHCII-expressing ILC3s
induced apoptosis of commensal-bacteria-specific T cells, thereby maintaining intestinal
homeostasis without causing systemic inflammation, a process referred to as “intestinal selection”
[325]. These findings also correlated with the dysregulation of ILC3-intrinsic MHCII (HLA-DR)

expression in patients with inflammatory bowel disease (IBD), supporting the notion that ILC3s
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regulate the immune response to commensal intestinal bacteria. Moreover, a recent study using a
mouse model has demonstrated that ILC3s closely work with RORyt+ Tregs to establish immune

tolerance to commensal microbes in the gut [326].
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Figure 1.17. Subsets of ILCs. ILCs are categorized into three subsets: ILC1s (group one), ILC2s (group
two), and ILC3s (group three). Each subset is classified according to the expression levels of TFs: T bet+,
GATA3+, and RORyt+, respectively. ILCs are derived from lymphoid progenitors, and their development
relies on the transcription factor ID2. ILCl1s, which include NK cells, are regulated by various cytokines,
such as IL-2, IL-7, IL-15, 1L-12, and IL-18. ILC1s produce TNF-a and IFN-y. ILC2s are regulated by
cytokines IL-2, IL-7, IL-25, and IL-33. ILC2s produce IL-5, IL-13, and Areg. ILC3s express CD4+ and
NCRs+ and are regulated by cytokines such as IL-2, IL-7, IL-15, IL-23, and IL-1p. ILC3s produce IL-17A
and IL-22. Abbreviation: Areg, amphiregulin; GATA3, GATA binding protein 3; ILCs, innate lymphoid
cells; ID2, inhibitor of DNA Binding 2; IL, interleukin; IFN-y, interferon-gamma; NCRs, natural
cytotoxicity receptors; NK cells, natural killer cells; RORyt, retinoic acid-related orphan receptor gamma;
TFs, transcription factors; TNF-a, tumor necrosis factor-alpha (Adapted from Sonnenberg & Artis, 2012).

DCs also play an essential role in immunotolerance towards commensal intestinal bacteria. DCs
actively sample commensal bacteria-derived antigens in the intestinal lumen. Cross-talk between
DCs and Tregs is a key determinant of whether a systemic inflammatory reaction or a
tolerogenic/local protective immune response is induced [329,330]. For instance, cyclooxygenase-
2 (COX2)-expressing DCs in the mesenteric lymph nodes have been associated with the
differentiation of Tregs, which in turn helps to maintain the mucosal tolerogenic response in the

intestine [330].
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1.6.3.4. Microbiota and human immune system development

The microbiota is closely linked with immune and metabolic development. Therefore, the
development of microbiota during early life has long-term implications for human health. Studies
using germ-free mice demonstrated that gut microbiota is critical for development of lymphoid
structures. For instance, germ-free mice had smaller PPs and lower proportions of CD4+ T cells
and IgA-producing plasma cells [331]. Supporting this, exposure to commensals induces lymphoid
tissue development and maintains intestinal homeostasis. This regulation is partly mediated via
NODI, an important receptor recognizing microbial components [332]. Moreover, TLR4, a key
PRR for LPS recognition [333], is involved in immune tolerance, B cell recruitment, and IgA

production [334,335].

In addition, accumulating evidence suggests that microbial metabolites are essential for
maintaining the immune system. SCFAs are well-known microbial metabolites. These SCFAs
enhance immunity and modulate inflammatory responses through various mechanisms, such as G-
protein-coupled receptor (GPR) signaling and inhibition of HDAC [336]. SCFAs have been
reported to play a pivotal role in maintaining intestinal integrity [337] and regulating the function
and size of colonic Tregs [316,338,339]. The induction of Tregs by SCFAs occurs via DCs through
activation of cell surface receptors, such as GPR109a and GPR43 [340,341].

Induction of Foxp3+ Tregs has also been observed with various bacteria in mouse models, such as
Bacteroides fragilis [342], Helicobacter hepaticus [343], Clostridium species [344], Lactobacillus
species [345,346], and many other Bifidobacterium species [347-351]. However, the mechanisms
underlying this induction vary between bacterial taxa. For example, B. fragilis promotes Treg
development through TLR2 signaling in the intestine [342], while Clostridium species induce Treg
development in epithelial cells independent of PRR signaling pathways [344]. These findings
suggest that the microbiota shapes the repertoire of Foxp3+ Tregs to maintain the host-microbe

relationship through several mechanisms.

Infants with non-optimal gut microbiota are more likely to develop immune disorders, such as

atopy, IBD, and metabolic disorders [352—354]. Allergies, particularly atopic eczema and asthma
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have been linked to gut microbiota dysbiosis. An increased relative abundance of Clostridium and
reduced relative abundance of Lachnospira, Veillonella, Faecalibacterium, Rothia,
Bifidobacterium, Akkermansia, and Faecalibacterium during the first year of life have been linked
to the development of asthma later in life [352,355,356]. Similarly, a higher absolute abundance
of E. coli and C. difficile or reduced microbial diversity during early life are risk factors for atopic
eczema in young children [357,358]. Importantly, studies have shown that SCFA-producing
bacteria during early life potentially reduce the risk of developing such allergic diseases [359-361].

1.6.4. Analysis methods for the microbiota

The investigation of the human gut microbiota has traditionally relied on culture-based methods,
which are labor-intensive and often challenging to optimize for each bacterium. However, with the
emergence of NGS technology, massive sequencing of universal phylogenetic marker genes can
be carried out. This culture-independent approach allows the identification and characterization of
microbial communities in a high-throughput manner [362,363]. One commonly used marker gene
for microbiota analysis is the 16S rRNA gene, a conserved region spanning about 1,500 bp. This
gene has minimal variation among bacterial species with nine “hypervariable regions” (V1-V9),
which can be utilized for identifying organisms at the genus or species level (Figure 1.18) [364—
366]. Each hypervariable region is flanked by highly conserved sequences that serve as ideal
binding sites for PCR primers [366]. Amplified 16S rRNA gene regions, typically targeting two
to three hypervariable regions, are sequenced and clustered into nearly identical tags according to

the sequence homology.
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Figure 1.18. Hypervariable regions of 16S rRNA gene. The entropy of the 16S rRNA gene and its
position in the alignment provides information about the extent of variability. A higher entropy value
indicates that the region has more variation across bacterial species, while a lower entropy value suggests
that the region is more conserved. Locations of hypervariable regions (labeled V1-V9), based on the E. coli
sequence, are shown in grey (Adapted from Hoffman et al., 2021).

Other culture-independent methods used for microbial analysis include shotgun metagenomic
sequencing and DNA microarrays. Whole-genome shotgun metagenomics sequencing provides a
comprehensive view of all the genes of the microorganisms present in a sample, offering
information on their genomic, functional, and metabolic potential in an untargeted manner
[367,368]. Unlike 16S rRNA gene sequencing, whole-genome shotgun metagenomics sequencing
does not specifically target a marker gene, allowing species identification across all three
taxonomic domains (Bacteria, Archaea, and Eukarya) [368]. However, this is a highly
computationally-intensive approach. On the other hand, DNA microarrays involve the
hybridization of labeled samples with DNA arrays, providing robust wide-range detection at a low
cost [369,370]. However, a limitation of this method is that species lacking complementary

sequences on the array will not be detected.
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1.7. Infants who are HIV-exposed but uninfected (iHEU)

1.7.1. Epidemiology of iHEU

With the success of prevention programs, vertical transmission has been considerably reduced
from 25-30% to approximately 2-5% [371]. As a result, there is an emerging, increasing population
of iHEU in sub-Saharan African regions. These infants are born to mothers with HIV, but they do
not have HIV themselves. The estimated number of children who are HIV-exposed uninfected
(aged under 14 years) was 14.8 million globally in 2018, with 90% of these children concentrated
in sub-Saharan Africa [372]. Among the global estimate of the children, South Africa accounted
for 3.5 million (23.8%), Nigeria accounted for 0.9 million (6.0%), and Botswana accounted for 0.2
million (1.4%).

1.7.2. Clinical outcomes of iHEU

Thus far, numerous studies have compared the immunological and clinical aspects of iHEU.
Despite being born free of HIV, accumulating studies show that iHEU are at a higher risk of
mortality and morbidity during their first year of life than infants who are HIV-unexposed
uninfected (iHUU) [373-377]. This is predominantly due to infectious causes, such as diarrhea,
pneumonia, sepsis, and respiratory disease [373,378-381]. The prevalence of TBI among South
African iHEU was 41 per 1,000 child years (95% confidence interval (CI): 31-52 per 1,000 child
years) for the period between 2004 and 2008 [382]. Another study conducted in South Africa
between 2008 and 2009 showed a higher incidence of TBI, with 11 per 100 child-year for infants
with HIV and 15 per 100 child-year for iHEU [383].

1.7.3. Epigenetics of iHEU

Although studies have shown that HIV infection is associated with alterations in DNA methylation
[384], only a limited number of studies have explored the impact of in utero HIV exposure on
epigenetics in offspring. Among those, one study looked at transcriptomic profiling and showed
that genes associated with chromatin remodeling were downregulated among iHEU [385]. Another
study showed that iHEU who are exposed to ART in utero showed lower DNA methylation in
small interspersed nuclear element (SINE) repetitive elements and long interspersed nuclear

element (LINE) compared to iHEU who are unexposed to ART [386].
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1.7.4. Immunology of iHEU

iHEU experience many biomedical/biological adversities. For example, exposure to HIV and/or
ART in utero can affect fetal growth, T-cell subsets, antigen-specific immune responses, and
cellular production of IFN-y [387-389]. Moreover, maternal immunity also can influence the
iHEU immune system. It has been shown that both pregnancy and HIV infection are associated
with changes in Thl, Th2, and Th17 cytokine profiles [390,391]. In addition, HIV infection may
induce a shift in cytotoxic T cell cytokine production towards type 1 [392]. These differences can
affect neonatal antigen responses and immune maturation in iHEU [393—-395]. In fact, some studies
have shown that iHEU tend to have an altered cell-mediated immunity, T-cell maturation, and cell
function during the first year of life [396,397]. Dysfunction of NK cells in iHEU is also reported
[398]. iHEU show altered transplacental antibody transfer from their mothers [399]. Moreover,
iHEU display sub-optimal responses to vaccines such as BCG, oral polio, and TT [400,401].

1.7.5. Microbiota of iHEU

Establishing a healthy gut microbiota in infants is important for their immune development and
overall health. PLHIV often experience non-optimal microbiota compared to people without
[402,403]. In addition, the composition of HMOs in breast milk of mothers living with HIV differs
from their counterparts [404]. Since infant microbiota is determined largely from maternal
influences, it is plausible that the microbiota of iHEU is altered due to maternal HIV infection,
which may account for their increased risk of morbidity and mortality compared to iHUU.
However, there is conflicting evidence regarding gut microbiota in iHEU. While clear associations
between maternal HIV infection and infant gut microbiota were observed in some studies
[404,405], marginal differences were reported in other studies [406—409]. A study that enrolled
over 120 children in Canada, Belgium, and South Africa suggested that the alternation in gut
microbiota in iHEU could be country-specific [406]. Thus, further investigation is required to
elucidate the influence of in utero exposure to HIV on infant microbiota and subsequent health

outcomes.
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1.8.Aims and objective of the dissertation

The primary objective of this dissertation was to investigate the mechanisms behind the increased
risk of morbidity in iHEU compared to iHUU in sub-Saharan Africa. The objectives of the specific

aims and rationales of the study were as follows:

Aim 1: To investigate the prevalence of TBI in BCG-vaccinated iHEU and iHUU.

Rationale: Children under five years are at high risk of progressing to severe forms of TB disease
[410]. BCG vaccination induces IFN-y production in T cells, an important component for
protecting against TBI [411]. Since TBI prevalence is higher in mothers with HIV than those
without [412] and iHEU have shown to have lower BCG-specific CD4+ T cells than iHUU [389],
we investigated whether BCG-vaccinated iHEU have a higher TBI prevalence than iHUU. We
performed T-SPOT.TB assay on PBMCs obtained from 418 BCG-vaccinated infants/children
under two years in Botswana and South Africa. The TBI prevalence was compared by HIV

exposure status.

This will be discussed in Chapter 2 and has been published as:
Saori C. Iwase, Paul T. Edlefsen, Lynnette Bhebhe, Kesego Motsumi, Sikhulile Moyo, Anna-

Ursula Happel, Danica Shao, Nicholas Mmasa, Sara Schenkel, Melanie A. Gasper, Melanie
Dubois, Megan A. Files, Chetan Seshadri, Fergal Duffy, John Aitchison, Mihai G. Netea, Jennifer
Jao, Donald W. Cameron, Clive M. Gray, Heather B. Jaspan, Kathleen M. Powis. (2023). T-
SPOT.TB reactivity in Southern African children with and without in utero HIV exposure.
Clinical Infectious Diseases, 8—11. http://doi.org/10.1093/cid/ciad356

Aim 2: To explore the association between infant gut microbiota, HIV exposure, and
immunity to vaccination.

Rationale: Bacterial colonization in the gut facilitates the development of the immune system in
infants. Conversely, an alteration of the gut microbiota is associated with a higher risk of morbidity
[413]. We investigated the potential association between in utero HIV exposure, gut microbiota,
and TT vaccine response in infants. 16S rRNA gene sequencing was conducted using stool samples
from 278 infants (202 iHEU and 76 iHUU) in Nigeria and South Africa at 1 and 15 weeks of age.

Plasma anti-tetanus IgG titers were measured by enzyme-linked immunosorbent assay (ELISA) in
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mother-infant pairs. Finally, the association between gut microbiota structure and TT vaccine

responses was evaluated.

This will be discussed in Chapter 3 and has been published as:
*Saori C. Iwase, *Sophia Osawe, Anna-Ursula Happel, Clive M. Gray, Jonathan Blackburn,

Susan P. Holmes, *Alash’le Abimiku, *Heather B. Jaspan. Longitudinal gut microbiota
composition of South African and Nigerian infants in relation to tetanus vaccine responses.

Microbiology Spectrum, 12:¢03190-23. https://doi.org/10.1128/spectrum.03190-23

*Contributed equally

Aim 3: To establish an assay assessing epigenetic changes associated with BCG-induced
trained innate immunity using ultra-low input samples in iHEU and iHUU.

Rationale: Whether BCG-induced trained innate immunity offers iHEU equal immune protection
as iHUU are unknown. However, conducting an epigenetic assay on infant cells, particularly
targeting low-abundant cell populations, is challenging. Often, the maximum blood volume
obtainable in infants is 3-5 ml (i.e., < 2.5% of total blood volume), and this blood is often used for
multiple assays, therefore allowing fewer than 10 million cells after PBMC isolation. Given that
the proportion of NK cells and monocytes in PBMCs ranges between 2-4% in infants, it is
challenging to conduct ChIP-seq, the golden standard method for assessing the histone
modifications, as this assay requires at least 1 million cells as a starting material [117]. For this
reason, optimization of an epigenetic assay that allows evaluation of histone modification with
ultra-low input cell numbers was carried out. A cell sorting strategy was established to isolate
monocytes and NK cells from infant PBMCs using fluorescence-activated cell sorting (FACS).
The protocol of CUT&Tag, a recently developed cutting-edge technique [121], was adapted in
order to achieve the sufficient data quality required for the downstream analysis of infant samples.
The optimized assay strategy was applied to 14 PBMCs obtained from infants at six to seven weeks

of age, and histone modifications of NK cells and monocytes were compared.

This will be discussed in Chapter 4.
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Chapter 2. T-SPOT.TB reactivity in Southern African children

with and without in utero HIV exposure

2.1.Abstract

Background: Children under the age of five years are at risk for tuberculosis (TB). Bacillus
Calmette-Guérin (BCG) vaccination may prevent TB infection (TBI) and prevents severe forms
of TB disease in children. Although infants who are HIV-exposed but uninfected (iHEU)
experience a higher risk of infectious morbidity than infants who are HIV-unexposed and
uninfected (iIHUU), it is unknown whether iHEU receive equal protection from BCG vaccination

as iHUU.

Methods: Leveraging ongoing parent studies, women living with and without HIV and their HIV-
uninfected newborn infants were enrolled in Botswana and South Africa. T-SPOT.TB assays
(Oxford Immunotec) were performed on infant cryopreserved peripheral mononuclear cells
(PBMCs) collected at 9-18 months of age in Botswana and at 9-12-months in South Africa.
Sensitivity analysis was conducted by simulating all outcomes at 12 months of age while

considering the conversion and reversion rates between the time points.

Results: Of the 418 infants tested, 293 (70%) were iHEU and 125 (30%) were iHUU. Mothers
with HIV were older with higher gravidity compared to those without HIV. No infant presented
with TB disease. Overall, 10 (3.4%) iHEU and 4 (3.2%) iHUU tested T-SPOT.TB positive. Two
seroreversions occurred in Botswanan iHEU. Sensitivity analysis suggested that the T-SPOT.TB

results were robust, irrespective of variance in test timing between the sites.

Conclusions: The prevalence of TBI was similar between iHEU and iHUU in two Southern
African infant cohorts, contrary to previous reports where overall prevalence was higher,
suggesting that iHEU may receive equal protection from BCG vaccination as iHUU. Future studies

with larger cohorts are required to verify this finding.
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2.2. Introduction

Children under five years of age experience a high risk of progression from tuberculosis (TB)
infection to disease if untreated [410]. About 47% of women of childbearing potential account for
new HIV infections [414]. Successful antiretroviral treatment (ART) scale-up for pregnant persons
living with HIV has resulted in an increasing number of infants born HIV-exposed but uninfected
(1IHEU). iHEU experience a greater risk of infectious morbidity than infants born HIV-unexposed
uninfected (1IHUU) [415].

Bacillus Calmette-Guérin (BCG) vaccine prevents severe TB disease in children. BCG vaccination
induces T cell interferon-gamma (IFN-y) production, an important component of protection
against TB [411]. We previously found a significantly lower proportion of BCG-specific IFN-y
producing CD4+ T cells among iHEU, suggesting that iHEU may not achieve equivalent BCG
immune protection compared to iHUU [389]. Therefore, we investigated the TBI prevalence by
HIV exposure status among BCG-vaccinated infants in Botswana and South Africa, two high

burden HIV and TB settings.

2.3. Material and methods
2.3.1. Study design

The study was nested within two prospective observational cohort studies enrolling pregnant
women with and without HIV and their infants. The Tshilo Dikotla study (Gaborone, Botswana)
and the Innate Factors Associated with Nursing Transmission (InFANT) study (Khayelitsha Site
B, Cape Town, South Africa) recruited participants from government antenatal clinics between
2013 and 2020 [416,417]. Inclusion and exclusion criteria of each study are indicated in Appendix
A-B. Infants with severe birth complications, or born to mothers with active TB or TB symptoms
at the time of enrolment were excluded. All infants received BCG vaccination within 72 hours
(hrs) of birth. Participants were followed over 36 months in Botswana and 12 months in South
Africa. Peripheral blood mononuclear cells were collected at 9-12 and 18 months in Botswana,

and at 9 and 12 months in South Africa, and stored in liquid nitrogen.
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2.3.2. Ethics

This study was approved by the Health Research Development Committee in Botswana (protocol
HRDC 00850), Massachusetts General Hospital’s Institutional Review Board, and University of
Cape Town’s Human Research Ethics Committee (protocol 285/2012). Women provided written

informed consent for their participation and that of their infant.

2.3.3. T-SPOT.TB assay

T-SPOT.TB assays (Oxford Immunotec) were performed and interpreted according to
manufacturer’s instructions. Briefly, 2.5x10° rested PBMCs were incubated overnight with
phytohaemagglutinin (PHA; positive control), TB antigens Early Secretory Antigenic Target 6
(ESAT-6) and culture filtrate protein-10 kDa (CFP-10), or AIM-V™ medium (ThermoFisher; Nil
control). Spot-forming cells (SFCs) were enumerated using ImmunoSpot3 software (Cellular
Technology). Samples containing below the recommended cell number were normalized as
previously described [418]. As per manufacturers’ instructions, the test result was considered
positive if at least one TB antigen had > 8 SFCs more than the Nil control, borderline if the
difference between the Nil control and at least one TB antigen was 5-7 SFCs, or invalid if PHA <
20 SFCs or Nil control > 10 SFCs. If the result did not meet the described criteria, it was interpreted
as negative. For invalid or borderline results, re-testing was performed using an aliquot collected
at the same visit or a follow-up visit. If the re-tested result was valid, the valid result was assigned
to the initial visit. Infants testing T-SPOT.TB positive were referred to government clinics. We

defined “TBI” as T-SPOT.TB positive without TB disease symptoms at the time of specimen draw.

2.3.4. Sensitivity analysis

Due to timing variation of testing between sites, we simulated results as if all testing was performed
at 12 months. For South African infants, we assumed a positive test at month nine would have a
negative at month 12 with probability R (reversion), and infants with a negative or invalid result
at month nine would have a positive at month 12 with probability C (conversion). These
probabilities were applied to 12- to 18-months results in the Botswana cohort. We assumed a
baseline P (prevalence) at 12 months to calculate the probability of a positive (or negative/invalid)
test at 18 months having been negative (or positive) at month 12. For each combination of R, C,

and P, ranging from 0% to 20% based on published studies [383,418], we randomly generated
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5,000 datasets and performed Fisher’s exact tests on the pooled month 12 data, comparing the

proportion of positive results by infant HIV exposure status.

2.3.5. Statistical analysis

Data analysis was performed using R (version 4.0.4). Normally distributed continuous variables
were compared by t-test using means with standard deviations (SDs). Continuous variables with
skewed distributions were compared by Wilcoxon rank-sum test using medians with interquartile
ranges (IQRs). Categorical variables were compared by Chi-square test. Proportions of TBI were

compared by infant HIV exposure status using Fisher’s exact test.

2.3.6. Power calculations

Previous sub-Saharan data reported a TBI prevalence of 10.9% (95% confidence interval (CI), 6.1-
17.7%) in six-month-old iHEU [418]. Thus, we expected that at least 18% of iHEU would test
positive by 12 months. Given our study’s sample size (125 iHUU and 293 iHEU), we had at least
80% power to detect a 57.5% difference in TBI at 12 months, assuming a prevalence of < 7.65%

among iHUU.

2.4.Results

2.4.1. Cohort Characteristics

The study included 418 mother-infant pairs, of which 293 were iHEU (Table 2.1). The proportion
of iHEU was higher in Botswana compared to South Africa. Infant sex and gestational age at birth
were similar between HIV exposure groups. Women with HIV were older and had higher gravidity
than women without HIV. Among women with HIV, 63.0% were on ART at conception with
median CD4 count of 463 cells/mm? at enrollment. Fifteen (3.6%) infants had a household TB
exposure during follow-up (n =5 in Botswana; n = 10 in South Africa), including six from South
Africa whose mothers developed active TB disease during the course of the study. Household

exposure did not differ by HIV exposure status.
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Table 2.1. Comparison of overall cohort characteristics by HIV exposure status.

iHUU iHEU P
N=125 N =293
Study site, n (%) Botswana 33 (26.4) 135 (46.1) <0.001
South Africa 92 (73.6) 158 (53.9)

Household water accessibility,
n (%)b 85 (70.8) 206 (71.0) 1
Maternal characteristics

Age at delivery, years (mean

(SD))* 26.05 (4.60) 29.67 (5.45) <0.001
Marital status, n (%)° Married 25 (21.0) 37 (12.8) 0.038
Living
together 15 (12.6) 65 (22.4)
Separated 0(0.0) 1(0.3)
Single 79 (66.4) 187 (64.5)
Completed at least secondary
education, n (%)° 111 (92.5) 208 (73.2) <0.001
Employed, n (%)" 59 (47.2) 128 (43.7) 0.41
Number of prior pregnancies 1.00 2.00
(median [IQR])® [0.00, 2.00] [1.00, 2.00] <0.001
On ART at conception, n (%)" - 184 (63.0) -
CD4 count at enrollment, cells 463
/mm® (median [IQR])" - [323, 622] -

Proportion with HIV viral
suppression (<40 copies/ml), n

(%)' 177 (93.2) -
Developed active TB during

study, n (%) 1(0.8) 5(1.7) 0.79
Infant characteristics

Male sex, n (%) 58 (48.7) 142 (49.0) 1
Gestational age at birth, weeks 39.64 39.29

(median [IQR])* [38.61, 40.57] [38.00, 40.29] 0.17
Household TB contact, n (%) 3(124) 12 (4.1) 0.57

Abbreviations: HIV, human immunodeficiency virus; iHUU, HIV-unexposed uninfected infants; iHEU,
HIV-exposed uninfected infants; IQR, interquartile range; SD, standard deviation; ART, antiretroviral
treatment; TB, tuberculosis. *Missing data from 8 infants (i(HUU, n = 5; iHEU, n = 3). "Missing data
from 15 infants (i(HUU, n = 6; iHEU, n = 9). “Missing data from 9 infants (HUU, n = 6; iHEU, n = 3).
Missing data from 14 infants (iHUU, n = 5; iHEU, n = 9). “Missing data from 13 infants iHUU, n = 7;
iHEU, n = 6). ‘Missing data from 1 iHEU infant. éMissing data from 5 iHEU infants. "Missing data from
19 1iHEU infants. iMissing data from 102 iHEU infants. jMissing data from 9 infants (iHUU, n = 6; iHEU,
n = 3). "Missing data from 10 infants (iHUU, n = 7; iHEU, n = 3).
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2.4.2. Prevalence of TBI

Out of 418 infants, 14 (3.3%) tested T-SPOT.TB positive, 1 (0.24%) borderline, 15 (3.6%) invalid,
and 388 (92.8%) negative (Table 2.2). T-SPOT.TB reactivity did not differ by infant HIV
exposure status (iHUU n =4 (3.2%) and iHEU n = 10 (3.4%); 95% CI 0.30- 4.76; Table 2.2) or
by study site (Table 2.3). No infants who tested TBI positive and were referred for clinical
evaluation were diagnosed with TB disease. Two reversions (0.48%) occurred among Botswana
iHEU, one of which had a household TB contact (Table 2.1). Although SFCs for TB antigens did
not differ pre-reversion, SFCs for PHA (positive control) were significantly lower than other

positive cases when they reverted (median 165 vs. 724, P = 0.003).

Table 2.2. T-SPOT.TB reactivity by HIV exposure status.

iHUU iHEU

N=125 N =293
Study site, n (%) Botswana 33 (26.4) 135 (46.1)
South Africa 92 (73.6) 158 (53.9)
Testing time point, n (%) Month 9 44 (35.2) 117 (39.9)
Month 12 48 (38.4) 46 (15.7)
Month 18 33(26.4) 130 (44.4)

T-SPOT.TB result, n (%) Positive® 4(3.2) 10 (3.4)
Negative® 115 (92.0) 273 (93.2)

Borderline® 0(0.0) 1(0.3)

Invalid®® 6 (4.8) 9(3.1)

Abbreviations: iHUU, HIV-unexposed uninfected infants; iHEU, HIV-exposed uninfected infants; SFCs,
spot-forming cells; PHA, phytohemagglutinin. *Positive if there were > 8 SFCs above Nil control for at
least one of TB antigens. "Negative if a test did not fall into any of the interpretations. “Borderline if the
difference to Nil control was between 5-7 SFCs for at least one of TB antigens. ‘Invalid if there were PHA
< 20 SFCs or Nil control > 10 SFCs. “Reason for invalid results: contamination of kits or assay (n = 2);
PHA <20 SFCs (n =7) and Nil control > 10 SFCs (n = 6).
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Table 2.3. T-SPOT.TB results by study sites.

South Africa Botswana
iHUU iHEU iHUU iHEU
N=92 N=158 N=33 N =135
Month 9 44 (47.8) 117 (74.1) - -
Testing time
point, n (%) Month 12 48 (52.2) 41 (25.9) 0 (0.0) 537
Month 18 - - 33 (100.0) 130 (96.3)
Positive® 3(3.3) 4(2.5) 1(3.0) 6(4.4)
T-SPOT.TB Negative® 85(92.4) 146 (92.4) 30(90.9) 127 (94.1)
result (%) Borderline® 0(0.0) 0(0.0) 0(0.0) 1(0.7)
Invalid® ¢ 4 (4.3) 8(5.1) 2 (6.1) 1(0.7)

Abbreviations: iHUU, HIV-unexposed uninfected infants; iHEU, HIV-exposed uninfected infants; SFCs,
spot-forming cells; PHA, phytohemagglutinin. *Positive if there were > 8 SFCs above Nil control for at
least one of TB antigens. "Negative if a test did not fall into any of the interpretations. ‘Borderline if the
difference to Nil controls was between 5-7 SFCs for at least one of TB antigens. ‘Invalid if there was PHA
< 20 SFCs or Nil control >10 SFCs. ‘Reason for invalid results: PHA <20 SFCs (n = 6) and Nil control
>10 SFCs (n = 6) in South Africa; PHA <20 SFCs (n = 1) and contamination of kits or assay (n = 2) in
Botswana.

We conducted a sensitivity analysis to impute T-SPOT.TB results at 12 months of age across study
sites, considering potential conversion and reversion rates over time (Appendix C). No
combination of assumptions gave a statistically significant difference between HIV-exposure

groups in T-SPOT.TB positivity more than 5% of the time.

2.5. Discussion

In our Southern African cohorts, we found a low overall risk of TBI among infants BCG-
vaccinated at birth, with no influence of HIV exposure status. The lack of difference is important,
as IHEU have been reported to be at high risk of infectious morbidity [415]. Although testing was
performed between nine and 18 months of life, with some infants having a longer window of risk
for TB exposure, the sensitivity analysis suggests that the prevalence of T-SPOT.TB positivity was
robust to conversion and reversion between the observed time points. Literature investigating TBI

in iHEU using IFN-y release assays (IGRAs) like the QuantiFERON-TB or T-SPOT.TB is limited

73



[42], and studies including iHUU as a comparison group are scarce. To our knowledge, this is the
largest study comparing TBI prevalence between Southern African iHEU and iHUU using T-
SPOT.TB.

The prevalence of TBI was lower among infants in this study compared to other studies using
IGRA-based approaches [383]. Differences in cohort characteristics likely account for lower
IGRA positivity in our study. We excluded mothers with active TB disease at baseline. Further,
the previously published South African study assessed TBI in children with a mean age of 3.5
years [383], evaluating a longer exposure window. It was also conducted during a period when
South Africa recorded its highest TB incidence in the last two decades [419]. Thus, household TB

contacts were more common than in our study (13.2% vs. 3.6%).

We found no difference in T-SPOT.TB reactivity by HIV exposure status. This differs from a
Ugandan study where children who were HEU up to five years of age had higher IGRA positivity
prevalence than children who were HUU [42]. Differences in maternal inclusion criteria and longer

follow-up period likely explain the higher prevalence reported in Ugandan children who were HEU.

The strengths of this study include a large sample size, with cohorts recruited in neighboring
countries, both with high HIV and TB burden, using a common protocol. Pooling of data increased
study power. Although timing of testing varied between sites, we employed a sensitivity analysis
to assess for robustness of findings. Given the lower than anticipated T-SPOT.TB positivity
prevalence, we did not have sufficient power to conclusively evaluate the association between HIV
exposure and TBI. Since the prevalence of a T-SPOT.TB reactivity in iHEU was 3.4% in our
cohort, prevalence among iHUU would had to have been < 0.175%, a 94.9% reduction, to detect
a significant difference. Adequately powered studies would be needed to definitively exclude a

higher risk of TBI in iHEU.

We employed IGRA-based testing, similar to previous studies [42,383]. Infant T cells have lower
IFN-y producing capacity than adult T cells [420], and perinatal HIV exposure has been associated
with altered immunity [398]. Thus, it is unclear whether iHEU and iHUU have similar immune

response against TB antigens. Furthermore, IGRA testing is not recommended for children under
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two years of age, but tuberculin skin testing can result in false positive tests in BCG-vaccinated
individuals. Assays targeting non-IFN-y markers have been proposed as alternatives in BCG-
vaccinated children under two years of age [421] and may be beneficial to inclusion in future
studies. Further, it is possible that co-trimoxazole prophylaxis recommended to iHEU at six weeks

of age contributed to the low prevalence of TBI among this population [422].

In summary, we showed that the TBI prevalence among BCG-vaccinated infants from two
Southern African countries with high HIV and TB prevalence was low and did not vary by HIV

exposure status.
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Chapter 3. Longitudinal gut microbiota composition of South
African and Nigerian infants in relation to tetanus vaccine

responses

3.1.Abstract
Background: Infants who are exposed to HIV but uninfected (iHEU) have a higher risk of

infectious morbidity than infants who are HIV-unexposed and uninfected (iHUU), possibly due to
altered immunity. As infant gut microbiota may influence immune development, we evaluated the
effects of HIV exposure on infant gut microbiota and its association with tetanus toxoid (TT)

vaccine responsces.

Methods: We evaluated the gut microbiota of 82 South African (61 iHEU and 21 iHUU) and 196
Nigerian (141 iHEU and 55 iHUU) infants at < 1 and 15 weeks of life by 16S ribosomal ribonucleic
acid (rRNA) gene sequencing. Anti-tetanus antibodies were measured by enzyme-linked

immunosorbent assay (ELISA) at matched time points.

Results: Gut microbiota in the 278 included infants and its succession were more strongly
influenced by geographical location and age than by HIV exposure. Microbiota of Nigerian infants,
who were exclusively breastfed, drastically changed over 15 weeks, becoming dominated by
Bifidobacterium longum subspecies infantis. This change was not observed among South African
infants, even when limiting the analysis to exclusively breastfed infants. The Least Absolute
Shrinkage and Selection Operator (LASSO) regression suggested that HIV exposure and gut
microbiota were independently associated with tetanus titres at week 15, and that high passively

transferred maternal antibody levels, as seen in the Nigerian cohort, may mitigate these effects.
Conclusions: In two African cohorts, HIV exposure minimally altered the infant gut microbiota

compared to age and setting, but both specific gut microbes and HIV exposure independently

predicted humoral tetanus vaccine responses.
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3.2. Introduction

The mutualistic relationship between microbes and humans begins in early life. Emerging evidence
suggests that the colonization of microbes in the gut facilitates the development of the immune
system and growth trajectories [413,423]. Due to the successful prevention of vertical transmission
programs, the number of infants who are HIV-exposed yet uninfected (iIHEU) has been increasing,
particularly in sub-Saharan Africa [424]. Compared to infants who are HIV-unexposed and
uninfected (iIHUU), iHEU are at higher risk of morbidity and mortality, predominantly due to
infectious diseases [425]. This is thought to be linked to their altered immunity [426,427], which
may be secondary to altered gut microbiota. To our knowledge, there are limited longitudinal
studies comparing gut microbiota between iHEU and iHUU, and most of them were conducted in
a single country [404,405, 407,409]. Some studies have found few differences [407—409], whereas
clear differences in microbiota profile were observed in Haitian [404] and Nigerian iHEU [405].
Thus far, only one cross-sectional study compared the gut microbiota between iHEU and iHUU in
multiple countries, including Belgium, Canada, and South Africa, and suggested that the difference
in microbiota by HIV exposure status may be population-specific [406]. Therefore, the effect of

geography and HIV exposure on infant gut microbiota requires further investigation.

Vaccines are critical for protecting infants from infectious diseases and consequent morbidity and
mortality. However, multiple factors can influence vaccine immunogenicity, including genetics,
nutritional status, and pre-existing immunity [428]. In addition, emerging evidence points to a
possible role of the gut microbiota in influencing vaccine response [429]. In Bangladeshi infants,
CD4+ T-cell proliferation and IgG against tetanus toxoid (TT) vaccination were positively
associated with abundance of Actinobacteria, particularly Bifidobacterium longum, until at least
two years of age [56,430]. Conversely, vaccine-induced CD4+ T-cell proliferation against TT
vaccine was negatively associated with the abundance of Enterobacteriales and Pseudomonadales

[430].
To evaluate the contribution of gut microbiota to observed differences in immunity between iHEU

and iHUU, we longitudinally compared the gut microbiota of South African and Nigerian infants

exposed and unexposed to HIV, and correlated these with TT vaccine responses.
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3.3. Material and methods

3.3.1. Study participants

Mothers with and without HIV and their neonates were recruited into a multicenter longitudinal
study between September 2013 and November 2017 [417]. Mother-infant pairs were enrolled
during the first week post-delivery at the Khayelitsha Site B Midwife Obstetric Unit in Cape Town,
South Africa, and the Plateau State Specialist Hospital in Jos, Nigeria. Clinical and demographic
data and samples (including stool and blood) were collected. All mothers with HIV received
antiretroviral therapy according to local guidelines, and their infants were confirmed as HIV-
negative by polymerase chain reaction (PCR) at birth and later time points [431,432]. In addition,
all iHEU received nevirapine post-exposure prophylaxis (PEP) after birth, and co-trimoxazole was
recommended at six weeks of age as per country-specific guidelines [431,433]. Exclusive
breastfeeding was advised to all mothers for six months. Feeding data were collected using a
structured questionnaire validated in similar settings [434]. Feeding practices were categorized as
“exclusive breastfeeding,” defined as receiving only breastmilk or prescribed medicines since birth,
or “mixed feeding,” defined as receiving breastmilk supplemented with other liquids or food or
receiving formula. In this analysis, we included stool and plasma collected from term infants
during the first and at 15 weeks of life born to mothers without complications during pregnancy

or delivery.

3.3.2. Immunization

Routine childhood vaccinations were given to all infants according to the World Health
Organization (WHO) Expanded Program on Immunization [43]. In both countries, infants were
vaccinated against tetanus at 6, 10, and 14 weeks. South African infants received DTaP (diphtheria
toxoid [DT], TT, and acellular pertussis [aP]), while Nigerian infants received DTwP (DT, TT,
and whole-cell pertussis [wP]). Pregnant mothers were given booster TT vaccination (Serum

Institute of India Pvt. Ltd.) in Nigeria.
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3.3.3. Sample collection, deoxyribonucleic acid (DNA) extraction and 16S rRNA gene
sequencing
Fecal samples were collected from diapers, avoiding the surface. Samples were placed on ice
immediately, transferred to the lab within 6 hours (hrs), and stored at -40 to -20°C until analysis.
Samples were thawed and treated with a cocktail of mutanolysin (300 U/ml, Sigma Aldrich),
lysozyme (45,000 U/ml, Sigma Aldrich), and lysostaphin (24 U/ml, Sigma Aldrich) in 300 pl
phosphate-buffered saline (PBS) for 1 hr at 37°C. Samples were then mechanically disrupted by
bead-beating at 50 Hertz (Hz) for 10 minutes (mins) using the Qiagen TissueLyser LT [435].
Genomic DNA was extracted using the PowerSoil DNA extraction kit (Qiagen), following the
manufacturer’s protocol. For cross-contamination filtering, genomic DNA was extracted from
mock bacterial community cells with equal colony-forming units from each of the 22 known
species (HM-280, BEI). Extracted genomic DNA was subjected to PCR amplification in triplicates
using primers targeting the V3-V4 region (357F/806R primers) of the 16S rRNA gene, as
described previously [436]. Negative controls for DNA extraction and PCR were included.
Amplified libraries were purified using AMPure XP beads (Beckman Coulter), quantitated using
Quant-iT dsDNA High Sensitivity Assay Kits (ThermoFisher), pooled in equal molar amounts,
and paired-end sequenced using a MiSeq Reagent Kit V3 (600-cycle, Illumina). Following
demultiplexing, barcode primers were removed using Cutadapt (version 3.4) [437], and reads were
processed using DADA?2 (version 1.19.2) [438] within the R framework (R version 4.0.4) [439].
Taxonomic classification of amplicon sequence variants (ASVs) was done using an updated
SILVA training set (version 132) [440], available at
https://github.com/itsmisterbrown/updated 16S dbs [441]. Contaminant ASVs were identified
and removed using the decontam package (version 1.16.0) [442]. Samples with less than 2,000

filtered reads were excluded from the downstream analysis.

3.3.4. Plasma IgG anti-tetanus antibodies

Blood samples were obtained from infants at 1 and 15 weeks and from Nigerian mothers at 1 week
postpartum. All blood samples were collected in heparinized tubes and transported to the lab within
6 hours for sample processing. Plasma was removed prior to cell isolation using Ficoll density-
gradient separation medium (Sigma Aldrich) and stored at -80°C until analysis. Plasma anti-

tetanus IgG was measured by enzyme-linked immunosorbent assay (ELISA) following the
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manufacturer’s protocol (TECAN, IBL International GmbH). The optical density at 450 nm was
measured using an ELISA microplate reader (BioTek ELx808 absorbance plate reader), and a
standard curve was generated using the readings from the calibrators included on each plate and
used to calculate the individual titers (IU/ml). To validate each assay, we considered only
calibration curves for each plate that had a coefficient of determination (r?) above 0.95. Calibration
curves that had an r? below 0.95 were repeated. The manufacturer provided the intra-assay and
inter-assay coefficient of variation (CV%) as 6.9 and 10.4, respectively. Samples on each plate
were run in duplicate and averaged. Previously tested positive samples were incorporated into

subsequent runs as in-house controls.

3.3.5. Data analysis

Differences in study cohort characteristics were assessed using the Student’s t-test (parametric
continuous variables), Wilcoxon signed-rank test (non-parametric continuous variables), and Chi-
squared test (parametric categorical variables). Spearman’s rank correlation coefficient (R) was
used to analyze associations between groups. Bacterial community analysis was done using the
phyloseq (version 1.40.0) [443] and vegan (version 2.4.6) [444] packages. The ASV table was
normalized (i.e., transformed to relative abundance * median sample read depth) and filtered so
that each ASV had at least 10 counts in at least 20% of the samples or had a total relative abundance
of at least 0.1%. Shannon index was calculated as a measure of a-diversity. Comparison of
microbial community composition between groups was evaluated by principal coordinate analysis
(PCoA) and permutational multivariate analysis of variance (PERMANOVA) using the adonis2
function in the vegan package [444], based on the Bray-Curtis dissimilarity and 999 permutations.
Partitioning around medoids (PAM) clustering was applied to determine the optimal & using the
cluster package (version 2.1.4) [445]. Analysis of Compositions of Microbiomes with Bias
Correction (ANCOM-BC; version 1.6.4) [446] was used to identify significantly differentially
abundant ASVs through pair-wise comparisons with an adjusted P-value of < 0.05, and log. fold
change of > 0.5 or <-0.5. P-values of anti-tetanus IgG titers were compared by Wilcoxon signed-
rank tests and adjusted for multiple comparisons using the Benjamini-Hochberg method. To
identify factors associated with infant anti-tetanus IgG titers at 15 weeks of age, we applied the
Least Absolute Shrinkage and Selection Operator (LASSO) regression using the glmnet package

(version 4.1.4) [447]. Since microbiota compositional data are often highly skewed, we employed
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rank-based transformation [448] for the regression analysis using the top 50 ASVs among infants
who had microbiota data available at both week 1 and week 15. After the transformation, the most
abundant bacterial taxon within the sample was given the highest score of 50, and the least
abundant bacterial taxon was given a score of 1. The rank-transformed ASVs, infant anti-tetanus
IgG titers at one week of age (indicative of passive maternal antibody transfer), and HIV exposure
status were used as explanatory variables. Models were created according to the infant’s age and
geographical location separately. The predictive models were validated by 10-fold cross-validation
using the cv.glmnet() function in the glmnet package [447]. Lambda value that gave the lowest
model error was used as a tuning parameter. Variables that fitted within the regression model were
considered to be predictor variables for the TT vaccine response. P-values < 0.05 and 95%

confidence intervals were used to assess statistical significance.

3.4.Results

3.4.1. Cohort characteristics

Overall, there were 278 mother-infant pairs included in this analysis; 82 were from South Africa,
and 196 were Nigerian. Several demographic and socioeconomic characteristics differed by study
site (Table 3.1). At enrolment, Nigerian mothers were older (mean age 31 (standard deviation
(SD) £ 5.31) vs. 28 (SD £ 5.38) years, P = 0.001) with higher gravidity (median 2 [interquartile
range (IQR): 1-4] vs. 1 [IQR: 1-2], P < 0.001) and lower body weight (mean 62.87 (SD + 11.51)
vs. 72.69 (SD + 13.86) kg, P < 0.001) than South African mothers. While electricity was equally
available for participants from both countries, significantly more mothers in South Africa had a
refrigerator and running water at home, and significantly more Nigerian mothers lived in formal
housing made of bricks or concrete structure (all P <0.001). The weight-for-length z score (wflz)
of Nigerian infants was significantly lower than that of South African infants at 15 weeks of age
(0.54 vs. 0.86, P = 0.023). All Nigerian infants were exclusively breastfed (EBF) until 15 weeks
of life, whereas only 58.5% of South African mothers still reported EBF at 15 weeks postpartum
(P <0.001). Among the South African mothers who reported “mixed feeding,” 58.8% (n = 19)
introduced formula feeding or solid food while continuing breastfeeding, and 41.2% (n = 14)
completely switched to formula feeding during the course of the study (median breastfeeding

duration: 32 days). Mmothers of iHUU had higher formal education than mothers of iHEU (P =
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0.002; Table 3.2). History of antibiotic use was higher among iHEU due to co-trimoxazole prophylaxis
(86.6% iHEU vs. 6.6% iHUU, P <0.001). Significantly fewer South African iHEU reported co-trimoxazole
prophylaxis than Nigerian iHEU (55.7% vs. 100%, P <0.001).

83



Table 3.1. Cohort characteristics.

South Africa Nigeria P
(N=82) (N =196)
Maternal characteristics
Mother’s age at deliver
(years; meaf D) y 28 (5.38) 31(5.31) 0.001
Education (n; %) None 0(0.0) 2 (1.0) <0.001
Elementary 5(6.1) 65 (33.2)
Secondary 72 (87.8) 73 (37.2)
Higher 5(6.1) 56 (28.6)
Unemployed (n; %) 59 (72.0) 6(3.1) <0.001
Formal housing (n; %) 33 (40.2) 185 (94.4) <0.001
Electricity (n; %) 78 (95.1) 178 (90.8) 0.332
Refrigerator (n; %) 70 (85.4) 96 (49.0) <0.001
Running water (n; %) 38 (46.3) 48 (24.5) 0.001
Marital status (n; %) ?f;g;ee‘i/ living 25 (30.5) 186 (94.9) <0.001
Single 57 (69.5) 10 (5.1)
Gravidity  (n; median
[IOR]) 1[1,2] 2[1,4] <0.001
Mother’s weight at
enrollment (kg: mian (SD))* 72.69 (13.86) 62.87 (11.51) <0.001
Infant characteristics
iHEU (n; %) 61 (74.4) 141 (71.9) 0.787
Male (n; %) 41 (50.0) 94 (48.0) 0.858
Gestational age at delivery 39.30 39.95 0.011
(weeks; median [IQR]) [38.02, 40.38] [38.98, 40.62]
Vaginal delivery (n; %) 82 (100.0) 167 (85.2) 0.001
Wflz at WI15 (median 0.86 0.54 0.023
[IQR))" [0.32, 1.90] [-0.64, 1.42]
Mode of feeding at W15 Exclusive
(n: %) g breastfeeding 48 (58.5) 196 (100.0) <0.001
Mixed feeding 34 (41.5) 0(0.0)
Ele;p(;)r)ted antibiotic use Co-trimoxazole 34 (41.5) 141 (71.9) <0.001
Other 2(24) 3(L.5)

Abbreviations: IQR, interquartile range; SD, standard deviation; iHEU, infants who are HIV-exposed
uninfected; Wflz, weight-for-length z score; W15, 15 weeks of age. “Missing data from 5 participants in
Nigeria; "Missing data from 41 participants (South Africa, n = 16; Nigeria, n = 25).
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Table 3.2. Comparison of overall cohort characteristics by HIV exposure status.

iHUU iHEU P
(N=176) (N =202)
Maternal characteristics
Study site (n; %) South Africa 21 (27.6) 61 (30.2) 0.787
Nigeria 55(72.4) 141 (69.8)
Mother’s age at delivery
(years; mean (SD)) 29 (5.00) 30 (5.57) 0.098
Education (n; %) None 0(0.0) 2 (1.0) 0.002
Elementary 11 (14.5) 59 (29.2)
Secondary 38 (50.0) 107 (53.0)
Higher 27 (35.5) 34 (16.8)
Unemployed (n; %) 16 (21.1) 49 (24.3) 0.911
Formal housing (n; %) 61 (80.3) 157 (77.7) 0.548
Electricity (n; %) 70 (92.1) 186 (92.1) 1
Refrigerator (n; %) 48 (63.2) 118 (58.4) 0.561
Running water (n; %) 28 (36.8) 58 (28.7) 0.245
. Married/ living
.« 0
Marital status (n; %) together 63 (82.9) 148 (73.3) 0.130
Single 13 (17.1) 54 (26.7)
Gravidity (n; median [IQR]) 211, 3] 211, 3] 0.071
Mother’s weight at
enrollment (kg; mean (SD))* 66.82 (13.56) 65.45 (12.86) 0.443
Mother on ART at delivery
(n; %) - 199 (98.5) -
CD4 count > 250 cells/mm’
(n; %)" - 158 (81.0) -
Viral load below detection
limit (n; %) ] 93 (38.1) j
Infant characteristics
Male (n; %) 38 (50.0) 97 (48.0) 0.873
Gestational age at delivery 40.00 39.60 0.086
(weeks; median [IQR]) [39.00, 40.70] [38.40, 40.40] ’
Vaginal delivery (n; %) 67 (88.2) 182 (90.1) 0.801
. e 0.70 0.61
Wfhlz at W15 (median [IQR]) [-0.20, 1.47] [-0.52, 1.50] 0.302
Mode of feeding at W15 Exclusive
(n; %) breastfeeding 62 (81.6) 182 (90.1) 0.084
Mixed feeding 14 (18.4) 20 (9.9)
gle.p;r)ted antibiotics use . oxazole 0 (0.0) 175 (86.6) <0.001
s /0
Other 5(6.6) 0(0.0)
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Abbreviations: ART, antiretroviral treatment; iHUU, HIV-unexposed uninfected infants; iHEU, HIV-
exposed uninfected infants; IQR, interquartile range; SD, standard deviation; Wflz, weight-for-length z
score; W15, 15 weeks of age. “Missing data from 5 participants (mothers of iHUU, n = 2; mothers of iHEU,
n =3); "Missing data from 7 participants ; *Viral load < 20 copies/ml; “Missing data from 42 participants;
‘Missing data from 41 participants (i(HUU, n = 18; iHEU, n = 23).

3.4.2. Gut microbiota differs substantially between South African and Nigerian
infants in the first week of life

Of the 524 samples sequenced, 442 samples passed the quality filtering of requiring at least 2,000
filtered reads. Of the samples that were filtered out, majority were week 1 samples due to low
biomass at early stages of life (week 1 n =63 vs. week 15n=19, P <0.0001). Among 278 infants
who were included in the downstream analysis, 164 (47 South African and 117 Nigerian) had gut
microbiota data available at both weeks 1 and 15 of life, and the rest of infants had data available
for one of the time points. Gut microbiota composition differed significantly by study site during
the first week of life (Figure 3.1A). Within-sample microbial diversity (Shannon index) was
higher among South African than Nigerian infants (median 2.23 [IQR: 1.96-2.62] vs. 1.13 [IQR:
0.77-1.68], P < 0.0001; Figure 3.1B). In addition, microbial community composition was
significantly different by geographical location, although the site only explained 6% of the
community composition (Figure 3.1C; PERMANOVA P <0.001).
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Figure 3.1. Geographical location strongly affects gut microbiota among African infants in the first
week of life. (A) Heatmap of the top 20 taxa in the gut microbiota of South African and Nigerian infants in
the first week of age. Study site, HIV exposure status, and community cluster types (based on PAM
clustering; k£ = 3) are shown in annotation bars. (B) Comparison of a-diversity (Shannon index) between
South African (n = 63) and Nigerian (n = 141) infants during the first week of life. (C) PCoA and
PERMANOVA (Bray-Curtis dissimilarity) of gut microbiota during the first week of age (South African,
n=63; Nigerian, n = 141), colored by study site and shaped by community groups, based on PAM clustering
(k = 3). Abbreviations: iHEU, infants who are HIV-exposed uninfected; iHUU, infants who are HIV-
unexposed uninfected; PCoA, principal coordinate analysis; PERMANOVA, permutational multivariate
analysis of variance; PAM, partitioning around medoids. **** P <(.0001.
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Geographical location remained significantly associated with a- and - diversity after adjusting
for sequencing batch or in separate models adjusting for demographic factors that significantly
differed between countries, namely maternal marital status, weight, age, gravidity, education level,
occupation, type of house, access to a refrigerator or running water, mode of delivery or infant
gestational age (P < 0.001 for both a- and B-diversity). Moreover, a- and - diversity remained
significantly different by the geographic location when the comparison was made strictly among

samples collected on the first day of life (n = 147; Figure 3.2).
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Figure 3.2. a-diversity of meconium samples differs significantly by study site. (A) Comparison of a-
diversity (Shannon index) of meconium samples collected at day one of life between South African (n =
12) and Nigerian infants (n = 135). (B) PCoA and PERMANOVA (Bray-Curtis dissimilarity) of gut
microbiota of meconium samples at day one of life (n = 147), colored by study site. Abbreviations: PCoA,
principal coordinate analysis; PERMANOVA, permutational multivariate analysis of variance. **** P <
0.0001.

At baseline, most South African infants had gut microbiota consisting of (1) Actinobacteriota,
including several Bifidobacterium species (such as B. longum subspecies longum, B. catenulatum,
and B. breve) and Collinsella aerofaciens, (2) Firmicutes, including Streptococcus species (such
as S. salivarius, S. caprae, and S. lutetiensis) and Veillonella dispar and (3) Proteobacteria which
mainly consist of . coli, which was named “cluster 1" identified by PAM clustering (Figure 3.1A).
On the other hand, the majority of Nigerian infants’ microbiota was classified as community

cluster 3, dominated by (1) Actinobacteriota, mainly B. longum subspecies infantis and (2)
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Firmicutes, including Staphylococcus species (such as S. haemolyticus and S. saprophyticus) and
Enterococcus species (such as E. faecalis and E. faecium). The remaining Nigerian infants had
microbiota in cluster 2, which was a low-diversity population dominated by B. longum subspecies

infantis.

3.4.3. Age is a major driver of microbiota development, but microbial succession
differs between sites
We next assessed gut microbiota longitudinally. The a-diversity in South African infants increased
significantly from week 1 to week 15 (median 2.33 [IQR: 1.96-2.62] vs. 2.54 [IQR: 2.26-2.77], P
= 0.036), while a-diversity in Nigerian infants significantly decreased (median 1.13 [IQR: 0.77-
1.68] vs. 0.87 [IQR: 0.51-1.166], P < 0.0001) (Figure 3.3A), further exacerbating the differences
in a-diversity between sites. There was distinct microbial community composition among Nigerian
samples by age, which was less evident for South African infants (Figure 3.3B). In agreement, the
dominant bacteria changed only marginally from week 1 to week 15 among South African infants,
while Nigerian infants experienced a shift from a Firmicutes-dominated microbiota (cluster 3) to
one dominated by Bifidobacterium infantis and Streptococcus salivarius (cluster 2) at 15 weeks of

age (Figure 3.3C; Figure 3.4).
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Figure 3.3. Longitudinal transition of gut microbiota is distinct among infants in South Africa and
Nigeria. (A) The transition of a-diversity (Shannon index) of infant gut microbiota over the first 15 weeks
of age in South Africa (n = 82) and Nigeria (n = 196). (B) PCoA and PERMANOVA (Bray-Curtis
dissimilarity) of gut microbiota at 1 week and 15 weeks of age, colored by study site and shaped by visit
(South African, n = 82; Nigerian, n = 196). (C) Alluvial plot showing the transition of cluster groups from
week 1 to week 15 at each study site (South African, n = 82; Nigerian, n = 196). Samples were grouped
according to PAM clustering (k = 3), indicated by color. Abbreviations: PCoA, principal coordinate
analysis; PERMANOVA, permutational multivariate analysis of variance; PAM, partitioning around

medoids. * P <0.05; **** P <(.0001.
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Figure 3.4. Infants’ gut microbial succession over the first 15 weeks differs substantially between the
study sites. Relative abundance plot of most abundant 30 taxa of South African (n = 82) and Nigerian (n =
196) infants at the 1 week and 15 weeks of age. Each column represents individual participants. B. longum
subspecies infantis and B. longum subspecies longum are indicated as the same color (green).

Given the differences in delivery mode and proportion of exclusively breastfed infants between
sites, we also performed the analysis restricting to EBF (n = 212) or vaginally delivered (n = 249)
infants. The significant differences observed between countries in a- and B-diversity remained over
the 15 weeks when the comparison was strictly among EBF infants (Figure 3.5) or vaginally

delivered infants (Figure 3.6).
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infants. (A) Comparison of a-diversity (Shannon index) between EBF South African (n = 40) and Nigerian
(n = 172) infants at 15 weeks of age. (B) PCoA and PERMANOVA (Bray-Curtis dissimilarity) of gut
microbiota among EBF infants at 15 weeks of age (n = 212), colored by study site. Abbreviations: EBF,
exclusively breastfed; PCoA, principal coordinate analysis; PERMANOVA, permutational multivariate

analysis of variance. **** P <(0.0001.
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3.4.4. HIV exposure has a subtle effect on the gut microbiota regardless of the

There were no significant differences in a-diversity (Figure 3.7A), B-diversity (Figure 3.7B), or
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Figure 3.7. HIV exposure has a subtle effect on gut microbiota across two African countries. (A)
Comparison of a-diversity (Shannon index) between iHEU (n =202) and iHUU (n = 76) at each time point
by study sites. (B) PCoA and PERMANOVA (Bray-Curtis dissimilarity) of gut microbiota at 1 week and
15 weeks of age, colored by HIV exposure status (iHEU, n = 202; iHUU, n = 76) and shaped by the study
site. (C) Heatmap of the top 25 taxa in the gut microbiota of South African (n = 82) and Nigerian (n = 196)
infants at 1 week and 15 weeks of age. Study site, study visit, HIV exposure status, and community cluster
types (based on PAM clustering; k£ = 3) are annotated. Different ASV IDs with identical bacterial taxa are
merged. (D) Alluvial plot showing the transition of cluster groups from week 1 to week 15 at each study
site (South African, n = 82; Nigerian, n = 196). Samples are grouped by PAM clustering (k = 3). HIV
exposure status is indicated by color. Abbreviations: iHEU, infants who are HIV-exposed uninfected; iHUU,
infants who are HIV-unexposed uninfected; PCoA, principal coordinate analysis; PERMANOVA,
permutational multivariate analysis of variance; PAM, partitioning around medoids; ASVs, amplicon
sequence variants. ns, not significant.
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Differential abundance testing using ANCOM-BC was performed, adjusting for feeding mode at
week 15 [446]. Several bacterial taxa were significantly associated with HIV exposure status in
South Africa (Table 3.3). Several Enterococcus species were significantly more abundant in iHEU
than iHUU at week 1 (E. faecium; Log. fold change (LFC): 0.57) and week 15 (E. faecalis, E.
gilvus, and E. raffinosus; LFC: 0.61, 1.02, and 0.76, respectively). Moreover, Collinsella
aerofaciens (LFC: 0.72 at week 1 and 1.18 at week 15) and Klebsiella quasipneumoniae (LFC:
0.84 at both week 1 and week 15), which are known to be pathobionts [449,450], were consistently
more abundant in iHEU during the first 15 weeks of life. In contrast, no bacterial taxa were

differentially abundant by HIV exposure in the Nigerian cohort.

Table 3.3. ANCOM-BC analysis of iHEU and iHUU living in South Africa.

Taxonomy (Genus, Species) Taxon ID LFC*
At 1 week of age

Klebsiella variicola ASV46 1.22
Sutterella (unclassified) ASV150 1.02
Holdemanella (unclassified) ASV53 1.00
Parabacteroides merdae ASV101 0.98
Catenibacterium (unclassified) ASV218 0.96
Blautia obeum ASV59 0.93
Senegalimassilia (unclassified) ASV145 0.87
Bifidobacterium breve ASV10 0.84
Klebsiella quasipneumoniae ASV36 0.84
Libanicoccus (unclassified) ASV153 0.81
Blautia (unclassified) ASV225 0.80
Ruminococcus torques group (unclassified) ASV75 0.72
Collinsella aerofaciens ASV25 0.72
Subdoligranulum (unclassified) ASV251 0.70
Bacteroides vulgatus ASV83 0.70
Sutterella (unclassified) ASV496 0.67
Klebsiella pneumoniae ASV39 0.66
Megamonas (unclassified) ASV169 0.65
Romboutsia ilealis ASV93 0.64
Senegalimassilia (unclassified) ASV171 0.64
Faecalibacterium (unclassified) ASV505 0.58
Fusobacterium mortiferum ASV278 0.57
Enterococcus faecium ASV7 0.57
Parabacteroides distasonis ASV138 0.54
Actinomyces (unclassified) ASV668 -0.54
Parabacteroides distasonis ASV203 -0.57
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At 15 weeks of age

Streptococcus gallolyticus ASV44 1.33
Collinsella aerofaciens ASV25 1.18
Clostridium innocuum group (unclassified) ASV336 1.13
Enterococcus gilvus ASV157 1.02
Klebsiella quasipneumoniae ASV42 0.84
Veillonella atypica ASV163 0.83
Enterococcus raffinosus ASV338 0.76
Enterococcus (unclassified) ASV40 0.71
Bifidobacterium adolescentis ASV296 0.71
Enterococcus raffinosus ASVs51 0.71
Lactococcus lactis ASV206 0.66
Enterococcus faecalis ASVS5 0.61
Granulicatella (unclassified) ASV681 0.59
Dorea formicigenerans ASV229 0.59
Faecalibacterium prausnitzii ASV103 0.52
Staphylococcus (unclassified) ASV41 0.51
Lactobacillus rhamnosus ASV191 -0.51
Klebsiella michiganensis ASV266 -0.51
Lactobacillus gasseri ASV161 -0.53
Prevotella copri ASV405 -0.55
Megasphaera elsdenii ASV167 -0.58
Olsenella (unclassified) ASV97 -0.58
Prevotella (unclassified) ASV176 -0.83
Bacteroides caccae ASV552 -0.93
Olsenella (unclassified) ASV120 -1.89
Ruminococcus torques group (unclassified) ASV75 -2.43

Differentially abundant ASVs (adj P < 0.05) among iHEU relative to iHUU at 1 week or 15 weeks of age
in South Africa (n = 82). Data at week 15 were adjusted by mode of feeding. Positive LFC values indicate
higher abundance among iHEU, whereas negative LFC values indicate higher abundance among iHUU.
*Abundance in iHEU in relation to iHUU. Abbreviations: ANCOM-BC, Analysis of Compositions of
Microbiomes with Bias Correction; LFC, Log. fold change; ASV, amplicon sequence variant; iHEU,
infants who are HIV-exposed uninfected; iHUU, infants who are HIV-unexposed uninfected.

To attempt to disentangle the effects of co-trimoxazole and HIV exposure on infant gut microbiota,
we assessed the gut microbiota based on reported co-trimoxazole prophylaxis history. We did not
see any effects of co-trimoxazole on a- and B-diversity among South African iHEU at 15 weeks

of age (Figure 3.8).
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Figure 3.8. The effect of a- and B-diversity of co-trimoxazole on gut microbiota is marginal. (A)
Comparison of a-diversity (Shannon index) based on record of reported co-trimoxazole treatment among
South African iHEU at 15 weeks of age (n=51). (B) PCoA and PERMANOVA (Bray-Curtis dissimilarity)
of gut microbiota among South African iHEU at 15 weeks of age (n = 51), coloured reported co-trimoxazole
treatment history. PCoA, principal coordinate analysis; PERMANOVA, permutational multivariate

analysis of variance.

We further explored whether co-trimoxazole partially contributed to the differentially enriched
bacterial taxa that were identified in South African iHEU. When adjusting the ANCOM-BC for
reported co-trimoxazole prophylaxis, several bacterial taxa were no longer enriched in iHEU
(Table 3.4), including Enterococcus species (E. faecalis and unclassified species), Veillonella

atypica, and Staphylococcus (unclassified species).
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Table 3.4. ANCOM-BC analysis of iHEU and iHUU living in South Africa at 15 weeks of age,
adjusted for mode of feeding and reported antibiotic history.

Taxonomy (Genus, Species) Taxon ID LFC*
At 15 weeks of age

Collinsella aerofaciens ASV25 1.15
Klebsiella quasipneumoniae ASV42 1.13
Bifidobacterium adolescentis ASV296 1.08
Streptococcus gallolyticus ASV44 1.08
Enterococcus gilvus ASV157 1.07
Lactococcus lactis ASV206 1.01
Enterococcus raffinosus ASV51 0.98
Clostridium innocuum group (unclassified) ASV336 0.93
Enterococcus raffinosus ASV338 0.89
Dorea formicigenerans ASV229 0.82
Corynebacterium propinquum ASV479 0.73
Faecalibacterium prausnitzii ASV103 0.61
Leuconostoc lactis ASV324 0.60
Granulicatella (unclassified) ASV681 0.56
Rothia mucilaginosa ASV264 0.52
Streptococcus salivarius ASV104 0.50
Streptococcus peroris ASV250 0.50
Lactobacillus vaginalis ASV170 -0.51
Lactobacillus fermentum ASV141 -0.52
Parabacteroides distasonis ASV216 -0.52
Lactobacillus rhamnosus ASV191 -0.55
Veillonella (unclassified) ASV258 -0.55
Enterococcus gilvus ASV472 -0.65
Megasphaera elsdenii ASV167 -0.70
Olsenella (unclassified) ASV97 -0.73
Senegalimassilia (unclassified) ASV171 -0.75
Klebsiella michiganensis ASV266 -0.81
Bacteroides caccae ASV552 -0.82
Prevotella (unclassified) ASV176 -0.93
Veillonella parvula ASV503 -0.95
Olsenella (unclassified) ASV120 -2.07
Ruminococcus torques group (unclassified) ASV75 -2.37

Differentially abundant ASVs (adj P < 0.05) among iHEU relative to iHUU at the first week or 15 weeks
of age in South Africa (n = 82). Data at week 15 were adjusted by mode of feeding and reported antibiotics
history. Positive LFC values indicate higher abundance among iHEU, whereas negative LFC values
indicate higher abundance among iHUU. “Abundance in iHEU in relation to iHUU. ANCOM-BC: Analysis
of Compositions of Microbiomes with Bias Correction; LFC, loge fold change; ASV, amplicon sequence
variants; iHEU, infants who are HIV-exposed uninfected; iHUU, infants who are HIV-unexposed
uninfected.
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3.4.5. Maternal HIV status and infant gut microbes are associated with infant TT
vaccine response
In Nigeria, it is recommended that pregnant women receive TT booster vaccinations, whereas this
policy was only introduced in 2020 in the Western Cape, South Africa, and was therefore not in
effect during the study period: September 2013 and November 2017 [451]. Therefore, not
surprisingly, infant anti-tetanus titers in the first week of life, representing maternally transferred
antibodies, were significantly lower among South African infants than Nigerian infants (median
1.0 [IQR: 0.55-2.2] vs. 1.5 [IQR: 0.9-4.1] IU/ml, adj P = 0.002; Figure 3.9A). In contrast, titers
did not differ between South African and Nigerian infants at 15 weeks of age (median 1.9 [IQR:
0.65-2.5] vs. 1.6 [IQR: 1.0-3.9] IU/ml, adj P = 0.280). We investigated the correlation of TT
vaccine response between mother and infant pairs living in Nigeria. Anti-tetanus titers were
strongly correlated at week 1. However, iHEU mother-infant anti-tetanus titers showed a lower
Pearson’s correlation coefficient compared to iHUU (R: 0.72 (P < 0.001) vs. 0.95 (P < 0.001))
(Figure 3.9B). The correlation between maternal and infant anti-tetanus IgG titers was no longer
evident by 15 weeks of age in either iHEU or iHUU (Figure 3.9C). We did not see any difference
in anti-tetanus titers among Nigerian mothers by their HIV status (Figure 3.9D). However, iHEU
had significantly lower anti-tetanus IgG concentrations than iHUU at 15 weeks of life (P =0.016),
and this remained significant after adjusting for multiple comparisons (adj P =0.031; Figure 3.9E).
However, the difference between iHEU and iHUU at week 15 was no longer statistically
significant when infants were compared separately by study site (adj P = 0.290 in South Africa
and adj P = 0.180 in Nigeria; Figure 3.9F). Further investigation on the health status of mothers
with HIV (CD4 count, HIV viral load and ART treatment status) and its correlation with impaired
passive maternal antibody transfer to their infants did not uncover specific contributing factors

(Figure 3.10).
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Figure 3.9. Passive maternal antibody and HIV exposure are both associated with infant TT vaccine
response. (A) Comparison of infant anti-tetanus titers (IU/ml) between week 1 and week 15 in South Africa
(n = 77) and Nigeria (n = 192). (B) Scatter plot and Spearman’s rank correlation coefficients (R) of anti-
tetanus IgG titers (IU/ml) between Nigerian mothers (y-axis; n = 191) and their infants at week 1 (x-axis;
n = 191). Dots and lines of best fit are colored by HIV exposure status. (C) Scatter plots and Spearman’s



rank correlation coefficients (R) of anti-tetanus IgG titers between Nigerian mothers (y-axis; n = 191) and
their infants at week 15 (x-axis; n = 191). Dots and lines of best fit were colored by HIV exposure status.
(D) Box plot comparing maternal anti-tetanus IgG titers by HIV status (HIV positive, n = 138; HIV negative,
n = 53). (E) Comparison of anti-tetanus titers between iHEU (n = 197) and iHUU (n = 72) at week 1 and
week 15. P-values comparing anti-tetanus IgG titres were adjusted for multiple comparisons using the
Benjamini-Hochberg method. (F) Comparison of anti-tetanus IgG titers between iHEU (n = 197) and iHUU
(n = 72) at each time point by study sites. P-values comparing anti-tetanus IgG titers were adjusted for
multiple comparisons using the Benjamini-Hochberg method. Abbreviations: W1, 1 week of age; W15, 15
weeks of age; iHEU, infants who are HIV-exposed uninfected; iHUU, infants who are HIV-unexposed
uninfected; TT, tetanus toxoid; ns, not significant; w/, with; w/o, without. * P <0.05.
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Figure 3.10. Maternal health status and passive maternal antibody transfer among iHEU. (A)
Comparison of anti-tetanus IgG titers of iHEU (n = 136) at week 1 and maternal CD4 count (cells/mm?) at
enrollment. Maternal CD4 count was categorized into below 250 cells/mm? (South African, n = 7; Nigerian,
n=19), between 250-500 cells/mm’ (South African, n = 20; Nigerian, n = 44), and more than 500 cells/mm’
(South African, n = 13; Nigerian, n = 33). (B) Comparison of anti-tetanus IgG titers of iHEU (n = 109) at
week 1 and maternal HIV viral load (copies/ml) at enrollment. Maternal HIV viral load was categorized
into undetectable level with < 20 copies/ml (South African, n = 9; Nigerian, n = 56) and detectable level
(South African, n = 6; Nigerian, n = 38). (C) Comparison of anti-tetanus IgG titers of iHEU (n = 140) at
week 1 and maternal antiretroviral therapy status. Samples were categorized into wither mothers were on
ART at delivery (South African, n = 44; Nigerian, n = 94) or not on ART at delivery (South African, n = 0;
Nigerian, n = 2).
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Since gut microbiota is thought to modulate the development of the immune system [430], we
intended to investigate the relationship between infant gut microbiota and TT vaccine response at
week 15, a week after infants receive their primary TT series. We did not see consistent
correlations between 15-week anti-tetanus IgG titers and Shannon diversity at 1 or 15 weeks
(Figure 3.11A). To further explore factors associated with infant TT vaccine response at week 15,
we conducted a LASSO regression. Rank-transformed top 50 ASVs at either week 1 or week 15,
HIV exposure status, and anti-tetanus IgG titers at week 1 were included as explanatory variables
to investigate the predictor, TT vaccine response at 15 weeks of age. In South Africa, infant HIV
exposure status showed a strong negative association with 15-week TT vaccine response (j3-
coefficient = -0.44), and the rank-transformed taxon abundance at week 1 of some bacterial species,
including Streptococcus salivarius (B-coefficient = 0.038), Bacteroides dorei (B-coefficient =
0.016), Collinsella aerofaciens (B-coefficient = 0.015), and Sutterella wadsworthensis (j-
coefficient = -0.011) were independently associated with vaccine response, albeit with weaker -
coefficients than HIV-exposure (Figure 3.11B; Appendix D). In contrast, no variables were

selected as predictors of the TT vaccine response in the Nigerian cohort.
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Figure 3.11. HIV exposure status and gut microbiota are independently associated with TT vaccine
response. (A) Correlation analysis of infants’ anti-tetanus titers (IU/ml) measured at 15 weeks of age and
a-diversity (Shannon index) at each study site and visit (South African, n = 65; Nigerian, n = 170).
Spearman’s rank correlation coefficients (R) are indicated on each panel. (B) Rank-transformed top 50
ASVs (at either week 1 or week 15), HIV exposure status, and anti-tetanus [gG titer data at week 1 were
used as explanatory variables for the LASSO regression to assess the association with TT vaccine response
at 15 weeks of age. Each model was constructed separately based on geographical location and time point.
The optimal coefficient tuning parameter (lambda.min) was chosen using 10-fold cross-validation. Selected
variables and their glmnet coefficients were plotted. Color of the bars represents taxonomy at the family
level. Week 1 ASVs and HIV exposure status were associated with week 15 TT vaccine response among
South African infants. No variables were selected for the Nigerian cohort. Abbreviations: ASVs, amplicon
sequence variants; iHEU, infants who are HIV-exposed uninfected; LASSO, Least Absolute Shrinkage and
Selection Operator; TT, tetanus toxoid; W15, 15 weeks of age.

Previously, it has been shown that passively transferred maternal antibody interferes with infant
TT vaccination response [452]. Since Nigerian infants showed significantly higher maternal
antibodies than South African infants at week 1 (Figure 3.9A), we speculated that these maternal
tetanus antibodies may have masked any associations underlying the infant TT vaccine response
at week 15 of life. For this reason, we re-assessed the LASSO regression without including week
1 anti-tetanus IgG data in the explanatory variables (Figure 3.12; Appendix E). Although there
was no change in the result for the South African infants (Figure 3.12A), HIV exposure and several
bacteria present at 15 weeks of age, including S. salivarius, were independently associated with
the TT vaccine response in Nigerian infants (Figure 3.12B). However, the B-coefficients for all

selected predictors were small, including HIV exposure status.
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Figure 3.12. Maternal antibodies may mask the effect of HIV exposure and microbiota on infant
vaccine response. Rank-transformed top 50 ASVs (at either week 1 or week 15) and HIV exposure status
were used as explanatory variables for the LASSO regression to assess the association with TT vaccine
response at 15 weeks of age. To explore the masking effect of passively transferred maternal antibodies on
the regression model, anti-tetanus IgG at week 1 data were not included in the model. Each model was
constructed separately based on geographical location and time point. The optimal coefficient tuning
parameter (lambda.min) was chosen using 10-fold cross-validation. Selected variables and their glmnet
coefficients were plotted. Color of the bars represents taxonomy at the family level. Week 1 ASVs and HIV
exposure were associated with week 15 TT vaccine response among South African infants (A), and week
15 ASVs and HIV exposure were associated with the vaccine response among Nigerian infants (B).
Abbreviations: ASVs, amplicon sequence variants; iHEU, infants who are HIV-exposed uninfected;
LASSO, Least Absolute Shrinkage and Selection Operator; TT, tetanus toxoid.

3.5. Discussion

This is one of the largest studies that longitudinally compared the gut microbiota between iHEU
and iHUU in two settings and investigated the association with their vaccine responses. Our
findings suggest that the country of origin was the most influential factor in the infants’ gut
microbiota at week 1, which also strongly affected its succession over the first 15 weeks of life.
Both feeding and delivery modes have been shown to influence infant gut microbiota [453]. Since
these demographic characteristics significantly differed between our South African and Nigerian
cohorts, we explored their potential effects on the infant gut microbiota. A comparison restricted

to infants still EBF at 15 weeks showed that o- and B-diversity at that time point remained
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significantly different between the countries. Similarly, the difference was independent of mode
of delivery. Analysis of stool samples collected shortly after birth suggested that the difference in
gut microbiota profile was already prominent before feeding was established. Collectively, these
data indicate that geographical location strongly influences the initial seeding of gut microbes, and
this affects the trajectory of microbiota regardless of feeding practices [454]. Notably, the term
“geography” includes not only the physical location (rural vs. urban) but also extends to

socioeconomics, genetics, diet, climate, and ethnicity, among others [210,454].

Microbiota among Nigerian infants transitioned drastically over the first 15 weeks of life, such
that at 15 weeks, B. infantis was the dominant taxon, with some S. salivarius. Both are commonly
found in breast milk and gut microbiota among breastfed infants [455]. Bifidobacteria benefit
human health and are often used as probiotics [456]. Moreover, Streptococcus salivarius, classified
as a lactic acid bacterium (LAB), has been shown to have probiotic properties [457]. However, the
drastic changes in microbiota over the 15 weeks occurred mostly among the Nigerian infants and
far less in the South African infants. Plausible explanations for this may be the difference in
profiles of maternal gut and breastmilk microbiota and human milk oligosaccharides (HMOs)
influenced by genetics, ethnicity, diet, and body mass index (BMI) [458]. For instance, a higher
maternal BMI is associated with reduced Bifidobacterium in breastmilk [459], which might
suggest that South African mothers, who had higher mean weight, had less Bifidobacterium in
their breastmilk than Nigerian mothers, leading to less Bifidobacterium in their infants’ gut. An
additional explanation is that Nigerian mothers in this setting have a diet rich in fermented foods,
whereas South African mothers may have a more Westernized diet [460,461]. South African
infants also had higher relative abundance of B. longum but lower relative abundance of B. infantis

at baseline.

Nigerian infants had significantly higher anti-tetanus titers at week 1, likely due to maternal
immunization and consequent high passive maternal antibody transfer compared to South African
infants [462]. In contrast, in the Western Cape region where our South African cohort was recruited,
there was no routine TT booster vaccination for pregnant women due to the prolonged absence of
neonatal tetanus cases in the province [451]. Notably, anti-tetanus IgG levels post-vaccination

among Nigerian infants remained similar to those at week 1 and were comparable with South
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African infants. This inferior induction of anti-tetanus titers observed in Nigerian infants may be
explained by the inhibition of TT vaccine response by passively transferred high maternal

antibodies, as previously described [452].

We identified several bacterial taxa that exhibited differential abundance in iHEU compared to
iHUU, including several pathobionts. Whether these identified bacterial taxa contribute to
increased risk of infectious morbidity in iHEU is unknown. Moreover, several bacterial
enrichments in iHEU may, in part, be attributed to co-trimoxazole prophylaxis recommended for
this population. For example, E. faecalis is frequently co-trimoxazole resistant [463]. Supporting
this, our differential abundance analysis showed that the enrichment of E. faecalis was no longer
evident in 15-week-old iHEU after adjusting for reported co-trimoxazole prophylaxis use. Of note,
there was a significant difference in reported co-trimoxazole use among iHEU between the
countries in our study. Since the record of co-trimoxazole treatment was sorely relied on mothers’
recall at each follow-up visit, it is possible that the accuracy of reported antibiotics records among

iHEU may be underestimated.

LASSO regression models also suggested that in utero HIV exposure and relative abundance of
several bacterial taxa at week 1 were independently associated with later TT vaccine response in
South Africa, but not Nigeria. The higher passive antibody levels observed in Nigerian infants may
have mitigated the effects of HIV exposure and microbiota on the infant vaccine response. In fact,
excluding the week 1 titer data from the regression model indicated that the HIV exposure and
several microbes found at 15 weeks of age were independently associated with the infant TT
vaccine response among Nigerian infants. In line with our assumption, removing week 1 titer data
from the regression model did not change the LASSO regression result in South African infants,
who showed much lower passive maternal antibody transfer. Interestingly, S. salivarius relative
abundance was predictive of improved anti-tetanus titers in both cohorts. Since the microbiota at
week 1 among South African infants was associated with TT vaccine response at week 15, this
suggests that in some settings, vaccine responses could potentially be modified using an early-life

microbiota intervention where maternal vaccination is not possible.
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There are several limitations in our study. Firstly, we did not have comprehensive records of
maternal lifestyle and dietary information, which are known to have an impact on gut microbiota
composition. In addition, co-trimoxazole adherence among iHEU was not extensively captured.
All itHEU received nevirapine post-exposure prophylaxis, therefore the effects of HIV exposure
versus antiretroviral exposure cannot be disentangled. Lastly, additional data, both maternal (such
as vaginal and breastmilk microbiota) and infant (such as gut metabolomics, metatranscriptomics,

and metagenomics), could have provided more insights into our study.

In summary, this study showed that the transition of infant gut microbiota was strongly dependent
on geographical location and age, while the effect of in utero HIV exposure was modest. However,
maternal HIV status was negatively associated with the passive maternal anti-tetanus antibody
transfer, and the negative effect of HIV exposure on TT vaccine response persisted over the first
15 weeks of life among iHEU. In addition, there were independent associations of specific gut

microbes and HIV exposure with infant humoral response to TT vaccine at 15 weeks of age.
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Chapter 4. Optimization of an epigenetic assay to investigate
histone modifications in ultra-low cell input infant innate immune
cells

4.1.Abstract

Background: Beyond its primary protection, Bacillus Calmette-Guérin (BCG) vaccination offers
non-specific protection thought to be mediated via trained innate immunity, which is facilitated
through histone modifications. Infants who are HIV-exposed but uninfected (iHEU) are at higher
risk of infectious morbidity than infants who are HIV-unexposed and uninfected (iIHUU). However,
thus far, no studies have investigated the effects of in utero HIV exposure on trained innate
immunity. The gold standard to investigate histone modifications requires more peripheral
mononuclear cells (PBMCs) than feasibly obtained from infant samples. To establish a workflow
for a future ongoing study assessing trained immunity induced by BCG amongst iHEU and iHUU,
optimization of Cleavage Under Targets and Tagmentation (CUT&Tag) and downstream analysis

were conducted.

Methods: CUT&Tag was optimized using monocytes and natural killer (NK) cells isolated from
PBMCs by fluorescence-activated cell sorting (FACS). An antibody targeting trimethylation of
histone 3 at lysine 27 (H3K27me3) was used as an assay control. The optimized assay using
antibodies targeting H3K27me3, trimethylation of histone 3 at lysine 4 (H3K4me3), acetylation of
histone 3 at lysine 27 (H3K27Ac), and IgG (negative control) were applied to 14 infant PBMC
samples. Libraries were sequenced on the [llumina NextSeq platform. Peak calling was performed
using Model-based Analysis for ChIP-Seq 2 (MACS2) and Sparse Enrichment Analysis for
CUT&RUN (SEACR). Peak distribution, differential binding analysis, and pathway enrichment

analysis were performed using Bioconductor packages.

Results: Optimal cell numbers, polymerase chain reaction (PCR) cycles, and sequencing depth to
apply CUT&Tag to infant samples were determined. Libraries showed nucleosome ladder patterns,
indicating a successful assay. Using SEACR with a numeric threshold was the most suited
approach for peak calling. CUT&Tag data clustered by cell type and histone marker, thus

validating the success of the assay. As another means of validation, pathway enrichment analysis
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on differentially bound sites between monocytes and NK cells was conducted and showed that

these were in line with their cellular functions.

Conclusions: The CUT&Tag protocol was optimized successfully and showed its capability of
identifying multiple histone modifications using ultra-low infant cell numbers, supporting the
application for future studies on the effect of in utero HIV exposure on BCG-induced trained

immunity.
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4.2. Introduction

Bacillus Calmette-Guérin (BCG) is a live-attenuated vaccine against tuberculosis (TB) infection
and disease. It is routinely administered to neonates, especially in countries with high TB burdens.
Emerging research indicates that beyond its specific effects, BCG may offer non-specific
enhancement of protection against other infections, thereby contributing to reduced mortality rates
[188]. This non-specific protection is thought to be facilitated by “trained innate immunity”

[464,465].

Histone modifications involve adding or removing chemical groups on histone tails, exerting a
profound influence on chromatin structure and thereby regulating gene transcription. In the context
of trained innate immunity, a number of reports have highlighted the involvement of histone
modifications in the upregulation of immune gene transcription, such as pro-inflammatory
cytokines (e.g., interleukin-1 beta [IL-1], interferon-gamma [IFN-y], and tumor necrosis factor-
alpha [TNF-a]) [464]. Additionally, BCG-induced trained innate immunity was correlated with
increased nucleotide-binding oligomerization domain 2 (NOD2) signaling and trimethylation of
histone H3 at lysine 4 (H3K4me3) marks in circulating monocytes [464]. In addition, the histone
modifications monomethylation of histone H3 at lysine 4 (H3K4mel), H3K4me3, and acetylation
of histone H3 at lysine 27 (H3K27Ac) have been observed in B-glucan-trained macrophages
[185,466]. On the other hand, while some reports have indicated the role of deoxyribonucleic acid
(DNA) methylation in the development of “memory-like” natural killer (NK) cells [467,468], the

involvement of histone modifications in NK cells remains significantly understudied.

To our knowledge, only one study has examined whether epigenetic changes occur after BCG
vaccination in infants [188]. This study, which recruited infants who were HIV-unexposed
uninfected (iHUU) living in Uganda, found BCG vaccination given on the first day of life was
associated with changes in H3K4me3 and trimethylation of histone H3 at lysine 9 (H3K9me3) at
the TNF promoter region in peripheral blood mononuclear cells (PBMCs), albeit in a different
manner than that of adults [464]. These epigenetic changes were associated with lower physician-
diagnosed infection episodes in the first six months of life. Of note, there were no infants who
were HIV-exposed and uninfected (iHEU) included in this study [188]. All other studies on trained

innate immunity have been conducted in adults, or those in children have only explored cytokine
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responses [185, 193, 199, 201, 203,469—471], and none has included iHEU. Therefore, BCG-
induced epigenetic changes among iHEU are thus far unexplored. Given that iHEU exhibit altered
immune activation and responses to BCG vaccination [389, 401,472], verifying whether BCG
induces epigenetic changes in iHEU, and thus potentially also confers equal non-specific
protective effects as in iHUU, is highly important. Moreover, identifying pathways to optimize
BCG vaccine-induced non-specific immunological benefits in iHEU could reduce the disparity in

all-cause infectious morbidity risk between iHEU and iHUU [415,425].

The most common method to investigate histone modifications associated with trained innate
immunity is chromatin immunoprecipitation and sequencing (ChIP-seq). However, this technique
often requires at least 1 million input cells per antibody [117], while blood draws from young
infants are typically <3 ml. Further, ChIP-seq needs > 20 million reads for narrow histone marks
(such as H3K27Ac and H3K4me3) and > 40 million reads for broad histone markers (such as
H3K27me3) to be able to differentiate true signals from background noise [473,474]. These factors
pose a challenge, especially when investigating epigenetic modifications using infant samples, as
cell yield from small-volume specimens is often limited [182]. For this reason, we optimized
Cleavage Under Targets and Tagmentation (CUT&Tag) [120,121] as an alternative approach.
CUT&Tag is a recently described cutting-edge technique for investigating histone modifications.
This approach involves immobilizing cells onto concanavalin A (ConA) conjugated paramagnetic
beads and utilizing a fusion complex of protein A (pA) and prokaryotic transposase 5 (Tn5). This
pA-TnS5 complex selectively cleaves chromatin regions bound to antibodies and inserts sequencing
adapters into the cleaved DNA, allowing for high-throughput polymerase chain reaction (PCR)
amplification and sequencing. One of the key strengths of CUT&Tag compared to the traditional
ChIP-seq technique is its ability to achieve reliable results with significantly lower cell inputs
[120,121], making it more feasible to apply this method to clinical samples with limited cell

numbers or rare cell populations.

In this study, we optimized a panel to sort NK and monocyte cell populations, as well as the
CUT&Tag protocol. The optimized protocol was then applied to low-input infant samples obtained
from ongoing or completed parent studies. Further, downstream data analysis pipelines were

optimized.
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4.3. Material and methods

4.3.1. Participants

For the initial optimization of the CUT&Tag assay, cryopreserved PBMCs from adult donors were
used. Then, the established CUT&Tag protocol was applied to 14 cryopreserved infant PBMCs
obtained from parent studies, namely the INFANT and BCG studies. The InFANT study, an
ongoing observational study [416,417], involves the recruitment of both iHEU and iHUU who
have received BCG vaccination within 72 hours (hrs) of birth as per the standard of care. On the
other hand, the BCG study, a randomized trial conducted between June 2010 and December 2011
[475-477], involved the recruitment of iHEU who were randomly assigned to either an early arm,
receiving BCG vaccination within 72 hrs after delivery, or a delayed arm, receiving BCG
vaccination at 8 weeks of age after confirmation of negative HIV DNA PCR tests. For both studies,
participants were enrolled at the Midwife Obstetric Unit at Site B in Khayelitsha, Cape Town,
where the antenatal HIV prevalence was 34.3% in 2012 [478]. Each study’s inclusion and
exclusion criteria are outlined in Appendix A and F. Physical examinations were conducted at
every visit, and extensive health histories were collected from medical records and maternal
interviews. For the purposes of this chapter, samples from six- to seven-week-old infants were
used from both studies, which was before BCG vaccination in the delayed arm of the BCG study,
which will allow for the comparison of BCG on epigenetic changes. This study was approved by
the University of Cape Town’s Human Research Ethics Committee (HREC) with HREC REF:
319/2021. Parent studies were also approved by the HREC with reference numbers 285/2012
(InFANT study) and 405/2009 (BCG study). Written informed consent was obtained from the

infants’ mothers prior to their participation.

Since additional CUT&Tag assays and data analysis are planned for a future study using the
samples from the same cohort, the information regarding the allocation of samples (iHEU vs.
iHUU and early vs. delayed BCG vaccination) has not been unblinded at the time of dissertation
submission. Consequently, the data analysis in this chapter is focused on comparisons between the

cell types.
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4.3.2. Cell staining

Cryopreserved PBMCs were thawed at 37°C and washed in 10 ml Roswell Park Memorial Institute
(RPMI) medium (Sigma Aldrich) supplemented with 10% fetal calf serum (FCS) and Benzonase
(Sigma Aldrich; 25 U/ul). Cells were washed again with 10 ml phosphate-buffered saline (PBS),
and cell concentration and viability were measured by TC20 Automated Cell Counter (Bio-Rad).
Cells were then resuspended in PBS at 2x10° cells/ml. Cells were then aliquoted into a 96-well V-
bottom plate (Greiner) at 50 pl per well. Two additional washes with 150 ul PBS followed by
centrifugation were performed. Cells were stained in PBS with Staining Panel 1 (Table 4.1),
containing live/dead dye and Fc block. Cells were incubated in the dark at room temperature (RT)
for 20 minutes (mins). Cells were then washed twice with 150 pl fluorescence-activated cell
sorting (FACS) buffer (2% FCS in PBS) and stained in FACS buffer with Staining Panel 2 (Table
4.2), containing APC-H7-CD3, PE-CD14, APC-CD56, and AF488-CD16. Cells were incubated
in the dark at RT for 20 mins, followed by two washes with 150 ul FACS buffer (2% FCS in PBS).
Cells were resuspended at a concentration of 1x10° cells/100 pl FACS buffer and transferred to a

FACS tube (Falcon).

Table 4.1. Staining Panel 1.

Aqua Amine Live/Dead cells - Thermofisher 0.2
Fc block - - 564219 BI.) 2
Pharmingen
PBS - - - - 47.8

Table 4.2. Staining Panel 2.

BD
APC-H7 CD3 T-lymphocytes SK7 Hhemtingan 2
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PE
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FACS buffer
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CD56

CDl6

Myelomonocytes
lineage
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Monocyte
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4.3.3. Cell sorting and gating strategy

MSE2

HCD56

3G8

BD 15
Pharmingen
Biolegend 0.3
Biolegend 2
- 30.7

Acquisition and cell sorting were performed using FACSAria Fusion Flow Cytometer with a 100-

micron nozzle (BD Biosciences). Monocytes and NK cells were sorted using the gating strategy

shown in Figure 4.1. Data were analyzed using FlowJo (version 10.8.2; FlowJo, LLC).
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4.3.4. CUT&Tag assay workflow

CUT&Tag was performed according to the previously described protocol [121,479] with some
modifications (Figure 4.2). Briefly, 5 ul ConA beads (Polysciences) were aliquoted into 8-strip
PCR tubes (SSIbio) and washed three times with 200 pl binding buffer (20 mM HEPES pH 7.5,
10 mM KCI, 1 mM CaCl,, I mM MnCly). Throughout the assay, ConA-binding cells were mixed
by gently flicking the tubes instead of mixing by pipetting to avoid potential sample loss. Sorted
monocytes and NK cells were resuspended in wash buffer (20 mM HEPES pH 7.5, 150 mM NaCl,
0.5 mM spermidine, 1xRoche complete EDTA-free protease cocktail), and the desired number of
cells was added into the PCR tubes. Additional wash buffer was added to bring the total volume
to 200 pl. Samples were placed on a nutator (Nutating Mixers, Fisherbrand) and incubated for 10
mins at RT at 12 rpm. This step facilitates the ConA bead binding to the mannosyl- and glucosyl-

containing extracellular glycoproteins on the cell surface.

Samples were then resuspended in 50 pl dig-wash buffer (20 mM HEPES pH 7.5, 150 mM NacCl,
0.5 mM spermidine, 1xRoche complete EDTA-free protease cocktail, 0.05% digitonin),
supplemented with 2mM EDTA and a 1:100 dilution of the primary antibody that targets the
histone marker of interest (Table 4.3). Samples were incubated for 2 hrs at RT on a nutator at 12

rpm, followed by overnight incubation on a magnetic stand at 4°C.

Table 4.3. Antibodies used for CUT&Tag assay.

Histone Antibody Catalog No. Conc.

Marker Target  (Clone/loty ~ “MPOAYTYPES oy Supplier
Tri-Methyl- ‘ o
H3K27me3  Histone H3 ey Rabbit 01  CellSignaling
(Lys27) (C36B11) monoclonal IgG Technology
Acetyl- )
. ab4729 Rabbit
HIR27AC HESL??;I)B (GR3374555-1)  polyclonal IgG ~ 1* Abcam
Tri-Methyl- '
H3K4me3 Histone H4 €15410003-50 Ll 1.3 Diagnostech
(Lys4) (A8034D) polyclonal IgG
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Rabbit IgG ABIN101961

1eG (Hegvy & (NE-200- Guinea Pig 101 antlbgdles
Light 121900) polyclonal IgG online
Chain)

The following day, the liquid was removed from the tube while the samples were on a magnetic
stand. Samples were then resuspended in 50 pl dig-wash buffer containing the secondary antibody
at a dilution of 1:100 (guinea pig anti-rabbit IgG; Table 4.3), followed by incubation on a nutator
at 12 rpm for 45 mins at RT. During this step, the secondary antibody binds to the primary antibody,

creating more binding sites for the pA-Tn5 complex.

To remove any unbound antibodies, samples were washed three times with 200 pl dig-wash buffer.
Samples were then incubated with 50 pl dig-300 buffer (20 mM HEPES pH 7.5, 300 mM NacCl,
0.5 mM spermidine, I1xRoche complete EDTA-free protease cocktail, 0.01% digitonin),
containing pA-Tn5 (Diagenode) at a dilution of 1:250. Samples were incubated for 1 hr at RT on
a nutator at 12 rpm, then washed three times with 200 ul dig-300 buffer. Samples were resuspended
in 250 pl tagmentation buffer (20 mM HEPES pH 7.5, 300 mM NacCl, 0.5 mM spermidine,
I1xRoche complete EDTA-free protease cocktail, 0.01% digitonin, 10 mM MgCl,) and placed in
an incubator for 1 hr at 37°C. In this step, the presence of magnesium ions facilitates the Tn5
transposome to cleave nearby DNA by integrating adapters, generating amplifiable sequencing
libraries. To stop the tagmentation process and solubilize DNA fragments, 10 ul 0.5 M EDTA, 3
ul 10% SDS, and 2.5 pl 20 mg/ml Proteinase K (Thermofisher) were added to the sample and
incubated for 1 hr at 55°C using a thermal cycler (SimpliAmp Thermal Cycler, Thermofisher).

To extract the tagmented DNA, the samples were transferred into microcentrifuge tubes containing
250 pl phenol:chloroform:isoamyl alcohol (PCI; 25:24:1, v/v; Thermofisher). Samples were mixed
by vortexing, transferred to phase-lock tubes (Qiagen), and centrifuged for 3 mins at 16,000 g at
RT. Then 250 pl chloroform was added to each tube and mixed by inverting 10 times, followed
by centrifugation for 3 mins at 16,000 g at RT. The aqueous layer was transferred into a new
microcentrifuge tube containing 750 ul 100% ethanol. Samples were centrifuged for 15 mins at
16,000 g at 4°C. The liquid was carefully removed by decanting. Samples were washed with 1 ml

100% ethanol and centrifuged for 1 min at 16,000 g at 4°C. The supernatant was carefully removed
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by decanting, and samples were left with the cap open for 5-10 mins at RT to air dry the pellet.
Samples were resuspended in 21 pl 0.1x TE buffer (1 mM Tris-HCL, 0.1 mM EDTA, pH 8.0) and
mixed with 2 pl each of 10 uM 15 primers 17 primers [480], and 25 ul NEBNext HiFi 2xPCR
master mix (New England Biolabs). Samples were amplified by PCR with the following cycling
conditions: 72°C for 5 mins (gap filling); 98°C for 30 s; 18 vs. 20 cycles (see section on
optimization) of 98°C for 10 s and 63°C for 30 s; 72°C for 1 min (final extension) and hold at 4°C.
The resulting libraries were purified with 65 pl (i.e., 1:1.3 ratio) AMPure XP beads (Beckman
Counter) for 15 mins, washed with 80% ethanol twice, and eluted in 25 pl EB buffer (10 mM Tris-
HCI, pH 8.0). Libraries were quantified by the 4200 TapeStation system using D1000 Screen
Tapes (Agilent). Libraries were pooled at equimolar concentrations. For samples with low
concentrations, the total volumes were added to the pool, as recommended by the original protocol
[479]. CUT&Tag libraries during optimization were sent to Seattle Children’s Research Institute,
Seattle, USA, and sequenced on an Illumina MiSeq 50-cycle flow cell (pair-end, 25 bp).
CUT&Tag libraries derived from infant PBMCs were sent to Northwest Genomics Center, Seattle,
USA, and sequenced for pair-end 37 bp on an [llumina NextSeq High Output 75-cycle flow cell.

Assay Day 2

Assay Day 1

y

2" antibody binding

Thaw cryopreserved
PBMCs

}

Cell staining

!

Cell sorting

}

Cell-ConA beads
binding
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15t antibody binding

}

pA-Tn5 adapter
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l
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Library preparation
and sequencing
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Figure 4.2. CUT&Tag assay flow. Schematic diagram of the CUT&Tag assay protocol. The CUT&Tag
procedure spans two consecutive days, followed by library preparation and NGS sequencing.
Abbreviations: ConA, concanavalin A conjugated paramagnetic beads; CUT&Tag, Cleavage Under
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Targets And Tagmentation; pA-TnS5, fusion protein of protein A and Tn5 transposase; PBMCs, peripheral
blood mononuclear cells; PCR, polymerase chain reaction; NGS, next-generation sequencing.

4.3.5. Experiment strategies for handling infant samples with limited cell number

Each histone marker of interest was evaluated using 5,000 monocytes or NK cells isolated from
infant PBMCs. When the isolated cell count was insufficient to assess all three histone markers,
assays were prioritized according to the rules illustrated in Appendix G. Briefly, when the total
sorted cell yield was below 15,000, the assessment of histone markers was prioritized in the
following order: H3K4me3 > H3K27Ac > H3K27me3. While both H3K4me3 and H3K27Ac are
involved in trained innate immunity [185,466], our preliminary data showed that CUT&Tag
targeting H3K4me3 tended to yield a higher library concentration than H3K27Ac (data not shown).
This could be due to its higher abundance or better antibody performance. As a result, H3K4me3
was selected as the primary marker when cell numbers were limited. The H3K27me3, on the other
hand, was the least prioritized histone marker, as it was chosen as a pilot histone marker for a
future study to investigate BCG-induced trained innate immunity, and at least one H3K27me3
sample was required per assay to serve as a positive control [121,479]. If there were fewer than
5,000 cells, an assay was still performed to include as many samples as possible. When the sorted
cell yield was more than 15,000, the remaining cells not utilized for the assay were homogenized

in 500 pl Trizol (Invitrogen) and stored at -20°C for future research.

4.3.6. CUT&Tag assay data processing and analysis

Steps from quality control until peak calling were conducted following the CUT&Tag tutorial
[481] with some modifications (Appendix H). Thereafter, the processed data were used for
downstream analysis, such as visualization of signals, peak calling, peak annotation, differential
binding analysis, and pathway enrichment analysis. Figure 4.3 illustrates the flow of downstream

analysis used in the study.
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Figure 4.3. CUT&Tag downstream analysis. Schematic diagram of downstream analysis steps
employed in the CUT&Tag data analysis. Abbreviations: CUT&Tag, Cleavage Under Targets and
Tagmentation; hg38, Genome Reference Consortium Human Build 38; PCR, polymerase chain reaction;
MACS?2, Model-based Analysis for ChIP-Seq 2; SEACR, Sparse Enrichment Analysis for CUT&RUN;
IGV, Integrative Genomics Viewer.

4.3.6.1. Quality control

Sequencing data were subjected to FastQC (version 0.11.9) [482] to validate the sequencing data
quality and to identify any major issues, such as adapter contamination or poor read qualities.
Appendix I illustrates the sequencing results. Given the short read length, trimming the adapter

sequence was not necessary [481].

4.3.6.2. Alignment to the reference genome

The human genome reference sequence (GRCh38; hg38) was obtained from the University of
California Santa Cruz (UCSC) database [483], and the index was generated using the “bowtie2-
build” function within Bowtie2 (version 2.5.1) [484]. The CUT&Tag FASTQ files were aligned
to hg38 using Bowtie2. The phred quality threshold was set to 33. The size range of the insert was
set to between 10-700 bp. SAM files were produced as output with alignment reports in text files.

120



4.3.6.3. PCR duplicate removal
PCR duplicates were identified and removed using Picard (version 2.25.1) [485]. Using SortSam,
aligned data were sorted by coordinate. The duplicates were marked and removed by

MarkDuplicates.

4.3.6.4. Fragment size check
Using SAMtools (version 1.12) [486], fragment length information was extracted from the SAM
files, and the output was saved in a text format. The parameter “-F 0x04” was set to specify not to

include unmapped reads in an output file.

4.3.6.5. Read filtering
Mapped reads were filtered by alignment score using SAMtools (version 1.12) [486]. The
minimum mapping quality was set to 2 with the parameter “-q 2.” Filtered data were produced as

a SAM file. The parameter “-h” was set to include the output header.

4.3.6.6. File conversion

Using SAMtools (version 1.12) [486], filtered SAM files were converted to BAM files with
parameters “-bS” and “-F 0x04” to filter only mapped reads. BAM files were then sorted by the
read names with the parameter “-n.” For downstream analysis, files were indexed and converted
to BED files using BEDtools (version 2.30.0) [487]. The parameter “-bedpe” was set to produce
BAM files in BEDPE format. Only alignments from pair-end reads on the same chromosome with

fragment lengths < 1,000 bp were filtered.

4.3.6.7. Peak calling with MACS2

Model-based Analysis for ChIP-Seq 2 (MACS2; version 2.2.7.1) is a widely employed peak
calling tool for ChIP-seq analysis [488]. Sorted BAM files were used as input data. Both narrow
and broad peak calling were employed. For the broad peaks, additional parameters (“--broad” and
“--broad-cutoff 0.1”’) were included. The parameter “-g hs” was set to specify the genome size as

“human” and ““--nomodel” to skip the step of calculating fragment size.
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4.3.6.8. Peak calling with SEACR
Sparse Enrichment Analysis for CUT&RUN (SEACR) [489] is a peak calling tool suited for assays
with low background noise, such as CUT&RUN [118,119] and CUT&Tag [118,119, 121,479]. As
BedGraph files were required for SEACR analysis, BED files were converted to a BedGraph
format using the BEDtools command “genomecov.” For the peak calling with SEACR, several
parameters are required to be specified:

1) The choice between “relaxed” or “stringent” mode for peak calling.

2) The option to employ IgG as a normalization control or to define a numeric threshold (7)

for selecting the top n fraction of peaks.

3) The selection of “norm” or “non” for normalization.

In this study, SEACR (version 1.3) was performed with different parameter settings (conditions
#1-4; Table 4.4), as described below. For the negative control (i.e., CUT&Tag with anti-IgG
antibody [481]), sample “E27-S1-Mono-IgG” was used for normalization, as this sample had
higher sequencing depth (386,781 reads) than the other IgG sample (“E30-S4-Mono-1gG”; 24,100
reads) (Appendix I).

Table 4.4. SEACR peak calling conditions.

SEACR Peak Calling Normalization Normalization
Condition Mode (1) Control (2) Parameter (3)*
#1 Relaxed IgG sample “norm”

Numeric threshold s
#2 Relaxed (Top 1% peaks) non
#3 Stringent IgG sample “norm”
44 Stringent Numeric threshold “non”

(Top 1% peaks)

*norm, normalized; non, non-normalized.
4.3.6.9. Visualization of peaks

To visualize the CUT&Tag peaks, BAM files and peak call output files were loaded onto
Integrative Genomics Viewer (IGV) software (version 2.9.4) [490].
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4.3.6.10. Peak distribution analysis

CUT&Tag peaks obtained from the peak calling step were annotated using the ChIPSeeker
package (version 1.32.1) with default settings [491]. This tool reports the closest genomic features
to the peaks. Annotation was based on the TxDb.Hsapiens.UCSC.hg38 knownGene package
(version 3.15.0) [492]. Genomic features were annotated as promoter, 5’ untranslated region
(UTR), 3’ UTR, exon, intron, and intergenic. Based on the report, bar charts of the genomic

features were produced using the “plotAnnoBar” function in the ChIPSeeker package.

4.3.6.11. Differential binding analysis

Differential bindings between groups were identified by DESeq2 (differential analysis of count
data) in the DiffBind package (version 3.6.5) [493]. The default setting “minOverlap=2" was used
in the “dba.count” function to select only a peak that exists at least in two samples among all
samples. Data were normalized by library size (read depth) using the “dba.normalize” function.
DESeq2 analysis was performed using the “dba.contrast” function with design formula “~ cell
type + histone marker” and the “dba.analyze” function to execute the differential analysis.
Blacklist regions [494] were automatically removed in the process. Differential binding sites were
selected based on an adjusted P-value threshold of 0.05. A correlation heatmap was created using
the “dba.plotHeatmap” function. Principal component analysis (PCA) plots were created using the

“dba.plotPCA” function.

4.3.6.12. Pathway enrichment analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed
using the clusterProfiler package (version 4.9.0.2) [495,496]. Data of active gene markers
(H3K27Ac and H3K4me3) were used. Prior to the analysis, differentially bound sites between
monocytes and NK cells were annotated using the org.Hs.eg.db package (version 3.15.0) [497].
The identified enriched pathways with adjusted P-value (Benjamini-Hochberg) less than 0.05 were
chosen for the display. Using the “dotplot” function, the top 10 enriched pathways were visualized
for each histone modification based on the gene count. The gene-concept network was plotted

using the “cnetplot” function.
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4.4. Results

4.4.1. CUT&Tag optimization

Adult PBMCs were used for initial optimization. Monocytes and NK cells were isolated using the
established gating strategy illustrated in Figure 4.1. The original CUT&Tag protocol recommends
including an antibody targeting a ubiquitously abundant histone marker in a cell (such as
H3K27me3) as an assay control [121,479]. To determine the optimal number of input cells,
number of PCR cycles, and sequencing depth suited for low-input cell number conditions,
CUT&Tag was conducted using an anti-H3K27me3 antibody with different experimental
conditions, as described below (Table 4.5):

Table 4.5. CUT&Tag optimization conditions.

ST lellllll:):tr((:ceel:ls) R Ee Hist(;l;lirl%;;rker gyccll:s
#1 5,000 Monocytes H3K27me3 18
#2 1,500 Monocytes H3K27me3 18
#3 30,000 NK cells H3K27me3 18
#4 5,000 NK cells H3K27me3 20
#5 1,500 NK cells H3K27me3 20

Abbreviations: NK cells, natural killer cells; PCR, polymerase chain reaction; H3K27me3, trimethylation of
histone H3 at lysine 27.

Preliminary CUT&Tag assays with < 17 PCR cycles using ultra-low input cells yield extremely
low DNA library concentration, which led to sequencing failure (data not shown). While the
original protocol advises maintaining PCR cycles between 12 and 14 to sustain the library
complexity [121], in the case of the ultra-low input samples, PCR cycles can be increased to meet
the required concentration for sequencing and bioinformatic removal of PCR duplicates can be
performed [479,498]. All the conditions (sample ID #1-5; Table 4.5) yielded nucleosome ladder
patterns (Figure 4.4A-B), indicating a successful CUT&Tag assay [479]. The band at 350 bp
represents a mononucleosome (~200 bp) with sequencing adapters (~130 bp), and the bands

positioned above represent oligonucleosomes with sequencing adapters (i.e., 550 bp, 750 bp, 950
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bp). The 200 bp band represents DNA fragments released from nucleosome-depleted regions
adjacent to the antibody-tethered nucleosome [479].
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Figure 4.4. TapeStation results of CUT&Tag libraries with different experiment conditions.
CUT&Tag was performed on adult monocytes and NK cells using an anti-H3K27me3 antibody as a positive
control. The resulting libraries were analyzed by TapeStation. The capillary electrophoretic gel images (A)
and electropherograms (B) are shown. For an optimization, different input cell numbers and PCR cycle
conditions were applied (sample ID #1-5): (#1) 5,000 monocytes and 18 PCR cycles, (#2) 1,500 monocytes
and 18 PCR cycles, (#3) 30,000 NK cells and 18 PCR cycles, (#4) 5,000 NK cells and 20 PCR cycles, and
(#5) 1,500 NK cells and 20 PCR cycles. Abbreviations: CUT&Tag, Cleavage Under Targets and
Tagmentation; NK cells, natural killer cells; PCR, polymerase chain reaction; H3K27me3, trimethylation
of histone H3 at lysine 27.

The resulting CUT&Tag libraries were pooled and sequenced on an Illumina MiSeq using a 50-
cycle flow cell (pair-end, 25 bp). The average sequencing depth was 3.0 million reads per sample
(IQR: 2.6-3.3), meeting the required sequencing depth (2-3 million reads per sample) described in
the original protocol [121,479]. Sequencing reads were processed, and the output BAM files were
loaded on IGV to visualize the signals (Figure 4.5). Although the CUT&Tag assay with 1,500
input cells successfully produced nucleosome ladder patterns (Figure 4.4A-B; sample ID #2 and
#5), the peaks observed on IGV suggested that the sequencing data may not be sufficient for
downstream analysis with the given sequencing depth (Figure 4.5; sample ID #2 and #5). To
determine the minimum input cells required for the assay while ensuring the ability to assess

multiple histone markers on infant samples, several factors were carefully considered:
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1) Based on the experience from parent studies, infant PBMCs are typically divided and
stored in multiple vials, each containing 2-3 million PBMCs. However, since PBMC vials
need to be shared between assays, only one vial was available for epigenetics.

2) Based on preliminary experiments, the abundance of target cell populations (monocytes
and NK cells) in infant PBMCs is generally 2-4% (data not shown).

3) Three histone modifications (H3K4me3, H3K27Ac, and H3K27me3) were planned to be
analyzed on each target cell population.

Considering these factors and results from the optimization experiments, we concluded that
performing the CUT&Tag assay using 5,000 cells per histone modification would be the optimal
approach for this study.

In addition, although we had ensured the required sequencing depth stated in the original protocol
[121,479], the results from the optimization experiment suggested that conducting the CUT&Tag
assay with low input samples would require higher sequencing depth to obtain sufficient data.
Given that sample ID #1 yielded the highest sequencing depth with 4.3 million reads and the
clearest CUT&Tag peak pattern among the samples assessed (Figure 4.5), we decided that
targeting 5 million sequencing reads per sample would be ideal. PCR cycles were set at 20 to
ensure a sufficiently high library concentration, regardless of the histone marker or cell types being

analyzed.
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Figure 4.5. Visualization of CUT&Tag peaks. Sequenced CUT&Tag data were processed and visualized
on the IGV. A snapshot of CUT&Tag peaks on an arbitrary gene (NKX6-1) located on chromosome 4 is
shown. The track height (horizontal range) is set at 12 for comparison. The read coverage track (top) and
the alignment track (squashed setting; bottom) are displayed for each sample. The sample IDs with
experiment conditions are indicated on the left, corresponding to Table 4.5 and Figure 4.4. Abbreviations:
CUT&Tag, Cleavage Under Targets and Tagmentation; IGV, Integrative Genomics Viewer; kbp, kilobase
pair; NK cells, natural killer cells; PCR, polymerase chain reaction.

4.4.2. Application of CUT&Tag to infant samples

4.4.2.1. Sample characteristics

To apply the optimized CUT&Tag assay protocol to infant samples, PBMCs obtained from 14
infants enrolled in the INFANT or BCG study were randomly selected (Table 4.6). In addition, a
sample obtained from an adult donor was included as a control. Monocytes and NK cells were
isolated using the gating strategy illustrated in Figure 4.1. The median total PBMC count of infant
samples immediately after thawing was 1.9 million cells per vial (IQR: 1.4-2.4), with a median
viability of 74.0% (IQR: 62.9-85.0). The median monocyte abundance was 2.0% (IQR: 1.1-2.6),
and the median NK cell abundance was 3.9% (IQR: 3.2-5.9). Therefore, the median live cell count
was 19,743 cells (IQR: 8,768-31,632) and 44,573 cells (IQR: 20,876-85,720) for monocytes and
NK cells, respectively (Table 4.6).
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Table 4.6. Sample information and sorting results.

PBMC Monocyte NK cell
Assay PBMCs Study Viability = Monocyte NK cell
Count Abundance Abundance
Batch ID Name (%) Count Count

(million) (%) (%)
E27 E27-S1 InFANT 2.1 85 111,721 4.9 64,501 2.8
E27 E27-S2  InFANT 24 86 39,227 2.0 75,033 3.8
E28 E28-S1 InFANT 23 85 4,505 0.9 13,018 2.6
E28 E28-S2 BCG 1.0 36 4,448 2.5 1,318 0.7
E30 E30-S1 BCG 1.1 73 23,865 2.5 35,183 3.7
E30 E30-S2 BCG 3.0 93 100,150 3.0 186,710 5.6
E30 E30-S3 BCG na* na* 5,129 1.0 18,869 39

na
E30 E30-S4 1.0 95 19,050 2.3 96,407 11.7
(adult)

E31 E31-S1 InFANT 59 80 90,105 1.8 172,282 3.5
E31 E31-S2 BCG 1.3 37 1,302 0.5 21,256 7.6
E31 E31-S3 BCG 1.0 75 24,036 5.8 20,496 4.9
E33 E33-S1 InFANT 2.8 58 19,743 1.0 118,035 6.2
E33 E33-S2 InFANT 1.8 66 18,460 1.1 44,573 2.7
E33 E33-S3 BCG 1.7 62 21,520 2.7 54,096 6.7
E33 E33-S4 BCG 2.0 69 12,406 1.5 42,914 53

PBMC count and cell viability were counted by TC20 Automated Cell Counter immediately after thawing.
Monocytes and NK cell count and abundance are based on the record obtained during the sorting.
Abbreviations: na, not applicable; NK cells, natural killer cells; PBMC, peripheral blood mononuclear cell.
*Too low cell concentration. Information regarding the allocation of samples (IHEU vs. iHUU and early vs.
delayed BCG vaccination) was unavailable as unblinding has not occurred yet.

4.4.2.2. CUT& Tag sequencing statistics

The optimized CUT&Tag assay protocol was applied to the isolated infant monocytes and NK
cells. Three histone markers (H3K27me3, H3K27Ac, and H3K4me3) were assessed with a
negative control antibody (IgG). A total of 77 CUT&Tag libraries were made. Among them, 37
libraries (48.1%) were derived from monocytes (11 H3K27me3, 10 H3K27Ac, 14 H3K4me3, and
2 IgQ), and 40 libraries (51.9%) were derived from NK cells (13 H3K27me3, 13 H3K27Ac, and
14 H3K4me3). These libraries were pooled for sequencing. The median sequencing depth per

sample was 6.0 million reads (IQR: 4.9-6.8) (Figure 4.6A). The sequencing metrics are shown in
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Appendix I. The median alignment rate for monocytes and NK cells combined against the human
reference genome (hg38) was generally high but showed variation depending on the specific
histone marker: H3K27me3 at 98.3%, H3K27Ac at 97.1%, H3K4me3 at 92.3%, and IgG at 87.5%
(Figure 4.6B). Most fragments corresponded to mononucleosomes, with a peak at approximately

200 bp. Some fragments derived from dinucleosomes (peak at around 400 bp) were also observed
(Figure 4.7A-B).
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Figure 4.6. Sequencing depth and alignment rates. (A) Sequencing depth (million reads) for each target
histone marker of interest (H3K27me3, H3K27Ac, H3K4me3, and IgG). (B) Alignment rate (%) for each
target histone marker of interest, calculated by “sequencing reads mapped to the human reference genome
(hg38) / total sequencing reads x100.” The target histone marker is indicated by the color of the box plot,
and the assay batch is indicated by the color of the dot. Abbreviations: H3K27Ac, acetylation of histone
H3 at lysine 27; hg38, Genome Reference Consortium Human Build 38; NK cells, natural killer cells;
H3K4me3, trimethylation of histone H3 at lysine 4; H3K27me3, trimethylation of histone H3 at lysine 27.
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Figure 4.7. Distribution of library fragment sizes. (A) Violin plots of fragment length (bp) for each
histone marker (H3K27me3, H3K27Ac, H3K4me3, and IgG) and cell type (monocytes and NK cells). (B)
Distribution of fragment size (bp) for each histone marker. Abbreviations: H3K27Ac, acetylation of histone
H3 at lysine 27; bp, base pair; NK cells, natural killer cells; H3K4me3, trimethylation of histone H3 at
lysine 4; H3K27me3, trimethylation of histone H3 at lysine 27.

As expected, due to the high number of PCR cycles, PCR duplication rates were high across the
samples (Figure 4.8A). The duplication rate was inversely correlated with the abundance of
histone markers, where H3K27me3, a highly abundant histone marker, showed an average
duplication rate of 79.6%. On the other hand, the other less abundant histone markers, H3K27Ac
and H3K4me3, showed higher duplication rates of 88.5% and 89.1%, respectively. Lastly, the PCR
duplication rates of IgG samples (negative control) were the highest at 95.5%. The estimated
library size and unique fragment count inversely correlated with the duplication rates (Figure
4.8B-C). The PCR duplicates were removed by Picard before downstream analyses to ensure data

quality.
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Figure 4.8. Picard summary. (A) Duplication rate (%) of samples for each target histone marker of interest
(H3K27me3, H3K27Ac and H3K4me3, and IgG). (B) Estimated library sizes (reads). (C) The number of
unique fragments. The target histone marker is represented by the color of the box plot, and the assay batch
is indicated by the color of the dot. Abbreviations: H3K27Ac, acetylation of histone H3 at lysine 27;
H3K4me3, trimethylation of histone H3 at lysine 4; H3K27me3, trimethylation of histone H3 at lysine 27.

4.4.2.3. Peak calling consideration

Next, peak calling was conducted using two different peak callers, MACS2 and SEACR. While
MACS?2 is a widely used tool to identify significantly enriched peaks for ChIP-seq [488], SEACR
was developed by the same team that established the CUT&Tag technique. SEACR specializes in
assays with low background noise, such as CUT&Tag and CUT&RUN [489].

The peak calling results of MACS2 and SEACR were compared with different parameter settings
(Figure 4.9). Peak calling with MACS2 generated fewer peaks with wider variation across the
samples. This was the same regardless of the peak call settings: a median of 60 peaks (IQR: 1-
1,920) was obtained for narrow peak calling and a median of 157 peaks (IQR: 2-4,041) for broad
peak calling. On the other hand, peak calling with SEACR resulted in a higher number of peaks
with smaller variation across the samples: a median of 5,160 peaks (IQR: 2,752-17,986) when
using IgG for normalization with the relaxed peak calling mode, a median of 281,638 peaks (IQR:
178,177-458,863) when selecting the top 1% with the relaxed peak calling mode, a median of
3,258 peaks (IQR: 1,231-17,986) when using IgG for normalization with the stringent peak calling
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mode, and a median of 2,738 peaks (IQR: 1,774-4,584) when selecting the top 1% with the
stringent peak calling mode. These results underscored that SEACR was better suited as a peak

caller for analysis of CUT&Tag assay using infant samples as compared to MACS2.
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Figure 4.9. Peak calling results. Peak calling was conducted using MACS2 and SEACR. For the MACS2,
both narrow peak and broad peak settings were assessed. For the SEACR, combinations of peak calling
modes (relaxed or stringent) and normalization methods (using IgG as normalization control or selecting
the top 1% of peaks) were assessed. The resulting number of peaks (logl0) is plotted. Abbreviations:
MACS?2, Model-based Analysis for ChIP-Seq 2; SEACR, Sparse Enrichment Analysis for CUT&RUN.

The number of peaks identified varied depending on the parameter settings for SEACR. Selecting
the top 1% with the relaxed peak calling mode resulted in the highest number of peaks (median
281,638; IQR: 178,177-458,863). Peak distribution patterns were investigated for each setting to
explore the optimal peak calling settings with SEACR (Figure 4.10). The results suggested that
the peak distribution pattern was strongly influenced by the peak calling parameter setting used.
Specifically, when IgG was used as the normalization control, the peak distribution patterns were
similar regardless of peak calling modes (i.e., relaxed vs. stringent). In contrast, selecting the top
1% using the relaxed peak calling mode with SEACR led to an increased percentage of peaks
within intron and distal intragenic regions. In addition, with this parameter setting, the peak
distribution pattern became more similar across the samples, regardless of the histone marker. As
this setting exhibited the highest number of peaks, we speculated that significant “false positive”

peaks might be included in the peak calling output.
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Figure 4.10. Peak distribution of SEACR peak calling output with different parameter settings. Bar
plots indicating the peak distributions (%) of histone markers and control (namely, H3K27me3, H3K27Ac,
H3K4m3, and IgG). Peak calling settings of SEACR (relaxed or stringent) and normalization methods
(using IgG as a normalization control or selecting the top 1% of peaks) are annotated on the top. Annotation
of the genomic feature includes promoter (< 1 kbp), promoter (1-2 kbp), promoter (2-3 kbp), 5S’UTR, 3°’UTR.
Ist exon, other exon, 1st intron, other intron, downstream (< 300 bp) and distal intergenic, indicated by
color. Abbreviations: H3K27Ac, acetylation of histone H3 at lysine 27; bp, base pair; kbp, kilobase pair;
NK cells, natural killer cells; SEACR, Sparse Enrichment Analysis for CUT&RUN; H3K4me3,
trimethylation of histone H3 at lysine 4; H3K27me3, trimethylation of histone H3 at lysine 27; UTR,
untranslated region.

To further explore the optimal parameter settings for SEACR, peak calling was reassessed using
the “stringent” mode to minimize the false positive peaks with a varied range of threshold settings.
We hypothesized that more false positive peaks would be included in the output as the cut-off
threshold is increased. The results were then compared to the analysis where IgG was used as a
normalization control (Figure 4.11). With the lowest threshold cut-off (top 0.1%), the H3K27me3
markers were predominantly enriched at promoter regions. The proportion of other regions, such
as intron and downstream regions, was uniformly increased by lowering the threshold. On the
other hand, the peak calling using IgG as a normalization control showed that some of the samples
were strongly enriched in intron and downstream regions, suggesting unsuccessful normalization.

As this issue can occur when the read depth of the IgG sample is low, as reported by the SEACR
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developer [499], the parameter combination of “selecting the top 1% peaks” and “stringent peak

calling mode” was selected as optimal settings for this study.
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Figure 4.11. Peak distribution of SEACR peak calling with different threshold settings. Peak calling
with SEACR (stringent setting) was conducted with different cut-off thresholds for peaks, ranging between
the top 0.1-10%, indicated on the top. SEACR (stringent setting) using IgG as a normalization control is
included as a comparison (rightmost panel). Peak distributions (%) of H3K27me3 samples are indicated by
bar plots. Annotation of genomic features includes promoter (< 1 kbp), promoter (1-2 kbp), promoter (2-3
kbp), 5’UTR, 3’UTR, 1st exon, other exon, 1st intron, other intron, downstream (< 300 bp) and distal
intergenic, indicated by color. Abbreviations: UTR, untranslated region. Abbreviations: bp, base pair; kbp,
kilobase pair; NK cells, natural killer cells; SEACR, Sparse Enrichment Analysis for CUT&RUN;
H3K27me3, trimethylation of histone H3 at lysine 27; UTR, untranslated region.

4.4.2.4. Peak distribution by cell types

Next, the peak distribution pattern was assessed by cell type, monocytes vs. NK cells (Figure
4.12). As anticipated, the H3K4me3 marks were enriched at the promoter regions of both cell types
[500]. However, some NK samples exhibited higher enrichment at distal intragenic and intron
regions. The H3K27Ac marks were mainly enriched at promoter regions in monocytes, except two
samples showed high enrichment at intron and distal intergenic regions. Interestingly, the
distribution profiles of H3K27Ac in NK cells were strikingly different from monocytes with a

higher proportion of intron or other intergenic regions, suggesting that peaks were more enriched
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at enhancers than promoters. Both monocytes and NK cells exhibited enrichment of H3K27me3
marks at promoter regions, followed by uniform distribution at other regions, such as intron or
intergenic regions. These peak distribution profiles validate not only the success of the CUT&Tag
assay but also the capability of the assay to explore the characteristics of histone modifications

using ultra-low cells obtained from clinical samples.
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Figure 4.12. Peak distribution by cell type and histone modification. SEACR peak calling was
conducted with the stringent setting, and the top 1% of peaks were selected. Peak distributions (%) of each
histone marker (H3K27me3, H3K27Ac, and H3K4me3) are displayed by bar plots based on the cell type
(monocytes or NK cells). Annotation of genomic features includes promoter (< 1 kbp), promoter (1-2 kbp),
promoter (2-3 kbp), 5’UTR, 3’UTR, Ist exon, other exon, 1st intron, other intron, distal intergenic and
downstream (< 300 bp), indicated by color. Abbreviations: H3K27Ac, acetylation of histone H3 at lysine
27; bp, base pair; kbp, kilobase pair; NK cells, natural killer cells; SEACR, Sparse Enrichment Analysis
for CUT&RUN; H3K4me3, trimethylation of histone H3 at lysine 4; H3K27me3, trimethylation of histone
H3 at lysine 27; UTR, untranslated region.

4.4.2.5. Relationship and differentially bound sites between cell types

Next, the relationship between samples was assessed. A PCA plot of differentially bound regions
showed clustering by histone mark but also by cell type (Figure 4.13). A correlation matrix based
on the cell type and histone marker confirmed this (Figure 4.14). In particular, histone markers of
inactive genes (H3K27me3) and active genes (H3K27Ac and H3K27me3) clustered completely
separately (Figure 4.14). These results highlighted that the relevant histone modification
characteristics were captured by CUT&Tag. Using DESeq2, a total of 5,201 sites (based on
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H3K27me3), 1,538 sites (based on H3K27Ac), and 1,372 sites (based on H3K4me3) were

differentially bound between monocytes and NK cells.
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Figure 4.13. PCA of differentially bound regions. PCA plots showing the distance between differentially
bound regions based on the histone markers (H3K27me3, H3K27Ac, and H3K4me3). The color indicates
cell types. Abbreviations: H3K27Ac, acetylation of histone H3 at lysine 27; Mono, monocytes; NK cells,

natural killer cells; PCA, principal component analysis; H3K4me3, trimethylation of histone H3 at lysine
4; H3K27me3, trimethylation of histone H3 at lysine 27.
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4.4.2.6. Pathway enrichment analysis

Lastly, KEGG pathway enrichment analysis was performed using the differentially bound sites of
active gene markers (i.e., H3K27Ac and H3K4me3) between monocytes and NK cells, identified
by DESeq?2 (Figure 4.15-4.16). Although a few shared pathways were identified, the comparison
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between the cell types highlighted the characteristic functions of each innate immune cell. For
example, enriched pathway terms in monocytes included “Lysosome” and “Fc gamma R-mediated
phagocytosis,” indicating that genes associated with phagocytosis were marked as active gene
regions in monocytes compared to NK cells, in line with their described function [125,501]. In
contrast, the enriched pathways terms in NK cells included “Natural killer cell mediated
cytotoxicity” and “Calcium signaling pathways,” indicating the genes associated with their

cytotoxicity functions were active [502].
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Figure 4.15. Pathway enrichment analysis of H3K27Ac between cell types. Differentially bound regions
of H3K27Ac between monocytes and NK cells were assessed for pathway enrichment analysis using the
KEGG database. Gene ratios (the proportion of enriched genes in each group) were calculated by dividing
the “count of core enrichment genes” by the “count of pathway genes.” Gene ratios of the top pathway
categories are plotted based on gene count. The dot size represents gene ratios, and the color indicates the
adjusted P-value. Abbreviations: H3K27Ac, acetylation of histone H3 at lysine 27; KEGG, Kyoto
Encyclopedia of Genes and Genomes; NK cells, natural killer cells; Rapl, Ras-related protein 1; TNF,

tumor necrosis factor.
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Figure 4.16. Pathway enrichment analysis of H3K4me3 between cell types. Differentially bound
regions of H3K4me3 between monocytes and NK cells were assessed for pathway enrichment analysis
using the KEGG database. Gene ratios (the proportion of enriched genes in each group) were calculated by
dividing the “count of core enrichment genes” by the “count of pathway genes.” Gene ratios of the top
pathway categories are plotted based on gene count. The dot size represents gene ratios, and the color
indicates the adjusted P-value. Abbreviations: H3K4me3, trimethylation of histone H3 at lysine 4; KEGG,
Kyoto Encyclopedia of Genes and Genomes; NK cells, natural killer cells; PI3K, phosphoinositide 3-
kinases; Akt, protein kinase B; Rap1, Ras-related protein 1; Th, T helper cell.

In NK cells, several pathway terms linked to the activation and differentiation of T cells were also
highly marked with H3K4me3. These terms include “Th17 cell differentiation,” “Thl and Th2 cell
differentiation,” and “T cell receptor signaling pathway” (Figure 4.16). Further analysis using a
gene-concept network revealed many of the genes involved in the T cell activation/differentiation
pathways were also involved in the “Natural killer cell mediated cytotoxicity” pathway, including
CD247, linker for activation of T cells (LAT), lymphocyte cell-specific protein tyrosine kinase
(LCK), nuclear factor of activated T cells 2 (NFATC2), and zeta-chain-associated protein kinase
70 (ZAP-70) (Figure 4.17).
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Figure 4.17. Gene-concept network analysis on enriched KEGG pathways (H3K4me3) between cell
types. Enriched pathways (represented by nodes), obtained from KEGG pathway analysis of differentially
bound regions between monocytes and NK cells based on the H3K4me3 marker, were linked with genes
involved in the pathways. Pathways and genes were colored by the cluster type (either enriched in
Monocytes or NK cells). Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; NK cells,

natural killer cells; H3K4me3, trimethylation of histone H3 at lysine 4.

Overall, as the enriched signaling pathways matched the canonical functions of monocytes or NK

cells, these results serve as another indication that CUT&Tag can successfully identify the binding

sites of a histone marker within a specific cell type of interest.

140



4.5. Discussion

The literature on BCG-induced trained innate immunity and its associated epigenetic modifications
among infants is scarce. In particular, to our knowledge, no studies have examined whether iHEU,
who are at a higher risk of infectious morbidity [415,425], receive similar levels of protection
through trained innate immunity as iHUU. One of the reasons so few infant studies exist is that the
widely used method for investigating epigenetic modifications, ChIP-seq, requires more than 1
million cells per target protein of interest [24-26]. This poses challenges when the sample
availability and cell number are limited. To address this issue, we applied a recently established
CUT&Tag assay [118,119, 121,479]. The assay protocol was optimized for the ideal experimental
conditions to evaluate three histone modifications using limited cells that could be obtained from
six- to seven-week-old South African infants. Optimization included consideration of the
minimum number of input cells, number of PCR cycles, and sequencing depth to ensure the
feasibility of the assay while maintaining high data quality for the downstream analysis. In addition,
optimization of bioinformatic analysis steps, such as choice of peak caller and option for peak

calling parameters, was performed.

Utilizing the IgG control sample for normalization in SEACR led to conflicting outcomes. This
discrepancy could be attributed to the notably lower sequencing depth observed in the IgG sample
(386,781 reads) compared to the other samples (6,324,145 reads on average). In fact, the developer
of SEACR reports that low sequencing depth or substantial depth variation between the control
and samples may impact the precision of peak calling [499]. This supports our rationale for opting

to use a numerical threshold approach, which will likely ensure more reliable peak calling results.

The CUT&Tag peaks showed characteristic distribution patterns based on the histone
modifications. For instance, the H3K4me3 marker, an active gene marker often found at gene
promoter regions and CpG islands [500], displayed significant enrichment within a 1 kbp
proximity to the promoter regions. It is worth noting that while the pattern aligned with that of a
previous study [95], the proportion of peaks assigned to promoter regions was slightly higher in
our study. This disparity could be due to the difference in the SEACR peak calling mode used in
the analysis (relaxed vs. stringent mode) or sample types analyzed [95]. The H3K27Ac marker, an

active gene marker that marks distal promoter and enhancer regions [503,504], exhibited a
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different enrichment pattern. H3K27Ac was not only enriched in promoter regions (within 1 kbp)
but also enriched in intron and distal intergenic regions. Interestingly, contrasting patterns of
H3K27Ac marks were observed between monocytes and NK cells, though the implication of this
difference on their immune functions remains unexplored. Lastly, the H3K27me3 marker,
indicative of repressed gene regions, displayed prominent enrichment at promoter regions and
more evenly enriched peaks at other locations than the other two histone markers. This distinctive

characteristic may be because H3K27me3 broadly marks genomic regions [505].

The pathway enrichment analysis of differentially bound sites between monocytes and NK cells
identified activating histone marks according to the distinct functional profiles of each cell type.
These include pathway terms related to phagocytosis in monocytes [125,501] and cytotoxic
function in NK cells [502], highlighting the accuracy of CUT&Tag assay outcomes. Interestingly,
several pathway terms related to T cell activation and differentiation were also identified in NK
cells, including “Th17 cell differentiation,” “Thl and Th2 cell differentiation,” and “T cell receptor
signaling pathway.” Since the CD3+ cell population was excluded during the cell sorting process,
it is unlikely that these pathways were attributed to natural killer T (NKT) cells, which are known
to possess characteristics of both NK cells (CD56+) and T cells (CD3+ and TCR+) [506]. Although
secretion of IFN-y in NK cells can directly promote Th1 cell differentiation without prior priming
by antigen-presenting cells (APCs) [507,508], identification of broad aspects related to T cell
activation and differentiation suggests that genes commonly active in both NK cells and T cells
were marked as enriched pathways. Supporting this, the gene-concept network analysis identified
several genes that are involved with both NK cell-mediated cytotoxicity and T cell activation and

differentiation pathways.

The limitation of this study includes a small sample size, as only a subset of samples was used for
this initial optimization. This was intentional, aligning with the primary objectives of Aim 3, which
was to optimize the CUT&Tag assay protocol and validate data accuracy to meet the parent
project’s specific requirements, which is currently still blinded. Blinding also limited the capacity
to evaluate epigenetic changes induced by BCG vaccination and HIV exposure. Another limitation
of this study is that the cells were not stimulated prior to the assay to avoid potential sample loss.

This approach might have limited our ability to detect changes in histone modifications and
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associated immune responses. Nevertheless, it is worth noting that during the CUT&Tag assay,
cells were bound to beads conjugated with ConA, which has been reported to induce stimulation
in innate immune cells, including monocytes and NK cells [509,510]. Consequently, incubation

with ConA beads might have sufficiently stimulated the cells.

In summary, the optimized CUT&Tag assay successfully demonstrated its capability to analyze
multiple histone modifications in infant monocytes and NK cells, utilizing only 5,000 cells as input.
In contrast to the conventional ChIP-seq technique, this approach allows us to investigate histone
modifications using precious samples or rare cell populations. This is particularly relevant in the
realm of clinical studies, where sample availability is often limited [182]. Although the primary
focus of this study was histone modifications, this optimized approach can be extended to
chromatin-protein interactions (such as transcriptional factors). The findings of the peak
distribution patterns, sample correlation, and pathway enrichment analysis collectively indicate
the successful assay outcome. This supports implementing our optimized CUT&Tag assay
protocol on a bigger sample scale in the future study to explore the effects of in utero HIV exposure
in the context of BCG-induced trained innate immunity. The findings we gain from this future
investigation would be valuable, as the existing literature has thus far only investigated the
epigenetic changes associated with trained innate immunity in infants using ChIP-qPCR [188],
which limits the assessment to specific gene regions. In contrast, our approach offers an unbiased

global view, allowing us to uncover other gene regions involved in trained innate immunity.
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Chapter 5. Discussion

Since 2013, prevention of vertical HIV transmission has been shifting towards Option B+, an
approach in which all pregnant women living with HIV receive lifelong ART irrespective of their
CD4 count [4]. Consequently, there has been a substantial reduction in vertical HIV transmissions,
leading to the growing population of iHEU, especially in sub-Saharan Africa [372]. Globally,
including in low- or middle-income settings, all mothers, including those with HIV, are advised to
exclusively breastfeed their infants for the first six months of life. This is followed by a
combination of complementary feeding and breastfeeding for up to 24 months of age. This
recommendation is based on the understanding that the benefits of breastfeeding outweigh the risk
of HIV transmission [13]. Furthermore, since 2000, co-trimoxazole prophylaxis has been strongly
advised for iHEU, starting at six weeks of age until infants test negative for HIV after the cessation
of breastfeeding, albeit its necessity was under debate for some years [511]. It is important to note
that this guideline has been revised in South Africa in 2023, and iHEU became no longer eligible
for the co-trimoxazole prophylaxis [512]. Accumulating studies indicate that iHEU face an
elevated risk of hospitalization, primarily due to infectious diseases such as diarrhea and
respiratory infections during the first two years of life, and especially during the first three to six
months of life [373,374, 378, 380,513-520]. Factors contributing to this vulnerability appear to be
maternal health parameters (such as viral load, CD4 count, and the timing of ART initiation),
feeding practices, infants’ gestational age at birth, and vaccination timing [373, 378, 380, 514,516—
518]. The majority of these increased hospitalization risks were reported before Option B+ was
recommended by the WHO [373,374, 378, 380, 514,515, 517,519,520]. While universal use of
ART during pregnancy may improve some of the maternal health parameters associated with
increased morbidity risk in their infants, adverse health outcomes may nonetheless persist among
iHEU in the Option B+ era [513,518]. Mechanisms underlying this increased vulnerability are
considered to be altered immunity and/or gut microbiota [396,397, 404,405,521,522], though the

exact mechanisms remain unclear.
In this dissertation, the primary focus was investigating possible mechanisms responsible for this

increased infectious morbidity risk among iHEU. The specific objectives were: (1) to investigate

whether BCG provides comparable protection against TBI and disease in iHEU and iHUU (Aim
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I; described in Chapter 2); (2) to examine the effect of HIV exposure on longitudinal gut
microbiota composition and association with TT vaccine response (Aim 2; described in Chapter
3); and (3) to optimize an epigenetic assay protocol, intended for future investigation of BCG-
induced histone modifications in iHEU (Aim 3; described in Chapter 4). Using ongoing and
completed parent studies, these aspects were explored in sub-Saharan African infants born between

2013 and 2019.

In Chapter 2, we report that the overall TBI prevalence in 9-18 months-old infants living in South
Africa and Botswana (293 iHEU and 125 iHUU) was low (3.3%), and no infants were diagnosed
with TB disease. Notably, this prevalence was similar between HIV exposure groups, and the trend
was consistent across both countries. Our finding contradicts previous reports, which showed a
higher TBI prevalence among iHEU in sub-Saharan African regions [418,523,524] and Botswana/
South Africa settings [382,383]. In addition, a study conducted in Uganda reported that iHEU were
at a greater risk of TBI than iHUU [42]. These disparities between our findings and previous
studies are likely due to differences in study cohort characteristics: (1) some previous studies
assessed TBI prevalence prior to the introduction of universal ART and during the period with a
higher occurrence of TBI compared to recent years compared to our study [382,383,418]; (2) a
previous study included participants with previous TB disease in their cohort [383]; (3) several
studies measured TBI prevalence in older participants than our study, potentially resulting in a
longer window of TB exposure [42,383]; (4) some studies used TST, a standard method for
measuring TBI in the pediatric population [523,524], though this method is less specific than
IGRAs due to a tendency to produce false positives because of cross-reactivity with BCG and

environmental mycobacteria [525].

Specifically, few studies have investigated the prevalence of TBI using IGRA-based approaches
among iHEU under two years of age who were born after Option B+ has been recommended
[523,524]. Among these studies, research conducted on Kenyan infants by LaCourse et al. revealed
that while the TBI prevalence in iHEU was 10.1% at one year of age, this result was primarily
influenced by TST, and the IGRA positivity rate tested on the same cohort was only 1.2% [523].
Similarly, a follow-up study by Warr et al. reported that the TBI prevalence of iHEU at 18 months
of age was 9.6% using TST and 1.1% using IGRA [524]. Additionally, Warr et al. noted that the
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iHEU born to virally suppressed mothers during pregnancy had a higher BCG-induced CD4+ IFN-
v+ responses (but not IL-2, TNF, and IL-17 responses) at 6-10 weeks of age compared to iHEU
born from mothers who are newly diagnosed with HIV during pregnancy with measurable HIV
viral loads. Moreover, cytokine responses of infants of mothers who are diagnosed with HIV
before pregnancy and had measurable HIV viral loads during pregnancy were not different from
infants of mothers with suppressed viral load or who are newly diagnosed with HIV during
pregnancy [524]. In our study, 93.2% of mothers with HIV were virally suppressed at enrollment,
which may explain why iHEU had comparable protection from BCG vaccination against TBI as
iHUU. Nevertheless, given that iHEU tend to have altered immunity [396,397,521,522], and about
20% of young children with TBI develop TB disease within two years [526], it remains unclear
whether iHEU with TBI are at a higher risk of developing TB disease at a later stage. A multi-
country longitudinal study with an extended follow-up period is essential to address this question.
Lastly, testing non-IFN-y markers (such as IP-10, IL-2, MCP-2, and TNF-a) has been proposed as
an alternative approach for detecting TBI [524,527-529]. Notably, Warr ef al. demonstrated that
TST results were imprecise, while the non-IFN-y cytokine detection approach proved to be a more
suitable method for identifying TBI in infants [524]. Considering that the pediatric population,
especially iHEU, often exhibit reduced IFN-y responses to antigens [389, 401, 420,472], utilizing
these non-IFN-y markers for TBI testing may hold significant importance for future research for a

better TBI prevalence estimation.

In Chapter 3, we investigated the impact of HIV exposure on humoral response to the TT vaccine
and its relationship with infant gut microbiota. Our study is one of the largest to date that
longitudinally investigated the gut microbiota composition in multiple countries: Nigeria and
South Africa (total n = 278; 202 iHEU and 76 iHUU). In our study, all Nigerian infants were
exclusively breastfed, whereas feeding practice among South African infants comprised exclusive
breastfeeding and mixed feeding. This difference between the countries was due to the sample
selection process in the parent study and not a reflection of mothers’ preferences in each country.
In Nigeria, infants were selected based on their feeding status of being exclusively breastfed during
the first 15 weeks of age, whereas in South Africa, the selection criteria focused on infants who
were breastfed during the study. For this reason, we assessed the impact of feeding practice on

infants’ gut microbiota to investigate any potential bias this may have caused. However, we did
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not find any significant effects. The crosstalk between gut microbiota and immune cells during
early life is critical for developing mucosal and systemic immune systems, and gut microbiota
perturbations are associated with a higher risk of infectious morbidity [530-532]. Our study
indicated that HIV exposure did not influence the alpha- and beta-diversity during the first 15
weeks of life, even among exclusively breastfed infants. This suggests that, despite altered HMO
composition often observed in women living with HIV [404,533], there were no stark differences
in the gut microbiota of iHEU. This also implies that the impact of co-trimoxazole prophylaxis
treatment for iHEU was likely marginal, which contradicts other studies that have found that co-
trimoxazole may perturb infant gut microbiota [534,535]. Nonetheless, we identified some
bacterial taxa that were differentially enriched in iHEU compared to iHUU. These bacteria
included several Klebsiella species (such as K. quasipneumoniae, K. pneumoniae, and K.
variicola). While K. pneumoniae has been identified in immunocompromised patients with
diarrhea [536,537] and can be an invasive pathogen, whether this contributes to the increased
morbidity in iHEU is yet to be explored. Although some studies have previously shown evidence
of altered gut microbiota among iHEU [404,405], our results support the notion that the effect of
HIV exposure on gut microbiota is likely dependent on geographical location or cohort-specific

characteristics [406].

Regarding humoral immunity in the infants, we observed some evidence of the effects of HIV
exposure. Consistent with other studies [400,538-540], maternal HIV infection impaired passive
maternal antibody transfer, and iHEU exhibited lower anti-tetanus titers at birth. At 15 weeks of
age, IHEU had significantly lower anti-tetanus titers than iHUU. Of note, most infants still reached
protective levels of anti-tetanus titers (> 0.1 [U/ml). The effects of this noted antibody response
should be explored for other vaccines for which protective titers are not universally achieved after
the primary series, such as pertussis. In contrast to the altered immune responses in iHEU, we did
not observe any differences in maternal anti-tetanus titers based on their HIV infection status.
Previous research has shown that anti-tetanus IgG titers are influenced by CD4+ count [400]. In
our study, the majority (98.5%) of our mothers with HIV were on ART at delivery and 81% had a

CD4+ count > 250 cells/mm?. Yet despite this, transplacental IgG transfer was altered.
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The LASSO regression models indicated that gut microbiota and in utero HIV exposure were
independently associated with TT vaccine responses at 15 weeks of age. However, this was more
the case in South Africa than in Nigeria. Nigerian mothers were encouraged to receive TT
vaccination during pregnancy, whereas South African mothers were not. This resulted in
significantly higher maternal IgG titers among Nigerian infants at week 1 of age, which may have
interfered with vaccine responses among the infants, although this phenomenon is more striking
with live vaccines [452,541]. Indeed, the elevated baseline anti-tetanus titers stayed very similar
post-vaccination in Nigerian infants. It has been documented that maternal HIV alters
transplacental IgG transfer [542]. Yet, despite lower passive antibodies, IHEU mounted a lower
response to vaccination, suggesting this was not due to inhibition by maternal antibody. Whether
this is due to B cell functional abnormalities is unknown, but certain gut microbes can modulate
adaptive responses through immune priming, thereby possibly influencing the TT vaccine
response. The role of bacterial antigens and/or SCFAs produced by bacteria in this association is
an area that warrants further exploration [543-545]. Collecting additional data, both on the
maternal side (such as vaginal or breastmilk microbiota) and on the infant side (such as gut
metabolomics, metatranscriptomics, and metagenomics), could have provided further insights into

the mechanisms of microbiota influence on TT vaccine responses.

In Chapter 4, the primary objective was to develop an assay to investigate a potential contributing
factor for the increased infectious morbidity observed in iHEU from the perspective of innate
immunity. There is a significant knowledge gap in relation to the potential association between
HIV exposure and trained innate immunity. This gap is partially because the standard methodology
typically requires a large number of cells, which limits the ability to globally investigate histone
modification markers of trained innate immunity using infant samples [117]. To address this
challenge, we optimized the recently established CUT&Tag protocol and its downstream analysis
for infant samples. We successfully characterized multiple histone modifications in infant
monocytes and NK cells by applying the optimized protocol to infant samples, even with ultra-
low cell input. The investigation of the effect of HIV exposure on trained innate immunity will be
undertaken in the near future. Importantly, a previous study has shown that the time of maternal

ART initiation, whether during pregnancy or before conception, can affect monocyte activation
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and hospitalization rate in iHEU [546]. This may be mediated by differing degrees of trained innate
immunity induced by BCG.

Throughout this dissertation, we focused on infants living in sub-Saharan Africa, a region where
90% of iHEU reside [372]. To capture a comprehensive perspective, we included infants from
three countries: South Africa, Botswana, and Nigeria. We explored the mechanisms underlying
the increased vulnerability often observed in iHEU and addressed this question broadly (Aims 1-
3). Overall, our findings indicated that iHEU exhibited reduced passive maternal tetanus antibody
levels at one week of age and lower plasma IgG anti-tetanus antibody titers after receiving three
doses of TT vaccinations by 15 weeks of age, suggesting that iHEU have impaired humoral
responses, possibly related to certain gut microbes. On the other hand, the prevalence of TBI, based
on the T cell IFN-y release in response to TB antigens, was similar between the HIV exposure
groups in infants aged 9-18 months. Whether iHEU receive BCG-induced non-specific immune
protection remains to be investigated in the near future. With the implementation of improved
health care programs (such as the universal maternal ART, good vaccine coverage, exclusive
breastfeeding, and co-trimoxazole prophylaxis), the health risks associated with the iHEU
population have declined in recent years at least during the first two years of life. Supporting this,
studies investigated hospitalization rates during the first year of life among infants born in South
Africa during Option B+ era were similar between HIV exposure groups [417], or the effect of
exposure was only temporary (up to the first three months) [518]. Similarly, a study in Botswana
showed a reduction in infectious morbidity cases among iHEU following the introduction of the
Rotavirus vaccine and the pneumococcal conjugate vaccine in 2012 [547]. Furthermore, our cohort
of iIHEU may represent a relatively “healthier” group by benefitting from timely vaccination and

access to extensive counseling and health care throughout the study.

It is important to acknowledge certain limitations. We did not assess the same mother-infant pairs
across the projects within this dissertation, which may have limited a comprehensive evaluation.
Although all three study sites investigated in this dissertation face challenges related to HIV and
TB infections [2,419], differences in cohort demographics may had an impact on the results. For
example, Khayelitsha Site B is a heavily populated informal settlement (10,120 persons/km?) in

South Africa with inadequate sanitation and high unemployment and crime rates [548,549]. Jos is
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the capital of Plateau State in Nigeria and is a densely populated area (2,489 persons/km?) [550].
Although Nigeria faces vast economic disparities as a nation [551], mothers recruited in the study
showed a high employment rate compared to South African mothers. Compared to the other two
sites, malaria infection cases are significantly higher in Nigeria, accounting for 27% of malaria
cases in the world [552]. Gaborone is a capital city of Botswana with better sanitation and less
density populated (1,444 persons/km?) compared to the other two study sites [553]. Moreover,
because women with HIV experience a higher risk of preterm birth [554-557] and premature
babies are often at risk of infectious disease [558,559], we may have missed assessing the most
vulnerable group by excluding them from the parent studies. In summary, the results from this
dissertation uncovered some immunological differences that remain between iHEU and iHUU in

the B+ era, but mechanisms for increased risk of infectious morbidity deserve further investigation.
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Appendix A. Inclusion and exclusion criteria of the INFANT study (parent study).

Inclusion Criteria Exclusion Criteria
1) Mother with known HIV status. 1) Complications during pregnancy and
2) Age of mother > 18 years. delivery such as chorioamnionitis and
E 3) Mother has self-chosen to eclampsia.
§ breastfeed her infant. 2) Mother with TB or a cough.
= 4) Mother is able and willing to do 3) Mother who is planning to move
g the follow up assessments and away from Khayelitsha in the next 12
% provide informed consent. months with her infant.
=
1) Gestational age > 35 weeks. 1) Hypoxic injury/ seizures/ sepsis/
2) Birth weight > 2.0 kg. intrauterine growth retardation.
. 3) For the HIV-exposed infants,
% negative HIV DNA PCR test at
s six weeks after birth.
E
=

Abbreviations: HIV, human immunodeficiency virus; PCR, polymerase chain reaction; TB,

tuberculosis.
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Appendix B. Inclusion and exclusion criteria of the Karabo study (parent study: Tshilo Dikotla).

Inclusion Criteria

Exclusion Criteria

1)
2)
3)
4)

5)

6)

Maternal Factors

Mother with known HIV status.

Age of mother > 18 years.

Botswana citizens.

Mother able to provide informed
consent for themselves and their
infant to participate in the study.
Willing to exclusively breastfeed for
the first six months of life.

For mother with HIV, they must be on
TDF/3TC or FTC/EFV or TDF/3TC
or FTC/Dolutegravir at time of study
enrollment or willing to initiate this
treatment and continue throughout the
period of breastfeeding, if not for their
lifetime.

1) Mother with TB symptoms or is on
treatment of active TB at delivery.

2) Pre-existing maternal diabetes
mellitus.

3) The mother is presently incarcerated.

1)

2)

3)

Infant Factors

The infant has a birth weight of > 2
kilograms and a gestational age > 32
weeks.

The infant has documentation of
receiving a BCG vaccine within 72
hours of birth.

The infant enrolled in Tshilo Dikotla
has not reached 14 months of age or
completed the 9-12 months Tshilo
Dikotla study visit.

1) The infant is born with major
congenital anomalies.

2) The infant is documented to have
experienced severe birth
complications including birth
asphyxia or seizures.

Abbreviations: BCG, Bacillus Calmette-Guérin; EFV, efavirenz; FTC, emtricitabine; HIV, human
immunodeficiency virus; 3TC, lamivudine; TDF, tenofovir disoproxil fumarate; TB, tuberculosis.
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Appendix C. Sensitivity analysis result.

conversion.rate reversion.rate | prevalence.at.12mo | significance.proportion

1 0 0 0.02 0.00000

2 0.02 0.02 0.02 0.00000

3 0.02 0.02 0.04 0.00000

4 0.02 0.02 0.06 0.00000

5 0.02 0.02 0.08 0.00000

6 0.02 0.02 0.1 0.00000

7 0.02 0.02 0.12 0.00000

8 0.02 0.02 0.14 0.00000

9 0.02 0.02 0.16 0.00000
10 0.02 0.02 0.18 0.00000
11 0.02 0.02 0.2 0.00000
12 0.02 0.04 0.02 0.00020
13 0.02 0.04 0.04 0.00040
14 0.02 0.04 0.06 0.00000
15 0.02 0.04 0.08 0.00020
16 0.02 0.04 0.1 0.00020
17 0.02 0.04 0.12 0.00020
18 0.02 0.04 0.14 0.00000
19 0.02 0.04 0.16 0.00000
20 0.02 0.04 0.18 0.00040
21 0.02 0.04 0.2 0.00020
22 0.02 0.06 0.02 0.00020
23 0.02 0.06 0.04 0.00000
24 0.02 0.06 0.06 0.00020
25 0.02 0.06 0.08 0.00040
26 0.02 0.06 0.1 0.00040
27 0.02 0.06 0.12 0.00020
28 0.02 0.06 0.14 0.00020
29 0.02 0.06 0.16 0.00020
30 0.02 0.06 0.18 0.00000
31 0.02 0.06 0.2 0.00000
32 0.02 0.08 0.02 0.00040
33 0.02 0.08 0.04 0.00100
34 0.02 0.08 0.06 0.00000
35 0.02 0.08 0.08 0.00040
36 0.02 0.08 0.1 0.00060
37 0.02 0.08 0.12 0.00040
38 0.02 0.08 0.14 0.00020
39 0.02 0.08 0.16 0.00080
40 0.02 0.08 0.18 0.00080
41 0.02 0.08 0.2 0.00080
42 0.02 0.1 0.02 0.00040
43 0.02 0.1 0.04 0.00060
44 0.02 0.1 0.06 0.00040
45 0.02 0.1 0.08 0.00140
46 0.02 0.1 0.1 0.00100
47 0.02 0.1 0.12 0.00080
48 0.02 0.1 0.14 0.00140
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49 0.02 0.1 0.16 0.00100
50 0.02 0.1 0.18 0.00080
51 0.02 0.1 0.2 0.00100
52 0.02 0.12 0.02 0.00080
53 0.02 0.12 0.04 0.00080
54 0.02 0.12 0.06 0.00060
55 0.02 0.12 0.08 0.00100
56 0.02 0.12 0.1 0.00040
57 0.02 0.12 0.12 0.00080
58 0.02 0.12 0.14 0.00100
59 0.02 0.12 0.16 0.00160
60 0.02 0.12 0.18 0.00160
61 0.02 0.12 0.2 0.00240
62 0.02 0.14 0.02 0.00120
63 0.02 0.14 0.04 0.00060
64 0.02 0.14 0.06 0.00080
65 0.02 0.14 0.08 0.00060
66 0.02 0.14 0.1 0.00120
67 0.02 0.14 0.12 0.00140
68 0.02 0.14 0.14 0.00140
69 0.02 0.14 0.16 0.00240
70 0.02 0.14 0.18 0.00160
71 0.02 0.14 0.2 0.00180
72 0.02 0.16 0.02 0.00140
73 0.02 0.16 0.04 0.00180
74 0.02 0.16 0.06 0.00100
75 0.02 0.16 0.08 0.00140
76 0.02 0.16 0.1 0.00140
77 0.02 0.16 0.12 0.00140
78 0.02 0.16 0.14 0.00280
79 0.02 0.16 0.16 0.00260
80 0.02 0.16 0.18 0.00400
81 0.02 0.16 0.2 0.00320
82 0.02 0.18 0.02 0.00200
83 0.02 0.18 0.04 0.00200
84 0.02 0.18 0.06 0.00140
85 0.02 0.18 0.08 0.00240
86 0.02 0.18 0.1 0.00300
87 0.02 0.18 0.12 0.00160
88 0.02 0.18 0.14 0.00320
89 0.02 0.18 0.16 0.00200
90 0.02 0.18 0.18 0.00380
91 0.02 0.18 0.2 0.00540
92 0.02 0.2 0.02 0.00180
93 0.02 0.2 0.04 0.00120
94 0.02 0.2 0.06 0.00240
95 0.02 0.2 0.08 0.00220
96 0.02 0.2 0.1 0.00380
97 0.02 0.2 0.12 0.00300
98 0.02 0.2 0.14 0.00280
99 0.02 0.2 0.16 0.00420
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100 0.02 0.2 0.18 0.00520
101 0.02 0.2 0.2 0.00540
102 0.04 0.02 0.02 0.00120
103 0.04 0.02 0.04 0.00160
104 0.04 0.02 0.06 0.00100
105 0.04 0.02 0.08 0.00020
106 0.04 0.02 0.1 0.00060
107 0.04 0.02 0.12 0.00080
108 0.04 0.02 0.14 0.00060
109 0.04 0.02 0.16 0.00040
110 0.04 0.02 0.18 0.00060
111 0.04 0.02 0.2 0.00080
112 0.04 0.04 0.02 0.00140
113 0.04 0.04 0.04 0.00100
114 0.04 0.04 0.06 0.00060
115 0.04 0.04 0.08 0.00140
116 0.04 0.04 0.1 0.00160
117 0.04 0.04 0.12 0.00080
118 0.04 0.04 0.14 0.00120
119 0.04 0.04 0.16 0.00060
120 0.04 0.04 0.18 0.00040
121 0.04 0.04 0.2 0.00040
122 0.04 0.06 0.02 0.00140
123 0.04 0.06 0.04 0.00140
124 0.04 0.06 0.06 0.00260
125 0.04 0.06 0.08 0.00080
126 0.04 0.06 0.1 0.00120
127 0.04 0.06 0.12 0.00120
128 0.04 0.06 0.14 0.00080
129 0.04 0.06 0.16 0.00100
130 0.04 0.06 0.18 0.00180
131 0.04 0.06 0.2 0.00040
132 0.04 0.08 0.02 0.00180
133 0.04 0.08 0.04 0.00220
134 0.04 0.08 0.06 0.00220
135 0.04 0.08 0.08 0.00180
136 0.04 0.08 0.1 0.00220
137 0.04 0.08 0.12 0.00220
138 0.04 0.08 0.14 0.00280
139 0.04 0.08 0.16 0.00240
140 0.04 0.08 0.18 0.00200
141 0.04 0.08 0.2 0.00180
142 0.04 0.1 0.02 0.00180
143 0.04 0.1 0.04 0.00240
144 0.04 0.1 0.06 0.00180
145 0.04 0.1 0.08 0.00220
146 0.04 0.1 0.1 0.00220
147 0.04 0.1 0.12 0.00240
148 0.04 0.1 0.14 0.00320
149 0.04 0.1 0.16 0.00320
150 0.04 0.1 0.18 0.00400
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151 0.04 0.1 0.2 0.00340
152 0.04 0.12 0.02 0.00240
153 0.04 0.12 0.04 0.00200
154 0.04 0.12 0.06 0.00280
155 0.04 0.12 0.08 0.00340
156 0.04 0.12 0.1 0.00360
157 0.04 0.12 0.12 0.00320
158 0.04 0.12 0.14 0.00340
159 0.04 0.12 0.16 0.00300
160 0.04 0.12 0.18 0.00340
161 0.04 0.12 0.2 0.00220
162 0.04 0.14 0.02 0.00320
163 0.04 0.14 0.04 0.00360
164 0.04 0.14 0.06 0.00480
165 0.04 0.14 0.08 0.00440
166 0.04 0.14 0.1 0.00440
167 0.04 0.14 0.12 0.00560
168 0.04 0.14 0.14 0.00600
169 0.04 0.14 0.16 0.00480
170 0.04 0.14 0.18 0.00440
171 0.04 0.14 0.2 0.00540
172 0.04 0.16 0.02 0.00260
173 0.04 0.16 0.04 0.00520
174 0.04 0.16 0.06 0.00440
175 0.04 0.16 0.08 0.00560
176 0.04 0.16 0.1 0.00480
177 0.04 0.16 0.12 0.00620
178 0.04 0.16 0.14 0.00560
179 0.04 0.16 0.16 0.00480
180 0.04 0.16 0.18 0.00500
181 0.04 0.16 0.2 0.00660
182 0.04 0.18 0.02 0.00460
183 0.04 0.18 0.04 0.00400
184 0.04 0.18 0.06 0.00220
185 0.04 0.18 0.08 0.00740
186 0.04 0.18 0.1 0.00540
187 0.04 0.18 0.12 0.00600
188 0.04 0.18 0.14 0.01040
189 0.04 0.18 0.16 0.00900
190 0.04 0.18 0.18 0.00700
191 0.04 0.18 0.2 0.00640
192 0.04 0.2 0.02 0.00580
193 0.04 0.2 0.04 0.00560
194 0.04 0.2 0.06 0.00740
195 0.04 0.2 0.08 0.01020
196 0.04 0.2 0.1 0.00760
197 0.04 0.2 0.12 0.00800
198 0.04 0.2 0.14 0.01000
199 0.04 0.2 0.16 0.01220
200 0.04 0.2 0.18 0.01000

Full simulation results available at: https://doi.org/10.1093/cid/ciad356
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Appendix D. Prediction of factors associated with TT vaccine response among South African infants
by LASSO regression.

Explanatory variables Coefficients
(Intercept) 1.10177
Anti-tetanus IgG titer at W1

[W1 ASV1] Bifidobacterium longum

[W1 ASV2] Streptococcus salivarius

[W1 ASV3] Escherichia-Shigella coli

[W1 ASV4] Bifidobacterium longum

[W1 ASV5] Enterococcus faecalis

[W1 ASV6] Collinsella aerofaciens

[W1 ASV7] Enterococcus faecium

[W1 ASV8] Bifidobacterium catenulatum

[W1 ASVO] Streptococcus lutetiensis

[W1 ASV10] Bifidobacterium breve

[W1 ASV11] Staphylococcus caprae

[W1 ASV16] Bifidobacterium bifidum

[W1 ASV19] Streptococcus (unclassified)

[W1 ASV20] Lactobacillus gasseri

[W1 ASV21] Ruminococcus gnavus group (unclassified)
[W1 ASV24] Veillonella dispar

[W1 ASV25] Collinsella aerofaciens

[W1 ASV26] Escherichia-Shigella (unclassified)

[W1 ASV32] Bacteroides vulgatus

[W1 ASV36] Klebsiella quasipneumoniae

[W1 ASV38] Veillonella atypica

[W1 ASV39] Klebsiella pneumoniae

[W1 ASV40] Enterococcus (unclassified)

[W1 ASV41] Staphylococcus (unclassified)

[W1 ASV46] Klebsiella variicola

[W1 ASV53] Holdemanella (unclassified)

[W1 ASV55] Bacteroides vulgatus

[W1 ASV59] Blautia obeum

[W1 ASV60] Bacteroides fragilis

[W1 ASV61] Bifidobacterium adolescentis

[W1 ASV69] Clostridium sensu stricto 1 (unclassified)
[W1 ASV70] Erysipelatoclostridium ramosum

[W1 ASV72] Streptococcus peroris 0.01018
[W1 ASV73] Streptococcus parasanguinis 0
[W1 ASV75] Ruminococcus torques group (unclassified) 0.00485
[W1 ASV76] Sutterella wadsworthensis -0.01084
[W1 ASV82] Streptococcus salivarius 0.03789
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[W1 ASV83] Bacteroides vulgatus 0
[W1 ASVO1] Campylobacter jejuni 0
[W1 ASV114] Streptococcus salivarius 0
[W1 ASV116] Phascolarctobacterium faecium 0
[W1 ASV155] Arthrobacter (unclassified) 0
[W1 ASV159] Veillonella parvula 0
[W1 ASV161] Lactobacillus gasseri 0
[W1 ASV175] Clostridium sensu stricto 1 butyricum 0
[W1 ASV182] Bacteroides dorei 0.01568
[W1 ASV194] Clostridium sensu stricto 1 (unclassified) 0
[W1 ASV239] Prevotella copri 0
[W1 ASV330] Bifidobacterium dentium 0
[W1 ASV603] Bordetella pseudohinzii 0
HIV-exposure status (1IHEU) -0.44265

The top 50 rank-transformed bacterial taxa at week 1, HIV exposure status, and
anti-tetanus IgG titers at week 1 were included as explanatory variables.
Coefficients of each variable after penalization with a value of lambda that gives
the minimum mean of cross-validated error (lambda.min) are indicated.
Abbreviations: HIV, human immunodeficiency virus; TT, tetanus toxoid; W1, 1
week of age; ASV, amplicon sequence variant; iHEU, infants who are HIV-
exposed uninfected; LASSO, Least Absolute Shrinkage and Selection Operator.
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Appendix E. Prediction of factors associated with TT vaccine response among Nigerian infants by
LASSO regression.

Explanatory variables Coefficients
(Intercept) 1.207
[W15 ASV1] Bifidobacterium longum 0
[W15 ASV2] Streptococcus salivarius 0.00532
[W15 ASV3] Escherichia-Shigella coli

[W15 ASV4] Bifidobacterium longum

[W15 ASVS5] Enterococcus faecalis

[W15 ASV6] Collinsella aerofaciens

[W15 ASV7] Enterococcus faecium

[W15 ASV9] Streptococcus lutetiensis

[W15 ASV10] Bifidobacterium breve

[W15 ASV11] Staphylococcus caprae

[W15 ASV12] Staphylococcus saprophyticus
[W15 ASV13] Kocuria carniphila

[W15 ASV15] Staphylococcus aureus

[W15 ASV16] Bifidobacterium bifidum

[W15 ASV18] Staphylococcus haemolyticus
[W15 ASV19] Streptococcus (unclassified)

[W15 ASV22] Staphylococcus saprophyticus
[W15 ASV23] Pediococcus pentosaceus

[W15 ASV26] Escherichia-Shigella (unclassified)
[W15 ASV28] Bifidobacterium longum

[W15 ASV29] Pseudomonas azotoformans

[W15 ASV30] Kocuria palustris -0.00028
[W15 ASV31] Micrococcus luteus -0.00037
[W15 ASV35] Libanicoccus (unclassified) 0
[W15 ASV36] Klebsiella quasipneumoniae 0
[W15 ASV37] Staphylococcus equorum 0
[W15 ASV43] Staphylococcus haemolyticus 0
[W15 ASV45] Rhodococcus erythropolis 0.03079
[W15 ASV48] Jeotgalicoccus (unclassified)
[W15 ASV49] Oceanobacillus oncorhynchi
[W15 ASVS57] Globicatella (unclassified)
[W15 ASV67] Staphylococcus haemolyticus
[W15 ASV68] Staphylococcus haemolyticus
[W15 ASV74] Brevundimonas mediterranea
[W15 ASV78] Micrococcus luteus

[W15 ASV80] Enterococcus gallinarum

[W15 ASV81] Enterococcus faecalis

[W15 ASV85] Brachybacterium (unclassified)
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[W15 ASV86] Oceanobacillus (unclassified)

[W15 ASV88] Enterococcus faecalis

[W15 ASV94] Oceanobacillus profundus

[W15 ASV111] Clostridium sensu stricto 1 (unclassified)
[W15 ASV129] Macrococcus caseolyticus

[W15 ASV131] Staphylococcus lentus

[W15 ASV187] Staphylococcus (unclassified)

[W15 ASV202] Enterococcus casseliflavus

[W15 ASV255] Staphylococcus kloosii

[W15 ASV294] Dietzia (unclassified)

[W15 ASV310] Staphylococcus succinus

[W15 ASVS582] Staphylococcus sciuri

HIV-exposure status (1IHEU) -0.02089

The top 50 rank-transformed bacterial taxa at week 15 and HIV exposure status
were included as explanatory variables. Coefficients of each variable after
penalization with a value of lambda that gives the minimum mean of cross-
validated error (lambda.min) are indicated. Abbreviations: HIV, human
immunodeficiency virus; TT, tetanus toxoid; W15, 15 weeks of age; ASV,
amplicon sequence variant; iHEU, infants who are HIV-exposed uninfected;
LASSO, Least Absolute Shrinkage and Selection Operator.
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Appendix F. Inclusion and exclusion criteria for the early vs. delayed BCG vaccination randomized
trial (“BCG study”).

Inclusion Criteria Exclusion Criteria

1) Mother living with HIV. 1) No actual illness or pregnancy or
E 2) Mother (legal guardian) is able and delivery complications.
§ willing to do the follow up 2) No known current maternal TB or
= assessments and provide informed known TB exposure in the household.
=
g consent.
=
=

1) Gestational age > 36 weeks.
» | 2) Birth weight > 2.4 kg.
3
3]
&
=
Y
=
S
=

Abbreviations: HIV, human immunodeficiency virus; TB, tuberculosis.
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Appendix G. Decision-making rules for histone markers.

Cell sorting yield
Cells < 5,000 5,000 < Cells < 10,000 | | 10,000 < Cells < 15,000 Cells > 15,000
H3K4me3 with available H3K4me3 with 5,000 cells H3K4me3 with 5,000 cells H3K4me3 with 5,000 cells
samples H3K27Ac with the remaining H3K27Ac with 5,000 cells H3K27Ac with 5,000 cells

H3K27me3 with the remaining

H3K27me3 with 5,000 cells
Keep the remaining in Trizol

Abbreviations: H3K27Ac, acetylation of histone H3 at lysine 27; H3K4me3, trimethylation of histone H3 at lysine 4; H3K27me3, trimethylation

of histone H3 at lysine 27.
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Appendix H. Codes used for downstream analysis in Chapter 4.

<Alignment to the reference genome>
bowtie2 --end-to-end --very-sensitive --no-mixed --no-discordant --phred33 \
-110-X 700\
-p 8\

-x ref.index \
-1 R1.fastq.gz -2 R2.fastq.gz \
-S bowtie2.sam &> bowtie2.output.txt

<PCR duplicate removal>

(D

java -jar /ust/local/Cellar/picard-tools/2.25.1/libexec/picard.jar SortSam \
[=bowtie2.sam \
O=bowtie2.sorted.sam \
SORT ORDER=coordinate

)

java -jar /ust/local/Cellar/picard-tools/2.25.1/libexec/picard.jar MarkDuplicates \

I=bowtie2.sorted.sam \
O=bowtie2.sorted.rmDup.sam \
M=marked dup metrics.txt

(©))

java -jar /ust/local/Cellar/picard-tools/2.25.1/libexec/picard.jar MarkDuplicates \
I=bowtie2.sorted.sam \
O=bowtie2.sorted.rmDup.sam \
REMOVE DUPLICATES=true\
METRICS FILE= picard.rmDup.txt

<Fragment size check>
samtools view -F 0x04 bowtie2.sorted.rmDup.sam | awk -F'\t' 'function abs(x){return ((x < 0.0) ? -x : x)}
{print abs($9)}' | sort | uniq -c | awk -v OFS="\t" '{print $2, $1/2}' > fragmentLen.rmDup.txt

<Read filtering>

samtools view -h -q 2 bowtie2.sorted.rmDup.sam > bowtie2.sorted.rmDup.qualityScore2.sam

<File conversion>
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samtools view -bS -F 0x04 bowtie2.sorted.rmDup.qualityScore2.sam >
bowtie2.rmDup.qualityScore2.mapped.bam

2)

samtools sort -n bowtie2.rmDup.qualityScore2.mapped.bam -o
bowtie2.rmDup.qualityScore2.mapped.sorted.bam

(©))

samtools index bowtie2.rmDup.qualityScore2.mapped.sorted.bam

4

bedtools bamtobed -i bowtie2.rmDup.qualityScore2.mapped.sorted.bam -bedpe > bowtie2.bed
()

awk '$1==%4 && $6-$2 <1000 {print $0}' bowtie2.bed > bowtie2.clean.bed

(6)

cut -f 1,2,6 bowtie2.clean.bed | sort -k1,1 -k2,2n -k3,3n > bowtie2.fragments.bed

<Peak calling with MACS2>
macs2 callpeak \

-t bowtie2.rmDup.qualityScore2.mapped.sorted.bam \
-fBAM \

-g hs\

-n outname \

--broad \

--broad-cutoff 0.1 \

--nomode] \

--outdir outdir \

-n outname 2> macs2.log

<Peak calling with SEACR>

bedtools genomecov \

-bg \

-1 bowtie2.fragments.bed \

-g hg38chromsizes.bed > bowtie2.fragments.bedgraph

# SEACR condition 1: Relaxed peak calling mode and using IgG as normalization control




bash $seacr \

bowtie2.fragments.bedgraph\
E27-S1-Mono-IgG_bowtie2.fragments.bedgraph \
norm relaxed seacr_control.peaks

# SEACR condition 2: Relaxed peak calling mode and selection of the top 1% of peaks
bash $seacr \

bowtie2.fragments.bedgraph \

0.01 non relaxed seacr top0.01.peaks\

# SEACR condition 3: Stringent peak calling mode and using IgG as normalization control

bash $seacr \

bowtie2.fragments.bedgraph \
E27-S1-Mono-IgG_bowtie2.fragments.bedgraph \
norm stringent seacr_control.peaks

# SEACR condition 4: Stringent peak calling mode and selecting the top 1% of peaks

bash $seacr \
bowtie2.fragments.bedgraph \
0.01 non stringent seacr top0.01.peaks\
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Appendix I. CUT&Tag sequencing results.

MACS2 SEACR
Read
Library PCR .
Sample Histone .. depth Broad Relaxed  Relaxed Stri ¢ Stringent
name Cell type marker cone. dupllcz:)tlon (million Narrow :Zi mode & mode & mr;gfe; mode &
(ng/ul) rate (%) reads) peak P IgG top 1% top 1%
mode IgG
mode control peaks peaks
control
E27-S1-
Mono- Monocytes  H3K27Ac 5.5 72.45 59
1,214 1 1 21,1 136,861 8,122
H3K27 Ac 389 , 36,86 821,160 36
E27-S1-
Mono- Monocytes H3K27me3 7.83 65.1 6.5 1,944 3.349 4107 682,681 3.015 5.992
H3K27me3
E27-S1-
Mono- Monocytes  H3K4me3 4.18 76.6 4.7 1,857 5352 5.513 471,942 3471 4704
H3K4me3
5/12071;:—11;7 G Monocytes IgG 0.03 90.55 0.4 na na na na na na
E27-S1-
NK- NK cells H3K27Ac 1.84 88.1 6.3
1 1 18,4 244,582 18,457 2,447
H3K27Ac 8,457 ,58 8,
E27-S1-
NK- NKcells  H3K27me3 3.48 82.9 7 ) 4 797 393,364 153 3.709
H3K27me3
E27-S1-
NK- NK cells H3K4me3 0.93 86.7 5.1 | | 12.742 115,670 12.742 1,162
H3K4me3
E27-S2-
Mono- Monocytes  H3K27Ac  4.63 74.65 61 344 1,005 125893 702,074 125893 6,939
H3K27Ac
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E27-S2-
Mono-
H3K27me3
E27-S2-
Mono-
H3K4me3
E27-S2-
NK-
H3K27Ac
E27-S2-
NK-
H3K27me3
E27-S2-
NK-
H3K4me3
E28-S1-
Mono-
H3K4me3
E28-S1-
NK-
H3K27Ac
E28-S1-
NK-
H3K27me3
E28-S1-
NK-
H3K4me3
E28-S2-
Mono-
H3K4me3

Monocytes

Monocytes

NK cells

NK cells

NK cells

Monocytes

NK cells

NK cells

NK cells

Monocytes

H3K27me3

H3K4me3

H3K27Ac

H3K27me3

H3K4me3

H3K4me3

H3K27Ac

H3K27me3

H3K4me3

H3K4me3

5

4.23

2.04

2.51

1.92

1.24

2.9

1.19

3.53

78.9

82.15

87.9

81.5

86.6

87.8

89.2

86.05

88.15

83.85

5.7

7.2

53

43

6.6

11.3

7.7

10.5

12

3,678

356

1,337

14

6,616

18

6,848

1,391

3,097

31

9,954

2,526

2,745

14,487

35,577

25,589

1,670

18,021

803

14,170

4,468

281,237

255,151

222,148

233,202

197,290

130,604

199,399

282,896

75,027

205,362

986

1,350

14,487

35,566

25,589

101

18,017

99

14,170

2,098

2,711

2,643

2,217

2,249

1,987

1,342

1,994

2,708

763

2,210
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E28-S2-
NK-
H3K4me3
E30-S1-
Mono-
H3K27Ac
E30-S1-
Mono-
H3K27me3
E30-S1-
Mono-
H3K4me3
E30-S1-
NK-
H3K27Ac
E30-S1-
NK-
H3K27me3
E30-S1-
NK-
H3K4me3
E30-S2-
Mono-
H3K27Ac
E30-S2-
Mono-
H3K27me3
E30-S2-
Mono-
H3K4me3

NK cells

Monocytes

Monocytes

Monocytes

NK cells

NK cells

NK cells

Monocytes

Monocytes

Monocytes

H3K4me3

H3K27Ac

H3K27me3

H3K4me3

H3K27Ac

H3K27me3

H3K4me3

H3K27Ac

H3K27me3

H3K4me3

0.02

0.8

5.76

1.83

0.25

1.97

0.55

0.02

3.89

1.71

84.8

88.9

68.55

80.25

89.85

81.95

90.9

92.45

61.6

86.85

0.2

5.6

6.5

4.9

2.5

3.8

5.4

18.3

4.8

52

2,479

1,534

14

3,079

20

4,041

3,644

16

4,630

50

409

7,431

5,019

2,670

1,519

38,576

3,360

84

6,397

19,487

9,485

180,765

502,215

282,040

49,308

293,254

67,430

300,413

593,641

212,066

409

7,431
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Children under 5 years of age experience high risk of progres-
sion to tuberculosis (TB) disease if untreated [1]. In
sub-Saharan Africa, about 25% of persons of childbearing po-
tential are living with human immunodeficiency virus (HIV)
[2]. Successful antiretroviral treatment (ART) scale-up for
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pregnant persons living with HIV has resulted in an increasing
number of infants born HIV-exposed uninfected (iHEU).The
iHEU experience greater risk of infectious morbidity than in-
fants born HIV-unexposed uninfected (iHUU) [3].

Bacillus Calmette-Guérin (BCG) vaccine prevents severe TB
disease. BCG vaccination induces T-cell interferon-gamma
(IFN-y) production, an important component of protection
against TB [4]. We previously found a significantly lower pro-
portion of BCG-specific IFN-y producing CD4" T cells among
iHEU, suggesting that iHEU may not achieve equivalent BCG
immune protection compared to iHUU [5]. Therefore, we in-
vestigated TB infection prevalence by HIV exposure status
among BCG-vaccinated infants in Botswana and South Africa
(SA), 2 high burden HIV and TB settings.

METHODS

Study Design

The study was nested within 2 prospective observational cohort
studies enrolling pregnant women with and without HIV and
their infants. The Tshilo Dikotla study and the Innate Factors
Associated with Nursing Transmission (InNFANT) study re-
cruited participants from government antenatal clinics in
Botswana and SA between 2013 and 2020 [6, 7]. Infants with
severe birth complications, or born to mothers with active TB
or TB symptoms were excluded. All infants received BCG vac-
cination within 72 hours of birth. Participants were followed
over 36 months in Botswana and 12 months in SA.
Peripheral blood mononuclear cells were collected at 9-12
and 18 months in Botswana, at 9 and 12 months in SA, and
stored in liquid nitrogen.

Ethics

This study was approved by the Health Research Development
Committee in Botswana, Massachusetts General Hospital's
Institutional Review Board, and University of Cape Town’s
Human Research Ethics Committee. Women provided written
informed consent for their participation and that of their
infant.

T-SPOT.TB Assay

T-SPOT.TB assays (Oxford Immunotec) were performed and
interpreted according to manufacturer’s instructions. Samples
below the recommended cell number were normalized as pre-
viously described [8]. For invalid or borderline results, re-
testing was performed using an aliquot collected at the same
visit or a follow-up visit. If the re-tested result was valid, the val-
id result was assigned to the initial visit. Infants testing
T-SPOT.TB positive were referred to government clinics. We
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defined “TB infection” as T-SPOT.TB positive without TB
disease symptoms at the time of specimen draw.

Sensitivity Analysis

Due to timing variation of testing between sites, we simulated
results as if all testing was performed at 12 months. For SA in-
fants, we assumed a positive test at month 9 would have a neg-
ative at month 12 with probability R (reversion), and infants
with a negative or invalid result at month 9 would have a
positive at month 12 with probability C (conversion). These
probabilities were applied to 12- to 18-months results in the
Botswana cohort. We assumed a baseline P (prevalence)
at 12 months to calculate the probability of a positive (or
negative/invalid) test at 18 months having been negative (or
positive) at month 12. For each combination of R, C, and P,
ranging from 0% to 20% based on published studies [8, 9],
we randomly generated 5000 data sets and performed Fisher
exact tests on the pooled month 12 data, comparing the propor-
tion of positive results by infant HIV exposure status.

Statistical Analysis

Data analysis was performed using R (version 4.0.4). Normally
distributed continuous variables were compared by f test using
means with standard deviations. Continuous variables with
skewed distributions were compared by Wilcoxon rank-sum
test using medians with interquartile ranges. Categorical vari-
ables were compared by y” test. TB infection proportions
were compared by infant HIV exposure status using Fisher ex-
act test.

Power Calculations

Previous sub-Saharan data reported a prevalence of TB infec-
tion of 10.9% (95% confidence interval [CI], 6.1%-17.7%) in
6-month-old iHEU [8]. Thus, we expected that at least 18%
of iHEU would test positive by 12 months. Given our study’s
sample size (125 iHUU and 293 iHEU), we had at least 80%
power to detect a 57.5% difference in TB infection at 12 months,
assuming a prevalence of <7.65% among iHUU.

RESULTS

Cohort Characteristics

The study included 418 mother-infant pairs, of which 293 were
iHEU (Supplementary Table 1). The proportion of iHEU was
higher in Botswana compared to SA. Infant sex and gestational
age at birth were similar between HIV exposure groups.
Women with HIV were older and had higher gravidity than
women without HIV. Among women with HIV, 63.0% were
on ART at conception with median CD4 count of 463 cells/
mm® at enrollment. Fifteen (3.6%) infants had household TB
exposure cases (n=>5 in Botswana; n=10 in SA), including
6 mothers of infants in SA. Household exposure did not differ
by HIV exposure status.

Table 1. T-SPOT.TB Reactivity by HIV Exposure Status

iHUU iHEU

N=125 N =293
Study site, n (%) Botswana 33 (26.4) 135 (46.1)
SA 92 (73.6) 158 (63.9)
Testing time point, n (%) Month 9 44 (35.2) 117 (39.9)
Month 12 48 (38.4) 46 (15.7)
Month 18 33 (26.4) 130 (44.4)

T-SPOT.TB result, n (%) Positive® 4 (3.2) 10 (3.4)
Negative® 115 (92.0) 273 (93.2)

Borderline® 0(0.0) 1(0.3)

Invalid®® 6 (4.8) 9(3.1)

Abbreviations: HIV, human immunodeficiency virus; iHUU, HIV-unexposed uninfected
infants; iIHEU, HIV-exposed uninfected infants; PHA, phytohemagglutinin; SA, South
Africa; SFCs, spot-forming cells; TB, tuberculosis.

*Positive if there were > 8 SFCs above Nil control for at least 1 of TB antigens.

PNegative if a test did not fall into any of the interpretations.

“Borderline if the difference to Nil control was between 5-7 SFCs for at least 1 of TB
antigens.

9Invalid if there were PHA < 20 SFCs or Nil control > 10 SFCs.

°Reason of invalid: contamination of kits or assay (n=2); PHA <20 SFCs (n=7) and Nil
control > 10 SFCs (n =6).

Prevalence of TB Infection

The 418 infants’ results comprised 14 (3.3%) T-SPOT.TB pos-
itive, 1 (0.24%) borderline, 15 (3.6%) invalid, and 388 (92.8%)
negative (Table 1). T-SPOT.TB reactivity did not differ by infant
HIV exposure status (Table 1) or by study site (Supplementary
Table 2). No infants who tested positive and were referred for
clinical evaluation were diagnosed with TB disease. Two rever-
sions (0.48%) occurred among Botswana iHEU, 1 of which
had a household TB contact (Supplementary Table 1).
Although spot-forming cells (SFCs) for TB antigens did not dif-
fer pre-reversion, SFCs for phytohemagglutinin (positive con-
trol) were significantly lower than other positive cases when
they reverted (median 165 vs 724, P =.003).

We conducted a sensitivity analysis to impute T-SPOT.TB
results at 12 months of age across study sites, considering poten-
tial conversion and reversion rates over time (Supplementary
Table 3). No combination of assumptions gave a statistically sig-
nificant difference between HIV-exposure groups in T-SPOT.TB
positivity more than 5% of the time.

DISCUSSION

In our Southern African cohort, we found a low overall risk of
TB infection among infants BCG-vaccinated at birth (3.3%),
without variation by HIV exposure status. The lack of differ-
ence is important, as iHEU have been reported to be at high
risk of infectious morbidity [3]. Although testing was per-
formed between 9 and 18 months of life, with some infants hav-
ing a longer window of risk for TB exposure, the sensitivity
analysis suggests that the prevalence of T-SPOT.TB positivity
was robust to conversion and reversion between the observed
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time points. Literature investigating TB infection in iHEU us-
ing interferon-gamma release assays (IGRAs) like the
QuantiFERON-TB or T-SPOT.TB is limited [10], and studies
including iHUU as a comparison group are scarce. To our
knowledge, this is the largest study comparing TB infection
prevalence between Southern African iHEU and iHUU using
T-SPOT.TB.

The prevalence of TB infection was lower among infants in
this study compared to other studies using IGRA-based ap-
proaches [9]. Differences in cohort characteristics likely ac-
count for lower IGRA positivity in our study. We excluded
mothers with active TB disease. Furthermore, the previously
published SA study assessed TB infection in children with a
mean age of 3.5 years [9], evaluating a longer exposure window.
It was also conducted during a period when SA recorded its
highest TB incidence in the last 2 decades [11]. Thus, house-
hold TB contact was more common than our study (13.2% vs
3.6%).

We found no difference in T-SPOT.TB reactivity by HIV ex-
posure status. This differs from a Ugandan study where chil-
dren HEU up to 5 years of age had higher IGRA positivity
prevalence than children HUU [10]. Differences in maternal
inclusion criteria and longer follow-up period likely explain
the higher prevalence reported in Ugandan children who
were HEU.

The strengths of this study include a large sample size, with
cohorts recruited in neighboring countries, both with high HIV
and TB burden, using a common protocol. Pooling of data in-
creased study power. Although the timing of testing varied be-
tween sites, we employed a sensitivity analysis to assess for
robustness of findings. Given the lower than anticipated
T-SPOT.TB positivity prevalence, we did not have sufficient
power to conclusively evaluate the association between HIV ex-
posure and TB infection. Because the prevalence of a
T-SPOT.TB reactivity in iHEU was 3.4% in our cohort, preva-
lence among iHUU would had to have been <0.175%, a 94.9%
reduction, to detect a significant difference. Adequately pow-
ered studies would be needed to definitively exclude a higher
risk of TB infection in iHEU.

We employed IGRA-based testing, similar to previous studies
[9, 10]. Infant T cells have lower IFN-y producing capacity than
adult T cells [12], and perinatal HIV exposure has been associat-
ed with altered immunity [13]. Thus, it is unclear whether iHEU
and iHUU have similar T-SPOT.TB reactivity. Furthermore,
IGRA testing is not recommended for children under 2 years
of age, but tuberculin skin testing can result in false positive tests
in BCG-vaccinated individuals. Assays targeting non-IFN-y
markers have been proposed as alternatives in BCG-vaccinated
children under 2 years of age [14] and may be beneficial to use
in future studies in parallel with IGRA testing.

In summary, we showed that the TB infection prevalence
among BCG-vaccinated infants from 2 Southern African

countries with high HIV and TB prevalence was low and did
not vary by fetal HIV exposure status.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding
author.
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ABSTRACT Infants who are exposed to HIV but uninfected (iHEU) have higher risk
of infectious morbidity than infants who are HIV-unexposed and uninfected (iHUU),
possibly due to altered immunity. As infant gut microbiota may influence immune
development, we evaluated the effects of HIV exposure on infant gut microbiota and
its association with tetanus toxoid vaccine responses. We evaluated the gut microbiota
of 82 South African (61 iHEU and 21 iHUU) and 196 Nigerian (141 iHEU and 55 iHUU)
infants at <1 and 15 weeks of life by 16S rRNA gene sequencing. Anti-tetanus antibodies
were measured by enzyme-linked immunosorbent assay at matched time points. Gut
microbiota in the 278 included infants and its succession were more strongly influenced
by geographical location and age than by HIV exposure. Microbiota of Nigerian infants,
who were exclusively breastfed, drastically changed over 15 weeks, becoming domina-
ted by Bifidobacterium longum subspecies infantis. This change was not observed among
South African infants, even when limiting the analysis to exclusively breastfed infants.
The Least Absolute Shrinkage and Selection Operator regression suggested that HIV
exposure and gut microbiota were independently associated with tetanus titers at week
15, and that high passively transferred antibody levels, as seen in the Nigerian cohort,
may mitigate these effects. In conclusion, in two African cohorts, HIV exposure minimally
altered the infant gut microbiota compared to age and setting, but both specific gut
microbes and HIV exposure independently predicted humoral tetanus vaccine respon-
ses.

IMPORTANCE ~ Gut microbiota plays an essential role in immune system development.
Since infants HIV-exposed and uninfected (iHEU) are more vulnerable to infectious
diseases than unexposed infants, we explored the impact of HIV exposure on gut
microbiota and its association with vaccine responses. This study was conducted in two
African countries with rapidly increasing numbers of iHEU. Infant HIV exposure did not
substantially affect gut microbial succession, but geographic location had a strong effect.
However, both the relative abundance of specific gut microbes and HIV exposure were
independently associated with tetanus titers, which were also influenced by baseline
tetanus titers (maternal transfer). Our findings provide insight into the effect of HIV
exposure, passive maternal antibody, and gut microbiota on infant humoral vaccine
responses.

KEYWORDS HIV-exposed uninfected infants, South Africa, Nigeria, gut microbiota,
tetanus toxoid, vaccine response

he mutualistic relationship between microbes and humans begins in early life.
Emerging evidence suggests that the colonization of microbes in the gut facilitates
the development of the immune system and growth trajectories (1, 2). Due to the
successful prevention of vertical transmission programs, the number of infants who are
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HIV-exposed yet uninfected (iHEU) has been increasing, particularly in sub-Saharan Africa
(3). Compared to infants who are HIV-unexposed and uninfected (iHUU), iHEU are
at higher risk of morbidity and mortality, predominantly due to infectious diseases (4).
This is thought to be linked to their altered immunity (5, 6), which may be secondary
to altered gut microbiota. To our knowledge, there are limited longitudinal studies
comparing gut microbiota between iHEU and iHUU, and most of them were conducted
in a single country (7-10). Some studies have found few differences (8, 10, 11), whereas
clear differences in microbiota profile were observed in Haitian (7) and Nigerian iHEU (9).
Thus far, only one cross-sectional study compared the gut microbiota between iHEU and
iHUU in multiple countries, including Belgium, Canada, and South Africa, and suggested
that the difference in microbiota by HIV exposure status may be population-specific (12).
Therefore, the effect of geography and HIV exposure on infant gut microbiota requires
further investigation.

Vaccines are critical for protecting infants from infectious diseases and consequent
morbidity and mortality. However, multiple factors can influence vaccine immunogenic-
ity, including genetics, nutritional status, and pre-existing immunity (13). In addition,
emerging evidence points to a possible role of the gut microbiome in influencing
vaccine response (14). In Bangladeshi infants, CD4+ T cell proliferation and IgG against
tetanus toxoid (TT) vaccination were positively associated with abundance of Actinobac-
teria, particularly Bifidobacterium longum, until at least 2 years of age (15, 16). Conversely,
vaccine-induced CD4+ T cell proliferation against TT vaccine was negatively associated
with the abundance of Enterobacteriales and Pseudomonadales (15).

To evaluate the contribution of gut microbiota to observed differences in immunity
between iHEU and iHUU, we longitudinally compared the gut microbiota of South
African and Nigerian infants exposed and unexposed to HIV, and correlated these with TT
vaccine responses.

MATERIALS AND METHODS
Study participants

Mothers with and without HIV and their neonates were recruited into a multicenter
longitudinal study between September 2013 and November 2017 (17). Mother-infant
pairs were enrolled during the first week post-delivery at the Khayelitsha Site B Midwife
Obstetric Unit in Cape Town, South Africa, and the Plateau State Specialist Hospital in
Jos, Nigeria. Clinical and demographic data and samples (including stool and blood)
were collected. All mothers with HIV received antiretroviral therapy according to local
guidelines, and their infants were confirmed as HIV negative by polymerase chain
reaction (PCR) at birth and later time points (18, 19). In addition, all iHEU received
nevirapine post-exposure prophylaxis after birth, and co-trimoxazole was recommended
at 6 weeks of age as per country-specific guidelines (18, 20). Exclusive breastfeeding was
advised to all mothers for 6 months. Feeding data were collected using a structured
questionnaire validated in similar settings (21). Feeding practices were categorized as
“exclusive breastfeeding,” defined as receiving only breastmilk or prescribed medicines
since birth, or “mixed feeding,’ defined as receiving breastmilk supplemented with other
liquids or food or receiving formula. In this analysis, we included stool and plasma
collected from term infants during the first and at 15 weeks of life born to mothers
without complications during pregnancy or delivery.

Immunization

Routine childhood vaccinations were given to all infants according to the World Health
Organization Expanded Program on Immunization (22). In both countries, infants were
vaccinated against tetanus at 6, 10, and 14 weeks. South African infants received DTaP
[diphtheria toxoid (DT), TT, and acellular pertussis (aP)], while Nigerian infants received
DTwP [DT, TT, and whole-cell pertussis (wP)]. Pregnant mothers were given booster TT
vaccination (Serum Institute of India Pvt. Ltd.) in Nigeria.
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Sample collection, DNA extraction, and 16S rRNA gene sequencing

Fecal samples were collected from diapers, avoiding the surface. Samples were placed on
ice immediately, transferred to the lab within 6 hours, and stored at —40 to —20°C until
analysis. Samples were thawed and treated with a cocktail of mutanolysin (300 U/mL,
Sigma Aldrich), lysozyme (45,000 U/mL, Sigma Aldrich), and lysostaphin (24 U/mL, Sigma
Aldrich) in 300 pL phosphate buffered solution (PBS) for 1 hour at 37°C. Samples
were then mechanically disrupted by bead-beating at 50 Hz for 10 minutes using the
Qiagen TissueLyser LT (23). DNA was extracted using the PowerSoil DNA extraction
kit (Qiagen), following the manufacturer’s protocol. For cross-contamination filtering,
genomic DNA was extracted from mock bacterial community cells with equal colony-
forming units from each of the 22 known species (HM-280, Biodefense and Emerging
Infections Research Resources Repository [BEI]). Extracted genomic DNA was subjected
to PCR amplification in triplicate using primers targeting the V3-V4 region (357F/806R
primers) of the 16S rRNA gene, as described previously (24). Negative controls for DNA
extraction and PCR were included. Amplified libraries were purified using AMPure XP
beads (Beckman Coulter), quantitated using Quant-iT dsDNA High Sensitivity Assay Kits
(ThermoFisher), pooled in equal molar amounts, and paired-end sequenced using a
MiSeq Reagent Kit V3 (600-cycle, lllumina). Following demultiplexing, barcode primers
were removed using Cutadapt (version 3.4) (25), and reads were processed using DADA2
(version 1.19.2) (26) within the R framework (R version 4.0.4) (27). Taxonomic classifica-
tion of amplicon sequence variants (ASVs) was done using an updated SILVA training
set (version 132) (28), available at https://github.com/itsmisterbrown/updated_16S_dbs
(29). Contaminant ASVs were identified and removed using the decontam package
(version 1.16.0) (30). Samples with less than 2,000 filtered reads were excluded from the
downstream analysis.

Plasma IgG anti-tetanus antibodies

Blood samples were obtained from infants at 1 and 15 weeks and from Nigerian mothers
at 1 week postpartum. All blood samples were collected in heparinized tubes and
transported to the lab within 6 hours for sample processing. Plasma was removed
prior to cell isolation using Ficoll density-gradient separation medium (Sigma Aldrich)
and stored at —80°C until analysis. Plasma anti-tetanus IgG was measured by enzyme-
linked immunosorbent assay (ELISA) following the manufacturer’s protocol (TECAN, IBL
International GmbH). The optical density at 450 nm was measured using an ELISA
microplate reader (BioTek ELx808 absorbance plate reader), and a standard curve was
generated using the readings from the calibrators included on each plate and used
to calculate the individual titers (IU/mL). To validate each assay, we considered only
calibration curves for each plate with a coefficient of determination () above 0.95.
Calibration curves that had an r* below 0.95 were repeated. The manufacturer provided
the intra-assay and inter-assay coefficient of variation (CV%) as 6.9 and 10.4, respectively.
Samples on each plate were run in duplicate and averaged. Previously tested positive
samples were incorporated into subsequent runs as in-house controls.

Data analysis

Differences in study cohort characteristics were assessed using the Student’s t-test
(parametric continuous variables), Wilcoxon signed-rank test (non-parametric continu-
ous variables), and x? test (parametric categorical variables). Spearman’s rank correlation
coefficient (R) was used to analyze associations between groups. Bacterial community
analysis was done using the phyloseq (version 1.40.0) (31) and vegan (version 2.4.6)
(32) packages. The ASV table was normalized (i.e., transformed to relative abundance *
median sample read depth) and filtered so that each ASV had at least 10 counts in at
least 20% of the samples or had a total relative abundance of at least 0.1%. Shannon
index was calculated as a measure of a-diversity. Comparison of microbial community
composition between groups was evaluated by principal coordinate analysis (PCoA) and
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permutational multivariate analysis of variance (PERMANOVA) using the adonis2 function
in the vegan package (32), based on the Bray-Curtis dissimilarity and 999 permutations.
Partitioning around medoids (PAM) clustering was applied to determine the optimal k
using the cluster package (version 2.1.4) (33). Analysis of Compositions of Microbiomes
with Bias Correction (ANCOM-BC; version 1.6.4) (34) was used to identify significantly
differentially abundant ASVs through pair-wise comparisons with an adjusted P-value
of <0.05, and loge fold change of >0.5 or <—0.5. P-values of anti-tetanus IgG titers were
compared by Wilcoxon signed-rank tests and adjusted for multiple comparisons using
the Benjamini-Hochberg method. To identify factors associated with infant anti-tetanus
IgG titers at 15 weeks of age, we applied the Least Absolute Shrinkage and Selec-
tion Operator (LASSO) regression using the glmnet package (version 4.1.4) (35). Since
microbiome compositional data are often highly skewed, we employed rank-based
transformation (36) for the regression analysis using the top 50 ASVs among infants
who had microbiota data available at both week 1 and week 15. After the transformation,
the most abundant bacterial taxon within the sample was given the highest score of
50, and the least abundant bacterial taxon was given a score of 1. The rank-transformed
ASVs, infant anti-tetanus IgG titers at 1 week of age (indicative of passive maternal
antibody transfer), and HIV exposure status were used as explanatory variables. Models
were created according to the infant’s age and geographical location separately. The
predictive models were validated by 10-fold cross-validation using the cv.gimnet()
function in the glmnet package (35). Lambda value that gave the lowest model error
was used as a tuning parameter. Variables that fitted within the regression model were
considered to be predictor variables for the TT vaccine response. P-values <0.05 and 95%
confidence intervals were used to assess statistical significance.

RESULTS
Cohort characteristics

Overall, there were 278 mother-infant pairs included in this analysis; 82 were from South
Africa and 196 were Nigerian. Several demographic and socioeconomic characteristics
differed by study site (Table 1). At enrolment, Nigerian mothers were older [mean age
31 (standard deviation (SD) +5.31) versus 28 (SD £5.38) years, P = 0.001] with higher
gravidity [median 2 (interquartile range (IQR): 1-4) versus 1 (IQR: 1-2), P < 0.001] and
lower body weight [mean 62.87 (SD +11.51) versus 72.69 (SD +13.86) kg, P < 0.001]
than South African mothers. While electricity was equally available for participants from
both countries, significantly more mothers in South Africa had a refrigerator and running
water at home, and significantly more Nigerian mothers lived in formal housing (all P
< 0.001). The weight-for-length z score (wflz) of Nigerian infants was significantly lower
than that of South African infants at 15 weeks of age (0.54 versus 0.86, P = 0.023).
All Nigerian infants were exclusively breastfed (EBF) until 15 weeks of life, whereas
only 58.5% of South African mothers reported still EBF at 15 weeks postpartum (P <
0.001). Among the South African mothers who reported “mixed feeding,” 58.8% (n = 19)
introduced formula feeding or solid food while continuing breastfeeding, and 41.2% (n
= 14) completely switched to formula feeding during the course of the study (median
breastfeeding duration: 32 days). Mothers of iHUU had higher formal education than
mothers of iHEU (P = 0.002; Table S1). History of antibiotic use was higher among iHEU
due to co-trimoxazole prophylaxis (86.6% iHEU versus 6.6% iHUU, P < 0.001). Significantly
fewer South African iHEU reported co-trimoxazole prophylaxis than Nigerian iHEU (55.7%
versus 100%, P < 0.001).

Gut microbiota differs substantially between South African and Nigerian
infants in the first week of life

Of the 524 samples sequenced, 442 samples passed the quality filtering of requiring at
least 2,000 filtered reads. Thus, 164 (47 South African and 117 Nigerian) out of the 278
infants had gut microbiota data available at both 1 and 15 weeks of life. Gut microbiota
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TABLE 1 Cohort characteristics®

South Africa  Nigeria P
(N=82) (N=196)
Maternal characteristics
Mother’s age at delivery [years; 28 (5.38) 31(5.31) 0.001
mean (SD)]
Education (n; %) None 0(0.0) 2(1.0 <0.001
Elementary 5(6.1) 65 (33.2)
Secondary 72 (87.8) 73(37.2)
Higher 5(6.1) 56 (28.6)
Unemployed (n; %) 59(72.0) 6(3.1) <0.001
Formal housing (n; %) 33(40.2) 185 (94.4) <0.001
Electricity (n; %) 78(95.1) 178 (90.8) 0.332
Refrigerator (n; %) 70 (85.4) 96 (49.0) <0.001
Running water (n; %) 38 (46.3) 48 (24.5) 0.001
Marital status (n; %) Married/living 25(30.5) 186 (94.9) <0.001
together
Single 57 (69.5) 10 (5.1)
Gravidity [n; median (IQR)] 1[1,2] 2[1,4] <0.001
Mother’s weight at enrollment 72.69 (13.86) 62.87 (11.51) <0.001
[kg; mean (SD)1*
Infant characteristics
iHEU (n; %) 61 (74.4) 141 (71.9) 0.787
Male (n; %) 41 (50.0) 94 (48.0) 0.858
Gestational age at delivery 39.30 39.95 0.011
[weeks; median (IQR)] [38.02, 40.38] [38.98, 40.62]
Vaginal delivery (n; %) 82(100.0) 167 (85.2) 0.001
Wflz at W15 [median (IQR)]° 0.86 0.54 0.023
[0.32,1.90] [-0.64,1.42]
Mode of feeding at W15 (n; %)  Exclusive 48 (58.5) 196 (100.0) <0.001
breastfeeding
Mixed feeding 34 (41.5) 0(0.0)
Reported antibiotic use (n; %)  Co-trimoxazole 34 (41.5) 141 (71.9) <0.001
Other 2(2.4) 3(1.5)

“Missing data from five Nigerian participants.

Missing data from 41 participants (South Africa, n = 16; Nigeria, n = 25).

“IQR, interquartile range; SD, standard deviation; iHEU, infants who are HIV-exposed yet uninfected; W15, 15 weeks
of age; wflz, weight-for-length z score.

composition differed significantly by study site during the first week of life (Fig. 1A).
Within-sample microbial diversity (Shannon index) was higher among South African than
Nigerian infants [median 2.23 (IQR: 1.96-2.62) versus 1.13 (IQR: 0.77-1.68), P < 0.0001;
Fig. 1B]. In addition, microbial community composition was significantly different by
geographical location, although the site only explained 6% of the community compo-
sition (Fig. 1C; PERMANOVA P < 0.001). Geographical location remained significantly
associated with a- and B-diversity after adjusting for sequencing batch or in separate
models adjusting for demographic factors that significantly differed between countries,
namely maternal marital status, weight, age, gravity, education level, occupation, type of
house, access to a refrigerator or running water, mode of delivery, or infant gestational
age (P < 0.001 for both a- and B-diversity). Moreover, a- and B-diversity remained
significantly different by the geographic location when the comparison was made strictly
among samples collected on the first day of life (n = 147; Fig. S1).

At baseline, most South African infants had gut microbiota consisting of (i) Actinomy-
cetota, including several Bifidobacterium species (such as B. longum subspecies longum,
Bifidobacterium catenulatum, and Bifidobacterium breve) and Collinsella aerofaciens, (ii)
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FIG 1 Geographical location strongly affects gut microbiota among African infants in the first week of life. (A) Heatmap of the top 20 taxa in the gut microbiota
of South African (n = 63) and Nigerian (n = 141) infants in the first week of age. Study site, HIV exposure status, and community cluster types (based on PAM
clustering; k = 3) are shown in annotation bars. (B) Comparison of a-diversity (Shannon index) between South African (n = 63) and Nigerian (n = 141) infants
during the first week of life. (C) PCoA and PERMANOVA (Bray-Curtis dissimilarity) of gut microbiota during the first week of age (South African, n = 63; Nigerian, n
= 141), colored by study site and shaped by community groups, based on PAM clustering (k = 3). ****P < 0.0001.

Firmicutes, including Streptococcus species (such as Streptococcus salivarius, Streptococ-
cus caprae, and Streptococcus lutetiensis) and Veillonella dispar, and (iii) Proteobacteria
which mainly consist of Escherichia coli, which was named “cluster 1” identified by PAM
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clustering (Fig. 1A). On the other hand, the majority of Nigerian infants’ microbiota
was classified as community cluster 3, dominated by (i) Actinomycetota, mainly B.
longum subspecies infantis and (ii) Firmicutes, including Staphylococcus species (such as
Staphylococcus haemolyticus and Staphylococcus saprophyticus) and Enterococcus species
(such as Enterococcus faecalis and Enterococcus faecium).

Age is a major driver of microbiota development, but microbial succession
differs between sites

We next assessed gut microbiota longitudinally. The a-diversity in South African infants
increased significantly from week 1 to week 15 [median 2.33 (IQR: 1.96-2.62) versus 2.54
(IQR: 2.26-2.77), P = 0.036], while a-diversity in Nigerian infants significantly decreased
[median 1.13 (IQR: 0.77-1.68) versus 0.87 (IQR: 0.51-1.166), P < 0.0001] (Fig. 2A), further
exacerbating the differences in a-diversity between sites. There was distinct microbial
community composition among Nigerian samples by age, which was less evident for
South African infants (Fig. 2B). In agreement, the dominant bacterial changed only
marginally from week 1 to week 15 among South African infants, while Nigerian infants
experienced a shift from a Firmicutes-dominated microbiota (cluster 3) to one dominated
by Bifidobacterium infantis and Streptococcus salivarius (cluster 2) at 15 weeks of age (Fig.
2G; Fig. 3). Given the differences in delivery mode and proportion of exclusively breastfed
infants between sites, we also performed the analysis restricting to EBF (n = 212)
or vaginally delivered (n = 249) infants. The significant differences observed between
countries in a- and B-diversity remained over the 15 weeks when the comparison was
strictly among EBF infants or vaginally delivered infants (Fig. S2 and S3).

HIV exposure has a subtle effect on the gut microbiota regardless of the
geographical location

There were no significant differences in a-diversity (Fig. S4A), B-diversity (Fig. S4B),
or PAM cluster transition (Fig. S4C and D) by HIV exposure status in either country.
Differential abundance testing using ANCOM-BC was performed adjusting for feeding
mode at the week 15 time point (34). Several bacterial taxa were significantly associated
with HIV exposure status in South Africa (Table 2). Several Enterococcus species were
significantly more abundant in iHEU than iHUU at week 1 (E. faecium; LFC: 0.57) and
week 15 [E. faecalis, Enterococcus gilvus, and Enterococcus raffinosus; LFC: 0.61, 1.02, and
0.76, respectively). Moreover, Collinsella aerofaciens (LFC: 0.72 at week 1 and 1.18 at week
15) and Klebsiella quasipneumoniae (LFC: 0.84 at both week 1 and week 15), which are
known to be pathobionts (37, 38), were consistently more abundant in iHEU during the
first 15 weeks of life. In contrast, no bacterial taxa were differentially abundant by HIV
exposure in the Nigerian cohort. To disentangle the effects of co-trimoxazole and HIV
exposure on infant gut microbiota, we assessed the gut microbiota based on reported
co-trimoxazole prophylaxis history. We did not see any effects of co-trimoxazole on
a- and B-diversity among South African iHEU at 15 weeks of age (Fig. S5). We further
explored whether co-trimoxazole partially contributed to the differentially enriched
bacterial taxa that were identified in South African iHEU. When adjusting the ANCOM-BC
for reported co-trimoxazole prophylaxis, several bacterial taxa were no longer enriched
in iHEU (Table S2), including Enterococcus species (E. faecalis and unclassified species),
Veillonella atypica, and Staphylococcus (unclassified species).

Maternal HIV status and infant gut microbes are associated with infant TT
vaccine response

Among the 278 infants, plasma IgG anti-tetanus antibody data were available from
77 South African (59 iHEU and 18 iHUU) and 192 Nigerian infants (138 iHEU and 54
iHUU). In Nigeria, it is recommended that pregnant women receive TT booster vaccina-
tions, whereas this is not policy in the Western Cape, South Africa (39). Therefore, not
surprisingly, infant anti-tetanus IgG concentrations in the first week of life, representing
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maternally transferred antibodies, were significantly lower among South African infants
than Nigerian infants [median 1.0 (IQR: 0.55-2.2) versus 1.5 (IQR: 0.9-4.1) IU/mL, adj P
= 0.002; Fig. S6A]. In contrast, titers did not differ between South African and Nigerian
infants at 15 weeks of age [median 1.9 (IQR: 0.65-2.5) versus 1.6 (IQR: 1.0-3.9) IU/mL, adj
P = 0.280]. We investigated the correlation of TT vaccine response between mother and
infant pairs living in Nigeria (n = 191). Anti-tetanus titers were strongly correlated at week
1. However, iHEU mother-infant anti-tetanus titers showed a lower Pearson’s correlation
coefficient compared to iHUU [R: 0.72 (P < 0.001) versus 0.95 (P < 0.001)] (Fig. 4A). The
correlation between maternal and infant anti-tetanus IgG levels was no longer evident
by 15 weeks of age in either iHEU or iHUU (Fig. S6B). We did not see any difference in
anti-tetanus IgG titers among Nigerian mothers by their HIV status (Fig. S6C). However,
iHEU had significantly lower anti-tetanus IgG concentrations than iHUU at 15 weeks of
life (P =0.016), and this remained significant after adjusting for multiple comparisons (adj
P = 0.031; Fig. 4B). The difference between iHEU and iHUU at week 15 was no longer
statistically significant when infants were compared separately by study site (adj P =
0.290 in South Africa and adj P = 0.180 in Nigeria; Fig. S6D).

February 2024 Volume 12 Issue 2

10.1128/spectrum.03190-23 8

Downloaded from https://journals.asm.org/journal/spectrum on 11 March 2024 by 196.47.211.146.

224



Research Article Microbiology Spectrum

\ Week 1 \ | Week 1 |

South Africa Nigeria

100

0.00- ‘ ‘

1.oo—

o.75|| I |
[ ]

0.50-

0.25- | ||I

o.oo—I

Relative abundance

||| ‘ l ‘||| “'\‘Illlll.m
Week 15

South Africa Nigeria

S

||‘.|||| “| ”u”! ] =

FIG 3 Infants’ gut microbial succession over the first 15 weeks differs substantially between the study sites. Relative abundance plot of most abundant 30 taxa

W c.aerofaciens [l B.bifidum [l K.carniphila Pcopri [l Reerythropolis S.gallolyticus [ Bilongum [l Kpalustis [ P.putida M s.saprophyticus.
Species | Vatypica M B.breve B.catenulatum [l V.dispar [ E.faecalis W Lgasseri M s.utetiensi: M« K.variicola
S.aureus | S.caprae E.coll Il s.equorum E.faecium B shaemolyticus = Miuteus [l Kpneumoniae [l S.salivarius B B.vuigatus

of South African (n = 82) and Nigerian (n = 196) infants at the 1 week and 15 weeks of age. Each column represents individual participants. B. longum subspecies
infantis and B. longum subspecies longum are indicated as the same color (green).

Since gut microbiome is thought to modulate the development of the immune
system (15), we investigated the relationship between infant gut microbiota and TT
vaccine response at week 15, a week after infants complete their primary TT series. We
did not see consistent correlations between 15-week anti-tetanus IgG titers and Shannon
diversity at 1 or 15 weeks (Fig. 5A). To further explore factors associated with infant TT
vaccine response at week 15, we conducted a LASSO regression. Rank-transformed top
50 ASVs at either week 1 or week 15, HIV exposure status, and anti-tetanus IgG titers at
week 1 were included as explanatory variables to investigate the predictor, TT vaccine
response at 15 weeks of age. In South Africa, infant HIV exposure status showed a strong
negative association with 15-week TT vaccine response (B-coefficient = —-0.44), and
the rank-transformed taxon abundance at week 1 of some bacterial species, including
Streptococcus salivarius (3-coefficient = 0.038), Bacteroides dorei (B-coefficient = 0.016),
Collinsella aerofaciens (B-coefficient = 0.015), and Sutterella wadsworthensis (3-coefficient
= -0.011) were independently associated with vaccine response, albeit with weaker
B-coefficients than HIV-exposure (Fig. 5B; Table S3A). In contrast, no variables were
selected as predictors of the TT vaccine response in the Nigerian cohort. Previously, it
has been shown that passively transferred maternal antibody interferes with infant TT
vaccination response (40). Since Nigerian infants showed significantly higher maternal
antibodies than South African infants at week 1 (Fig. S6A), we speculated that these
maternal anti-tetanus antibodies may have masked any associations underlying the
infant TT vaccine response at week 15 of life. For this reason, we re-assessed the LASSO
regression without including week 1 anti-tetanus IgG data in the explanatory variables
(Fig. S7; Table S3B). Although there was no change in the result for the South African
infants (Fig. S7A), HIV exposure and several bacteria present at 15 weeks of age, including
S. salivarius, were independently associated with the TT vaccine response in Nigerian
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TABLE 2 ANCOM-BC analysis of iHEU and iHUU living in South Africa®

Taxonomy (genus, species) Taxon ID LFC’

At 1 week of age
Klebsiella variicola ASV46 1.22
Sutterella (unclassified) ASV150 1.02
Holdemanella (unclassified) ASV53 1.00
Parabacteroides merdae ASV101 0.98
Catenibacterium (unclassified) ASV218 0.96
Blautia obeum ASV59 093
Senegalimassilia (unclassified) ASV145 0.87
Bifidobacterium breve ASV10 0.84
Klebsiella quasipneumoniae ASV36 0.84
Libanicoccus (unclassified) ASV153 0.81
Blautia (unclassified) ASV225 0.80
Ruminococcus torques group (unclassified) ASV75 0.72
Collinsella aerofaciens ASV25 0.72
Subdoligranulum (unclassified) ASV251 0.70
Bacteroides vulgatus ASV83 0.70
Sutterella (unclassified) ASV496 0.67
Klebsiella pneumoniae ASV39 0.66
Megamonas (unclassified) ASV169 0.65
Romboutsia ilealis ASV93 0.64
Senegalimassilia (unclassified) ASV171 0.64
Faecalibacterium (unclassified) ASV505 0.58
Fusobacterium mortiferum ASV278 0.57
Enterococcus faecium ASV7 0.57
Parabacteroides distasonis ASV138 0.54
Actinomyces (unclassified) ASV668 —-0.54
Parabacteroides distasonis ASV203 -0.57

At 15 weeks of age
Streptococcus gallolyticus ASV44 133
Collinsella aerofaciens ASV25 1.18
Clostridium innocuum group (unclassified) ASV336 113
Enterococcus gilvus ASV157 1.02
Klebsiella quasipneumoniae ASV42 0.84
Veillonella atypica ASV163 0.83
Enterococcus raffinosus ASV338 0.76
Enterococcus (unclassified) ASV40 0.71
Bifidobacterium adolescentis ASV296 0.71
Enterococcus raffinosus ASV51 0.71
Lactococcus lactis ASV206 0.66
Enterococcus faecalis ASV5 0.61
Granulicatella (unclassified) ASV681 0.59
Dorea formicigenerans ASV229 0.59
Faecalibacterium prausnitzii ASV103 0.52
Staphylococcus (unclassified) ASV41 0.51
Lactobacillus rhamnosus ASV191 —-0.51
Klebsiella michiganensis ASV266 —-0.51
Lactobacillus gasseri ASV161 -0.53
Prevotella copri ASV405 —-0.55
Megasphaera elsdenii ASV167 —-0.58
Olsenella (unclassified) ASV97 —-0.58
Prevotella (unclassified) ASV176 -0.83
Bacteroides caccae ASV552 -0.93
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TABLE 2 ANCOM-BC analysis of iHEU and iHUU living in South Africa® (Continued)

Taxonomy (genus, species) Taxon ID LFC’
Olsenella (unclassified) ASV120 -1.89
Ruminococcus torques group (unclassified) ASV75 -243

“Abundance in iHEU in relation to iHUU. ANCOM-BC, Analysis of Compositions of Microbiomes with Bias
Correction; LFC, loge fold change; ASV, amplicon sequence variant; iHEU, infants who are HIV-exposed uninfected;
iHUU, infants who are HIV-unexposed uninfected.

“Differentially abundant ASVs (adj P < 0.05) among iHEU relative to iHUU at 1 week or 15 weeks of age in South
Africa (n = 82). Data at week 15 were adjusted by mode of feeding. Positive LFC values indicate higher abundance
among iHEU, whereas negative LFC values indicate higher abundance among iHUU. No differentially abundant
bacterial taxa were identified among Nigerian infants.

infants (Fig. S7B). However, the B-coefficients for all selected predictors were small,
including HIV exposure status.

DISCUSSION

This is one of the largest studies that longitudinally compared the gut microbiota
between iHEU and iHUU in two settings and investigated the association with their
vaccine responses. Our findings suggest that the country of origin was the most
influential factor in the infants’ gut microbiota at week 1, which also strongly affected its
succession over the first 15 weeks of life. Both feeding and delivery modes have been
shown to influence infant gut microbiota (41). Since these demographic characteristics
significantly differed between our South African and Nigerian cohorts, we explored
their potential effects on the infant gut microbiota. A comparison restricted to infants
still EBF at 15 weeks showed that a- and B-diversity at that time point remained
significantly different between the countries. Similarly, the difference was independent
of mode of delivery. Analysis of stool samples collected shortly after birth suggested
that the difference in gut microbiota profile was already prominent before feeding
was established. Collectively, these data indicate that geographical location strongly
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influences the initial seeding of gut microbes, and this affects the trajectory of micro-
biota regardless of feeding practices. Notably, the term “geography” includes not only
the physical location (rural versus urban) but also extends to socioeconomics, genetics,
diet, climate, and ethnicity, among others.

Microbiota among Nigerian infants transitioned drastically over the first 15 weeks of
life, such that at 15 weeks, B. infantis was the dominant taxon, with some S. salivarius.
Both are commonly found in breast milk and gut microbiota among breastfed infants
(42). Bifidobacteria benefit human health and are often used as probiotics (43). Moreover,
Streptococcus salivarius, classified as a lactic acid bacterium, has been shown to have
probiotic properties (44). However, the drastic changes in microbiota over the 15 weeks
only occurred mostly among the Nigerian infants and far less in the South African
infants. Plausible explanations for this may be the difference in profiles of maternal gut
and breastmilk microbiota and human milk oligosaccharides influenced by genetics,
ethnicity, diet, and body mass index (BMI) (45). For instance, a higher maternal BMI is
associated with reduced Bifidobacterium in breastmilk (46), which might suggest that
South African mothers, who had higher mean weight, had less Bifidobacterium in their
breastmilk than Nigerian mothers, leading to less Bifidobacterium in their infants’ gut.
An additional explanation is that Nigerian mothers in this setting have a diet rich in
fermented foods, whereas South African mothers may have a more Westernized diet (47,
48). South African infants also had higher relative abundance of B. longum but lower
relative abundance of B. infantis at baseline.

Nigerian infants had significantly higher anti-tetanus titers at week 1, likely due
to maternal immunization and consequent high passive maternal antibody transfer
compared to South African infants (49). In contrast, in the Western Cape region where
our South African cohort was recruited, there was no routine TT booster vaccination
for pregnant women due to the prolonged absence of neonatal tetanus cases in the
province (39). Notably, anti-tetanus IgG levels post-vaccination among Nigerian infants
remained similar to those at week 1 and were comparable with South African infants.
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This inferior induction of anti-tetanus IgG titers observed in Nigerian infants may be
explained by the inhibition of TT vaccine response by passively transferred high maternal
antibodies, as previously described (40).

We identified several bacterial taxa that exhibited differential abundance in iHEU
compared to iHUU, including several pathobionts. Whether these identified bacterial
taxa contribute to increased risk of infectious morbidity in iHEU is unknown. Moreover,
several bacterial enrichments in iHEU may, in part, be attributed to co-trimoxazole
prophylaxis recommended for this population. For example, E. faecalis frequently carries
co-trimoxazole resistance (50). Supporting this, our differential abundance analysis
showed that the enrichment of E. faecalis was no longer evident in 15-week-old
iHEU after adjusting for reported co-trimoxazole prophylaxis use. Of note, there was a
significant difference in reported co-trimoxazole use among iHEU between the countries
in our study. Since the record of co-trimoxazole treatment was sorely relied on mothers’
recall at each follow-up visit, it is possible that the accuracy of reported antibiotics
records among iHEU may be underestimated.

LASSO regression models also suggested that in utero HIV exposure and relative
abundance of several bacterial taxa at week 1 were independently associated with
later TT vaccine response in South Africa but not Nigeria. The higher passive antibody
levels observed in Nigerian infants may have mitigated the effects of HIV exposure and
microbiota on the infant vaccine response. In fact, excluding the week 1 titer data from
the regression model indicated that the HIV exposure and several microbes found at
15 weeks of age were independently associated with the infant TT vaccine response
among Nigerian infants. In line with our assumption, removing week 1 titer data from
the regression model did not change the LASSO regression result in South African
infants, who showed much lower passive maternal antibody transfer. Interestingly, S.
salivarius relative abundance was predictive of improved anti-tetanus IgG titers in both
cohorts. Since the microbiota at week 1 among South African infants was associated
with TT vaccine response at week 15, this suggests that in some settings, vaccine
responses could potentially be modified using an early-life microbiome intervention
where maternal vaccination is not possible.

There are several limitations in our study. Firstly, we did not have comprehensive
records of maternal lifestyle and dietary information, which are known to have an impact
on gut microbiota composition. In addition, co-trimoxazole adherence among iHEU
was not extensively captured. All iHEU received nevirapine post-exposure prophylaxis;
therefore, the effects of HIV exposure versus antiretroviral exposure cannot be disentan-
gled. Lastly, additional data, both maternal (such as vaginal and breastmilk microbiota)
and infant (such as gut metabolomics, metatranscriptomics, and metagenomics), could
have provided more insights into our study.

Conclusions

This study showed that the transition of infant gut microbiota was strongly dependent
on geographical location and age, while effect of in utero HIV exposure was modest.
However, maternal HIV status was negatively associated with the passive maternal
anti-tetanus antibody transfer, and the negative effect of HIV exposure on TT vaccine
response persisted over the first 15 weeks of life among iHEU. In addition, there were
independent associations of specific gut microbes and HIV exposure with infant humoral
response to TT vaccine at 15 weeks of age.
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