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Abstract

Diffuse Large B cell Lymphoma (DLBCL) is an aggressive disease that displays striking heterogeneity at
both the molecular and clinical levels; and as a result, up to 40% of patients relapse or are refractory
to standard first-line therapy. DLBCL is the most common subtype of lymphoma affecting people living
with HIV (approximately 50% of all ymphomas seen in this group), and while the introduction of Highly
Active Antiretroviral Therapy (HAART) has improved patient outcome, the incidence of DLBCL in this
group remains disproportionately high, especially in resource-limited settings. Emerging data indicate
that HIV-associated DLBCL, although highly heterogeneous, has distinct clinical, morphological and
molecular features from non-HIV-related DLBCL. The complex biology that underpins HIV-associated
DLBCL remains largely undefined, necessitating clinical and molecular investigations to identify
biomarkers which can be targeted for therapy, specifically within those populations most affected,

such as in Sub-Saharan Africa.

The programmed death-1/programmed death-ligand 1 (PD-1/PD-L1) signalling pathway is an
important immunoregulatory mechanism that dampens the immune response by inhibiting T cell
activity, playing a central role in controlling and maintaining tolerance to self-antigens. However,
cancer cells have hijacked this mechanism by overexpressing PD-L1 to impair T cell functioning and
ultimately escape immune recognition and destruction. Additionally, impairment of this pathway
impacts the broader tumour microenvironment (TME), for instance through inhibition of T cell
function, creating favourable conditions for tumour progression. In a previous report, PD-L1 levels
were shown to be elevated in HIV-positive patients prior to a lymphoma diagnosis, with those
harbouring the highest levels of PD-L1 progressing to develop malignancies, suggesting that PD-L1 is

a key factor in the onset of lymphoma among HIV-infected individuals.

While blockade of the PD-1/PD-L1 pathway with monoclonal antibodies has achieved considerable
success in several cancer types, the results remain suboptimal in DLBCL, where the status and
relevance of the deregulation of the pathway, and particularly the role and status of PD-L1, remains
unclear, and even more so, within an HIV-positive background. This warrants a deeper exploration
into the significance of PD-L1 overexpression, as well as the mechanisms influencing PD-L1 expression,

in HIV-associated DLBCL.

In the current study, three approaches were taken to explore this. Firstly, PD-L1 levels were evaluated
and compared within the peripheral blood cell populations of a cohort of newly diagnosed, treatment
naive, HIV-positive and HIV-negative DLBCL patients, using flow cytometry. As per previous

observations, HIV-positive DLBCL patients were typically diagnosed at a younger age (64% below the

XV



age of 50 years) compared to their HIV-negative counterparts (36% under the age of 50 years). The
GCB subtype was the major DLBCL subtype (64%) within the HIV-positive DLBCL group, and a striking
82% of cases had extranodal involvement, reflecting an aggressive/advanced-stage disease. Flow
cytometric analysis revealed a significantly higher proportion of PD-L1-positivity overall (CD274%;
median: 0.44%; p < 0.01), as well as PD-L1-positive B cells (CD19* CD274*; median: 6.62%; p < 0.001),
in DLBCL patients (irrespective of HIV status), compared to healthy controls. When comparing within
the DLBCL patient groups based on HIV status, the HIV-positive cohort displayed a significantly higher
proportion of PD-L1-positive cells overall (CD274*; median: 0.65%; p < 0.05), and PD-L1-positive B cells
(CD19* CD274*; median: 10.9%; p < 0.05). No noticeable differences were observed regarding the
population of regulatory B cells (CD19* CD24* CD38*; median: 57.5% vs 61.2%; p = 0.5344) and PD-L1-
positivity within this subset of B cells (CD19* CD24* CD38* CD274*; median: 1.74% vs 0.83%; p = 0.3551)

between HIV-negative and HIV-positive DLBCL patients.

In the second approach, the status of PD-L1, and T cells and macrophages were evaluated in the TME
of HIV-positive and HIV-negative DLBCL tissues, using immunohistochemistry. In concordance with
what was observed in the peripheral blood, a higher proportion of PD-L1* cells were present in the
TMEs of HIV-positive DLBCL patients, relative to HIV-negative ones (HIV-positive vs HIV-negative;
median: 0.47% vs 0.09%; p < 0.0.5). This was accompanied by reduced CD8" cytotoxic T cell infiltration
(HIV-positive vs HIV-negative; median: 1.25% vs 2.12%; p < 0.0.5), and enhanced CD68* tumour-
associated macrophage infiltration (HIV-positive vs HIV-negative; median: 2.69% vs 1.56%; p < 0.0.5),
suggesting differential impairment of the TME in these two groups, and representing a heightened

immunosuppressive environment in DLBCL patients infected with HIV.

The third approach in this study attempted to delineate the complex relationship between PD-L1, c-
MYC, EBNA2 and HIV, using a combination of in silico tools, as well as in vitro analyses using
established DLBCL cell lines and models. Using DLBCL gene expression data publicly available on The
Cancer Genome Atlas, we found highest expression of PD-L1 to be associated with the ABC subtype.
Additionally, an inverse (negative) correlation between PD-L1 and c-MYC expression was observed in
patients with this specific subtype of DLBCL. The regulation of PD-L1 by c-MYC was assessed in DLBCL
cell lines through an experimental approach, taking HIV and EBV infections into account. In vitro
analyses using qPCR and western blotting experiments confirmed this inverse correlation within ABC-

derived DLBCL cell lines, as well as within a c-MYC knock-down DLBCL cell model.

To investigate the effect of HIV-1 on PD-L1 expression in DLBCL cells, two independent experimental
laboratory HIV-1 variants were used, namely aldrithiol-2 inactivated HIV-1, and HIV-1 pseudovirus.

Exposure to the virus led to reduced expression of both PD-L1 and c-MYC protein levels, even in the

XVi



presence of EBNA2, a result which contrasts with our observations using patient derived blood, and
tumours. This indicated the importance of studying complex interactions using the appropriate

experimental systems.

Overall, this study provided novel insights into the status, role and regulation of PD-L1 in DLBCL,
specifically within the context of HIV-infection. These findings further confirm that HIV-associated
lymphomas harbour unique pathobiological features and provides directions for future basic and

clinical research aimed at improving therapeutic approaches specifically tailored for this patient

group.
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Chapter 1

Literature Review

1.1 Introduction

Lymphomas comprise of a diverse group of malignancies of the haematopoietic system, originating
from lymphocytes (1). Lymphomas can be classified into two groups, namely Hodgkin Lymphoma and
Non-Hodgkin Lymphoma (NHL) (2). NHL, a highly heterogenous disease, accounts for up to 90% of all
malignant lymphomas and arises from B cells, T cells, or Natural Killer (NK) cells (3, 4). Approximately
85% of NHL cases are of B cell origin (5). NHLs can emerge during various stages of cellular maturation,
with the biological features of these malignant cells resembling that of their normal state (6). NHL
tumour cells generally infiltrate both lymphoid and haematopoietic tissues and are also capable of
spreading to other organs (7). The major mechanisms behind the pathogenesis of NHL involves
immunosuppression and chronic antigen stimulation. The latter increases B cell proliferation which
not only increases the likelihood of genetic errors occurring but also leads to the downregulation of T
cell responses due to T cell exhaustion, resulting in an immunosuppressive state (8). Infectious agents
such as Human immunodeficiency virus (HIV), Epstein-Barr virus (EBV), Helicobacter pylori, and

hepatitis C virus, have been associated with certain subtypes of NHL (9).

The primary target cells of HIV are CD4* T cells (10), which are essential for B cell maturation and
differentiation into memory or antibody-producing B cells (11). In the context of HIV-infection, a
reduced number of CD4* T cells impacts B cell functioning and increases vulnerability to opportunistic
infections, such as human papillomavirus (HPV) and EBV (12, 13). Due to the compromised state of
the immune system, individuals infected with HIV are at a higher risk of developing several types of
malignancies, with the most common being Kaposi sarcoma, cervical cancer and NHLs (14). HIV-
infected patients are reported to be up to 23-fold more at risk of developing a NHL, compared to the
HIV-uninfected population, due to of the immunosuppressive role of HIV (15) and it is reported that
up to 20% of HIV-infected individuals develop an NHL in their life-time (16). While HIV does not directly
lead to the development of an NHL, co-infections with oncogenic viruses, such as EBV, are frequent in
HIV-positive individuals, thereby promoting lymphomagenesis (17). Additionally, HIV-infection is
associated with chronic antigen stimulation, chronic B cell activation as well as an overproduction of
B-cell activating cytokines (18). The oncogenic role of HIV itself is also gaining attention with recent
studies reporting that HIV viral proteins can directly promote oncogenic events and tumour

development (19). For instance, studies emanating from our own laboratory as well as others show



that HIV proteins Transactivator of transcription (Tat) and Negative regulatory factor (Nef) promote
the expression of oncogenic factors in Burkitt Lymphoma (BL), another NHL subtype of high prevalence

among HIV-infected individuals (20, 21).

There are over 30 subtypes of NHLs classified according to “morphology, immunophenotype,
cytogenetic features, molecular features, clinical behaviour, aetiology and pathogenesis” (22). Based
on the speed of disease progression, NHLs are grouped into either indolent or aggressive lymphomas.
Diffuse Large B Cell Lymphoma (DLBCL) is classified as highly aggressive and is the most commonly
diagnosed NHL (23).

1.2 Diffuse Large B Cell Lymphoma

DLBCL is a highly heterogenous disease, arising from mature B-cells in the germinal centre (GC), and
accounts for up to 40% of all NHL cases (24, 25). Translocations of B-cell Lymphoma 6 (BCL6), B-cell
Lymphoma 2 (BCL2) and MYC are molecular characteristics of DLBCLs and are present in up to 40%,
30% and 15% of cases, respectively (26, 27). GCs are formed in secondary lymphoid organs and
represent the site where antibody-secreting B cells and memory B cells are produced (28). Within the
GC, two distinct zones are present (Figure 1.1). The dark zone represents the site for B cell proliferation
and somatic hypermutation (SHM), whereas the light zone consists of high-affinity B cells that are
preferentially selected (29). Gene expression profiling (GEP) has resulted in the identification of two
main subtypes of DLBCL based on the cell of origin (COO), namely the germinal centre B cell (GCB)-like
subtype and the activated B cell (ABC)-like subtype (30). These subtypes are defined by (i) their
difference in clinical outcomes, where the ABC-DLBCL subtype is associated with a poor survival

outcome, and (ii) disease biology (30, 31).
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Figure 1.1: Overview of the GC reaction and the two main molecular subtypes of DLBCL. Schematic diagram
illustrating the GC reaction and its relationship with the two main subtypes of DLBCL. The lower table indicates
markers associated with the GCB- and ABC-DLBCL subtypes. which are depicted in pink and blue, respectively.
Depicted in purple are prognostic factors in DLBCL. Ag, antigen; GC, Germinal Centre; GCB-DLBCL, germinal
centre B-cell diffuse large B cell lymphoma; ABC, activated B cell; FDC, follicular dendritic cell (from Quintanilla-
Martinez, 2015) (32).

Similarly to normal GC B cells, GCB-DLBCL cells also exhibit continual SHM of the variable
immunoglobulin heavy chain gene which is governed by activation-induced cytidine deaminase
(AICDA), an enzyme that is highly expressed in GC B cells (33). A number of oncogenic pathways are
dysregulated in GCB-DLBCL, all contributing to the pathogenesis of this disease. Common in this
subtype is a t(14;18) translocation which induces the activation of BCL2, an anti-apoptotic protein. A
proportion of GCB-DLBCLs also harbour a PTEN deletion, which results in dysregulation of the
Phosphatase and tensin homolog - Phosphoinositide 3-kinase (PTEN-PI3K) signalling pathway. Loss of
PTEN leads to the accumulation of phosphatidylinositol 3,4,5-trisphosphate (PIP3) which, ultimately
further stimulates cell survival and proliferation (33). Because PTEN loss is not encountered in the ABC

subtype, it has been noted that this aberration is a specific feature of GCB-DLBCLs (34).

ABC-DLBCL resembles the GEP of normal Activated B cells that have progressed through the GC and
are about to differentiate into plasma cells (35). Most of the genes expressed by normal GC B cells are
typically downregulated in this subtype, with the genes generally expressed in plasma cells being
upregulated (33). Common genetic abnormalities in ABC-DLBCL include trisomy 3, gains of 3q and

18g21-g22, losses of 6g21-g22, and alterations in genes controlling the Nuclear factor-kappa B (NF-



kB) pathway (26). EBV-positivity is also commonly seen in this subtype of DLBCL (36). Following
standard treatment, the ABC subtype is associated with an adverse outcome when compared to GCB-

DLBCL outcomes (35).

Due to the heterogeneity of DLBCL, several classification techniques have been developed in order to
(i) improve diagnostic accuracy, (ii) detect appropriate molecular subtypes, (iii) develop prognostic
models, and (iv) classify patients for disease management (37). Advancements in next generation
sequencing (NGS) has allowed for the genomic characterization of DLBCL, thus resulting in newer

classifications of this disease (38).

In 2018, Schmitz et al. uncovered four distinct molecular subtypes of DLBCL by performing “a
multiplatform analysis of structural genomic abnormalities and gene expression in DLBCL biopsy
samples”. Samples from GCB-, ABC- and unclassified-DLBCL cases were subtyped into MCD, BN2, N1
and EZB groups according to four seed classes, namely (1) Cluster of Differentiation 79B (CD79B) and
Myeloid differentiation primary response 88 (MYD88) 25" mutations (MCD), (2) Neurogenic locus
notch homolog protein 2 (NOTCH2) mutation or BCL6 fusion (BN2), (3) NOTCH1 mutations (N1), and
(4) Enhancer of zeste homolog 2 (EZH2) mutation or BCL2 translocation (EZB). While MCD and N1
subtypes comprised of mainly ABC cases, the EZB subtype was dominated by GCB cases. The BN2
subtype was reported to contain a mix of ABC, GCB and unclassified cases. These subtypes also
differed in their response to immunotherapy, with poorer outcomes observed in the MCD and N1
subtypes and improved outcomes associated with the BN2 and EZB subtypes (39). A subsequent study
by Wright and colleagues added another two subtypes, namely the A53 and ST2 groups. The A53
subtype is associated with inactivation of TP53 and comprises of more ABC cases, whereas the ST2
group is characterized by mutations in Serum/Glucocorticoid Regulated Kinase 1 (SGK1) and Ten-

Eleven Translocation -2 (TET2) and is made up by majority of GCB cases (40).

Additionally, another independent study conducted by Chapuy et al. in 2018 identified five DLBCL
clusters with outcome-associated distinct genetic signatures. In this approach, whole exome
sequencing (WES) was performed and mutations, somatic copy number alterations (SCNAs), and
structural variants (SVs) were detected (41). Cluster 5 (C5) was strongly associated with the ABC
subtype and contained BCL2 amplifications as well as recurrent mutations in CD79B and MYD88. Also
associated with the ABC subtype was cluster 1 (C1), which displayed BCL6 SVs along with NOTCH2
alterations. Cluster 3 (C3) comprised of primarily GCB-DLBCLs and harboured mutations in BCL2 and
chromatin modifiers, including EZH2. Majority of cluster 4 (C4) was also comprised of GCB-DLBCLs,
with discrete alterations in B Cell Receptor (BCR)/PI3K, Janus of protein tyrosine kinases/signal

transducer and activator of transcription (JAK/STAT) and B-Raf Proto-Oncogene (BRAF) pathway



components. Cluster 2 (C2) included both ABC- and GCB-DLBCLs and harboured tumours with biallelic
inactivation of TP53, copy loss of 9p21.3/Cyclin Dependent Kinase Inhibitor 2A (CDKN2A) and genomic
instability (37). While C1 and C4 DLBCL patients had a more favourable outcome, patients with C3 and

C5 exhibited less favourable outcomes. C2 DLBCL patients had a stable progression rate over time (41).

The studies by Schmitz et al. and Chapuy et al. were conducted independently and involved different
approaches, yet similar genetic features can be observed between certain subtypes identified. More
importantly, these studies showcased that the conventional subclassification of DLBCL into GCB-, ABC-
or unclassifiable has limitations in terms of patient treatment and management, and that the
classification of DLBCL into these newly reported molecular subtypes has both biological and clinical

relevance (42).

Rearrangements in MYC is a feature typically seen in several types of B cell lymphomas, including
DLBCL (43). MYC s a crucial transcription factor with roles in proliferation, cell cycle growth, apoptosis
and differentiation (44), and its aberrant activation has implicated in several cancers, including DLBCL
(45). In DLBCL, translocations involving MYC and either BCL2 or BCL6 are present in up to 10% of cases
(46) and have been termed as double-hit lymphomas (DHL), with MYC and BCL2 rearrangements
typically being of GCB origin while MYC and BCL6 rearrangements are of ABC origin (31). In addition,
DLBCLs with concurrent MYC, BCL2 and BCL6 rearrangements are less common and referred to triple-
hit lymphomas (THL) (47). Moreover, approximately 30% of DLBCLs overexpress both MYC and BCL2
at the protein level, termed as double-expressor lymphoma (DEL) (45). Aberrant MYC expression
promotes many tumorigenic processes in DLBCL, and also has an impact on the clinical outcomes of

patients (48).

1.3 Clinical outcomes of DLBCL

Currently, the standard treatment for patients with DLBCL is a chemotherapeutic regimen consisting
of cyclophosphamide, doxorubicin, vincristine and prednisone, with the addition of the anti-CD20
monoclonal antibody, Rituximab, (R-CHOP) (49). Despite the aggressive nature of DLBCL, up to 70% of
patients achieve complete remission with R-CHOP, but a remaining 30-40% relapse or are refractory

to the treatment (50).

Prior to the addition of rituximab to chemotherapy, the overall 5-year survival rate for ABC and GCB
DLBCL was 35% and 60% respectively. Once rituximab was included (R-CHOP), the 3-year survival rates
for ABC- and GCB-DLBCL improved to approximately 45% and 80%, respectively (51). Rituximab is a
chimeric monoclonal antibody with specific affinity for CD20, a B cell transmembrane protein. CD20 is
expressed on healthy B cells and most malignant B cells (52), and plays a role in regulating the early

stages of cell-cycle activation and differentiation. Three in vitro modes of action have been reported
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for rituximab: (i) antibody-dependant cellular cytotoxicity, (ii) complement-dependant cytotoxicity

and (iii) direct activation of apoptosis (53).

Although the addition of rituximab to chemotherapy has significantly improved therapeutic outcomes
in both ABC and GCB DLBCL patients, it doesn’t reduce the disadvantage of presenting with ABC-
DLBCL. Furthermore, in DLBCL, alterations in MYC are linked to a more aggressive disease and inferior
clinical outcomes (54). DLBCL patients with DHL and THL subsets have been linked to a poor
chemotherapy response, with low chances of complete remission being attained (31), and similarly,
patients with the DEL subset are associated with advanced stage disease and poor prognosis after

treatment with R-CHOP (45).

Since DLBCL subgroups differ in genetic aberrations and disrupted signalling pathways, it is crucial to

identify novel therapeutic targets with the aims of improving therapeutic outcomes (55).

1.4 HIV-associated DLBCL

As mentioned, HIV-infection is associated with a compromised immune surveillance, viral infections,
chronic antigenic stimulation and cytokine imbalance, which increases the risk of NHL development
(56). DLBCL is 17-times more likely to arise in HIV-infected individuals, compared to the general
population (57) and is considered to be an AIDS-defining cancer, as it arises at the advanced stages of
HIV-infection, when the immune system is highly compromised and vulnerable (58, 59). EBV-infection
is reported to be driver of several malignancies and is observed in up to 15% of all diagnosed DLBCL
tumours (60, 61). In an HIV-positive setting, the association of EBV-infection with DLBCL is increased
to up to approximately 50% of cases (62, 63). EBV primarily infects B lymphocytes and by remaining

in its latent form, EBV is capable of avoiding the host immune response (36).

As depicted in Figure 1.2, HIV-positive DLBCLs are associated with a younger age at DLBCL diagnosis,
a higher frequency of B-symptoms, advanced clinical staging and an Eastern Cooperative Oncology
Group (ECOG) score of more than 2, which indicates poor performance status and worse survival,
compared to DLBCLs arising in the general population (64, 65). Compared to HIV-uninfected patients,
HIV-positive DLBCL patients also frequently present with an advanced disease stage and extranodal
involvement, indicative of an aggressive disease, at the time of diagnosis (17); and in low socio-
economic settings where the prevalence of HIV is high, such as sub-Saharan Africa, the outcomes of

these patients are poor compared to those in well-resourced settings (66, 67).
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Figure 1.2: Clinical features of HIV-associated DLBCL. HIV-positive DLBCLs display worse clinical features and
outcomes (blue), compared to HIV-negative DLBCLs (yellow) (from de Carvalho et al., 2021) (64).

Despite the introduction of combination antiretroviral therapy (cART), the incidence of DLBCL remains
high in HIV-infected individuals and HIV-associated DLBCL continues to display more aggressive traits
when compared to DLBCLs arising in the general population (65, 68). Compared to HIV-uninfected
DLBCL patients, those with HIV-associated DLBCL were reported to having a worse overall survival
(0S), regardless of showing a similar disease-free survival (DFS) (65). In a recent study conducted in
Malawi by Coelho et al., HIV-positive DLBCL patients who were on antiretroviral therapy (ART) for less
than 6 months had improved survival outcomes compared to HIV-negative DLBCL patients, while no
difference in outcomes was observed between HIV-positive DLBCL patients on ART for more than 6
months and HIV-negative DLBCL patients (69). All DLBCL patients enrolled into the study by Coelho et
al. were newly diagnosed and received chemotherapy during the study period. These finding suggest
that that the initiation of ART alongside chemotherapy is of therapeutic benefit (69). Similarly, another
study carried out in Malawi by Kimani et al. reported no difference in the survival outcomes of HIV-
positive DLBCL patients, of which a majority were receiving ART, and HIV-negative DLBCL patients (70).
While these findings are generalized to HIV-positive DLBCL patients who were receiving concurrent
ART (69, 70), they do not align with studies emanating from South Africa, which demonstrated a lower

survival rate in DLBCL patients infected with HIV, despite being on HAART (71, 72).



Since a study conducted in 2003 by the US National Cancer Institute (NCI) demonstrated a 79%
complete remission rate, a dose-adjusted regimen of etoposide, prednisone, vincristine,
cyclophosphamide, doxorubicin and cyclophosphamide (EPOCH) has been the predominant approach
in the treatment of HIV-associated DLBCL (73, 74). In 2010, a trial conducted by the AIDS Malignancy
Consortium (AMC) found that the addition of Rituximab to EPOCH (R-EPOCH) resulted in an improved

complete response rate (75).

While current therapeutic regimens have prolonged the survival of HIV-positive DLBCL patients, there
remains a difference in survival between HIV-infected and HIV-uninfected groups, therefore
highlighting the need for an improved therapeutic strategy (76). Due to the difference in disease
biology, clinical features and therapeutic outcomes between DLBCLs occurring in the HIV-positive and

HIV-negative populations, a deeper molecular understanding of this disease is required (64).

The clinical heterogeneity of HIV-positive DLBCL compared to HIV-negative DLBCL is a reflection of
distinct molecular differences in the presence of HIV-infection. Recently, Peng and colleagues analysed
HIV-positive and -negative DLBCL tissues to identify and compare high-frequency mutated genes.
Among the mutated genes identified, mutation in MYC and tyrosine kinase 2 (TYK2) were associated
with the HIV-positive group and additionally were associated with a higher mutation probability (57).
As mentioned earlier, MYC is a powerful oncogenic transcription factor that is frequently dysregulated
in DLBCL and is associated with aggressive disease and an inferior prognosis (77). TYK2 is a member of
the of the JAK family, which consists of proteins involved in survival, growth, and differentiation of
various cell types, especially immune and haematopoietic cells (78). Studies have shown that
overexpression of TYK2 leads to constitutive activation of the STAT3 (79), an especially interesting
finding since constitutive activation of STAT3 is associated with cell proliferation and survival of ABC-
DLBCL cells (80). Overall, the study by Peng and colleagues provides insight into molecular alterations
associated with HIV-positive DLBCL, potentially contributing to the aggressive nature of this disease.
In 2015, Chao and colleagues identified expression of c-MYC, protein kinase C - B 2 (PKC-B2), BCL6
along with other markers as being increased in HIV-positive DLBCLs compared to HIV-negative cases,
and suggested that c-MYC-mediated dysregulation may be a partial contributor to the aggressive
clinical course observed in HIV-positive DLBCL patients (81). Another study conducted within our local
setting in South Africa reported that a high Ki-67 proliferation index was more common in HIV-positive
DLBCL patients, than their HIV-negative counterparts (82). Ki-67 is a marker of proliferation, and a high
index correlates with inferior survival outcomes in DLBCL (83). Collectively, the studies above
demonstrate that HIV-associated DLBCL is a distinct disease, both molecularly and clinically, from

DLBCLs diagnosed in immunocompetent individuals (63), although the molecular studies are limited



due to the fact that in high-income countries, HIV-positive DLBCLs are not very common and affects
marginalized populations (69). This warrants comprehensive investigations into the unique

pathobiology of HIV-associated DLBCL as well the genetic mechanisms underlying this disease.

1.5 The PD-1/PD-L pathway

The programmed death-1/programmed death-ligand 1 (PD-1/PD-L1) signalling pathway plays a crucial
role in maintaining immune cell tolerance and limiting tissue damage by negatively regulating T cell
activity (84). PD-1 is expressed on many activated immune cell types including CD4*, CD8* and natural
killer (NK) T cell subsets as well as B cells and monocytes, and serves as an inhibitor of both adaptive
and innate immune responses (85, 86). PD-1 is involved in immune tolerance by interacting with its
ligands, namely PD-L1 and PD-L2, located on chromosome 9p24.1 (87). While PD-L1 is broadly
expressed on a variety of cells, including T and B lymphocytes, dendritic cells (DCs), macrophages and
non-haematopoietic cells, PD-L2 has more of a restricted expression in that it is only expressed on
haematopoietic cells such as DCs, macrophages and some B cells. A key role of the PD-1/PD-L pathway
is to inhibit T cell function to maintain balance in the immune system, and this occurs via an interaction
between the PD-1 receptor on T cells and PD-L1/PD-L2 on antigen presenting cells (APCs) (88, 89).
While the binding affinity of PD-L2 to PD-1 is higher, PD-L1 acts as the primary ligand (90).

Figure 1.3 depicts the interaction between PD-1 and PD-L1 on T cells and APCs, respectively, which
ultimately inhibits T cell functioning. Briefly, the activation of T cells is dependent on two signals: (i)
the interaction between major histocompatibility complexes (MHC), presenting foreign antigens, and
the T cell receptor (TCR) which stimulates positive signalling, and (ii) co-stimulatory and -inhibitory
signals, which regulate TCR signalling, and ultimately T cell activation (91). Engagement of PD-1 by PD-
L1, recruits the phosphatase Src homology region 2 domain-containing phosphatase-2 (SHP-2) to the
to the immunoreceptor tyrosine-based switch motif (ITSM) in the cytoplasmic domain of PD-1. This
results in the dephosphorylation of ZAP70, a tyrosine kinase necessary for the initiation of T cell
responses, and negates the positive signalling stimulated by the TCR, ultimately inhibiting downstream

signalling pathways and promoting T cell anergy (92, 93).
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Figure 1.3: T cell inhibition through the PD-1/PD-L1 pathway. Graphical illustration showing the
immunosuppressive interaction between PD-1 and PD-L1, which negatively affects T cell activation, proliferation
and survival (adapted from Wang et al., 2023) (93).

In addition to the membrane-bound form, PD-L1 can also exist in soluble form (sPD-L1). sPD-L1
originates predominantly via cleavage of the membrane form, however it can also derive from the
release of exosome-associated PD-L1 and spliced transcripts that are deficient in the exon that
encodes the PD-L1 transmembrane domain (94). Whether or not sPD-L1 affects T cell activation

remains debatable. Some studies have reported that sPD-L1 inhibits T cell activation while others have
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noted that it may act as a “decoy receptor” that retains PD-1 binding activity but does not inhibit T

cell activation (94).

While PD-1 mediated T cell inhibition is a crucial mechanism in preventing autoimmunity, it also
represents an immune resistance mechanism by diseased cells, allowing the latter to evade immune

destruction (95).

1.5.1 PD-L1 expression in an HIV-positive context

In an HIV-positive setting, where immune activation is chronic, PD-L1 is known to be upregulated in
an attempt to mitigate the ongoing inflammation (96). Several studies have demonstrated the
increase in PD-L1 expression in HIV-positive patients, relative to healthy individuals (97, 98). PD-L1
was found to be elevated specifically on B cells, dendritic cells and monocytes (97). The precise
mechanism on PD-L1 upregulation by HIV is not fully elucidated and various studies have explored the

potential involvement of HIV-1 viral proteins.

HIV-1 Tat is a 14 kDa protein that acts as a strong transcriptional transactivator of key viral genes
necessary for infection, replication, and transmission (99, 100). Tat is produced at an early stage of
the virus life cycle and several studies have shown that the Tat protein disrupts normal functioning of
the immune system (101, 102, 103). By treating monocyte-derived dendritic cells (MoDCs) with the
HIV-1 Tat protein followed by Fluorescence-Activated Cell Sorting (FACS) to assess cell-surface
expression of PD-L1, Planes and colleagues reported upregulation of PD-L1 which affected the ability
of these cells to promote T cell proliferation. PD-L1 upregulation by HIV-1 Tat was demonstrated to
occur through indirect mechanisms involving the tumour necrosis factor alpha (TNF-a) and Toll-like

receptor 4 (TLR4) pathways (100).

In 2022, an article published by Munoz and colleagues revealed that HIV virions incorporated PD-L1
into their envelop, affecting follicular T helper cell functioning, through involvement of the HIV matrix
protein pl17 (104). P17 is a structural protein which acts as a viral cytokine by promoting viral
replication (105, 106). The study by Munoz et al. showed that the p17 protein interacts with the
intracytoplasmic tail of the PD-L1 protein on host cells, to achieve incorporation onto virions. The
aforementioned study served as evidence on the exploitation of PD-L1 by HIV to promote immune

suppression during infection (104).

1.5.2 PD-L1 in cancer

The PD1-1/PD-L1 signalling axis can be hijacked by tumour cells to evade immune recognition. By
expressing PD-1 ligands, tumour cells avoid immune recognition (107), and while cancer cells can

express both PD-L1 and PD-L2, the former has been shown to be more frequently expressed (89). As
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depicted in Figure 1.4, the interaction between PD-1 and PD-L1/2 on T cells and tumour cells,

respectively, inhibits T cell activation, proliferation, survival, and cytokine production (85).
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Figure 1.4: Tumour cells inhibit T cell function via the PD-1/PD-L interaction (from Han et al., 2020) (85).

In addition to being expressed on tumour cells, PD-L1 can also be expressed on several non-malignant
cell types within the tumour microenvironment (TME) to support an immunosuppressive state that
promotes tumour growth (108). In the TME, PD-L1 interacts with PD-1 on tumour-infiltrating
lymphocytes (TILs) to negate TCR-signalling and ultimately escape immune surveillance (109). In
classical Hodgkin Lymphoma (cHL), PD-L1 expression on Hodgkin Reed-Sternberg cells (HRS) is a
defining feature with up to 75% of cases harbouring copy number alterations or amplifications of
chromosome 9p24.1 (110). Genomic alteration at this locus not only increases PD-L1 expression but
also its neighbouring gene, JAK2 (111). Increased expression of JAK2 also promotes PD-L1 expression

through phosphorylation of STAT3 and STAT5 (112).

Blockade of PD-1/PD-L1 signalling using antibodies against PD-1 and/or PD-L1 has had varying
successes in several cancers, including colorectal cancer, renal cancer, breast cancer and certain
subtypes of lymphomas (113). To date, a total of seven monoclonal antibodies (mAbs) against the PD-
1/PD-L1 pathway have been Food and Drug Administration (FDA) approved for use in the treatment

of several cancers (Table 1.1).
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Table 1.1: FDA approved PD-1/PD-L1-based immunotherapies

Inhibitor name Target Year of first approval
Nivolumab PD-1 2014
Pembrolizumab PD-1 2014
Cemiplimab PD-1 2018
Dostarlimab PD-1 2023
Avelumab PD-L1 2015
Atezolizumab PD-L1 2016
Durvalumab PD-L1 2016

PD-1 - programmed death-1; PD-L1 — programmed death-ligand 1

In cHL specifically, PD-1/PD-L1 blockade is proven to be extremely effective, with an overall response
rate of over 80.4% (114). The success of PD-1 blockade in this disease is attributed to its unique
biology, including the fact that up to 30% of cHL cases are associated with EBV-infection, a known up-
regulator of PD-L1 (115, 116). Additionally, recent studies revealed that PD-1 blockade leads to
activation of PD-1-positive T helper (Tu) 1 effector cells within the TME of HL, which in turn promotes

the activation of cytotoxic T cells (117, 118).

While PD-1/PD-L1 blockade has revolutionized treatment of HL, the outcome of clinical trials shows
that the same is not the case for other cancers, and thus it is important to adequately identify patient
groups that are likely to respond well to this type of therapy. Molecular and clinical studies aimed at

evaluating PD-1/PD-L1 as a reliable biomarker are thus necessary (119).

1.5.3 The status of PD-L1 in DLBCL

In contrast to cHL, blockade of the PD-1/PD-L1 pathway in DLBCL is suboptimal, and this was initially

attributed to the lower frequency of alterations at the PD-L1 locus (120).

In 2016, Georgiou and colleagues performed whole genome sequencing, RNA sequencing, and
cytogenetic analysis using samples from Chinese, American and Swedish DLBCL patients which
revealed that approximately 12%, 3% and 4% of DLBCL cases were affected by gains, amplifications
and translocations, respectively, at the PD-L1 locus, and these directly correlated with increased PD-
L1 expression. The study also reported that the PD-L1 locus is a recurrent immunoglobulin heavy-chain
locus (IGH) translocation partner in DLBCL - translocations involving /IGH and a proto-oncogene, such
as BCL2, BCL6 and c-MYC, are frequently observed in DLBCL (121). Similarly to the study by Georgiou
et al., a later report published in 2019 by Wang and colleagues revealed that 6.5% and 3.5% of DLBCL

cases were affected by gains and amplifications, respectively, at the PD-L1 locus, 9p24.1 (122). In yet
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another study, 16%, 7% and 2% of DLBCL cases were found to harbour copy gains, amplifications, and
translocations, respectively, at the PD-L1 locus (120). Additionally, the study reported high PD-L1
expression to be most commonly associated with the non-GCB subtype of DLBCL (120). Collectively
these studies indicate that, while the frequency of PD-L1 alterations is much lower in DLBCL relative

to cHL, the use of PD-1 inhibitors may be useful for a subset of DLBCL patients.

As mentioned earlier, infection with EBV is associated with increased PD-L1 expression, particularly
via the activities of EBV proteins Epstein-Barr virus nuclear antigen 2 (EBNA2) and latent membrane
protein 1 (LMP1), (123, 124). Indeed, enhanced expression of PD-L1 expression has been
demonstrated in EBNA2-expressing DLBCL and BL cell lines, via repression of PD-L1 suppressor miR-

34a (125).

Interestingly, PD-L1 expression was found to be elevated on the B cells of HIV-positive patients who
went on to develop NHL, relative to those who did not develop the malignancy (126), suggesting its
role in lymphomagenesis and that HIV promotes an immunosuppressive environment through

expression of PD-L1. This will be further discussed in Chapter 2.

Because approximately 30-40% of DLBCL patients fail standard therapy and suffer from relapsed or
refractory disease (127), it is quite clear that an improved therapeutic approach is required. In 2019,
the results of a clinical trial which assessed the safety and efficacy of PD-1 inhibitor, Nivolumab, as a
monotherapy for patients with Relapsed/Refractory (R/R) DLBCL, demonstrated a low overall
response rate (128). Another trial using the PD-1 inhibitor in patients with R/R DLBCL following
autologous stem cell transplantation (ASCT) concluded that while pembrolizumab can be
administered safely to R/R DLBCL patients, the progression-free survival (PFS) rate did not meet the
primary objective specified in the protocol and therefore did not warrant further investigations on a
larger scale (129). In yet another study assessing the safety and efficacy of adding PD-L1 inhibitor,
atezolizumab, with R-CHOP, the data found that the safety profile was acceptable, and that while the
addition of atezolizumab improved complete response (CR) rates, it was not enough to warrant further
investigations (130). There have been several other trials involving PD-L1 blockade in DLBCL, all of
which demonstrating marginal response rates. However, taken together, the data indicate that PD-L1
blockade may benefit a subset of DLBCL patients, and particularly, there is strong indication that DLBCL

patients who are HIV positive will benefit from this additional monotherapy.

While there has been more recent focus on the pathobiology and genetics of DLBCL within the context
of HIV, the status of PD-L1 within this patient category remains largely undefined. The current study

sought to evaluate the status of PD-L1 in newly diagnosed, treatment naive DLBCL patients, and
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compare by HIV status. Additionally, the regulation of PD-L1 in DLBCL was investigated, in the context

of HIV. The approaches taken are outlined in the section which follow.

1.6 Research Aims

This study sought to assess the status and regulation of PD-L1 in DLBCL, within the context of HIV

infection through the following three key objectives:

1. To evaluate and compare PD-L1-positivity within the peripheral blood cell populations of a
cohort of newly diagnosed HIV-positive and HIV-negative DLBCL patients, using flow

cytometry.
The results are presented and discussed in Chapter 2.

2. To perform a small-scale study, to assess and compare PD-L1 expression, T cell and
macrophage populations within the TME of HIV-positive and HIV-negative DLBCL tumours,

using immunohistochemical staining.
The results are presented and discussed in Chapter 3.

3. To investigate the impact of HIV, as well as key role-players, EBV and c-MYC, on PD-L1

expression within DLBCL cells, using a combination of in silico and in vitro approaches.
The results are presented and discussed in Chapter 4.

The overall findings and conclusion of the study as well as future directions are discussed in Chapter

5.
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Chapter 2

Assessing the status of PD-L1-positivity within the peripheral blood cells of HIV-
positive and HIV-negative DLBCL patients

2.1 Introduction

B cells are essential in regulating the immune system by secreting antibodies and acting as APCs (131).
Because of their ability to generate antibodies, B cells were generally considered to be positive
regulators of immune responses; however, in the last few decades data has revealed that B cells are
also capable of exerting a negative immunoregulatory effect, primarily by producing interleukin-10
(IL-10) (132, 133). This newly designated subset of B cells are termed regulatory B cells (Bregs) and
have received significant attention in recent years. While the level of Bregs remain low in a normal
and healthy state, the level increases in response to inflammation with their function being to
maintain immune tolerance, by limiting ongoing immune responses and ensuring homeostasis (131,

134).

The immunoregulatory function of Bregs has been linked to cancer progression, with several lines of
evidence implicating Bregs in dampening the anti-tumour response, ultimately promoting tumour

growth and metastasis (131, 135).

In 2019, a study by Epeldegui and colleagues reported on the status of Bregs and PD-L1-expressing B
cells in HIV-positive patients over a period of 1 —4 years prior to receiving an NHL diagnosis (126). The
expression of PD-L1 on B cells, within the peripheral blood of HIV-positive patients and healthy
controls were monitored over the 4-year period, and it was found that PD-L1-expressing B cells were
elevated in HIV-positive patients compared to healthy individuals, and even further elevated in those
HIV positive patients who went on to develop NHL. In addition, the majority of the PD-L1-expressing
B cells were within the Bregs subpopulation. The authors further found that, when compared to BL,
PD-L1 expression was significantly higher in those patients who developed DLBCL. It is noteworthy
that several other studies have shown a positive correlation between Bregs and HIV viral load, and
inverse correlation with CD4 counts, suggesting that Bregs is associated with HIV disease progression

(136, 137).

The study by Epeldegui and colleagues offered insight into the mechanism by which Bregs and PD-L1-
expressing B cells may be induced by HIV-infection. By exposing resting B cells from healthy donors to
HIV virions containing the CD40L, the authors found an increase in Bregs and PD-L1 expression on B

cells, and that this was brought about due to HIV particles inserting the CD40L on their surface when
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budding from activated T cells (126). In so doing, these CD40L-positive HIV particles could directly
induce B cell activation and transformation. Overall, while studies are limited, the current available
data suggests that the induction of PD-L1 by HIV could be an early oncogenic driving event in HIV-

positive individuals, driving lymphomagenesis, and attenuating the immune response (126).

To the best of our knowledge, there have been no other reports on the status of Bregs and PD-L1-
positivity within the context of HIV, with a focus of the development of lymphoma, and DLBCL in
particular. This emphasizes the need for additional investigations to provide insight and understanding

into the molecular events in DLBCL driven by HIV, a disease of significant burden within our context.

In the study reported here, the objective was to assess and compare, by HIV status, the expression of
PD-L1, B cells and Bregs, as well as PD-L1-positivity within these sub-populations, in a cohort of newly

diagnosed DLBCL patients.

2.2 Methods

2.2.1. Study design and inclusion and exclusion criteria

This cross-sectional study involved HIV-positive and HIV-negative newly diagnosed DLBCL patients
referred to Groote Schuur Hospital (GSH). Once ethical clearance was approved by the UCT Human
Research Ethics Committee (HREC Ref: 716/2019), patients were recruited from two sites, namely the
E5 Haematology and LE32 Radiation Oncology clinics. The study was carried out according to the code
of Ethics of the Helsinki declaration, as recommended by the World Medical Association (138). A
convenience sampling approach was taken and written informed consent (Appendix A) was obtained
from all participating patients. Blood samples were collected in vacutainer Ethylene Diamine Tetra
Acetic Acid (EDTA) blood collection tubes (BD Biosciences, USA) by a qualified clinician, and the
patients’ clinical data was accessed via the National Health Laboratory Service (NHLS) LabTrak
database. To preserve patient confidentiality, de-identifying numbers were assigned to each case. All
included participants were over 18 years old with a confirmed DLBCL diagnosis, known HIV status and
had not yet received chemotherapy. Patients were excluded if they were pregnant, had co-existing
chronic illnesses, or had relapsed-refractory disease. A small number of healthy donors were included
as a reference point and recruited via convenience sampling. To determine the absolute B cell counts,
thirteen healthy controls were included, with consent, as described above. Of the thirteen healthy
controls, six controls were included for flow cytometric analysis to assess the specific cell populations

listed in Table 2.2 below and allow for comparison to the DLBCL patients.
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2.2.2 Biochemical measurements

Routine tests were conducted at the NHLS (GSH), a service accredited by the South African National
Accreditation Systems (SANAS). Routine tests included (i) haematological tests, to obtain full blood
counts (FBCs) and differential counts, (ii) histological testing, to determine EBER status and the DLBCL
COO subtype, and (iii) virology testing to determine HIV status. Once testing was complete, results

and medical records were available on the NHLS LabTrak database.

2.2.3 Sample collection and processing

Venous blood, collected in EDTA vacutainer tubes (BD Biosciences, USA), was kept at room
temperature during transportation to the laboratory. Blood samples were processed for flow
cytometry analysis, as well as plasma and peripheral blood mononuclear cells (PBMCs) isolation and

storage, within 24 hours of collection.

Two BD flow cytometers were used during the study period: (i) BD Fluorescence-activated cell sorting
(FACS) Calibur™ flow cytometer (BD Biosciences, USA), and (ii) BD FACSymphony™ A5 Cell Analyzer
(BD Biosciences, USA). Antibody titrations were conducted to determine the optimal antibody
concentration to use for the assay. The whole blood was stained to measure specific cluster of
differentiation (CD) cell surface markers using fluorescent labelled antibodies. Details of all antibodies

used are shown in Table 2.1.

Table 2.1: Fluorochrome-conjugated antibodies included for flow cytometric analysis.

Antibody Catalogue number Antibody clone Supplier
CDA45 APC 340910 2D1 BD Biosciences, USA
CD19 PC5.5 B49211 J3-119 Beckman Coulter, USA
CD24 PE B92425 ALB9 Beckman Coulter, USA
CD38 FITC A07778 T16 Beckman Coulter, USA
CD274 APC 563741 MIH1 BD Biosciences, USA

CD - cluster of Differentiation; APC - Allophycocyanin; PC - Peridinin-Chlorophyll-Protein (PerCP) - cyanine (Cy); PE - Phycoerythrin; FITC -
Fluorescein isothiocyanate.

Using Falcon™ Polystyrene tubes (BD Biosciences, USA), a maximum of 4 antibodies were added to
100 uL of whole blood to measure specific cell populations of interest. These cell populations are listed
in Table 2.2. After the blood was mixed with the specific panel of antibodies, the tubes were incubated
for 30 minutes, in the dark. Thereafter, red blood cells were lysed by adding FACS™ lysis solution (BD
Biosciences, USA) (Appendix B) and samples were centrifuged at 2000 revolutions per minute (rpm)
for 10 minutes. Pelleted cells were washed twice by resuspending in cold 1X Phosphate-buffered

saline (PBS) (Appendix B) and centrifuging for 5 minutes. Labelled cells were resuspended in 100 pL of
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cold 1X PBS and analysed on either the FACS Calibur™ flow cytometer (BD Biosciences, USA) or the BD
FACSymphony™ A5 Cell Analyzer (BD Biosciences, USA).

Table 2.2: Cell populations analysed using flow cytometry.

Tube Cell population of interest Antibodies used
1 PD-L1"immune cells CD274 APC
2 B cells CD45 APC, CD19 PC5.5
3 PD-L1* B cells CD19 PC5.5, CD274 APC
4 Bregs CD45 APC, CD19 PC5.5, CD24 PE, CD38 FITC
5 PD-L1* Bregs CD19 PC5.5, CD24 PE, CD38 FITC, CD274 APC

Bregs — Regulatory B cells; PD-L1 — Programmed Death-Ligand 1; CD - cluster of Differentiation; APC - Allophycocyanin; PC - Peridinin-
Chlorophyll-Protein (PerCP) - cyanine (Cy); PE - Phycoerythrin; FITC - Fluorescein isothiocyanate.

2.2.4 Flow cytometric analysis

The BD FACS™ Calibur flow cytometer (BD Biosciences, USA) runs on the BD FACStation™ software
and uses the CellQuest Pro 5.1 software (BD Biosciences, USA) for data acquisition and analysis.
Performance was assessed using the BD calibration beads (BD CaliBRITE™ beads 3-colour kit and APC
beads, BD Biosciences, USA) for each fluorophore and run using the BD FACSComp software (BD
Biosciences, USA). Instrument settings were adjusted for quality control and standardization. Details

of the instrument configuration are provided in Appendix D.

The BD FACSymphony™ A5 Cell Analyzer (BD Biosciences, USA) runs on FACSDiva™ software and
FlowJo 10.9 (BD Biosciences, USA) is used for data analysis. For each sample analysed on this specific
flow cytometer, daily quality control (QC) settings were applied and compensation beads (Anti-Mouse
Ig k/Negative Control Compensation Particles Set, BD Biosciences, USA) were run to obtain accurate

fluorescence signal. The compensation matrix was then applied and used for the sample.

2.2.4.1 Gating strategy and optimization

For the BD FACS™ Calibur flow cytometer (BD Biosciences, USA), a minimum of 10 000 total events
were counted for each cell population of interest. Regarding patient samples assessed on the
FACSymphony™ A5 Cell Analyzer (BD Biosciences, USA), 20 000 lymphocytes were counted prior to

counting 10 000 cells of each population of interest.

Overall PD-L1-positivity was assessed by gating on all immune cells with high CD274 expression based
on side scatter versus CD274 (SSC vs CD274). To analyse B cells and Bregs, a sequential gating strategy
was implemented where cells were initially gated based on the forward versus side scatter (FSC vs
SSC) plot to specify lymphocytes and exclude cell debris. Figure 2.1 illustrates the sequential gating

strategy implemented. Lymphocytes were selected as cells with high CD45 expression, and from there
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B cells were identified and gated on as CD45* CD19*. From B cells, PD-L1* B cells as CD19* CD274" and

Bregs as CD45* CD19* CD24* CD38"* were identified, and finally using the Bregs plot, PD-L1* Bregs were
identified as CD19* CD24*CD38*CD274*.
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Figure 2.1: Sequential gating strategy implemented on the (A) BD FACS™ Calibur flow cytometer and (B) the
BD FACSymphony™ A5 Cell Analyzer

Fluorescence Minus One (FMO) controls were used, where samples were stained with each

fluorophore minus one, to determine the boundary for background signal and allow for accurate

gating of positive populations. These controls were used to set gates, excluding negative populations.
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2.2.5 Statistical analyses

To identify baseline characteristics that were significantly different between patient groups, Fishers
exact tests were performed. Since this specific test only analyses two categories of data, p-values for
COO and EBV status were calculated by only comparing GCB to non-GCB and EBV-positive to EBV-
negative, respectively. Data was recorded in a Microsoft Excel Spreadsheet and statistical analyses
was performed using GraphPad Prism version 9 (GraphPad Software, USA). Cell populations were
analysed within the program suited for the FACS system used and the data was recorded in a Microsoft
Excel Spreadsheet and GraphPad Prism version 9 (GraphPad Software, USA) was used to generate
graphs and perform statistical tests. The Kruskal-Wallis test was used to compare the absolute B cell
counts between three data groups, i.e. heathy controls, HIV-positive DLBCL and HIV-negative DLBCL.
Mann-Whitney U non-parametric test was used to compare the data between two data groups, i.e.
healthy controls to DLBCL patients, and HIV-positive DLBCL to HIV-negative DLBCL. Data was
presented as individual points, with the median being marked. The p-value for statistical significance

was set at p £0.05, with a 95% confidence interval.
2.3 Results

2.3.1 Patient characteristics

A total of 33 patients were recruited into this study and a summary of the clinical characteristics are
shown in Table 2.3 below. Of the 33 participants, approximately two thirds were HIV-negative (67%;
n=22). Within the HIV-negative group, 59% was males (n=13), while in the HIV-positive group 45% was
male (n=5). At the time of DLBCL diagnosis, the majority of HIV-negative patients were above the age
of 50 (64%; n=14), whereas in the HIV-positive group the majority of the patients were under the age
of 50 (64%; n=7).

There was significant difference in DLBCL subtypes according to HIV status. The majority of HIV-
negative patients were of the non-GCB subtype (73%; n=16), while the GCB subtype was most
common among the HIV-positive DLBCL patients (64%; n=7) (p < 0.05). There was notable extranodal
involvement within the HIV-positive group (82%; n=9) relatively to the HIV-negative group (50%;
n=11). In both cases, tumours tested negative for EBV in the majority of cases (73% and 86% for HIV-

positive and HIV-negative respectively).
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Table 2.3: Clinical characteristics of study participants.

HIV-positive HIV-negative P-value
Patients 11 (33%) 22 (67%)
Gender 0.4875
Male 5 (45%) 13 (59%)
Female 6 (55%) 9 (41%)
Age (n; range; median) 0.163

<50 64% (n=7; 23-48; 34) 36% (n=8; 24-49; 36)
>50 36% (n=4; 51-61; 55) 64% (n=14; 50-74; 60)
Subtype 0.0214*
GCB 7 (64%) 5(23%)
Non-GCB 3 (27%) 16 (73%)
Other 1 (plasmablastic) (9%)
Unknown 1 (4%)
Biopsy site 0.1322
Nodal 2 (18%) 11 (50%)
Extranodal 9 (82%) 11 (50%)
Tumour EBV status 0.3098
Positive 3(27%) 2 (9%)
Negative 8 (73%) 19 (86%)
Unknown 1 (5%)

GCB — Germinal Center B-Cell (GCB); EBV — Epstein-Barr virus. Fishers exact test *p < 0.05 = statistically significant. P-values were calculated
for COO and EBV status by only taking GCB vs non-GCB and EBV-positive vs EBV-negative into account, respectively.

2.3.2 Difference in cell counts between HIV-negative and HIV-positive DLBCL patients

Routine full and differential blood counts were performed for each patient on sample collection day.

This data was accessed, with consent, from the NHLS patient database LabTrak portal, and is displayed

in Table 2.4 below, grouped and analysed based on HIV status.
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Table 2.4: Full blood and differential lymphocyte counts of study participants.

Normal HIV-positive (n=11)  HIV-negative (n=22)
P-value
range Median (range) Median (range)
White cell count (x10°/L) 3.9-12.6  6.28(3.03-11.01) 8.1(1.13-22.53) 0.0633
Lymphocyte differential count (x10°/L) 1.4-4.5 1.24 (0.47-3.24) 1.675 (0.3-6.55) 0.3907
Neutrophils (x10°/L) 1.6-8.3 3.29 (1.94-9.46) 5.075 (0.39-14.58) 0.0894
Monocytes (x10°/L) 0.2-0.8  0.59 (0.06-0.81) 0.875 (0.17-5.43) 0.0027**
Eosinophils (x10°/L) 0-0.04 0.05 (0-0.43) 0.04 (0-0.32) 0.5893
Basophils (x10%/L) 0-0.1 0.02 (0-0.05) 0.045 (0.02-0.19) 0.0093**
Red cell count (x10%%/L) 3.8-48  4.33(2.17-5.27) 4.44 (2.76-5.64) 0.3961
Platelet count (x10°/L) 186-454 325 (210-718) 367 (175-1048) 0.453

Mann-Whitney U test, p-value <0.05 = statistically significant (**p < 0.01).

HIV-positive DLBCL patients had significantly lower monocyte and basophil counts compared to the
HIV-negative DLBCL group. In addition, white cell counts were generally lower within the HIV-positive

cohort, as well as the neutrophil counts.

2.3.3 Analysis of cell populations

PD-L1-positivity on peripheral immune cells present in the peripheral blood was determined by gating
on cells with high CD274 expression. A sequential gating strategy on CD45 was implemented to assess
B cells and its subpopulations. An initial CD45 gating allows for exclusion of cellular debris and other
“noise” within the sample, which was followed by sequential gating within this population (139). The

methodology and antibody panels used are outlined in section 2.2.3 above.

2.3.3.1 Overall PD-L1 positivity

The overall status of PD-L1 positivity across peripheral immune cells within the peripheral blood
(lymphocytes, granulocytes and monocytes) was evaluated in DLBCL patients and compared to six
healthy controls. The findings are represented in Figure 2.2A and demonstrate a statistically significant
difference in overall PD-L1 status (CD274") between healthy individuals and DLBCL patients, with the
latter group displaying elevated numbers of PD-L1* cells (healthy controls vs DLBCL patients; median:
0.14% vs 0.44%; p < 0.01). DLBCL patients were then stratified according to HIV status and PD-L1-
positivity was assessed in each patient group. Despite the number of HIV-positive patients being half
the number of HIV-negative patients, a significant difference was observed between the groups
(Figure 2.2B), whereby increased PD-L1-positivity was observed in the HIV-positive group (HIV-
negative vs HIV-positive; median: 0.37% vs 0.65%; p < 0.05).
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Figure 2.2: Percentage of PD-L1* cells (CD274*) in DLBCL patients. Blood samples were incubated with
fluorochrome-conjugated antibodies to assess PD-L1-positivity. (A) PD-L1 status in healthy controls and DLBCL
patients. (B) PD-L1* cells in DLBCL patients stratified according to HIV status. Individual data points are
represented above, with the centre line indicating the median. Statistical analysis was performed using
GraphPad Prism version 9 (Mann-Whitney U test, *p < 0.05; **p < 0.01).
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2.3.3.2 PD-L1 expression within B lymphocytes

B cells were analysed through sequential gating using antibodies against CD45 and CD19. CD19 is
recognized as a pan B cell marker expressed by most B cells from the early stages of development until
differentiation to plasma cells and recognised as a reliable B lymphocyte marker (140). Thirteen
healthy controls were included to compare the absolute count to that of the two DLBCL groups. As
shown in Figure 2.3, the absolute count of CD19* B cells was significantly higher in healthy individuals
compared to both DLBCL patients groups (control vs HIV-negative, p < 0.01; control vs HIV-positive, p
< 0.01), while no significant difference was observed between HIV-positive and HIV-negative DLBCL
patients, although a general trend of a slightly lower B cell count was observed in the HIV-positive

DLBCL group (HIV-negative vs HIV-positive, p > 0.9999).
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Figure 2.3: Absolute count of B cells (CD45* CD19") in healthy individuals and HIV-negative and -positive DLBCL
patients. Blood specimens, collected in EDTA tubes, were stained with fluorochrome-conjugated antibodies, and
analysed using flow cytometry. Absolute CD19* B cell counts were determined for each patient by multiplying
the percentage of CD45* CD19* B cells with their respective lymphocyte count (retrieved from NHLS LabTrak) and
dividing by 100. Individual data points in all groups are represented above, with the centre line indicating the
median. Statistical analysis was performed using GraphPad Prism version 9 (Kruskal-Wallis test, **p < 0.01).

The B cell population was then further subtyped to assess PD-L1* B cells (CD19* CD274") between
healthy controls and all DLBCL participants included in this study. We found B cells to be significantly
higher expressors of PD-L1 in DLBCL patients, compared to healthy individuals (Figure 2.4A; healthy
controls vs DLBCL patients; median: 1.97% vs 6.62%; p < 0.001). DLBCL patients were then stratified

according to HIV status, which revealed that B cells in HIV-positive DLBCL patients expressed higher
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levels of the immune regulatory ligand relative to the HIV-uninfected patient group (Figure 2.4B; HIV-

negative vs HIV-positive; median: 5.66% vs 10.9%; p < 0.05).
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Figure 2.4: Comparison of PD-L1* B cells (CD19* CD274") in DLBCL patients. Blood specimens, collected in EDTA
tubes, were stained with fluorochrome-conjugated antibodies, and analysed using flow cytometry. (A)
Percentage of CD19* CD274* PD-L1-positive B cells in healthy controls and DLBCL patients. (B) Percentage of
CD19* CD274* PD-L1-positive B cells in HIV-negative and HIV-positive DLBCL patients. Statistical analysis was
performed using GraphPad Prism version 9 (Mann-Whitney U test, *p < 0.05; ***p < 0.001). Individual data
points in all 01groups are represented above, with the centre line indicating the median.
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2.3.3.3 Regulatory B cells and PD-L1 expression

Bregs (CD19* CD24* CD38*) were sequentially identified from the B cell population and as shown in

Figure 2.5A, there was no significant difference between the proportion of Bregs in healthy controls

and DLBCL patients; although a high degree of variability was observed within the DLBCL patient

group, with a much higher median (Healthy controls vs DLBCL patients; 26.55% vs 58.3%; p = 0.0524).

When comparing Bregs in DLBCL patients according to HIV status, no major differences were observed

(Figure 2.5B; HIV-negative vs HIV-positive; median: 57.5% vs 61.2%; p = 0.5344).

(R)
Bregs
(CD45'CD19'CD24"'CD38")
ns

w» 100 I I
T ., ® Healthy controls (n=6)

L
v 80+ 5 o DLBCL patients (n=33)
- 'i.:.
S 60- . —ag
“— .
o ....
o 40- o2
m© °
- —— o*
g 204 e°
- L]
g 0 L L1

(B)
Bregs
(CD45'CD19'CD24"CD38%)
ns

" 100- [ 1
5 ., ® HIV-negative DLBCL (n=22)
o 80- * . ® HIV-positive DLBCL (n=11)
-E ..:.l ‘..
S 60 L es —
- * sg®
o a0 °*g°
] [ ]
= ¢ $
E 20—
@
a 0 L BN ]

27



Figure 2.5: Comparison of Bregs (CD45* CD19* CD24* CD38"*) in DLBCL patients. Blood samples were incubated
with fluorochrome-conjugated antibodies to assess the Breg population. A Fluorescence Minus One (FMO)
control was used to identify cells positive for CD24 and CD38. (A) Percentage of Bregs in healthy individuals and
DLBCL patients. (B) Percentage of Bregs in DLBCL patients segregated based on HIV status. Individual data points
are represented above, with the centre line indicating the median.

PD-L1-positivity within the Breg subpopulation (CD24* CD38" CD274") was assessed in DLBCL patients
and compared to healthy controls (Figure 2.6A). While not statistically significant, less than 2% of Bregs
in the healthy controls were positive for PD-L1 expression, whereas DLBCL patients demonstrated high
variability in their proportion of PD-L1* Bregs, with up to ~35% of Bregs being PD-L1* (healthy controls
vs DLBCL patients; median: 0.54% vs 1.43%; p = 0.1730). When stratified according to HIV status, no
noticeable difference in the proportion of PD-L1* Bregs was observed between groups (Figure 2.6B;

HIV-negative vs HIV-positive; median: 1.74% vs 0.83%; p = 0.3551).
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Figure 2.6: Comparison of PD-L1-positivity within the Breg population (CD19* CD24* CD38* CD274*) in DLBCL
patients. Blood samples were incubated with fluorochrome-conjugated antibodies to assess PD-L1* Bregs. A
Fluorescence Minus One (FMO) control was used to identify cells positive for CD274. (A) Percentage of PD-L1*
Bregs in healthy individuals and DLBCL patients. (B) Percentage of PD-L1* Bregs in DLBCL patients segregated
based on HIV status. Individual data points are represented above, with the centre line indicating the median.

2.4 Discussion

This study sought to assess and compare the overall status of PD-L1 as well as B cells, Bregs and PD-
L1-positivity within the peripheral blood of newly diagnosed, treatment naive, DLBCL patients based
on their HIV status. Over the period of August 2021 to March 2024, 33 newly diagnosed DLBCL patients
were recruited into the study and their blood samples were used for flow cytometric analysis. The
cohort consisted of a higher proportion of HIV-negative cases (67%), which is in line with previous

reports recruiting patients from the same site (82, 141).

Of the total participants recruited in this study, 55% were males. Several reports note that DLBCL is
slightly more common in males as opposed to females (142, 143). In line with those reports, we
observed slightly more males (59%; n=13) than females (41%; n=9) in the HIV-negative group.
However, this finding could be biased due to the small sample size. Although there is no clear
explanation behind the difference in DLBCL incidence rates between genders, multiple studies have
attributed this to estrogen signalling (144, 145). Yakimchuk and colleagues demonstrated, in a mouse
model, that the presence of the estrogen receptor (ER)B on lymphoid cells, conferred an anti-
proliferative effect on lymphoma tumours (146). Interestingly, a recent report revealed that nuclear

receptor 4A2 (NR4A2), a tumour suppressor in lymphoma, is regulated by estrogen and that females

29



with the ABC subtype of DLBCL and high NR4A2 expression exhibited better survival outcomes
compared to those with low expression of NR4A2 (143). Additionally, pregnancy, natural birth as well
as the use of oral contraceptives have been associated with lowering the risk of DLBCL in females (144,
145, 147). With regards to the HIV-positive group, while our cohort is small, we noted almost equal
number of males (45%; n=5) and females (55%; n=6). Studies assessing the South African DLBCL
population in an HIV-positive setting, have revealed that there is a slightly higher female to male ratio
in the HIV-positive DLBCL group (72, 148), and while this trend is not explicitly clear in our findings,
the sample size of the current study is relatively small. In South Africa, women are considered to be a
high-risk population for contracting HIV, primarily due to age-disparate relationships with older men
who are HIV-positive and unaware of or do not disclose their status (149), resulting in a higher number
of HIV-positive females, who are at risk for DLBCL development. An investigation on a larger scale may
reveal interesting trends on the frequency of DLBCL in males and females, taking HIV-infection into

account, in a South African context.

EBV-infection was detected in 27% of HIV-positive samples (n=3), as opposed to 9% in the HIV-
negative group (n=2). Of the total participants included, only five were EBV-positive, of which three
were HIV-positive. While the results from this study show that EBV-infection is more common in HIV-
positive DLBCLs, the frequency is lower than that reported in other studies. Retrospective studies
conducted in the USA revealed that between 31% and 44% of HIV-positive DLBCLs were EBV-positive
(63, 150), and some reports indicate up to 50% of HIV-positive DLBCLs being EBV-positive (62). Despite
the low sample size, the number of EBV-positive cases among HIV-positive DLBCL patients reported in
the current study is slightly higher than that reported by Cassim and colleagues, which involved
participants from the same recruitment site. Cassim et al. revealed that only 16% of HIV-positive
DLBCLs were EBV-positive; but nonetheless, EBV-infection was still detected more frequently in HIV-
positive cases (82). Since infection with EBV in DLBCL is associated with an aggressive disease
(151)even more so in South Africa where co-infection with HIV and Tuberculosis (TB) is prevalent
(152); it is plausible that most of these patients may have already succumbed to their disease prior to
reporting to the hospital and receiving their diagnosis, ultimately resulting in a lower frequency of

EBV-positive HIV-associated DLBCL cases being reported within our local setting.

HIV-positive DLBCL patients generally presented at an earlier age compared to the DLBCL patients who
were HIV-negative. This observation is well documented in the literature (72, 153, 154), and has been
linked to several factors, such as (a) impaired immune defence and specific molecular events driven
by HIV-infection, as well as co-infection with other oncogenic viruses such as EBV, and (b) the

possibility that HIV-infected patients frequent ARV clinics, and thus are typically closely monitored at
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these clinics and hospitals upon receiving their HIV-positive status, allowing for an earlier DLBCL
diagnosis to be made (155). Additionally, in South Africa, the incidence of HIV is higher in younger
individuals, between 20 - 24 years for women and 25 — 29 years for men (156), and ultimately,
acquiring HIV at an earlier age would lead to an earlier onset of DLBCL, given the high risk of DLBCL

development that is associated with HIV-infection.

Within our cohort, a statistically significant difference in subtypes was observed between groups
where 64% of HIV-positive DLBCLs were of GCB-origin, and 84% of HIV-negative DLBCLs were assigned
to the non-GCB subtype (p < 0.05). This is an unexpected finding, given that ABC-DLBCL is associated
with a worse outcome and so are HIV-associated DLBCLs, and thus one may expect that ABC-DLBCLs
would be more prevalent within this patient group (65, 157). In the literature, there appears to be
conflicting data on which DLBCL subtype is more commonly observed in HIV-infected individuals. For
instance, in 2014, a study conducted by Morton and colleagues evaluated and compared the
molecular traits and prognosis in DLBCL patients who were HIV-negative and HIV-positive. In that
particular study, it was reported that in the HIV-infected group, 83% of tumours were of ABC-origin,
compared to 54% in the HIV-negative group (158). Contrasting to that, a later study reported that
GCB-DLBCLs are more frequent in HIV-positive cases, while a more even distribution of subtypes is
observed in the HIV-negative group (159). It is important to note that the two studies mentioned
above were performed on different patient populations. In a recent retrospective study involving an
American cohort of patients, GCB-DLBCLs arising in the HIV-infected population were reported to be
molecularly distinct from GCB-DLBCLs arising in HIV-uninfected individuals, suggesting that HIV-
positive GCB-DLBCLs is a distinct entity of DLBCL (160). It is also highly plausible that since ABC-DLBCL
is more aggressive, HIV-positive patients with this subtype of DLBCL may have already succumbed to
their disease before reporting to the hospital for treatment, and thus, this could be a spurious

correlation.

In the current study, 50% of HIV-negative DLBCL patients (n=11) presented with extranodal
involvement, whereas a striking 82% of HIV-positive patients (n=9) were diagnosed with DLBCL from
extranodal sites. This is in line with other studies reporting that HIV-associated lymphomas, including
DLBCL, tend to involve extranodal sites (161, 162). Extranodal involvement relates to sites, other than
the lymph nodes and tonsils, from which DLBCL can arise, and this is associated with a worse
prognostic outcome (163). Additionally, DLBCL can also spread to extranodal organs, which would be
indicative of advanced stage disease (164). Since we have reported a higher frequency of extranodal
involvement in the HIV-positive cohort, this emphasizes the aggressive nature of HIV-associated DLBCL

(165).
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While not statistically significant, a slightly lower white blood cell count is observed for the HIV-
positive group compared to the HIV-negative group. Cytopenia is indeed a frequent observation in
HIV-infected individuals. Cytopenia results from the effect of HIV on lymphocytes, monocytes and
other immune cell populations which ultimately impacts haematopoiesis (166). Interestingly, our
study noted a significantly lower count of monocytes (monocytopenia) observed in the HIV-positive
group (p £0.01). Monocytes are involved in the first line of defence against pathogens, including HIV,
and may become infected with HIV due to the presence of CD4 receptors and CCR5 coreceptors (167,
168). In a recent investigation, the monocyte count in people living with HIV (PLWH) was compared to
healthy controls and a slightly lower monocyte count was noted in HIV-infected individuals (168);
however, a separate study revealed that in the context of HIV-positive DLBCL, the monocyte count did

not offer any prognostic value (169).

A significantly lower basophil count was also noted among our HIV-positive DLBCL patients (p < 0.01).
Basophils migrate to sites of inflammation to mediate allergy response and hypersensitivity reactions
(170). It has been reported that circulating basophils are capable of capturing HIV-1 particles on their
cell surface and mediate trans-infection of CD4* T cells by forming viral synapses (171). Jiang and
colleagues co-cultured basophils, bound with HIV-1, with CD4* T cells and discovered that basophils
can transfer HIV-1 to CD4* T cells resulting in the infection of these cells (172). Certain strains of HIV
utilize CCR3, present on basophils, as a co-receptor for HIV-infection (171). The HIV-1 Tat and Nef
proteins are said to be strong chemo-attractants for basophils through interaction with CCR3 and
CXCR4, respectively (173, 174). The findings from these studies highlight basophils as an important
population of cells that are involved in the spread and persistence of HIV-infection. With that being
said, it is not evidently clear how HIV-infection impacts the basophil count. This warrants further
investigation into whether HIV has an impact on the number of basophils in infected patients, or if the
count is lower in HIV-positive individuals but the basophils that are present, are utilized by HIV to
reach CD4" target cells. Since CD4* T cells are the primary targets for HIV, most of the immune

dysregulation caused by HIV-infection is a result of the indirect effects associated with the virus (175).

While not statistically significant, our findings suggested a lower neutrophil count in the HIV-positive
group compared to HIV-negative patients. Abnormalities resulting in a lower neutrophil count
(neutropenia) have been previously described in HIV-infection (176, 177). Neutrophils are generally
considered to act in defence against invading pathogens and neutropenia critically affects patients,
especially with the immune system already being compromised by HIV (178). There is currently no
evidence that HIV directly infects neutrophils, but several potential causes for neutropenia observed

in the presence of HIV-infection have been described (176). For example, the development of
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neutropenia is said to be closely associated with HIV viral load which implies that HIV may exert
toxicity to haematopoietic cells, including neutrophil precursors (178). In addition, HIV also negatively
affects T cell production of Granulocyte-macrophage colony-stimulating factor (GM-CSF), a cytokine
that stimulates neutrophils (179). Taken together, in addition to the direct targeting of CD4* T cells, it
is clear that HIV-infection also influences several other types of immune cells, whether it be by direct

or indirect mechanisms.

With regards to the status of PD-L1, compared to healthy controls, where PD-L1 levels were relatively
low, DLBCL patients displayed significantly higher PD-L1 positivity in their peripheral blood. To date,
there has been few studies evaluating overall PD-L1-positivity in the peripheral blood of DLBCL
patients compared to healthy individuals. In a recently published study, increased levels of PD-1-
positive cells and soluble PD-L1 (sPD-L1) were reported in the blood samples from DLBCL patients
relative to healthy controls, and the level of PD-1 expression within DLBCL patients was significantly
correlated with advanced disease staging (180). In addition to the membrane-form of PD-L1, the
soluble form of PD-L1 is also present within fluids, and originates predominantly via cleavage of the
membrane form, however there is no clear correlation between PD-L1 and sPD-L1 (94, 181).
Nonetheless, our result clearly indicates that PD-L1 expression is likely a significant player in DLBCL

pathogenesis due to its high expression, relative to healthy controls.

In the presence of HIV, certain cell subsets are reported to express upregulated levels of PD-L1 (98,
182), but there are limited studies describing the status of PD-L1 in the peripheral blood of HIV-
positive DLBCL patients. When comparing DLBCL patients based exclusively on HIV status, this study
observed a noticeable trend of increased PD-L1-positive cells in the HIV infected group, thus
confirming that HIV-infection is associated with increased PD-L1 levels. This association could be made
despite the fact that the HIV-positive cohort was 50% smaller in numbers than the HIV-negative
cohort. As mentioned, limited studies exist on the status of PD-L1 in the peripheral blood of HIV-
positive DLBCL patients. In the context of HIV-infection solely, Bowers and colleagues (2014) reported
that in the blood of HIV-positive individuals, neutrophils express high levels of PD-L1 (183).
Additionally, PD-1 expression was reported to be increased on monocytes in the PBMCs of HIV-
positive patients, and the interaction between PD-1* monocytes and cells expressing high levels of PD-
L1, resulted in the dampening of T cell functions (184). There are only a few reports assessing immune
cell counts in HIV-positive DLBCL as an entity, thus emphasizing the importance of understanding this
disease at the cellular level, as trends may differ to what is described in the context of HIV-infection
alone. Furthermore, identifying cell-specific PD-L1 expression contributing to the overall elevated

status of PD-L1 observed in HIV-positive DLBCLs, and how that may differ from PD-L1-expressing cells
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in HIV-negative DLBCL, is important to unmask the specific cells involved in establishing a favourable

environment for tumours.

The absolute count of CD19* B cells was significantly lower in the DLBCL patient group, compared to
the healthy controls, and this is in line with what has been previously reported (141). An even lower
B cell count was observed in the HIV-positive group, relative to the HIV uninfected DLBCL cohort of
patients. While HIV does not infect B cells, studies have shown that HIV-infection leads to B cells
dysfunction and a reduced number of B cells (185, 186). In an HIV setting, impaired B cell functioning
has been suggested to be related to the low levels of CD4* T cells, which are essential in initiating B
cell activation and proliferation (187, 188). In addition, during HIV-replication and progression the
complement receptor CD21, which forms a complex with CD19 to enhance BCR signalling, is reported
to be absent or expressed at very low levels on B cells (CD217°" B cells) (185, 189), which results in a

decreased proliferation rate upon receiving B cell stimuli (190).

When comparing PD-L1 expression on B cells within patient groups, our findings revealed a
significantly higher proportion of PD-L1* B cells in DLBCL patients compared to healthy controls. This
demonstrates that B cells are a contributor to the elevated PD-L1 expression in DLBCL observed
earlier. Upon stratifying DLBCL patients according to HIV status, this study noted a significant trend of
increased PD-L1-expressing B cells in the HIV-positive group, despite the number of HIV-positive DLBCL
patients being 50% less than the number of patients in the HIV-negative group. As stated by Epeldegui
and colleagues, who also revealed elevated PD-L1 expression on B cells in the presence of HIV-
infection (126), it is highly plausible that increased PD-L1-expressing B cells may contribute to the
impairment of CD4* and CD8* T cells by interacting with PD-1, ultimately impacting the anti-tumour
response. The wide range of PD-L1* B cells observed in our HIV-positive group (percentages range
from 2.69% to 25%) may be explained by variations in the viral load (VL) and CD4 counts among the
patients (although no correlation could be made, due to high variability in our data). While a negative
correlation between CD4 count and VL would be expected, this feature is not always demonstrated
(191), reflecting variation between patients with the same disease. A recent study by Rafael and
colleagues showed that PD-L1 expression on B cells was increased in HIV-infected participants with a
detectable VL, compared to both healthy individuals and HIV-infected patients who received ARTs and
displayed undetectable VLs; thus confirming that PD-L1 was upregulated on B cells during HIV
replication (192). While the data on ART status of our patient cohort was not available, it should be
noted that, in our local setting, the majority of our HIV-positive patients discover their HIV status
during their cancer diagnosis, and thus would not have been on ARTs, and a small number would have

defaulted on their ART. Additional studies assessing the potential impact of ARTs on PD-L1 expression
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in our local setting may prove to be useful in providing further insight. Overall, these finding suggest
that HIV promotes an immunosuppressive environment in newly diagnosed DLBCL patients, partly

through PD-L1* B cells.

Regarding the assessment of Bregs and PD-L1* Bregs, our findings show no significant difference
between healthy individuals and DLBCL patients. Of note was that the proportion of Bregs and PD-L1*
Bregs was highly variable in DLBCL patients relative to healthy controls, which indicates that this
population of cell is affected/abnormal within this patient group, with some patients harbouring
relatively high Bregs/PD-L1* Bregs, with the p-value approaching significance (Bregs, p = 0.0524).
Additionally, in healthy controls, a very small percentage of Bregs expressed PD-L1 (less than 2%),
whereas the percentage of PD-L1* Bregs was variable in DLBCL patients, ranging from 0% to 35.76%.
Upon segregating DLBCL patients based on their HIV status, no apparent difference in the percentage
of Bregs or PD-L1* Bregs was observed between HIV-positive and HIV-negative patients. Both patient
groups presented with a similar trend of these cell populations, thus indicating that infection with HIV
did not significantly impact PD-L1-positivity on Bregs in our cohort of DLBCL patients. This contrasts
with what was reported by Epeldegui and colleagues, although these two studies were different in
several aspects. For instance, our study compared DLBCL patients who were HIV-positive and HIV-
negative, whereas Epeldegui and colleagues compared HIV-positive patients who developed DLBCL
and those who did not. More importantly, a key difference is the population of patients included in
our study, compared to the study conducted by Epeldegui et al. In South Africa, HIV-positive
individuals present more frequently with co-morbidities, such as TB, as well as opportunistic
infections, which are associated with a more aggressive disease (148). Furthermore, Epeldegui and
colleagues also included a larger number of patient specimens. Our study comprised of a small number
of healthy controls and twice as many HIV-negative patients relative to the HIV-positive group.
Therefore, including a larger number of healthy controls along with more DLBCL patients, both HIV-
positive and -negative, may prove to be worthwhile in establishing the relevance of these cell
populations within our patients in South Africa. Other than the study conducted by Epeldegui and
colleagues, there is a dearth of information around the status of Bregs and PD-L1*Bregs in HIV-positive
DLBCL. In the context of HIV-infection alone, Bregs were reported to contribute to T cell impairment
through IL-10 and PD-L1 (193). Additionally, in treatment-naive HIV-positive patients, the frequency
of Bregs were reported to be higher when compared to healthy controls, and significantly less in in
those who received treatment (194). To our knowledge, there are limited studies assessing the
proportion of Bregs solely in the context of DLBCL. Recently, Mishina et al. reporting on the

characteristics of DLBCLs positive for markers of Bregs, such as IL-10 and transforming growth factor
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B (TFG-B). They found that these “Breg-type DLBCLs” were associated with the ABC-like cell of origin

as well as poor prognosis (195).

The proportions of Bregs and PD-L1" Bregs were further stratified, using the median of each cell
population, to determine if there was any relationship between the expression levels of these cells
and the DLBCL subtype, EBV-status, or site of diagnosis (Supplementary Tables 2.1 and 2.2). In the HIV-
positive cohort, two out of the three non-GCB cases (67%) expressed a percentage of Bregs above the
median, while four out of the seven GCB cases (57%) expressed a percentage of Bregs below the
median. In the HIV-negative cohort, there was no major difference or trend in the DLBCL subtypes of
Bregs expressed below or the above the median. Similarly, for the PD-L1* Bregs, there is an equal
proportion of non-GCB subtypes below and above the median in the HIV-negative cohort. In the HIV-
negative group, the majority of the cases who had Bregs and PD-L1* Bregs expressed at a percentage
above their respective medians, were DLBCLs diagnosed from extranodal sites, while the majority of
the nodal cases had a low percentage of these cells present, i.e. below the median. In the HIV-positive
group, the distribution of both cell populations followed no definitive trend based on their site of

diagnosis (nodal or extranodal).

Another study conducted within our laboratory by Dr Ramorola, recruiting patients from the same
site, revealed that in addition to HIV-positive DLBCL patients presenting with significantly less CD4* T
cells compared to the HIV-negative DLBCL patients, a higher proportion of CD8"* cytotoxic T cells was
also uncovered in the peripheral blood of the HIV-positive cohort (141). Chronic activation of CD8* T
cells occur as a result of continuous antigen stimulation, associated with HIV-infection, ultimately
leading to the dysfunction of these cells. There is a scarcity of studies evaluating and comparing
immune cell populations in HIV-positive and HIV-negative DLBCL patients, which ultimately provide

valuable insight into the immune dysregulation driven by HIV.

Overall, the data from this study provided significant insight into the status of PD-L1 in HIV-positive
DLBCL patients, which has not been described before in a South African cohort of patients. We have
demonstrated that HIV-positive DLBCL patients have significantly increased levels of PD-L1-positive
cells in their peripheral blood, of which CD19* B cells are a contributor, signifying that immune evasion
through PD-L1 is a mechanism associated with HIV-infection in DLBCL. This may also, in part, explain
the aggressive phenotype of HIV-associated DLBCL. Increasing the sample size is a future endeavour
of this project. Additional studies assessing the status of PD-L1 on other cell types in DLBCL, in the
context of HIV-infection, may uncover interesting trends and provide more insight into the regulation

of PD-L1 by HIV.
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Chapter 3

Evaluation of PD-L1 expression, T lymphocyte and macrophage populations in
the TME of HIV-positive and HIV-negative DLBCL tumours

3.1 Introduction

The function of PD-L1 as an important component of the tumour immunosuppression was discussed
in section 1.5.2 (Chapter 1), and evidence to date suggests that the status of this factor within the TME
is one of the major elements affecting therapeutic efficiency (196). The TME is not only composed of
malignant cells, but also includes a large number of non-transformed cells, some of which are
recruited by the malignant cells. Together, they constitute a highly complex state that sustains the
TME’s internal signalling network which influences tumour progression, metastasis, immune evasion
and therapeutic response (197, 198). While the composition of the TME differs between cancer types,
the key components include stromal cells, fibroblasts, fat cells, endothelial cells, immune cells (T and
B lymphocytes, NK cells, tumour-associated macrophages, dendritic cells, etc), blood vessels, and the

extracellular matrix (ECM) (Figure 3.1).
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Figure 3.1: Main components of the TME. Graphical illustration of the various cellular and non-cellular
components present in the TME, contributing to tumour progression (from Dzobo et al., 2023) (199).
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The relationship between the TME and infiltrating immune cells can either promote or hinder tumour
growth (200). Innate immune cells, such as macrophages, and adaptive immune cells, including B and
T cells, are important components of the TME (201). Cytotoxic T cells (CD8*) identify abnormal tumour
antigens and exhibit cytotoxic activity against them; therefore, their presence in the TME is correlated
to a favourable prognosis in cancer patients (202, 203). Helper T cells (CD4*) can differentiate into
various subsets, and thus regulates a broad range of immune responses within the TME (204).
Macrophages are key regulators in maintaining tissue homeostasis and can be classified as either pro-
inflammatory macrophages (M1) or immune-suppressive macrophages (M2) (205). While both types
may be found in the TME, M2 macrophages are generally favoured by tumour cells since they promote
growth and progression of the tumour (206). An inferior prognosis is often seen in cancer patients
with high macrophage infiltration (207). Within the TME, PD-L1 can be widely expressed on the
surface of multiple cell types, including B and T lymphocytes, dendritic cells and macrophages, as well

as on the surface of the tumour cells, leading to T cell exhaustion and immune tolerance/escape.

In DLBCL, as is the case for many other cancers, the cross-talk between tumour cells and the
microenvironment has been shown to be dysregulated to avoid immune detection by the host, and
several mechanisms have been described (208). MHCs are essential molecules for the presentation of
self and non-self antigens to T cells (209), and are frequently dysregulated in DLBCL to reduce
recognition by T cells, thus promoting an immunosuppressive TME (210). Additionally, impaired
immune response by PD-L1 overexpression has been reported on both DLBCL tumour cells and TME
components (211, 212, 213, 214). PD-L1 expression was also demonstrated to positively correlate with
the number of PD-1* TILs (215). Roussel and colleagues demonstrated that PD-L1 expression was
elevated in DLBCL and even more so in the ABC subtype, which also showed increased levels of PD-
1*TIM3* TILs (216). Similarly to PD-1, TIM3 is an inhibitory receptor that is often co-expressed with
other inhibitory receptors to regulate T cell exhaustion (217), and co-expression of PD-1 and TIM3 is
said to exert a greater level of T cell exhaustion (218). Interestingly, Roussel and colleagues reported
that while PD-1"TIM3" TILs displayed an impaired cytokine production in DLBCL, they retain high

expression of cytotoxic molecules, and their functions could be restored upon PD-1 blockade (216).

While the dynamics of the TME has been well studied, much less work has been done on the impact
of HIV-infection on the TME, within the context of HIV-associated cancers, such as DLBCL.
Immunohistochemical studies to examine prognostic markers in DLBCL found that the latter had much
reduced predictability within an HIV positive context, which indicate differences in the
pathophysiology of the tumours (219). Indeed, an enhanced angiogenic state has been associated with
HIV-related malignancies, and a few studies have reported on differences in the immune cell

composition of the TME in patients with or without HIV infection (220). With regards to DLBCL, a study
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published in 2013 reported increased microvessel density in the TME of HIV-positive DLBCL cases, but
no changes in macrophage density, compared to HIV-negative DLBCL cases (221). However, a slightly
later study published in 2015 reported increased density of macrophages in HIV-positive DLBCLs,
keeping in mind that macrophages with a proinflammatory phenotypes have been reported to
stimulate angiogenesis (222). Exposure to ART has also been shown to impact the TME composition
of HIV-positive DLBCLs, where a recent report revealed an enrichment of exhausted CD8" cytotoxic

cells in ART-naive tumours, compared to the ART-experienced group (69).

There remains a dearth of information on how HIV infection may be impacting the physiology of the
TME in DLBCL patients, accounting for the more aggressive phenotype of the disease observed in this
patient group. Particularly, studies related to the status of PD-L1, a factor which has been reported to
promote aggressive tumours, including via enhanced angiogenesis, within the TME, has, to the best
of our knowledge, not yet been described. Here, using immunohistochemistry (IHC), a small-scale
study was conducted, whereby the TME of 10 HIV-positive and 10 HIV-negative DLBCL tumours were
evaluated and compared, assessing T cell status (CD4* and CD8*), TAM infiltration, and overall PD-L1

expression.
3.2 Methods

3.2.1 Antibodies

The following antibodies were used in the immunohistochemical assay: anti-CD4 ([EPR6855]
ab133616, (Abcam), anti-CD8 ([C8/144B] ab17147, Abcam), anti-PD-L1 (CD274) ([E1L3N] 13684, Cell
Signalling) and anti-CD68 ([PG-M1] ab783, Abcam).

Optimizations for each antibody were carried out using lymph node, appendix and tonsil formalin-

fixed paraffin-embedded (FFPE) tissue sections to ensure specificity and to maximize signal detection.

3.2.2 Patient identification for inclusion

Based on the University of California, San Francisco (UCSF) sample size calculator, it was estimated
that 44 patients in each group is required in this study. Due to the large number of samples required,

this study served as a pilot study by first assessing 10 FFPE tissue samples in each patient group.

The cases included in this study (10 HIV-positive and 10 HIV-negative DLBCL) were retrieved through
a convenience sampling approach from the UCT Anatomical Pathology FFPE archive and assessed by
an expert Anatomical Pathologist to confirm diagnosis, as well as to assess tissue quality and quantity.

Specimens from newly diagnosed DLBCL patients who presented at GSH were included for analysis.
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3.2.3 Sample preparation, antigen retrieval and staining.

Following a period of extensive optimization, two distinct IHC procedures were employed as outlined

below.

3.2.3.1 IHC staining procedure for CD4* and CD68" cells.

Glass slides containing tissue sections were heated on a heating block for 15 minutes at 60° C and
thereafter dewaxed for two 20-minute cycles in xylene, followed by rehydration for two 20-minute
cycles in 100% ethanol and then two 20-minute cycles in 96% ethanol. CD68 staining required an
antigen retrieval step in Proteinase K (20 pg/ml) (Appendix B) at 37° C for 20 minutes. The EnVision
FLEX Mini, High pH (Dako, Denmark) kit was used - the supplied peroxidase-blocking reagent,
EnVision/HRP, DAB chromogen, substrate buffer and wash buffer (20X) were used across all staining
procedures. To minimise false-positive staining, endogenous peroxidase activity was blocked for 5
minutes using peroxidase supplied with the EnVision kit (Dako, Denmark). Slides were washed with
wash buffer (Dako, Denmark) for 20 minutes. Non-specific binding was minimised by incubating slides
in blocking buffer containing 3% BSA in 1X TBS/0.1% Triton X-100 (Appendix B) for 30 minutes.
Thereafter, the sections were incubated with the primary antibodies diluted in 3% BSA in 1X TBS/0.1%
Triton X-100, at 4° C overnight. CD4 and CD68 were incubated at a dilution of 1:500 and 1:80,

respectively.

Following primary antibody incubation, slides were washed in the supplied wash buffer (Dako,
Denmark) for 10 minutes, and thereafter incubated with EnVision/HRP (Dako, Denmark) for 1 hour at
room temperature. Thereafter, the slides were washed as before, and a solution mix of DAB
chromogen and substrate buffer (Dako, Denmark) was added to each specimen for 10 minutes. Slides
were then washed in running tap water, followed by counterstaining in haematoxylin for 2 minutes,
and immersion in Scott’s tap water for 30 seconds. The slides were then washed in water for 3
minutes, dehydrated for two 5-minute cycles in 96% alcohol followed by two 5-minute cycles in 100%

alcohol, cleared with xylene and mounted with rapid mounting medium.

Negative controls were included, which involved staining with secondary antibodies only, as well as

positive controls, which included tissue known to express the antigens of interest.

3.2.3.2 IHC staining procedure for CD8*cells and CD274* (PD-L1) cells.

All IHC experiments included an additional DLBCL specimen to serve as a negative control, and lymph
node and tonsil sections to serve as positive controls for CD8 and CD274, respectively. Glass slides
containing tissue sections were heated on a heating block for 15 minutes at 60° C and thereafter

dewaxed for two 5-minute cycles in xylene, followed by rehydration for two 5-minute cycles in 100%
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ethanol and then two 5-minute cycles in 96% ethanol. CD8 and CD274 staining required an antigen
retrieval step of 2 minutes in 1X TBE (appendix B), at high pressure in a pressure cooker. The EnVision
FLEX Mini, High pH (Dako, Denmark) kit was used - the supplied peroxidase-blocking reagent,
EnVision/HRP, DAB chromogen, substrate buffer and wash buffer (20X) were used across all staining
procedures. To minimise false-positive staining, endogenous peroxidase activity was blocked for 5
minutes using peroxidase supplied with the EnVision kit (Dako, Denmark). Slides were rinsed briefly
with wash buffer (Dako, Denmark). Sections were incubated with the primary antibodies diluted in 3%
BSA in 1X TBS/0.1% Triton X-100, for 45 minutes. CD8 and CD274 were incubated at a dilution of 1:50

and 1:400, respectively.

Following primary antibody incubation, slides were washed briefly in wash buffer (Dako, Denmark),
and thereafter incubated with EnVision/HRP (Dako, Denmark) for 30 minutes at room temperature.
Thereafter, the slides were washed as before, and a solution mix of DAB chromogen and substrate
buffer (Dako, Denmark) was added to each specimen for 10 minutes. Slides were submerged in 1%
copper sulphate (Appendix B) for 5 minutes. Slides were then washed in running tap water, followed
by counterstaining in haematoxylin for 30-45 seconds, and immersion in Scott’s tap water for 10
seconds. The slides were then dehydrated for 10 seconds in 96% alcohol followed by two 10-second

cycles in 100% alcohol, cleared with xylene and mounted with rapid mounting medium.

3.2.4 Visualization, image capture and analysis.

All stained slides were scanned using the Olympus vs120 Virtual Slide Scanner (Olympus Corporation,
Japan) at the Pathology Learning Centre at UCT. Scanned slides were visualized using QuPath version
0.5.1 (University of Edinburgh, United Kingdom) and analysis of staining for all four antibodies was
performed at 20X magnification within the same tumour area in each sample, using the Image)

software version 1.54 (National Institute of Health, USA).

Results are reported as the percentage of positively stained cells within the region analysed. Statistical
analysis was performed using GraphPad Prism version 9 (GraphPad Software, USA), where the Mann-

Whitney U test was implemented.
3.3 Results

3.3.1 Clinical characteristics of study participants.

The clinical characteristics of the 20 patients included in this small-scale study are shown in Table 3.1.
The cases were selected based on convenience sampling, as described in section 3.2.2. A majority of
the cases (70%, n=7 for HIV-positive and 60%, n=6 for HIV-negative) were of the GCB subtype.

Similarly, most of the cases (80% overall, n=16) were negative for tumour EBV status. At the time of
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diagnosis, the median CD4 count of our HIV-positive group was 288 cells/mm?3, below the normal
range of CD4 count typically observed in HIV-uninfected individuals (500 — 1500 cells/mm?3) (223).
Regarding the HIV viral load at presentation, 20% of cases (n=2) displayed an undetectable level, and
low-level viremia ranging from 21 to 1000 IU/mL was also observed for 20% of HIV-positive cases
(n=2). A higher viral load of 1000 IU/mL was observed in 40% of cases (n=4), and in this cohort of HIV-

positive patients, a slight majority were on ARTs (60%, n=6).

Table 3.1: Clinical characteristics of cases included.

HIV-positive HIV-negative
Cases (n) 10 (50%) 10 (50%)
Subtype
GCB 7 (70%) 6 (60%)
Non-GCB 3 (30%) 2 (20%)
Unknown 2 (20)
Tumour EBV status
Positive 2 (20%)
Negative 8 (80%) 8 (80%)
Unknown 2 (20%)
CD4 count at diagnosis (cells/mm?3)
Median (IQR) 288 (177,75-376)
HIV viral load (IU/mL)
0-20 2 (20%)
20-1000 2 (20%)
>1000 4 (40%)
Unknown 2 (20%)
Receiving ART
Yes 6 (60%)
No 4 (40%)

GCB — Germinal Center B-Cell (GCB); EBV — Epstein-Barr virus. ART — Antiretroviral therapy.

3.3.2 Visualization, quantification and analysis of stained cells

As mentioned in section 3.2.4, image visualization was performed by a virtual slide scanning system
and quantification was performed using Imagel software version 1.54 (National Institute of Health,
USA). Representative images of each antibody stain in one HIV-positive DLBCL and one HIV-negative

DLBCL case, at 20X magnification, are shown in Figure 3.1. These images were used to quantify the
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staining of each antibody used, for each of the 20 patient samples (data shown in Supplemental Figure
1, Appendix C). Thereafter, the dataset for each antibody stain was segregated based on HIV status,

and percentage positivity compared. These results are shown in the sections which follow.

HIV-negative DLBCL HIV-positive DLBCL
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Figure 3.1: Representative images of CD4, CD8, CD68 and PD-L1 immunohistochemical staining in HIV-negative
and HIV-positive DLBCL FFPE tissues. Slides were scanned and visualized at 20X magnification (scale bar 20um),
using QuPath version 0.5.1 (University of Edinburgh, Edinburgh, United Kingdom).
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3.3.2.1 T cell infiltration

TlLs are important players in the anti-tumour response, and their composition within the TME is crucial
in driving the immune response. CD4* T cells are involved in anti-tumour activity; however, this is
dependent on recognition of MHC-Il on other cells (224). Since most cancer cells do not express MHC-
I, this anti-tumour response can be via cross-presentation of antigens by other cell types, such as
stromal cells, which may take up components of tumour cells (for example, secreted vesicle by tumour
cells, or necrotic components of tumour cells). Normal B cells, which are the cell of origin of DLBCL
tumour cells, do express MHC-Il and serve as antigen-presenting cells for CD4* T cells. However,
studies have shown that DLBCL tumours display decreased MHC-II expression, which correlates with
poor outcomes (225, 226). In the present context, since CD4* T cells are the primary hosts of HIV, it
was expected that a significant difference would be seen between the two groups. Indeed, as can be
seen in Figure 3.2, the difference was highly significant (HIV-negative vs HIV-positive; median: 1.56%
vs 0.0005%; p < 0.0001). This finding is in line with the low CD4 count displayed in Table 3.1 for the

HIV-positive group.

w
|

[ ®  HIV-negative (n=10)

HIV-positive (n=10)

M
1

=
1

Percentage of positive cells
*e

o
|

Figure 3.2: Percentage of CD4-positive cells in HIV-negative and HIV-positive DLBCL tissues. FFPE tissues were
stained using a CD4 antibody to detect helper T cells. Individual data points represent the percentage of positively
stained cells in each case, with the centre line indicating the median. Statistical analysis was performed using
GraphPad Prism version 9 (Mann-Whitney U test; ****p < 0.0001).

CD8* T cells are an important subpopulation of T cells involved in the anti-tumour response and are
reported to be the “backbone of current successful cancer immunotherapies” (227). By differentiating
into cytotoxic T cells, CD8* T cells infiltrate into the TME and exert cytotoxic activity against tumour

cells. This involves recognition through the TCR of specific antigens on the surface of tumour cells,
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presented by MHC-I complexes (228). Loss of MHC-I is considered to be the highly common form of
immune escape, observed in approximately 50% of DLBCLs and reduces recognition by cytotoxic CD8*
T cells (210). Additionally, in the TME, chronic antigen stimulation impacts the functioning of CD8* T
cells, ultimately driving them into an dysfunctional and “exhausted” state (229). In the context of HIV-
positive DLBCL, CD8* T cells are reported to be elevated in the TME, due to the depletion of CD4* T
cells (230). Within our cohort, as shown in Figure 3.3, a significantly lower proportion of CD8* T cells
were observed in the HIV-positive cohort (HIV-negative vs HIV-positive; median: 2.12% vs 1.25%; p <

0.05), which may reflect reduced cytotoxic activity in the TME.
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Figure 3.3: Percentage of CD8-positive cells in HIV-negative and HIV-positive DLBCL tissues. FFPE tissues were
stained using a CD8 antibody to detect cytotoxic T cells. Individual data points represent the percentage of
positively stained cells in each case, with the centre line indicating the median. Statistical analysis was performed
using GraphPad Prism version 9 (Mann-Whitney U test; *p < 0.05).

3.3.2.2 TAM infiltration

Macrophages are an important member of the innate immune system, regulating homeostasis by
engulfing microorganisms and clearing out diseased and damaged cells (231). Furthermore,
macrophages are capable of infiltrating tumours to become part of the TME (TAMs) where they affect
cancer progression; with M1-like TAMs exhibiting anti-tumour activity and M2-like TAMs being
associated with pro-tumour properties (232) (233). While a high density of the latter group has been
associated with an unfavourable outcome in DLBCL, the role of TAMs in the advancement of DLBCL
remains unclear (234). Upon differentiation, macrophages are reported to be vulnerable to HIV-1
infection and serve as reservoirs due to the fact that they are long-lived and resistant to structural

changes following infection (235, 236). CD68, a marker for all TAMs, was used to detect the infiltration
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of TAMs within the tumours of our DLBCL samples. As shown in Figure 3.4, a significantly higher
proportion of CD68* TAMs were observed in HIV-positive DLBCL tumours (HIV-negative vs HIV-
positive; median: 1.56% vs 2.69%; p < 0.05).
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Figure 3.4: Percentage of TAMs in HIV-negative and HIV-positive DLBCL tissues. FFPE tissues were stained using
a CD68 antibody to detect TAMs. Individual data points represent the percentage of positively stained cells in
each case, with the centre line indicating the median. Statistical analysis was performed using GraphPad Prism
version 9 (Mann-Whitney U test; *p < 0.05).

3.3.2.3 PD-L1-positivity

In the TME, PD-L1 engages with the PD-1 receptor on T cells to promote tumour immune evasion. As
mentioned previously, PD-L1 can be expressed on tumour cells and several other immune cell types,
including macrophages, fibroblasts and dendritic cells, within the TME (108). In DLBCL, positivity for
PD-L1 expression is reported to be associated with poor clinical outcomes (210). The impact of HIV on
PD-L1 status within the DLBCL TME remains largely understudied. Since PD-L1 is expressed on multiple
cell types within the TME, overall PD-L1 expression was assessed which showed a significantly higher
overall expression within the HIV-positive DLBCL tumours (HIV-negative vs HIV-positive; median:

0.09% vs 0.47%; p < 0.05) (Figure 3.5).
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Figure 3.5: Percentage of PD-L1-positive cells in HIV-negative and HIV-positive DLBCL tissues. FFPE tissues were
stained using a PD-L1 antibody to assess the status of PD-L1. Individual data points represent the percentage of
positively stained cells in each case, with the centre line indicating the median. Statistical analysis was performed
using GraphPad Prism version 9 (Mann-Whitney U test; *p < 0.05).

3.4 Discussion

The TME is a complex niche surrounding a tumour and is typically comprised of (i) non-cellular
elements such as the ECM and growth factors, and (ii) cellular elements such as tumour and non-
malignant cells (237). The TME plays a pivotal role in the initiation and progression of cancer, by
regulating and promoting the function and survival of tumour cells (238). In addition to creating a
“favourable” environment for tumour growth, the TME has also been implicated in remodelling itself
to facilitate resistance to treatment (239). Since interactions within the TME affect several aspects of
tumour biology, reprogramming the TME has emerged as a promising therapeutic target to suppress
tumour development, improve the efficacy of treatment and overcome drug resistance (240, 241).
Furthermore, several immunotherapeutic strategies targeting components of the TME have been
explored (242), but have proven to be challenging due to the highly complex nature of the TME, and
thus a deeper knowledge of the TME dynamics is key to understanding how tumour growth is

influenced (241, 243).

The majority of cells within the TME of DLBCL are tumour cells and several studies have reported on
the infiltration of cellular components exerting either pro- and/or anti-tumorigenic properties. These
cells include T cells, TAMs, tumour-associated neutrophils, NK cells and myeloid-derived suppressor

cells (MDSCs) (234, 244, 245, 246, 247, 248). As mentioned, DLBCL is a highly heterogenous at the
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biological and clinical levels, and the diversity of non-malignant cell types observed in TME is a
contributor to the heterogeneity of this disease (249). This was demonstrated by Wright and
colleagues who recently identified 3 TME categories of DLBCL, based on their microenvironmental
composition: (i) immune-deficient, (ii) dendritic cell-enriched and (iii) macrophage-enriched (250).
This heterogeneity further emphasizes the need for a greater understanding of the TME, specifically
within an HIV positive context, which is a co-factor of DLBCL (249). Interactions between tumour cells
and the TME is reported to contribute to immune evasion in DLBCL (208), and as mentioned earlier,
loss of MHC molecules and PD-L1 expression is implicated in the immune escape of DLBCL cells (251).
As discussed in chapter 1, in a healthy setting, the PD-1/PD-L1 axis dampens the hyperactivation of T
cells and protects against autoimmunity (252), and by hijacking this axis, tumour cells evade immune
recognition by impairing T cell functioning (109). While PD-1/PD-L1 blockade has achieved success in
other cancers, especially cHL, the results remain suboptimal in DLBCL (253), warranting further

investigation into the significance of PD-L1 in the DLBCL TME.

Our study, which we have classified as a small-scale study, assessed a total of 20 tumours, of which
half were HIV-associated. The samples were chosen purely based on availability for the intended
research (convenience sampling), which may constitute a limitation in terms of accuracy of the

observations made. Nevertheless, some notable and interesting observations were made.

As expected, the percentage of CD4" cells were significantly reduced in HIV-positive DLBCL tumours,
compared to the HIV-negative group, since these cells are the primary target of HIV. The finding
correlates with the data obtained from the medical records of patients, despite 60% (n=6) being on
ARTs. In an HIV-uninfected setting, CD4* T cells are crucial in modulating the activation of several
immune cell types, including cytotoxic CD8* T cell responses, and maintaining a regulated and effective
immune response against invading pathogens and tumour cells. In the context of HIV-infection, CD4*
T cells have two roles: (i) to produce HIV virions when infected and (ii) to activate immune responses
when they are uninfected (254). By infecting and reducing this population of cells, HIV is directly
involved in the development of tumours and contributes to defects in immunosurveillance (165).
Given the crucial function of CD4* T cells in the anti-tumour response, a depletion of CD4* T cells results
in limited activity of CD8* T cells, and thus negatively impacts the anti-tumour response (255). Kusano
and colleagues conducted a retrospective review of 355 DLBCL patients’ medical records, after
treatment was implemented, and found that a low absolute CD4 count was associated with a poor
survival rate in DLBCL patients (255). While reports indicate that the survival outcomes of HIV-positive
DLBCL patients on ART, and thus have had immune reconstitution, are comparable to that of HIV-
negative DLBCL patients (256, 257), the same is not consistently observed in our local setting. In low

socio-economic settings, such as within peri-urban and rural communities in South Africa, late
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implementation of ART along with a delayed diagnosis of HIV-associated cancers remain common (82).
This may therefore explain the poor survival outcomes of HIV-positive DLBCL patients at our local
public hospitals. This may also explain why the CD4 counts of our HIV-positive cohort remained low,
despite 60% being on ARTs. While ART suppresses viral replication which in turn replenishes CD4* T
cells, it has been reported that a subset of patients who commence with ART at a very low CD4 count,
may not experience normalization of their CD4 counts for up to 10 years after starting treatment (258).
The risk of a suboptimal response was reported to be dependent on factors such as nadir CD4 counts
prior to therapy, age as well as the extent of immunosuppression (258, 259). Additionally, within the
sites where our patients are recruited, it is not uncommon that patients get diagnosed as HIV positive

during the process of diagnosing their cancer.

A lower overall proportion of CD8" T cells was observed in the HIV-positive DLBCL group within our
study sample. NHLs are reported to be characterized by the infiltration of activated CD8" cells and in
DLBCL specifically, they account for the majority of tumour-infiltrating T cells (245). The infiltration
and number of CD8* T cells in DLBCL has also been associated prognosis, whereby less CD8" T
infiltration is correlated to a poorer response to treatment and outcome (260). As mentioned above,
CD4* T cells are involved in stimulating and activating CD8* T cells which can be via several
mechanisms: (i) by expanding CD8* T cells during primary immune response and establishing memory
cells, (ii) by maintaining the survival of CD8* T cells during chronic infections, and (iii) by facilitating the
localization of CD8" T cells to sites of infection (261). In the context of HIV-infection, HIV indirectly
impairs the maturation of CD8* T cells by targeting and affecting CD4* T cells, leading to a reduction in
their numbers and impairing their functioning (262). Previously published studies examining the TME
of HIV-positive and HIV-negative DLBCLs have reported that in addition to having more angiogenic
markers, HIV-positive DLBCLs also exhibit less CD4* and more CD8* T cells (221, 230). Additionally, a
higher density of CD8" cytotoxic T cells in HIV-positive DLBCLs was correlated to an improved patient
outcome (222). An increase and expansion of CD8* T cells takes place during the early stages on HIV-
infection; however, contrasting to other viral infections where levels of CD8* T cells reduce as the
infection clears, CD8* T cells remain elevated during HIV-infection (263). A majority of these cells are
in a hyporesponsive state, otherwise known as T cell exhaustion, which can be promoted by PD-L1
expression (264). Interestingly, a recent study also reported on the effect of ART on T cell response in
a cohort of HIV-positive DLBCL patients in Malawi (265). The authors found that the percentage of
CD8* T cells were elevated in the TME of DLBCL cases that were HIV-positive. HIV-positive DLBCL cases
were further stratified according to ART exposure, where patients were either classified as ART-naive
or ART-experienced depending on whether they have been on ARTs for less than or more than 6

months, respectively. They reported that CD8" T cells were even higher in patients who were
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prescribed ARTs for less than 6 months (ART- naive), compared to HIV-negative DLBCL patients. In
most of the above-mentioned studies, the majority of HIV-positive DLBCL patients were on ARTs, and
thus had restored CD4* T cell levels, which in turn may have impacted on the CD8* T cell population.
In our cohort of HIV-positive DLBCL patients, the average CD4 count was low (<500 cells/mm?3), which
ultimately maintained a low proportion of CD8" T cells across all HIV-positive patients. In addition, we
observed increased PD-L1-positivity and together with the reduced CD8* T cells, relates to T cell
exhaustion, a common factor associated with HIV-infection. The loss of T cell function as a result of T

cell exhaustion, promoted by PD-L1, would ultimately lead to the depletion of these cells (266, 267).

It is noteworthy to mention that a separate study conducted in our laboratory which evaluated the
proportion of immune cell populations, including CD8* T cells, in the peripheral blood of newly
diagnosed DLBCL patients who were HIV-negative or HIV-positive found that this subpopulation of T
cells was increased in the blood of the HIV-positive group (141). While the patients included for
analysis in Ramorola’s study and this present study do not overlap, both studies included patients
recruited from the same site in Cape Town. However, since peripheral blood and TME are two
exclusive biological entities, they are not expected to reflect the same trends. Taking into account the
findings from this study as well as the observation by Ramorola, the results suggest that in HIV-positive
DLBCL patients, there are increased CD8* T cells circulating in the peripheral blood, which could be
due to the continuous antigen stimulation by HIV (141); whereas in the TME, where CD8* T cells would
typically exert their cytotoxic activities, their functions and numbers are dampened, especially within
an immune supressed state (i.e., low CD4 count). Thus, low infiltration of CD8* T cells in the TME likely

contributes to the inferior outcome generally seen within this patient group within our setting.

In DLBCL, infiltration by TAMs within the TME has been correlated with prognosis, although the
current published studies are conflicting, with some reporting poor prognostic outcomes associated
with high CD68" TAM infiltration in the TME (268, 269, 270), while others report the opposite (271,
272). A recent study has also reported no association between both T cells and CD68* macrophages in
the TME with overall survival in DLBCL patients (273). By retrospectively analysing DLBCL FFPE tissues
using IHC, Ghorab and colleagues reported that neither high nor low expression of CD4* T cells, CD8*
T cells and CD68* TAMs had an impact on the overall survival of DLBCL patients (273). Our study found
increased proportion of CD68* TAMs in HIV-positive DLBCL tumours, compared to the HIV-negative
group. This is in line with a previous report by Chao and colleagues where it was demonstrated that
increased CD68* TAMs, along with a lower CD4* T cell count, is associated with HIV-positive DLBCL
tumours, and poor prognosis (222). Because of the findings uncovered in this study, a future prospect
should seek to stratify TAMs into M1- and M2-types and establish the status of PD-L1 within these

two populations. This may provide insight and guide TAM-targeting strategies. As mentioned, the TME
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of HIV-positive DLBCL is highly angiogenic with an increased microvessel density (165). In future
studies, it would be worthwhile for us to explore and compare the expression of angiogenic markers

within our cohort.

The overall percentage of cells positive for PD-L1 expression was significantly elevated within our HIV-
positive DLBCL cohort, compared to the HIV-negative group. Within the TME, PD-L1 can be expressed
by several different cell types, with macrophages being the primary cell type (274). In the present
study, total PD-L1 positivity was assessed without considering the cell type on which it is expressed.
Therefore, the increase in PD-L1-positivity observed in HIV-positive DLBCLs could be expressed by
malignant or non-malignant cells in the TME. To date, only a few studies have reported on this,
especially within an African cohort of patients. The available reports examining the TME of DLBCL
indicate that high PD-L1 expression correlates with aggressive disease features and a poor response
to therapy (275, 276). PD-L1 can be expressed on several cell types, including macrophages, APCs as
well as tumour cells. Therefore, the elevated proportion of PD-L1* cells in HIV-positive DLBCL tumours
is a direct indication of enhanced immune evasion in this particular disease and explains the aggressive
characteristics and poor outcomes associated with HIV-positive DLBCL. Recently, the
microenvironment of HIV-associated DLBCL was assessed by performing single cell sequencing (277),
where it was revealed that HIV-positive DLBCLs have higher expression levels of PD-L1 and that
patients with this disease were at a higher risk of T-cell exhaustion. Interestingly, PD-L1 has been
associated with promoting angiogenesis in several cancer types (278, 279, 280). For example, PD-L1
protein expression was shown to positively correlate with VEGF expression in glioma (278). In addition,
PD-L1 was reported to promote angiogenesis via the c-JUN/VEGFR2 signalling axis in ovarian cancer
(280). While such a correlation has not been described in DLBCL, it is plausible given the higher
macrophage density observed within the HIV-positive DLBCL cohort in this study. This emphasizes the
varied and acute role of PD-L1 in the TME, which includes dampening T cell activity and promoting
angiogenesis, ultimately favouring tumour progression. As discussed in Chapter 1, DLBCLs that are
positive for PD-L1 expression are often associated with EBV-infection. In the current cohort, only two
cases were EBV-positive, and both were HIV-positive. However, due to this low number, an

assessment of the influence of EBV within this cohort could not be made.

For interest, an analysis of correlation between cell populations within each group (HIV-positive DLBCL
and HIV-uninfected DLBCL) was made, and this data is shown in supplementary Figures 1A and B.
While no clear trend was seen within the HIV-negative group, in the HIV-positive DLBCL cohort, six out
of ten HIV-positive DLBCLs showed an inverse association between CD8* T cells and PD-L1-positivity
(cases 4, 5, 7, 8,9 10). Although this potential inverse association is suggested by Figures 3.3 and 3.5,

the trend is more evident when looking at the cell populations grouped within a particular region of
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the same tissue case, as shown in supplementary Figure 1B. The elevated status of PD-L1 in the HIV-
positive DLBCL TME, coupled with a reduced number of CD8* T cells suggests that PD-L1 may be
directly suppressing the anti-tumour effects of CD8" T cells, through engagement with PD-1, and this
increase in PD-L1 expression could possibly be facilitated by HIV-infection. Since PD-L1 plays a pro-
tumorigenic role by dampening the immune response, and CD8* T cells are essential for their cytotoxic
activity, it is highly plausible that this inverse correlation may reflect the exhausted state of CD8* T
cells. An inverse correlation between PD-L1 and CD8* T cells has been reported in several cancer types,
including ovarian cancer, oesophageal squamous cell cancer and cervical adenocarcinoma (281, 282,
283, 284). As mentioned, there is a scarcity of studies exploring the status of PD-L1, in an HIV-positive
DLBCL TME. In primary DLBCL of the central nervous system (PCNS DLBCL), Kim and colleagues
reported that elevated expression of PD-L1 in the TME and a low number of CD8* T cells, predicted a
poor prognostic outcome (285). Interestingly, high expression of PD-1 on CD8* T cells and PD-L1 on
macrophages and T cells in the TME were reported to be associated with a poor survival in DLBCL
patients after treatment with R-CHOP, suggesting that these mechanisms are involved in
chemotherapeutic resistance and may be appealing targets for blockade of the PD-1/PD-L1 pathway

in DLBCL patients with relapse or refractory disease (286).

With this being a pilot study, the primary limitation is the sample size. Nevertheless, the findings
revealed some pertinent and unique TME biological workings within an HIV positive context,
specifically in the absence of immune reconstitution, which aligns with the more severe phenotype of
the disease seen in this patient group. A future study, including a larger sample size, is therefore
warranted, which will include additional investigations, such as the role of EBV, the status of

angiogenic markers, as well as a comprehensive analysis of the impact of CD4 counts.
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Chapter 4

The regulation of PD-L1 in DLBCL

4.1 Introduction

In DLBCL, mutations in genes influencing the immune status are frequent, with over 70% of DLBCLs
containing genetic alterations in immune evasion-related genes (251, 287). As discussed in Chapter 1
(section 1.5.3), PD-L1 is overexpressed in a subset of DLBCL cases, more commonly those assigned to
the ABC subtype, which is associated with aggressive disease and inferior survival (288, 289). This
alteration in expression is caused by the 9p24.1 chromosomal alterations (although at a much lower
frequency than in other lymphomas such as cHL), as well as by other regulatory mechanisms at the
epigenetic, transcriptional and post-transcriptional levels (110, 290, 291). Clinical trials exploring the
benefit of therapeutic blockade of the PD-1/PD-L1 axis demonstrated a moderate overall response in
DLBCL, which is has been attributed to the highly heterogenous nature of the disease - at the genetic
level, at least five distinct molecular clusters have been described (39, 41), and the pathobiology of
DLBCL within an HIV positive context remains largely undefined. While several mechanisms
contributing to the dysregulation of PD-L1 in DLBCL have been explored; to date, the collective data
provides only a limited insight into this regulation. The current present study sought to delineate
some of the common factors involved in the pathogenesis of DLBCL, namely EBV (in particular,

EBNA2), HIV and c-MYC, in the regulation of PD-L1.

c-MYC is a well-established oncogene in DLBCL, and its aberrant levels are attributed to alterations at
multiple levels, including epigenetically, at the transcriptional and post-transcriptional levels, as well
as by gene translocations and amplifications (242). c-MYC gene translocations are observed in roughly
10% of DLBCL cases, while overexpression of the MYC protein is observed in approximately 40% of
cases (46). This oncogenic transcription factor is known to regulate a large range of factors in the
oncogenic process, including PD-L1. Indeed, the relationship between c-MYC and PD-L1 has been
described in various cancers such as acute lymphoblastic leukaemia, liver cancer, oesophageal
squamous cell carcinoma, non-small cell lung cancer and human pancreatic ductal adenocarcinoma
(292, 293, 294, 295). By performing chromatin immunoprecipitation (ChlP) sequencing analysis using
a mouse model of MYC-induced T cell acute lymphoblastoid leukaemia (T-ALL), Casey and colleagues
demonstrated direct binding of c-MYC to the PD-L1 promoter, resulting in upregulation of the
oncogene (292). To date, only one E-box element (binding site for c-MYC) has been reported in the

PD-L1 promoter, within region -164bp to -159bp, in a study involving Triple Negative Breast Cancer
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(TBNC), where the site showed occupancy of c-MYC, enhanced by Mucin 1 (MUC1-C), to elevate
transcription of PD-L1 (296). Furthermore, Maeda and colleagues demonstrated that c-MYC was
recruited to the PD-L1 promoter by MUC1-C. In DLBCL, reports on the regulation of PD-L1 by c-MYC
are few, and the relationship between c-MYC and PD-L1 in this cancer remains unclear and even
contradictory. While one report indicated a positive correlation between c-MYC and PD-L1 levels in
DLBCL cell lines (297), others demonstrated that there is no association in DLBCL cell lines and patients
(298, 299). Contrasting to this, some studies have reported on an inverse correlation between c-MYC
and PD-L1 levels in cohorts of DLBCL patients (242, 300). This evidently unclear relationship between
¢c-MYC and PD-L1 could be explained by the complex and genetically heterogenous nature of DLBCL,
as well as its association with pathogenic factors and infectious agents, including EBV and HIV, which

are the most common.

In developing countries, EBV is prevalent in early-life infections, in comparison to developed countries
where EBV-infection is typically delayed into post-adolescence (301). In DLBCL, infection with EBV is
observed in up to 15% of tumours, with the proportion being higher in Asian and Latin American
counties, compared to Western countries (151, 302, 303). While there are limited data on the
prevalence of EBV in DLBCL within the sub-Saharan African region, a recent retrospective study
conducted in Rwanda evaluated the incidence of EBV in several subtypes of lymphoma diagnosed over
a 5-year period and reported that 11% of DLBCL cases were EBV-positive (304). Within our local
setting, Cassim et al. retrospectively evaluated 131 DLBCL patient tissue specimens and reported that
7% of cases were EBV-positive (82), and as shown in Chapter 2, 9% of newly diagnosed DLBCL patients
recruited in our study were positive for EBV in their tumours. Furthermore, the frequency of EBV-
infection is higher in HIV-positive DLBCL relative to HIV-negative DLBCL, a trend demonstrated by this
study as well as the study by Cassim and colleagues. EBV is a potent driver of B cell transformation,
associated with not only the development of DLBCL (60), but also the progression of disease (303). For
instance, GEP has revealed that EBV-positive DLBCL displayed enrichment in NF-kB signalling and
pathways associated with cell cycle progression and proliferation, in comparison to EBV-negative
DLBCL tumours (305). Additionally, in DLBCL, EBV contributes to the evasion of B cells from immune

recognition, partly due to PD-L1 expression (306).

Recent studies have revealed that the EBV protein, Epstein Barr virus Nuclear Antigen 2 (EBNA2), is
responsible for PD-L1 upregulation in both primary B cells and DLBCL cells (124, 125). Yanagi et al.
(2021) showed marked elevated expression of PD-L1 in primary B cells infected with wild-type EBV,
and alleviation of this upregulation when using an EBNA2-knockout mutant virus (124). Additionally,

they also identified binding sites bound by EBNA2 within the PD-L1 promoter region, responsible for
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mediating this expression. Anastasiadou and colleagues (2019) revealed that EBV, through EBNA2,
increases PD-L1 expression by downregulating the cellular microRNA miR-34a, the latter being an
inhibitor of PD-L1 expression. They showed that EBNA2 recruits the transcription factor Early B cell
factor 1 (EBF-1) to the promoter of miR-34a, resulting in its downregulation, which in turns leads to
an increase in PD-L1 expression. EBNA2 is crucial for the transformation of B cells by EBV and is also a

potent activator of c-MYC (125).

While HIV-infection is associated with increased PD-L1 expression (183, 307), the mechanism involved
remains largely undefined, and the role that important and established oncogenic factors, such as c-
MYC and EBV, may be playing in mediating this deregulation, is even more obscure. For instance, while
EBNA2 has been reported to activate the HIV-1 long terminal repeat (LTR) (308), the influence of

EBNAZ2 in the regulation of PD-L1 by HIV, remains unknown.

This final aspect of the study employed a diverse approach to try and unravel the seemingly complex
and largely undefined role and regulation of PD-L1 in DLBCL, within an environment where HIV
infection is prevalent. The approaches involved in silico analyses, as well as molecular assays, to
attempt to define firstly, the status of PD-L1 in DLBCL in association with c-MYC, and secondly, how
DLBCL co-factors such as EBV, particularly EBNA2, and HIV may affect the status of PD-L1 in the

disease.
4.2 Methods

4.2.1 In silico analyses

4.2.1.1 Transcriptome-based analysis of DLBCL datasets extracted from TCGA

Publicly available DLBCL datasets, comprising of clinical and transcriptome data, were retrieved from
The Cancer Genome Atlas (TCGA) to perform an integrated and comprehensive analysis on PD-L1

(CD274) expression in DLBCL, its effect on survival outcomes and the correlation with c-MYC.

4.2.1.1.1 Comparison of PD-L1 expression across DLBCL subtypes

To determine if there were significant differences in PD-L1 (CD274) expression levels among different
subtypes of DLBCL datasets (n=48), a one-way Analysis of Variance (ANOVA) was conducted. The
subtypes analysed were ABC (n=15), GCB (n=22) and Unclassified (UC) (n=11). CD274 expression data
was log-transformed to stabilise variance and meet the assumptions of ANOVA, and the data was then
categorised according to the three DLBCL subtypes. ANOVA was performed to compare the mean

CD274 expression levels across these subtypes.
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4.2.1.1.2 Survival analysis

To perform survival estimate analysis, the datasets were stratified into low-CD274 and high-CD274
expression groups based on the median CD274 expression level. The Kaplan-Meier method was used
to estimate survival distributions, and the log-rank test assessed the statistical significance of

differences between the low and high CD274 expression groups.

4.2.1.1.3 Correlation analysis

To investigate the relationship between CD274 and MYC expression levels in different subtypes of
DLBCL, correlation analyses were performed. In this particular analysis, one outlier dataset was
removed (n=47) which did not affect the results in any way, but allowed for clear assumptions to be
drawn as the data became less skewed. Pearson correlation coefficients were calculated to assess the
linear relationship between CD274 and MYC expression within ABC (n=14), GCB (n=22), and UC (n=11)

subtypes.

4.2.1.2 Correlation between c-MYC and PD-L1 in DLBCL cell lines

Using The Human Protein Atlas (https://www.proteinatlas.org/), the expression levels of PD-L1 and c-
MYC was assessed in DLBCL cell lines. Each gene of interest was searched within the database and
“lymphoma” cell lines were selected. Cell lines were filtered to assess only those that were specifically
DLBCLs and the normalized transcript per million (nTPM) value for each gene in each DLBCL cell line

was recorded for further analysis.

4.2.1.3 PD-L1 promoter analysis

The PD-L1 promoter sequence (~2500 bp upstream of the TSS) was extracted from Ensembl
(https://www.ensembl.org/index.html) and used in  the PROMO online  tool
(https://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) to identify

potential E-box motifs. A dissimilarity rate of 15% was applied.

4.2.2 DLBCL Cell lines

The OCI-LY1 and WSU-DLCL2 established DLBCL cell lines were kindly donated by Professor Bjoern
Chapuy (Charité Universitdtsmedizin, Berlin), while the HBL-1 and SU-DHL-4 cell lines were kindly
donated by Professor Dave Sandeep (Duke University, USA). The U2932 parental and two EBNA2-
expressing clones (CL1 and CLW) were kindly donated by Professor Pankaj Trivedi (Sapienza University

of Rome, Italy) (309).

4.2.2.1. Culture conditions

The U2932, SU-DHL-4, HBL-1 and WSU-DLCL2 cells were maintained in Roswell Park Memorial
Institute (RPMI-1640) (Sigma-Aldrich, USA) base medium, and the OCI-LY1 cell line was maintained in
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Iscove’s Modified Dulbecco’s Medium (IMDM) (Sigma Aldrich, USA) base medium, and in all cases
supplemented with 10% Fetal Bovine Serum (FBS) (ThermoFisher Scientific, USA) and 1%
Penicillin/Streptomycin (P/S) (Sigma Aldrich, USA). The EBNA2-expressing U2932 clones (U2932-
EBNA2-CL1 and -EBNA2-CLW) were maintained in RPMI, 10% FBS and 1% P/S, supplemented with
10ug/ml hypoxanthine (Sigma Aldrich, USA), 160ug/ml xanthine (Sigma Aldrich, USA) and 1.5ug/ml
mycophenolic acid (Sigma Aldrich, USA). Culture flasks were incubated at 37°C in a humidified

incubator supplemented with 5% CO, (Nuaire IR Direct Heat CO; Incubator).

For Tissue Culture Infectious Dose 50 (TCIDso) experiments, HEK293FT and TZM-bl cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich, USA) supplemented with
10% FBS and 1% P/S.

All cell lines were routinely tested for Mycoplasma contamination. To do this, cells were grown in P/S
free media (RPMI and 10% FBS) for 2 to 3 days, and then fixed on a microscope slide and stained with
Hoechst 33342 stain (Sigma Aldrich, USA). The cells were visualized using a fluorescent microscope at

40X magpnification.

4.2.3 HIV-1 Pseudovirus production

4.2.3.1 Transfection of HEK293FT cells

The plasmid constructs and protocol required to produce HIV-1 pseudoviruses (pvHIV-1) were kindly
donated by Professor Zenda Woodman (Division of Medical Biochemistry & Structural Biology, UCT).
These included the HIV backbone vector, pNL4-3.Luc.R-E-, and the gp160 envelope-expressing vector.
A total of 1 x 10° HEK239FT cells were plated, and 16 hours later the cells were co-transfected with
the two plasmids, using Lipofectamine LTX (ThermoFisher Scientific, USA). The medium containing
viral particles was harvested at 48- and 72-hour time points post-transfection and pooled. After
harvesting, the medium containing viral particles was centrifuged at 2000 rpm for 5 minutes at room
temperature to remove cellular debris. The supernatant was filtered through a 0.45uM membrane
into a separate tube, after which aliquots were prepared and stored at -80° C. For use as a negative
control, a mock transfection was performed alongside the above, where only transfection reagent was

used, and no plasmid constructs.

4.2.3.2 Tissue culture infectious dose 50 assay

To estimate the titre for the generated pseudoviruses, the tissue culture infectious dose 50 (TCIDso)
assay was employed. In this fluorescent-based assay, 1 x 10* TZM-bl cells (kindly donated by Professor
Zenda Woodman (Division of Medical Biochemistry & Structural Biology, UCT)) were plated 16 hours

prior to infecting with various dilutions of pvHIV-1. At 48 hours post-infection, cells were lysed using
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BrightGlo reagent (Brightglo Luciferase Assay System, Promega, USA) and the samples were analysed
using the Glo-Max®-Multi+ multiplate reader (Promega, USA). The TCIDso was calculated according to

the method described by Reed and Muench (310).

4.2.4 Exposure of DLBCL cells to HIV-1

U2932 (parent clone) and two EBNA2-expressing U2932 clones (CL1 and CLW) were plated at a density
of 4.8 x 10° cells/mL in 6-well cell culture dishes, in low-serum (0.5% FBS) medium. Approximately 16
hours post-plating, cells were exposed to HIV-1 or control for a period of 24 hours, following which
both total protein and RNA were extracted. Two types of HIV-1 were used, independently, in this
assay. This included the Aldrithiol-2-Inactivated HIV-1 (AT-2 HIV-1), paired with its microvessicle
control (MV) (311). AT-2 is a mild oxidizing reagent which eliminates the infectivity of HIV (rendering
it safe to manipulate under Biosafety level 2 (BSL-2) conditions), while maintaining the structural and
functional integrity of the viral envelop, and ability to interact with cell surface receptors. AT-2 HIV-1
and MV particles were kindly donated by Professor Jeff Lifson (NIH, Maryland, USA) and Dr Wendy
Burgers (Division of Medical Virology, Department of pathology, UCT). For all assays with AT-2 HIV-1,
500ng/ml of were used and an equivalent amount of MV control. This concentration was determined
as optimal based on our previous study (312). The second type of HIV-1 particle was HIV-1 pseudovirus
(pvHIV-1). Pseudotyped viruses are produced by co-transfecting an envelope-expressing vector and
an envelope-deficient vector which allows for entry into a cell, but there is no replication potential
and the pseudoviruses can therefore be safely handled under BSL2 conditions (313). The procedure
to produce pvHIV-1 is described in section 4.3.2.1. above. An equal number of cells for each cell line
was exposed to 124 TCIDso/ml of pvHIV-1 and an equal volume of media from the mock transfection

to serve as controls.

4.2.5 Total soluble protein extraction and quantification

4.2.5.1 Extraction using RIPA.

Cells were transferred into centrifuge tubes and pelleted via centrifugation for 5 minutes at 1000 rpm,
the pellets washed twice using cold 1X PBS (Appendix B), followed by resuspension in Radio-
Immunoprecipitation Assay (RIPA) extraction solution (0.1% SDS) (Appendix B). The extracts were
frozen at -80°C overnight (O/N) to optimized cell lysis, followed by centrifugation at 12 000 rpm for 20
minutes at 4°C to remove cell debris. The supernatant, representing soluble total protein, was stored
at -80°C in aliquots. This method was used to extract protein from the U2932 panel of cells, both

unexposed and AT-2 HIV-1-exposed, as well as OCI-LY1, WSU-DLCL2, SU-DHL-4 and HBL-1.
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4.2.5.2 Extraction using commercial kit

Since a limited amount of pvHIV-1 was produced, a commercial kit was used to extract total protein
from cells treated with pvHIV-1, which allowed for simultaneous total RNA extraction (The AllPrep
DNA/RNA/Protein mini kit (Qiagen, Germany)). The procedure was followed according to the
manufacturer’s instructions. Briefly, cells were pelleted and homogenized using a 21-gauge needle
lysed in RLT buffer containing B-mercaptoethanol. The lysate was passed through the provided AllPrep
DNA spin column and the flowthrough was used for RNA isolation. 100% Ethanol was added to the
lysate and the sample passed through a provided RNeasy spin column. After centrifugation at 10 000
rpm for 15 seconds, the RNeasy spin column was kept aside for RNA isolation, and the flowthrough
was collected and as per manufacturer’s instructions. An equal volume of Buffer APP was added to
the flowthrough followed by incubation for 10 minutes at room temperature to precipitate the
protein. Thereafter, the samples were centrifuged to pellet the protein, which was then washed in
70% ethanol being thoroughly air-dried. The protein pellet was dissolved in RIPA buffer (5% SDS)
(Appendix B).

The Pierce™ Bicinchoninic acid (BCA) protein assay kit (ThermoFisher Scientific, USA) was used for
protein quantification according to the manufacturer’s instructions. Briefly, protein samples and BSA
standards were diluted (1:5) and 10 pL aliquots were quantified in duplicate. 200 pL of working
reagent was added to each sample in a 96-well plate. The plate was incubated at 37°C for 30 minutes,
and the absorbance was thereafter measured at 560nm using the Glo-Max®-Multi+ multiplate reader
(Promega, USA). The BSA standard curve was generated, and the protein concentrations were

extrapolated.

4.2.6 Western blotting

4.2.6.1 Protein separation using SDS-PAGE
Protein samples were separated by molecular weight using sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE). The Mini-PROTEAN 3 system (Bio-Rad, USA) was used to prepare the

electrophoresis gel which comprised of a 5% stacking gel and a 10-12% resolving gel.

Samples were prepared, as shown in Table 4.1.1. Thereafter, the samples were denatured at 95°C for
5-10 minutes, prior to loading. A prestained protein marker (ProteinTech, USA) was included in one of
the lanes to allow for accurate identification of protein size. Samples were separated at 100V in 1X

Running buffer (Appendix B) for approximately 2.5 hours.
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Table 4.1.1: Preparation of samples for SDS-PAGE.

Component Volume
Protein sample (20 — 40 pg) X
5X SDS loading dye 4 uL
100mM DTT 1puL
RIPA buffer Up to 20 uL

SDS - sodium dodecyl sulphate; pg - microgram; DTT - Dithiothreitol; RIPA — Radioimmunoprecipitation assay; uL - microlitre

4.2.6.2. Protein transfer, antibody incubation and detection

Following electrophoresis, proteins were transferred onto a nitrocellulose membrane (Bio-Rad, USA)
in 1X Transfer buffer (Appendix B), using Mini Trans-Blot® cell assembly (Bio-Rad, USA). The transfer
was performed for 1.5 hours at 100V. After protein transfer, the membrane was incubated in blocking
buffer made up of 5% fat-free milk in 1X TBS/0.1% Tween-20 (Appendix B) for 2 hours with gentle
agitation. Thereafter, the membrane was washed with 1X TBS/0.1% Tween-20 (Appendix B) and
incubated with primary antibody overnight at 4°C, with gentle agitation. The primary antibodies are

listed in Table 4.1.2, along with the dilution used and appropriate secondary antibodies.

Table 4.1.2: Primary antibodies, dilutions and secondary antibodies used for western blotting.

Antibody Dilution Secondary antibody
PD-L1 (Cell Signaling, (ELL3N) 13684) 1:1000 1:3000 (Goat anti-rabbit)
EBNA2 (Novus Bio, (PE2) NBP2-50382) 1:250 1:3000 (Horse anti-mouse)
c-MYC (Abcam, (Y69) 32072) 1:1000 1:3000 (Goat anti-rabbit)
B-actin (Santa Cruz Biotechnology, sc-47778) 1:10 000 1:3000 (Horse anti-mouse)
p38 MAP Kinase (Sigma, M0800) 1:10 000 1:3000 (Goat anti-rabbit)

PD-L1 - Programmed Death-Ligand; EBNA2 - Epstein Barr Virus Nuclear Antigen 2

Following overnight incubation, the membrane was washed and incubated in the appropriate HRP-
conjugated secondary antibody (as specified in Table 4.1.2) for 1 hour with gentle agitation at room
temperature. The membrane was then washed and visualized by chemiluminescence using the
Clarity™ Western ECL substrate (Bio-Rad, USA), in a 1:1 ratio. The membrane was exposed to X-ray
film and thereafter transferred to developer and fixer solutions to visualize the protein signal.
Densitometric analysis of the protein signal intensity was performed using Image) Version 1.54
software (NIH, USA) and protein expression levels was represented as a ratio of protein of interest/

loading control.

4.2.6.3 Membrane stripping for reprobing
The membrane was washed in 1X TBS/0.1% Tween-20 for 10 minutes and the bound antibodies were

removed from the membrane by incubating in pre-heated stripping buffer (Appendix B) at 50°C for 30
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minutes, with gentle agitation every 10 minutes. The membrane was then washed with 1X TBS/0.1%
Tween-20 for two 10-minute cycles. The membranes were reprocessed for western blotting to detect

the internal loading control, either p38 (Sigma, USA) or B-actin (Santa Cuz Biotechnology, USA).

4.2.7 RNA isolation and quantification

Prior to RNA isolation, all plasticware was treated with 0.1% diethyl pyrocarbonate (DEPC) (Sigma-
Aldrich, USA) (Appendix B) overnight to inhibit nucleases, and thereafter autoclaved to remove

ribonucleases (RNases).

The High Pure RNA Isolation Kit (Roche, Germany) was used to isolated total RNA from the U2932
panel of cells, both unexposed and AT-2 HIV-1-exposed, as well as OCI-LY1, WSU-DLCL2, SU-DHL-4 and
HBL-1 cells. The protocol was carried out according to that of the manufacturer. Briefly, cultured cells
were washed with 1X PBS (Appendix B) and centrifuged at 1500 rpm for 5 minutes. The pelleted cells
were resuspended in 200 ul of 1X PBS. Cells were thereafter lysed by adding lysis buffer and the tubes
were vortexed for 15 seconds. Cell lysates were then transferred to a High Pure filter column and
collection tube (provided with the kit) and centrifuged for 15 seconds at 12 000rpm. The flowthrough
was discarded, DNase | was added to the High Pure filters, and incubated for 15 minutes at room
temperature. The filters were first washed with Wash buffer |, followed by Wash Buffer Il. To ensure
that all contaminants were removed, a second wash with wash buffer Il was performed by centrifuging
samples at maximum speed for 2 minutes. The RNA was eluted from the filters in approximately 70
ulL of elution buffer and quantified using the NanoDrop™ ND-1000 (ThermoFisher Scientific™, USA).
The RNA integrity was determined by 1.5% agarose gel electrophoresis (Appendix B). The RNA samples

were aliquoted and stored at -80° C.

As mentioned in section 4.2.5.2, a limited amount of pvHIV-1 was produced, therefore a commercial
kit was used to simultaneously harvest total protein and total RNA (AllPrep DNA/RNA/Protein mini kit
(Qiagen, Germany)). The procedure was followed according to the manufacturer’s instructions.
Briefly, Buffer RW1 was passed through the RNeasy spin column (kept aside during protein isolation),
followed by two washes with Buffer RPE. The RNA was eluted from the filter in RNase-Free-water and
the quantified using the NanoDrop™ ND-1000 (ThermoFisher Scientific™, USA). The RNA integrity was

determined as mentioned previously, aliquoted and stored at -80° C.

4.2.8 Reverse transcription and real-time qPCR

4.2.8.1 CDNA synthesis

The total RNA isolated from the cell lines was reverse transcribed using the iScript cDNA synthesis kit

(Bio-Rad, USA). The protocol was performed according to the manufacturer’s recommendations, using
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1 ug of RNA (Table 4.2.1). Reagents were thawed on ice and once the components were mixed and
centrifuged briefly, the reverse transcription reaction was performed according to the parameters

listed in table 4.2.2. cDNA products were diluted with nuclease-free water and stored at -20° C.

Table 4.2.1: Reaction setup for reverse transcription using iScript cDNA synthesis kit.

Reagent 1X reaction Final concentration
5X iScript reaction mix 4 L 1X
iScript reverse transcriptase 1 u/ul
Nuclease-free water Up to 20 pL
RNA template (1pg) X 50ng

L - microlitre; ng - nanogram; U/uL - Units per microlitre.

Table 4.2.2: Cycling conditions for reverse transcription using iScript cDNA synthesis kit.

Step Temperature Duration (minutes) Number of cycles
Initial priming 25°C 5 1
Reverse transcription 42°C 30 1
Inactivation 85°C 5 1
Cool down 4°C Infinite Infinite

°C - degrees Celsius

4.2.8.2 qPCR

To perform gPCR, the KAPA SYBR FAST universal kit (Roche, USA) was used. Primer sets for the genes
of interest are listed Table 4.3.1 and the housekeeping gene, GAPDH, was used as an internal control.
A mastermix was prepared for each gene assessed, according to the recommended protocol as shown
in Table 4.3.2, accounting for 3 technical repeats of each template sample as well as a no-template
control. To each corresponding PCR tube, 19 uL of mastermix was aliquoted and 1 pL of diluted cDNA
(1:10) was added separately. The samples were placed in the Rotor-gene Q real-time PCR cycler

(Qiagen, Germany), and the cycling parameters are listed in Table 4.3.3.

Table 4.3.1: Primer sequences used in qPCR.

Melting Amplicon
Primer Sequence
temperature product size
Forward: 5'-GGAGATTAGATCCTGAGGAAAACCA-3’ 56°C

PD-L1 147 bp
Reverse: 5'-AACGGAAGATGAATGTCAGTGCTA-3’ 56.3°C
Forward: 5'-CAGATCAGCAACAACC-3’ 55.7°C

c-MYC 76 bp
Reverse: 5'-TGTGTGTTCGCCTCTTGAT-3’ 55.6°C
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Forward: 5'-GAAGGCTGGGGCTCATTT-3’ 55.4°C
GAPDH 138 bp
Reverse: 5'-CAGGAGGCATTGCTGATGAT-3’ 55.2°C

PD-L1 — Programmed Death-Ligand 1; GAPDH - Glyceraldehyde 3-phosphate dehydrogenase; ° C — degrees Celsius; bp — base pair

Table 4.3.2: gPCR reaction setup using KAPA SYB FAST universal kit.

Component 1X reaction Final concentration
2X KAPA SYBR fast gPCR Universal MasterMix 10 uL 1X
10uM Forward Primer 0.4 uM 0.2 uM
10uM Reverse Primer 0.4 uM 0.2 uyM
cDNA template X <20ng
Nuclease-free water Up to 20 uL

pL - microlitre; UM — micromolar; ng - nanogram; nM - nanomolar

Table 4.3.3: Cycling conditions set up for qPCR experiments.

Step Temperature Duration Number of cycles
Pre-incubation 95°C 3 min 1
Denaturation 95°C 10 sec
Annealing 60°C 20 sec 40
Extension 72°C 10 sec
Cooling 40°C 1 min 1

°C - degrees Celsius; min - minutes; sec - seconds

4.2.8.3 Data and statistical analyses

Amplification and melt curves were generated and assessed on the Rotor-gene Q series software
(Qiagen, Germany). The threshold was manually set, and the data was exported. The comparative
method (AACt) of relative quantification was used to measure the fold change in gene expression.
GAPDH expression was used as the internal control. The 2-#2% equation was used to calculate the fold
induction and in U2932 EBNA2-expressing cells, data was normalized to the U2932 parental cells,
while in HIV-1-exposed cells (AT-2 HIV-1 or pvHIV-1), data was normalized to the respective control
(MV or mock). Statistical tests, such as an ordinary ANOVA test and two-tailed students t-test, were
performed using GraphPad Prism version 9 (GraphPad Software, USA), and the cutoff for significance

was considered to be p <0.05.

4.2.8 Absolute quantification of gene expression

4.2.8.1 Generation of a standard curve

To generate standards for the standard curve, the GoTag® Flexi DNA Polymerase kit (Promega, USA),

was used to amplify regions within HBL-1 cDNA, using the primer sets listed in Table 4.3.1. PCR was
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reactions were prepared according to the manufacturer’s recommendations, as indicated in Table

4.4.1.

Table 4.4.1: PCR reaction set up for each primer set, using GoTaq® Flexi DNA Polymerase kit.

Component 1X reaction Final concentration
5X Colourless GoTagq flexi buffer 5uL 1X
25mM MgCl, 3puL 0.3 mM
10mM dNTP mix 0.5 pL 0.2 mM
10uM Forward primer 1uL 0.4 uM
10pM Reverse primer lpul 0.4 uM
GoTaq G2 flexi DNA polymerase (5U/pl) 0.13 uL 1.25U
cDNA template 1puL 5ng
Nuclease free water Up to 25 uL

WL - microlitre; MgClI2 - Magnesium chloride; mM — millimolar; ng - nanogram; dNTP — deoxynucleotide triphosphate; U/uL — Units per
microlitre; UM — micromolar

PCR reactions were performed according to the cycling conditions outlined in Table 4.4.2, and
thereafter, 5 puL of PCR products were separated on a 1.5% agarose gel (Appendix B) by
electrophoresis. The Quick-Load 100bp DNA ladder (New England Biolabs, USA) was added alongside

the samples to confirm that the PCR amplicons were the correct size.

Table 4.4.2: Cycling conditions used for HBL-1 amplification using GoTaq® Flexi DNA Polymerase kit.

Step Temperature Duration Number of cycles
Initial denaturation 95°C 5 min 1
Denaturation 95°C 30 sec
Annealing 53°C 30 sec 30 cycles
Extension 72°C 30 sec
Final extension 72°C 5 min 1
Cool down 10°C Infinite

°C - degrees Celsius; min - minutes; sec — seconds

4.2.8.3 Purification of PCR products

The GenelET PCR purification kit (ThermoFisher Scientific™, USA) was used to purify the HBL-1 PCR
products. All buffers were provided with the kit. Briefly, PCR products were incubated with an equal
volume of Binding buffer and transferred onto the GenelET purification columns. The columns were
centrifuged at 14 000 rpm for 30 seconds and the flowthrough was discarded. The columns were
washed with provided Wash buffer and centrifuged for 30 seconds. After discarding the flowthrough,

the columns were centrifuged for another 1 minute to remove residual wash buffer. The DNA was
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eluted in 50 pL nuclease-free water and samples were quantified using the NanoDrop™ ND-1000
(ThermoFisher Scientific™, USA). 10-fold serial dilutions of the PCR products were prepared to serve

as standards.

gPCR was performed as described in section 4.2.8.2 for U2923, HBL-1, WSU-DLCL2, SU-DHL4 and OCI-
LY1 cell lines, along with diluted standards. A standard curve was generated and used to determine

the absolute expression in the specified cell lines.

4.2.8 Generation of CRISPR-Cas9 MYC knockout cell lines

The development of OCI-LY1 cells in which c-MYC expression is knocked out was performed in the
laboratory of Professor Bjoern Chapuy, at Charité — Universitatsmedizin in Berlin, Germany, during a

research visit (August 2022 to October 2022).

4.2.8.1 Single guide RNA design and cloning into LentiGuide-Puro vector backbone

To achieve CRISPR-mediated knockout of c-MYC, three single guide RNAs (sgRNAs) were designed. The
first sgRNA was chosen from the Brunello Library, an optimized CRISPR-library with improved on-
target effects (314). The remaining two sgRNAs were identified from the integrated DNA technologies
portal (IDT) where predesigned sgRNAs can be searched for
(https://eu.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN). sgRNA were selected
based on two target scores: (i) the off-target score, where a higher score indicates less chance that
the sgRNA binds to sequences elsewhere in the genome, and (ii) the on-target score, where a higher
score represents efficiency of Cas9 at the target site. In this study, an off-target score of >70 and an
on-target score of >40 was accepted. The c-MYC targeting sgRNA sequences obtained from either the
Brunello library or IDT served as the forward primer, and the reverse complement was generated to
act as the reverse primer. To ensure compatibility with the LentiGuide-Puro (LGP) backbone vector
(Addgene, USA), which contains a puromycin selection marker, and efficient transcription of the

sgRNAs, the following nucleotides were included in each primer set:
c-MYC forward primer: 5° CACCGNNN......N 3’
c-MYC reverse primer: 3’ CNNN........NCAAA 5’

For cloning into the LGP vector backbone, each sgRNA pair (forward and reverse) was phosphorylated
and annealed together using the 10X T4 DNA ligase buffer with ATP (New England Biolabs, USA) and
10 000U/mL T4 Polynucleotide Kinase (New England Biolabs, USA). gRNAs were stored at -20° C.

The LGP backbone vector was digested with BSMBi-v2-R07395 (CGTCTC) and fragments were then

electrophoresed on a 1% agarose gel (Appendix B) at 100V for 40 minutes, to confirm digestion of the
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vector. The Wizard SV gel and PCR cleanup kit (Promega, USA) was used to excise bands from the gel
and purify the vector, which was thereafter quantified using the NanoDrop™ ND-1000 (ThermoFisher
Scientific™, USA). gRNAs were ligated within the digested LGP backbone vector, and ligated constructs
were transformed into STBL3 competent cells (New England Biolabs, USA) using heat shock, and
colonies were grown in Lysogeny Broth (LB) (Appendix B). Plasmid extractions were performed using
Mini-prep spin kit (Qiagen, Germany) and successful clones were confirmed using sequencing. To
generate larger stocks of plasmids fit for transfection, the Nucleobond Xtra endotoxin free plasmid
DNA purification kit (ClonTech Laboratories, USA) was used, as it contains an endotoxin-removal step.
Plasmid concentrations were determined using the NanoDrop™ ND-1000 (ThermoFisher Scientific™,

USA).

4.2.8.2 Lentivirus production

A total of four transfections were performed, one for each of the three MYC-gRNA and the gRNA
control, PLKO.5-AAVI-GFP (kindly donated by Dr Jens Loeber, in Professor Chapuy’s laboratory). For
each transfection, HEK239T cells were plated at a density of 1.5 x 10° and incubated for 16 hours prior
to transfection. On the day of transfection, transfection solutions containing the gRNA plasmid,
OptiMem, polyethyleneimine (PEl) and viral packaging, psPax2 and PMD2G, were added to cells. After
a 4-to-6-hour incubation period at 37° C, the media was replaced with fresh media, supplemented
with 30% FBS, and cells were incubated at 37° C overnight. The media, containing viral particles, was

collected 24- and 48-hours post-transfections, pooled together and filtered through a 0.45 pM filter.

4.2.8.3 Lentivirus transduction of OCI-LY1 cells

OCI-LY1 cells were plated at a density of 2 x 10° cells, in IMDM containing 30% FBS. Polybrene was
added to cells, at a final concentration of 8 ug/mL, and spinfection was performed at 1000 RCF for 90
minutes at 30° C, followed by addition of IMDM, containing 30% FBS. The following day, the media
was replaced with fresh IMDM containing 10% FBS and transduced cells were selected by culturing in
media containing 1 ug/mL puromycin for three days. Thereafter, cells were maintained in 0.25 pg/mL
puromycin, and protein was harvested. To determine whether successful knockdown of c-MYC was
achieved, as well as the effect on PD-L1 expression, western blot experiments were performed as
described previously. The effect of c-MYC knockdown on PD-L1 mRNA levels was assessed via qPCR

experiments, as described previously.
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4.3 Results

4.3.1 Status of PD-L1 in online DLBCL patient database

A total of 48 DLBCL datasets were retrieved from The Cancer Genome Atlas (TCGA) and used to
conduct an integrated and comprehensive analysis on the status of PD-L1. The dataset cohort
comprised of 46% males and 54% females, and multiracial participants (60% White; 18% Asian; 2%

Black/African American).

4.3.1.1 PD-L1 expression in DLBCL cancer database

TCGA is a publicly available repository containing genomic and clinical data, derived from a wide range
of human tumour samples (315). The expression profile of PD-L1 (CD274) in the available DLBCL
database (primary site; n = 48) was accessed and compared per specific subtypes, namely ABC (n =
15), GCB (n = 22) and unclassified (UC) (n = 11). Using a one-way ANOVA, we observed a statistically
significant difference in PD-L1 expression levels among the DLBCL subtypes (F(2,45) = 7.9038, p =
0.0011). Post-hoc comparisons using Tukey's HSD test indicated that the mean PD-L1 expression level
for the GCB subtype (mean = 3.3277) was significantly lower than both the ABC subtype (mean =
4.8153, p = 0.0120) and the UC subtype (mean = 5.2584, p = 0.0027). There was no significant
difference between the ABC and UC subtypes (mean difference = -0.4430, p = 0.7331). These results
indicate that the GCB subtype has significantly lower PD-L1 expression than the ABC and UC subtypes
(Figure 4.1). This finding is in line with what is described in the literature where PD-L1 expression is

elevated in non-GCB subtypes of DLBCL (297).
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(A)

(C)

Figure 4.1: PD-L1 expression in DLBCL TGCA database. The expression of PD-L1 was evaluated within DLBCL
(primary site DLBCL; n = 48) from TCGA available datasets, and compared within three clusters, namely ABC (n
=15), GCB (n = 22) and unclassified (n = 11) (316). One-way ANOVA, p = 0.0011; GCB vs ABC, p = 0.0120; GCB vs
UC, p =0.0027; ABCvs UC, p = 0.7331.

4.3.1.2 Association of PD-L1 status with patient survival

The TCGA PD-L1 (CD274) transcriptome data was used to cluster data based on PD-L1 mRNA
expression into two groups, namely “high-CD274” (n = 13) and “low-CD274” (n = 35). Thereafter, the
patient survival data was correlated with the two clusters. The resulting Kaplan-Meier plots, depicted
in Figure 4.2, demonstrate that patients within the high CD274 group had significantly lower
progression free survival (PFS), where less than 30% of patients were alive after 40 months (p =0.0139)
(Figure 4.2A). Compared to a PFS of 107.013 months in patients with low-expression of CD274,
patients in the high-expression cluster had a PFS of only 9.53414 months. The same trend is observed
for overall survival (OS) (Figure 4.2B), and disease-specific survival (DSS) (Figure 4.2C), while for
disease-free survival (DFS) (Figure 4.2D), the dataset included only one patient within the high-

expression cluster, which, in itself, demonstrates that DFS is a rare occurrence in patients with high

CD274 expression.
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Figure 4.2: Kaplan-Meier survival estimate curves showing (A) PFS, (B) OS, (C) DSS and (D) DFS of DLBCL
patients in the “low-CD274” (n=35) and “high-CD274"” (=13) cluster groups. (Extracted from TCGA (316)). For
the specific prognostic outcomes depicted in figures 4.2 B-C, the median survival in months is specified as not a
number (NaN) and this is due to censored events which are not related to the study itself. Log-rank test.

68



4.3.2 Association between PD-L1 and c-MYC expression in online DLBCL patient database and DLBCL

cell lines

As reported previously, c-MYC is a crucial oncogenic driver that is implicated in the pathogenesis of
DLBCL. Because previous reports on the potential regulation of PD-L1 by c-MYC in DLBCL is
contradictory, this study sought to describe this relationship using in silico techniques and DLBCL cell

models.

4.3.2.1 In silico analysis of c-MYC binding elements in the human PD-L1 promoter

To date, only one E-box site, which is the DNA regulatory element via which ¢c-MYC is known to
regulate its target genes, has been reported in the human PD-L1 promoter, located at position -164
bp to -159 bp (296). Using the PROMO software designed to predict transcription factor binding sites
(TFBS) in DNA sequences, the region -2500 bp upstream of the TSS was analysed (dissimilarity rate of
15%), which revealed an additional four E-box sites located at positions -835 bp to -828 bp, -1389 bp
to -1382 bp, -1876 bp to -1869 bp and -2355 bp to -2348 bp, as illustrated in Figure 4.3 below. The

data suggests that PD-L1 may indeed be regulated by the c-MYC transcription factor.
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(B) Factor Position Dissimilarity percentage String
c-MYC -2355 to - 2348 3.98% CACCTGA
c-MYC 1876 to -1869 3.98% ACAGGTG
c-MYC -1389 to -1382 7.32% ACATGTG
c-MYC -835 to -828 7.32% CACTTGA

Figure 4.3: Predicted E-box sites within the human PD-L1 promoter, analysed using the PROMO online tool. The human PD-L1 promoter sequence (-2500bp) was extracted
from Ensemble and used to identify putative c-MYC binding sites. (A) Graphical representation depicting the potential c-MYC binding sites within the PD-L1 promoter,
specified in green boxes, as labelled in the key. Yellow square represents the previously identified E-Box site described by Maeda and colleagues (296). (B) Dissimilarity score
representing the extent of sequence variation from the consensus. A dissimilarity rate of 15% was specified to reflect at least 85% similarity.
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4.3.2.2 Correlation analysis of PD-L1 and c-MYC expression in online DLBCL patient database

Analyses were performed to investigate correlation between c-MYC and PD-L1 expressions within the
TGCA DLBCL datasets. Using the non-clustered DLBCL dataset, no distinct correlation could be
observed between these two genes (Figure 4.4A, p = 0.5850, n=47). When clustered, a notable inverse
(negative), but not statistically significant, correlation was observed for the ABC-DLBCL subtype (Figure
4.4B, p=0.1161, n=14), while a mild inverse (positive) correlation was seen in the GCB subtype (Figure
4.4C; p = 0.2279, n=22). As was the case for PD-L1 status, the UC cluster followed a similar trend as

the ABC cluster (Figure 4.4 D; p=0.2714, n=11).
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Figure 4.4: Correlation between PD-L1 and c-MYC expression in online TGCA DLBCL patient database. (A)
Correlation analysis was performed to assess the relationship between PD-L1 and c-MYC in DLBCL dataset (n =
47). Datasets were clustered as (B) ABC (n = 14), (C) GCB (n = 22) and (D) UC (n = 11). Pearson correlation
coefficients.

4.3.2.3. Assessment of c-MYC and PD-L1 expression in online DLBCL cell line database.

To further explore the correlation between c-MYC and PD-L1 expression, publicly available data on
The Human Protein Atlas was accessed, and gene expression values for PD-L1 and ¢c-MYC from a total
of 27 DLBCL cell lines (1 unknown, 18 GCBs and 8 ABCs) were retrieved and plotted side-by-side (Figure
4.5). Of the 27 cell lines, 1 was EBV-positive (Farage), while another cell line, DoHH2, is considered to
be partially EBV-positive. Both of these cell lines were assigned to the GCB subtype. PD-L1 expression
was generally higher (mean = 8.2125; pink bars) within ABC-DLBCL cell lines, relative to the GCB
subtypes (mean = 0.8; pink bars), which is consistent with the findings for patient tumour data shown
in Figure 4.1. The expression level of c-MYC (blue bars) was generally much higher than PD-L1 in all
cell lines, with a mean expression of 333.1 within GBC-DLBCL cell lines and 308.5875 within ABC-DLBCL
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cell lines. From the available data, no clear association between c-MYC and PD-L1 levels could be

drawn in DLBCL cell lines overall, or across subtypes.
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Figure 4.5: Expression levels of PD-L1 and c-MYC in DLBCL cell lines, extracted from The Human Protein Atlas.
A total of 27 DLBCL cell lines were identified, 18 of which were assigned to the GCB subtype and 8 cell lines to
ABC subtype. The subtype of 1 cell line was unknown at the time. Of the total cell lines identified, 1 was EBV-
positive and another was considered partially EBV-positive. Normalized gene expression values for PD-L1 and c-
MYC were recorded and plotted on the same graph, using GraphPad Prism version 9 (GraphPad Software, USA)
(From The Human Protein Atlas (317)).
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4.3.2.4 Assessment of PD-L1 and c-MYC mRNA and protein expressions in five DLBCL cell lines

The relationship between ¢c-MYC and PD-L1 was evaluated in a panel of five established DLBCL cell

lines which were available in the laboratory. Table 4.5 lists the cell lines and their characteristics.

Table 4.5: Characteristics of the DLBCL cell lines included for analysis.

Cell line DLBCL subtype  EBV status Origin Reference

Established from the ascites of a 29-year-
U2932 ABC-DLBCL Negative (318)
old female, previously treated for HL.

Established from the pleural effusion of a
HBL-1 ABC-DLBCL Negative (319)
65-year-old male.

Established from the pleural effusion of a
WSU-DLCL2 GCB-DLBCL Negative (320)
41-year-old male.

Established from the bone marrow of a
OCI-LY1 GCB-DLBCL Negative (321)
44-year-old male.

Established from the peritoneal effusion
SU-DHL-4 GCB-DLBCL Negative (322)
of a 38-year-old male.

ABC-DLBCL - Activated B-cell (ABC)-like Diffuse Large B-cell Lymphoma; EBV — Epstein Barr Virus; HL — Hodgkin Lymphoma; GCB-DLBCL —
Germinal Centre B-cell (GCB)-like Diffuse Large B-cell Lymphoma

gPCR and western blotting analyses were carried out to determine the mRNA and protein levels,
respectively, of PD-L1 and c-MYC in the DLBCL cell lines. The expression of c-MYC, at both mRNA and
protein expression levels, could be detected in all 5 cell lines, at varying levels, with the lowest
transcriptional levels seen in the ABC-DLBCL cell lines, U2932 and HBL-1 (Figure 4.6A, upper panel);
while at the protein level, this trend was slightly different, with only U2932 being a relatively low
expressor of c-MYC protein (Figure 4.6A, lower panel). For PD-L1, the three GCB-DLBCL cell lines
appeared to be lower expressors of PD-L1 at both the mRNA and protein levels, when compared to
the two ABC-DLBCL cell lines (Figure 4.6B). In fact, under our assay conditions, PD-L1 was effectively

undetectable in the three GCB-DLBCL cell lines.
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Figure 4.6: PD-L1 and c-MYC expression in a panel of DLBCL cell lines. (A) c-MYC mRNA (upper panel) and
protein expression (lower panel) in DLBCL cell lines. (B) PD-L1 mRNA (upper panel) and protein expression (lower
panel) in DLBCL cell lines. Western blot experiments were normalized to B-actin and quantified using ImageJ.
gPCR results are a representation of two independently conducted experiments.

Overall, this finding is line with what was seen in patient datasets extracted from TCGA (Figure 4.1)
and DLBCL cell lines in The Human Protein Atlas (Figure 4.3), where DLBCLs of the ABC subtype are
higher expressors of PD-L1. In addition, the data indicates that GCB-DLBCLs are more frequent
expressors of c-MYC, compared to ABC-DLBCLs. Another observation of the data is that it infers an
inverse correlation between c-MYC and PD-L1, since the latter was detectable only in ABC-DLBCL cell

lines, where c-MYC expression was lower.

4.3.2.5 Assessment of PD-L1 expression in a c-MYC knock out model.

To further explore the correlation between PD-L1 and c-MYC expressions, and the potential role that
the c-MYC transcription factor might be playing in regulating the expression of PD-L1 in DLBCL, a MYC
knock out model was used. Specifically, CRISPR-Cas9 technology was used with the intention to knock
out c-MYC expression in the GCB-DLBCL cell line OCI-LY1. The OCI-LY1 MYC knock outs were generated
during a research visit to the laboratory of collaborator and lymphoma research expert, Professor
Bjoern Chapuy, at Charité — Universitatsmedizin Berlin, in Germany, where this methodology is well
established. Following selection of successfully transduced cells, western blot analysis revealed that

complete knock out of c-MYC expression was not achieved, despite the fact that the CRISPR-Cas9
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technology aims to achieve complete knock out. Instead, partial knockdown was achieved in all three
clones (Figure 4.6). The partial knockdown of c-MYC is further discussed in section 4.4. Nevertheless,
we proceeded with the experiment and clone gMYC-1, which achieved the most c-MYC knockdown,

was selected to assess PD-L1 expression at the mRNA and protein levels.
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Figure 4.7: CRISPR-Cas9 leads to knockdown of c-MYC in OCI-LY1 parental and gMYC-transduced cells. Western
blot experiments using anti-c-MYC antibody (Abcam, [Y69] 32072) to assess efficiency of c-MYC knockout,
normalized to B-actin (Santa Cruz Biotechnology, sc-47778). Quantification was performed using ImageJ and is
shown relative to parental OCI-LY1 cells.

A 2-fold increase in PD-L1 gene transcription was observed in the OCI-LY1 gMYC-1 knock down cells,
relative to the parent cell line (Figure 4.8A). However, at the protein level, under our experimental

conditions, no PD-L1 protein could be detected, in either parental or MYC knockdown cells (Figure

4.8B). This data, once again, infers that an inverse correlation may exist between c-MYC and PD-L1.
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Figure 4.8: PD-L1 expression in OCI-LY1 gMYC-1 cells where c-MYC is knocked down. (A) gPCR was used to
determine the effect of c-MYC knockdown on PD-L1 mRNA expression. qPCR data is a representation of at least
two independently conducted experiments, normalized to GAPDH. Statistical analysis was performed using
GraphPad Prism 9 (Students t-test, two-tailed, *p < 0.05). (B) Western blot experiments using anti-PD-L1
antibody (Cell Signalling, E1L3N), including a positive control in which high levels of PD-L1 is known to be
expressed (EBNA2-CLW). The experiment was performed in duplicate and the above result is a representative
on the result. Results were normalized to B-actin (Santa Cruz Biotechnology, sc-47778).

4.3.3 Impact of HIV and EBV on the expression of PD-L1 in DLBCL cells.

HIV-infected individuals are reported to be 17-fold more at risk of developing DLBCL compared to the
general population (57), constituting a significant health care challenge in settings where the
prevalence of HIV is high such as in the Southern African region. Additionally, EBV-infections are
prevalent in early-life infections in developing countries, where this oncogenic virus has been shown
to enhance PD-L1 expression, particularly via the activity of EBNA2. Since EBNA2 has been shown to
upregulate PD-L1 expression, this study sought to investigate how that aspect is affected by HIV. For
this purpose, a cell model was used, which comprises of U2932 established parent cell line (ABC
subtype), and two EBNA2-expressing daughter clones. In our assays, these cells were exposed to two

forms of HIV-1, namely AT-2 HIV-1 and pvHIV-1, generated independently and by different
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methodologies. In brief, AT-2 HIV-1 are HIV viral particles where the infectivity has been impaired,
while maintaining the structural and functional integrity of the viral envelop, and ability to interact
with cell surface receptors; while pvHIV-1 are viral particles which are capable of cell entry but lack
replication potential. In both cases, their respective and appropriate mock controls were used during

cell treatments.

4.3.3.1 Verification of EBNA2-expressing ABC-DLBCL U2932 cell model

The EBNA2-expressing cell model consisted of the parental line (U2932; ABC-DLBCL subtype), and two
EBNA2-expressing clones (CL1 and CLW) created and previously described by Prof. Pankaj Trivedi’s
group (309). Confirmation of stable EBNA2 expression was done using western blotting (Figure 4.9).
As shown below, EBNA2-CL1 is a higher expressor of EBNA2, relative to EBNA2-CLW, while the viral

protein is indetectable in the parent U2932 cells.
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Figure 4.9: Western blot analysis confirming expression of EBNA2 in stably transfected U2932 cells. An anti-
EBNA2 antibody (PE2, NBP2-50382, Novus Biologicals, USA) was used to detect EBNA2 expression and an anti-
P38 antibody (M0800, Sigma-Aldrich) was used to measure p38 as an internal loading control. Quantification of
protein expression, normalized to p38, was done using Imagel. Western blot image is cropped to only show the
relevant lanes on the blot.

Additionally, we confirmed, using gPCR and western blotting analyses, that PD-L1 is highly expressed
in EBNA2-expressing clones, relative to the parent cell line, at both the transcriptional, and protein
expression levels (Figure 4.10). While less PD-L1 mRNA was detected in CL1, relative to CLW, the
reverse was the case for PD-L1 protein expression. This observation was consistent across multiple

repeats.
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Figure 4.10: PD-L1 mRNA and protein expressions are enhanced in EBNA-expressing clones. (A) gPCR analysis
confirming increased PD-L1 mRNA expression in EBNA2-expressing cells. qPCR data is a representation of two
independently conducted experiments, normalized to GAPDH. Statistical analysis was performed using
GraphPad Prism 9 (ANOVA test, ***p < 0.001). (B) Western blot experiments confirming upregulation of PD-L1
protein levels, using anti-PD-L1 antibody (Cell Signalling, E1IL3N), in the presence of EBNA2. The experiment was
performed in duplicate and the above result is a representative on the result. Results were normalized to B-actin
(Santa Cruz Biotechnology, sc-47778), using ImageJ, and are shown relative to parental cells.

4.3.3.2 Assessment of c-MYC expression in EBNA2-expressing ABC-DLBCL U2932 cell model

The expression of c-MYC has been described in this cell model by Leopizzi et al. (323). As a
confirmation, the expression of c-MYC, at both the mRNA and protein levels, was assessed, using qPCR
and western blotting respectively. As is shown in Figure 4.11 below, c-MYC expression is higher in
EBNA2-expressing clones, relative to the parent cell line, at both the transcriptional (Figure 11A), and

protein expression levels (Figure 11B). Similarly to what was observed for PD-L1 expression, less c-
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MYC mRNA was detected in CL1, relative to CLW. At the protein level however, the expression was

comparable between the two clones.
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Figure 4.11: c-MYC mRNA and protein expressions are highly enhanced in EBNA-expressing clones. (A) qPCR
analysis confirming increased c-MYC mRNA expression in EBNA2-expressing cells. gPCR data is a representation
of two independently conducted experiments, normalized to GAPDH. Statistical analysis was performed using
GraphPad Prism 9 (ANOVA test, ****p < 0.0001). (B) Western blot experiments confirming upregulation of c-
MYC protein levels, using anti-c-MYC antibody (Abcam, [Y69] 32072), in the presence of EBNA2. The experiment
was performed in duplicate and the above result is a representative on the result. Results were normalized to
B-actin (Santa Cruz Biotechnology, sc-47778), using ImageJ, and are shown relative to parental cells.
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4.3.3.3 Effect of HIV exposure on expressions of PD-L1 and c-MYC in EBNA2-expressing ABC-DLBCL
U2932 cell model

To determine the effect of HIV-1 exposure (either AT-2 HIV-1 or pvHIV-1) on the expression levels of
PD-L1 and c-MYC, the cell lines were exposed to the viral particles, thereafter gPCR and western

blotting analyses were carried out.

There was no significant change in PD-L1 mRNA levels in the parental cell line following exposures to
either AT-2 HIV-1 (red bars) or pvHIV-1 (green bars), while significant decreases were observed in the

EBNA2-expressing clones (Figure 4.12).
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Figure 4.12: Exposure to HIV-1 affects PD-L1 expression at the mRNA level. gPCR analysis assessing PD-L1 mRNA
levels after exposure to either AT-2 HIV-1 or pvHIV-1 in parental cells (upper panel) and EBNA2-expressing cells,
CL1 (middle panel) and CLW (lower panel). Results are shown relative to the respective controls (MV or Mock).
gPCR data is a representation of two independently conducted experiment normalized to GAPDH. Statistical
analysis was performed using GraphPad Prism 9 (Students t test, two-tailed, *p < 0.05; **p < 0.01).
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At the protein levels, for cells exposed to AT-2 HIV-1 (red bars), PD-L1 was downregulated within the
parent cells, as well as the EBNA2-expressing clones (Figure 4.13, upper panel). The same trend was
seen for cells exposed to pvHIV-1 (green bars), except for the parent cell line. Since both forms of HIV-
1 exposure (AT-2 HIV-1 and pvHIV-1) affected PD-L1 in similar manner, i.e. decreased protein
expression, relative to their respective controls (MV and mock), our results strongly suggest that in
DLBCL cell lines, HIV-1 exposure negatively regulates PD-L1 mRNA and protein expressions, and that

this effect is enhanced in the presence of EBNA2.
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Figure 4.13: Exposure to HIV-1 affects PD-L1 expression at the protein level. Western blot experiments using
anti-PD-L1 antibody (Cell Signalling, E1IL3N) demonstrated reduced PD-L1 expression in cells exposed to either
AT-2 HIV-1 (upper panel) or pvHIV-1 (lower panel), relative to their respective control (MV or Mock). The
experiment was performed in duplicate and the above result is a representative on the result. Protein levels
were normalized to B-actin (Santa Cruz Biotechnology, sc-47778), using Imagel.

With regards to c-MYC expression, exposure to AT-2 HIV-1 (red bars) did not affect its mRNA
expression, while a small decrease was noted in in pvHIV-1-exposed (green bars) EBNA2-expressing

cells (Figure 4.14). At the protein level however, exposure to either AT-2 HIV-1 (red bars, upper panel)
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or pvHIV-1 (green bars, lower panel) seemed to lead to a decrease in c-MYC expression, both in the

parent and EBNA2-expressing cell lines (Figure 4.15).
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Figure 4.14: Effect of HIV-1 exposure on c-MYC expression. qPCR analysis assessing c-MYC mRNA levels after
exposure to either AT-2 HIV-1 or pvHIV-1 in parental cells (upper panel) and EBNA2-expressing cells, CL1 (middle
panel) and CLW (lower panel). Results are shown relative to the respective controls (MV or Mock). qPCR data is
a representation of two independently conducted experiment normalized to GAPDH. Statistical analysis was
performed using GraphPad Prism 9 (Students t test, two-tailed, *p < 0.05).
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Figure 4.15: Effect of HIV-1 exposure on c-MYC expression. Western blot experiments using anti-c-MYC
antibody (Abcam, [Y69] 32072), demonstrated reduced c-MYC expression in cells exposed to either AT-2 HIV-1
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performed in duplicate and the above result is a representative on the result. Protein levels were normalized to
B-actin (Santa Cruz Biotechnology, sc-47778), using Image).
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4.4 Discussion

Due to limited and contrasting studies on the expression and relevance of PD-L1 in DLBCL, this study
sought to provide insight into the significance and regulation of PD-L1, in an EBV- and HIV-positive

setting, using in silico analyses, as well as a DLBCL cell model.

The ABC and GCB subtypes of DLBCL are molecularly distinct with unique alterations in specific
signalling pathways and genes (324), and our in silico analyses show a probable inverse correlation
between c-MYC and PD-L1 expression within the ABC subtype of DLBCL, which was consolidated

through analysis of expression using a panel of established DLBCL cell lines available in our laboratory.

Several molecular alterations contributing to PD-L1 expression in the ABC subtype have been
described. For example, as mentioned in chapter 1, IGH translocations and alterations in chromosome
9p24.1 are associated with PD-L1 expression in DLBCL and Georgiou et al. reported that cytogenetic
alterations at this locus were commonly seen in the ABC subtype compared to the GCB (325).
Additionally, approximately one third of ABC-DLBCLs harbour a mutation in MYD88, resulting in the
persistent activation of the JAK/STAT pathway and ultimately inducing PD-L1 expression (326, 327).
Another mechanism driving PD-L1 expression in ABC-DLBCLs implicates BCR signalling, which is
constitutively activated in this subtype. In recent years, Wang and colleagues validated the link
between PD-L1 expression and BCR signalling through in vitro assays. It was demonstrated that PD-L1
expression was detected in BCR-dependant cell lines and not in BCR-independent cell lines, and that
loss of BCR signalling lead to reduced PD-L1 expression at the mRNA and protein levels (297). Overall,
the preferential expression of PD-L1 in ABC-DLBCLs, driven by several mechanisms, most likely
contributes to the aggressive nature of this subtype. Furthermore, our findings have also shown that
high expression of PD-L1 is associated with a poor PFS in DLBCL patients, which is line with several
other studies reporting that PD-L1 expression is related to a poor prognosis (242, 328, 329, 330, 331).
Therefore, since we have shown that PD-L1 is elevated in the ABC subtype, which is known to be highly
aggressive, one can infer that the more aggressive nature of ABC-DLBCLs may in part be attributed to
elevated PD-L1 expression which ultimately promotes immune evasion and tumour progression;
whereas GCB-DLBCL is associated with a better clinical outcome, as there is little to no PD-L1

expression (332, 333).

Expression of c-MYC was detected at relatively high levels in all DLBCL cell lines included in this study,
at both the mRNA and protein levels, which is expected, since c-MYC is a known driver of DLBCL (59).
Our findings suggested a higher expression level of c-MYC in cell lines assigned to the GCB subtype,
compared to the ABC subtypes. As discussed in chapter 1, approximately 30% of DLBCLs carry

overexpression of c-MYC which, along with BCL2, is defined as double-expressor DLBCL (DEL), while
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up to 10% of cases harbour a c-MYC translocation, with BCL2/BCL6, termed as double-hit DLBCL (DHL)
(46). According to reports, most of DHLs are of a GCB subtype while DELs occur more frequently within
the ABC subtype (334, 335), indicating that c-MYC dysregulation is associated with both subtypes of

DLBCL, and the mechanism of dysregulation varies based on the subtype.

Interestingly, in-silico analysis using TCGA data suggests a potential inverse correlation between PD-
L1 and c-MYC in the ABC subtype. While the TCGA analysis comprised of less ABC datasets (n=15) than
GCB datasets (n=22), the association between c-MYC and PD-L1 expression was stronger in the ABC
subtype, which may potentially reflect a true scenario. Furthermore, similarly to what was observed
for the ABC subtype, the unclassified subtype of DLBCL (UC) was associated with elevated expression
of PD-L1, and an inverse correlation between c-MYC and PD-L1. Although the UC category of DLBCL is
a distinct subtype, it is classified as having complex genetic and molecular features which is closer in
form to the ABC subtype, rather than the GBC subtype (335). The inverse correlation between c-MYC
and PD-L1 was further demonstrated in a c-MYC knock down model, using CRISPR-Cas9 technology,

at the transcriptional level.

This inverse trend has also been reported by other investigators (242, 300). Two retrospective studies,
conducted by independent researchers examined the expression of PD-L1 in tissues from DLBCL
patients. By performing IHC assays on 204 DLBCL patient FFPE tissues, Hu and colleagues
demonstrated a negative correlation between PD-L1 and c-MYC in the TME (242). Interestingly, Elbaek
and colleagues employed an IHC-based approach coupled with RNA sequencing, and concluded that
PD-L1 mRNA and protein levels were significantly lower in patients with a MYC translocation (300).
This is especially interesting since, as mentioned, most DHL cases, which contain c-MYC translocations,
are assigned to the GCB subtype. This may suggest that c-MYC acts as negative regulator of PD-L1 in
GCB-DLBCL, keeping in mind that we have demonstrated higher c-MYC expression in our GCB-like cell
lines, coupled with very low PD-L1 mRNA copy numbers. As discussed earlier, several other molecular
mechanisms are implicated in the upregulation of PD-L1 in ABC-DLBCL, so it is highly probable that in
the ABC subtype, c-MYC is not a fundamental regulator of PD-L1, whereas in the GCB subtype, it may

function as a repressor.

The inability to detect PD-L1 expression at the protein level within the OCY-LY1 cell line could be due
to the fact that this protein is already expressed at low levels, since this is cell line is derived from a
GCB tumour. This, combined with technical aspects, including inadequate sensitivity of the western
blot assay and antibody. Another possibility to consider is that, while c-MYC altered PD-L1 expression
at the transcriptional level, there may be post-transcriptional mechanisms in place which negatively

regulate PD-L1 protein expression. Indeed, glycosylation, ubiquitination and phosphorylation are but
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a few of several post-transcriptional modifications of the protein which influence its stability and
availability within cells (336). Additionally, miRNA-mediated regulation may also be a possible post-

transcriptional mechanism negatively regulating PD-L1 expression.

While total knock out of c-MYC was expected, this was not achieved. Recently, evidence has emerged
demonstrating that the CRISPR-Cas9 gene editing system does not always guarantee a complete gene
knockout (337). Mechanisms responsible for incomplete knockout using the CRISPR-Cas9 system
include (i) altered splicing, which skips the exon containing the premature termination codon and
ultimately allows for functional proteins to be produced, and (ii) initiation of translation from an
alternative site, preventing gene disruption (337, 338). It isimportant to mention that c-MYC has three
isoforms as a result of alternative promoters which produces c-MYC proteins with slight variations in
size (339). The two primary isoforms of c-MYC (p65 and p67) are generated by alternative initiation of

translation (340), which may explain the partial knockdown observed with CRISPR-Cas9 editing.

Furthermore, the multiple isoforms associated with c-MYC also explains why in some western blotting
experiments, two bands were observed for c-MYC. Interestingly, the western blot experiments that
produced one single band of c-MYC (Figure 4.15) included protein samples isolated using the
commercial AllPrep DNA/RNA/Protein mini kit (Qiagen, Germany), which was used to obtain matched
protein and RNA products simultaneously from the same sample. These protein pellets were
resuspended in a buffer containing a higher concentration of SDS (5%), which is a strong protein
denaturant. Since high SDS concentration as well as its ratio to protein is reported to affect protein
structure (341), it is possible that the double band observed is as a result of incomplete denaturation

of the protein samples during gel separation.

While our findings strongly suggest that c-MYC is a negative regulator of PD-L1 expression, whether
or not this occurs through a direct or indirect mechanism remains unclear and was not assessed within
the scope of this study. To the best of our knowledge, only one E-box element within the PD-L1
promoter has been previously described, by Maeda and colleagues, who demonstrated
mechanistically, using a TNBC cell model, that c-MYC was recruited to the promoter of PD-L1 by MUC1-
C to promote activation. Furthermore, Maeda et al. demonstrated that targeting of MUC1-C resulted
in downregulated c-MYC, which in turn reduced c-MYC occupancy on the PD-L1 promoter, and
ultimately reduced PD-L1 activation (296). Our study identified four other putative MYC-binding sites
within the PD-L1 promoter and warrants further studies into the relevance of these sites in the

potential transcriptional regulation of PD-L1, not only in DLBCL, but in other cancers as well.

As stated in previous sections, EBNA2 is a known up-regulator of both PD-L1 and c-MYC expression.

This was confirmed in our study where we observed significant increased expression of these factors
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in EBNA2-expressing DLBCL cells, at both the mRNA and protein levels. In 1999, Kaiser et al.
demonstrated that c-MYC is induced by EBNA2, using a cell model system (342). Furthermore, EBNA2
was reported to activate MYC through recruitment of EBF1, thereby promoting cellular proliferation
of infected B cells (343). Earlier this year, a study was published offering more insight into the
upregulation of c-MYC by EBNAZ2. Interestingly, EBNA2 was shown to not only positively impact c-MYC
expression, but also that of miR-24, a negative regulator of c-MYC (323). It was demonstrated that
transfection with anti-miR-24 compounds led to an even further increase in c-MYC expression, which
ultimately resulted in apoptosis (323). c-MYC is capable of exerting both pro-apoptotic and pro-
proliferative functions (344) and the investigation by Leopizzi and colleagues demonstrated that
EBNA2 supports pro-proliferative levels of ¢-MYC by inducing miR-24, avoiding c-MYC-induced
apoptosis (323). As mentioned earlier, Anastasiadou and colleagues showed that EBNA2 upregulates
PD-L1 by downregulating its negative regulator, miR-34a; and a study by Yanagi and colleagues
confirmed EBNA2 binding sites in the PD-L1 promoter (124, 125). Interestingly, between the two
EBNA2-expressing clones, we consistently observed more PD-L1 protein levels in CL1, and our earlier
results also showed that CL1 had a higher expression level of EBNA2, compared to CLW. This
demonstrates the correlation between EBNA2 and PD-L1. The two EBNA2-expressing clones were
generated by Boccellato and colleagues, and variability between clones is a common phenomenon

(309).

To study the effect of HIV-1 on PD-L1 expression in DLBCL cells, the latter were exposed to two
different laboratory strains of HIV-1, both non-infectious, and designed to facilitate and reduce the
risk of performing in vitro studies using an infectious pathogen. Since the AT-2 HIV-1 viral particles are
non-infectious, it is impossible to assess its viability after it is produced, and thus we decided to use
two independent systems, with the second HIV-1 viral particle being the pseudovirus HIV-1. A major
difference between AT-2 HIV-1 and pvHIV-1 particles is that AT-2 HIV-1 virions can bind cells, and are
unable to enter the cells, while pvHIV-1 can enter host cells, but no replication or further growth can
take place. However, since B cells lack the CD4 surface receptors, they cannot be host cells for HIV.
Nevertheless, early reports demonstrated that HIV could interact with B cells via CD21 expressed on
the surface of B cells (190). The data generated using both systems were consistent, thus conferring
validity and reliability to our experimental approach. Additionally, in both instances, the appropriate

and corresponding controls were used, to further validate and strengthen the data.

Following either form of HIV-1 exposure, DLBCL cells displayed reduced PD-L1 protein levels relative
to the control, and this appeared to be regardless of EBNA2 expression. While this finding does not
align with our observations presented in the investigations performed in aims 1 and 2 (presented in

chapters 2 and 3), where PD-L1 levels were elevated in the blood and tumour tissues of HIV-positive
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DLBCL patients, it is important to note that, in the current case, the investigation involved the use of
a DLBCL cell line, cultured in vitro, and without cytokine stimulations or a co-culture set-up. While cell
lines are important tools in molecular biology, they do not accurately represent primary cells and/or
the disease physiology and/or the tumour microenvironment. This likely explains the non-concordant
result obtained, but also indicates that the upregulation of PD-L1, in the context of HIV infection,
happens within other immune cell populations, and not necessarily on within the DLBCL tumour cells.
It is also plausible that PD-L1 may be elevated on DLBCL tumour cells in the presence of HIV but in an
indirect manner. A way to explore this would be to perform the study using a co-/ multi-culture system
and use primary cells rather than cell lines. An example of a co-culture system was demonstrated in
the context of EBV-positive DLBCL, performed by Quan and colleagues, whereby they co-cultured T
cells and DLBCL cell lines and demonstrated that DLBCL cells augmented PD-1 expression on T cells

and altered the proliferation and cytokine secretion of T cells (345).

Similarly to the findings for PD-L1 expression in response to HIV-1 exposure, we have also
demonstrated that exposing DLBCL cells to HIV-1 decreased expression of c-MYC at the protein level.
This contradicts findings in the literature where c-MYC is reported to be further elevated in DLBCL in
the presence of HIV, again, highlighting the difference in results observed between cell lines and
patient-derived specimens, and the importance of supporting microenvironmental cells. Studies have
reported high expression of c-MYC in HIV-positive DLBCL tumours (346, 347), and in addition, a recent
report revealed that HIV-positive DLBCL patients were more prone to MYC mutations, and this was
associated with a worse prognosis when compared to HIV-negative DLBCL patients (57). Two
independent studies within our laboratory have shown that c-MYC expression is enhanced in Burkitt
Lymphoma (BL) cells exposed to HIV proteins, Nef and Tat (20, 21). Rios et al. demonstrated that c-
MYC expression was elevated in BL cells electroporated to express Tat; while Mdletshe and colleagues
demonstrated that exposing BL cells to recombinant Nef increased transcription of c-MYC (20, 21).
These studies suggested that HIV proteins can directly contribute to the HIV-associated BL by, in part,
upregulating c-MYC. In DLBCL specifically, there are hardly any mechanistic reports on the effect of
HIV on ¢c-MYC levels in cell models, and our result in DLBCL, relative to our previous findings in BL,

indicate that the pathophysiology of BL and DLBCL, in the presence of HIV, are quite distinct.

In an attempt to further consolidate the findings of our in vitro study using DLBCL cell lines, we
explored the mRNA expression of PD-L1 in a HIV-1 Tat-expressing HBL-1 DLBCL cell line model which
had been developed in the laboratory to study the oncogenic potential of this viral protein. Although
HIV does not directly infect B cells, Tat is secreted from infected cells and we and others have shown
that this viral protein can be internalized by B cells where it enhances oncogenic events (20, 348). The

Tat-transduced HBL-1 cell line was generated through lentivirus transduction by Dr Leonardo Alves de
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Souza Rios, who kindly donated cDNA for a qPCR experiment. As shown in Supplemental Figure 2
(Appendix C), PD-L1 expression was significantly decreased in HBL-1 cells expressing Tat relative to the
cells transduced with the empty control. This finding is in concordance with our findings presented
here, and thus confirms that the data is true and valid, albeit, not a reflection of what may be seen

within the in vivo context.

Interestingly, several investigations have explored co-culture systems in DLBCL. For example, in 2015,
Appollonio and colleagues established through a co-culture set-up that DLBCL tumour cells were able
to reprogram primary human lymphatic fibroblasts into cancer-associated fibroblasts, which were

shown to express markedly high levels of PD-L1 (349).

Overall, our study has revealed novel and important findings on the status of PD-L1 in DLBCL and its
regulation by c-MYC and HIV-1, using in silico analyses and cell culture models, emphasizing the

necessity of the use of co-culture systems in cancer-immunology studies.
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Chapter 5

Summary and concluding remarks

Although the majority of DLBCL patients achieve remission after treatment with R-CHOP, there
remains an urgent need for improved therapeutic strategies since up to 40% of patients experience
relapsed or refractory disease and will eventually succumb to their disease (350, 351). The outcome
of HIV-associated DLBCL is even worse and remains inferior despite the introduction of cART, within
low-income settings, where the prevalence of these cancers are higher than elsewhere in the world
(65, 67, 68). DLBCL is an extremely heterogenous disease, and a deeper insight into the biological
mechanisms influencing its clinical behaviour remains a persisting need if we are to improve treatment
and management of this disease (352, 353). DLBCL has conventionally been classified into two main
subtypes based on the COO and upon further in-depth molecular profiling, additional genetic groups
of DLBCL have been uncovered, according to distinct mutational profiles (39, 41, 354). These kinds of
studies expand the molecular understanding of DLBCL and ultimately aid in improving therapeutic

strategies and disease outcomes.

In South Africa, which has the highest HIV incidence worldwide, DLBCL represents up to 43% of
diagnosed NHLs (153). HIV-associated DLBCL is a distinct entity, and the molecular events promoting
the aggressive nature of HIV-associated DLBCL remains poorly understood (160). In the last few
decades, the PD-1/PD-L1 axis has been shown to be a significant driver of immune evasion of tumour
cells, and blockade of this signalling axis via monoclonal antibody therapy has achieved significant
success in several cancer types, but the same success has not been achieved in DLBCL (355).
Collectively, current published data show that the role and regulation of the PD-1/PD-L1 axis is ill-
defined. For example, the oncogene c-MYC is a well-established driver of lymphomagenesis, and a
number of investigators have reported contradictory findings of the association between c-MYC and
PD-L1 in DLBCL (306). Additionally, although recent studies have shown that PD-L1 is elevated in HIV-
positive patients (96, 104, 356), there is a scarcity of studies exploring the molecular mechanisms
associated with overexpression and even more so, the status of PD-L1 in HIV-associated DLBCL
remains largely unstudied. This study therefore sought to provide insight into the significance and
regulation of PD-L1 in DLBCL, and specifically within the context of HIV-infection, using patient

samples, in silico modelling, and established cell line models.

The findings from chapter 2 and 3 uncovered an elevation of PD-L1-expressing cells in both the

peripheral blood and tumour specimens of HIV-positive DLBCL patients, despite the two sites being
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two different biological entities. This aligns with the clinical characteristic of HIV-associated DLBCLs as
being more aggressive than HIV-negative DLBCLs, having poorer response to treatment, and poorer
patient outcomes (17). In HIV-infection, PD-L1 was reported to be highly expressed on regulatory T
cells (Tregs), which are involved in promoting an immunosuppressive state (357). Furthermore, PD-L1
was also demonstrated to be elevated on another immunosuppressive cell type, Bregs, in HIV-positive
patients prior to the onset of DLBCL (126). In our study, we observed high variability in the proportions
of Bregs and PD-L1* Bregs in HIV-positive and -negative newly diagnosed DLBCL patients, and no
noticeable difference between the two patient groups; suggesting that while HIV promotes
upregulation of PD-L1, this phenomenon may be required to drive lymphoma development but may
not necessarily be maintained once the cancer is established. Within the TME, we observed a lower
infiltration rate of CD8* cytotoxic T cells and while this finding is not commonly reported in the
literature, this subpopulation of T cells represents a crucial component of the immune system, and a
lower infiltration of CD8* T cells indicate less cytotoxic activity occurring in the presence of HIV, and
thus higher tolerance for this virus. The reduced infiltration of CD8* T cells may be directly caused by
HIV through its action on CD4* T cells, or indirectly, via the dysregulation of other entities, or both.
Although upregulation of PD-L1 by HIV was not demonstrated using cell models (Chapter 4), this
highlights the importance of the surrounding microenvironment, which directly interacts with tumour
cells, influencing all aspects of tumour biology (197). Additionally, PD-L1 expression can be found on
multiple other cell types, in addition to tumour cells, and therefore HIV may be upregulating PD-L1
expression on other cell types, resulting in the elevated status we observed in patient-derived
specimens (chapters 2 and 3). Additionally, increased expression of c-MYC in HIV-associated DLBCL is
well-established in the literature (153, 347) but exposure to inactivated forms of HIV-1 on a DLBCL cell
model did not mimic this phenomenon. This further signifies that tumour cells are dependent on

signals from their surroundings and do not act independently (210, 358).

An aspect of this study focussed on exploring the potential regulation of PD-L1 by c-MYC in DLBCL,
since current literature indicates contrasting findings (Chapter 4). In-silico analyses suggested an
inverse association between PD-L1 and c-MYC, specifically within the ABC-DLBCL subtype, and this
was consolidated using in vitro approaches, which strongly implies that c-MYC acts a negative

regulator of PD-L1 in DLBCL, but that this axis is restricted to certain DLBCL subtypes.

93



5.1 Conclusion

Collectively, this study uncovered a unique status of elevated PD-L1 in patient-derived peripheral
blood and tumour tissue samples of HIV-positive DLBCL patients in South Africa, suggesting that
infection with HIV promotes an immunosuppressive state in DLBCL through overexpression of PD-L1
on multiple immune cell populations. While DLBCL tumour cells were not high expressors of PD-L1 in
the presence of HIV, when using a cell model approach, this does not rule out the expression of PD-L1
by DLBCL tumour cells. Instead, it highlights the importance of surrounding immune cells which
interacts with and influences tumour cells. In the present context, it is possible that surrounding
immune cells may either (a) act as the primary expressors of PD-L1, or (b) serve as a mediator between
HIV-1 and DLBCL tumour cells, facilitating the necessary signals for tumour cells to express PD-L1. This
study uncovered the significance of PD-L1 in HIV-associated DLBCL and indicates that the PD-L1
blockade within this patient group may prove beneficial. The study also highlights the need for further

comprehensive analyses to disentangle the deep complexity of this disease.
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Appendix A

Consent form used for patient recruitment

CERTIFICATE OF CONSENT

| have read the participant information leafiet provided, or it has been read to me. | have had the
nity to ask questions about it and any questions that | have asked have been answered to my
satisfaction. | consent voluntarily to participate as a participant in this research.

Print Name of Participant Name of legal guardianiparent
if participant is < 18 years of age

Signature of Parficipant Signature of legal guardian/parent
if participant is < 18 years of age

Lot thumb print f unable to sign

Lt thum print if unable &> sign

Date (ddimmiyyyy) Date (ddimmiyyyy)

If parficipant is unable to read or write an impartial witness who is able to read and write must sign (if
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Appendix B
Recipes and Reagents

Flow cytometry:

1X FACS™ lysis solution (50 mL)

Perform a 1:10 dilution of the FACS™ lysis solution with dH,0 and store at room temperature.

10x PBS (1 1)

Amount (g)
NacCl 80g
KCl 2g
Na;HPO4 144¢g
KH,PO, 24¢g

Weigh out the components as per the table above and dissolve in 800 mL dH,0.
Adjust the pH to 7.4 with HCl and final volume to 1 L.

Autoclave the solution and store at 4°C.

1X PBS

Perform a 1:10 dilution of 10X PBS with dH,0. Store at 4°C.

Immunohistochemistry:

TE buffer pH 8 (1 L)

Amount/Volume

Tris Base 6.1g
EDTA 037¢g
Triton X-100 5mL

Weigh out the components as per the table above and dissolve in 800 mL dH;0.
Adjust the pH to 8 with HCl and final volume to 1 L.

Store at room temperature.



Proteinase K Stock Solution (400 pug/mL) (20 mL)

Amount/Volume

Proteinase K (20mg/mL) 400 pL

TE buffer pH 8 9.8 mL

10% Glycerol 9.8 mL

Add proteinase K to TE buffer and mix until dissolved.
Add the glycerol and mix well.
Aliguot the solution and store at —20°C.

Proteinase K Working Solution (20 pg/mL)

Perform a 1:20 dilution of 400 pg/mL Proteinase K Stock solution with TE Buffer pH 8 and mix well.
Store at 4°C.

10X TBE (1 L)

Amount
Tris 108 g
Boric acid 55¢g
0.5 M EDTA (pH 8) 40 mL

Weigh out components as listed above and dissolve in 800 mL dH-0.
Add the EDTA and adjust the volume to 1 L.

Store at room temperature.

1X TBE

Perform a 1:10 dilution of 10X TBE and store at 4°C.

1% Copper sulphate (100 mL)

Amount

Copper sulphate lg

Weight out copper sulphate as listed above and dissolve in 100 mL dH,0.

Store at room temperature.
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10X TBS (1L)

Amount
Tris 60.6 g
NacCl 87.6¢g

Dissolve the components above in 800 mL dH;0.

Adjust the pH to 6.8 using HCI, and make the volume up to 1 L.
Autoclave and store at 4°C.

1X TBS/0.1% Triton X-100 (1 L)

Perform a 1:10 dilution of 10X TBS with dH,O0.

Add 1 mL of Triton X-100 and mix well.

Store at 4°C.

3% BSA in 1X TBS/0.1% Triton X-100

Amount

BSA 15¢g

Dissolve 1.5 g of BSA in 50 mL of 1X TBS/0.1% Triton X-100.
Store at room temperature.
Tissue culture

Supplemented growth media

Cell lines P/S FBS Medium

U2932; SU-DHL-4; HBL-1;
1mL(2%) | 5mL(10%) | 44 mL (RPMI-1640)
WSU-DLCL2

Supplements

U2932-EBNA2-CL1; and -CLW | 1 mL (2%) | 5 mL (10%) 43.825 mL (RPMI-1640)

50 uL hypoxanthine,
100 ulL xanthine,

25 uL mycophenolic
acid

OCI-LY1; OCI-LY1-gMYC-1/2/3 | 1 mL (2%) | 5 mL (10%) 44 mL (IMDM)

HEK293T/FT; TZM-bl 1mL(2%) | 5mL(10%) | 44 mL (DMEM)
HEK293T 1mL (2%) | 15 mL (30%) | 34 mL (DMEM)
OCI-LY1 1mL (2%) | 15 mL (30%) | 34 mL (IMDM)
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Freezing media

Cell lines FBS Medium
U2932; U2932-EBNA2-CL1; and -CLW; SU-
10% RPMI-1640, as needed
DHL-4; HBL-1; WSU-DLCL2
OCI-LY1; OCI-LY1-gMYC-1/2/3 10% IMDM, as needed
HEK293T/FT; TZM-bl 10% DMEM as needed
Low serum media
Cell lines P/S FBS Medium

U2932; U2932-EBNA2-CL1; and -CLW;

1 mL (2%) 0.2mL(0.5%) | 48.8 mLRPMI-1640

Protein isolation

RIPA buffer (50 mL)

Amount/Volume
150 nM NaCl 1.5mL
1% Triton X-100 0.5mL
0.1% SDS 0.5mL
10 mM tris, pH 7.5 0.5mL
1% deoxycholate powder 05¢g

Dissolve the deoxycholate powder in 40 mL dH,0.

Add the remaining components, mix and make up to volume of 50 mL with dH,0.

Store at 4°C.

7X protease inhibitor

Dissolve one protease tablet in 1.5 mL of 1X PBS.

Aliquot and store at -20°C.

RIPA solution (0.1% SDS)

Dilute the 7X protease inhibitor to 1X protease inhibitor using RIPA buffer.

RIPA buffer (5% SDS)

Dilute 10% SDS to a final concentration of 5% SDS using RIPA buffer.

117




SDS-PAGE and Western blot
1.5M Tris-HCI pH 8.8 or pH 6.8 (500 mL)

Dissolve 60.5g Tris base in 300 ml dH,0.

Adjust pH with concentrated HCl and make up to a final volume of 500 mL with dH,0.

Store at 4°C.

10% SDS (100 mL)

Dissolve 10 g of SDS crystals in 80 mL dH,0.

Adjust volume to 100 mL with dH,0 and store at room temperature.

30% acrylamide-bisacrylamide (100 mL)

Amount/Volume

Acrylamide 29g

N.N’-methylenebisacrylamide 1g

Dissolve the components as listed above in 100 mL dH,0.
Filter through a 0.45 uM membrane.
Cover with foil ad store at 4°C.

10% Ammonium persulphate

Dissolve 0.1 g APS in 1 mL dH,0.

Store at 4°C and prepare fresh every 2 weeks.

10X SDS-PAGE Running buffer (1 L)

Amount
SDS 10g
Tris 30.3g
Glycine 1441 ¢g

Dissolve the above components in 800 mL dH,0.

Adjust the volume to 1 L with dH,0 and store at room temperature.

1X SDS-PAGE Running buffer
Perform a 1:10 dilution of 10X SDS-PAGE running buffer with dH,0.

10X SDS-PAGE Transfer buffer (1 L)
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Amount

Tris

38¢g

Glycine

l44¢g

Dissolve the above components in 800 mL dH;0.

Adjust the volume to 1 L and store at room temperature.

1X SDS-PAGE Transfer buffer

Perform a 1:10 dilution of 10X SDS-PAGE transfer buffer with dH,0.

1x Ponceau S staining solution (0.1% (w/v) Ponceau S in 5% (v/v) acetic acid)

Dissolve 0.1g Ponceau S in 5 mL acetic acid and adjust volume to 100 mL with dH,O.

Cover with foil and store at room temperature.

10 -12% resolving gel (7.5 mL)

10% gel 12% gel

Volume Volume
dH,0 2.95 mL 2.4 mL
30% acryl-bisacrylamide mix 2.5mL 3mL
1.5m Tris pH 8.8 1.9mL 1.95mL
10% SDS 0.075 mL 0.075 mL
10% APS 0.075 mL 0.075 mL
Tetramethylethylenediamine (TEMED) 0.003 mL 0.003 mL

Prepare the gels as described above, mixing well between each component.

Add the TEMED last.

Pour into 1 mm glass plates, overlay with 0.1% SDS, and allow to set.

5% stacking gel (3 mL)

Volume
dH,0 2.1mL
30% acryl-bisacrylamide mix 0.5mL
1.5m Tris pH 6.8 0.35mL
10% SDS 0.03 mL
10% APS 0.03 mL
Tetramethylethylenediamine (TEMED) 0.003 mL
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Prepare the gel as described above, mixing well between each component.

Add the TEMED last.

Pour on top of the resolving gel, add the comb and allow to set.

5X Loading dye

Volume
10% SDS lg
0.04% Bromophenol blue 0.004 g
2M Tris pH 6.8 1.25mlL
100% Glycerol 3mL
B-mercaptoethanol 0.5mL

Dissolve the SDS and Bromophenol Blue in 5.25 mL dH,0.
Add the remaining components and mix.

Aliquot and store at room temperature.

1X TBS/0.1% Tween-20
Perform a 1:10 dilution of 10X TBS with dH,O0.

Add 1 mL of Tween-20 and mix well.

Store at 4°C.

5% fat-free milk in 1x TBS-Tween 20 (0.1%) (50 mL)

Mix 41.7ml of fresh fat-free milk with 58.3 ml 1x TBS/Tween-20 (0.1%).

Store at 4°C.

Stripping buffer

Volume
B-mercaptoethanol 0.7 ml
10% SDS 20 ml
1.5m Tris-HCl pH 6.8 4.2 ml
dH20 75.1ml

Prepare as listed above, mix well and store at room temperature.

120



RNA isolation
0.1% (V/V) diethyl pyrocarbonate- (DEPC) treated water

Add1 mL of DEPC to 1 L of dH,0.
Mix with a magnetic stirrer bar overnight in the fume hood, at room temperature.
Autoclave and store at room temperature.

Treating plasticware with DEPC

Place all plasticware (centrifuge tubes and pipette tips) to be used for RNA work in 0.1% DEPC-water.
Mix with a magnetic stirrer bar in a fume hood overnight.
Remove plasticware from the water and allow to airdry completely.

Place the centrifuge tubes in bags and the pipette tips in boxes and autoclave.

DNA/RNA gel electrophoresis

1.5% agarose gel

Amount/Volume

Agarose 15¢g

1IXTBE 100 mL

Dissolve the agarose in 1X TBE by heating in the microwave.
Once cooled, add 5 uL Ethidium bromide (EtBr, 0.5 mg/mL).

Pour the gel onto a tray, add the comb and allow to set.

1% agarose gel

Amount/Volume

Agarose lg

1XTBE 100 mL

Prepare as described above.

2X RNA loading dye

Amount/Volume
Formamide 900 pL
Sucrose 99 uL
Bromophenol Blue 0.5 L
Xylene Cyanol 0.5 L
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Mix components as listed above, aliquot and store at room temperature.

10X DNA loading dye

Amount/Volume
Xylene Cyanol 0.025¢g
Bromophenol Blue 0.025¢g
10% SDS 1.25mL
Glycerol 12.5mL

Dissolve Xylene cyanol and Bromophenol Blue in 6.25 mL of dH,0.
Add the 10% SDS and glycerol.

Mix well, aliquot and store at room temperature.

Bacterial Transformation

Lysogeny Broth (LB) (1 L)

Dissolve 10 g of LB powder media in 800 mL ddH20 and adjust the volume to 1 L
Sterilise by autoclaving and store at room temperature

LB agar

Mix 1.5 g Agar and 2 g LB powder media in 100 mL ddH20

Sterilize by autoclaving and store at room temperature
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Chapter 2

Appendix C

Supplemental Tables and Figures:

Supplemental Table 1: Distribution of cases with Breg percentages above or below the median, according to HIV status, DLBCL subtype, EBV status and biopsy site.

coo Non-GCB
subtype .
Other/unknown

EBV+

EBV status EBV-
unknown

Biopsy site Nodal
Extranodal

HIV-negative DLBCL (median=57,5 %)

HIV-positive DLBCL (median=61,2)

n % of cases below 57,5% % of cases above 57,5% n % of cases below 61,2% % of cases above 61,2%
16 9 (56%) 7 (44%) 3 1 (33%) 2 (67%)

5 2 (40%) 3 (60%) 7 4 (57%) 3 (34%)

1 1 (100%) 1 1 (100%)

2 1 (50%) 1 (50%) 3 2 (67%) 1(33%)

19 10 (53%) 9 (47%) 8 3 (38%) 5 (62%)

1 1 (100%)

11 8 (73%) 3 (27%) 2 0 2 (100%)

11 3 (27%) 8 (73%) 9 5 (56%) 4 (44%)

Supplemental Table 2: Distribution of cases with PD-L1* Breg percentage above or below the median, according to HIV status, DLBCL subtype, EBV status and biopsy

site.
Non-GCB
(o(0]0)
subtype GCB
Other/unknown

EBV+

EBV status EBV-
unknown

Biopsy site Nodal
Extranodal

HIV-negative DLBCL (median=1,735%)

HIV-positive DLBCL (median=0,83%)

n % of cases below 1,735% % of cases above 1,735% n % of cases below 0,83% % of cases above 0,83%
16 8 (50%) 8 (50%) 3 2 (67%) 1 (33%)

5 3 (60%) 2 (40%) 7 2 (29%) 5(71%)

1 1 (100%) 1 1 (100%)

2 2 (100%) 3 2 (67%) 1(33%)

19 1(58%) 8 (42%) 8 3 (38%) 5 (62%)

1 1

11 7 (64%) 4 (36%) 2 1 (50%) 1 (50%)

11 4 (36%) 7 (64%) 9 4 (44%) 5 (56%)
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Chapter 3
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Supplemental Figure 1: Percentage of immune cells in the TME. Percentages of T cell and macrophage
infiltration along with overall PD-L1-positivity in tumour tissues derived from DLBCL patients who were (A) HIV-

negative and (B) HIV-negative.
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Chapter 4
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Relative PD-LTmRNA expression

HBL-1

Supplemental Figure 2: qPCR analysis assessing the mRNA levels of PD-L1 in the presence of Tat. after
knockdown. Relative quantification gPCR was performed to assess the mRNA levels of PD-L1 in HBL-1-Tat-
transduced cells relative to the empty control. Statistical analysis was performed using GraphPad Prism 9
(Welchs t test, *p < 0.05).

125



Appendix D

FACS Calibur instrument configuration:

The FACS Calibur had both red and blue lasers enabled. The flow rate was on high for all samples
acquired on the FACS Calibur (60ul per minute), and the threshold was set at 100 on the parameter
FCS-H. This allowed for exclusion of small events, such as debris, without excluding lymphocytes. In
terms of quality control, the BD Calibrite beads were used to set the PMT voltages and check sensitivity
as well as the fluidics and Lazer alignment. The voltages were saved and recorded so that stability
could be monitored. Furthermore, an FMO control was included as a negative control and to

distinguish between positive and negative events.
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