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Introduction
The ability of CD8+ T cells to clear virus-infected, including 
HIV-infected, cells depends on the ability of CD8+ T cells to 
migrate to sites of active virus replication (1–3). In chronic HIV/
SIV infection, follicular helper CD4+ T cells (Tfh) within the lymph 
nodes (LNs) represent a site for virus persistence and replication, 
even under suppressive antiretroviral therapy (ART) (4–6). More-
over, replication-competent SIV in chronically infected animals 
with spontaneous control of viremia is restricted to the Tfh cell 
population (7). Of particular relevance for HIV/SIV pathogenesis, 
virus replication in secondary lymphoid organs further impairs the 
development of adaptive immune responses (8, 9).

Despite the accumulation of CD8+ T cells within the B cell fol-
licles during chronic HIV infection (10–12), the presence of HIV- 
specific cytotoxic T lymphocytes (CTLs) within germinal centers 
(GCs) is controversial. While early studies reported the presence of 
HIV-specific effector CD8+ T cells within GCs (13, 14), in situ tissue 
staining of HIV-infected LNs revealed that those CTLs are scarce 
in the vicinity of HIV-infected Tfh cells (12, 15, 16). Despite the low 
frequency of HIV-specific CTLs within the GC, we have shown that 
bulk CCR7loCXCR5hi follicular CD8+ (fCD8+) T cells can mediate 
in vitro killing of HIV-infected cells (11) in the presence of engi-
neered bispecific antibodies designed to bind envelope-expressing 
HIV-infected cells (17). The use of bispecific antibodies circum-

vents the relatively low frequency of virus-specific CD8+ T cells 
and CTL escape variants associated with the latent reservoir (18). 
Therefore, understanding CD8+ T cell dynamics within the LNs 
will aid in the development of novel approaches for virus eradica-
tion. The use of SIV-infected nonhuman primates (NHPs), a model 
that recapitulates many aspects of human HIV infection (19), could 
help delineate the mechanisms of fCD8+ T cell dynamics and aid 
in the development of cure strategies aimed at bolstering cytolytic 
activity within B cell follicles and GCs.

Here, we provide a comprehensive analysis of the phenotype, 
location, and killing activity of LN CD8+ T cells during acute and 
chronic SIV infection. As with HIV infection, we found accumulation 
of fCD8+ T cells in chronic infection. These cells are characterized by 
a potent in vitro bispecific antibody–mediated killing of HIV-infected 
targets. Our data reveal the role of immune activation–related factors 
as mediators for the migration of cytolytic fCD8+ T cells into the GC.

Results
Accumulation of fCD8+ T cells in chronic SIV infection. The relative 
frequency and phenotype of LN-derived CD8+ T cells from rhesus 
macaques (RMs) in different stages of infection were analyzed by 
polychromatic flow cytometry (Figure 1A and Supplemental Figure 
1A; supplemental material available online with this article; https://
doi.org/10.1172/JCI96207DS1). We found a substantial reduction 
in CD4+ T cells accompanied by a substantial increase in total CD8+ 
T cells in early chronic (day 45 post infection [p.i.]) infection (Sup-
plemental Figure 1B). Progression was associated with a significant 
increase of CCR7loCD95hi CD8+ T cells representing, on average, 
75% of the total CD8+ T cell pool in chronic (>6 months) infection 
(Supplemental Figure 1C). As was done for human tissues (11), low 
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We further analyzed the location of CD8+ T cells using mul-
ticolor confocal imaging (Supplemental Figure 2A). In prelimi-
nary experiments, we were not able to find a reliable anti-CD8 
antibody for paraffin-embedded tissues. Since we detected a very 
low frequency (<5%) of CD4–CD8– double-negative T cells within 
the CD3+ population (Supplemental Figure 2B), we are confident 
that the CD3+CD4– phenotype accurately defines CD8+ T cells. In 
agreement with the flow cytometric data (Supplemental Figure 

expression of CCR7 and high expression of CXCR5 were used to 
define NHP fCD8+ T cells (Figure 1A and Supplemental Figure 1B). 
Importantly, the expression levels of CXCR5 were lower on fCD8+ 
T cells compared with expression on Tfh cells (Supplemental Fig-
ure 1D). Despite this lower expression, we observed rapid mobiliza-
tion of F-actin in fCD8+ T cells in response to CXCL13 (Supplemen-
tal Figure 1E). Chronic SIV infection was associated with a clear 
increase in fCD8+ T cells (Figure 1B).

Figure 1. fCD8+ T cells accumulate in LNs during chronic SIV infection. (A) Gating strategy for CCR7loCD95hiCXCR5hi fCD8+ cells. (B) Flow cytometric pooled 
data showing the relative frequency of fCD8+ T cells in noninfected (n = 16 SIV–), acute SIV+ (day 14, n = 10), early chronic SIV+ (day 45, n = 8), and chronic 
SIV+ (>6 months, n = 17) RMs. *P < 0.05 and ***P < 0.0001, by Mann-Whitney U test. (C) Representative example of histocytometric analysis of follicular 
cells from 1 chronically SIV-infected animal (7 different samples were analyzed using this method). GCs were defined by CD20+Ki67+ coexpression, and CD4+ 
(CD3+CD4+) and CD8+ (CD3+CD4–) T cells were quantified within each GC. A representative confocal image and its reconstruction using histocytometry are 
shown. Scale bar: 400 μm. (D) Histocytometric pooled data showing the relative frequency and actual numbers (per μm2) of CD8+ T cells within GCs. Each 
point represents an individual GC. Different symbols represent different samples (n = 2 SIV–; n = 2 acute SIV+, n = 3 chronic SIV+). **P < 0.001 and ***P < 
0.0001, by Mann-Whitney U test. (E) Pooled data showing the relative frequency and actual numbers (per μm2) of CD8+ T cells within intact and disorga-
nized GCs from chronically SIV-infected animals (n = 5). Data from SIV– (n = 2) and acute SIV-infected animals (n = 2) are also shown. Each point represents 
an individual GC, and different symbols represent different LN samples. **P < 0.001 and ***P < 0.0001, by Mann-Whitney U test.
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Figure 2. SIV-specific CD8+ T cells with a follicular phenotype do not preferentially accumulate in 
LNs during chronic SIV infection. (A) Pooled data showing the frequency of TNF-α+ CCR7loCD95hi CD8+ 
T cells in PBMC (n = 6 responders) and LN (n = 8 responders) samples after short ex vivo stimulation 
with Gag (circles) or Env (triangles) peptide pools. Matching samples are highlighted with paired colors. 
Mann-Whitney U test. (B) Frequency of TNF-α+ CD8+ T cells in non-fCD8+ (n = 9 responders) and fCD8+ 
(n = 9 responders) compartments. Matching samples are highlighted with paired colors. Mann-Whitney 
U test. The polyfunctionality of virus-specific CD8+ T cell responses after short ex vivo stimulation (Gag 
or Env peptide pools) in paired samples of (C) LN cells (n = 12 responders) and PBMCs (n = 9 responders) 
and (D) paired LN non-fCD8+ and fCD8+ T cells. #P < 0.05, by Wilcoxon signed-rank test. (E) Relative fre-
quency of tetramer+, SIV-specific CD8+ T cells in PBMC (n = 5) and LN (n = 5) samples and LN non-fCD8+ 
and fCD8+ T cell compartments. Representative flow cytometric plots for CM9+ (Gag) and TL8+ (Tat) 
fCD8+ T cells from 2 animals (LNs) are also shown. All results are from chronically SIV-infected animals. 
A Mann-Whitney U test was used for unpaired comparisons and a Wilcoxon test for paired comparisons.
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in 3 of the 5 chronically infected RMs that we studied, but not in 
acute or early infected animals. Although we observed the high-
est accumulation of fCD8+ T cells in disorganized follicles during 
chronic SIV infection, intact follicles also contained a significantly 
higher percentage of fCD8+ T cells compared with follicles from 
uninfected and acutely infected LNs (Figure 1E). Therefore, as 
with chronic HIV infection (11), we found CD8+ T cell accumula-
tion within B cell follicles and GCs during chronic SIV infection.

No preferential accumulation of SIV-specific fCD8+ T cells in 
chronic infection. Bulk and SIV-specific responses were deter-

1C), we detected a higher frequency of CD8+ T cells in the T cell 
area in early chronically SIV-infected LNs (Supplemental Figure 
2C). However, in chronic SIV infection, we observed an accumu-
lation of CD8+ T cells around and within B cell follicles and GCs 
(Supplemental Figure 2C). We performed histocytometry to quan-
tify relevant cell populations (11, 20). We quantified CD8+ T cells 
for each individual GC (Figure 1C and Supplemental Figure 3A) 
and confirmed the accumulation of fCD8+ T cells during chronic 
SIV infection (Figure 1D). Follicular disorganization (Supplemen-
tal Figure 3B), a marker of disease progression (21), was observed 

Figure 3. A high cytolytic profile of fCD8+ T cells is associated with potent in vitro bispecific antibody–mediated killing of infected cells. (A) Pooled 
data showing the frequency of ex vivo GrzB expression in non-fCD8+ and fCD8+ T cell cells from chronically SIV-infected animals (n = 9). **P < 0.001, by 
Mann-Whitney U test. (B) Representative confocal image showing GrzB expression in CD8+ T cells (CD3+CD4–) within the GCs of a chronically SIV-infected 
LN. Individual staining and merged images (CD3/CD4/GrzB) are shown. Arrows highlight CD8+ T cells (defined as CD3+CD4-) positive for GrzB staining. 
Original magnification, ×63; scale bars: 25 μm and 5 μm (enlarged inset of white boxed area). (C) Pooled data showing expression of the GrzB+Prf+ cell 
population in non-fCD8+ and fCD8+ T cells from chronically SIV-infected animals (n = 7). Matching samples are highlighted with paired colors. **P < 0.001, 
by Wilcoxon paired test. (D) Fluidigm analysis of mRNA expression levels of granzyme A (GrzA), GrzB, and PRF1 among different CD8+ T cell subsets from 
chronically SIV-infected LNs (n =3). *P < 0.05, **P < 0.001, and ***P < 0.0001, by Wilcoxon paired test. (E) Level of in vitro bispecific antibody–mediated 
killing of infected cells in the presence of relevant sorted CD8+ T cells from chronically SIV-infected LNs (n = 5). Matching samples are highlighted with 
paired colors. *P < 0.05, by Kruskal-Wallis test.
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coexpression of GrzB and Prf (Figure 3C). Fluidigm analysis of sort-
ed LN cell populations showed that, while naive and non-fCD8+ T 
cells had characteristic profiles independent of the infectious sta-
tus, the fCD8+ T cell expression pattern was strongly affected by 
SIV infection (Supplemental Figure 5G). Individual gene expression 
analysis confirmed higher GrzB and Prf expression among the fol-
licular cell subsets (Figure 3D). In line with their cytolytic potential, 
fCD8+ T cells were the most potent mediators of bispecific anti-
body–redirected killing of HIV-infected CD4+ T cell targets (Figure 
3E). Collectively, these data show that, like HIV, chronic SIV infec-
tion is associated with the accumulation of cytolytic fCD8+ T cells 
able to mediate the redirected killing of infected cells.

Combination ART therapy leads to a modest reduction of fCD8+ 
T cells. Next, we studied the dynamics of fCD8+ T cells in viremic 
NHPs that received combination ART (cART). We analyzed ani-
mals that began treatment in the early chronic stage of infection 
(7–8 weeks p.i.) and were treated for 27 weeks as well as animals 
that were treated during the chronic stage of infection (50 weeks 
p.i.) and treated for 7 weeks (Table 1). The viral load (VL) was 
successfully suppressed (VL, mean ± SEM: 264,788 ± 93,207 vs. 
217.5 ± 77.75, before and after cART, respectively) in all animals 
analyzed (Table 1). Our flow cytometric analysis showed no differ-
ence in either group in the relative frequencies of total LN CD3+ T 
cells before or after cART (Supplemental Figure 6A). An increased 
frequency of total LN CD4+ T cells (Supplemental Figure 6) was 
associated with a significant reduction in the frequency of total 
and bulk CCR7loCD95hi memory LN CD8+ T cells, but only in the 
animals treated during chronic infection (Figure 4, A and B). How-
ever, cART had a less profound effect on fCD8+ T cell frequencies 
(Figure 4C). We observed no accumulation of fCD8+ T cells in ani-
mals treated during the early infection stage (Figure 4C). Consis-
tent with what we observed in the nontreated animals (Figure 3A), 
fCD8+ T cells in the treated animals more frequently expressed 
GrzB, although not significantly, compared with non-fCD8+ T cells 
after cART (Figure 4D). Collectively, our data show that cART, at 
least during the first 2 months of treatment, does not significantly 
affect fCD8+ T cell dynamics.

Immune activation is associated with the accumulation of fCD8+ 
T cells in chronic SIV infection. We used RNA confocal imaging 
that allowed for the localization of SIV mRNA in tissue samples in 
order to study the role of active viral transcription within the LNs 
in the dynamics of fCD8+ T cells. We detected SIV RNA during all 
stages of SIV infection in both follicular and extrafollicular areas 
(Supplemental Figure 7). In chronic SIV–infected samples, in addi-
tion to the intracellular RNA signal found in CD4+ T cells, we could 
detect, within the GC, extracellular viral RNA not associated with 
CD3+CD4+ T cells (Supplemental Figure 7), possibly representing 
virions captured by B cells and follicular DCs (23). We detected 
intracellular SIV mRNA in B cell follicles of animals with different 
levels of viremia (Supplemental Figure 8). Image analysis, howev-
er, did not show a preferential accumulation of fCD8+ T cells in the 
vicinity of actively transcribed virus (Figure 5A), suggesting that 
locally transcribed virus may not represent a major driving force 
for fCD8+ T cell recruitment.

To further assess the role of immune activation in LN CD8+ T 
cell dynamics, we analyzed 5 African green monkeys (AGMs) with 
chronic SIV infection and detectable viral DNA in their LNs (Table 2).  

mined by cytokine production after stimulation with either anti-
CD3 beads or SIV-Gag and SIV-Env peptide pools (Supplemental 
Figure 4A). We found that responses to CD3 and T cell receptor 
(TCR) stimulation were similar between LNs and peripheral blood 
mononuclear cells (PBMCs) (Supplemental Figure 4B). Although 
fewer LN samples compared with PBMC samples responded to 
in vitro stimulation with SIV peptide pools (Supplemental Figure 
4C), we detected a similar distribution of virus-specific CD8+ T cell 
responses between PBMCs and LNs among the responders (Fig-
ure 2A). Furthermore, we found a similar frequency of SIV-specific 
CD8+ T cells in non-fCD8+ and fCD8+ T cell subsets (Figure 2B). 
Polyfunctionality was also similar between LN and PBMC sam-
ples (Figure 2C), but LN samples had a higher frequency of MIP-
1β–expressing, SIV-specific CD8+ T cells (Figure 2C). Further anal-
ysis revealed that, in chronic SIV infection, non-fCD8+ and fCD8+ 
T cell subsets had similar polyfunctionality (Figure 2D). Since LN 
SIV-specific CD8+ T cells express a PD-1hi phenotype that could 
compromise their cytokine response (22), we further quantified 
virus-specific CD8+ T cells using a tetramer-based approach. The 
results confirmed that there was no preferential sequestration of 
SIV-specific CD8+ T cells in the follicular areas (Figure 2E).

fCD8+ T cells are characterized by increased cytolytic and killing 
potential. We detected ex vivo granzyme B (GrzB) expression almost 
exclusively in the CCR7loCD95hi CD8+ T cell subset, the frequency 
of which was significantly higher in PBMCs than in LNs (Supple-
mental Figure 5, A and B). In LNs from chronically infected RMs, 
fCD8+ T cells had higher ex vivo expression of GrzB than did non-
fCD8+ T cells (Figure 3A and Supplemental Figure 5C). Image anal-
ysis (representative example is shown in Figure 3B) confirmed the 
presence of CD8+ T cells expressing a GrzBhi phenotype, especially 
within the GC, during chronic infection. The ex vivo expression of 
GrzB and perforin (Prf) (Supplemental Figure 5D) was significantly 
lower in LNs, independent of the infectious status (Supplemental 
Figure 5, E and F). Within the LNs, fCD8+ T cells had the highest 

Table 1. VL before and after cART for each RM analyzed

VL before cART VL after cART
Early chronic phase
A11V027 130,000 <15
A11V080 540,000 25
A11V106 130,000 <15
A11V145 14,000,000 630
14111 2,450,000 120

Chronic phase
ZJ06 14,000 <15
ZJ07 780,000 400
ZJ53 7,500 <15
A10V012 320,000 25
A11E038 290,000 520
A11V071 410,000 420
A9V089 6,800 <15
BG74 290,000 330

The animal code and VLs for animals treated during the early chronic and 
chronic phases of infection are shown.

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/5
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd
https://www.jci.org/articles/view/96207#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 0 9 4 jci.org   Volume 128   Number 5   May 2018

We detected negligible levels of immune activation, as judged by 
circulating levels of soluble CD14 (sCD14) (24) (data not shown). 
Flow cytometric analysis revealed a lower, but nonsignificant, fre-
quency of total LN CD8+ T cells in AGMs compared with frequencies 
detected in RMs (Figure 5B). Chronic SIV infection in AGMs failed 
to result in the accumulation of either differentiated CCR7loCD95hi 
CD8+ T cells (Figure 5C) or fCD8+ T cells (Figure 5D) within LNs. In 
line with this profile, we found no accumulation of Tfh CD4+ T cells 
in LNs from AGMs compared with LNs from RMs (Supplemental 
Figure 9A). In contrast to chronically infected RMs (Supplemental 
Figure 2 and Supplemental Figure 3B), we observed no signs of fol-
licular disorganization in the AGMs, not even in the 1 animal (AG31) 
that had ongoing GC reactivity (as determined by the presence of 
polarized Ki67hiCD20hi B cells) (Supplemental Figure 9B). Further-
more, image analysis confirmed the lack of fCD8+ T cells in chron-
ically infected AGMs (Figure 5E). In line with the low frequency 
of Tfh cells in AGMs, we detected low expression of CXCL13, the 
ligand of CXCR5, in the LNs of SIV-infected AGMs (Figure 5F). NK 
cells were also more frequent in some follicular areas of AGMs com-
pared with those of RMs (Supplemental Figure 9C), a finding that 
is in line with the results of a recent study (25). Although our study 
does not directly address the role of specific inflammatory media-
tors in the described dynamics, our data suggest that tissue inflam-
mation plays a crucial role in the dynamics of LN-derived CD8+ T 
cells, particularly fCD8+ T cells, during SIV infection.

Functional monocytes accumulate within the LNs during chronic 
SIV. Given the possible role of tissue inflammation and immune 
activation in the movement and localization of LN CD8+ T cells, 
we sought to investigate the role of monocytes, an inflammatory 
cell population that accumulates in tissues during SIV infection 
(26), in CD8+ T cell dynamics within the LNs. We detected a sig-
nificant accumulation of CD14hiCD16hi monocytes in chronically 
SIV-infected RMs, but not in AGMs (Figure 6A). Within the LNs, 

the frequency of monocytes was significantly associated with the 
frequency of CD8+ T cells (Figure 6B). Confocal imaging of CD20, 
Ki67, CD163, and myeloperoxidase (MPO) confirmed an increased 
presence of activated monocytes surrounding the B cell follicles 
during acute and chronic infection (Figure 6C). In vitro stimulation 
with LPS revealed similar monocyte functionality, as assessed by 
IL-1β production, between noninfected and chronically SIV-infect-
ed LNs (Supplemental Figure 10A). Monocytes were also stimu-
lated in vitro with either IFN-γ or IFN-α to determine their capacity 
to produce CXCL10 (Supplemental Figure 10B), a ligand of the 
CXCR3 receptor implicated in the trafficking of effector T cells 
to secondary lymphoid organs (27). Both cytokines induced high 
levels of CXCL10, but, upon IFN-α stimulation, monocytes from 
chronically infected RMs had significantly higher CXCL10 produc-
tion when compared with noninfected samples (Figure 6D). Fur-
thermore, both CD14hiCD16hi and CD14hiCD16lo monocytes were 
able to produce CXCL10 upon stimulation (Figure 6D), despite a 
significantly different level of receptor expression (Supplemental 
Figure 10C). Plasma levels of IFN-γ and CXCL10 were similar, 
regardless of infection status (Supplemental Figure 10D). As seen 
for fCD8+ T cells (Figure 4B), cART also resulted in a moderate 
reduction of CD14hiCD16hi monocytes (Figure 6E). Therefore, 
infiltration of monocytes into the LNs could be a critical mecha-
nism that triggers LN CD8+ T cell recruitment in SIV infection.

The majority of LN CD8+ T cells express a functional CXCR3 
receptor. Previous studies have shown that CXCR3 can serve as 
an alternative trafficking mediator of CCR7lo CD8+ T cells into 
the LNs (28–30). Therefore, we analyzed the relative expression 
CXCR3 on circulating and LN CD8+ T cells (Supplemental Fig-
ure 11A). In contrast to circulating cells, LN CCR7loCD95hi CD8+ 
T cells consistently expressed a CXCR3hi phenotype (Figure 7A 
and Supplemental Figure11B). fCD8+ T cells had higher CXCR3 
expression than did non-fCD8+ T cells (Figure 7B), and CXCR3 

Figure 4. cART has a modest effect on the 
frequency of fCD8+ T cells. (A) Pooled data 
showing the relative frequency of total LN 
CD8+ T cells before and after cART from RMs 
treated during early (n = 5) or late (n = 8) 
chronic SIV infection. The relative frequency 
of bulk memory LN CCR7loCD95hi CD8+ T cells 
(B) and fCD8+ T cells (C) is also shown. *P < 
0.05 and **P < 0.001, by Mann-Whitney U 
test for unpaired comparisons and Wilcox-
on test for paired comparisons. (D) Pooled 
data showing the relative frequency of GrzB+ 
non-fCD8+ and fCD8+ T cells from RMs treated 
during early (n = 5) or late (n = 8) chronic SIV 
infection. Mann-Whitney U test for unpaired 
comparisons and Wilcoxon test for paired 
comparisons.
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Figure 5. Immune activation is associated with the accumulation of fCD8+ T cells during chronic SIV infection. (A) Representative confocal images 
showing CD20+, CD3+, and CD4+ staining with SIV RNA ISH (RNAscope). Follicular areas from a noninfected, an early chronic, and a late chronic 
SIV-infected LN are shown. SIV mRNA is shown in red. Scale bars: 50 μm and 10 μm (enlarged images of boxed areas). (B) Pooled data showing the 
relative frequency of total LN CD8+ T cells in chronically SIV-infected RMs (n = 17) and AGMs (n = 5), expressed as the frequency of total CD3+ T cells. 
Mann-Whitney U test. (C) Relative appearance of LN CD8+ T cell subsets (top) and frequency of LN CCR7loCD95hi CD8+ T cells (bottom) in chronical-
ly SIV-infected RMs (n = 17) and AGMs (n = 5). ***P < 0.0001, by Mann-Whitney U test. (D) Relative frequency of fCD8+ T cells. ***P < 0.0001, by 
Mann-Whitney U test. (E) Representative confocal images showing B cell follicles and T cell distribution in 2 SIV-infected AGMs. Individual staining 
and merged images (CD3/CD4 and CD20/Ki67) are shown. Scale bars: 50 μm (top) and 100 μm (bottom). Original magnification, ×20. (F) Confocal 
images showing the distribution of PD-1hi cells and the presence of CXCL13 in follicular areas from chronically infected RMs (n = 1) and AGMs (n = 2). 
Two follicles (F1, F2) from each animal are shown. Original magnification, ×40. Scale bars: 20 μm.
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T cells are, after TCR-driven stimulation, incapable of generating 
CXCR5hi T cells (31). Further investigation of these cell populations 
could inform the differentiation pathways of LN CD8+ T cells. Our 
histocytometric analysis confirmed the increased frequency of 
CD8+ T cells within the follicular and GC areas. It is well known 
that chronic HIV/SIV infection is characterized by major changes 
of LN tissue structure (32–35). However, although the sequestra-
tion of fCD8+ T cells was higher in disorganized follicles, we also 
observed fCD8+ T cell accumulation in intact follicles from chron-
ically infected LNs. Our data indicate that both passive diffusion 
after barrier disruption in disorganized follicles and active traf-
ficking/infiltration mechanisms may be involved in directing local 
fCD8+ T cell dynamics. We hypothesize that altered local cytokine/
chemokine gradients could provide at least one mechanism for the 
in vivo movement of fCD8+ T cells. Therefore, chronic HIV/SIV 
infection creates a local environment in which CD8+ T cells are able 
to penetrate immunologically privileged areas like the GC.

As with previous reports in humans (11) and NHPs (36), we 
found that chronic SIV infection was characterized by a signifi-
cantly increased frequency of fCD8+ T cells expressing GrzB ex 
vivo. Image analysis confirmed the presence of GrzBhi CD8+ T 
cells within B cell follicles and GCs. This cytolytic phenotype was 
associated with a higher capacity to mediate in vitro bispecific 
antibody–redirected killing of infected targets. Previous stud-
ies using in situ tetramer staining have shown that bulk and SIV- 
specific CD8+ T cells are less represented in the follicular areas 
(16, 36). Using a flow cytometric–based approach, we also did not 
find a preferential accumulation of SIV-specific CTLs (identified 
by either cytokine production or tetramer binding) in follicles in 
the small group of chronically infected animals tested. We should 
emphasize that our assay measures the relative frequencies of 
SIV-specific CD8+ T cells, a measurement affected by the over-
all presence of bulk CD8+ T cells in both the extrafollicular and 
follicular areas. Thus, our results are in line with those of previ-
ous studies showing that higher numbers of SIV-specific CTLs in 
extrafollicular areas are strongly associated with higher numbers 
of SIV-specific CTLs within the GC, suggesting that frequencies 
remain constant between these 2 compartments (37). Despite the 
lack of preferential recruitment of SIV-specific CD8+ T cells within 
the GC, we provide evidence that fCD8+ T cells can target and kill 
infected cells if redirected with bispecific antibodies, consistent 
with what has been shown in humans (11). Although fCD8+ T cells 
do not accumulate in acute infection, this type of immunotherapy 
could operate in extrafollicular areas where active viral replication 
predominates during acute infection. Our data provide an immu-
nological basis for the evaluation of such immunotherapies in the 
SIV NHP model (38, 39).

Unraveling the dynamics of fCD8+ T cells will provide clues for 
the development of novel curative strategies targeting the poten-
tial killing activity of these T cells. To this end, investigation of LN 
CD8+ T cell dynamics in cART-treated subjects is of great impor-
tance. We were able to show that suppressive cART had an overall 
modest effect on the frequency of NHP fCD8+ T cells, which is in 
line with the data described for human fCD8+ T cells (11). However, 
a significant drop in fCD8+ cells was found in animals with a higher 
baseline frequency of fCD8+ cells. Although cART effectively con-
trols viral replication, the immune activation is not reduced back to 

was expressed in the majority of SIV-specific (Figure 7C) and 
GrzB+ (Figure 7D) LN CCR7loCD95hi CD8+ T cells. Bulk memory 
CD8+ T cells, especially from SIV-infected LNs, showed a strong, 
rapid mobilization of F-actin in response to CXCL10 (Figure 7E), 
and chemotaxis of SIV-infected LN CD8+ T cells was evident in 
response to CXCL10 stimuli (Figure 7F). Therefore, the CXCR3 
receptor on CCR7loCD95hi CD8+ T cells from SIV-infected LNs is 
functional and highly responsive to CXCL10-mediated signaling. 
Our image analysis confirmed the accumulation of CXCR3hi cells 
around and within the B cell follicle (Figure 7G). Finally, cART 
had no effect on the expression of CXCR3 by memory LN CD8+ 
T cells (Figure 7H). Our data indicate that CXCR3 could play an 
important role in CD8+ T cell trafficking into LNs and GCs during 
SIV infection.

Discussion
We provide a comprehensive analysis of CD8+ T cell dynam-
ics in LNs from noninfected; SIV-infected; and cART-treated, 
SIV-infected NHPs. Our data, which are in line with the fCD8+ T 
cell dynamics in LNs from HIV-infected individuals reported in 
another study (11), further validate the use of the SIV NHP model 
for the study of such dynamics. We demonstrate that fCD8+ accu-
mulation (a) occurs during chronic SIV infection, (b) is present in 
both intact and disorganized follicles, and (c ) is associated with 
immune activation in and around B cell follicles. Furthermore, we 
provide evidence of possible inflammatory signals that could play 
an important role in this process.

Similar to HIV infection (11), chronic SIV infection is associ-
ated with the accumulation of CD8+ T cells expressing a CCR7lo 

CXCR5hi phenotype, consistent with their follicular localization. 
While CXCR5 expression is lower on fCD8+ T cells than it is on 
Tfh cells, cross-linking of CXCR5 still initiates cellular signaling 
(judged by actin mobilization) in fCD8+ T cells compared with oth-
er LN CD8+ T cells. The use of the SIV model further allowed for 
the analysis of fCD8+ T cell dynamics at different stages of infec-
tion. Despite the accumulation of total CD8+ T cells in early chronic 
infection (day 45 p.i.) compared with the acute phase (day 14 p.i.), 
we did not observe fCD8+ T cell accumulation until late chronic 
infection (>6 months p.i.). Therefore, non-fCD8+ and fCD8+ T 
cells follow different kinetics during SIV infection. Whether this 
pattern reflects differential trafficking or delayed differentiation 
of relevant cell populations needs to be determined. We observed 
an initial accumulation of CXCR5loCCR7lo CD8+ T cells during 
early chronic infection (data not shown), possibly preceding the 
appearance of CXCR5hi fCD8+ T cells. However, CXCR5lo CD8+ 

Table 2. The viral DNA content in LN memory non-Tfh CD4+  
T cells from AGMs chronically infected with SIV (n = 5)

Animal VL in LN (copies/100 cells)
AG05 Unknown
AG10 2.73
AG12 0.15
AG17 5.64
AG31 6.55
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Figure 6. Accumulation of functional monocytes in proximity to follicular areas during SIV infection. (A) Representative flow cytometric plots 
showing the gating scheme for identification of monocyte subsets and pooled data showing the relative frequency of CD14hiCD16hi monocytes in 
LNs from noninfected RMs (n = 11), chronically infected RMs (n = 11), and chronically infected AGMs (n = 5). *P < 0.05, by Mann-Whitney U test. (B) 
Linear regression analysis showing the association between the frequency of LN CD14hiCD16hi monocytes and LN total CD8+ T cells. (C) Representa-
tive confocal images showing the distribution of monocytes (CD163hi, in red) and granulocytes (MPOhi, in green) in LN tissues from noninfected and 
acutely and chronically SIV-infected RMs. Two zoomed areas close to the B cell follicle (defined by CD20 and Ki67 expression) from each animal are 
also shown. Scale bars: 400μm (top two), 200 μm (third row), and 300 μm (lower); enlarged 50 μm;  40 μm (second row, right). Original magnification, 
×20. (D) Pooled data showing CXCL10 production by CD14hiCD16hi and CD14hiCD16lo monocytes (flow cytometric intracellular staining analysis) after 
short in vitro stimulation with either IFN-α or IFN-γ. Cells from noninfected (n = 8) and chronically SIV-infected (n = 8) RMs were analyzed. *P < 0.05, 
by Mann-Whitney U test. (E) Relative frequency of LN CD14hiCD16hi monocytes before and after cART from RMs treated during early (n = 5) or late (n = 
8) SIV infection. Mann-Whitney U test for unpaired comparisons and Wilcoxon test for paired comparisons.
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VL, a profile associated with a significant effect on the frequency of 
total and bulk memory LN CD8+ T cells. Our data reveal differen-
tial kinetics of fCD8+ T cells compared with other LN CD8+ T cells 
in cART-treated NHPs, a finding that could be extended to cART 
treatment of HIV-infected individuals.

The mechanisms regulating the dynamics of CD8+ T cells 
within the LNs during HIV/SIV infection are largely unknown. We 
have shown that local active replication is not the primary driver 
for fCD8+ T cell dynamics in HIV infection (11). Here, we per-

the levels found in healthy individuals (40). We hypothesize that 
the higher the accumulation of fCD8+ cells, which is associated 
with higher levels of tissue inflammation and immune activation, 
the more impactful the cART will be in correcting the local acti-
vation and thereby affecting fCD8+ T cell accumulation. Further-
more, cART had no effect on the expression of GrzB by fCD8+ cells. 
Unfortunately, we were not able to find samples from NHPs treated 
for long periods of time. We should emphasize, however, that the 
short treatment duration (2 months) successfully suppressed the 

Figure 7. The majority of LN CD8+ T cells express a functional CXCR3 receptor. (A) Pooled data showing the relative frequency of CXCR3hiCCR7loCD95hi CD8+ 
T cells in samples of PBMCs (n = 13 SIV–; n = 8 chronic SIV) and LNs (n = 16 SIV–; n = 16 chronic SIV). *P < 0.05 and ***P < 0.0001, by Mann-Whitney U test 
for unpaired comparisons (solid lines) and Wilcoxon test for paired comparisons (dotted lines). (B) Pooled data showing the relative frequency of CXCR3hi 
non-fCD8+ and fCD8+ T cells from noninfected (n = 16) and chronically SIV-infected RMs (n = 16). *P < 0.05 and ***P < 0.0001, by Mann-Whitney U test. 
Dotted lines show paired analysis (Wilcoxon test). (C) Pooled data showing the frequency of CXCR3hi SIV-specific CCR7loCD95hi CD8+ T cells identified after 
short ex vivo stimulation with Gag (circles) or Env (triangles) peptide pools (Cyt+, IFN-γ, and/or TNF-α and/or MIP-1β). ***P < 0.0001, by Wilcoxon paired 
test. (D) Frequency of CXCR3hiCCR7loCD95hi CD8+ T cells that expressed an ex vivo GrzBhi phenotype in PBMC (n = 11) and LN (n = 9) samples from chron-
ically SIV-infected RMs. Matching samples are highlighted with paired colors. ***P < 0.0001, by Mann-Whitney U test. (E) Histograms depicting F-actin 
mobilization, judged by phalloidin increase, in naive (CD28dimCD95lo) and memory CD95hi CD8+ T cells after short (5 s) ex vivo stimulation with CXCL10. Data 
from 2 noninfected and 3 chronically SIV-infected animals are shown. (F) Normalized chemotaxis levels of CD8+ T cells from SIV-infected LNs (n = 3) after a 
3-hour stimulation with CXCL10. Matching samples are highlighted with paired colors. No statistically significant difference was found by Wilcoxon paired 
test. (G) Representative confocal images showing CXCR3 expression within LNs of a chronically SIV-infected RM. Scale bars: 400 μm. Original magnifica-
tion, ×20. (H) Pooled data showing the relative frequency of CXCR3hiCCR7loCD95hi CD8+ T cells before and after cART from RMs treated during early (n = 5) 
or late (n = 8) SIV infection. Mann-Whitney U test for unpaired comparisons and Wilcoxon test for paired comparisons.
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ment of these cells to the LNs, or a combination of these factors. 
Interestingly, cART had no effect on the expression of CXCR3 by 
LN CD8+ T cells. Our in vitro studies show that CXCR3 expressed 
on CD8+ T cells from chronically infected LNs is functional. 
Therefore, our results suggest that the accumulation of monocytes 
within the LNs in chronic SIV infection could facilitate a positive 
feedback loop that leads, through the CXCR3/CXCL10 axis, to the 
recruitment of differentiated CD8+ T cells to B cell follicles. Over-
all, we identify a model in which the availability of relevant cells in 
circulation, accompanied by dramatic changes in LN architecture 
and local inflammation signals, facilitates the recruitment and 
accumulation of potential cytolytic CD8+ T cells within follicular 
areas. However, further study is needed to fully understand the 
mechanisms regulating CD8+ T cell trafficking to GCs.

Our data are in line with the intra-LN CD8+ T cell dynamics 
recently described in HIV-infected individuals (11) and support 
the use of SIV infection of NHPs to delineate the mechanisms 
that regulate LN CD8+ T cell dynamics. Our data suggest that tis-
sue inflammation and immune activation are at least one of the 
driving forces in fCD8+ T cell dynamics and provide the basis for 
future studies aimed at manipulating CD8+ T cell trafficking in the 
LNs. Importantly, inflammation also affects viral and Tfh CD4+ T 
cell dynamics and, as a result, affects this important viral reser-
voir. Therefore, targeting inflammatory molecules and pathways 
that could specifically affect CD8+ T cell dynamics could represent 
a strategy to augment cytotoxic responses in LNs. Furthermore, 
fCD8+ T cells are characterized by potent ex vivo killing of infected 
cells via bispecific antibodies, justifying the further exploration of 
such tools in combination with therapies that increase fCD8+ T cell 
trafficking to GCs as potential curative strategies.

Methods

Animals
LN samples and PBMCs from Indian RMs (Macaca mulatta) and AGMs 
(Chlorocebus pygerythrus) were analyzed in this study. We included 
non–SIV-infected RMs (n = 15), acute SIV-infected RMs (14 days, n = 
10), early chronically SIV-infected RMs (45 days, n = 8), chronically 
SIV-infected (>6 months) RMs (n = 20), cART-treated RMs (n = 13) and 
AGMs (n = 5). Animals were treated for 7 weeks (for animals treated 
during late chronic infection) or 27 weeks (for animals treated during 
early chronic infection) with a combination of 5 drugs given daily: s.c. 
injections of 20 mg/kg/day tenofovir and 30 mg/kg/day emtricit-
abine (Gilead Sciences) and 100 mg b.i.d. raltegravir (Merck), 800 mg 
b.i.d. darunavir (Janssen Pharmaceuticals), and 100 mg b.i.d. ritonavir 
(Abbvie Inc.), all mixed with food. MamuA01 chronically SIV-infected 
animals (n = 5) were used for experiments including tetramer staining.

Tissue processing
Biopsied LNs were washed with cold R-10 medium (RPMI 1640, 10% 
FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml strepto-
mycin). Fat and connective tissue encircling the LN was completely 
removed. A fraction of each tissue was fixed in 10% neutral buffered 
formalin (Sigma-Aldrich) overnight at room temperature (RT) and 
embedded facedown in a paraffin block. The remainder of the tissue 
was cut into small pieces, transferred into C tubes (Miltenyi Biotec) 
containing 5 ml R-10 medium, and processed to cell suspensions with 

formed ISH and confocal imaging to detect SIV mRNA within the 
LN areas. Again, we did not observe a preferential accumulation 
of fCD8+ T cells adjacent to SIV RNA+ cells, even in animals with 
high viremia. Therefore, SIV replication, while a necessary com-
ponent for the accumulation of fCD8+ T cells within the LNs (31), 
may not be sufficient to induce fCD8+ T cell trafficking. Thus, we 
analyzed the role of local immune activation in this process. We 
took advantage of the AGM SIV model, in which immune activa-
tion in the LNs is very low, despite active viral replication (41, 42). 
The frequency of fCD8+ T cells in chronically infected AGMs was 
negligible. Furthermore, AGM follicles showed canonical LN and 
GC morphology, even in 1 animal that had active GC formation. 
The low frequency of fCD8+ T cells was accompanied by a low 
frequency of Tfh cells and low expression of CXCL13, the ligand 
for CXCR5 and a major regulator of the follicular trafficking of 
CD4+ and CD8+ T cells, in the follicular areas in AGMs compared 
with those in RMs, indicating an interplay between local immune 
activation and adaptive T cell dynamics. Therefore, immune acti-
vation could provide critical signals for the observed fCD8+ T cell 
dynamics in chronic SIV and HIV infection.

During acute viral infection, monocytes are recruited to the 
site of infection and then migrate to the LNs to exert inflammato-
ry signals involved in T cell priming (43). Accordingly, monocytes 
accumulate in SIV-infected LNs, which are inflammatory sites 
where active SIV replication occurs. We found that monocytes and 
macrophages, surrogates of local inflammation and immune acti-
vation, accumulated around the B cell follicles during acute infec-
tion and persisted during chronic infection, while fCD8+ accumu-
lation was not observed until the chronic phase. Therefore, tissue 
sequestration of inflammatory cells could represent an important 
factor for the recruitment of fCD8+ T cells during SIV infection. 
We found a strong correlation between the frequencies of LN 
CD8+ T cells and monocytes in chronic SIV, suggesting a mecha-
nistic link. In line with the possible role of tissue immune activa-
tion and inflammation in this process is the reduced frequency of 
monocytes found in the AGM LNs. Furthermore, a comparison of 
tissue dynamics before and after cART revealed a modest reduc-
tion in tissue monocytes, which was associated with a similarly 
overall modest reduction in the frequency of fCD8+ T cells. To dis-
sect specific inflammatory pathways in this process, we investigat-
ed the possible role of CCXL10 (IP10), a strong chemoattractant 
for CD8+ T cells (44). In particular, CXCL10 has a dominant role in 
the recruitment, through CXCR3, of effector CD8+ T cells that lack 
CCR7 expression (27–29). We found that monocytes from SIV- 
infected, as compared with uninfected, RMs secreted significant-
ly higher amounts of CXCL10 in response to IFN-α stimulation. 
Recent studies have shown that in vivo stimulation of type I IFN 
pathways results in decreased virus replication (45) and slows dis-
ease progression (46). Our data indicate that recruitment of fCD8+ 
T cells in the LNs could, at least in part, be responsible for this 
effect. As with HIV infection (47), we found that the frequency of 
CD8+ T cells expressing CXCR3 was markedly increased in chron-
ically SIV-infected LNs. Despite the accumulation of total LN 
CD8+ T cells, we detected similar frequencies of bulk LN CXCR3hi 
memory CD8+ T cells between noninfected and early infected ani-
mals. This could be due to a low frequency of circulating CXCR3hi 
effector CD8+ T cells at this phase of infection, limited recruit-
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Polychromatic flow cytometry
Phenotypic analysis. Cells were thawed and rested for 2 hours before 
further use. Cells were stained with Aqua amine viability dye and then 
with titrated amounts of antibodies against surface markers. For T 
cell analysis, anti-CD3, anti-CD4, anti-CD8, anti-CD28, anti-CD95, 
anti-CXCR5, anti-CCR7, anti-CXCR3, anti–PD-1, and anti-CD20 
were used. PE- and APC-conjugated CM9 and TL8 in-house–pro-
duced tetramers were used to quantify SIV-specific CD8+ T cells in 
MamuA01 samples. For monocyte analysis, anti-CD3, anti-CD20, 
anti-CD14, anti-CD16, and, for some experiments, anti–IFN-αR and 
anti–IFN-γR were used. After a final washing step, cells were fixed 
with 1% paraformaldehyde.

Functional analysis. For ex vivo detection of GrzB and Perf, thawed 
cells were rested for 2 hours and then incubated with Aqua amine via-
bility dye and surface stained with titrated amounts of anti-CD3, anti-
CD4, anti-CD8, anti-CD95, anti-CD28, anti-CXCR3, anti-CCR7, and 
anti-CXCR5 antibodies, and then washed, permeabilized (Cytofix/
Cytoperm, BD Biosciences), and stained with anti-GrzB and anti-Prf 
antibodies. Cells were washed and fixed with 1% paraformaldehyde. For 
de novo production of cytokines, thawed cells were rested for 2 hours 
and stimulated (2 × 106 cells/ml in the presence of 10 μg/ml brefeldin A) 
with either anti-CD3, anti-CD2, and anti-CD28 beads (Miltenyi Biotec) 
or peptide pools containing 400 μg SIV Gag or Env peptides. Peptides in 
incubation mixtures were each present at 2 μg/ml and were at least 70% 
pure. After 6 hours of stimulation, samples were surface stained with 
Aqua amine viability dye and titrated amounts of anti-CD4, anti-CD8, 
anti-CD28, anti-CD95, anti-CCR7, anti-CXCR5, and anti-CXCR3. Cells 
were washed, fixed, and permeabilized (Cytofix/Cytoperm, BD Biosci-
ences) and intracellularly stained with anti-CD3, anti–IFN-γ, anti–MIP-
1b, and anti–TNF-α. Cells were washed and fixed with 1% paraformal-
dehyde. At least 5 × 105 events were acquired for each sample.

Monocyte stimulation. Fresh PBMCs were stimulated with IFN-γ (20 
ng/ml), IFN-α (1041 U/ml), or LPS (1 ng/ml) for 6 hours in the presence 
of 10 μg/ml brefeldin A and 0.7 μg/ml monensin. After stimulation, cells 
were stained with Aqua amine viability dye and titrated amounts of anti-
CD3, anti-CD20, anti-CD14, and anti-CD16. Cells were washed, fixed, 
and permeabilized (Cytofix/Cytoperm, BD Biosciences), and intracel-
lular staining was performed with either anti-CXCL10 (for IFN-γ and 
IFN-α stimulation) or anti–IL-1β (LPS stimulation). A minimum of 1 × 
106 events were acquired for each sample.

Fluidigm analysis
Fluidigm analysis using 96 primer pools was performed as previous-
ly described (50). Briefly, 30 cells from each population were sorted in 
triplicate and retro-transcribed with a pool of the 59 gene primers to spe-
cifically amplify the transcripts of interest. Then, multiplex quantitative 
PCR (qPCR) was performed using a microfluidic chip from the Biomark 
system. Et values (Et = 40 – Ct) were calculated by subtracting the Ct val-
ue from the total number of cycles performed during the qPCR process.

F-actin mobilization
Cells derived from noninfected (n = 2) and chronically SIV-infect-
ed (n = 3) LNs were thawed, rested at 37°C, and surface stained with 
titrated amounts of anti-CD3, anti-CD4, anti-CD8, anti-CD28, and 
anti-CD95 antibodies. After a washing step, cells were resuspended in 
R-10 and rested for 15 minutes at 37°C. Samples were then stimulated 
or not with 1 μg/ml CXCL10. After 5 seconds, the stimulation was 

a GentleMACS Cell Dissociator (Miltenyi Biotec). Cells were frozen 
(10% DMSO in FBS) and stored in liquid nitrogen until further use. 
PBMCs were isolated by Ficoll gradient density (Sigma-Aldrich), fro-
zen (10% DMSO in FBS), and stored in liquid nitrogen until further 
use. Monocyte stimulations and receptor analyses were performed 
on fresh PBMCs.

Antibodies
Flow cytometry. The following directly conjugated monoclonal anti-
bodies were used: (BD Biosciences) CD3–APC Cy7 (catalog 557757, 
clone SP34-2); CCR7–Alexa Fluor 700 (catalog 561143, clone 150503) 
or CCR7-BV421 (catalog 562555, clone 150503), CD8–Pacific blue 
(catalog 558207, clone RPA-T8), IFN-γ–PE (catalog 554701, clone 
B27), MIP-1b–Cy7PE (catalog 560687, clone D21-1351), GrzB-PE (cat-
alog 561142, clone GB11), CD14-Cy7PE (catalog 561385, clone M5E2), 
CD16–Pacific blue (catalog 558122, clone 3G8), IL-6–FITC (catalog 
554696, clone MQ2-6A3), and CD95-Cy5PE (catalog 561977, clone 
DX2); (Beckman Coulter) CD28-ECD (catalog 6607111, clone Tp44); 
(BioLegend) PD-1–BV711 (catalog 329928, clone EH12.2H7) or PD-1–
BV421 (catalog 329920, clone EH12.2H7), CD20-BV570 (catalog 
302336, clone 2H7), IFN-γR–PE (catalog 308504, clone 2HUB-159), 
and CXCL10-PE (catalog 519504, clone J034D6); (Life Technolo-
gies, Thermo Fisher Scientific) CD4-QD605 (catalog Q10008, clone 
S3.5) and CD8-QD655 (catalog Q10055, clone 3B5); (eBioscience) 
CXCR5-Cy7PE (catalog 25-9185-41, clone MU5UBEE) or CXCR5–
PerCP eFluor 710 (catalog 46-9185-42, clone MU5UBEE), CXCR3-
FITC (catalog 11-1831-82, clone CXCR3-173), and IL-1β–PE (catalog 
12-7018-82, clone CRM56); and (Mabtech) Prf-FITC (catalog 3465-
7, clone pf-344). Purified anti–IFN-αRII antibody was obtained from 
Fitzgerald (catalog 10-I64A, clone M99012521). TNF-α–Alexa Fluor 
594 (clone MAb11) was conjugated in-house. Aqua amine viability dye 
was obtained from Invitrogen (Thermo Fisher Scientific).

Confocal microscopy. We used directly conjugated antibodies 
against Ki67-Ax700 (catalog 561277) or Ki67-Ax488 (catalog 561165) 
(BD Biosciences, clone B56); CXCR3-FITC (eBioscience, catalog 
11-1831-82, clone CXCR3-173); CD20–eFluor 615 (eBiosciences, cat-
alog 42-0202-82, clone L26); and CD4-Ax488 (R&D Systems, catalog 
FAB8165G, goat polyclonal); and nonconjugated antibodies against 
CD3 (Dako, catalog M725401, clone F7.2.38); CD163 (Thermo Fish-
er Scientific, catalog MA5-11458, clone 10D6); MPO (Dako, catalog 
A0398, rabbit polyclonal); GrzB (Dako, catalog M723501-2, clone 
GrB-7); NKG2A (Beckman Coulter, catalog COIM2750, clone Z199); 
and CXCL13 (Thermo Fisher Scientific, catalog PA5-47035, goat poly-
clonal). The following nonconjugated antibodies were used in com-
bination with secondary antibodies obtained from Life Technologies 
(Thermo Fisher Scientific): goat anti–mouse IgG2a-Ax488 or IgG2a-
Ax680 for GrzB detection and goat anti–mouse IgG1-Ax647 for CD3 
and CD163 detection; or from BioLegend: donkey anti–rabbit IgG-
BV421 for MPO detection. Jojo-1 (Life Technologies, Thermo Fisher 
Scientific) was used for nuclear staining.

Peptide–MHC class I tetramers
Soluble fluorochrome–labeled peptides (pMamu-A*01) specific for SIV 
Tat TL8 (TTPESANL; Tat, residues 28–35) and SIV Gag CM9 (CTPY-
DINQM; Gag, residues 181–189) were provided by David Watkins of 
the Department of Pathology, Miller School of Medicine, University of 
Miami (Miami, Florida, USA) and used as previously described (48, 49).
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for 2 hours before being subjected to 4 rounds of signal amplification 
that were performed using the amplification reagents provided in the 
RNAscope kit. To visualize the fCD8+, CD4+, and CD20+ cell subsets, 
sections were stained with antibodies against CD20 (L26, eBiosci-
ence), CD3 (F7.2.38, Dako), and CD4 (1F6, Thermo Fisher Scientific) 
at the end of the RNAscope protocol. Images were acquired on a TCS 
SP8 Leica confocal microscope using a ×40 objective (NA 1.3) and 
analyzed using Imaris, version 8.2.0.

Bispecific antibody studies
Construction and purification. Bispecific antibodies were constructed 
and used as previously reported (17). In brief, the cDNA for human 
VRC07-523 Fab was amplified from the IgG vector and assembled 
to a cross-reactive anti–human CD3 using overlapping PCR. The 
scFv fragment of a cross-reactive anti–human CD3 monoclonal anti-
body was linked by a 16-aa GS linker to the light chain of VRC07-523, 
leaving intact the VH/CH1 domains to form the bispecific antibody. 
Cross-reactive anti–human CD3 scFv sequences were synthesized 
using human preferred codons (GenScript). All bispecific antibodies 
were configured as Fab-scFv. Assembled cDNAs were cloned into a 
mammalian expression vector for protein production using 293F cells. 
Large quantities of bispecific antibodies were produced by transfect-
ing 293F cells using 293Fectin according to the manufacturer’s pro-
tocol (Life Technologies, Thermo Fisher Scientific). Five days after 
transfection, cell culture supernatants were harvested and filtered. 
The proteins were purified using Kappaselect beads (GE Healthcare 
Biosciences), and only the monomer fractions were collected for fur-
ther characterization. The endotoxin level of all purified antibodies 
was measured, and samples were passed through an endotoxin remov-
al column (Hyglos) when necessary. Only samples with endotoxin lev-
els below 1 EU/mg were used in this study.

In vitro killing assay. LN cells were sorted on the basis of CD8, 
CD28, CD95, CCR7, and CXCR5 expression. Different populations 
of sorted CD8+ T cells were cocultured with HIV-infected CEM cells 
(CEM cells infected with HIV-IIIB virus, infectivity >90%) previous-
ly labeled with PKH (Sigma-Aldrich) in the presence of an anti-CD3/
VRC07 bispecific antibody (500 ng/ml). After 8 hours, the cells were 
harvested, washed, and stained with Aqua amine viability dye and 
annexin V Alexa Fluor 647. The frequency of the lysis was calculated 
on the basis of the Aqua+annexin V+ and Aqua–annexin V+ cell ratios in 
the target cell population.

Statistics
Experimental variables were analyzed using the nonparametric 
Mann-Whitney U and Wilcoxon tests for unpaired or paired variables, 
respectively. P values of less than 0.05 were considered statistically 
significant. GraphPad Prism Version 7.0a (GraphPad Software) was 
used to create the graphs and perform the statistical analysis. The data 
are shown as individual points, with mean values highlighted as bars 
with SD. Analysis and graphical representation of cytokine production 
(polyfunctionality assays) were done using Simple Presentation of 
Incredibly Complex Evaluations (SPICE)software (version 5.05013) 
provided by M. Roederer (NIH).

Study approval
All studies were reviewed and approved by the IRBs of the VRC, 
NIAID, and NCI, NIH; the Yerkes National Primate Research Center 

stopped by adding 750 μl Cytofix/Cytoperm buffer (BD Biosciences) 
for 20 minutes at RT. Cells were then incubated for 20 minutes with 
0.8 U/ml Alexa 647–conjugated phalloidin (Thermo Fisher Scientific), 
a high-affinity probe for F-actin. After a final wash, cells where fixed 
with 1% PFA and analyzed by flow cytometry.

Chemotaxis assay
Cells (2 × 105) from chronically SIV-infected LNs were located in the 
upper chamber of a multiwell Boyden chamber. CXCL10 (100 ng/ml) 
was added to the lower chamber for the positive wells. After a 3-hour 
incubation at 37°C, Dynosphere beads (15 μm, 104 beads, Thermo Fish-
er Scientific) were added to the lower chamber, and the contents were 
recovered and transferred to a FACS tube. A fixed number of events 
was collected for each tube to quantify normalized chemotaxis levels.

VL measurement
Memory LN non-Tfh CD4 + T cells were sorted, and SIVagm DNA was 
measured by qPCR as previously described (51).

Imaging studies
Confocal microscopy and histocytometric analysis. Formalin-fixed, 
paraffin-embedded sections (6- to 10-μm thick) were warmed for 1 
hour at 50°C and then deparaffinized and rehydrated in sequential 
baths of xylene, ethanol, and water. Antigen retrieval was performed 
in a decloaking chamber (Biocare Medical) for 15 minutes at 110°C 
(6 psi) using Borg Decloaker Buffer (Biocare Medical). After a 1-hour 
incubation with blocking buffer (0.1 M Tris, 0.3% Triton X-100, 1% 
BSA), the sections were incubated overnight with titrated amounts 
of purified antibodies. Slides were washed with PBS (3 × 20 min) and 
incubated with the appropriate secondary antibodies for 2 hours at 
RT. Slides were washed again with PBS (3 × 20 min) and, after a sec-
ond blocking step with a 1:10 dilution of normal mouse serum (1 h 
at RT), incubated with titrated amounts of conjugated antibodies (2 
h at RT). After a final washing step (3 × 20 min) and Jojo-1 staining 
(1:15,000, 15 min at RT), slides were mounted with Fluoromount G 
(Southern Biotech). Tissues were imaged using a Leica SP8 confo-
cal microscope with ×20 0.75 NA or ×63 1.40 NA objectives with a 
×1.5 optical zoom at 512 × 512 pixel density. Multiparameter con-
focal images analyzed with the histocytometry pipeline (20) were 
obtained with a ×40 1.30 NA objective at 1,024 × 1,024 pixel density. 
Compensation of imaging data was carried out by applying a com-
pensation matrix constructed from single-staining tissues. Histocy-
tometry was performed as previously reported, with minor modifi-
cations (11). In brief, 3D segmented surfaces (based on the nuclear 
signal) of spillover corrected images were generated with Imaris (Bit-
plane) via the Surface Creation module. Average voxel intensities for 
all channels were exported to Microsoft Excel and combined into a 
unified spreadsheet. This file, in comma-separated values format, 
was imported to FlowJo, version X0.7, for further analysis.

SIV-RNA confocal imaging. Formalin-fixed, paraffin-embedded 
tissue sections were stained with SIV RNA probes using the RNAscope 
ISH protocol (ACD) according to the manufacturer’s instructions. 
Briefly, sections were baked for 1 hour at 60°C and deparaffinized 
using serial xylene and ethanol baths. This was followed by an anti-
gen retrieval step performed at 100°C for 15 minutes and a protein-
ase K treatment step for 20 minutes at 40°C. Subsequently, sections 
were incubated with SIVmac251-specific RNA probes (ACD) at 40°C 
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