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Abstract

Follicular CD4+ T helper (Tfh) cells are critical for the generation of humoral immune responses
to pathogenic infections, providing help for B cell development, survival, and affinity maturation
of antibodies. Although CD4+ Tth cells are reported to accumulate in HIV or SIV infection, here
we found that germinal center (GC) Tth cells, defined here as CXCR5+PD-1HICHCDA4+ T cells,
did not consistently accumulate in chronically SIV-infected rhesus macaques compared with those
infected with less pathogenic SHIV, vaccinated and SIVmac-challenged, or SIVmac-infected
Mamu-A*01+ macaques, all of which are associated with some control of virus replication and
slower disease progression. Interestingly, CXCR5+PD-1HIGH Tth cells in lymphoid tissues were
eventually depleted in macaques with AIDS compared to the other cohorts. Chronic activation and
proliferation of CXCR5+PD-1H!GH Tfh were increased, yet PD-L2 expression was downregulated
on B cells, possibly resulting in GC Tth cell apoptosis. Together, these findings suggest changes
in CXCR5+PD-1HIGH Tth cells in lymph nodes correlate with immune control during infection,
and their loss or dysregulation contribute to impairment of B cell responses and progression to
AIDS.
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Introduction

CDA4+ Follicular helper T (Tfh) cells are specialized in promoting antigen-specific B cell
immunity. Absence of Tth cells lead to B-cell apoptosis, thereby preventing final B cell
maturation and effective humoral immune responses (1). Mature Tth cells residing in
germinal centers (GC) of organized lymphoid tissue express CXCR5, PD-1HICH s|_AM-
associated protein (SAP), GL7, ICOS and IL-21, and interact with GC B cells to provide
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direct help for B cell development and maturation into antigen-specific, high-affinity,
memory B cells or antibody secreting plasma cells (2-5). Moreover, PD-1 is highly
expressed on GC Tth cells which are almost exclusively distributed in GC of follicles (6),
and plays an important role in regulation and survival of GC B cells through interaction with
its ligands PD-L1 and PD-L2 (7).

Tth cells thus promote potent primary antibody responses and are critical for B cell
responses in viral infections. However, vigorous follicular hyperplasia and dysplasia, and
massive losses of CD4 T cell in lymph nodes are both hallmarks of chronic HIV/SIV
infection. Eventually, there is also generalized lymphoid damage characterized by a
reduction in GC size and number, which is accompanied by fibrosis, and follicular
involution with nearly complete destruction of the fibroblastic reticular cell network (8, 9).
These features have been shown to gradually result in an inability to mediate antibody
production and generate effective antigen-specific T cell responses in late stages of
infection, contributing to AIDS (10-12). It is reported that CXCR5+ Tth in lymph nodes
cells accumulate in SIV/HIV infection (13-15), so these Tth cells are thus thought to be
dysregulated due to infection, resulting in inadequate B-cell help and subsequent impairment
of B cell responses (16, 17). However, other reports have described significant depletion of
circulating CXCR5+ Tth cells in HIV/SIV infection (18), but by definition, functional Tth
cells are restricted to organized lymphoid tissues. Thus, using only CD4 and CXCR5
expression to define Tth cells may lead to confusion.(18)

Here, we examined the distribution of CXCR5+PD-1HCHCDA4 T cells, which are primarily
localized in germinal centers of organized lymphoid tissues, which defines them as mature
GC Tth cells, and evaluated their changes in cohorts SIVVmac infected, vaccinated and
controlling macaques, as well as cohorts infected with less pathogenic SHIVs. The results
demonstrate CXCR5+PD-1H!GH Tth cells were indeed increased in lymph nodes of animals
infected with pathogenic SIV, but not in macaques with some level of viral control. Notably
however, CXCR5+PD-1H1GH Tth cells were depleted in lymph nodes of animals with AIDS,
accompanied by increased cellular activation, proliferation, and apoptosis. These findings
suggest persistent viral replication initially induces pathologic expansion of, but ultimate
depletion of CXCR5+PD-1HICH Tth cells in AIDS. The dysfunction or loss of Tfh cells
likely contributes to the failure of effective humoral immune responses and disease
progression in HIV/SIV infection.

Materials and Methods

Ethics statement

All animals in this study were housed at the Tulane National Primate Research Center in
accordance with the Association for Assessment and Accreditation of Laboratory Animal
Care International standards. All studies were reviewed and approved by the Tulane
University Institutional Animal Care and Use Committee. Animal housing and studies were
carried out in strict accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health (NIH, AAALAC #000594) and
with the recommendations of the Weatherall report; “The use of non-human primates in
research”. All clinical procedures were carried out under the direction of a laboratory animal
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veterinarian. All procedures were performed under anesthesia using ketamine, and all efforts
were made to minimize stress, improve housing conditions, and to provide enrichment
opportunities (e.g., objects to manipulate in cage, varied food supplements, foraging and
task-oriented feeding methods, interaction with caregivers and research staff).

Animals and virus

Tissues from a total of 191 adult Indian-origin rhesus macaques (Macaca mulatta; RMs)
were utilized to examine Tfh cells in lymph nodes. Of these, 69 were uninfected controls,
and others were infected with SIVmac251 and examined in acute (n=22), or chronic
infection with either no overt signs of disease (chronic asymptomatic (n=29) or AIDS
(n=19) as Mamu-A*01, B*08 and B*17 MHC allele-negative Indian-origin RMs (normal
progressors); or Mamu-A*01+ expressing RMs (n=9), or animals that became infected with
SIVmac251 despite vaccination with various gag/pol/env vaccines (n=12). Finally, 31
animals infected with SHIVsf162P3 or RT-SHIVsf162P3 only were examined. Blood from
three animals was prospectively monitored at different time points post SIV infection.
Blood, spleen, lymph nodes and intestinal tissues were collected at necropsy from
uninfected controls, or in acute (7—28 days), chronic asymptomatic infection (SIV infection
more than 3 months) or AIDS animals with defined opportunistic infections and/or
neoplasm/lymphoma, processed into single cell suspensions, and analyzed by flow
cytometry. Numbers of animals and tissues used for individual experiments are provided in
the figure legends.

Tissue collection and phenotyping

Flow cytometry for surface and intracellular staining was performed using standard
protocols (19). Cells were stained with: CD3 (SP34), CD4 (SK3), CD8 (SK1), CD20 (2H7),
IL-21 (3AS-N2)(all from BD Biosciences Pharmingen, San Diego, CA), CXCR5
(MUSUBEE, eBioscience), PD-1 (EH12.2H7, BioLegend), PD-L1 (29E.2A3, BioLegend),
PD-L2 (24F.10C12, BioLegend), HLA-DR (Immu-357, Beckman Coulter, Brea, CA), Ki67
(B56), Annexin V, and LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen, Grand
Island, NYY). For intracellular 1L-21 detection, lymphocytes (10%) from lymph nodes were
stimulated in vitro for 4 hours with 0.1uM phorbol 12-myristate-13-acetate (PMA) and,
0.5pg/ml ionomycin (Sigma-Aldrich, St. Louis, MO) in presence of 5ug/ml Brefeldin A.
Cells were then stained for their surface markers, or further examined by intracellular
molecules (IL-21). Isotype-matched controls were included in all experiments. Samples
were resuspended in BD Stabilizing Fixative (BD Biosciences) and acquired on a FACS
FORTESSA (Becton Dickinson, San Jose, CA). Data were analyzed with Flowjo software
(Tree Star, Ashland, OR).

Multi-color confocal microscopy analysis and immunohistochemistry

Lymph nodes were obtained from rhesus macaques within 30 min of necropsy. Tissues were
then processed and stained as previously described (20). In brief, tissues were embedded and
snap frozen in optimum cutting temperature compound (OCT) and 7 um frozen sections
were stained using unconjugated primary antibodies including CD3, CD20, PD-1, and p53
(1C12, Cell Signaling Tech., MA), followed by appropriate secondary antibodies conjugated
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to the fluorescent dyes Alexa 488 (green), Alexa 568 (red) or Alexa 633 (blue) (Molecular
Probes, Eugene, OR). Confocal microscopy was performed using a Leica TCS SP2 confocal
microscope equipped with three lasers (Leica Microsystems, Exton, PA). Individual optical
slices representing 0.2 um and 32 to 62 optical slices were collected at 512 x 512 pixel
resolution. NIH Image (version 1.63, Bethesda, MD) and Adobe Photoshop CS5 (San Jose,
CA) were used to assign colors to the channels collected. To detect apoptotic cells in lymph
nodes, paraffin-embedded sections were deparaffinized, and antigens were unmasked using
high-temperature antigen retrieval by heating slides in a steam bath chamber (Flavor Scenter
Steamer Plus; Black and Decker, Hunt Valley, MD) with 0.01 M citrate buffer pH 6.0 for 20
minutes. Slides were then cooled, washed twice in phosphate-buffered saline (PBS), and
blocked with peroxidase blocking reagent (Dako, Glostrup, Denmark) for 10 minutes,
washed again in PBS, and further blocked with serum-free protein block (Dako) for 30
minutes. Sections were then incubated with the anti-p53 Ab for 1 hour at room temperature,
washed (PBS), and developed using a Vectastain ABC peroxidase kit (\Vector Laboratories,
Burlingame, CA) and 3,3-diaminobenzidine DAB (Biocare Medical, Concord, CA).

Quantitative image analysis was performed on 10 randomly acquired images of germinal
center follicles from each lymph node (3 uninfected and 3 SIVmac-infected AIDS animals).
PD-1+ or CD20+ fluorescence signals in germinal centers were quantified by automated
inForm Image Analysis Software.

Autologous lymph node CD4+ T cell and B cell co-cultures

Statistics

To assess the functional capacity of GC Tfh to interact with B cells and support antibody
secretion, PD-1H!CHCD4+ T cells and B cells were sorted from mesenteric lymph nodes in
uninfected macaques or animals in asymptomatic stage of infection with a FACS Aria
(Becton Dickinson Biosciences), and assessed as >95% pure by flow cytometry. Purified B
cells (CD20+, 10° cells/well) were cultured either in media alone or with the same number
of purified autologous PD-1H1GHCDA4+ T cells in triplicate in 96-well round bottom plates.
Supernatants were collected after 11 days and analyzed for 1gG levels using isotype-specific
Abs and an ELISA (Life Diagnostics, PA). To evaluate the effects of PD-1 and PD-L1/PD-
L2 interactions between GC Tfh cells and B cells on 1gG secretion, anti-PD-1 (10ug/ml),
PD-L1 (10ug/ml), PD-L2 (10ug/ml) or isotype control antibodies were added to co-cultures
on day 1, and levels of IgG were detected in supernatants after 11 days culture. To observe
the effects of blocking antibodies on cell survival, anti-PD-L2 or control Ab were added to
co-cultures, and cells were collected at day 2, 4, 6, 8, 11, and viable CD4+ T and B cells
were determined by a combination of trypan blue staining and flow cytometry and expressed
as absolute numbers of viable cells.

Statistical analyses were performed by non-parametric Mann-Whitney t test (two tailed)
using GraphPad Prism 4.0 (GraphPad Software, SanDiego, CA). Significant statistic
differences are indicated. Asterisks denote p values (*p<0.05, **p<0.01, or ***p<0.001).
The data are presented as the mean +/- s.e.m.
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Changes of CXCR5+PD-1HGH Tth cells in lymph nodes of chronically SIV-infected

macaques

Tth cells are a heterogeneous population of CD4+ T cells distributed in both follicular and
extrafollicular regions of lymph nodes. Although CXCR5 expression is widely used to
define Tfh cells (18, 20, 21), CD4+CXCR5+ Tth cells consist of both of PD-1'NT and
PD-1HIGH CD4 T cell populations, yet the latter are almost exclusively found within
follicular germinal centers. Therefore, PD-1H1GH CD4 T cells expressing CXCRS5 represent
the more functionally relevant Tfh cells that reside in germinal centers (6, 22). To monitor
the effects of SIV infection on CXCR5+PD-1HICH Tth cells in lymph nodes, we first
examined changes in total CD4+ T cells in LNs after SIV infection and found that CD4+ T
cells were significantly decreased in acute (14dpi, 48.8% + 1.7, n=11), chronic,
asymptomatic SIV infection (32.54% + 2.5, n=28), and in macaques with AIDS (28.57% +
2.42, n=15), to as low as ~5% of total CD3+ T lymphocytes in some AIDS animals
compared to uninfected controls, which contained ~60-70% CD4+ T cells (Fig. 1A). In
comparison, no significant reductions of total CD4+ T cells were observed in animals with
that had been vaccinated and protected (60.1% + 2.8, n=12), or infected with less pathogenic
SHIV’s (68.31% * 1.27, n=31), or even compared to pathogenic SIV-infected Mamu A*01+
macaques (51.74% + 3.32, n=10).

The dynamics of CXCR5+PD-1HICH Tth cells in lymph nodes were then examined
throughout S1V infection. In general, GC Tfh cells were significantly depleted at 14 dpi, but
gradually accumulated in chronic, asymptomatic stages of infection, yet were again depleted
in terminal stages of disease (Fig. 1B). Specifically, total CXCR5+PD-1HICH CD4+ T (Tth)
cells increased in chronically SIVmac251-infected animals that were negative for MHC |
alleles associated with some degree of protection (A*01, B*08, and B*17) compared with
uninfected controls (p<0.042), yet they were significantly reduced in animals that progressed
to AIDS (Fig. 1C).

To seek correlations between changes in CXCR5+PD-1HIGH Tth cells and levels of viral
control, we compared the frequency of these cells in chronically SIV-infected animals
(having no known protective alleles) with vaccinated animals later challenged and infected
with SIVmac251, animals infected with less pathogenic SHIVsf162P3, and SIVmac251-
infected Mamu-A*01+ macaques. In contrast to progressors, CXCR5+PD-1HICH Tth cells
were relatively maintained, with neither significant expansions nor losses when compared to
uninfected controls (Fig. 1D). Further, Tfh cells in lymph nodes accumulated with increased
plasma viral loads in chronically SIV-infected macaques (p=0.016), except in animals with
AIDS who maintained higher viral loads in plasma, but had fewer Tfh cells in lymph nodes
(Fig. 1E). Interestingly, percentages of Tth cells inversely correlated with CD4 T cells both
in lymph nodes and intestinal jejunum lamina propria during SIV infection (except animals
in AIDS) (Fig. 1F), suggesting persistent SIV infection promotes Tfh cell expansion and
CD4 T-cell depletion in chronic stage.

Since we observed depletion of CXCR5+PD-1HIGH Tth cells in animals that progressed to
AIDS by flow cytometry, we performed quantitative image analysis to further confirm that
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absolute numbers of PD-1+ Tth cells in follicles of lymph nodes were depleted in macaques
with AIDS compared to uninfected controls. Figure 3 shows that follicular PD-1+ Tth cells
were significantly depleted in macaques with AIDS, compared to naive controls (p<0.0001),
despite no significant reductions in total CD20+ follicular B cells (Figs. 2A-2D).

Apoptosis of CXCR5+PD-1HIGH Tfh cells in chronic SIV infection

To explore the mechanisms of CXCR5+PD-1H!GH Tfh depletion in animals with AIDS, we
examined their activation, turnover and apoptosis in lymph nodes in SIV infection.
CXCR5+PD-1HIGH Tth cells had higher levels of activation (HLA-DR+) and proliferation
(Ki-67+) in chronically SIVV-infected animals, and even higher levels in cohorts with AIDS,
compared with uninfected animals (Figs. 3A and 3B). To quantify apoptosis in Tfh subsets,
we examined levels of annexin V and p53, the latter accumulates in response to DNA
damage, and when in excess, is associated with apoptosis in HIV infection (23-25). Tth
cells from animals with AIDS displayed the highest levels of annexin V, followed by
chronically SIV-infected macaques, with the lowest levels detected in uninfected controls
(Fig. 3C). In chronically SIV-infected macaques, levels of p53 were highly expressed in
lymph node compartments, including both follicular and paracortical regions, compared to
uninfected controls (Figs. 3D and 3E). Confocal microscopy and image analysis further
confirmed p53 was mostly co-expressed on CD4+ PD-1+ cells specifically residing within
follicles of chronically SIV-infected animals (Fig. 3F). Combined these results suggest the
depletion of CXCR5+PD-1HICH Tth cells in AIDS is attributed to their higher states of
activation, turnover and apoptosis in persistent, chronic infection.

Impairment of functional B cell responses by dysregulated or/and losses of
CXCR5+PD-1HIGH Tfh cells

As indicated by the accumulation of CXCR5+PD-1HICH Tth cells in normal progressors,
and an absence of significant expansions in cohorts with some level of protective immunity,
we hypothesized the expanded CXCR5+PD-1HIGH Tth cells may be dysfunctional and
incapable of inducing effective antibody responses. Evidence indicates high expression of
PD-1 on CXCR5+PD-1HIGH Tth cells is critical for regulating GC formation, and promoting
B cell maturation and antibody production (7, 26). To further elucidate the role of PD-1 and
PD-L1/L2 interactions on antibody production between CXCR5+PD-1HIGH Tth cells and B-
cells in lymph nodes, we performed in vitro blockade experiments with anti-PD-1, anti-PD-
L1 or anti-PD-L2 antibodies (Ab) in autologous lymph node B and GC Tth cell co-cultures
for up to 11 days. We previously showed that B cells alone could constitutively produce low
levels of 1gG, yet autologous Tfh and B cell co-cultures result in significantly higher levels
of 1gG production (6). Interestingly, both PD-1 and PD-L2 blockade significantly reduced
IgG production (Fig. 4A). Blockade of PD-L2 blockade was also associated with a loss of
CDA4+ T cell and B cell viability, which may be the result of apoptosis of both T and B-cells
(Fig. 4B). This suggests the PD-1/PD-L2 axis is involved in homeostasis, survival and
interaction of Tfh and B cells in lymph nodes. However, PD-L1 blockade has minimal
effects on antibody production, which may be due to inadequate IL-21 production (16). In
SIV-infected macaques, PD-L1 expression was significantly increased on B cells in both
asymptomatic infection and AIDS (Fig. 4C). In contrast, PD-L2 was significantly
downregulated on B cells in chronic SIV infection, and further reduced in animals with
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AIDS (Fig. 4D), which may be a mechanism behind the decreased survival of T/B cells in
germinal centers. Finally, IL-21 production was significantly reduced in both non-Tfh
(PD-1!NT) and PD-1HIGH Tth cells in chronic infection (Fig. 4E). Finally, impairment of Tfh
cells was verified by the fact that 1gG production was reduced in co-cultured supernatants of
Tfh/B cells from SIV-infected animals (Fig. 4F). Combined, various factors, such as
increased PD-L1, but decreased PD-L2 expression on B cells, accompanied by IL-21
deficiency, may all contribute to the eventual dysfunction/loss of GC Tfh in HIV infection
and AIDS, and may play a major role in the diminished help for humoral immune responses
in HIV infection.

Discussion

T follicular helper (Tfh) cells play a prominent role in the generation of humoral immune
responses. Here we compared changes of CXCR5+PD-1HICH Tth cells in cohorts of
macaques at different states of infection or immunity, and investigated the mechanisms
behind immunologic abnormalities in SIV-infected animal cohorts. The results indicate that
the frequencies of CXCR5+PD-1HICH Tth cells increase in chronic SIV infection, but these
cells are dysfunctional. Eventually, CXCR5+PD-1H!GH Tth cells are depleted in animals
that progress to AIDS, yet are maintained in controllers or animals with some level of
protection. Moreover, impairment of B-cell immunity may be associated with this
dysfunction/loss of Tfh cells, which correlates with aberrant PD-L1/L2 expression on B cells
during SIV infection. Finally, the eventual depletion of CXCR5+PD-1H!GH Tth cells is
associated with their apoptosis. These studies have important implications for therapeutic
interventions aimed at inhibiting persistent viral replication by ART, and potentially for
boosting B cell and immunoglobulin responses in HIV infection by immunotherapy.

GC Tth cells specifically reside in follicular germinal centers, which are the crucial niche for
the optimal expansion and survival of activated T cells, and B-cell development and
maturation (4, 27, 28). GC Tfh cells are predominantly distributed in the follicles of the
GALT and other organized lymphoid tissues (spleen, lymph nodes). Tth cells represent a
heterogeneous cell population in lymph nodes (29-32) but mature GC Tfh cells highly
express CXCR5, PD-1, ICOS, and produce I1L-21 (6, 33). Previous studies have reported Tfh
cells in lymph nodes are expanded in SIV or HIV infected individuals (14, 15). Other studies
indicate “circulating” Tfh cells are significantly depleted during HIV infection (34).
However, some of the discrepancies may be lie in the variable ways in which Tfh cells are
defined, and/or variation in stages of infection or immune responses. Here we compared
CXCR5+PD-1HIGH Tth cells from several animals with different backgrounds and
inoculations (vaccination, MHC alleles etc.), and observed expansion of CXCR5+PD-1HIGH
Tth cells in animals infected with pathogenic SIVmac (asymptomatic chronic), whereas
little to no changes were observed in these cells in animals inoculated with less pathogenic
viruses or controlling infection compared to uninfected macaques (Figs. 1B—1D). Since
certain MHC class | alleles are associated with better control of infection (Mamu-A*01/
B*08/B*17 in macaques and HLA-B27/B57 in humans) (35), we also compared
CXCR5+PD-1HIGH Tth cells in SIV-infected Mamu-A*01+ macaques and found minimal
changes in chronic infection (Fig. 1D). Comparing normal and SIV-infected macaques, we
did not find consistent expansions of CXCR5+PD-1HIGH Tth in all SIV-infected macaques,
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but we did observe significant losses of CXCR5+PD-1H!GH Tfh in animals with AIDS (with
AIDS-defining opportunistic infections or neoplasms) (Figs. 1B and 1C). Further, the
frequencies of Tth cells inversely correlated with CD4 T cells in both lymph nodes and
jejunum lamina propria during persistent and asymptomatic infection (Fig. 1F). In chronic
SIV/HIV infection, marked lymphoid follicular hyperplasia is followed by severe
architectural damage to lymph node characterized by fibrosis and follicular involution (36,
37). Thus CXCR5+PD-1HIGH Tth cells may undergo apoptosis due to excessive and
persistent chronic activation and proliferation in persistent, uncontrolled SIV infection (Figs.
3A-3C), inevitably resulting in their loss in terminal AIDS (Figs. 1B and 1C). Other studies
have shown that direct infection of Tfh is prominent in pathogenic SIV infection of
macaques, but rare/absent in non-pathogenic SIV infection of natural hosts such as Sooty
mangabeys (16, 17). Thus, changes in CXCR5+PD-1HIGH Tth cells in lymph nodes due to
direct, or indirect effects of infection may correlate with levels of immunity and disease
progression in HIV/SIV infection, which may be responsible for defective host responses in
HIV infection.

PD-1 is highly expressed on CXCR5+PD-1HIGH Tth cells, presumably related to its
interaction with its ligands PD-L1 or PD-L2 expressed by GC B cells, which may contribute
to their regulation and maturation (6, 7). However, PD-1 has also been described as a potent
inhibitory receptor for CD8+ T cells, and is associated with CD8+ T-cell “exhaustion”
and/or as a negative regulator of T cell function (20, 38). As shown in Fig. 4A, constitutive
and high expression of PD-1 on CXCR5+PD-1HGH Tfh cells in uninfected animals
promotes IgG production, and these effects are markedly reduced by PD-1 or PD-L2
blockade, suggesting PD-1 regulates B-cell function and survival in GC via the PD-1/PD-L2
axis. However, recent reports indicate that engagement of PD-1 on Tth cells inhibits 1L-21
production resulting in inadequate B-cell help indirectly through the PD-1/PD-L1 pathway
in HIV infection (16), which is supported by the decreased functional capacity of Tfh cells
from infected macaques (Figs. 4C, 4E and 4F). Thus, dysregulation in HIV infection, such
as PD-L1 upregulation yet PD-L2 downregulation as well as IL-21 deficiency, may be a
cause of the functional impairment of B cells in chronic infection. Combined, these factors
undoubtedly result in impairments of B-cell function and antibody production in chronic
HIV/SIV infection

In summary, CXCR5+PD-1HIGH Tth cells are expanded in animals with chronic,
asymptomatic stages of progressive SIV infection, yet depleted in animals that have
progressed to AIDS. However, there are minimal changes in CXCR5+PD-1HIGH Tth
phenotype or distribution in animals showing some level of protective immunity, or
spontaneous viral control. Persistent high level viral replication in progressors may thus
promote higher and sustained levels of activation, proliferation, and apoptosis of
CXCR5+PD-1HIGH Tth cells, resulting in their eventual depletion in animals with AIDS.
Dysfunction and/or loss of CXCR5+PD-1H!GH Tfh cells, combining with marked PD-L1
upregulation and PD-L2 downregulation on B cells, is likely a fundamental contributor to
the impairment of functional B-cell responses, and the impaired antibody responses in
HIV/SIV infections.
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Figure 1. Changes of total CD4+ T and CXCR5+PD-1H!CH Tth cdl subsetsin lymph nodes
(LNs) of uninfected and SHIV/SIV-infected macaques

(A) Dynamics of changes in total CD4+ T cells from LNs after pathogenic SIVmac251
infection (7 dpi, n=6; 14 dpi, n=10; 21 dpi, n=3; 28 dpi, n=3) and chronically SIVV-infected
cohorts; (B) Dynamics of CXCR5+PD-1HIGH Tfh cells from LNs during pathogenic
SIVmac infection (7 dpi, n=6; 10dpi, n=3; 14 dpi, n=7; 21 dpi, n=3; 28 dpi, n=3), compared
with uninfected controls; (C) changes of CXCR5+PD-1HIGH Tfh cells in LNs from
uninfected (n=69), no vaccination and A*01/B*08/B*17 negative in asymptomatic chronic
(n=29) and AIDS (n=19) animals; (D) Frequencies of CXCR5+PD-1HIGH Tth cells from
LNs of uninfected (n=69), and chronic cohorts (vaccinated then infected with SIVmac,
n=12; SHIV infected, n=31; or SIVmac-infected animals expressing Mamu A*01+, n=9).
(E) Correlation of plasma viral loads with changes of Tfh cells in lymph nodes in macaques
(asymptomatic, n=19; AIDS, n=13). (F) Correlation of Tfh cell in lymph nodes with CD4 T
cells in lymph nodes or jejunum lamina propria in macaques (uninfected, n=46;
asymptomatic, n=19). *p<0.05, or **p<0.001 (two tailed Mann-Whitney t test). The chronic
cohorts represent chronic asymptomatic infection (SIV infection more than 3 months) or
AIDS animals as defined opportunistic infections and/or neoplasm/lymphoma unless
otherwise noted. NS, not significant. Data are presented as means + s.e.m (A-B).
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Figure 2. Comparison of PD-1* cellsin follicular germinal centers (GC) of lymph nodes between
uninfected and AIDS animals

(A) Confocal microscopy of PD-1* cells in GC of lymph nodes in uninfected (top panels)
and AIDS animals (bottom panels). CD3, blue; PD-1, green; CD20, red. (B-D) Statistical
analysis of total numbers of CD20+B cells per mm? (B), PD-1+ cells per mm? (C), and
PD-1+ cells per 100 B cells (D) within follicular GC of lymph nodes from individual
animals (uninfected, n=3; AIDS, n=3). *p<0.001, determined by two-tailed Mann-Whitney t
test.
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Figure 3. Activation, praliferation, and apoptosis of Tfh cellsin lymph nodesin Sl V-infected
macaques

(A-C) Activation (HLA-DR+), turnover (Ki67+), and apoptosis (Annexin V) of
CXCR5+PD-1HIGH Tth cells in uninfected (n=12), asymptomatic chronic cohorts (n=12)
and macaques with AIDS (n=9). *p<0.001; (D and E) DNA damage and apoptosis-
associated p53 expression in lymph node of uninfected (D) and chronically SIV-infected (E)
macaques. (F) Co-expression of p53 (red) on PD-1+ cells (green) and B cells (CD20, blue)
in lymph node follicles.
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Figure 4. Effects of PD-1/PD-L 1/PD-L 2 blockade on antibody production, T/B cell survival, and
IL-21 production of PD-111CH Tth cellsfrom chronically SIV-infected macaques

(A) 1gG production in autologous B cell and PD-1HIGH Tth cell co-cultures after PD-1, PD-
L1 or PD-L2 blockade. Supernatants were collected 11 days after culture and 1gG levels
detected by ELISA. Data show results from 5 uninfected animals. (B) Survival of lymph
node-derived B cells or CD4+ T cells in co-culture after PD-L2 blockade in vitro. (C and D),
Expression of PD-L1 or PD-L2 on B cells in lymph nodes (uninfected, n=69, asymptomatic
chronic, n=29; AIDS, n=19); (E) IL-21 production from both PD-1H!CH and PD-1!NT CD4+
T cells in lymph nodes of uninfected controls and chronically SIVmac251-infected
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macaques (uninfected, n=5; chronic, n=14). IL-21-producing cells were detected by
intracellular staining after LN-derived lymphocytes were stimulated by mitogen. (F) Levels
of 1gG in supernatants of autologous Tfh/B cell co-cultures; lymph node cells were derived
from macaques in the asymptomatic stage of infection. *p<0.05, **p<0.001, determined by
two-tailed Mann-Whitney t test. Data are presented as mean + s.e.m (B and E).
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