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ABSTRACT HIV-1 transmission occurs mainly through mucosal tissues. During mu-
cosal transmission, HIV-1 preferentially infects «,3," gut-homing CCR7~ CD4* effec-
tor/effector memory T cells (Tg,,) and results in massive depletion of these cells and
other subsets of Tg,, in gut-associated lymphoid tissues. However, besides being
eliminated by HIV-1, the role of Tg,, during the early stage of infection remains in-
conclusive. Here, using in vitro-induced «,B," gut-homing Tgy (85" Teyw), we
found that a,B," Tg\ differentiated into CCR7+ CD4™" central memory T cells (Tcy,).
This differentiation was HIV-1 independent but was inhibited by SB431542, a specific
transforming growth factor B (TGF-B) receptor | kinase inhibitor. Consistently, Tgy,-to-
Tcm differentiation was observed in a, B, Ty stimulated with TGF-B1 (TGF-B). The
Tem properties of the TGF-B-induced Tgy,-derived Tey, (a,B," Tcp) were confirmed
by their enhanced CCL19 chemotaxis and the downregulation of surface CCR7 upon
T cell activation in vitro. Importantly, the effect of TGF-B on T, differentiation also
held in Tg,, directly isolated from peripheral blood. To investigate the significance of
the TGF-B-dependent Tgy,-to-T¢,, differentiation in HIV/AIDS pathogenesis, we ob-
served that both productively and latently infected a,B," Ty could differentiate
from a,B," Tgy in the presence of TGF-B during HIV-1 infection. Collectively, this
study not only provides a new insight for the plasticity of Tg,, but also suggests that
the TGF-B-dependent Tgy,-to-Tc,, differentiation is a previously unrecognized mecha-
nism for the formation of latently infected T, after HIV-1 infection.

IMPORTANCE HIV-1 is the causative agent of HIV/AIDS, which has led to millions of
deaths in the past 30 years. Although the implementation of highly active antiretro-
viral therapy has remarkably reduced the HIV-1-related morbidity and mortality,
HIV-1 is not eradicated in treated patients due to the presence of latent reservoirs.
Besides, the pathogenesis in CD4 T cells early after infection still remains elusive. Im-
mediately after HIV-1 mucosal infection, CD4 T cells are preferentially infected and
depleted. However, in addition to being depleted, the other roles of the CD4 T cells,
especially the effector/effector memory T cells (Tg,,), in disease progression are not
completely understood. The significance of this study is in revealing a novel mecha-
nism for the formation of latently HIV-1-infected central memory CD4 T cells, a ma-
jor latent reservoir from CD4 T, after infection. Our findings suggest previously un-
recognized roles of CD4 Tg,, in HIV-1 pathogenesis.
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n cervicovaginal tissues, which serve as the portal of human immunodeficiency virus

type 1 (HIV-1) entry, more than 90% of CD4 T cells are CCR7~ CD4+ effector/effector
memory T cells (Tg,,) (1). Due to the high expression of CCR5 and integrin a4, (a4f3,),
Tems especially those residing within the cervicovaginal tissues, are highly susceptible to
HIV-1 infection (1-3). In fact, Tgy, are preferentially depleted in the human gastrointes-
tinal tract during infection (4, 5). Under these circumstances, Tg,, might be among the
first target cells infected by HIV-1 after heterosexual transmission and might play an
important role in determining the disease progression.

Tem and CCR7* CD4* central memory T cells (T,,) represent the two major CD4
memory T cell subsets in humans (6). The expression of CCR7 not only distinguishes Ty,
from Tg,, but also guides T cell exit from peripheral tissues to lymphatics (7, 8).
Although the phenotype and migration pattern of T¢,, and Tg,, have been character-
ized, the lineage relationship of T,, and Tg,, has yet to be resolved. A previous study
indicated that T cell receptor (TCR) stimulation results in CCR7 downregulation and Tg,,
differentiation from human T,, (6). The Ty,-to-Tgy, transition has also been observed
in rhesus macaques under interleukin-15 (IL-15) therapy (9). In contrast, two indepen-
dent studies suggested that CCR7 is expressed on anti-CD3/CD28-stimulated human
Tewm in vitro (10, 11). However, other mechanisms that can regulate the expression of
CCR7 on Tg,, remain largely unknown.

The major obstacle for HIV-1 eradication is the presence of a small reservoir of
latently infected cells (12). These cells contain a transcriptionally silent provirus and
produce new infectious progeny upon cellular activations (13, 14) and treatment
interruption (15). Ty, have been recognized as the major HIV-1 latent reservoir (16).
However, it is not clear how these latently infected T, are established. A recent in vitro
study using DuoFluo |, a dual-reporter pseudovirus, suggested that HIV-1 latency can
establish in both resting and activated CD4 T cells immediately after infection (17). In
addition, an in vivo macaque study has further demonstrated that latent reservoirs can
be established within a few days after simian immunodeficiency virus (SIV) infection
(18). Given that Tg,, are preferentially infected by HIV-1, we hypothesize that the
differentiation of mucosal T, to Ty through induction of CCR7 expression may
represent a possible mechanism for the formation of latently infected Tc,, early after
infection.

Transforming growth factor 81 (TGF-B1; TGF-B) is an immunosuppressive cytokine
which suppresses T cell proliferation and induces regulatory T cell differentiation (19,
20). Recent studies have revealed that TGF-f also plays important roles in promoting
proinflammatory T helper 17 (Th17) and T helper 9 (Th9) differentiation (21, 22).
Moreover, TGF-B promotes survival of activated T cells and regulates T cell homing (23,
24). In regard to CCR7, TGF-B has been found to increase CCR7 expression on
antigen-activated memory CD8 T cells and breast cancer cells that are undergoing
epithelial-mesenchymal transition (25, 26). Interestingly, a recent study in rhesus
macaques revealed that the genes downstream of the TGF-8 signaling pathway are
upregulated in SIV RNA-positive tissues as early as 1 day after infection (27). This
result suggests that TGF-B might be produced immediately after HIV-1 infection
and might subsequently regulate the differentiation and migration of Tg,, through
regulating CCR7 expression.

Gut-homing a,B," CD4 T cells, the highly HIV-1-susceptible cells readily found in
the gut and mucosal tissues, could be induced by retinoic acid (RA) in vitro (2, 28). In
this study, we developed an allogeneic T cell activation method to generate gut-
homing a,B," Tey (@4B5™ Tew) that were susceptible to HIV-1 infection for investigat-
ing the role of these cells in HIV-1 infection. Using this model, we discovered that a
proportion of HIV-1-infected «,B," Tgy could upregulate CCR7 and become Ty,
through TGF-B stimulation. This mechanism was also observed in Tg,, directly isolated
from peripheral blood. This study suggests the previously unrecognized roles of «,,"
Tewm in the establishment of latently infected Tc,, after HIV-1 infection.
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RESULTS

Characterization of a,B,% yemT and a,B,* Tgy. Previous studies demonstrated
that gut-homing «,B,* CD4 T cells could be induced in vitro by stimulating T cells with
anti-CD3 antibody and phytohemagglutinin (PHA) in the presence of RA (2, 28).
Although both anti-CD3 antibody and PHA have been widely used to stimulate CD4 T
cells for HIV-1 studies, the use of anti-CD3 antibody for large-scale T cell activation is
not cost-effective and the cells activated by PHA might be functionally impaired (29).
During sexual intercourse, T cells may be allogeneic activated and become susceptible
to HIV-1 infection. We therefore developed an in vitro allogeneic T cell activation
method to induce a,B,% gut-homing memory CD4 T cells (a,B5" yemT) for investi-
gating HIV-1 pathogenesis.

a,B;% memT Were generated by coculturing CD4 T cells with gamma-irradiated
RPMI8866 cells in the presence of IL-2, IL-15, and RA followed by the enrichment of
CD45RO™ cells. RPMI8866 is a human Epstein-Barr virus (EBV)-transformed B lympho-
blastoid cell line which can significantly enhance the proliferation of cocultured T cells
(30). A detailed cell preparation method is illustrated in Fig. TA. By this method, about
95% (95.7% = 0.4%) (data not shown) of CD4 T cells were CD45RO* memory T cells on
day 8. Integrin a4 (a4) and integrin B7 (B7) were expressed on 97.3% (97.3% = 0.3%)
and 89.3% (89.3% = 0.9%) of CD45RO*+ CD4 T cells, respectively (Fig. 1B). These results
suggest that about 90% of the cells coexpressed a4 and B,. The function of «,3, was
further confirmed by its binding affinity toward its native ligand, mucosal vascular
addressin cell adhesion molecule-1 (MAdCAM-1) (Fig. 1C). Besides, HIV-1 coreceptor
CCR5 was expressed on 30 to 60% (50.4% = 4.0%) of B7+ CD45RO™ cells. Compared
with the conventional PHA plus IL-2 T cell stimulation method, our in vitro allogeneic
activation method induced 2.9-fold more CCR5™* cells in the 7+ CD45RO™ cells (Fig.
1Di). In particular, the mean fluorescence intensity (MFI) of CCR5 was also significantly
higher on the allogeneic activated CD45RO™ cells (Fig. 1Dii). The role of allogeneic
stimulation in the generation of a,B," yemT Was also studied. In the presence of
gamma-irradiated RPMI8866 cells, more CD45RO* cells were induced on day 6 (Fig. 1E
and Fi). Importantly, both the percentage and the MFI of a4, 37, and CCR5 expression
on the CD45RO* CD4 T cells were all increased in the allogeneic activated cells (Fig. 1E
and Fii and iii). The significantly reduced MFI of a4 and 7 in the absence of gamma-
irradiated RPMI8866 cells suggests that the allogeneic stimulation is necessary for the
generation of a,B," \emT (Fig. TFiii).

In order to increase the yield of Tg,, for our study, the kinetic changes of CCR7
expression in CD45RO* CD4 T cells were examined. A time-dependent increase in the
percentage of Tg,, was observed from day 6 to day 11 (Fig. 2A and Bi and ii). As a result,
we determined to isolate the a,B," Tgy from a,B," yemT on day 11. To prepare the
a5, Tem for this study, CCR7~ Tg,, were purified from a,B8," memT by depleting the
CCR7™ cells using negative selection. To avoid false-positive results due to CCR7 ™ Ty,
contamination, only Tg,, with a purity of greater than 99% (mean purity, 99.3%) were
used. As shown in Fig. 2C, a4 and 7 were expressed on 100.0% (100.0% = 0.02%) and
97.1% (97.1% = 0.6%) of a,B," Ty, respectively. CCR5 was expressed on about 70%
(72.5% = 2.2%) of B7*+ CD45RO™* cells (Fig. 2D). A representative result showing the
expression of CD45R0, CCR7, B7, and CCR5 on «,B," Tgy, is illustrated in Fig. 2D. These
results suggest that our method induces «,f3,- and CCR5-coexpressing CD4 Tgy,.

a,pB,+ Ty differentiate into p24+ T, after HIV-1 infection. To investigate the
phenotypic change of Tg,, after HIV-1 infection, a,8," Tgy were challenged with live
replicating CCR5-tropic HIV-1g,,5,. Within the CD3* CD8~ T cell population, we found
that CD4 and CCR5 expression was reduced after infection (Fig. 3Ai and ii). The loss of
these two receptors was mediated by HIV-1 because it was prevented by the entry
inhibitor maraviroc. These findings demonstrate that «,B3," Tg, are susceptible to
HIV-1 infection.

A previous study demonstrated that HIV-1 downregulates CCR7 on T, through its
Vpu protein (31). However, the effect of HIV-1 infection on CCR7 expression in Ty,
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FIG 1 Characteristics of a,B,"
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remains undetermined. To study this, expression of CCR7 on CD3* CD8™ w,f3," Tem
was measured 6 days after HIV-14 55, infection. Surprisingly, CCR7 was upregulated on
both uninfected and infected a,B," Tgm. The expression of CCR7 was HIV-1 indepen-
dent because blockade of infection by maraviroc did not inhibit CCR7 expression (Fig.
3Bi). In addition to the CCR7~ subset of a8, Tew, P24 expression was also found in
the CCR7™" subset, although the percentage of p24-positive (p24™) CCR7 " cells was
significantly lower than that in Tg,, (Fig. 3Bi and ii). Phenotypically, like a,8," Tem
HIV-1-infected o,B," T, either p24™ or p24-negative (p24-) subsets, also showed a
downregulation of surface CCR5 (Fig. 3Biii). These results not only demonstrate that
B, Tem can differentiate into Ty, (B, Tew) through CCR7 upregulation but also
reveal that a,B," Tcw can harbor replicating HIV-1 after infection.

Differentiation of a,f,% Ty from «,B,* T is TGF-B dependent. CCR7 ex-
pression on CD4 Tg,, can be induced upon activation with anti-CD3/CD28 (10, 11). In
comparison, there was no immediate anti-CD3/CD28 stimulation in our experimental
setting, although the a,B," Ty, were allogeneic activated. As a result, we speculated
that mechanisms other than anti-CD3/CD28 stimulation might be responsible for the
differentiation of a,B3," Tcy from a,B," Tep.

The mechanism underlying the upregulation of CCR7 on «,f3," Tg,, in the absence
of HIV-1 was examined. As a,3," Tgy were cultured in the presence of IL-2 and IL-15,
the effects of these two cytokines were first evaluated. By culturing the a,8," Tgy, in
the presence of IL-2, IL-15, or both cytokines for 7 days, we found that neither IL-2 nor
IL-15 was essential for CCR7 upregulation (Fig. 4A). As shown in Fig. 2D, about 70% of
B, Tepm coexpressed B7 and CCR5, suggesting that the majority of a,B," Ty were
of the T helper 1 type, which produces interferon gamma (IFN-v) (32). Indeed, IFN-y was
detectable in the a,B," T, culture supernatants obtained on day 7 (concentration of
IFN-y, 2163 = 533.5 pg/ml; donors = 4). Since IFN-vy has been reported to induce CCR7
expression in dendritic cells, we evaluated whether this cytokine would have a similar
effect on a8, Tgym (33). Using blocking antibody, however, we found that IFN-y had
no significant effect on CCR7 expression in a,B," Tey (Fig. 4B).

We then investigated the role of TGF-B because it increases CCR7 expression on
antigen-activated memory CD8 T cells and breast cancer cells undergoing epithelial-
mesenchymal transition (25, 26). The susceptibility of a,B," Tg, toward TGF-B was
confirmed by the surface expression of TGF-B receptor Il (Fig. 4C). Interestingly, when
auB," Tem were cultured with recombinant human TGF-B, CCR7 was significantly
upregulated as soon as 1 day after TGF- stimulation. The increase of CCR7 expression
was found to be in a dose- and time-dependent manner (Fig. 4D and E).

To validate that the role of TGF-B in inducing CCR7 expression on Tg,, was not
restricted to our in vitro-induced a,B3," Tgy, CCR7~ CD4 T cells directly isolated from
peripheral blood were stimulated with TGF-B in the presence of IL-2 and IL-15.
Consistently, CCR7 was upregulated on CCR7~ CD45RA~ CD4 T, by TGF-B (Fig. 4Fi).
Interestingly, in the absence of IL-2 and IL-15, CCR7 was also upregulated on Tg,, by
TGF-B, despite a slower expression kinetics and lower expression level (Fig. 4Fii).

In the experiments whose results are shown in Fig. 3Bi, CCR7 was upregulated on
a,B," Tgym even in the absence of exogenous TGF-B. In order to find out the source of
TGF-B in our cell culture system, the presence of TGF-B-positive cells, which were

FIG 1 Legend (Continued)

a,B," memT Was quantified by flow cytometry (donors = 3). (D) The expression of 87 and CCR5 on the CD45RO* CD4 T cells generated by
either the conventional PHA-IL-2 method or the in vitro allogeneic T cell activation method mentioned above was measured by flow
cytometry. (i) Percentage of B7+ CCR5* cells in PHA-IL-2-activated CD4 T cells and a,," yemT (donors = 8). (i) MFI of CCR5 expression on
PHA-IL-2-activated CD4 T cells and a8, pemT (donors = 8). Purified CD4 T cells treated with IL-2, IL-15, and RA were cultured in the presence
or absence of gamma-irradiated RPMI8866 cells for 6 days. The phenotypes of the cells were analyzed by flow cytometry before CD45RO*
cell enrichment. (E) Representative histograms show the expression of CD45RO on CD4 T cells and the expression of a4, 87, and CCR5 on
CD45RO* CD4 T cells (donors = 4). The shaded histogram represents the isotype control. (F) (i) Percentage of CD45RO* CD4 T cells cultured
in the presence or absence of gamma-irradiated RPMI8866 cells (donors = 4). (ii and iii) Percentage (ii) and MFI (iii) of a4, B7, and CCR5 on
CD45RO* CD4 T cells cultured in the presence or absence of gamma-irradiated RPMI8866 cells (donors = 4). Data are expressed as the

mean = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 2 Characteristics of a,B," Tg,, isolated from «,B,* yemT- Purified CD4 T cells were cultured in the presence of gamma-irradiated
RPMI8866 cells plus IL-2, IL-15, and RA. The phenotypes of the cells were analyzed by flow cytometry on day 6, day 8, and day 11 after
CD45RO* cell enrichment. (A) Representative flow cytometric analysis (donors = 8) shows the expression of CD45RO and CCR7 on
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analyzed by flow cytometry. (C) Percentage of a4+ and B7* a,B,* Ty, on day 11 (donors = 10). (D) Representative flow cytometric
analysis (donors = 10) shows the expression of CD45RO, CCR7, integrin 37, and CCR5 on a,f3," Ty The positive cells were defined using
the corresponding isotype controls. SSC, side scatter; FSC, forward scatter. Data are expressed as the mean * SEM. **, P < 0.01; ***, P <
0.001.

defined as latency-associated peptide (LAP)-positive (LAP™) cells, was measured by flow
cytometry (34). Although a small frequency of LAP™ cells was found in a,B," Tgy
freshly isolated from «,B," pemT, NO correlation between their presence and the
percentage of a,3," Tcyw generated after an additional 7 days of culture was observed
(Fig. 4G). To investigate whether CCR7 expression would be affected by signaling
through the TGF-B receptor (TGF-BR) in the absence of exogenous TGF-f3, the specific
inhibitor of TGF-BRI kinase, SB431542, was tested. About 40% (43.4% =+ 3.1%) fewer
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antibody was used as a control. (C) A representative histogram shows the expression of TGF-BRIl on CD3+ CD8~ CD4* a,f3," Tgy, on the day of a,B," T
isolation (donors = 8). (D) Gating strategy used to identify the CD3+ CD4* CD45RA~ «,f3," Ty and CD3* CD4+ CD45RA~ CCR7* T, in the assays whose
results are shown in panels E and Fi and ii. A representative flow cytometric analysis shows the expression of CCR7 on a,B," Ty stimulated with 1 ng/ml
TGF-B for 7 days. The positive cells were defined using the corresponding isotype controls. (E) a,B," Ty Were isolated and cultured in the presence
(Continued on next page)
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FIG 5 Central memory T cell properties of a,3," Tey. (A) a,B," Tgy, either untreated or stimulated with
TGF-B for 7 days were tested for CCL19 chemotaxis in vitro, and the number of cells (normalized to 1 X
106/ml) that migrated to the CCL19-containing medium was determined (donors = 6). Data are expressed
as the mean * SEM. **, P < 0.01; ***, P < 0.001. (B) a3, Tgy, cultured in IL-2, IL-15, and TGF-g for 7 days
were stimulated under the indicated conditions. A representative histogram shows the expression of CCR7
on CD3* CD4+ CD45RA~ «a,B,* Tgy 3 days after stimulation (donors = 6).

B, Tepm Were found in the presence of the inhibitor on day 7 (Fig. 4H). The decreased
percentage of a,B," Ty, Was not due to the cytotoxicity of the inhibitor because the
inhibitor did not induce a significant increase of cell death, as determined by a trypan
blue exclusion assay (Fig. 4l). These results suggest that the source of TGF-S for
inducing CCR7 expression in a,3," Tgy, is probably the fetal bovine serum (FBS) in the
culture medium (35, 36). In fact, active TGF-B was detectable in the acid-treated full
medium using a human TGF-f enzyme-linked immunosorbent assay (ELISA) (concen-
tration of TGF-B in full medium, about 559.3 pg/ml).

Collectively, our results suggest that TGF-B can induce the differentiation of Ty,
from Tgy, through interacting with ALK5/TGF-B receptor I. Also, the kinetics of differ-
entiation is modulated by T cell activation stimuli, such as IL-2 and IL-15.

a,f3,+ Ty migrate toward CCL19 and downregulate CCR7 upon T cell activa-
tion. T, have been demonstrated to have a higher lymph node-homing potential and
can differentiate into Tg,, upon T cell activation (6). To evaluate whether a,8," Tcyw
exhibit these two Ty, characteristics, a, 3, % Ty, Were first activated by TGF-f3 for 7 days
and the lymph node-homing potential and differentiation capacity were evaluated by
CCL19 chemotaxis as well as TCR activation, respectively. Using an in vitro migration
assay, we found that the migratory potential toward the lymph node-homing chemo-
kine CCL19 was significantly higher in TGF-B-stimulated «,B,% Tgy, than in the un-
stimulated control (Fig. 5A). This result suggests that «,B," Tcy,, like the regular Tg,,,
can migrate to lymph nodes through the CCL19/CCR7 axis. To investigate the Tg,,
differentiation capacity of «,B," Tcy, TGF-B-stimulated «,B," Tgy wWere stimulated
with anti-CD3 antibody. Interestingly, CCR7 expression on anti-CD3-stimulated TGF-$-
stimulated a,3," Tgy, was reduced (Fig. 5B). The downregulation of CCR7 suggests that
a,B,+ Tem can differentiate into Tg,, upon TCR activation. Overall, these results
validated the novel role of TGF-B in regulating the differentiation of CD4 Tg,, to Tey.

FIG 4 Legend (Continued)

of 1 ng/ml or 10 ng/ml TGF-pB. The effect of TGF-B on the induction of CD3* CD4+ CD45RA~ a,B," Ty, from a, B, Tg,, was determined on day 0 (before
TGF-B stimulation), day 1, and day 7 during TGF-B coculture (donors = 8). (F) CCR7~ CD4 T cells directly isolated from peripheral blood were treated with
TGF-B either in the presence (donors = 6) (i) or in the absence (donors = 6) (ii) of IL-2 (10 ng/ml) and IL-15 (20 ng/ml). The effect of TGF-B on the induction
of CD3*+ CD4* CD45RA~ CCR7* T,, was determined on days 0 (before TGF-S stimulation), 1, 3, and 7. (G) Correlation between the percentage of LAP* CD3*
a,B,+ Tey immediately after a,3,% Ty, isolation and the percentage of CD3+ CD8~ CD4* a,B," Ty after an additional 7 days of culture (donors = 9).
(H) a,3," Tey, were isolated and cultured in the presence of the TGF-BRI inhibitor SB431542 for 7 days. The results show the percentage of CD3* CD8~ CD4*
a,B,* Ty on day 7 (donors = 9). Dimethyl sulfoxide (DMSO) at the same concentration as the relative inhibitor concentration was used as the control. (1)
Percentage of viable cells in the presence of 1 uM SB431542 (donors = 7), determined by a trypan blue exclusion assay. DMSO at the same concentration
as the relative inhibitor concentration was used as the control. Cell counting was performed by use of a Countess automated cell counter. Data are expressed
as the mean = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., not significant.
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FIG 6 Effect of TGF-B on a4 and B7 expression on «,f3," Tgy, and binding toward MAACAM-1. a3, Tey,
were isolated and cultured in the presence of 1 ng/ml or 10 ng/ml TGF-B for 7 days. (A) The effect of
TGF-B on the percentage (i) and the MFI (ii) of a4 and B7 expression on CD4* CD45RO* T cells was
determined on day 7 (donors = 5). (B) The effect of TGF-B on the total percentage of MAACAM-1-Fc
binding cells and the binding of MAACAM-1-Fc on «,f,* Tgy and a,B,* Ty, Was determined on day 7
(donors = 3). Data are expressed as the mean *= SEM. *, P < 0.05; **, P < 0.01.

a,B3,* Ty differentiated from TGF-B-stimulated o, 8,+ Tgy, bind to MAACAM-1.
Since the expression of integrin «,8, promotes the migration of CD4 T cells to the gut,
we assessed the effect of TGF-B on a4 and B7 expression on «,3,™ Tgy,. Neither a4 nor
B7 was downregulated by TGF-B after culturing the a,B,% T, in the presence of 1
ng/ml or 10 ng/ml TGF-B for 7 days. A small but significant increase in the percentage
and MFI of B7 expression was observed in the presence of TGF-B (Fig. 6Ai and ii).
Because TGF-B did not downregulate the expression of a4 and 7, we speculated that
TGF-B would not affect the binding of MAACAM-1. As expected, no significant differ-
ence in the binding affinity toward MAdCAM-1 was found between the TGF-B-
stimulated and unstimulated «,3," Tgy. Importantly, the a8, Ty, induced by TGF-8
also interacted with MAACAM-1, similar to the findings for «,B," Ty, (Fig. 6B). These
results suggest that TGF-B does not affect the function of «,f3, of either a,8,™ Tgy, Or
B Teme

Expression profile of CD62L on «,f3,* Tg, and T, directly isolated from
peripheral blood in the presence or absence of TGF-f. Previous literatures showed
that Ty coexpress CCR7 and CD62L (37, 38); therefore, we assessed CD62L expression
on a,B," Tgy generated from our in vitro activation system and CD4 Tg,, directly
isolated from peripheral blood with or without TGF- stimulation. We found that freshly
isolated a,B,% Tg\y generated from in vitro activation did not express CD62L or
expressed only a low level of CD62L, which is the reported phenotype of Tg,, (38).
Besides, TGF-B did not induce CD62L expression, although CCR7 was upregulated on
a,B5" Tem 7 days after TGF-B stimulation (Fig. 7A). This result demonstrates that «,3,™
Tcm do not express CD62L or express only a low level of CD62L. In contrast to «,,"
Teme CD62L was expressed on CCR7~ CD45RA~ CD4 Ty, directly isolated from periph-
eral blood. Interestingly, CCR7 is upregulated on both CD62L~ and CD62L* cells 7 days
after TGF-B stimulation either in the presence or in the absence of IL-2 and IL-15 (Fig.
7B and (). Among the tested donors, we found that the percentage of CD3* CD4™*
CD45RA~ CCR7~ Tgp, with PD-1 was 13.4% = 1.9%. This result suggests that only a
small percentage of Tg,, were exhausted cells in our study (39).
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FIG 7 Changes of CD62L expression on a,B3," Tg,, and Ty, directly isolated from peripheral blood in the
presence or absence of TGF-B. (A) Representative flow cytometric analysis shows the expression of CCR7 and
CD62L on the isolated a,B," Tg,, (day 0) and the a,3,* Tgy, stimulated with 1 ng/ml TGF-B for 7 days (day
7) (donors = 8). (B and C) Representative flow cytometric analysis shows the expression of CCR7 and CD62L
on CD3* CD4*+ CD45RA~ CCR7~ Ty, directly isolated from peripheral blood on day 0 and on day 7 after
stimulation with 1 ng/ml TGF- in the presence (donors = 6) (B) or absence (donors = 6) (C) of IL-2 (10 ng/ml)
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FIG 8 CD62L expression in different memory T cell subsets of purified CD4 T cells. Representative flow cytometric analysis
shows the expression of CD62L on CD3* CD4" CD45RA~ CCR7* T, and CD3* CD4* CD45RA~ CCR7~ T, in CD4 T cells
purified from peripheral blood (donors = 5). The positive cells were defined using the corresponding isotype controls.

Since a,B," Ty do not express CD62L, we sought to understand whether CD62L
is expressed on all CCR7* CD45RA~ T\, in peripheral blood-derived CD4 T cells.
Although CD45RA~ CCR7* CD4 Ty, were mainly CD62L*, there was a minor popula-
tion of CD62L~ Ty, CD62L was also expressed on CD45RA~ CCR7~ Tgy, (Fig. 8). The
distribution of CD62L+ cells in our findings was similar to that in a previous study (6).
These results suggest that T, include CD62L~ cells and Tgy, include CD62L* cells if
memory CD4 T cells are defined by CD45RA and CCR7, as mentioned in previous studies
(6, 40-43). Overall, although they lack CD62L expression, a,B," Tcy generated from
our in vitro activation system still have a Ty, phenotype based on CD45RA and CCR7
expression (Fig. 4D). In addition, these cells exert the T,, characteristics, as mentioned
above. Importantly, our results reveal that the CD62L" CCR7* T, can be derived from
CD62L" CCR7~ CD45RA~ CD4 Tg,, in the presence of TGF-S.

TGF-B induces both productively and latently infected «,3,* Ty from o,8,+
Tem during HIV-1 infection. A recent study demonstrated that HIV-1 latency is
established directly and early in both resting and activated primary CD4 T cells (17).
To investigate whether HIV-1 latency can establish in the Tgy,-derived Ty, @,B,™
Tem Were infected with DuoFluo gg, in the presence or absence of TGF-B. DuoFluo-
JreL 1S @ dual-reporter pseudovirus which can be used to identify productively and
latently infected cells early after infection (17). As shown in Fig. 9A, TGF- facilitated
the a,B," Tem-to-a,B,™ Ty differentiation by inducing CCR7 expression. In line
with our previous results obtained using live replicating HIV-1g,,5,, productively
infected cells (green fluorescent protein [GFP] positive [GFP*] and mCherry positive
[mCherry*] GFP*) were identified in both «a,B," Tgy and a,B5™ Ty (Fig. 9Bi). The
reduction of productively infected cells in TGF-B-stimulated «,B," Tgy was mainly
because of the differentiation of a,B," Tcy. Interestingly, a small percentage of
latently infected cells (mCherry* GFP negative[GFP~]) was also observed in these
two subsets (Fig. 9A and Bii). Critically, although exogenous TGF-B did not affect the
percentage of latently infected a,B,™ Tgy and a,B," Ty (Fig. 9Bii), the percentage
of latently infected T, was expected to be increased in the presence of TGF-p, as
there were more CCR7* cells in the treated group (Fig. 9A). These results suggest
that latently infected cells can establish in Tgy,- and Tg,,-derived T,, immediately
after infection. Importantly, TGF-B increases the amount of latently infected Ty,
after HIV-1 infection.
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FIG9 o,B,* Ty and a,B,* Ty harbor productively and latently infected HIV-1. o, 8, Ty, were infected with DuoFluo ., and the results
were analyzed by flow cytometry at 6 days after infection. (A) A representative flow cytometric analysis shows that CCR7 is upregulated
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DISCUSSION

HIV-1 preferentially infects «,B," CCR5" gut-homing memory CD4 T cells and
selectively targets the Tgy, (2, 44). Recent studies not only demonstrated the presence
of a,B,* CD4 T cells but also revealed that more than 90% of the CD4 T cells at the
portal of HIV-1 entry, such as cervicovaginal tissues, are Tg,, (1, 3). Although using
tissue-derived T cells would be ideal for understanding the earliest events following
HIV-1 transmission in vitro, human tissue explants are difficult to obtain. The method for
in vitro differentiation of gut-homing T cells from human peripheral blood cells has
been well documented (2, 28). Here, we adapted an allogeneic T cell activation method
to induce the CCR5-tropic HIV-1-susceptible a,B," Tgy, for studying the roles of Ty,
after HIV-1 infection.

In contrast to the Ty,-to-Tgy, transition, the mechanisms involved in the differenti-
ation of Tgy, to Ty, remain undetermined. Surprisingly, our results demonstrated that
CCR7 upregulation was observed in both «,B," Tg,, and Tg,, directly isolated from
peripheral blood after short-term culture. This upregulation was independent of direct
anti-CD3/CD28 stimulation or IL-2 and IL-15, suggesting that some factors in the FBS
might play a role in CCR7 expression. TGF-B has been found to increase CCR7
expression in antigen-activated memory CD8 T cells and breast cancer cells undergoing
epithelial-mesenchymal transition (25, 26). Although we did not find a correlation
between LAP-expressing a3, Tgy and CCR7 expression, LAP is abundantly present in
FBS (35, 36). LAP is not biologically active under normal pH, but the acidic environment
created during cell culture might lead to the release of active TGF-, which subse-
quently induces CCR7 expression on Tgy,. In this study, we demonstrate that CCR7
expression on T, was significantly inhibited by the TGF-BRI inhibitor (SB431542) in the
absence of exogenous TGF-. These results therefore suggest that TGF-f3 in FBS, despite
being from a different species, probably cross-activates Tg,, through TGF-BRI and
regulates CCR7 expression in Tg,,. Also, we demonstrate that CCR7 was significantly
upregulated on a,B," Ty, and Tgy, directly isolated from peripheral blood by recom-
binant human TGF-B. The role of TGF-B in inducing Tgy,-to-Tcy, differentiation was
further validated by the increased CCL19 chemotaxis and CCR7 downregulation upon
TCR stimulation in the TGF-B-stimulated a,8," Tgy-

Due to the abundance and the high level of CCR5 expression, Tgy, at the portal of
HIV-1 entry are very likely to be the first cell type infected after mucosal HIV-1
transmission. Previous studies showed that T, that reside in human gut-associated
lymphoid tissues are rapidly eliminated after HIV-1 infection (4, 5). However, apart from
being depleted, other possible roles of Tg,, in HIV/AIDS pathogenesis remain largely
unknown. In this study, we found that «,B," T, differentiated from Tg,, in the
presence of TGF-B consisted of both latently and productively infected T cells after
DuoFluo kg, infection. It is of interest to determine whether the infected a,3," Ty are
raised from infected a,B," Tgy or from direct infection of a,B," Ty A recent study
in rhesus macaques revealed that the genes downstream of the TGF-B signaling
pathway are upregulated in tissues containing SIV RNA as early as 1 day after infection
(27). Therefore, TGF-B might also be produced immediately at the infection site upon
HIV-1 infection, and it might facilitate the establishment of latently infected T, from
Tewm early after HIV-1 transmission. This hypothesis is strengthened by our findings,
which show that CCR7 expression on Tg,, was induced as soon as 24 h after TGF-33
stimulation. Importantly, the effect of TGF-B on CCR7 expression was enhanced in the
presence of proinflammatory cytokines, such as IL-2 and IL-15, as demonstrated using
Tewm directly isolated from peripheral blood. During acute HIV-1 infection, there is a
rapid increase of proinflammatory cytokines in plasma as well as gut-associated and

FIG 9 Legend (Continued)

in the presence of TGF- after infection. The presence of productively infected (GFP* and mCherry* GFP+) and latently infected (mCherry+
GFP~) a,B," Tgy (CCR77) and B, Tey, (CCR7*) was also demonstrated (donors = 9). (B) Percentage of productively infected (GFP* and
mCherry* GFP*) (i) and latently infected (mCherry* GFP~) (i) a,8," Tey (CCR77) and a8, % Ty, (CCR7*) (donors = 9). Data are expressed

as the mean = SEM. *, P < 0.05; ***, P < 0.001.
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peripheral lymphoid tissues (45, 46). Therefore, it is highly possible that the inflamma-
tory environments after HIV-1 infection amplify the effect of TGF-B on promoting
Tem-to-Tey differentiation. Collectively, our results not only reveal that the TGF-B-
dependent Tgy,-to-Ty, differentiation is a previously unrecognized mechanism for the
formation of the latently infected T,, after HIV-1 infection but also suggest that the
rate of latency establishment would be dependent on the degree of inflammation.

In addition, we demonstrated that the TGF-B-induced a,B," Ty could bind to
MAdCAM-1. MAdCAM-1 is an adhesion molecule selectively expressed on the endo-
thelial cells of intestinal mucosa and gut-associated lymphoid tissues, interacting with
integrin a,B, on T cells for mediating their gut homing (47-49). Therefore, TGF-
signaling might not affect the homing of the latently infected or productively infected
a,B," gut-homing Tgy,-derived T, to the gut-associated lymphoid tissues through the
interaction with MAdCAM-1 after HIV-1 infection in vivo (47, 48).

Recently, an HIV-1-susceptible CCR5+ CCR7* CD4 Ty,-like cell subset was identified
in lavage fluid from the female genital tract (50). As a,B," Ty differentiated from
B, Tewm also expressed CCR7 and CCR5 like the cell subset described previously (50),
our study therefore provides a possible explanation for the source of this cell subset.

In conclusion, our study reveals a novel role of the immunosuppressive cytokine
TGF-B on Tgy-to-T¢,, differentiation and suggests that productively infected and
latently infected Ty, can be derived from Tg,, during acute HIV-1 infection. Taken
together, our study emphasizes the need to reconsider the importance of TGF- and
Tem in HIV/AIDS pathogenesis.

MATERIALS AND METHODS

Antibodies and reagents. The following fluorochrome-conjugated anti-human antibodies and their
relevant isotype controls were used for flow cytometry and were purchased from BioLegend: CD3-Pacific
Blue, CD4-Pacific Blue, CD4-peridinin chlorophyll protein (PerCP)-Cy5.5, CD4-allophycocyanin (APC),
CD8-APC, CD8-PerCP-Cy5.5, CCR7-phycoerythrin (PE), CCR7-APC, LAP-PE, CD62L-APC, PD-1-fluorescein
isothiocyanate (FITC), mouse IgG1-FITC, mouse IgG1-PE, mouse IgG1-APC, mouse 1gG2a-PE, and mouse
1gG2a-APC. CD3-FITC, CD45RA-PECy7, CD45RO-FITC, CCR5-PECy7, integrin B7-APC, rat IgG2a-APC, mouse
1gG1-PECy7, and mouse IgG2a-PE-Cy7 were purchased from BD Pharmingen. CD49d (integrin «4)-PE was
purchased from BD Bioscience. mouse 1gG2b-PE, human TGF-BRII-APC, and goat IgG control-APC were
purchased from R&D Systems. HIV-1 p24 antigen-FITC was purchased from Beckman Coulter. Alexa Fluor
488 (AF488)-conjugated goat anti-human IgG secondary antibody was purchased from Life Technologies.
LEAF-purified anti-human IFN-y antibody was purchased from BioLegend, and a purified no azide/low
endotoxin (NA/LE) mouse IgG1(k) isotype control, purchased from BD Pharmingen, was used for blocking
experiments. The LEAF-purified anti-human CD3 antibody used for T cell activation was purchased from
BioLegend. Phytohemagglutinin (PHA), SB431542, and maraviroc were purchased from Sigma. Recom-
binant human TGF-B1 was purchased from Peprotech.

Preparation and culture of a,8," yemTs @B;* Tems and Tgy,. Peripheral blood mononuclear cells
(PBMCs) were isolated from the buffy coat of blood samples from healthy donors obtained from the Red
Cross, Hong Kong SAR, China, by Ficoll-Paque Plus (Amersham Biosciences). The use of buffy coats for this
study was approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority
Hong Kong West Cluster. To prepare «,f," gut-homing memory CD4 T cells (a8, pemT), 10 X 108
purified CD4 T cells (purity, >90%; CD4 T cell enrichment cocktails; RosetteSep) were activated by
coculturing with 3 X 106 96-Gy gamma-irradiated RPMI8866 cells in full medium (RPMI 1640 medium
supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 ug/ml
streptomycin) plus 10 ng/ml IL-2 (Peprotech) and 10 nM retinoic acid (RA; Sigma) for 6 days. IL-15 (10
ng/ml; Peprotech) was added 1 day after the coculture. On day 6, the CD45RO™* cells in the coculture
were isolated using CD45RO microbeads (Miltenyi Biotec). a,8," vemT Were generated by culturing the
purified cells in the presence of 10 nM RA, 10 ng/ml IL-2, and 10 ng/ml IL-15 for an additional 2 days.

a,B," Ty Were prepared by culturing the day 6 purified CD45RO* cells in the presence of 10 nM RA,
10 ng/ml IL-2, and 10 ng/ml IL-15 for 5 more days, followed by negative selection using CCR7 microbeads
(Miltenyi Biotec). For Tg,, directly isolated from peripheral blood, CD4 T cells were first enriched from
PBMCs as mentioned above. The CCR7~ CD4 T cells were then prepared by negative selection using
CCR7 microbeads. Purified T, were cultured in full medium supplemented with 10 ng/ml IL-2 and 20
ng/ml IL-15 for further experiments, unless otherwise indicated.

Preparation of gut-homing CD4 T cells with PHA. Purified CD4 T cells were stimulated with 5
ng/ml phytohemagglutinin (PHA; Sigma) in the presence of 10 ng/ml IL-2 and 10 nM RA for 6 days in
a 24-well plate. Half of the medium was removed, and the culture was replenished with medium
containing 10 ng/ml IL-2 and 10 nM RA on day 3. The phenotypes of the cells were analyzed by flow
cytometry on day 6.

Studying the role of allogeneic stimulation in the generation of «,8,* emT. Purified CD4 T cells
(10 X 10°) were activated by coculturing in the presence or absence of 3 X 10° 96-Gy gamma-irradiated
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RPMI8866 cells in full medium plus 10 ng/ml IL-2 (Peprotech) and 10 nM retinoic acid (RA; Sigma) for 6
days. IL-15 (10 ng/ml; Peprotech) was added 1 day after the coculture. The phenotypes of the cells were
analyzed by flow cytometry on day 6 after coculture and before the enrichment of CD45RO* cells.

Differentiation of «,," T, to a,pB,* Tg,, by anti-CD3 stimulation. Isolated «,3," T, cultured
in 10 ng/ml IL-2 and 20 ng/ml IL-15 were stimulated with 1 ng/ml TGF- for 7 days for the generation
of a,B," Ty On day 7, cells were washed 3 times for removing the cytokines. The TGF-B-stimulated
a,B,* Tgy were then cultured in 10 ng/ml IL-2 and 20 ng/ml IL-15 alone or together with 1 ng/ml TGF-3
or anti-CD3 antibody, as indicated in Fig. 5B. The differentiation of a,B," Tcy to a,B,* Ty, as defined
by CCR7 downregulation, was measured 3 days after stimulation.

Preparation of DuoFluo ., and live replicating HIV-1g,,5,. DuoFluo ., was generated by cotrans-
fecting 293T cells with RZGEmc and a plasmid encoding the monotropic HIV-1 envelope (HIV-1 ¢, ) using
polyethylenimine. Virus-containing cell-free supernatants were collected at 48 h posttransfection.

The live replicating transmitted founder virus HIV-1g,,¢,, which was previously isolated from a
20-year-old man in an acute cohort of men who have sex with men with acute HIV-1 infection in Beijing,
China (51), was propagated in the AIDS Institute of The University of Hong Kong using a,B," wemT- The
use of a4B7+ emT Was approved by the Institutional Review Board mentioned above. The virus stock
was prepared in the MOLT4-CCR5 T cell line in the presence of 1 ng/ml IL-2 for 14 days.

Virus-containing supernatants were concentrated with PEG-it virus precipitation solution (System
Bioscience) by following the manufacturer’s protocol. The concentration of the virus was determined by
an HIV-1/p24 antigen (p24) ELISA (Zeprometrics).

HIV-1 infection. «,3," Ty, (0.2 X 10°) were infected with 250 ng p24 of DuoFluo s, or 40 ng p24
of HIV-1,¢ , by spinoculation at 1,200 X g for 90 min at 4°C 1 day after isolation. To prevent infection,
cells were pretreated with 1 uM maraviroc for 2 h. Following spinoculation, cells were immediately
transferred and cultured at 37°C. Virus was removed by washing with full medium 3 times at 2 days after
infection. After virus removal, cells were replenished with IL-2- and IL-15-containing full medium.
Maraviroc (1 uM) was added back to the cells treated with maraviroc previously to prevent infection of
residual virus. The amounts of IL-2 and IL-15 used for «,B,* Tg, were the same as those mentioned
above.

Flow cytometry. Cells were stained with the fluorochrome-conjugated anti-human antibodies and
their relevant isotype controls as mentioned above at room temperature for 30 min. After staining, cells
were washed and the data were acquired by use of a FACSAria Il instrument. Intracellular labeling for p24
was performed on previously labeled cells with Fix/Perm solution (BD Bioscience) according to the
manufacturer’s introduction. The data acquired were analyzed with FlowJo software (TreeStar).

MAdCAM-1 binding assay. o,B," yzmT and TGF-B-stimulated «,B," Tg, were washed with
phosphate-buffered saline (PBS), followed by incubation with 37°C prewarmed RPMI 1640 medium
containing 0.45 M sucrose at room temperature for 15 min. Cells were then stained with 10 png/ml a
recombinant human MAdCAM-1-Fc chimera protein (R&D Systems) for 30 min at 4°C. For a,3," vemT,
cells were washed with ice-cold PBS and resuspended in RPMI 1640 medium containing 0.45 M sucrose
for staining with AF488-conjugated goat anti-human IgG secondary antibody at 4°C for 30 min. For
TGF-B-stimulated «,," Tgy, cells were washed as mentioned above and stained with CD3-Pacific Blue,
CD4-APC, and CCR7-PE anti-human immunoglobulin antibodies together with AF488-conjugated goat
anti-human IgG secondary antibody. Stained cells were washed with ice-cold PBS, and the binding was
visualized by flow cytometry.

In vitro migration assay. Day 7 TGF-B-stimulated «,,* T, Were washed twice with PBS, followed
by washing once with migration buffer (RPMI 1640 supplemented with 0.5% bovine serum albumin).
Cells were then resuspended in migration buffer before migration. Cell viability was determined by a
trypan blue exclusion assay. For transwell migration, 0.4 X 106 viable cells were added to the upper
chamber and 600 pl migration buffer containing 100 ng/ml CCL19 was added to the lower chamber of
the transwell. Transwell inserts with a pore size of 5 um were from Corning. Migration was determined
by quantifying the total number of cells in the lower chamber after 4 h. All cell counting was performed
by use of a Countess automated cell counter (Invitrogen).

Measurement of cytokine concentrations. Active TGF-3 in acid-treated full medium was measured
by a human TGF-B1 DuoSet ELISA (R&D Systems) according to the manufacturer’s protocol. IFN-y was
measured by use of a LEGENDplex human Th17 panel (BioLegend) according to the manufacturer’s
instructions, and the data were analyzed by use of the FACSAria Il instrument.

Statistical analysis. Data are expressed as the mean * standard error of the mean (SEM). Statistical
significance was determined by a two-tailed paired Student’s t test using GraphPad Prism software
(GraphPad software). P values smaller than 0.05 were considered statistically significant. For significant
results, the strength of significance is designated in terms of P values of <0.05, <0.01, and <0.001.
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