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HIV targets CD4 T cells, which are required for the induction of high-affinity antibody responses and the
formation of long-lived B cell memory. The depletion of antigen-specific CD4 T cells during HIV infection is
therefore believed to impede the development of protective B cell immunity. Although several different HIV-
related B cell dysfunctions have been described, the role of CD4 T follicular helper (TFH) cells in HIV infec-
tion remains unknown. Here, we assessed HIV-specific TFH responses in the lymph nodes of treatment-naive
and antiretroviral-treated HIV-infected individuals. Strikingly, both the bulk TFH and HIV-specific TFH cell
populations were significantly expanded in chronic HIV infection and were highly associated with viremia. In
particular, GAG-specific TFH cells were detected at significantly higher levels in the lymph nodes compared
with those of GP120-specific TFH cells and showed preferential secretion of the helper cytokine IL-21. In addi-
tion, TFH cell expansion was associated with an increase of germinal center B cells and plasma cells as well as
IgG1 hypersecretion. Thus, our study suggests that high levels of HIV viremia drive the expansion of TFH cells,
which in turn leads to perturbations of B cell differentiation, resulting in dysregulated antibody production.

Introduction

One of the hallmarks of HIV infection is a progressive dysfunc-
tion of the humoral immune response (1). Even during the earliest
stages of HIV infection, a skewing of the functional and pheno-
typic properties of B cells can be observed that is only partially
restored following the introduction of long-term antiretroviral
treatment (2). While the majority of peripheral B cells in healthy
individuals are either resting naive or memory B cells, several
additional subpopulations emerge during the chronic phase of
HIV infection that are normally present at negligible levels (1).
In particular, immature and pregerminal center B cells as well as
plasmablasts have been shown to be significantly expanded in
HIV-infected individuals (1, 3). In addition, persistent activation
of immature B cell populations during chronic infection appears
to drive the secretion of high levels of nonspecific polyclonal anti-
bodies, resulting in hypergammaglobulinemia (4, 5).

Several mechanisms have been suggested to account for these B cell
abnormalities observed during HIV infection. While B cells them-
selves are not targets for HIV, viral replication and persistently high
levels of viral proteins have been shown to be associated with non-
specific B cell activation as well as deficiencies in the formation of B
cell memory (6-8). Indeed, both dysfunctions are partially resolved
following initiation of antiretroviral treatment, with subsequent
reduction of viremia (1, 5, 9, 10). It has been suggested that the mas-
sive infection and depletion of CD4 T cells that occurs during HIV
infection in all compartments of the body (11) may play a pivotal
role in the profound skewing of the B cell compartment. The inter-
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action of B cells and CD4 T cells has been shown to be fundamental
for the development of high-affinity matured antibodies and for the
development of long-lived memory B cells (12). A highly special-
ized CD4 helper subset within the lymphoid follicle, the T follicular
helper (TFH) cells, has been shown to undergo a tight interaction
with antigen-specific B cells that induces antibody affinity matura-
tion as well as the development of memory B cells and plasma cells
(13). TFH cells have been suggested to be a separate lineage of CD4
T cell, characterized by high-level surface expression of the lymphoid
follicle homing receptor CXCRS and programmed death-1 (PD-1) as
well as the transcription factor B cell lymphoma 6 (BCL6) (14). Fur-
thermore, TFH cells have also been shown to preferentially secrete
the cytokine IL-21 that is pivotal for germinal center formation, ger-
minal center B cell proliferation, and B cell maturation (13). During
this process, germinal center B cells present cognate peptide to TFH
cells and, in turn, receive survival signals that lead to further differ-
entiation into memory B cells and plasma cells. Under normal condi-
tions, TFH cells, in addition to follicular dendritic cells, rescue only
the highest-affinity germinal center B cells for survival and further
development, and it has been suggested that the presence of TFH
cells appears to be the limiting step in this process (12). However, it
is not known how this cellular subset is affected by HIV infection.
Moreover, in HIV infection, nonspecific B cell proliferation is wide-
spread, and low-affinity B cells mature inappropriately into plasma
cells (4). Yet, the mechanism behind this TFH-mediated alteration in
the B cell subsets and accumulation of plasma cells is not immediate-
ly apparent: memory CD4 T cells are preferentially depleted during
HIV infection, which is initially at odds with the requirement of TFH
cells for plasma cell differentiation. We therefore sought to investi-
gate the role of TFH cells in chronic HIV infection and to determine
the mechanism by which these cells may contribute to B cell dysfunc-
tion and the development of hypergammaglobulinemia.
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High frequency of CXCR5+PD-1" CD4 T cells with BCL6 expression in human lymph nodes. (A) Representative plots of CXCR5 and PD-1
expression on CD4 T cells in lymph nodes and corresponding PBMCs of HIV-infected individuals. Numbers represent fraction (%) of total CD4
T cells. (B) The frequency of CXCR5+PD-1hi cells of CD4 T cells is significantly higher in lymph nodes (average, 4.3% + 7%) compared with
periphery (average, 0.04% + 0.04%) (P < 0.0001). Symbols represent individual samples; horizontal bars represent mean; and error bars show
SEM. (C) Median fluorescence intensity of BCL6 expression based on CXCR5 or PD-1 expression in different CD4 T cell subsets in the lymph
node. The highest BCL6 expression was detected within the CXCR5+PD-1" CD4 T cell subset (n = 31). In box-and-whisker plots, horizontal
bars indicate the medians, boxes indicate 25th to 75th percentiles, and whiskers represent 1.5 times the interquartile distance (Tukey). B and

C include all HIV-infected and uninfected individuals (n = 31).

Results
Human TFH cells are characterized as CXCRS*PD-1" CD4 T cells within
the lymph nodes. To determine the role of virus-specific TFH cells
in chronic HIV infection, we first defined the characteristics of
TFH cells in human lymph nodes. Sixteen axillary lymph nodes
were surgically resected from chronically HIV-infected individuals
with viral loads averaging 121,400 HIV RNA copies/ml (+47,235
HIV RNA copies/ml) and 10 HIV-infected subjects on long-term
antiretroviral therapy (ART) with fully suppressed viremia (<50
HIV RNA copies/ml). Parallel blood draws were obtained from 14
individuals. In addition, we received axillary lymph nodes from 7
HIV-negative individuals.

As previous studies in mice and human tonsils have suggested
that the expression of CXCRS and PD-1 well characterizes TFH cells
(14-17), we first confirmed the expression of both receptors on CD4
T cells from human lymph nodes in comparison to that on peripheral
CDA4T cells. We were able to detecta CXCRS*PD-1* CD4 T cell popu-
lation in both lymph nodes and blood, but observed a distinct pop-
ulation of CXCRS5*PD-1" CD4 T cells in the lymph nodes that was
almost completely absent in the periphery (Figure 1A). Interestingly,
the frequency of this population was about 100-fold higher in the
lymphoid compartment compared with that in the matched periph-
eral samples (average, 4.3% + 7% vs. 0.04% = 0.04%, P < 0.0001; Figure
1B), but we did not observe an association between the frequencies
of CD4 T cells with TFH characteristics in the periphery (data not
shown). To further verify the lineage commitment of the CXCRS5*
PD-1" CD4 T cell population, we next determined the expression of
the previously described TFH transcription factor BCL6 (18), which
was most highly expressed in the CXCRS"PD-1" CD4 T cell popula-
tion, as previously described (P < 0.001; Figure 1C and refs. 14, 15).
3272
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We next determined the functional characteristics of different
CD4 T cell populations in the lymph nodes after nonspecific
stimulation with PMA and ionomycin. IL-21 has been previ-
ously suggested to be one of the cardinal cytokines of TFH cells
and pivotal for the germinal center reaction during B cell dif-
ferentiation (19). Indeed, we found the highest levels of IL-21
expression in the CXCRS*PD-1h CD4 T cell population that
was significantly higher, even compared with the overall CD4
T cell responses in the periphery (P < 0.001; Figure 2, A and
B). We also observed a higher frequency of TNF-0- and IFN-y-
secreting cells within the CXCRS*PD-1" population that were
likewise more abundant in the lymph node than in the periph-
ery (P <0.01 and P < 0.001, respectively). We next determined
the memory phenotype of the 3 different CXCRS- and PD-1-
expressing CD4 T cell populations and found that the TFH
cells, defined as CXCRS*PD-1M CD4 T cells, were predominant-
ly effector memory CD4 T cells (CCR7-CD45RA"), while the
CXCRS*PD-1i"t and CXCRS*PD-1' population were enriched
for central memory CD4 T cells (CCR7*CD45RA") (Figure 2C).
Thus, these findings confirm a similar phenotype and expres-
sion pattern of CD4 TFH cell populations in human lymph
nodes, as previously described in mice.

Expansion of TFH cells during chronic HIV infection. As HIV infec-
tion is marked by a massive depletion of activated CD4 memory
T cells in all compartments of the body (11), it has been specu-
lated that this is a major contributing factor to the profound
impairment of the B cell responses (20-22). However, the effects
of HIV infection on the TFH cell subset are still unknown. We
therefore assessed the frequency of TFH (CXCRS*PD-1h) CD4
T cells in the lymph nodes of chronically infected untreated
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Figure 2

TFH cells in the lymph node are predominantly effector memory cells and secrete high levels of IL-21. (A) Representative flow plots of IFN-y and
IL-21 production of TFH cells in the lymph node. Numbers represent fraction (%) of total CD4 T cells. (B) Frequency of cytokine production depen-
dent on CXCR5 and PD-1 expression in CD4 T cell subsets in the lymph node and periphery. Symbols represent individual samples; horizontal
bars represent mean; and error bars show SEM. (C) Definition of memory phenotype of CD4 T cell subsets in the lymph node demonstrated the
majority of CXCR5*PD-1" cells to be effector memory cells. Naive CCR7+*CD45RA*, central memory (CM) CCR7+*CD45RA-, TEMRA CCR7-
CD45RA*, and effector memory (EM) CCR7-CD45RA- (n = 19) cells are shown. In box-and-whisker plots, horizontal bars indicate the medians,
boxes indicate 25th to 75th percentiles, and whiskers represent 1.5 times the interquartile distance (Tukey).

and long-term ART-treated patients compared with that in
HIV-seronegative individuals (Figure 3A). Surprisingly, we
found significantly increased frequencies of TFH cells in HIV-
infected individuals compared with those in uninfected sub-
jects (average, 5.0% + 1.42% vs. 0.51% + 0.24%; P = 0.003), and
this association was also reflected with increased BCL6 expres-
sion within the TFH CD4 cell population (P < 0.01 and P=0.01,
respectively; Figure 3, B and C). While TFH cell frequency was
2-fold higher in patients with high viremia compared with that
in those subjects successfully suppressed on long-term ART,
we did not observe a direct correlation between viral loads and
TFH cell frequency, either in the periphery or lymph nodes, sug-
gesting that additional factors might influence the expansion
of TFH cells (data not shown).
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We next assessed whether the increase in overall TFH cells in
HIV-infected subjects might also be reflected in an antigen-spe-
cific TFH cell expansion or rather is independent of its specific-
ity. To assess the HIV-specificity of TFH cells, we stimulated cells
extracted from lymph nodes of HIV-infected subjects with overlap-
ping peptide pools corresponding to the clade B envelope protein
GP120 or the core protein GAG. HIV-specific TFH responses were
readily detectable in all HIV-infected individuals (Figure 3, D and
E). Surprisingly, we observed that the GAG-specific TFH responses
were, on average, 5 times stronger than the TFH responses against
envelope GP120 (P < 0.0001). Previous studies have demonstrated
a strong linkage and dependency between the protein specific-
ity of CD4 T cell and antibody responses, suggesting that CD4
T cell help for antibody development is dependent on tandem
Volume 122 Number 9
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Figure 3

Expansion of HIV-specific TFH cells in chronic infection. Mononuclear cells from lymph nodes were stimulated with overlapping peptide pools for
HIV-1 GAG and GP120 for 6 hours and subsequently examined by intracellular multiparameter flow cytometry. (A) Significantly higher frequencies
of CXCR5+*PD-1h CD4 T cells can be detected in chronic HIV-positive (treatment-naive [nTx]) individuals (6.1% + 8.7%) compared with those
in ART-treated (Tx) (3.3% =+ 3.5%) and HIV-negative (0.5% =+ 0.6%) individuals. (B and C) Significantly higher BCL6 expression was detected in
CXCR5+PD-1" CD4 T cells in chronic HIV-positive individuals compared with that in uninfected individuals, as shown by representative histo-
gram plot and median fluorescence intensity level, respectively (P < 0.01). In box-and-whisker plots, horizontal bars indicate the medians, boxes
indicate 25th to 75th percentiles, and whiskers represent 1.5 times the interquartile distance (Tukey). (D and E) Higher frequency of GAG- and
GP120-specific cytokine responses, respectively, in CXCR5+*PD-1" CD4 T cells in lymph nodes of treatment-naive individuals compared with
that in individuals on ART, and the overall CD4 T cell responses in periphery. (A, D, and E) Symbols represent individual samples; horizontal bars

represent mean; and error bars show SEM.

recognition of the same protein (23). While GAG-specific antibody
responses have been described to emerge early in infection, they
decline with disease progression and are often even absent in the
end stage of chronic infection (reviewed in ref. 24 and refs. 25-28).
In contrast, broadly neutralizing antibodies against structures
in envelope emerge in the chronic phase of infection. Thus, the
dominance of GAG-specific CD4 T cell responses in the setting of
3274
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TFH cells during chronic infection is surprising, and it remains to
be determined what role GAG-specific TFH responses play in the
lymph nodes of HIV-infected patients.

Similar to the expansion of total frequency of TFH cells, we also
observed that the overall frequency of HIV-specific TFH cells was
higher in chronic HIV-infected individuals compared with that in
treated patients. The HIV-specific TFH cells secreted high levels of
Volume 122
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00 1 5 3 4 (A) Gating strategy and representative flow plots. Numbers represent fraction (%) of CD3-CD14-
PC (%) CD16-CD19+ cells. (B) Skewing in frequency of B cell subset in chronically infected, treatment-
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naive (nTx) individuals compared with that in treated (Tx) and uninfected individuals. In box-and-
whisker plots, horizontal bars indicate the medians, boxes indicate 25th to 75th percentiles, and
whiskers represent 1.5 times the interquartile distance (Tukey). (C) Significant correlations between
B cell subsets and TFH cell frequency in the lymph nodes of uninfected (white squares) and HIV-
infected, untreated (black triangles) and treated (black circles) individuals.
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IL-21 in addition to IFN-y and TNF-a (Figure 3, D and E, respec-
tively), and about one-quarter of the HIV-specific TFH cells pro-
duced more than one cytokine (data not shown). Interestingly, the
frequency of HIV-specific TFH cells was on average 20-fold higher
in the lymph nodes compared with the overall HIV-specific CD4
T cell response detected in the periphery (average, 1.09% + 0.15% vs.
0.05% + 0.02%, respectively; P < 0.0001). Taken together, our data
demonstrate a significant expansion of HIV-specific TFH CD4
T cells in chronically HIV-infected individuals that is associated
with HIV viremia and skewed toward the GAG protein.

Expansion of TFH cells in HIV infection is associated with 1gG gamma-
globulinemia and skewing of the B cell phenotype. Despite the reduc-
tion in CD4 T cell numbers, chronic HIV is generally accompa-
nied by hypergammaglobulinemia in the blood serum (4, 29, 30).
The reason for this condition is still unknown. As we observed
a significant expansion in the frequency of TFH cells that are
both functionally active and HIV specific, we reasoned that the
expansion — rather than its loss — might drive these changes in
the B cell compartment. We therefore assessed the B cell matura-
tion phenotype in the lymph nodes of HIV-positive and -negative
individuals and distinguished 7 B cell populations based on the
differential expression of CD38 and IgD (Figure 4, A and B). We
referred to the populations according to the “B mature” Bm1-
BmS nomenclature previously established for the development
status of B cells from naive (Bm1 and Bm?2) through pregermi-
nal center (Bm2') and germinal center (Bm3/4) to memory cells
(BmS) and plasma cells (31, 32). Interestingly, we observed a sig-
nificant skewing of the B cell population toward germinal center
(Bm2') and (Bm3/4) B cells in chronically HIV-infected individu-
als compared with that in HIV-negative individuals. This observed
skewing was still modestly greater when comparing chronically
infected individuals with those on long-term ART (Figure 4B).
We also detected an increase of immature transitional B cells in
untreated HIV-infected individuals compared with that in unin-
fected subjects (average, 4.9% + 0.46% vs. 0.26% + 0.16%, respec-
tively; P < 0.01) (Supplemental Figure 3; supplemental mate-
rial available online with this article; d0i:10.1172/JCI64314DS1).
Moreover, we observed a significant decrease in the frequency of
memory B cells in chronically infected individuals compared with
that in uninfected individuals (13.21% + 1.71% vs. 30.4% + 4.95%,
respectively; P < 0.05). The loss of memory B cells was accompa-
nied by an increase of plasma cells in both treatment-naive (1.33%
+ 0.54%) and treated individuals (0.87% = 0.20%) compared with
that in uninfected individuals (0.006% + 0.002%; P < 0.05), sug-
gesting a link between the perturbation of B cell phenotypes and
the expansion of TFH cells. Indeed, we observed a strong posi-
tive correlation between the expansion of both Bm2' (r, = 0.77;
P =0.0005) and Bm3/4 (r; = 0.96; P < 0.0001) germinal center B
3276
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cells and lymphoid plasma cells (r; = 0.67; P = 0.0045) as well as
loss of memory B cells (r; = -0.81, P = 0.0002) and the frequency of
TFH cells irrespective of their infection status (Figure 4C). Simi-
larly, this correlation was also detected between immature transi-
tional B cells and the frequency of TFH cells (r, = 0.78; P = 0.0009)
(Supplemental Figure 3).

Previous reports have demonstrated that the differentiation into
plasma cells as well as germinal center B cells is a TFH-dependent
process and that, in fact, a large proportion of TFH functions are
dedicated to B cell survival and proliferation (13). However, while
it is possible that the expansion of TFH cells might be an underly-
ing factor for the skewing observed in the B cell phenotype, we did
not observe any associations in HIV-negative individuals. Thus, it
is plausible that an underlying defect or dysregulation within the
TFH cells in HIV infection is responsible for the observed pertur-
bation in the B cell compartment.

Given the significant changes in the B cell compartment, we
next determined whether the expansion of TFH cells is also asso-
ciated with hypergammaglobulinemia. We therefore assessed the
IgG antibody levels in the serum of the HIV-infected individuals
and found a trend between the expansion of TFH cells and IgG
(P =0.09; data not shown). Interestingly, we detected a significant
correlation between the BCL6 expression in TFH cells and the
total IgG antibody concentration in HIV-infected, untreated, and
treated individuals (ts = 0.60; P = 0.008; Figure 5). This association
was mainly driven by the IgG subclass IgG1, which constituted
70% of the secreted IgG antibodies (rs = 0.65, P = 0.016). However,
no association was detected between the level of BCL6 in TFH
cells with IgG2, IgG3, or IgG4 subclasses (data not shown) and
any HIV-specific TFH cell responses.

Taken together, our data indicate that the expansion of TFH
cells in chronic HIV infection shows substantial association with
the skewing of the B cell compartment. Moreover, HIV-induced
increase in the expression of BCL6 in TFH cells was also signifi-
cantly associated with hypersecretion of IgG1 antibodies.

Discussion
One of the fundamental characteristics of HIV pathogenesis is a
widespread perturbation of the B cell compartment, yet the mech-
anisms underlying this dysfunction remain only poorly under-
stood (1). In this work, we examined the role of human TFH cells
in the lymph nodes of healthy controls and individuals at differ-
ent stages of HIV infection and observed a viral load-dependent
expansion of the frequency of TFH cells and of BCL6 expression
within TFH cells. Moreover, this expansion of TFH cells during
chronic HIV infection was associated with a profound skewing of
the B cell compartment toward germinal center B cells and plasma
cells and a corresponding reduction in the memory B cell popula-
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tion in the lymph nodes. In addition, the expansion of TFH cells
was also significantly associated with hypergammaglobulinemia
that was mainly driven by an accruement of IgG1.

During HIV infection a massive depletion of activated memory
CD4 T cells occurs throughout all compartments of the body (11).
Unexpectedly, however, we observed a relative expansion — and
not decrease — of TFH cells to the overall CD4 T cell count in the
lymph nodes of all HIV-infected patients. While it remains to be
determined whether this expansion is also reflected as an increase
in the absolute number of TFH cells, it was also seen in the HIV-
specific TFH cell compartment and was highest in subjects with
untreated HIV infection. However, we did not observe a direct cor-
relation between individual peripheral viral loads and lymph node
TFH cell frequency — rather, the presence of viremia in general
was associated with higher TFH levels. Similar observations have
been made in LCMV infection: in an elegant study by Fahey et al.,
the authors demonstrate that during viral persistence, CD4 T cells
preferentially differentiate into TFH cells (33).

Studies from the mouse model have demonstrated that the
development of TFH cells is driven by high-affinity and pro-
longed binding of the TCR to its cognate antigen (34). Indeed,
this has been confirmed to be a mechanism responsible for the
expansion of TFH cells during LCMV infection (33). Similarly,
our observations indicated that the expansion of the TFH com-
partment during HIV infection is characterized by a particularly
large increase of TFH cells with HIV specificity, which suggests
that the presence of HIV viremia is indeed a driving force behind
these changes. Given the findings of previous studies demonstrat-
ing a preferential infection and depletion of HIV-specific CD4 cells
(35), the observed expansion of HIV-specific TFH cells is rather
surprising and raises the question of whether TFH cells may be
protected from HIV infection. While we were not able to perform
these studies in HIV-infected subjects, Petrovas et al. demonstrate
that in chronic SIV infection, TFH cells are equally infected com-
pared with other CD4 subsets (36). Thus, these data suggest that
the observed expansion is not due to a lower susceptibility of TFH
cells to HIV infection.

We further found that the expansion of TFH cells is highly
associated with the observed skewing of the B cell compartment.
These changes in the B cell subset are most prominently seen as
an expansion of germinal center B cells and plasma cells. However,
in light of the particular functions of TFH cells and their expan-
sion found in HIV infection, these alterations might not be very
surprising. TFH cells initiate the formation and maintenance of
the germinal center through the induction of germinal center
B cell differentiation and proliferation (reviewed in ref. 13).
Through pathways that are not yet fully understood, TFH cells
induce BCL6 expression in B cells that drives their development
into germinal center B cells and promotes the formation of the
nascent germinal center. TFH cells then continue to provide prolif-
erative and survival signals to germinal center B cells, most notably
through IL-21 secretion (37, 38). Under normal conditions, TFH
cells represent the limiting factor in germinal center B cell matura-
tion, and only a limited number of cognate germinal center B cells
are stimulated and selected for subsequent rounds of differentia-
tion. This limit may no longer apply in HIV infection, in which
TFH cells are abundantly expanded and available to provide matu-
ration signals improperly to germinal center B cells, which would
normally be selected against. Interestingly, two recent studies by
Linterman et al. and Chung et al. demonstrated that a new subset
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of T follicular regulatory (Tfr) cells can be found in lymph nodes
and function by suppressing germinal center reactions (39, 40).
Thus, it remains to be determined whether these cells are involved
in the significant expansion of germinal center TFH and B cells
and how Tfr cells may contribute to the immunopathologies
observed during chronic viral infection.

Indeed, several factors may be responsible for the expansion of
HIV-specific TFH cells and germinal center B cells, such as general
immune activation with increased IL-6 plasma levels, as suggested
by Petrovas et al. (36), lymphopenia-driven IL-7 secretion (41), or
direct effects of HIV on B cells (6, 7). While it is likely that the
underlying factors are multifactorial, our results nonetheless sug-
gest that the profound perturbation in B cell subsets and antibody
production may be the result of an increase in the natural TFH
immune response. In this model, persistent antigenic stimulation
drives an abnormal expansion of TFH cells. However, these TFH
cells are highly dysregulated, promoting the expansion of B cell
subsets that are normally limited by the presence of TFH cells. In
particular, high IL-21 responses have been described as a potent
inducer of immunoglobulin secretion and plasma cell differentia-
tion (42, 43), both of which we found significantly increased in
chronic HIV infection. Thus, dysregulated TFH cells, in concert
with other factors, may be important in promoting immunoglob-
ulin secretion and may be one of the underlying mechanisms for
hypergammaglobulinemia. Our hypothesis evokes strong interest
for further studies of TFH cells in HIV infection. In particular,
studying TFH cells in the setting of mucosal immunity in the gut,
in which the majority of CD4 T cells are depleted, could further
shed light on the role of TFH cells in B cell regulation (44, 45).

Despite high levels of TFH cells, the majority of HIV-infected
patients do not develop broadly neutralizing antibodies that are able
to neutralize an array of different viruses (46). This suggests a defect
in the affinity maturation process, as higher levels of affinity matu-
ration have been associated with the breadth of antibody neutraliza-
tion (47, 48). However, the reason for the lack of sufficient somatic
hypermutation and affinity maturation of the BCR is unknown. It
remains to be seen whether the abundance of HIV-specific TFH cells
leads to a premature development of end-stage plasma cells that have
not undergone several rounds of somatic hypermutation or whether
other elements are responsible for the lack of broadly neutralizing
antibody development. Determination of the factors involved in
the generation of neutralizing antibody breadth and the associated
involvement of TFH cells will be critical in guiding the design of HIV
immunogens and vaccination strategies in the future.

Methods
Study participants. A rotal of 31 individuals were included in this study, of
which 24 were chronic, treatment-naive individuals or patients on ART.
In addition, 7 HIV-negative individuals were studied (Table 1). Surgically
removed axillary lymph nodes and matched PBMCs from HIV-infected
individuals were obtained from the University Medical Center Eppendorf.
HIV-negative lymph node samples were obtained from organ donors, who
tested negative for HIV and had no chronic infections, through National
Disease Research Interchange, University Medical Center Eppendorf, and
Columbia Center for Translational Immunology.

Stimulation. Cryopreserved mononuclear cells from lymph nodes or
periphery were thawed and washed in R10 media containing RPMI with
10% fetal bovine calf serum, 1% HEPES, and L-glutamine plus penicillin/
streptomycin (2 mM, 100 U/ml, 100 ug/ml, respectively). To assess HIV-
specific responses, thawed and rested cells were stimulated with GP120 or
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Table 1
Characteristics of the study participants

IDA LNs PBMCs Cohort
1112 Yes Yes Chronic treated
1102 Yes Yes Chronic treated
1105 Yes Chronic treated
1109 Yes Yes Chronic treated
1111 Yes Yes Chronic treated
1110 Yes Yes Chronic treated
1101 Yes Yes Chronic treated
1107 Yes Yes Chronic treated
1119 Yes Yes Chronic treated
1131 Yes Chronic treated
Average

1103 Yes Yes Chronic untreated
1104 Yes Yes Chronic untreated
1106 Yes Yes Chronic untreated
1108 Yes Yes Chronic untreated
1113 Yes Yes Chronic untreated
1114 Yes Yes Chronic untreated
1115 Yes Chronic untreated
1116 Yes Chronic untreated
1117 Yes Chronic untreated
1118 Yes Chronic untreated
1119 Yes Yes Chronic untreated
1120 Yes Chronic untreated
1128 Yes Chronic untreated
1129 Yes Chronic untreated
1130 Yes Chronic untreated
1131 Yes Chronic untreated
Average

1121 Yes HIV-

1122 Yes HIV-

1123 Yes HIV-

1124 Yes HIV-

1125 Yes HIV-

1126 Yes HIV-

1127 Yes HIV-

Viral load (copies/ml)

CD4 count (cells/ul) CD8 count (cells/ul)

5,000 573 1,304
49 555 -
49 259 396
24 731 651
49 282 801
49 176 640
49 691 690

6 874 1,199
9 653 836
587 533 815
34,000 296 814
43,000 514 1,007
9,500 459 851
250,000 - -
36,000 306 686
32,000 588 958
73,500 444 -
20,500 401 1,293
10,400 391 393
704,500 639 -
22,500 465 1,245
115,500 699 1,786
145,500 607 419
406,500 350 1,490
26,500 313 499
12,500 435 911
121,400 460 950
NA NA NA
NA NA NA
NA NA NA
NA NA NA
NA NA NA
NA NA NA
NA NA NA

Cells were tested in the lymph nodes (LNs) and PBMCs of the indicated study participants. AID numbers were assigned randomly by a researcher. —, not done.

GAG overlapping peptide pools from consensus clade B sequence (2 ug/ml)
in the presence of the costimulatory molecules CD28/CD49d (1 ul/ml)
(BD FastImmune), as previously described (49). As a positive control, cells
were stimulated with a combination of PMA (0.1 pg/ml) and ionomycin
(0.05 ug/ml) (Supplemental Figure 2). Fifteen minutes into the stimula-
tion, brefeldin A and monensin (0.5 ul/ml) (BD Pharmingen) were added.
Samples were incubated at 37°C and 5% CO, in R10 for a total of 6 hours.

Multiparameter flow cytometric staining. Following stimulation, cells were
washed with phosphate-buffered saline and stained with amine-reactive
viability dye (LIVE/DEAD Blue, Invitrogen). Cells were then surface stained
at room temperature for 15 minutes using the following antibodies: CD3-
Pacific Blue (UCHT1) and CD4-Qdot705 (S3.5) (both from Invitrogen);
CD14-Pacific Blue (MSE2), CD16-Pacific Blue (3G8), CXCRS-AF488
(RF8B2), CD19-APC-Cy7 (SJ25C1), CD38-AF700 (HIT2), IgD-PE (IA6-2),
IgM-FITC (G20-127), and CD27-APC (M-T271) (all from BD Biosciences);
CCR7-AF647 (TG8/CCR7), PD-1-Brilliant Violet 421 (EH12.2H7), and
CD45RA-APC-Cy7 (HI100) (all from Biolegend). Intracellular staining
was performed at room temperature for 30 minutes following fixation and
permeabilization with FIX/PERM buffers (Invitrogen) using the following
3278
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antibodies: CD3-Qdot605 (UCHT]1, Invitrogen), BCL6-PE (K112-91, BD
Pharmigen), IFNy-PE-Cy7 (B27, Biolegend), IL-21-AF647 (3A3-N2.1, BD
Pharmigen), and TNF-0-AF700 (MAb11, BD Pharmigen) (50).

Flow cytometric analysis. Samples were acquired on a 5-laser LSR Fortessa (BD
Biosciences) multicolor flow cytometer. Compensation was performed using
compensation beads labeled with a single antibody (CompBeads, BD Biosci-
ences) and amine-dye reactive beads (ArC, Invitrogen). Cytometer settings were
standardized and tracked between runs using multi-fluorescent calibration
beads (Rainbow Fluorescent Particles, Spherotech). Data were analyzed using
Flow]Jo version 9.2 (TreeStar). Lymphocytes were defined by FSC/SSC, and
doublets were excluded by FSC-A/FSC-H. Live cells were gated as negatives
for Blue Live/Dead staining, and CD4 T cells were defined as being CD3*CD8"
CD4"* (gating strategy, Supplemental Figure 2). T cell memory phenotype was
characterized by CCR7 and CD45RA expression, where naive cells were defined
as CCR7*CD45RA’, central memory cells were defined as CCR7*CD45RA",
TEMRA cells were defined as CCR7-CD45RA", and effector memory cells
were defined as CCR7*CD4SRA". B cells were defined as CD3-CD14-CD16"
CD19* (Supplemental Figure 1). B cells were further characterized as distinct
subsets based on CD38 and IgD expression as follows: Bm1, CD38 IgD*; Bm2,
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CD38'IgD*; Bm2’, CD38"*IgD*; Bm3/4, CD38*"IgD"; BmS5 early, CD38*IgD-;
BmS5 late, CD38 IgD; and plasma cells, CD38***IgD". Immature transitional
B cells were defined as CD19°CD27-CD38" IgM‘IgD". All HIV-specific T cell
responses were background subtracted based on negative controls.

Measurement of antibody levels. The level of IgG subclasses, IgG1, IgG2,
1gG3, and IgG4, was measured in sera of HIV-positive individuals by a clini-
cal standardized nephelometric assay on a Behring Nephelometer Analyzer
(BD Biosciences), as previously described (51). Total IgG was calculated as
the sum of the 4 subclasses, which has been shown to give high accuracy,
using nephelometric assay (51).

Statistics. Statistical analysis was performed using GraphPad Prism 5.0
(GraphPad Software). For parameter comparison between subject groups,
a Mann-Whitney U test was used. Post-hoc test following Kruskal-Wallis
was used for the comparison of multiple groups. Data in dot plots repre-
sents mean = SEM. Spearman’s rank test was used for correlations. Pvalues
of less than 0.05 were considered significant.

Study approval. The institutional review boards of the University Medi-
cal Center Eppendorf and Massachusetts General Hospital approved this
study, and each participant had provided written, informed consent for
participation in the study.
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