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Hypermethylation at the CXCR5 gene locus limits trafficking potential of
CD8" T cells into B-cell follicles during HIV-1 infection
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m CD8™ T cells play an important role in HIV control. However, in human lymph nodes

. : (LNs), only a small subset of CD8" T cells express CXCR5, the chemokine receptor
: égglic_ll’fy O]Icl fqlllcliJ'Lar required for cell migration into B-cell follicles, which are major sanctuaries for HIV per-
erminal ((::eenje::s sistence in individuals on therapy. Here, we investigate the impact of HIV infection on
gontributes to HIV follicular CD8™ T cell (fCD8) frequencies, trafficking patterns, and CXCR5 regulation. We
persistence during show that, although HIV infection results in a marginal increase in fCD8s in LNs, the
CART. majority of HIV-specific CD8* T cells are CXCR5™ (non-fCD8s) (P < .003). Mechanistic
investigations using Assay for Transposase-Accessible Chromatin using sequencing
showed that non-fCD8s have closed chromatin at the CXCRS5 transcriptional start site
(TSS). DNA bisulfite sequencing identified DNA hypermethylation at the CXCR5 TSS as the

most probable cause of closed chromatin. Transcriptional factor footprint analysis

» CXCRS5 expression in
human CD8" T cells
is tightly regulated by
epigenetic

e revealed enrichment of transforming growth factors (TGFs) at the TSS of fCD8s. In vitro

stimulation of non-fCD8s with recombinant TGF-§ resulted in a significant increase in
CXCR5 expression (fCD8s). Thus, this study identifies TGF-g signaling as a viable strategy
for increasing fCD8 frequencies in follicular areas of the LN where they are needed to
eliminate HIV-infected cells, with implications for HIV cure strategies.

Introduction

In HIV infection, secondary lymphoid tissues serve as the major site of viral replication,' whereas germi-
nal centers (GCs) in the B-cell follicles of lymph nodes (LNs) serve as major sites of HIV persistence dur-
ing suppressive antiretroviral therapy (ART).*® Trafficking of cytolytic CD8" T cells to the sites of active
viral replication is a major mechanism leading to elimination of infected cells.” CXCR5 expression
facilitates direct trafficking of T cells to GCs by sensing CXCL13-producing cells, which reside within
LNs.2'° However, CD8" T cells typically lack CXCR5 expression and, therefore, are not commonly
found in B-cell follicles within LNs to eliminate HIV-infected cells,"’'* which is believed to be partially
responsible for HIV persistence in this compartment, particularly during ART.'®'* Development of novel
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strategies for boosting HIV-specific CD8™ T-cell migration to B-cell
follicles could enhance immune clearance of HIV-infected cells.

A small subset of CXCR5-expressing CD8" T cells called follicular
CD8™ T cells (fCD8s) have the capacity to infiltrate B-cell follicles and
eliminate infected cells.'®'® Human and animal studies have shown
inverse correlations between frequencies of f{CD8s and HIV or simian
immunodeficiency virus (SIV) burden,”'®'” suggesting that increased
infiltration of fCD8s in B-cell follicles can result in enhanced immune
control. Indeed, some studies demonstrated direct anti-HIV activity of
fCD8s."®'® In addition, in the SIV model, CD8" T-cell depletion is
associated with a modest increase in SlV-infected cells in B-cell fol-
licles,'? further supporting their involvement in mediating virus replica-
tion in the follicles. Thus, a detailed understanding of the regulatory
mechanisms that govern the expression of CXCRS5, the chemokine
receptor required for CD8™ T-cell migration to B-cell folicles, is highly
relevant to the development of curative strategies for HIV.

Animal studies have investigated the transcriptional regulatory net-
works that distinguish f{CD8s from non-fCD8s. These studies have
implicated a number of transcription factors (TFs), including Blimp1
and B-cell lymphoma 6 protein (BCL6) coupled with TCF1, and
inhibitor DNA binding 2 and 3 (Id2 and 1d3), which they describe as
a transcriptional circuit that governs fCD8 differentiation.'®'92°
Additionally, in vitro stimulation of CD8™ T cells from rhesus maca-
ques with inflammatory cytokines, such as transforming growth
factor-B (TGF-B), interleukin-12, and interleukin-23, promoted fCD8
differentiation.?! TGF-B indirectly promotes the binding of E2A to
the CXCR5 loci,?? an important factor that is critical for fCD8 differ-
entiation.'®?® Together, these studies provide an important frame-
work for potential regulatory networks; however, the underlying
molecular processes that govern f{CD8 differentiation in human lym-
phoid tissues remain largely unknown. Moreover, it is not clear how
these animal studies translate to human diseases.

In this study, we investigated the trafficking pattern of CD8™ T cells
in LNs following HIV infection and found that the majority of HIV-
specific CD8" T cells did not express CXCR5 and, thus, predomi-
nantly reside outside of GCs. We next studied the molecular mech-
anism that regulates CXCRS5. Given that gene expression is
mediated, in part, through epigenetic modifications, such as DNA
methylation and the chromatin landscape, as well as that the epige-
netic program of HIV-specific CD8™ T cells becomes less pliable
with persistent HIV antigen stimulation,?*?° we investigated whether
these epigenetic processes were involved in silencing the CXCR5
gene in lymphoid CD8™ T cells in the setting of HIV infection using
DNA bisulfite sequencing, Assay for Transposase-Accessible Chro-
matin using sequencing (ATAC-Seq), and RNA sequencing (RNA-
Seq) assays. Our data showed that DNA methylation and chromatin
conformation are intricately involved in regulating CXCR5 expression
in human CD8™ T cells. We also found that TGF-B, which has the
potential to induce changes in the methylation profile of DNA,%3
contributes to the expression of CXCR5 gene in CD8" T cells and,
thus, is a potential molecular target for increasing fCD8 frequencies
in B-cell follicles to eliminate HIV-infected cells.

Materials and methods

Human samples

Fresh human inguinal LNs were obtained from participants enrolled
at the Prince Memorial Mshiyeni Hospital, Umlazi, Durban, South
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Africa. Demographic and clinical characteristics of the study partici-
pants are summarized in Table 1. A section of the excised LN was
processed for tissue imaging, and the remaining section was put
through mesh to isolate LN mononuclear cells (LNMCs). LNs were
homogenized using a syringe plunger and passed through a cell
strainer (BD Biosciences Germany). Mononuclear cells were iso-
lated using RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO) con-
taining 10% heat-inactivated fetal calf serum. Extracted LNMCs
were frozen for downstream experiments. Descriptions of study
samples and experimental design are detailed in supplemental Infor-
mation. All protocols were approved by the Biomedical Research
Ethics Committee of the University of KwaZulu-Natal and the Mas-
sachusetts General Hospital Institutional Review Board and were
performed in accordance with the Declaration of Helsinki.

Flow cytometry and cell sorting

Cells were surface stained with a set of antibodies (supplemental
Table 1). Cells were sorted for ATAC-Seq and RNA-Seq using a
BD FACSAria. Gating strategies for sorting are detailed in supple-
mental Information. In all sorting experiments, the sorted cells were
>095% pure (supplemental Figure 1A-C).

Immunofluorescence staining

Localization of CD8" T subsets was assessed as described.”
Briefly, slides were prepared from 4-um sections of paraffin-
embedded tissue blocks and immune stained using in-house opti-
mized protocols. For each LN, serial sections were stained singly
with antibodies against BCL6, Gag-p24, CD8, and a DAB visualiza-
tion kit (Envision Double Stain system; Dako) for bright-field micros-
copy. Alternatively, we used the Opal 4-Color Fluorescent IHC Kit
(PerkinElmer) for immunofluorescence microscopy light. Slides were
mounted and viewed using an Axio Observer and TissueFAXS
imaging software (TissueGnostics, Vienna, Austria). Quantitative
imaging analysis was conducted with TissueQuest (TissueGnos-
tics). Medians of cell density in the GCs were used to perform sta-
tistical analyses.

Drug treatment, ddPCR, and DNA methylation-
bisulfite sequencing

Drug treatment was performed on the same samples used for the
DNA methylation assay. Briefly, an average of 100000 non-fCD8s
were sorted from the LN tissues and treated for 72 hours with 10
pM 5'-aza-2-deoxycytidine (Aza). Thereafter, cells were washed and
lysed, and RNA was extracted. Complementary DNA was generated
from the purified RNA using (Bio-Rad, Hercules, CA). CXCR5 mes-
senger RNA (mRNA) transcripts were measured from the generated
complementary DNA using digital droplet polymerase chain reaction
(ddPCR).

Specific cytosine guanine dinucleotide (CpG) within the CXCR5
gene region was measured for DNA methylation according to a pro-
tocol of Paulin et al.®2 Briefly, a minimum of 500 ng of genomic
DNA was treated with bisulfite and amplified using designed primers
(forward-aggaagagagGTTTTTTATTGGGGGTATAGGGAG; reverse-
cagtaatacgactcactatagggagaaggctCCTATCTAAATTTTACAAATCCACAA)
to cover 500 bp around the transcription start site (TSS). Amplified
product was analyzed using a MassARRAY platform (Agena Bio-
science, Berlin, Germany).
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Table 1. Demographic and clinical characteristics of the study participants

Participants HIV™ (n = 5) HIV treated (n = 7) HIV untreated (n = 5)
Females, n 5 7 5

Age, y 21 (20.5-22) 26 (23-36) 23 (18-26)

CD4 counts, cells/mm® N/A 642 (401-1189) 436 (355-718)

Viral load, RNA copies/mL N/A <20 15068 (1 200-23 000)

Time to LN excision after HIV infection

Time to LN excision after HIV infection

Unless otherwise noted, data are median (interquartile range).
N/A, not applicable.

Chemotaxis assay

Chemotaxis assays were performed as previously described.?®
Briefly, LNMCs were suspended at a density of 1 X 10° in RPMI
1640 medium containing L-glutamine, antibiotics, 10 mM HEPES
buffer, and 0.5% fatty acid—free bovine serum albumin. Cells were
cultured for 30 to 60 minutes at 37°C before being plated in Trans-
well inserts with a pore size of 5 um and a diameter of 6.5 mm in
24-well plates (Coming Costar, New York). A total of 1 X 10° cells
was added to the upper wells, and 50 ng/mL CXCL13 chemokine
(PeproTech, New Jersey) was placed in the bottom wells; plates
were incubated for 3 hours at 37°C in 5% CO, Migrated cells
were stained with viability dye, CD3, CD4, CD8, CXCR5, and PD-1
and counted using flow cytometry.

Sequencing and analysis

An average of 20000 cells was used to perform ATAC-Seq and
RNA-Seq. Detailed protocols on library preparation, sequencing,
and analysis for ATAC-Seq and RNA-Seq are described in supple-
mental Information.

Statistical analysis

Data analyses were conducted using Prism software, version 6.0
(GraphPad, Inc, California). Two-tailed tests were used, and P val-
ues < .05 were considered significant. Comparisons between
groups were assessed using parametric (unpaired Student ¢ test).
Categorical data were analysed using using the Fisher's exact test.
Analysis of next-generation sequencing data is described in supple-
mental Information.

Results

Phenotypic characterization of fCD8s in
HIV-infected subjects

To assess whether CD8" T cells that have the follicular-homing
phenotype (fCD8s) were indeed localized in the lymphoid tissues
during HIV infection, we first used flow cytometry to measure the
frequency of fCD8s in LN and in peripheral blood mononuclear cells
in all 3 study groups. Consistent with previous findings,®* we
observed a significantly higher frequency of fCD8s in LN compared
with peripheral blood mononuclear cells in all groups (P < .0001)
(Figure 1A). We next evaluate the effect of HIV infection and viral
antigen persistence on the induction of f{CD8s in LNs, comparing
participants in the FRESH cohort who were uninfected with sub-
jects who were ART suppressed, as well as untreated donors. We
observed a significantly higher frequency of fCD8s as a percentage
of total CD8" T cells in treated (P = .01) and untreated (P = .008)
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donors compared with uninfected donors, as well as that ART lim-
ited the development of this phenotype (P = .003) (Figure 1B).
These data are consistent with previous studies that suggest persis-
tent viral infection'® and/or HIV-induced inflammation” in ART-
suppressed individuals drives the differentiation of cells, including
fCD8s, during HIV infection. We next assessed whether increased
fCD8s in treated and untreated individuals with HIV compared with
HIV™ individuals correlated with localization in GCs using multicolor
immunofluorescence microscopy and TissueQuest image analysis
software. This technique allows simultaneous quantitative assess-
ment of cellular phenotype and cell localization in tissues.*® We
defined fCD8s as CXCR5"CD8™ T cells. Active GCs were identi-
fied by BCL6™ staining within B-cell follicles (supplemental Figure
1D). Image analysis revealed fCD8s localized in the GCs in HIV-
infected persons, whereas there was a lack of GC fCD8s in HIV™
persons (supplemental Figure 1E). Notably, we observed a signifi-
cant positive correlation between the density of fCD8s localized in
GCs and the frequency of fCD8s measured by flow cytometry in
treated and untreated HIV infection (r = +0.87, P = .02) (supple-
mental Figure 1E), consistent with the notion that viral infection stim-
ulates proliferation of fCD8s, which preferentially localize in GCs.”
Because CXCR5 expression by CD8™ T cells is believed to be
important for migration of HIV-specific CD8" T cells to the GCs,
we next compared the proportion of HIV-specific CD8" T cells
expressing the CXCR5 receptor in the LN of treated and untreated
patients with HIV. Because of the lack of class | tetramers that are
capable of in situ tetramer staining of fixed human tissues, we used
class | tetramers to identify HIV-specific CXCR5"CD8" T cells
using flow cytometry. The majority of HIV-specific CD8™ T cells did
not express CXCR5 (Figure 1C), suggesting that the lack of
CXCRS5 expression by HIV-specific CD8" T cells could limit their
ability to infiltrate the GCs and clear viral reservoirs,'"'23®

Lack of CXCR5 expression on CD8" T cells
attenuates their migratory capacity in response
to CXCL13

Given that we could not directly assess the correlation between
CXCR5 expression and migratory capacity in vivo, we assessed the
direct relationship between CXCR5 expression in fCD8s and their
migratory capacity toward a CXCL13 chemotaxis gradient using a
Transwell assay. We observed a significantly greater chemotaxis of
fCD8s toward CXCL13 compared with non-fCD8s (P = .04). GC
T follicular helper cells (GCTfh's), which express significantly greater
levels of CXCRS relative to fCD8, had the greatest migratory capac-
ity (P = .01) (Figure 2A). Furthermore, we observed a positive cor-
relation between CXCR5 expression levels and relative migratory
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Figure 1. Phenotypic characterization of fCD8s in LN in HIV-1 infection. (A) Paired comparative analysis of the frequency of f{CD8s (CD8*CXCR5™) in LN and
peripheral blood (PB) of 17 participants: untreated (n = 5), treated (n = 7), and HIV™ (n = 5). Analysis shows a significant increase in f{CD8s in LN compared with PB. (B)
Comparative analysis of treated and untreated (n = 5) patients with HIV vs HIV™ group (n = 5) shows a significant increase in fCD8s in patients infected with HIV. (C)

Representative plot showing the significantly low frequency of HIV-specific CD8" T cells

capacity in response to CXCL13 (r = +0.91, P = .01) (Figure 2B),
suggesting a direct link between CXCR5 expression levels and cell
migration in response to CXCL13 chemokine. Next, we used immu-
nofluorescence imaging to evaluate the localization of CD8" T cells
relative to HIV-infected cells by quantifying CD8™ T-cell density
inside and outside of the GCs from the 3 HIV-infected individuals
who began ART during hyperacute (Fiebig stage I/ll) infection.
Quantitative image analysis revealed greater frequencies of CD8™ T
cells (shown in red) outside of GCs (P < .0001), spatially segre-
gated from HIV-Gag-p24 (shown in orange), which was almost
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expressing CXCR5.

exclusively localized in the GCs (Figure 2C), suggesting that exclu-
sion of CD8" T cells from GCs contributes, in part, to HIV persis-
tence.'? Together, these data demonstrate a direct link between the
paucity of CXCR5-expressing HIV-specific CD8" T cells and HIV
persistence in GCs, even with the early initiation of ART.

TFs are differentially expressed between human
fCD8s and GCTfh’s

To establish how CXCR5 expression is regulated in human CD8* T
cells, we first investigated whether BCL6 is involved in CXCR5
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Figure 2. CXCRS5 expression level on fCD8s impacts their migration to the GCs. (A) Number of migrated cells in response to CXCL13 per 1 million LNMCs (n = 4 per

group). Graph shows mean and standard error of the mean. Cells that migrated in the no CXCL13 condition are shown in gray. Data are combined from 4 experiments done in

duplicate wells for each sample. A Student ¢ test analysis was performed on migrated cell numbers after subtracting the background. (B) Positive correlation between CXCR5

expression on cells and their relative cell migration in response to CXCL13 (n = 4 per group). (C) Representative images and graph showing that the majority of CD8" T cells

(red) are excluded from the GC (green) that harbors HIV-infected cells, as depicted by p24 staining (orange) (n = 4 per group). The images were acquired at 40X maginification.

expression in human CD8" T cells. Consistent with animal studies,
we found that BCL6 was highly expressed in GCTth's but was signif-
icantly lower in fCD8s (P = .008), with no significant difference
between fCD8s and non-fCD8s (P = .06) (Figure 3A). To gain a
deeper understanding of the TFs and signaling pathways that
regulate CXCR5 expression in human T cells, we performed bulk
RNA-Seq on fluorescence-activated cell sorting (FACS)-sorted cells
from the excised LNs of 5 HIV-infected individuals (supplemental
Figure 1A).

Five cell subsets were sorted using FACS from each individual LN:
bulk fCD8s, non-fCD8s, naive CD8" T cells, GCTfh's, and non-T
follicular helper cells (non-Tth's; supplemental Figure 1B). GCTfh's,
which constitutively express high levels of CXCR5, and naive CD8™
T cells, which do not express CXCR5, served as positive and nega-
tive controls, respectively. Non-Tfh's were included as an additional
negative control to compare with GCTfh's. Principal component
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analysis (PCA) of 5 biological replicates separated all experimental
groups in 2-dimensional space based on quantification of mRNA
transcripts (Figure 3B). Despite minimal separation between fCD8s
and non-fCD8s, 607 genes (false discovery rate < 0.1) were differ-
entially expressed between these 2 subsets (supplemental Informa-
tion). Notably, gene expression in f{CD8s was more similar to non-
fCD8s than to GCTfh's (supplemental Figure 2A). We quantified
genes that have been implicated in CXCR5 regulatory circuitry,
beginning with BCL6. We observed a significant difference in
BCL6 expression between fCD8s and GCTth's (P < .00001) (Fig-
ure 3C) that correlated with the difference in protein expression
(Figure 3A). Notably, there was no difference in BCL6 expression
between fCD8s and non-fCD8s (P = .64), contrary to murine stud-
ies.'®3” PRDM1, a BCL6 antagonist,'® was significantly higher in
fCD8s compared with GCTfh's (P = .01), but no difference in
expression was observed between fCD8s and non-fCD8s
(P = .83) (Figure 3D; supplemental Figure 2B).
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We quantified other genes that were similarly expressed between
fCD8s and GCTfh's in mice and were reported to be part of the
CXCRS5 transcription circuitry, including TCF7 (gene coding for
TCF-1), 1d3, and I1d2. Interestingly, Id3 and TCF7 were significantly
downregulated in human fCD8s compared with GCTfh's (Id3, P <
.0001; TCF-7, P < .0001), with no apparent difference between
fCD8s and non-fCD8s (Id3, P = .50; TCF-1, P = .90) (Figure 3D;
supplemental Figure 2B). Notably, I[d2 expression was significantly
different between fCD8s and non-fCD8s (Id2:P = .00001) (supple-
mental Figure 2B). These data suggest that the common transcrip-
tional regulators of CXCR5 expression in GCTfh's and fCD8s,
described in murine studies, are similar for human GCTfh's but not
for fCD8s. Therefore, additional transcription circuitry may be
involved CXCR5 expression in human CD8™ T cells.

The CXCRS5 gene is repressed by DNA methylation
and closed chromatin structure in human lymphoid
non-fCD8s

A striking finding from our transcriptional profiling analysis was the
identification of 43 genes (~7% of differentially expressed genes,
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false discovery rate < 0.1) that encode factors regulating epigenetic
processes, such as chromatin remodeling, histone modification, and
DNA methylation,®® were upregulated in fCD8s relative to non-
fCD8s (Figure 4A; supplemental Figure 3), suggesting that specific
epigenetic mechanisms may be directly involved in regulating
CXCRS5 in human CD8™ T cells.

Given that epigenetic regulators were among the most differentially
expressed genes between fCD8s and non-fCD8s, we hypothesized
that distinct epigenetic mechanisms, such as changes in chromatin
landscape and DNA methylation, regulate the expression of CXCR5
in human CD8* T cells. Therefore, we performed ATAC-Seq to
identify genome-wide accessible regions that precede gene expres-
sion.®%4% ATAC-Seq analysis was performed on the DNA samples
isolated from the same lymphoid cell populations used for RNA-Seq
studies (supplemental Figure 1B). We performed PCA on the top
10% of accessible regions, revealing a clear delineation of cell sub-
sets based on the chromatin-accessibility profiles (Figure 4B; sup-
plemental Figure 4A). We calculated a set of 66514 open
chromatin regions that appeared in =1 of the subsets. The subset
separation was strikingly similar to the PCA plot for RNA-Seq data
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Figure 3. (continued)

(see Figure 3A), revealing significant overlap between accessibility
and gene expression. Indeed, there was a strong association
between chromatin accessibility and gene expression between
fCD8s and non-fCD8s (R? = +0.54) (supplemental Figure 4B).

We next profiled accessibility of the CXCR5 gene, revealing a
closed chromatin conformation at the TSS of the CXCR5 gene in
non-fCD8s, naive CD8" T cells, and non-Tfh's. In contrast, f{CD8s
and GCTth's had an open chromatin conformation at the equivalent
site (Figure 4C), suggesting that chromatin accessibility contributes
to the repressed state of the CXCR5 gene in non-fCD8s and naive
CD8™ T cells. To identify epigenetic factors that may directly regu-
late chromatin accessibility of the CXCR5 gene, we performed a TF
motif search around the CXCR5 TSS of fCD8s and GCTfh's. We
restricted the motif search to regions that were inputted to have TF
footprints proximal to the TSS.*'**? Our analysis revealed that
fCD8s and GCTfh's shared binding motifs at the CXCR5 gene
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TSS for several epigenetic regulatory proteins: POU3F1, POU3FS,
E2F6, and ZNF384. Interestingly, TGIF1, TGIF2, PKNOX1, E2F7,
E2F8, STAT1, STAT3, and STAT4 were enriched in f{CD8s but not
in GCTih's (Figure 4D), suggesting that these factors may play a
role in the regulation of CXCR5 in human CD8™ T cells.

To determine whether methylation was responsible for CXCR5
gene silencing, we first performed a nonspecific DNA methylation
assay by culturing FACS-sorted non-fCD8s with Aza, which inhibits
the enzymatic activity of DNA methyl transferases.*® After 72 hours
of incubation, we measured CXCR5 mRNA transcript levels by
ddPCR. We found that Aza treatment significantly increased
CXCR5 mRNA levels (P = .002) (Figure 5A). We confirmed these
data by measuring DNA methylation levels proximal to CXCR5 from
the same cell subsets used in the Aza drug treatment assay, using
loci-specific bisulfite-treated DNA sequencing. We FACS-sorted
GCTfh's, f{CD8s, non-fCD8s, and naive CD8™ T cells from LNs and
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sequenced them. DNA methylation levels were measured in CpG
islands within 300 bp upstream to 200 bp downstream of the
CXCR5 TSS. We observed significantly higher methylation levels
proximal to the CXCR5 promoter region in naive CD8™ T cells com-
pared with GCTfh's (P = .001) and fCD8s (P = .001). Interest-
ingly, methylation levels were comparable between naive CD8" T
cells and non-fCD8s at the equivalent sites (P = .10) (Figure 5B-
C). Taken together, these data identify locus-specific DNA methyla-
tion and close chromatin conformation as distinct epigenetic mecha-
nisms repressing the CXCR5 gene in human non-fCD8s.

TGF-B was shown to induce CXCR5 in CD8" T cells in rhesus
macaques®' and was identified in our analysis as a TF footprint at
the TSS of fCD8s (Figure 4D), suggesting that TGF-3 signaling is
involved in demethylation of the CXCR5 TSS, resulting in increased
gene expression. To test this, we cultured CD8™ T cells isolated
from LN in vitro in the presence or absence of TGF-. We observed
a significant increase in CXCR5 expression in the presence of TGF-
B compared with the control condition (Figure 5D), consistent with
previous work.2! This suggests that TGF-B stimulation can reverse
CXCRS5 gene silencing in human CD8™ T cells.

Discussion

Understanding the regulation of CD8" T-cell trafficking to B-cell fol-
licles has far-reaching implications for developing strategies to eradi-
cate HIV-infected cells in B-cell follicles. This study investigated how
trafficking patterns of HIV-specific CD8™ T cells impact HIV persis-
tence in LNs, and elucidated molecular mechanisms that regulate
the expression of CXCR5 in human CD8™ T cells. We found that
the majority of HIV-specific CD8" T cells exhibit a non-fCD8 pheno-
type and, therefore, are devoid of the molecular machinery required
to traffic to GCs, where HIV persists during suppressive therapy.
ATAC-Seq analysis and DNA methylation measurements in purified
fCD8s and non-fCD8s showed that the closed chromatin of
CXCR5 TSS and DNA hypermethylation at this loci contribute to
the repressed state of CXCR5 expression in non-fCD8s. Our data
also suggest that TGF-B signaling may mediate the reversal of this
phenotype. This study highlights the need for additional exploration
of TGF-B signaling as a potential molecular target for enhancing
CXCR5 expression on human CD8" T cells within lymphoid
tissues.

Conceptualization of this study was motivated by 3 studies in mice
that described a subset of CXCR5-expressing CD8" T cells that
are termed fCD8s because of their ability to accumulate in B-cell
follicles.”"®'® Murine models of lymphocytic choriomeningitis virus
infection showed that the transcriptional profile of fCD8s is similar
to that of GCTfh's but not non-fCD8s. More importantly, they
showed that, following lymphocytic choriomeningitis virus infection,
fCD8s readily accumulated in B-cell follicles and were able to eradi-
cate infected cells.'®'® Additionally, subsequent SIV studies in rhe-
sus macaques showed similar results.2’ Thus, we asked whether

fCD8s were also increased in HIV infection in human LNs and
whether their differentiation profile was similar to that described in
mice. Indeed, our data showed an increased frequency of f{CD8s in
LNs of HIV-infected individuals, but this increased frequency was
not sufficient to eliminate HIV reservoirs. Initiation of antiviral therapy
mitigated fCD8 differentiation, suggesting that fCD8 induction is
antigen driven, as described in animal studies.”

CXCRS5 is not typically expressed on CD8" T cells, but it is
required for their localization in B-cell follicles during viral infec-
tion.2"** Although the role of CXCR5 on chemotaxis for follicular
localization is a well-established phenomenon,***” the mechanisms
that limit the expression of CXCR5 on human CD8" T cells remain
largely unknown. Our data show that, during HIV infection, virus-
specific f{CD8s exist at significantly reduced frequencies compared
with non-fCD8s. We analyzed purified non-fCD8s, fCD8s, and
GCTfh's to identify molecular processes that impede CXCR5
expression on non-fCD8s. Purified f{CD8s and non-fCD8s were phe-
notypically indistinguishable, with the exception of CXCR5
expression.

We first investigated TFs that were implicated in CXCR5 regulation
in murine {CD8s and GCTfh's: BCLS, Id3, Id2, PRDM1, and TCF-
1.15161% RNA-Seq analysis of sorted LN fCD8s, non-fCD8s, and
GCTfh's from HIV-infected individuals revealed that TF expression
profiles in human GCTfh's were similar to those reported in mice.®”
However, we found significant differences in TF expression profiles
between human GCTfh's and fCD8s that were not found in mice.
The TF expression profiles in human fCD8s were more similar to
non-fCD8s than to GCTfh's. Interestingly, we found low-level
expression of BCL6 in {CD8s and non-fCD8s. Conversely, PRDM1,
a BCL6 antagonist,'®*®*° was upregulated in fCD8s and non-
fCD8s, suggesting that BCL6 may not be sufficient to initiate
CXCR5 expression but, instead, works in tandem with other epige-
netic factors.

Our RNA-Seq analysis identified a number of epigenetic regulatory
genes that were differentially expressed between fCD8s and non-
fCD8s. Using ATAC-Seq and loci-specific bisulfite-treated DNA
sequencing analysis, we found closed chromatin conformation at
the CXCR5 TSS in non-fCD8s relative to f{CD8s and GCTfh's, as
well as increased levels of methylation at the TSS of non-fCD8s. It
is well-known that DNA methylation increases nucleosome compac-
tion and rigidity.>® Therefore, the greater DNA methylation observed
in non-fCD8s is the most probable cause of the observed con-
densed chromatin at the CXCR5 TSS and the corollary silencing of
the CXCR5 gene in non-fCD8s. A motif search at the TSS for
potential TFs that regulate CXCR5 expression revealed enrichment
of TGFs as 1 of the dominant factors in the CXCR5 TSS. Indeed,
in vitro stimulation of non-fCD8s with recombinant TGF-3 resulted
in increased CXCR5 expression, suggesting that TGF-B8 could play
a major role in changing the methylation profile at the CXCR5 gene
loci in human CD8™ T cells, opening up the gene for transcription.

Figure 4 (continued) The top 10% of ATAC-Seq peaks (merged between subsets) were used to create the PCA plot. (C) Overview of the ATAC-Seq signal around the

CXCR5 gene loci. The ATAC-Seq signal is shown for different loci (marked in gray) at which differential binding was detected in =1 sample. The black box shows the TSS

region where there is clear equivalence between fCD8 and GCTfh ATAC-Seq signals, whereas very low signals were observed for non-fCD8s and naive CD8™ T cells. (D)

Regions of predicted transcription factor footprints in respective cell subsets. The pie charts show the relative Wellington bootstrap scores for each subset against all others

acting as a proxy for the relative TF activity observed in that region. The bars indicate the extent of the predicted TF footprint, with colors assigned to each subset. Footprints

with unassigned TFs are also included.
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Figure 5. Impact of DNA methylation on CXCR5 gene transcription. (A) Non-fCD8s were sorted by FACS and treated for 72 hours with 10 uM Aza, a DNA
methyltransferase inhibitor that causes hypomethylation of DNA. Fold change relative to the B2M housekeeping control indicated a significant increase in CXCR5 expression
levels after treatment (n = 8). (B) Methylation levels for each subset analyzed across the 16 CpG sites for 3 biological replicates. (C) Representative plot of the quantitative
measurement of DNA methylation levels within specific cell subsets (GCTth's, fCD8s, non-fCD8s, and naive CD8" T cells), as determined using EpiTYPER DNA Methylation
Analysis. Methylation levels were measured from bisulfite-treated genomic DNA, followed by PCR amplification of a 500-bp fragment containing 156 CpG sites (red letters).
The naive and non-fCD8s cells show higher levels of methylation within several sites (darker circles), whereas the GCTfh's and fCD8s show lower levels of methylation
(lighter circles) (n = 8). The position of CpG sites are shown relative to the TSS. (D) Analysis of CXCR5 induction using recombinant TGF-B. CXCR5 expression was
profiled at baseline and after the sorted cells were cultured in the presence and absence of TGF-B. A significant increase was observed after LNMCs were cultured in the
presence of TGF-B (n = 5) for 7 days. Stim/stim, stimulation.
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Previous studies showed that TGF-B levels increase significantly fol-
lowing SIV®' and HIV infections.?? Increased fCD8s frequency dur-
ing HIV infection could be driven by TGF-B, as suggested by
previous studies.”?"® Further investigation into early immune signa-
tures of acute HIV infection within the microenvironment of second-
ary lymphoid tissues will help to better describe the molecular
mechanisms that influence in vivo generation of f{CD8s.

To our knowledge, this is the first study to elucidate the epigenetic
processes that regulate CXCR5 expression in human CD8™ T cells.
However, because of insufficient samples we could not validate the
histone modification pattern around the CXCR5 gene in f{CD8s and
non-fCD8s using chromatin immunoprecipitation sequencing. None-
theless, chromatin immunoprecipitation sequencing data in a B-cell
line that expresses higher levels of CXCR5 shows H3K4me2 at the
gene TSS, which denotes open chromatin within the accessible
regions around the CXCR5 gene (GM12787 [ENCODE Project
Consortium 2012]), consistent with our findings. ~

In summary, our data show that only a small subset of HIV-specific
CD8™ T cells expresses CXCR5 (fCD8s). Importantly, we identify
key epigenetic and transcriptional processes that intricately orches-
trate the regulation of the CXCR5 gene in human CD8" T cells, dif-
ferent from what have been described in mice studies. We also
identify a putative TGF-B signaling along with epigenetic mecha-
nisms, including DNA methylation and chromatin structure, as
potential targets for inducing CXCR5 expression on human CD8"
T cells. Manipulation of these processes has the potential to
enhance trafficking of CD8" T cells to B-cell follicles where they
are needed to eradicate HIV-infected cells.
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