














bodies were detected in plasma samples from all 13 macaques
from time points later than 2 to 3 weeks after infection (Fig. 7).
Five of the 13 macaques were euthanized before the first 6 months
postinfection, and in 4 out of 5 of these macaques, SIV antibody
levels were increasing at the time of euthanasia (Fig. 7A). The

other 8 macaques were euthanized at between 6 months and 1 year
after infection. Half of these macaques had continuously increas-
ing antibody levels until euthanasia (Fig. 7B), while the other half
had peak antibody levels between days 35 and 97, which then
decreased with a variable time course (Fig. 7C). These results show

FIG 4 CD4� T cell and Tfh cell frequencies during the early stage (�28 days postinfection) and late stage (�77 days postinfection) in ILNs. Lines connecting
two data points indicate sequential ILN biopsy specimens from the same macaque. (A) The CD4� T cell proportion as a percentage of CD3� T cells decreased
in ILNs from the early stage (n � 9) to the late stage (n � 12) but was not statistically significant. (B) The Tfh cell proportion as a percentage of CD4� T cells
significantly increased in ILNs from the early stage (n � 9) to the late stage (n � 12). (C) The Tfh cell proportion as a percentage of memory (CD45RA�) T cells
significantly increased in ILNs from the early stage (n � 9) to the late stage (n � 12). (D) In memory CD4� T cells, the PD-1high subset expressed significantly
higher levels of IL-6R� than the non-PD-1high subset (n � 10). (E) In memory CD4� T cells, the PD-1high subset expressed significantly higher levels of CD130
than the non-PD-1high subset (n � 10). (F) Representative staining of CD126 (left) and CD130 (right) on macaque memory CD4� T cells. The IgG staining
control is shown as shaded histograms, PD-1high CD127low cells are shown as solid lines, and the remaining memory CD4� T cells are shown as dashed lines.
Results are representative of 10 experiments.
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FIG 5 Expression levels of CCR5, CXCR6, and GPR15 determined by flow cytometry and RT-qPCR. (A) CCR5 protein levels on CD4� T cell subsets on macaque
tissues (n � 7), measured by flow cytometry. (B) Representative plots for CCR5 (second panel), CXCR6 (third panel), and GPR15 (far right) staining on memory
CD4� T cells from SIV� (top) and SIV-negative (bottom) macaque tissues. Plots on the left show negative controls, in which the first antibody was not added.
(C) mRNA levels of CCR5 (left), CXCR6 (middle), and GPR15 (right) on CD4� T cell subsets measured by RT-qPCR (white bars, PD-1high; black bars, PD-1med;
patterned bars, CD127�; gray bars, CD45RA�).
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that these macaques were capable of making an SIV-specific anti-
body response, despite evidence of infection of Tfh cells with SIV.

DISCUSSION

In order to study the effect of SIV infection on macaque Tfh cells,
we have demonstrated that PD-1high CD127low memory CD4� T

cells in lymphoid tissue can be characterized as CXCR5�, IL-21�,
ICOS�, Bcl-6�, and IL-6R� cells, analogous to Tfh cells in mice
and humans (2, 31). The phenotype of macaque Tfh cells has not
been extensively studied. In particular, the expression of the tran-
scription factor Bcl-6 is an important regulator of Tfh differenti-
ation (2) and was clearly upregulated in pigtail macaque PD-1high

CD127low memory CD4� T cells. This definition of Tfh cells is
consistent with that reported very recently by Petrovas and col-
leagues (27).

Subsequently, we showed that highly purified pigtail macaque
PD-1high CD127low memory CD4� Tfh cells were infected with
SIV DNA and SIV RNA. The presence of spliced SIV mRNA indi-
cates that these cells can be productively infected. Rapid progres-
sion of SIV infection occurs in 10 to 30% of rhesus macaques
infected with SIVmac251 or SIVsm strains. These macaques pro-
duce little or no SIV-specific antibody response (32, 33), consis-
tent with a complete loss of CD4� T cell helper activity, and are

FIG 6 Neighbor-joining tree of gp120 sequences from proviral DNA isolated from CD4� T cell subsets (PD-1high CD127low, PD-1med CD127low, PD-1� CD127low, and
CD127� memory CD4� T cells as well as CD45RA� naïve CD4� T cells) of macaques infected with SIVmac239 or SIVmac251. SIVmac239 and SIVmac251 reference
sequences were downloaded from GenBank, and SIVmac251 was assigned to be the root of the tree. The sample name shows the macaque identification, days
postinoculation, and subset name in order. Branches are scaled in absolute numbers of differences according to the scales at the bottom of the trees.

TABLE 2 Summary of gp120 clonal sequencing results

T cell
subset

No. of
gp120
clones
analyzed

No. of clones
in which DNA
sequence had
100% identity
to reference

No. of clones in
which protein
sequence had
100% identity
to reference

DNA mutation
rate (per
1,000 bp)

PD-1high 23 5 9 0.74
PD-1med 23 6 11 1.31
CD127� 17 3 6 1
CD45RA� 16 6 8 0.98
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characterized by high numbers of productively infected cells (33),
including in germinal centers after primary infection (32), and
significantly higher levels of apoptosis in the T cell areas of lymph
nodes (34). Importantly, in the 13 macaques included in the cur-
rent study, there were no such antibody-negative rapid progres-
sors, suggesting that in our cohort, infection of Tfh cells was asso-
ciated with typical progression and not related exclusively to rapid
progression.

Our results confirm and extend a recent report that impair-
ment of antibody responses in SIV-infected rhesus macaques was
associated with viral infection of PD-1� lymph node cells (35).
However, that study did not distinguish cells on the basis of the
extent of PD-1 expression, which we found was important in de-
fining Tfh cells. As a result, the cells studied were described as
ICOS� and CTLA-4�, both of which can be expressed by both T
regulatory cells (36) and activated Th1 cells in acute HIV-1 infec-
tion (7, 17). Our results confirm, and extend, a more recent report
of infection of Tfh cells in rhesus macaques at rates similar to those
of other memory subsets on the basis of viral DNA copies per cell
(27).

Our results also demonstrate that in typical progressive SIV
infection, while there is infection of Tfh cells, the function of these
cells appears overall to be intact, since there is continuing devel-
opment of anti-SIV antibody responses, and in fact, the propor-
tion of Tfh cells in lymph nodes increases longitudinally. Two
other very recent studies reported a progressive increase in num-
bers of PD-1� Tfh cells in chronic SIV infection (27, 37), and
similar increases have been noted for humans chronically infected
with HIV-1 (38). In a previous study by Hong et al. (37), occa-
sional CD4� cells in germinal centers were also SIV Gag� by im-
munohistochemistry, and in the study by Petrovas et al., similar
rates of SIV DNA were detected in each sorted memory cell subset.
Our results show similar rates of SIV DNA infection and further-
more show that this provirus is transcriptionally active, with SIV
RNA being present in highly purified PD-1high CD127low memory
CD4� T cells. These observations are consistent with previous
observations that there is an increased development of germinal
centers in pathogenic primate models of primate SIV infection
compared to nonpathogenic models (39).

A very recent report showed that pathogenic SIV infection of
rhesus macaques and HIV infection of humans are associated with
productive infection of Tfh cells, together with very large deposits

of virions on follicular dendritic cells, in germinal centers, at much
higher levels than those found in sooty mangabeys, a natural host
for SIV (40). This intriguing finding suggests that germinal center
reservoirs may indeed be an important defining pathogenic fea-
ture of SIV/HIV infection. Germinal centers in HIV-1 infection
represent the largest reservoir of HIV-1 in the body within in-
fected individuals (reviewed in reference 41).

The mechanisms for Tfh cell accumulation during chronic
SIV/HIV infection are yet to be fully resolved. Recent studies of
lymphocytic choriomeningitis virus (LCMV) infection in mice
(42), SIV infection in rhesus macaques (27, 37), and HIV infection
in humans (38) have shown that chronic viral persistence leads to
an increase in the number of Tfh cells. In the LCMV-infected
murine model, viral persistence and prolonged T cell receptor
(TCR) stimulation were shown to progressively redirect CD4� T
cell development away from a Th1 response during acute infection
and toward a Tfh-dominated response during the chronic phase
(42). In this model, a post-acute-phase IL-6 response was associ-
ated with a resurgence in antibody-mediated clearance of viral
infection (43). It is therefore intriguing that both IL-6 mRNA
levels in lymph nodes and IL-6 protein levels in plasma are dra-
matically upregulated following SIVmac239 (44) and SIVmac251
(45) infections, respectively. Another molecular mechanism that
could contribute to the skewing of effector CD4� T cells toward
Tfh cells was recently described (46). In this model, excess Bcl-6
represses its direct target Prdm1 when levels of IL-2 are limiting,
allowing the switch-on of Tfh-like genes, including CXCR5,
BTLA, and IL-6R�. Taken together with the fact that IL-2-pro-
ducing T cells are lost during chronic HIV/SIV infection and our
finding of the presence of IL-6R on macaque Tfh cells, chronic
exposure to IL-6 and the limited IL-2 production from CD4� T
cells which characterize SIV and HIV infections may both contrib-
ute to the relative accumulation of Tfh cells during SIV infection.
In addition, a lack of the peripheral trafficking marker S1PR1 and
expansion of germinal center B cells during chronic SIV/HIV in-
fection may cause Tfh cells to accumulate in tissues and escape cell
death through interactions with PD-L1, despite their low rates of
expression of Ki-67 in vivo but high spontaneous caspase-3 activ-
ity in vitro (27, 38).

How SIV infects PD-1high CD127low Tfh cells remains an open
question. We found that PD-1high CD127low Tfh cells did not ex-
press significant levels of any of the best-described coreceptors for

FIG 7 Anti-SIV antibody production in 13 SIV-infected macaques. (A) Five macaques were euthanized within 6 months postinfection. Antibody levels reached
maximum at the time of euthanasia. (B) Four macaques, monitored for longer than 6 months postinfection, had antibody levels that were still increasing at the
time of euthanasia. (C) Four macaques, monitored for longer than 6 months postinfection, had antibody levels that reached a maximum between days 35 and 97
postinfection and then decreased by the time of euthanasia. OD, optical density.
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SIV, namely, CCR5, CXCR6/Bonzo, or GPR15/BOB (29). Human
Tfh cells have been shown to express CXCR4 (23), and we did find
expression of CXCR4 on PD-1high CD127low Tfh cells, as expected
(data not shown). CXCR4 acts as the major alternate coreceptor
for HIV-1, but it is generally found that SIV strains and in partic-
ular SIVmac239 and SIVmac251 rarely use CXCR4 for entry (29).
Furthermore, CXCR5 usage has not been found for HIV-1 isolates
from PBMCs (47) or for SIVmac251 (48), although it was re-
ported for 2 strains of HIV-2 (48). Despite rare usage of either
CXCR5 or CXCR4 by SIV, macaque Tfh cells have never been
specifically studied before. Therefore, further studies are required
to clarify the coreceptor usage governing entry of SIV into Tfh
cells.

Alternatively, Tfh cells may be derived from activated CD4� T
cells in paracortical areas of lymphoid tissue and pass through an
intermediate differentiation step (1, 2), where they may be suscep-
tible to infection with SIV, prior to fully differentiating and mi-
grating into B cell follicles. Our SIV envelope sequencing data
seem to favor this hypothesis. Interestingly, preliminary data sug-
gest that a proportion of PD-1med CD127low cells can upregulate
surface PD-1 to a level comparable to that in Tfh cells upon in vitro
TCR stimulation (data not shown), which suggests that Tfh cells
may arise from these PD-1med CD127low cells, which highly ex-
press CCR5. Whether or not Tfh precursors are infected and con-
tinue to differentiate into PD-1high CD127low Tfh cells is a very
important issue to be addressed. Further studies are still required
to clarify the exact steps of the cellular pathway of Tfh cell differ-
entiation (1, 2), in particular whether or not Tfh cells differentiate
directly from activated naïve CD4� T cells or via other lineages
(1, 2).

It remains important to investigate possible infection of Tfh
cells in human lymphoid tissue during HIV-1 infection, especially
as similar increases in Tfh cell numbers in chronic HIV infection
were recently noted (38), and a very recent paper reported that Tfh
cells from human lymph node biopsy specimens from HIV-posi-
tive (HIV�) subjects contain HIV-1 DNA (49). Furthermore, pu-
rified Tfh cells from lymph nodes from HIV-uninfected subjects
were readily infected in vitro (49) by a CXCR4-using strain of
HIV-1, but coreceptor expression or usage was not studied. How
Tfh cells may be infected in vivo during HIV-1 infection remains
unknown. These results confirm and extend previous reports of
productively infected CD4� T cells in germinal centers (50) and
infection of germinal center CD4� cells with proviral HIV-1 DNA
(51), but in those reports, these cells were not characterized as Tfh
cells.

The recent association of vaccine protection with induced an-
tibody responses (52) and findings that multiple mutations in Ig
variable regions are required for broadly neutralizing antibodies
(8–10) imply an extremely important role for Tfh cells and germi-
nal center reactions in vaccine protection. Such neutralizing anti-
body responses are relatively rare and can take months to years to
develop (6). Follicular hyperplasia and increased numbers of ger-
minal centers are characteristic of early chronic HIV-1 infection
(53) but are not found in very early primary HIV-1 infection,
suggesting that the earliest detectable antibodies, appearing within
days after the onset of symptoms (3, 4, 6), may come from extra-
follicular B cell responses (54) and that germinal center reactions
require additional time before they are initiated. Following pri-
mary HIV-1 infection, HIV-specific antibody responses continue
to evolve for months, as judged by longitudinal diagnostic West-

ern blots (4, 5), and also, very early intervention with antiretrovi-
ral therapy during primary HIV-1 infection can result in de-
creased titers of anti-HIV-1 antibodies (55), consistent with the
protracted nature of the typical anti-HIV-1 humoral response.
Correlating Tfh cell functionality with affinity maturation of anti-
HIV-1 antibodies and somatic mutation of Ig genes in individual
HIV-specific B cell clones will be a future research goal of the field.

Despite infection of human Tfh cells with HIV-1, antibody
responses to HIV-1 envelope quasispecies continue to develop de
novo as the virus evolves to escape earlier antibody responses (56,
57), possibly contributing to the equilibrium of steady-state viral
loads (58). Also, whether infection of Tfh cells contributes to fol-
licular abnormalities (59), B cell hyperactivity, and hypergam-
maglobulinemia (60), all of which are characteristic of chronic
HIV-1 infection, is unclear. Most important is the issue of whether
direct infection of Tfh cells is a major contributor to the general
paucity of high-titer anti-HIV-1-neutralizing antibodies in natu-
ral infection. An improved understanding of the impact of HIV-1
infection on cell-cell interactions and germinal center dynamics in
lymphoid tissue is likely to inform these unresolved questions.
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