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Follicular CD8 T cells accumulate in HIV infection and
can kill infected cells in vitro via bispecific antibodies
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Cytolytic CD8 T cells play a crucial role in the control and elimination of virus-infected cells and are a major
focus of HIV cure efforts. However, it has been shown that HIV-specific CD8 T cells are infrequently found within
germinal centers (GCs), a predominant site of active and latent HIV infection. We demonstrate that HIV infection
induces marked changes in the phenotype, frequency, and localization of CD8 T cells within the lymph node
(LN). Significantly increased frequencies of CD8 T cells in the B cell follicles and GCs were found in LNs from
treated and untreated HIV-infected individuals. This profile was associated with persistent local immune activation
but did not appear to be directly related to local viral replication. Follicular CD8 (fCD8) T cells, despite compromised
cytokine polyfunctionality, showed good cytolytic potential characterized by high ex vivo expression of granzyme B
and perforin. We used an anti-HIV/anti-CD3 bispecific antibody in a redirected killing assay and found that fCD8
T cells had better killing activity than did non-fCD8 T cells. Our results indicate that CD8 T cells with potent
cytolytic activity are recruited to GCs during HIV infection and, if appropriately redirected to kill HIV-infected
cells, could be an effective component of an HIV cure strategy.
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INTRODUCTION
Follicular CD4 T helper (TFH) cells, which are characterized by high
expression of PD-1 and CXCR5 and reside in the germinal center (GC)
of secondary lymphoid organs [lymph nodes (LNs) and spleen], serve
as a major site for HIV replication (1–6). This is evidenced by the fact
that they harbor high amounts of HIV gag DNA and support active
replication of virus in vitro (7, 8). Simian immunodeficiency virus (SIV)
infection in nonhuman primates mimics this situation in which TFH
cells are a source of active virus replication (9, 10). Understanding
the immune populations localized within the GC and their cytolytic
potential is therefore of great interest, especially when considering
novel ways to eradicate HIV or SIV. In most virus infections, local re-
  2017
cruitment of cytolytic CD8 T cells to the site of active virus replication
is a major mechanism leading to elimination of infected cells. There-
fore, an analysis of the phenotype and function of bulk and virus-
specific CD8 T cells within the LN, and particularly the GC, could
provide critical information for the design of novel immunotherapies
targeting HIV-infected CD4 T cells in this anatomical compartment.

There exists, within the B cell follicle, a population of CD8 T cells
that express a CXCR5high phenotype (11–13). In HIV infection, the
distribution of HIV-specific CD8 T cells between the bloodstream
and the LNs is in continual flux and tends to shift from bloodstream
to LN predominance during the course of infection (14–16). However,
a better understanding of the role of CD8 T cells in LN immune reac-
tions requires delineating their topology within the different compart-
ments of the LN. There are conflicting data regarding the frequency
of HIV-specific CD8 T cells within GCs. Early studies revealed the
presence of cytolytic CD8 T cells within the GCs of LN tissues from
HIV-infected people (17–19). Some studies suggested that there was ac-
cumulation of HIV-specific CD8 T cells with cytolytic function within
the splenic GCs from HIV-infected individuals (4, 20). Furthermore,
exogenously engineered and reinfused autologous HIV-specific CD8
T cells could traffic to LN and localize to the follicular area (21). On
the other hand, tissue staining with HIV tetramers revealed a lower fre-
quency of HIV-specific CD8 T cells within the GC compared to extra-
follicular areas (1). In SIV-infected rhesus monkeys, control of viremia
was significantly correlated with the frequency of SIV-specific CD8
T cells in the LN (22, 23). However, the localization of the SIV-specific
CD8 T cells within the LN was not addressed in these studies.

The use of bispecific antibodies tomobilize and redirect the cytolytic
activity of CD8 T cells inHIV and cancer has been previously described
(24–28). We have recently shown that an engineered antibody com-
bining the specificity of a broadly neutralizing antibody (VRC07) to
HIV-1 (29) with a monoclonal antibody against CD3 exhibits potent
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killing activity against HIV-infected targets (30). The use of such bispe-
cific antibodies could lead to viral control or elimination if sufficient
CD8 T cells with appropriate cytolytic potential were resident within
GCs. Here, we describe the phenotype, function, and localization of
CD8 T cell populations within the LN. We found an accumulation of
CD8 T cells within the follicular areas and particularly within the GCs
during chronic HIV infection. Furthermore, using a bispecific (aCD3/
VRC07) antibody, we demonstrate that these follicular CD8 (fCD8)
T cells have increased capacity for in vitro killing of HIV-infected
cells. Our data further justify the potential testing of such reagents
as tools for elimination of HIV-infected cells in vivo.
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RESULTS
fCD8 T cells accumulate in GCs in HIV-infected LNs
LN tissues fromHIV− andHIV+ donors (table S1) and tonsils were ana-
lyzed. We characterized CD8 T cells with respect to naïve and memory
subsets (CD27 andCD45RO) and the expression of CCR7 andCXCR5,
chemokine receptors whose opposing actions play amajor role in deter-
mining lymphocyte localization within LN (Fig. 1A and fig. S1A) (31).
HIV infection, regardless of treatment status, was associated with an
overall increased frequency of total and memory (CD27hi/loCD45ROhi)
CD8 T cells in LNs (fig. S1, B and C). We then assessed the relative
expression of CCR7 and CXCR5 on LN CD8 T cells and found an
increased frequency of CCR7loCXCR5hi CD8 T cells in HIV+ LNs re-
gardless of treatment status (Fig. 1B).

We applied multiparameter histo-cytometry to further analyze the
location of CD8 T cells with respect to their phenotype (32). Simulta-
neous expression of CD20 and Ki67 was used to identify GCs (fig. S2A).
A representative example for an HIV+ LN is shown in Fig. 1C and fig.
S2B. Most of the B cells express a CXCR5hi phenotype (Fig. 1, C and
D). The expression of CXCR5 on LN CD8 T cells was inversely pro-
portional to their distance from B cell follicles (Fig. 1D). We ob-
served significantly higher frequencies of CXCR5hi CD8 T cells in
GCs compared to T cell areas (57.4 ± 5.7 versus 15.9 ± 3.8, respective-
ly; P < 0.0001) in viremic HIV+ LNs (n = 3) (Fig. 1D). On the basis of
these data, we define the CCR7loCXCR5hi CD8 T cells as fCD8 T cells
in agreement with previous data (11–13).

Imaging analysis confirmed an accumulation of fCD8 T cells in
HIV+ LNs (Fig. 2A). Histo-cytometry (Fig. 2B) revealed a signifi-
cant reversal in CD4/CD8 T cell ratio in GCs from viremic HIV+ com-
pared to HIV− individuals (1.4 ± 0.16 versus 24.1 ± 5.2, CD4/CD8
ratio; P < 0.0001), which was due to both a decrease in CD4 T cells
in the GCs and an increase in CD8 T cells in the GCs (Fig. 2C). Al-
though combination antiretroviral therapy (cART) partially reversed
this profile, the reversal was due to an increase in CD4 T cells in
GCs, not a decrease in fCD8 T cells (Fig. 2C).

Local viral replication does not determine fCD8
T cell accumulation
We next studied the role of local viral replication as a regulator of
fCD8 T cell accumulation. High copy numbers of actively replicat-
ing virus, determined by gag and spliced rev and tat mRNA levels,
were found in the TFH cell compartment, whereas lower replication
was detected in the memory PD-1low/dim pre-TFH cell population
(Fig. 3A). Significantly lower levels of actively transcribed virus were
found in LNs from cART-treated compared to untreated viremic
individuals (Fig. 3A, P = 0.0286). In line with the HIV RNA profile,
a similar distribution of HIV DNA levels was found between the
Petrovas et al., Sci. Transl. Med. 9, eaag2285 (2017) 18 January 2017
PD-1low/dim pre-TFH and TFH cell populations in LNs from cART-
treated and viremic individuals (Fig. 3B). However, no correlation was
found between the frequency of fCD8 T cells and viral transcription in
TFH cells in the small number of viremic LNs tested (Fig. 3C). In ad-
dition, the duration of cART did not affect the frequency of fCD8 in
LNs when individuals after short term (cART average, 8 months; 20.1%
of fCD8, n = 5) or long term (cART average, 98 months; 17.2% of
fCD8, n = 7) were compared. We further investigated the possible role
of HIV antigens, assessed by the local expression of the p24 HIV anti-
gen, as potential attractants for CD8 T cells in the GC. Despite similar
frequencies of fCD8 T cells (Fig. 1B), a higher expression of p24 pro-
tein was found in GCs from viremic compared to cART-treated LNs
(Fig. 3D and fig. S3A).

The proportion of fCD8 and non-fCD8 T cells that were HIV-
specific was investigated. Although no responses were found in several
HIV+ LNs, our data show an accumulation of HIV-specific CD8 T
cells in the extrafollicular compared to follicular areas (Fig. 4A),
confirming the relative paucity of HIV-specific fCD8 T cells within
GCs of HIV-infected individuals (1). These data suggest that local virus
replication does not provide the direct trafficking signal for movement
of fCD8 T cells to GCs during HIV infection.

Because local movement of cells within tissues is primarily mediated
by chemokines and other chemoattractants (33), we assessed whether
inflammatory signals could be operative in fCD8 T cell accumulation
during HIV infection. Image analysis revealed an increased and sus-
tained presence of monocytes/macrophages and myeloperoxidase-
expressing cells (a surrogate of tissue immune activation) (34) within
LNs from viremic and cART-treated subjects (Fig. 4B), indicative of on-
going immune activation. CXCL-13, the main ligand/chemoattractant
for CXCR5 (35), was found in the GCs from both viremic and cART
LNs, although its expression was more extensive in follicles from vire-
mic LNs (Fig. 4C and fig. S3B). In addition, the vast majority of fCD8
T cells were positive for CXCL-13, indicative of chemokine bound on
CXCR5 expressed by fCD8 T cells (Fig. 4C). Chronic HIV infection
is characterized by extensive collagen deposition/fibrosis in the LNs
(36, 37). Therefore, we investigated whether this process could act
as a regulator of fCD8 T cell dynamics. Increased presence of collagen
1 was found in LNs from viremic individuals (including those recently
treated) as compared to virologically suppressed individuals who were
on long-term treatment (fig. S3C). Quantitative analysis of our imag-
ing data showed a significant correlation between the frequency
(expressed as the percentage of LN covered area) of CD8 T cells and
collagen 1 (Fig. 4D, P = 0.0048). Flow cytometry analysis of all LNs
available revealed a significant correlation between the frequency of
total and fCD8 T cells (fig. S3C, P = 0.0021) and presumably between
fCD8 T cells and collagen 1 deposition.

We further characterized the gene signature of fCD8 T cells by
whole-transcriptome sequencing of sorted naïve, memory non-fCD8,
and fCD8 T cells. Several genes were differentially expressed between
naïve and memory nonfollicular or fCD8 T cells (fig. S4A). Notably,
several genes (fig. S4B) and pathways (Fig. 4E) involved in cellular activa-
tion [that is, spry1 (38), ptger2 (39), and il-7r (40)] and memory differen-
tiation [that is, b-catenin–related genes (41)] are down-regulated in fCD8
T cells, the effect of which would be to increase fCD8 T cell activation.

Cytokine polyfunctionality of fCD8 T cells in HIV infection
is impaired
We tested the ability of fCD8 T cells to produce cytokines and chemo-
kines after short in vitro anti-CD3 stimulation. The intrinsic ability of
2 of 14
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Fig. 1. Human LN fCD8 T cells express a CCR7loCXCR5hi phenotype. (A) Gating strategy used to define CCR7loCXCR5hi CD8 T cells in flow cytometry data sets.
Representative flow cytometry plots from one HIV− and one HIV+ LN are shown. (B) Pooled data showing the relative frequency (expressed as percentage of total CD8 T cells)
of CD8 T cells expressing a CCR7loCXCR5hi phenotype. Cells from HIV− tonsils (n = 6), HIV− LNs (n = 5), viremic HIV+ LNs (n = 18), and short-term (n = 5, blue dots) or
long-term (n = 7, yellow dots) cART-treated HIV+ LNs were analyzed. Experimental variables were analyzed by Mann-Whitney U test (shown; *P < 0.05, **P < 0.001) or
Kruskal-Wallis analysis of variance (ANOVA) (P = 0.0025). (C) Histo-cytometry analysis of an HIV+ LN (HIV+ #22). The imaged area and distribution of CD8 and CD20
populations using a multicolor confocal assay are shown on the left. The imaging data were converted to flow cytometry type of data, and the gating scheme for the
detection of particular populations is shown in the middle. CD20hiKi67hi B cells were used for the identification of GCs. The generated histo-cytometry image is shown
on the right. The distribution of CD20 (blue), CD8 (red), and CXCR5hiCD8 (green) cells is shown (white dashed lines indicate GCs). (D) The mean fluorescence intensity
(MFI) of CXCR5 on GC B cells and total CD8 T cells (HIV+ #22) with respect to their distance from the follicle is shown in the left panel. A similar analysis showing the MFI
of CD8 and CD8-associated CXCR5 expression with respect to the distance from GC for another HIV+ LN (HIV+ #19) is shown in the middle panel. Pooled data showing
the frequency of CXCR5hiCD8 T cells within individual B cell and T cell areas from viremic HIV+ LNs (n = 3) (right panel). Different symbols (circle, triangle, or diamond)
represent different donors, whereas each dot represents a different B or T cell area. The Mann-Whitney U test was used for analysis; ***P < 0.0001.
Petrovas et al., Sci. Transl. Med. 9, eaag2285 (2017) 18 January 2017 3 of 14
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Fig. 2. fCD8 T cells accumulate in HIV-infected LNs. (A) Confocal images showing the distribution of CD20, CD4, and CD8 T cells in representative tonsil and HIV− and HIV+

LNs (more than four samples were analyzed per group) and cART HIV+ LNs (three donors were analyzed). The green dashed lines indicate the GCs. Zoomed images of the
highlighted area (white square) from a representative HIV+ LN, with or without treatment, show the presence of CD8 T cells within the GC (right panel). (B) Representative example of
histocytometric analysis of an HIV+ LN (HIV+ #19). The gating scheme for the detection of particular populations is shown (left panel). The whole imaged area (position X, Y plot) and the
position of three particular GCs (defined as CD20hiKi67hi) are shown (right panel). The relative frequency of CD4 and CD8 T cells within the individual and combined (GC1, 2, 3)
GCs is shown (lower panel). (C) Pooled data of the CD4 and CD8 T cell frequencies within the GCs from HIV− (n = 3), viremic HIV+ (n = 4), and cART-treated HIV+ (n = 3) LNs. Different
symbols (circle, square, triangle, or diamond) represent different donors, whereas each dot represents a different GC. Results show the CD4/CD8 T cell ratio within GCs (left panel) and
the CD4 (middle panel) and CD8 (right panel) T cell frequencies normalized by the GC area. The Mann-Whitney U test was used for analysis; *P < 0.05, **P < 0.001, ***P < 0.0001.
Petrovas et al., Sci. Transl. Med. 9, eaag2285 (2017) 18 January 2017 4 of 14
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fCD8 T cells to produce the chemokineMIP-1b, a factor widely expressed
by HIV-specific CD8 T cells (42), was greater in HIV+ compared to HIV−

and cART-treated HIV+ LNs. (Fig. 5A). However, the polyfunctionality
of fCD8 T cells (judged by the simultaneous expression of IFN-g, TNF-
a, and MIP-1b) was compromised in HIV infection (Fig. 5B). Next, the
Petrovas et al., Sci. Transl. Med. 9, eaag2285 (2017) 18 January 2017
expression of several costimulatory/co-inhibitory receptors by HIV+ LN
CD8 T cells was investigated (fig. S5A). We found significantly higher
expression of PD-1, either as a frequency (P = 0.0039) or MFI (P =
0.0059), on fCD8, compared to non-fCD8, T cells (Fig. 5C and fig. S5B).
This was confirmed by histo-cytometry (fig. S6A). The possible role of
Fig. 3. Nodirect association between viral antigens and fCD8. (A) Average copy number per cell of gag, rev, and tat RNA in sorted CD4+PD-1dim pre-TFH and CD4
+PD-1high TFH

cells from viremic (n = 4) and long-term cART-treated donors (n = 4). Each color represents a different donor. Mann-WhitneyU test, *P < 0.05. (B) HIV gag DNA copies in sorted TFH
CD4 T cells from viremic (n = 4) and long-term cART (n = 4) LNs and the frequency of the corresponding fCD8 are shown. (C) Relationship between the frequency of fCD8 and the
average copy number per TFH cell of gag, rev, and tat RNA. (D) Representative confocal images (20×) showing the p24 antigen distribution in follicles from HIV−, HIV+, and long-
term cART LNs. Follicular areas were defined by IgD and CD20 expression. Zoomed areas showing the distribution of p24+ cells within the GCs (IgDloCD20hi) are also shown. The
distribution of CD8 T cells and p24+ cells in the follicles is shown in the lower panels.
5 of 14
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Fig. 4. Local immune activation is a driving force for fCD8 T cell dynamics. (A) Frequency of gag-specific non-fCD8 and fCD8 T cells producing cytokines [interferon-g (IFN-g)
and/or tumor necrosis factor–a (TNF-a) and/or macrophage inflammatory protein 1b (MIP-1b)] from HIV+ (n = 6) and long-term cART (n = 6) LNs. (B) Representative confocal
images (20×) showing CD163+monocyte infiltration and tissue activation [myeloperoxidase (MPO)] in HIV−, HIV+, and long-term cART LNs. Two representative B cell follicle areas
from each tissue are shown. (C) Representative confocal images (40×) showing CD8 and CXCL13 distribution in HIV-infected LN with or without treatment. A follicular area and a
zoomed area within each B cell follicle (white squares) are shown. (D) Correlation between the frequency (expressed as the LN area covered by CD8) of CD8 T cells within
the LN and the amount of fibrosis (expressed as the LN area covered by collagen 1) in LNs from HIV-infected donors (three viremic, five short-term cART, and three long-
term cART). (E) Network pathways and related genes analysis between non-fCD8 and fCD8 T cells generated by cytoscape software. Gene transcripts highlighted in red
occurred at higher levels in fCD8 cells, and those in green occurred at higher levels in non-fCD8 cells. Specific genes or pathways mentioned in Results are high-
lighted with arrows.
Petrovas et al., Sci. Transl. Med. 9, eaag2285 (2017) 18 January 2017 6 of 14
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Fig. 5. Expressionof inhibitor receptors in fCD8Tcells. (A) Relative frequency of IFN-g–, TNF-a–, andMIP-1b–producing fCD8T cells from tonsils (n=6), HIV− LNs (n=4), HIV+

viremic LNs (n = 5), and short-term (n = 4, blue dots) and long-term (n = 4, yellow dots) cART-treated LNs. Results are expressed as frequency of the parental fCD8 (CCR7loCXCR5hi)
population. Mann-Whitney U test [shown; *P < 0.05, **P < 0.001 or ANOVA (P = 0.0006, P = 0.0005, and P = 0.0023 for IFN-g, TNF-a, andMIP-1b, respectively)] tests were used for the
analysis. (B) Simplified Presentationof Incredibly Complex Evaluations (SPICE) plots illustrating the functionality of fCD8T cells. Each slice of the pie represents the fraction of the total
response of CD8 T cells positive for a given number of cytokines (IFN-g, TNF-a, and MIP-1b) produced, *P < 0.05. (C) Relative frequency of PD-1 expression among naïve CD8
(CD27hiCD45ROlo), non-fCD8 (CCR7hiCXCR5lo), fCD8 (CCR7loCXCR5hi), and CD4TFH (PD-1

hiCXCR5hi) T cells,Wilcoxon signed-rank test; *P<0.05. ANOVAnonparametric test P<0.0001.
(D) Pooled data showing the frequency of total memory CD8 T cells producing cytokines (IFN-g and/or TNF-a and/or IL-2) after a 5-day stimulation in the absence or presence of
anti–PD-L1. Triangles, anti-CD3 (0.1 mg/ml); circles, anti-CD3 (0.5 mg/ml).Wilcoxon signed-rank test; *P<0.05. ANOVA (Friedman test); P<0.001. (E) Frequency of the PD-1 and TIGIT
expression in non-fCD8 and fCD8 T cells from viremic LNs, Wilcoxon signed-rank test; *P < 0.05. (F) SPICE plots showing the coexpression of five different co-inhibitory receptors
(PD-1, TIM3, TIGIT, CD160, and 2B4) in naïve, non-fCD8, and fCD8 from viremic (n = 5) and long-term cART-treated (n = 4) LNs. Arcs show the contribution of each different co-
inhibitory receptor to the expression patterns. *P < 0.05, **P < 0.001.
Petrovas et al., Sci. Transl. Med. 9, eaag2285 (2017) 18 January 2017 7 of 14
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PD-1 as a negative regulator of fCD8 T cell function was investigated in
vitro using tonsil-derived T cells. A relatively high frequency (30 to 35%)
of tonsil-derived memory CD4 and CD8 T cells coexpress PD-L1 and
PD-1 ex vivo. In vitro blocking of the PD-L1/PD-1 axis, using either
an anti–PD-L1 or anti–PD-1 antibody in cultured tonsil-derived cells sti-
mulated with anti-CD3, resulted in increased production of IFN-g and
TNF-a from fCD8 T cells (Fig. 5D and fig. S6, B and C), suggesting
that the PD-1 expressed on fCD8 T cells is actively inhibiting their
ability to produce cytokines.

We also assessed other potential negative regulators of fCD8 T cell
function. Notably, we found that a significantly higher frequency of
fCD8 T cells coexpressed PD-1 and TIGIT compared to non-fCD8
T cells (Fig. 5E, P = 0.0159). When the simultaneous expression
of several inhibitory coreceptors was analyzed, fCD8 T cells were
characterized by increased coexpression of inhibitory receptors com-
pared to non-fCD8 T cells (Fig. 5F). Long-term cART was asso-
ciated with relative persistence of TIGIT on nonfollicular and
fCD8 T cells (Fig. 5F). Therefore, our data reveal that PD-1 and other
costimulatory/co-inhibitory receptor expressions are increased on fCD8
T cells and may have an impact on fCD8 T cell function (43).

fCD8 T cells have high cytolytic potential that is retained
after long-term cART
We estimated the cytolytic potential of fCD8 T cells by measuring the
content of granzyme B (GrzB) and perforin (Prf) directly ex vivo or
after in vitro stimulation. We applied the B-D48 anti-human Prf clone
to measure de novo stimulation-induced Prf (fig. S7A) (44, 45). High-
er ex vivo expression of GrzB and Prf was found in fCD8 T cells com-
pared to CCR7hiCXCR5lo non-fCD8 T cells (Fig. 6A). Furthermore,
we found a significantly higher frequency of fCD8 T cells that express
GrzB and Prf directly ex vivo in LNs from viremic HIV+ compared to
HIV− tissues (P = 0.0159) and tonsils (P = 0.0043) (Fig. 6B). The fre-
quency of fCD8 T cells coexpressing GrzB and Prf was lower in
cART-treated samples (Fig. 6B, P = 0.0016) owing to the loss of Prf
expression. A higher frequency of fCD8 T cells from viremic and
cART-treated HIV+ LN, compared to non-infected LNs and tonsils,
express GrzB after short in vitro stimulation with anti-CD3 (Fig. 6C).
Although significantly lower compared to viremic LNs (P = 0.0043),
measurable Prf responses were also detected in fCD8 T cells from cART
LNs after in vitro stimulation (Fig. 6C). However, prolonged in vitro
stimulation (24 hours) induced similar amounts of soluble GrzB, Prf,
and soluble Fas ligand (sFasL) in the supernatants from sorted tonsil
fCD8 T cells and non-fCD8 T cells (fig. S7B).

We confirmed that HIV infection was associated with an increased
frequency of fCD8 T cells expressing GrzB using image analysis (Fig.
6D and fig. S8). By enumerating CD8 T cells in T cell and GC areas,
we found that the highest frequency of CD8 T cells expressing GrzB
were present within the GCs (Fig. 6E). Our data show that fCD8
T cells contain multiple effector molecules needed to carry out cytolysis.

fCD8 T cells can mediate redirected killing of HIV-infected
T cells
The presence of an increased number of GrzB+ CD8 T cells in the
follicles of HIV-infected individuals raised the question of whether
these cells could be harnessed to provide localized lytic activity
against infected cells. We therefore investigated the in vitro capacity
of sorted CD8 T cell populations from LNs and tonsils to mediate
bispecific antibody–directed killing. We used a bispecific antibody that
combines the specificity of a broadly neutralizing antibody (VRC07)
Petrovas et al., Sci. Transl. Med. 9, eaag2285 (2017) 18 January 2017
to HIV-1 (29) with a monoclonal antibody against CD3 (anti-CD3/
VRC07) (fig. S9A) to redirect fCD8 T cells to kill HIV-infected cells
(30). Cytolysis was readily detected in the presence of the bispecific
antibody (Fig. 7A and fig. S9B). The bispecific antibody–mediated ly-
sis in this assay was HIV-specific, because only minimal killing activity
was found in the presence of a control bispecific antibody lacking the
VRC07 component (Fig. 7A). fCD8 T cells from tonsils and HIV-
infected LNs showed higher bispecific antibody–directed killing
activity compared to naïve or non-fCD8 T cells (Fig. 7, A and B),
consistent with the higher cytolytic potential of fCD8 T cells compared
to non-fCD8 T cells (Fig. 6A). Notably, fCD8 T cells from fully cART-
suppressed HIV-infected LNs retain cytolytic ability (Fig. 7B). GrzB
and Prf were readily detectable in the supernatants, suggesting that
these cytolytic molecules mediate the killing in our assays (Fig. 7C).
Furthermore, we found a significant reduction of the killing activity
in the presence of the pan-caspase inhibitor ZVAD (Fig. 7D, P =
0.0047).

Next, we tested bispecific antibody–directed killing capacity against
HIV-infected primary CD4 T cells. Sorted memory CD4 T cells from
HIV− peripheral blood mononuclear cell (PBMC) preparations (n =
2) or TFH cells from HIV− tonsils (n = 3) were infected in vitro with
HIV expressing a green fluorescent protein (GFP) reporter, and the
killing activity of autologous memory CD8 T cells was measured using
the infected CD4 T cells as targets. A significantly lower frequency of
HIV-infected cells (GFP+, P = 0.0207) and increased expression of ap-
optotic markers within GFP+ target cells (P = 0.0270) were observed
in the presence of CD8 T cells and anti-CD3/VRC07 antibody (Fig. 7,
E and F, and fig. S9C). We further investigated the killing activity of
the bispecific antibody and fCD8 T cells by measuring the effect upon
virus production in a culture system using sorted primary TFH cells
from viremic LNs (n = 2) (fig. S9D). Suppression of virus production
was greatest in the presence of fCD8 T cells and anti-CD3/VRC07
(Fig. 7G). Anti-CD3/VRC07 alone did not result in viral suppression
(fig. S9E), which indicates that the reduced viral release in the presence
of anti-CD3/VRC07 and fCD8 T cells was not due to neutralization
of the virus by anti-CD3/VRC07. Our data demonstrate that fCD8
T cells are armed with potent cytolytic activity that can be redirected
to kill HIV-expressing targets.
DISCUSSION
The ability to eliminate HIV-infected cells in vivo is a major obstacle
in the fight to cure HIV infection. Therapeutic vaccination and/or the
use of checkpoint inhibitors to improve cytotoxic T lymphocyte (CTL)
activity, and thereby augment clearance of HIV-producing cells, have
been proposed as interventions that could accomplish better viral
clearance in vivo as part of a shock-and-kill strategy (46, 47). For such
strategies to be effective, CTLs would need access to the major sites of
active HIV replication. Several lines of evidence suggest that the B cell
follicle and particularly the GCs serve as major sites for active HIV
replication and reactivation of the latent virus reservoir (1–5). Here,
we demonstrate that chronic HIV infection is associated with traffick-
ing of highly potent cytolytic CD8 T cells into B cell follicles and GCs.
However, despite the presence of potent cytolytic CD8 T cells in fol-
licles, these cells fail to adequately control or eliminate the virus.

Our studies provide a comprehensive analysis of the phenotype,
function, localization, and gene signature of CD8 T cell populations
in LNs and particularly those in the B cell follicle and GC. We ap-
plied several methods to investigate the localization of CD8 T cell
8 of 14
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populations in LN areas, including flow cytometry and quantitative
confocal microscopy. Our quantitative analysis of the imaging data
demonstrated a significant increase of fCD8 T cells in LNs from
HIV+ individuals, consistent with our flow cytometry data. It was the
combined application of multispectral confocal imaging and multi-
parametric flow cytometry analysis (histo-cytometry) that allowed
us to definitively and quantitatively assess T cell populations within
anatomically distinct regions of the LN.
Petrovas et al., Sci. Transl. Med. 9, eaag2285 (2017) 18 January 2017
The factors that regulate LN CD8 T cell dynamics during HIV in-
fection are not known. GCs are a site of active virus replication (7, 8),
and as such, local viral expression could play a role in recruiting CD8
T cells into GCs. Because CD8 T cells do not traffic in response to
cognate antigen, but rather to specific chemoattractants, it is likely
that virus replication could initiate a cascade, including production
of such chemoattractants, that leads to recruitment of bulk fCD8
T cells. However, the low viral expression assessed by p24 staining in
 on January 20, 2017
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Fig. 6. fCD8 T cells exhibit potent cytolytic ability. (A) Frequency of CCR7hiCXCR5lo and CCR7loCXCR5hi CD8 T cells from HIV+ LNs (n = 5) expressing ex vivo GrzB or
Prf. Mann-Whitney U test; *P < 0.05. (B) Frequency of fCD8 T cells co-expressing GrzB and Prf ex vivo. Results are shown as frequency of the parental fCD8 (CCR7loCXCR5hi)
population, Mann-Whitney U test (shown; *P < 0.05), ANOVA (P = 0.0017) (blue dots, short-term cART; yellow dots, long-term cART). (C) Frequency of fCD8 T cells expressing
GrzB or de novo synthesized Prf among the different tissues after short stimulation with aCD3/CD28. Results are shown as frequency of fCD8 T cells. Mann-Whitney U test
(shown; *P < 0.05), ANOVA (P = 0.0018 and P = 0.0012 for GrzB and Prf, respectively). (D) Representative confocal images (63×) showing fCD8 T cells from a viremic HIV+ LN
(GC area) expressing GrzB. Individual staining as well as merged (CD8/GrzB and CD20/CD8/GrzB/Jojo) images are shown. (E) The ratio of GrzB+CD8/CD8 in GCs and
nonfollicular areas calculated by flow cytometry or imaging analysis from viremic LNs (n = 3) is shown, Mann-Whitney U test; *P < 0.05.
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Fig. 7. fCD8 T cells mediate potent killing of HIV-infected cells via bispecific antibodies. (A) Bispecific antibody–mediated killing activity of HIV-infected cells using an isotype
antibody fragment (open bars) or the broadly neutralizing VRC07 anti-env antibody fragment (black bars) with an anti-CD3 fragment, Mann-Whitney U test; ***P < 0.001.
(B) Accumulated data showing the bispecific antibody–mediated killing activity of sorted naïve CD8 (CD27hiCD45ROlo), non-fCD8 (CCR7hiCXCR5lo), and fCD8
(CCR7loCXCR5hi) from tonsils (n = 5), viremic HIV+ (n = 5) LNs, and long-term cART-treated HIV+ LNs (n = 2, yellow dots). HIV+ targets and sorted CD8 T cells were cocultured
for 8 hours in the presenceof thebispecific antibody,Mann-WhitneyU test; *P<0.05. (C) Theconcentrationof sFasL,GrzB, andPrf in supernatants fromthebispecific antibody–mediated
killing assays after 8 hours (blackbars) or 19hours (gray bars) of incubation is shown. (D) Inhibitionof thebispecific antibody–mediated killing activity by the pan-caspase inhibitor
Z-VAD in a 19-hour in vitro killing assay. Sorted cells from six tonsils were used, Mann-Whitney U test; *P<0.05. (E) SortedprimarymemoryCD4T cells fromHIV−PBMCs (n=2)
or (F) TFH cells fromHIV− tonsils (n=3)were infected in vitro, and the killing [judgedby the frequencyofGFP+cells (left panel) or theexpressionofdeathmarkers-aqua, annexinV (right
panel)] of cells bearing virus (GFP+) by autologous memory CD8 T cells after coculture (8 hours) in the absence or presence of bispecific antibodies is shown. Different symbols
(circle, square, or diamond) represent different donors. Mann-WhitneyU test (*P< 0.05). (G) Sorted TFH cells from viremic LNs (n = 2) were stimulated in vitro (anti-CD3), and the virus
production (judged by the HIV gag-RNA copies) in the presence of autologous fCD8 T cells (with or without bispecific antibodies) is shown after 48 hours of coculture.
Petrovas et al., Sci. Transl. Med. 9, eaag2285 (2017) 18 January 2017 10 of 14
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the GCs especially in cART-treated donors could, at least in part,
explain the relative paucity of HIV-specific CD8 T cells found in
these areas.

Our data indicate that local inflammation and immune activation
may serve in an antigen-nonspecific manner as the more relevant
forces driving the accumulation of CD8 T cells in B cell follicles. This
conclusion is supported by (i) the lack of evidence that local HIV anti-
gens act as attractants for CD8 T cells in the GC; (ii) the presence of
increased inflammatory cells and CXCL-13, the major ligand for
CXCR5, in HIV+ LNs, particularly in the follicular/perifollicular areas;
(iii) the significant correlation between CD8 T cells and collagen 1 dep-
osition, a surrogate of inflammation and disease progression (48); (iv)
the up-regulation of pathways associated with cell activation in the
fCD8 compared to non-fCD8 T cells; and (v) the absence of prefer-
ential localization of HIV-specific CD8 T cells in follicular areas, in
line with previous reports (1, 3). Contrary to CD4 T cells (36, 48), a
positive correlation between LN CD8 T cells and collagen deposition
was found, suggesting that CD4 T cells, but not CD8 T cells, have a
distinct dependence on fibroblastic reticular cell–produced homeostat-
ic cytokines [which are progressively lost with increased fibrosis (36)]
and that alteration of the normal LN architecture affects CD4 and
CD8 T cell populations differently. cART results in reduced immune
activation although not to levels observed in HIV-uninfected individ-
uals (49, 50). Our data show that although cART effectively shuts off
local viral replication, local inflammatory environment and CXCL-13
levels persist compared to HIV− LNs, as does the accumulation of
fCD8 T cells, lending further credence to the conclusion that inflam-
mation, and not virus-specific signals, is primarily responsible for
fCD8 T cell accumulation during HIV infection. Further longitudinal
studies using LNs from individuals on cART are needed to dissect the
cellular mechanisms regulating CD8 T cell trafficking in LN areas.

We found a relatively higher frequency of HIV-specific CD8 T cells
expressing a nonfollicular rather than a follicular phenotype, but CD8
T cells were not completely excluded from the GC, as previously sug-
gested (1, 3). Notably, a higher frequency of HIV-specific CD8 T cells
in the extrafollicular area could, at least in part, contribute to the lower
expression of HIV RNA and DNA in sorted non-TFH versus TFH CD4
cells, in line with previously described data in SIV-infected monkeys
(10). Utilization of the SIV model could provide critical information
regarding the cellular and molecular mechanisms governing the
trafficking of CD8 T cells within the LN areas. Analysis of fCD8 T cells
during different stages of infection (acute, early chronic, and late
chronic) could provide additional information with respect to the rel-
ative impact of the viral replication and immune activation on fCD8
T cell maturation and dynamics.

fCD8 T cells were characterized by impaired cytokine and chemo-
kine polyfunctionality, a profile associated with increased expression
of several co-inhibitory surface receptors. Multiple negative regulators
of T cell function, such PD-1 and TIGIT, were found on fCD8 T cells
even in virally suppressed individuals. In vitro blocking of PD-1/PD-L1
axis increased the capacity of tissue-derived CD8 T cells for cytokine
production, indicating that manipulation of checkpoint inhibitors
could improve some functions of fCD8 T cells. Furthermore, the com-
plex network of co-inhibitory receptors expressed on fCD8 T cells,
even after long-term treatment, indicates that manipulation of mul-
tiple co-inhibitory signals may be needed for optimal recovery of
their function.

In contrast to their impaired cytokine polyfunctionality, fCD8
T cells express potent cytolytic activity characterized by high ex vivo
Petrovas et al., Sci. Transl. Med. 9, eaag2285 (2017) 18 January 2017
levels of cytolytic molecules in chronic and long-term treated HIV in-
fection. Our imaging analysis further confirmed the accumulation of
GrzB+ fCD8 T cells within the GCs in HIV-infected LNs. However,
few of these cells are HIV-specific. To re-direct their killing activity, we
used bispecific antibodies and demonstrated that fCD8 T cells have a
potent ability to kill HIV-infected targets. Our data suggest that deliv-
ery of GrzB and/or Prf is the dominant killing mechanism in this sys-
tem. We verified the cytolytic activity of fCD8 by using (i) in vitro
HIV-infected cells (CEM cell line or sorted tonsil-derived primary
TFH CD4 T cells) and (ii) sorted primary TFH cells from HIV+ LNs
in our bispecific antibody killing assay. Although tonsils and LNs rep-
resent lymphoid organs of different anatomical position and cellular-
ity, fCD8 T cells from both tissue types showed a similar pattern of
bispecific antibody–directed killing activity further supporting their in-
herent cytolytic ability. Our data consistently demonstrated potent
killing of HIV-infected cells by fCD8 T cells in the presence of bispe-
cific antibodies.

The presence of follicular cytolytic CD8 T cells in mouse models
of chronic infection and HIV was recently reported (12, 13). The ex-
pression of CXCR5 was necessary for their trafficking into follicles
(12), although their development was critically regulated by the Bcl-
6/Blimp1 axis (12, 13). In line with these data (13), we found a higher
cytotoxic capacity of fCD8 compared to non-fCD8 T cells despite the
expression of co-inhibitory receptors such as PD-1 and 2B4 (12, 13).
In addition, when we blocked the PD-1/PD-L1 axis in vitro, we saw an
increased capacity of fCD8 T cells to produce cytokines. This is
consistent with the significantly higher therapeutic potential of fCD8
T cells that was observed when the PD-1/PD-L1 interaction was
blocked in vivo (13).

One major limitation of our study is the absence of longitudinal
LN samples that could provide definitive data regarding the role of
tissue viral replication and local immune activation in the observed
dynamics of fCD8 T cells. An accurate estimation of the disease du-
ration for the tissues tested was also not possible. Therefore, analysis of
fCD8 T cells during different stages of infection (acute, early chronic,
and late chronic) and disease (progressors versus elite controllers) is
needed. Furthermore, in the context of the current study, we were
not able to investigate whether the dynamics we observed apply
to LNs from different anatomical sites. Future studies using the SIV
NHP model could provide critical information regarding these issues.

In line with previous reports (27, 30), our findings justify the
further evaluation of bispecific antibodies for the elimination of
HIV-infected cells. We should emphasize that this strategy overcomes
the relatively low frequency of HIV-specific CD8 T cells in the follicle,
the epitope specificity of CTLs within the B cell follicle, or even the
potential presence of CTL escape variants within the latent reservoir of
HIV (51). Our data indicate that fCD8 T cells persist, and continue to
have strong cytolytic capacity, even after long-term suppressive cART.
Hence, the use of bispecific antibodies could be considered as part of a
shock-and-kill strategy in individuals on long-term suppressive ART.
Further development of such a strategy could involve the testing of
bispecific antibodies with differential anti-CD3 affinity as well as the
inclusion of other specificities targeting surface receptors that are
uniquely expressed on fCD8 T cells. The expression pattern of co-
inhibitory receptors (PD-1 and TIGIT) on fCD8 T cells indicates
that manipulation of checkpoint inhibitors could improve the poly-
functionality of fCD8 T cells in the context of such a strategy. Our
data demonstrate an accumulation of fCD8 T cells in chronic HIV
and that these cells can act as potent effectors in conjunction with
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MATERIALS AND METHODS
Study design
Our objective was to characterize the dynamics of the LN fCD8 T cells
in HIV. Tonsils and LNs from HIV− and HIV+ individuals were ana-
lyzed. The impact of antiretroviral treatment was investigated by ana-
lyzing LNs from short- and long-term treated donors. The phenotype,
localization, functionality, gene signatures, and in vitro killing activity of
LN CD8 T cell subsets were investigated by flow cytometry–based as-
says, quantitative multiplexed confocal imaging, and deep sequencing.
We analyzed any available LN tissues we had access to. No blinding or
randomization criteria were used and no outliers were excluded. The
number of tissues analyzed is provided in the figure legends and in
the respective sections in Supplementary Materials and Methods.

Subjects
Samples from viremic treatment naïve (n = 18, average age of 31 years
old, CD4 counts = 561 cells/mm3, log10VL = 4.22 copies/ml) and short-
term (n = 6, average age of 33 years old, CD4 counts = 390 cells/mm3,
log10VL = 2.02 copies/ml, cART 1 to 28 months) and long-term (n =
4, average of 48 years old, CD4 counts = 700 cells/mm3, log10VL <
1.6 copies/ml, cART 2 to 17 years) cART-treated HIV+ donors were
analyzed by flow cytometry. Tissues from five viremic donors (CD4
counts = 427 cells/mm3, log10VL = 4.81 copies/ml) and three cART
donors (CD4 counts = 635 cells/mm3, log10VL < 1.66 copies/ml) were
analyzed via confocal imaging and histo-cytometry, as previously de-
scribed (32). Viral loads were measured on the same day as biopsies,
and none of the patients included in this study had evidence of active
opportunistic infections. Characteristics of all HIV-infected patients are
shown in table S1. HIV-negative tissues were obtained from patients aged
46 to78yearsoldundergoing surgical procedure for thyroid, breast cancer,
or cervical lymphadenitis. They were all cancer-free and HIV-negative.

Imaging studies
Fixed, paraffin-embedded tissue sections were stained with titrated
amounts of antibodies and imaged with a Leica SP8 or Nikon C2si
confocal microscope. After correction of fluorochrome spillover, mul-
tiparameter images were further analyzed via the histo-cytometry
pipeline (32).

Transcriptome analysis
Sorted tissue CD8 T cell subsets were subjected to whole-transcriptome
sequencing analysis. Barcoded cDNA libraries were generated using the
IlluminaTruSeq platform, and flowcellswere sequenced on an Illumina
HiSeq 2000. Trimmomatic (version 0.22) was used to remove adapters
and low-quality bases. TheR package (“gplots”) was used for generation
of heat maps, and the network analysis was generated by cytoscape
software (version 2.8.3).

In vitro killing assays
The in vitro capacity of sorted tissue CD8 T cell subsets to kill HIV-
infected cells was investigated using either an HIV-infected cell line
(CEM) or infected primary CD4 T cells. Briefly, target infected cells
were cocultured with effector CD8 T cells for 8 hours in the presence
of anti-CD3/isotype or anti-CD3/VRC07 bispecific antibodies, and cell
death was measured with a flow cytometry–based assay.
Petrovas et al., Sci. Transl. Med. 9, eaag2285 (2017) 18 January 2017
Statistics
Experimental variables were analyzed using the Friedman test, the non-
parametric Mann-Whitney U test (for unpaired variables), the non-
parametric Wilcoxon test (for paired variables), and the Kruskal-Wallis
ANOVA (nonparametric) test. Bars depict mean (±SEM) values.
P values <0.05 were considered significant. The GraphPad Prism statis-
tical analysis program (GraphPad Software) was used throughout.
Analysis and graphical representation of cytokine production in relation
toCCR7 andCXCR5 expressionwere conducted using the data analysis
program (SPICE, version 5.05013) provided by M. Roederer, National
Institutes of Health (Bethesda, MD).

Detailed protocols for all experimental protocols applied are pro-
vided in the Supplementary Materials.
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/373/eaag2285/DC1
Materials and Methods
Fig. S1. T cell dynamics in HIV-infected LNs.
Fig. S2. Representative example of the histo-cytometry analysis.
Fig. S3. Dynamics of fCD8 with respect to HIV antigen distribution and collagen deposition in
the LN areas.
Fig. S4. Gene signatures of sorted tissue CD8 T cell populations.
Fig. S5. Expression of exhaustion markers in fCD8 T cells.
Fig. S6. Expression of PD-1 in fCD8 T cells.
Fig. S7. Functionality of fCD8 T cells.
Fig. S8. Localization of GrzB+ CD8 T cells in the GC.
Fig. S9. fCD8 T cells can mediate in vitro bispecific antibody killing.
Table S1. Demographic (age and gender) and clinical (CD4 counts, pVL, and treatment) data of
the donors as well as the type of assay used for their tissue analysis are shown.
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patients to provoke follicular CD8 T cells may be a path toward a potential HIV cure.
bispecific antibody to redirect killing toward HIV-infected cells. The use of bispecific antibodies in
less likely to produce cytokines but were still able to kill target cells, especially when cultured with a 
HIV-infected individuals. When compared with cells from healthy individuals, these CD8 T cells were
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HIV-infected CD4 T cells may lurk in lymphoid follicles that are normally devoid of CD8 T
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