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ABSTRACT Follicular helper CD4 T cells, TFH, residing in B-cell follicles within sec-
ondary lymphoid tissues, are readily infected by AIDS viruses and are a major source
of persistent virus despite relative control of viral replication. This persistence is due
at least in part to a relative exclusion of effective antiviral CD8 T cells from B-cell fol-
licles. To determine whether CD8 T cells could be engineered to enter B-cell follicles,
we genetically modified unselected CD8 T cells to express CXC chemokine receptor
5 (CXCR5), the chemokine receptor implicated in cellular entry into B-cell follicles.
Engineered CD8 T cells expressing human CXCR5 (CD8hCXCR5) exhibited ligand-
specific signaling and chemotaxis in vitro. Six infected rhesus macaques were infused
with differentially fluorescent dye-labeled autologous CD8hCXCR5 and untransduced
CD8 T cells and necropsied 48 h later. Flow cytometry of both spleen and lymph
node samples revealed higher frequencies of CD8hCXCR5 than untransduced cells,
consistent with preferential trafficking to B-cell follicle-containing tissues. Confocal
fluorescence microscopy of thin-sectioned lymphoid tissues demonstrated strong
preferential localization of CD8hCXCR5 T cells within B-cell follicles with only rare cells
in extrafollicular locations. CD8hCXCR5 T cells were present throughout the follicles
with some observed near infected TFH. In contrast, untransduced CD8 T cells were
found in the extrafollicular T-cell zone. Our ability to direct localization of unselected
CD8 T cells into B-cell follicles using CXCR5 expression provides a strategy to place
highly effective virus-specific CD8 T cells into these AIDS virus sanctuaries and po-
tentially suppress residual viral replication.

IMPORTANCE AIDS virus persistence in individuals under effective drug therapy or
those who spontaneously control viremia remains an obstacle to definitive treat-
ment. Infected follicular helper CD4 T cells, TFH, present inside B-cell follicles repre-
sent a major source of this residual virus. While effective CD8 T-cell responses can
control viral replication in conjunction with drug therapy or in rare cases spontane-
ously, most antiviral CD8 T cells do not enter B-cell follicles, and those that do fail to
robustly control viral replication in the TFH population. Thus, these sites are a sanc-
tuary and a reservoir for replicating AIDS viruses. Here, we demonstrate that engi-
neering unselected CD8 T cells to express CXCR5, a chemokine receptor on TFH asso-
ciated with B-cell follicle localization, redirects them into B-cell follicles. These proof
of principle results open a pathway for directing engineered antiviral T cells into
these viral sanctuaries to help eliminate this source of persistent virus.
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Recent observations and experiments have identified B-cell follicles in secondary
lymphoid organs as significant reservoirs of residual human immunodeficiency

virus (HIV) or simian immunodeficiency virus (SIV) in “elite controllers,” i.e., individuals
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that manifest substantial spontaneous control of viremia or in those undergoing
effective combination antiviral therapy (cART) (1–9). This viral persistence is due, at least
in part, to the apparent absence of effective antiviral CD8 T-cell responses inside B-cell
follicles (1–3, 10, 11). This deficiency is linked to a relative inability of CD8 T cells to
effectively traffic to B-cell follicles within secondary lymphoid tissues, including lymph
nodes, spleen, and tonsils, and suppress AIDS virus replication among the CD4 follicular
helper T cells (TFH) (1, 3, 10).

Despite the paucity of CD8 effector T cells in follicles, this exclusion is not absolute
with multiple reports of CD8 T cells inside B-cell follicles in human, mouse, and rhesus
lymph nodes (10, 12–14). Indeed, lymph nodes in HIV-infected patients can have a low
level of antiviral CD8 T cells (12). Recently, Li et al. and Miles et al. reported that most
CD8 T cells found in B-cell follicles in SIV-infected rhesus macaques are Foxp3� (15, 16),
suggesting that these cells exert a regulatory T-cell (Treg) function that dampens
antiviral responses. Nevertheless, CD8 T-cell depletion experiments in those same
animals observed modest increases in SIV-infected TFH, suggesting some degree of CD8
T-cell-mediated control of virus replication in B-cell follicles (15). Despite the presence
of some CD8 T cells inside B-cell follicles within secondary lymphoid tissues, these
structures provide a relatively immune privileged sanctuary where HIV or SIV can
replicate in TFH, shielded from antiviral effector CD8 cells which are largely excluded (1).
Indeed, most of the residual virus in individuals who otherwise control viral replication
comes from this reservoir (7, 8, 17–19). We and others have proposed improving the
ability of antiviral CD8 T cells to traffic into B-cell follicles as an approach to reduce or
eliminate this reservoir of infected TFH (11).

B-cell follicles are critical sites of antigen-driven, TFH-assisted B-cell activation and
maturation by class switching and somatic mutation which yields high-affinity B cells
and plasma cells (20). This takes place mostly in the interior of the follicles in germinal
centers, histologically classified as the light zone, which are induced upon antigen
exposure. CXC chemokine receptor 5-positive (CXCR5�) B cells enter the follicles
directly by chemotaxis (21), following a gradient of CXC chemokine ligand 13 (CXCL13),
the cognate ligand for the CXC chemokine receptor 5 (CXCR5) (22, 23). CXCL13 is
produced by stromal and dendritic cells inside the follicles (24) and is required for B-cell
entry and structural organization of the follicle (25). CXCR5� B cells within the lymph
node enter the follicle by crossing the interface between the T-cell zone and the B-cell
follicle, i.e., the T-B border, which represents the junction of the outer edge of the
follicles and the surrounding regions of secondary lymphoid tissues.

While the direct role of CXCR5 chemotaxis for follicular B-cell localization is clear, the
exact role for CXCR5 in TFH entry into B-cell follicles is less so. Indeed, CXCR5 has been
found to be insufficient for follicular entry of CD4 T cells in mice (26, 27). Additionally,
circulating CXCR5� CD4 T cells in peripheral blood, mostly memory T cells, do not
appear to migrate to B-cell follicles in mice, consistent with CXCR5 expression alone
being insufficient to target CD4 T cells to B-cell follicles (28–30). An extensive body of
experiments in mice (reviewed in references 31, 32, and 33) has led to a current model
for the genesis and trafficking of TFH that relies on follicular B cells forming antigen-
stabilized complexes with their cognate naive T cells, contacts through which they
induce TFH differentiation and actively bring the TFH into the B-cell follicles. Briefly, upon
antigen stimulation in the T-cell zone, naive undifferentiated CD4 T cells start express-
ing moderate levels of CXCR5 and begin to downregulate CC chemokine receptor 7
(CCR7) (26, 34), resulting in their relocalization to the T-B border of the follicle (27, 35).
There, they interact with follicular B cells brought to the T-B border by upregulation of
CCR7 on their surface, a result of stimulation with soluble antigen in the follicle (36–38).
At the border, follicular B cells form a complex with their naive CXCR5� CD4 T-cell
counterparts by antigen sharing, which induces further differentiation of the T cells into
the full TFH phenotype with heightened levels of CXCR5. In the final step, the follicular
B-cell/antigen/TFH complex crosses the border, apparently driven by B-cell chemotaxis
to CXCL13. In addition to CXCR5, TFH also express inducible T-cell costimulator (ICOS),
the expression of which on TFH appears to be required for entry (39). Thus, the
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physiologic entry of TFH into the follicle is considerably more involved than simple
CXCR5 expression, requiring follicular B cells for coordinated TFH differentiation and
antigen binding.

CD8 T cells are generally excluded from B-cell follicles; however, some CXCR5� CD8
T cells are found in B-cell follicles (12–15). Indeed, adoptively transferred native CXCR5�

CD8 T cells from wild-type mice can migrate into B-cell follicles in CXCR5�/� knockout
mutant mice (12, 13). However, it is unclear whether ordinary circulating CD8 T cells can
be engineered to enter B-cell follicles. The ability to genetically engineer T cells with
genes of interest, especially T-cell receptors (TCR) and chimeric antigen receptors, using
retroviral and lentiviral vectors is a powerful technique, from the initial human gene
therapy trial 25 years ago to its current use in cellular immunotherapeutics against
cancer (40–42). In a pilot study, we engineered SIV-specific T cells with CCR7 and CD62L
which preferentially localized to lymph nodes in a rhesus macaque adoptive transfer
system (43). For this study, we tested whether circulating CD8 T cells can be engineered
to enter B-cell follicles in rhesus macaques by ectopically expressing CXCR5 on unse-
lected bulk peripheral blood-derived CD8 T cells, expanding the engineered T cells ex
vivo, and infusing the autologous cells back into donor animals. We found that CXCR5
transductants, but not coinfused untransduced cells, could effectively traffic into B-cell
follicles.

RESULTS

Several studies have reported a low but clearly present level of CXCR5� CD8 T cells
in peripheral blood and lymph nodes. To examine the presence of CXCR5� in infected
rhesus macaques, we analyzed necropsy samples of an animal infected with
SIVmac239X, a molecularly tagged synthetic swarm of otherwise isogenic SIVmac239 (44).
Flow cytometry of peripheral blood mononuclear cells (PBMC) detected only low
frequencies of CD8 or CD4 T cells expressing low levels of CXCR5� in circulation (Fig.
1). Analysis of CD8 T cells in lymph nodes showed a similar low-frequency, low-intensity
staining for CXCR5 (Fig. 1). In contrast, CD4 T-cell analysis of the same samples detected
a considerable population of bright CXCR5 staining cells, most likely TFH. These results
are consistent with a general lack of high-level CXCR5 expression by CD8 T cells as a
contributing factor in the functional exclusion of antiviral CD8 T cells from infected
B-cell follicles.

Engineering CXCR5 expression on CD8 T cells. To redirect PBMC-derived CD8 T
cells to B-cell follicles, we produced a human CXCR5 (hCXCR5) murine leukemia virus
(MuLV)-based retroviral expression vector. The human gene was used due to its 97%
protein sequence identity to rhesus macaque CXCR5. Also, by using a species-specific
antibody that detects only human and not endogenous rhesus macaque CXCR5
protein, we could uniquely identify any engineered cells from the endogenous cells.
Primary rhesus macaque CD8 T cells transduced with the hCXCR5 vector exhibited
bright staining for hCXCR5 (Fig. 2A), demonstrating high-level expression of hCXCR5 by
the vector.

In vitro functional evaluation of CD8 T cells transduced with hCXCR5. To
confirm the function of our hCXCR5 protein, we examined CXCL13-mediated signaling
in hCXCR5-transduced CD8 cells by monitoring the induction of phosphorylation on
extracellular signal-regulated kinase 1 (ERK1) and ERK2 protein kinases, a key point in
the signaling cascade (45). Serum-starved hCXCR5 CD8 T-cell cultures were stimulated
with CXCL13, and samples were analyzed by quantitative near-infrared immunoblot
analyses. The results from three independent experiments showed rapid induction of
phosphorylated ERK1 or ERK2 (phospho-ERK1/2) (pERK1/2) in the presence of CXCL13
which peaked at 3 min and declined with a half-life of 40 min as appropriate for CXCR5
signaling (46) (Fig. 2B and C). In contrast, the matching untransduced CD8 T cells failed
to generate any detectable pERK1/2 in the presence of CXCL13 (Fig. 2B; data not
shown), consistent with ligand-specific signaling in the hCXCR5 transductants.

To determine whether the hCXCR5 signaling in transduced cells resulted in che-
motaxis, we examined the hCXCR5-transduced culture for specific migration toward
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CXCL13 in a transwell assay. The hCXCR5 transductants migrated into chambers
containing CXCL13, but not into chambers without added chemokine (Fig. 1D). Fur-
thermore, the matched untransduced cells failed to migrate in response to CXCL13.
Taken together, the in vitro-specific CXCL13 signaling and chemotaxis conferred by
hCXCR5 transduction indicate that our retroviral vector provides appropriate CXCR5
function to CD8 T cells.

Engineering CXCR5-transduced cells for infusion into rhesus macaques. To test
the ability of our hCXCR5 vector to direct CD8 T cells into B-cell follicles, we isolated
unselected bulk CD8 T cells from PBMC collected from six SIVmac239-infected animals
and produced autologous untransduced CD8 and transduced and sorted hCXCR5-
expressing CD8 (CD8hCXCR5) cell lines which were then expanded ex vivo to provide
large numbers of cells for infusion. Due to the considerable logistical demands of these
experiments, including coordinating transductions, T-cell expansion, animal manipula-
tions, and postnecropsy analyses, two groups with three animals in each group was
used in this study. The first group, animals 1 to 3, was infused and analyzed 2 weeks
prior to the second group, animals 4 to 6, resulting in the latter ex vivo expansion
cultures receiving an additional round of stimulation. The T-cell lines for all animals
were analyzed 1 week before their infusion by flow cytometry to confirm similar

FIG 1 Low frequencies of CXCR5� CD8 T cells in lymph nodes. Flow cytometry of PBMC and lymph node
samples collected from an infected rhesus macaque is presented with CD8 or CD4 staining on the y axis
and recombinant human CXCR5 (rhCXCR5) on the x axis. Frequencies of CXCR5� T cells are provided in
the upper right dot plot quadrant.
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phenotypes (Fig. 3). The analyses showed the presence of considerable frequencies of
cells with a central memory phenotype (CD95� CD28�) in both the untransduced CD8
and CD8hCXCR5 T-cell cultures. For example, for animal 1, the untransduced T-cell
cultures had 23% of the cells with a central memory phenotype versus 37% for the
CD8hCXCR5 T cells with the balance being effector memory cells (CD95� CD28�) (Fig. 3).

FIG 2 CXCR5 transduction of primary rhesus macaque T cells confers functional CXCL13-mediated
signaling. Analyses of CXCR5-transduced CD8 T cells are presented. (A) Dot plot of CD8/CXCR5 flow
cytometry. (B) Near-infrared LI-COR ERK1/2 and phosphorylated ERK1/2 (pERK1/2) immunoblots of cell
lysates. The CXCL13 exposure time (in minutes) is indicated above each sample. The positions of
molecular mass standards (in kilodaltons) are indicated to the left of the blot, and the positions of bands
are identified to the right of the blot. �-ERK1/2, ant-ERK1/2 antibody. (C) Graph of the kinetics of pERK1/2
induction. (D) Graph of cell counts from CXCL13-induced migration of transduced cells in a transwell
assay.
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As expected for anti-CD3-expanded T cells, there were no cells with a naive phenotype
(CD95� CD28�) in either culture, compared to a typical rhesus macaque PMBC sample
(Fig. 3). Additionally, two markers associated with TFH, ICOS and programmed cell death
protein 1 (PD-1), were present to the same extent in both cultures, at nearly 100% and
17% frequencies, respectively.

Immediately prior to infusion, the cells in the cultures were collected, washed, and
concentrated. To differentiate between the two cultures, the CD8hCXCR5 cells were
stained with CellTrace violet (CTV) and the untransduced cells were stained with
CellTrace far red (CTFR), then the numbers of cells for each culture were counted, and
the cultures were combined into the infusion preparation. The total numbers of cells
and the ratios of CD8hCXCR5 to untransduced CD8 T cells varied in the animals due to
differences in the initial numbers of cells transduced and their subsequent cell expan-
sion rates in the untransduced and CD8hCXCR5 cultures. In all cases, there were more
CD8hCXCR5 T cells than untransduced CD8 T cells in the infusion mixtures. Flow
cytometry of the infused preparation confirmed bright differential CTV/CTFR labeling of
the cells (representative data for animal 1 shown in Fig. 4A). Gating on both the CTV�

and CTFR� populations for CD8 signal in the animal 1 infusion mixture revealed that
95% of both cultures were CD8 T cells with minor levels of non-CD8 T cells, 1% and 3%,
respectively (Fig. 4B). Additionally, a minor portion, 4%, of the CTV� cells infused were
hCXCR5�, apparently nontransductant carryover from the CXCR5 sorting. Because the
antibody used for CXCR5 detection specifically detects the human receptor and not the
rhesus receptor, the minor (2%) low-intensity CXCR5 staining population in the un-
transduced culture is likely background signal. Similar results were obtained for the
other animals.

Initial analysis of infused cells in PBMC. Each fluorescently labeled cell mixture
was infused into its autologous donor animal via the femoral vein. Flow cytometry for

FIG 3 Expanded CD8hCXCR5 and untransduced CD8 T-cell cultures have similar phenotypic profiles. Flow
cytometry analysis for memory differentiation marker expression (CD95�/CD28�) and PD-1 and ICOS
expression on CD8hCXCR5 and untransduced CD8 T-cell cultures expanded ex vivo from animal 1 1 week
before infusion and a fresh PBMC sample from a similar infected rhesus macaque outside the study group
are presented. Samples are identified above each column with central memory and effector memory gates
denoted by CM and EM labels, respectively.
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CTV� and CTFR� cells within the total CD3� T-cell population in PBMC from 15-min
postinfusion blood samples showed that the infused cells were present in between 2
and 23% of the CD3� T cells (n � 6; x� � 12%; standard deviation [SD] � 7%) (Fig. 4C).
For the group 1 animals, the ratios of the transductant-to-nontransductant (CTV�/
CTFR�) frequencies in the 15-min postinfusion samples were reversed from those of the
infusion preparations with proportionally more untransduced cells present than initially
infused, consistent with the CD8hCXCR5 T cells leaving the circulatory system more
rapidly than the CD8 T cells did. However, the results for group 2, while variable among
the animals, did not exhibit a similar extent of ratio reversal as found in group 1, with
the infused preparation and 15-min ratios being nearly the same or, at most only
slightly reversed (Fig. 4C). Considering that the group 2 cells were in culture longer with
an extra stimulation, the difference in behavior of the two groups might be due to this
factor, apparently though not due to an obvious difference in central memory/effector
memory or PD-1/ICOS phenotypes (Fig. 3).

Preferential localization of CXCR5-transduced CD8 cells to secondary lymphoid
tissues. The study animals were euthanized and necropsied 48 h postinfusion, and
PMBC and cells isolated from tissue samples were analyzed by flow cytometry for the
levels of CTV� and CTFR� cells within the total CD3� T-cell population to determine the
relative distributions of the infused cells. The frequencies of the infused T cells in PBMC
from necropsy samples were decreased approximately 10-fold from those of the 15-min
postinfusion samples, ranging from 0.3 to 1% (n � 6; x� � 0.7%; SD � 0.25%), suggesting
movement of the infused cells out of the peripheral circulatory system. One common
observation in adoptive transfer studies is that bronchoalveolar lavage sampling of
animals contain high frequencies of infused cells, presumed to be “trapped” in the lung
(43, 47, 48). Flow cytometry of CD3� cells isolated from the prenecropsy bronchoal-
veolar lavage samples showed a high frequency of infused cells relative to the endog-

FIG 4 Analysis of T-cell infusion mixtures and initial postinfusion PMBC samples. Representative flow cytometry analysis results are shown
for animal 1. (A) Preinfusion analysis of differential dye labeling of transduced CD8hCXCR5 CTV-labeled CD8 T cells, and untransduced
CTFR-labeled CD8 T cells. (B) CD8- and hCXCR5-specific preinfusion analyses gated on CTV and CTFR (labeled) above their respective plots.
(C) 15-min postinfusion analysis of differential dye labeling of CD8hCXCR5 T cells. (D) Graphs of the CTV�-to-CTFR� ratios in the infusion
and the 15-min postinfusion analyses.
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enous T cells, from 7 to 76% (n � 6; x� � 54%; SD � 24%) consistent with retention of
some of the infused cells in the lung.

Flow cytometric analysis of cell preparations from lymphoid tissue samples for the
infused fluorescently labeled cells within the total CD3� T-cell population detected,
with the spleen containing the highest frequency of infused cells, ranging between 2%
and 5% (n � 6; x� � 3%; SD � 1%) in all of the animals with lymph node samples having
lower frequencies (0.02% to 0.09% [n � 6; x� � 0.04%; SD � 0.03%]).

To evaluate potential preferential localization of infused CD8hCXCR5 T cells in lym-
phoid tissues, the CD3� CD8� cells were gated into CTV� and CTFR� populations to
determine the ratio of CD8hCXCR5 T cells to untransduced CD8 T cells. As expected,
analysis of spleen and lymph node cells confirmed that the CTV� cells present in these
tissues also expressed high levels of hCXCR5� T cells (data not shown). Figure 5A
presents an example of representative flow cytometry results from animal 4. Analyses
of the CD8 T cells from spleen showed a 40-fold predominance of CTV� CD8hCXCR5 T
cells compared to the CTFR� untransduced control cells. For all of the spleen samples
from the animals, the number of CXCR5 transductants was greater than that of the
untransduced cells. Normalized for the greater numbers of CD8hCXCR5 T cells in the
infusion preparation for animal 4 (Table 1), the number of CD8hCXCR5 T cells was 20-fold
greater than that of the nontransduced CD8 T cells, consistent with preferential
trafficking. Similarly, analysis of spleen samples from the other animals also detected
considerably more CD8hCXCR5 T cells than untransduced CD8 T cells (Fig. 6A).

Even though fewer infused cells were observed in lymph nodes, there was a
correspondingly greater frequency of CD8hCXCR5 T cells compared to untransduced CD8
T cells in these tissues as well. For example, flow cytometry of samples from an axillary
lymph node from animal 4 detected frequencies of 0.08% CTV� transductants versus

FIG 5 Detection of infused cells in lymphoid tissues. (A) Representative flow cytometry analysis for CTV and CTFR staining of T cells
isolated from of 48-h tissue samples from animal 4 with samples identified above each plot. (B) Thin-section confocal merged micrographs
of tissue samples from animal 4 with CTV� cells pseudocolored red (CD8CXCR5 T cells), CTFR� cells pseudocolored green (CD8 T cells), and
anti-CD20� cells pseudocolored blue (B cells). The T-cell zone/B-cell follicle interface is indicated by a white broken line. Untransduced
CTFR� cells are indicated with white arrows.
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0.01% for the CTFR� untransduced cells, corresponding to an approximately fivefold
greater presence of CD8hCXCR5 T cells after normalization (Fig. 5A and Table 1).
Preferential accumulation of CD8hCXCR5 T cells was observed in the four anatomically
distinct lymph nodes sampled, axillary, inguinal, bronchial, and mesenteric lymph
nodes (Fig. 6B). While mesenteric lymph nodes overall had high ratios of CD8CXCR5-to-
untransduced CD8 T cells, different lymph nodes from some animals had the highest
ratios, axillary lymph nodes in animal 1 and bronchial lymph nodes in animal 2.

Analysis of CD3� cells isolated from lung tissue samples, a nonlymphoid organ,
showed that, while the lung tissue samples also contained a higher frequency of CTV�

T cells than CTFR� T cells for nearly all of the animals (representative data from animal
4 in Fig. 5), the normalized ratios in lung were considerably lower than those of the

TABLE 1 Cell infusion parameters

Animal Wt (kg) CXCR5� cell counta Untransduced cell counta

1 8.2 4.25 � 109 2.41 � 109

2 6.4 2.77 � 109 0.66 � 109

3 9.6 1.34 � 109 0.88 � 109

4 6.4 4.37 � 109 2.16 � 109

5 5.9 4.72 � 109 1.43 � 109

6 5.7 4.22 � 109 1.81 � 109

aCell count of each culture used for the infusion mixture.

FIG 6 Summary of flow cytometry data detecting the relative presence of CD8hCXCR5 T cells versus untransduced
CD8 T cells. A graph of the ratios of CTV�-to-CTFR� staining cells observed by flow cytometry is presented. (A)
Results from lymphoid and nonlymphoid tissues from the six animals with the ratios for axillary, inguinal,
mesenteric, and bronchial lymph nodes averaged. (B) Results from the anatomically distinct individual lymph
nodes. All values were normalized for the ratios of the cell counts in the infusion mixture.
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lymphoid tissues (Fig. 6), indicating preferential accumulation of CD8hCXCR5 T cells in
secondary lymphoid versus nonlymphoid tissues (Fig. 6). Taken together, these flow
cytometry data are consistent with preferential targeting of CD8hCXCR5 T cells to
secondary lymphoid tissues containing B-cell follicles.

CXCR5 targets CD8 T cells into B-cell follicles. While our results demonstrate a
preferential localization of the infused CD8hCXCR5 cells to secondary lymphoid tissues,
flow cytometry itself cannot determine their localization within the tissue architecture.
To determine whether the CD8hCXCR5 T cells entered the B-cell follicles, the anatomical
localization of the CTV� stained transduced cells in tissues was examined using fluores-
cence confocal microscopy of frozen lymph node and spleen thin sections. In both
spleen and lymph node samples, the vast majority of the CTV� cells observed were
present within B-cell follicles (representative data from animal 4 in Fig. 5B). Consistent
with the flow cytometry data, there were more CTV� CD8hCXCR5 cells present in splenic
B-cell follicles than in lymph nodes in all of the animals (Fig. 5B). In all lymphoid
samples, the few CTFR� cells present, representing the untransduced CD8 T cells, were
observed almost exclusively in the T-cell zone and not inside the adjacent follicles (Fig.
5B). In contrast, while analyses of lung tissue samples, a nonlymphoid source, showed
more CTV� cells than CTFR� cells, there was no distinct localization of either cell type:
the cells appear to be distributed randomly (Fig. 5B).

To quantitatively evaluate the preferential localization of CD8hCXCR5 in B-cell follicles,
the distributions of fluorescently labeled cells were counted in 850-mm2 total area of
both spleen and lymph node tissue sections, and the ratios of cells localized within and
outside B-cell follicles were calculated for both the CTV� and CTFR� labeled cells. For
most samples, there were high ratios of CD8hCXCR5 inside the B-cell follicles compared
to extrafollicular sites with an average of approximately 120-fold-more cells inside B-cell
follicles (Fig. 7). Thus, CD8hCXCR5 T cells preferentially localized within the B-cell follicles,
being relatively absent from the surrounding T-cell zone. In contrast, the rare CTFR�

untransduced cells observed were situated almost exclusively outside the B-cell follicles
with a mean ratio of 0.15, or approximately sevenfold-more untransduced CD8 T cells
found outside the follicles than inside (Fig. 7). Taken together, our flow cytometry and
tissue analyses demonstrate that CD8hCXCR5 T cells preferentially localized into spleen
and lymph nodes with nearly all of those cells found within B-cell follicles.

Phenotype of CD8hCXCR5 T cells inside lymph nodes. While our results show that
CXCR5 expression is necessary for CD8 T-cell trafficking into B-cell follicles, its sole
sufficiency for entry is not clear. Given the intricate nature of the physiologic develop-

FIG 7 Preferential localization of CD8hCXCR5 T cells to B-cell follicles. A graph of the ratios for CTV� and
CTFR� cells inside versus outside B-cell follicles in 850 mm2 of total area for each animal observed by
thin-section fluorescence confocal microscopy analyses is presented. The tissues analyzed were mesen-
teric lymph nodes (animals 1, 3, 5, and 6), axillary lymph nodes (animals 1, 5, and 6), an inguinal lymph
node (animal 4), bronchial lymph nodes (animals 1, 4, and 5), and spleen (animals 1, 4, and 5).
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ment of TFH and their entry into B-cell follicles, the follicular targeting of CD8hCXCR5 T
cells derived from bulk CD8 T cells could require expression of other proteins acting as
cofactors. Two proteins associated with post-CXCR5 expression of TFH entry into and
maintenance within B-cell follicles are PD-1, which is tightly correlated with both TFH

and CXCR5� CD8 T-cell trafficking (27, 32), and ICOS which has been proposed as a key
molecule for entry (39). As presented above in Fig. 3, both the CD8hCXCR5 and untrans-
duced CD8 T-cell cultures contained mostly ICOS� cells with 16% of the cells being
PD-1�/ICOS�. However, flow cytometry analysis of both spleen and lymph node
necropsy tissue samples showed that the majority of the CXCR5� transductants present
were ICOS� and PD-1� (Fig. 8, representative data for animal 4). The frequencies of
CD8hCXCR5 T cells with a memory phenotype (CD28�/CD95�) were similar (data not
shown) to those of the preinfusion cultures (Fig. 3). The absence of PD-1 in the infused
CD8hCXCR5 cells that localized to follicles suggests that this protein was either down-
regulated or selected against on the CD8hCXCR5 T cells that successfully entered the
follicles. In contrast, the maintenance of ICOS in the CD8hCXCR5 cells trafficking to B-cell
follicles is consistent with the previously described role of ICOS as a necessary cofactor
for normal TFH entry into B-cell follicles (39) and suggests that this cofactor could also
play a yet undefined role in the CXCR5-forced targeting of CD8 T cells into follicles.

CXCR5 transductants migrate to follicular regions containing SIV-infected cells.
Our ultimate goal in CXCR5-mediated targeting of CD8 T cells to B-cell follicles is to
direct antiviral cytotoxic CD8 T cells to these sites to mediate effective viral suppression
and/or clearance of infection in this sanctuary site. B-cell follicles have subregions,
particularly light and dark zones, through which TFH specifically traffic in association
with follicular B cells (49). To determine whether the CD8hCXCR5 T cells have access to
the same follicular regions as SIV-infected TFH, we used a duplex amplified in situ
hybridization (ISH) technique to visualize the presence of both vector-transduced and

FIG 8 Maintenance of ICOS expression in CD8hCXCR5 T cells. Representative flow cytometry analysis plots
for ICOS and PD-1 expression in CD3� T cells isolated from spleen and lymph node samples from animal
4 are presented. Gating for endogenous CTV� CD4� (top) and CTV� CD8hCXCR5 T cells (bottom) cells are
denoted above each plot.
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SIV-infected TFH cells in the follicle (9, 50). Thin tissue sections of lymph nodes were
hybridized to two sets of double-Z probes, one specific for SIV RNA (shown in red) and
another specific for the MuLV-derived sequences present in our CXCR5 retroviral vector
(shown in yellow) (Fig. 9). The micrographs revealed the presence of punctuate red
staining in the interstitial spaces around the cells, primarily in the light region/germinal
center (Fig. 9A). Inspection at a higher magnification reveals that this viral RNA staining

FIG 9 Duplex ISH detection of CD8hCXCR5 T-cell and SIV-infected cells in B-cell follicles. Representative
duplex ISH analysis of thin tissue sections with retroviral vector RNA probe-hybridizing cells in black
(examples highlighted with yellow arrows) and SIV hybridization in red (examples of red-staining cells
highlighted with red arrows), with the T-cell zone/B-cell follicle border indicated by a broken black line.
(A) Lymph node sample with an example of close proximity between infected and CD8hCXCR5 T cells
boxed in white. (B) Magnification of the boxed lymph node area with a green arrow indicating an
example of the presence of individual virions. (C) Spleen sample.
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is made up of distinct small dots, each resulting from individual SIV virions present in
the follicle (Fig. 9B) as detected by our highly sensitive hybridization technique (9). The
vector-expressing cells were distributed throughout the B-cell follicle, including the
light and dark zones (some highlighted with yellow arrows [Fig. 9]). ISH of tissues
from different sections of the gut (ileum, cecum, and transverse colon) detected
somewhat less CXCR5 transductants as well as infected cells in Peyer’s patches and
lymphoid aggregates from animals 1 and 6 (data not shown). Overall, the localiza-
tion of the CXCR5 transductants was not obviously limited to any subregion of the
follicle. Importantly, although we infused bulk CD8 cells that were not selected for
SIV-specific cells, in several fields, some CD8hCXCR5 T cells colocalized in close
proximity to SIV-infected cells, demonstrating that they can access the regions of
the follicle that contain infected TFH.

DISCUSSION

Here we show that engineering unselected PBMC-derived CD8 T cells to express
CXCR5 results in their preferential localization to B-cell follicles in both spleen and
lymph nodes, with approximately 120-fold-more CD8hCXCR5 T cells localizing to B-cell
follicles than to the surrounding T-cell zone in secondary lymphoid tissues. It is unlikely
that our engineered CD8hCXCR5 T cells enter B-cell follicles in the same complex
antigen-specific differentiation-linked mechanism used by native TFH, where CXCR5� B
cells tow their cognate TFH into the follicles. Indeed, even though our experimental
design used unselected CD8 T cells, the infused CD8hCXCR5 T cells, being derived from
infected animals, included low, but clearly present frequencies of SIV-specific T cells
detected by flow cytometry with a tetramer specific for the immunodominant
MamuA*01-restricted SIVGagCM9 epitope (approximately 0.5 to 1% SIVGag CM9� [data
not shown]). However, these SIV-specific cells, which were a minor fraction of the
infused cells, were not detected in flow cytometry analyses of either spleen or lymph
node necropsy samples (data not shown) and therefore inconsistent with antigen-
driven localization. Instead, the trafficking was more likely due to direct entry into B-cell
follicles by CXCL13-driven chemotaxis, similar to B-cell entry (31–33).

While our results demonstrate that CXCR5 is necessary for preferential localization of
unselected CD8 T cells, we cannot conclude that CXCR5 is sufficient for entry of the cells
into the follicles. Indeed, the maintenance of ICOS on nearly all of the transduced cells
is consistent with its proposed role in the de novo TFH differentiation/entry pathway,
suggesting that ICOS coexpression might also be required for effective CXCR5-
mediated targeting of CD8 T cells to B-cell follicles. In contrast, the CD8hCXCR5 T cells
localized to B-cell follicles were uniformly PD-1�, suggesting that this factor was
dispensable for trafficking.

Other adoptive transfer studies relying on longer, more extensive in vitro selection
and expansion of naturally occurring SIV-specific T-cell clones in culture rather than the
limited ex vivo expansion made possible by engineering T cells presented here have
observed no detectable persistence in either blood or tissues other than the lung (47,
48). Recently, we applied T-cell engineering techniques to express CCR7/CD62L on T
cells and observed limited, but unequivocal trafficking to lymph nodes and avoidance
of the lung, demonstrating targeting of infused T cells to lymphoid tissues in a
nonhuman primate system (43). Here, we extend this concept with cells that had less
extensive expansion ex vivo than used in our prior CCR7/CD62L study, and we observed
greater frequencies of infused cells in the secondary lymphoid tissues. Our ongoing
efforts are focused on increasing the numbers of localizing CD8hCXCR5 T cells and their
persistence potential by optimizing CXCR5 transduction procedures and cell culture
conditions with the goal of minimizing the ex vivo culture/expansion manipulations.

The ability to directly place CD8 T cells into B-cell follicles theoretically allows for the
localization of antiviral CD8 T cells into this otherwise immune privileged site (11).
Other groups have observed in vivo trafficking and antiviral activity of native CXCR5
CD8 T cells in mice. Recently, Leong et al. isolated CXCR5� CD8 T cells from mice
expressing a transgenic TCR specific for lymphocytic choriomeningitis virus (LCMV)
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which entered B-cell follicles when infused into chronically infected CXCR5�/� knock-
out mice and reduced LCMV levels in TFH twofold (12). In the same report, adoptive
transfer of endogenously derived CXCR5� CD8 T cells engineered with a TCR specific
for the B-cell-tropic murid herpesvirus-4 (MuHV-4) also homed to follicles and reduced
the levels of MuHV-4 by fivefold. Furthermore, He et al. observed that anti-LCMV
CXCR5� CD8 T cells were present in chronically infected mice, but not in acutely
infected mice. Transfer experiments demonstrated a requirement for CXCR5 expression
for CD8 T-cell entry and a reduction in the LCMV viral load of 3 orders of magnitude
(13). These adoptive transfer experiments in mice highlight the potential for placing
effective AIDS virus-specific CD8 cytotoxic T lymphocytes (CTLs) into B-cell follicles to
reduce infection in these viral sanctuaries.

One obstacle to this approach is the relatively low frequency of naturally occurring
antiviral CD8 T cells, which require extensive expansion in culture to generate sufficient
numbers of cells for infusion with its attendant poor persistence of adoptively trans-
ferred cells in lymphoid tissues (47, 48). To overcome this limitation, we have developed
an approach for transferring TCRs isolated from highly effective virus-suppressing T-cell
clones by retroviral transduction (51–53). Large-scale transductions with these vectors
can rapidly transfer well-characterized, functional antiviral TCR specificities into large
numbers of T cells, thereby generating large and effective CD8 T-cell responses for
adoptive transfer experiments (43, 51, 53). Recently, we observed an antiviral effect by
infusing engineered SIV-specific T cells in conjunction with SIV inoculation, manifested
in a reduction of the number of transmitted/founder viruses in an acute infection model
(43). Preliminary experiments combining this TCR engineering approach with the
CXCR5-mediated targeting demonstrated here are testing the feasibility of designing
CD8 T cells with both effective antiviral TCR specificities and CXCR5-mediated B-cell
follicle targeting to place CD8 T cells with effective antiviral properties into these
follicular AIDS virus sanctuaries. Importantly, success in these SIV/rhesus macaque
studies could be translatable to a clinical immunotherapeutic aimed at reducing
persistent virus present in cART-treated patients (54).

MATERIALS AND METHODS
Rhesus macaques. Six MamuA*01 Indian rhesus macaques (Macaca mulatta), chronically infected

with SIVmac239, were cared for and housed at the National Cancer Institute (NCI) in Bethesda, MD. All
animal care and procedures, including infusions, blood draws, tissue biopsy specimens, and euthanasia/
necropsy were carried out under protocols approved by the NCI Institutional Animal Care and Use
Committee. Macaques were caged individually to reduce the risk of transmission of SIV or other viruses.
All clinical procedures, including administration of anesthesia and analgesics, were carried out under the
direction of a laboratory animal veterinarian. Steps were taken to ensure the welfare of the animals and
minimize discomfort of all animals used in this study. Animals were closely monitored daily for any signs
of illness, and appropriate medical care was provided as needed. NCI and Frederick National Laboratory
are accredited by AAALAC International and follow the Public Health Service Policy for the Care and Use
of Laboratory Animals (55). Animal care was provided in accordance with the procedures outlined in the
Guide for Care and Use of Laboratory Animals (56).

Cell culture. Primary rhesus T cells were expanded and maintained as previously described (47, 57,
58) in RPMI 1640 medium supplemented with 10% (vol/vol) fetal bovine serum (Gemini Bio Products), 10
mM HEPES buffer, 2 mM glutamine (Life Technologies), interleukin-2 (IL-2) (50 IU/ml; NIH AIDS reagent
repository), penicillin (100 �g/ml; Life Technologies), and streptomycin (100 �g/ml; Life Technologies).
Cells were expanded through biweekly stimulation with anti-CD3 (30 ng/ml; clone SP34-2; BD Biosci-
ences), IL-2 (50 IU/ml), irradiated human peripheral blood mononuclear cells (PBMC). and an Epstein-Barr
virus transformed B-cell line (TM B-LCL) (47, 57, 58).

CXCR5 vector construction and production. The human CXCR5 gene was cloned from cDNA
prepared from RNA isolated from anonymous donor PBMC. The CXCR5 gene was sequenced and found
to match the human coding sequence previously published in GenBank (accession no. NM_001716.4)
except for a nucleotide difference at codon 334 (TCG-TTG) in the unprocessed protein resulting in a
serine-to-leucine difference with the reference sequence. The CXCR5 vector DNA construct was produced
by inserting the CXCR5 gene into a modified MSGV1 vector at PacI (the NcoI at nucleotide 1813 of MSGV1
removed and replaced with a PacI site) and EcoRI (59). Retroviral vectors were generated by transfecting
vector constructs into Phoenix-RD114 packaging cells (60).

Flow cytometry. The antibodies used in flow cytometry were as follows: CD3 (SP34-2), CD45 (HI30),
CD4 (OKT4), CD8 (SK1), CCR7 (3D12), CD28 (CD28.2), CD95 (DX2), and CXCR4 (12g5) [all from BD
Biosciences]; human CXCR5 (J252D4), PD-1 (EH12.h7), and ICOS (C398.4a) from BioLegend; and rhesus
macaque CXCR5 (MU5UBEE) from eBioscience. More than 100,000 events were acquired on a BD LSRII or
Fortessa flow cytometer (BD Biosciences). Complete blood cell counts were monitored using BD
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TruCount tubes (BD Biosciences) on a BD FACSVerse analyzer (BD Biosciences). Data analysis was
performed using FCS Express 4 (De Novo Software). For flow cytometry analysis, lung tissue was prepared
by a preliminary collagenase digestion, followed by mechanical disruption to isolate mononuclear cells.

CXCR5 transduction. Transductions of CD8 T cells with CXCR5 retroviral vector supernatants were
carried out as previously described (61). Supernatants containing retroviral vector were loaded onto
retronectin (TaKaRa/Clontech, Inc.)-coated six-well non-tissue-coated plates (treated with 20 �g/ml) and
centrifuged at 2,000 � g for 2 h at 32°C. Half of the vector supernatant was removed, and 1 � 106

stimulated T cells were added per well. The cells were then centrifuged at 2,000 � g for 15 min at 32°C
followed by incubation at 37°C for 48 h before flow cytometric analysis for CXCR5 expression to
determine transduction efficiency. After staining with either CD8 or CXCR5 phycoerythrin (PE)-
conjugated antibody, cells were sorted with anti-PE paramagnetic beads and LS columns (Miltenyi
Biotech, Inc.).

ERK1/2 phosphorylation analysis. CXCR5-mediated ERK1/2 signaling was examined by immuno-
blotting as previously described (61). Briefly, the levels of ERK1/2 and phosphorylated ERK1/2 (pERK1/2)
were measured in lysates produced from 2 � 106 CD8 T cells using phosphorylation-specific antibodies
following stimulation with 2 �g/ml of human CXCL13 (ProSpec) for 3, 15, 30, and 60 min in serum-free
medium. The cells were harvested by centrifugation at 10,000 � g for 1 min. The cell pellets were lysed
with Pierce immunoprecipitation (IP) lysis buffer containing 1� Halt protease and phosphatase inhibitor
cocktail (ThermoScientific) on ice for 30 min. The nuclear fraction was separated from the cytosolic lysate
by centrifugation for 10 min at 10,000 � g, and the supernatant was transferred to a new tube. Prior to
SDS fractionation, Laemmli sample loading buffer (62) was added to the lysates at a final concentration
of 2�, and samples were boiled for 5 min. Samples were analyzed by quantitative near-infrared
immunoblotting (63) with modifications using phospho-ERK1/2 (pERK1/2)-specific rabbit antiserum
(ab4819; Abcam; at a 1:1,000 dilution) and an ERK1/2-specific mouse monoclonal antibody (66192-1-Ig;
Proteintech Group, Inc.; at a 1:5,000 dilution) followed, after washing, by two-color detection with
anti-mouse IRDye 680LT and anti-rabbit IRDye 800CW fluorescently labeled donkey secondary antibodies
(LI-COR) and then analyzed after washing with an Odyssey infrared imaging system (LI-COR) using a laser
intensity of between 1 and 5. The signal densities of bands were measured by the Odyssey 3.0
application software.

In vitro chemotaxis assay. Chemotaxis was measured using transwell inserts (5-�m pore size) on a
24-well plate (Costar). The upper and lower chambers were filled with serum-free media. A total of
200,000 cells were added to the upper chamber, and the cells were allowed to settle for 1 h. Then 1
�g/ml CXCL13 (PROSPEC) was added to the lower chamber, and cell migration was measured by
counting the cells in the lower chamber 3 h after the addition of CXCL13. Specific cell migration was
calculated by subtracting the number of cells migrating in the absence of chemokine from the number
of cells migrating in the presence of chemokine and then calculating the ratio of cells in the lower
chamber relative to the number of input cells.

Adoptive T-cell transfer. CD8 T cells from each animal to be infused were labeled with either 5 �M
CellTrace violet (CTV) (Life Technologies) for the CXCR5 transductants or 5 �M CellTrace far red (CTFR)
for the matching untransduced cells, resuspended in 50 ml saline solution and 2% (vol/vol) autologous
serum, and infused into the femoral vein (flow rate of 2 ml/min) as previously described (47, 48). To
monitor the transfer of cells, a 15-min postinfusion sample was collected from the femoral vein.
Macaques were administered IL-2 subcutaneously (104 international units [IU]/kg of body weight) on the
day of infusion and the day following infusion. The numbers of infused cells and weights of animals are
provided in Table 1.

Confocal microscopic tissue analysis. Briefly, Tissue-Tek OCT frozen tissue sections were placed in
4% paraformaldehyde-water (vol/vol) for 15 min at 4°C, followed by a brief submersion in ethanol and
air drying. To visualize B-cell follicles, fixed sections were incubated in a 1:500 dilution of anti-CD20
(catalog no. 3807; Dako, Aligent Pathology Solutions) in Tris-buffered saline (Boston Biosciences) with
0.05% Tween 20 (vol/vol) and 0.25% casein (wt/vol) for 1 h at room temperature (RT) and then incubated
in a 1:500 dilution of Alexa Fluor 594-conjugated donkey anti-rabbit secondary antibody for 15 min at
RT. Slides were rinsed and mounted with Gold Seal cover glass with a thickness of 1.5 (Electron
Microscopy Services) using Prolong Gold mounting medium (Invitrogen). Regions of interest were
acquired using an Olympus Fluoview FV10i system at a magnitude of 600. The transduced (CTV�) and
untransduced (CTFR�) cells present in 850 mm2 of combined fields were counted. Preferential localiza-
tion of either CTV� or CTFR� cells is expressed as the ratio of the cell counts within follicles to those
without follicles. Cumulative fields with no cells present for a particular category are assigned our limit
of detection, �1 cell. A total of 3 spleen and 11 lymph node samples taken from five animals were
examined.

Duplex SIV RNA and MuLV vector in situ hybridization. Simultaneous visualization of both SIV
RNA and the MuLV regions of the expressed vector RNAs in all animals, lymph nodes, and spleen tissues
was performed as previously described (9). SIV RNA was visualized by hybridization to an alkaline
phosphatase-conjugated RNA probe and MuLV vector RNA with a horseradish peroxidase-conjugated
probe. Bright-field images were acquired and extracted using the APERIO AT2 digital scanning system
(Leica Biosystems) after scanning the slides at high-resolution and �400 magnification settings.
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