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Eradication of HIV-1 with highly active antiretroviral therapy
(HAART) is not possible due to the persistence of long-lived,
latently infected resting memory CD4+ T cells. We now show that
HIV-1 latency can be established in resting CD4+ T cells infected
with HIV-1 after exposure to ligands for CCR7 (CCL19), CXCR3
(CXCL9 and CXCL10), and CCR6 (CCL20) but not in unactivated
CD4+ T cells. The mechanism did not involve cell activation or sig-
nificant changes in gene expression, but was associated with rapid
dephosphorylation of cofilin and changes in filamentous actin. In-
cubation with chemokine before infection led to efficient HIV-1
nuclear localization and integration and this was inhibited by the
actin stabilizer jasplakinolide. We propose a unique pathway for
establishment of latency by direct HIV-1 infection of resting CD4+

T cells during normal chemokine-directed recirculation of CD4+

T cells between blood and tissue.

Eradication of HIV-1 with highly active antiretroviral therapy
(HAART) is currently not possible because of latent infection

of long-lived resting memory CD4+ T cells (1, 2). HIV-1 latency
in resting CD4+ T cells may occur as preintegration or post-
integration latency. Preintegration latency refers to unintegrated
HIV-1 DNA that is unstable and will either degrade or will in-
tegrate into the host cell genome, usually following cell activation
(3–6). In postintegration latency, integrated HIV-1 DNA is found
in cells that are not actively producing viral particles. Reverse
transcription and integration of HIV-1 is inefficient in resting
peripheral blood CD4+ T cells (4, 7), whereas postintegration
latency can be established in resting CD4+ T cells in lymphoid
tissue explants or in the tissues of HIV-1–infected individuals or
SIV-infected macaques in vivo (8–11). It is currently not un-
derstood how postintegration latency is established in resting
CD4+ T cells.
A recent study showed that HIV-1 itself can facilitate nuclear

localization in resting CD4+ T cells via HIV-1 viral envelope
signaling through the HIV-1 coreceptor CXCR4 (12, 13). Fol-
lowing CXCR4 signaling, a pathway involving dephosphorylation
of cofilin and changes in filamentous actin (F-actin) was critical
for entry of HIV-1 into the nucleus of a resting CD4+ T cell.
However, in this model, integration into the genome did not
occur. In addition, this study did not provide the rationale for
how latency is established following infection with CCR5-using
(R5) viruses, which are identified in vivo far more frequently
than CXCR4-using (X4) viruses (14–16).
We have previously shown that the chemokines CCL19 and

CCL21, ligands for the CCR7 receptor, can dramatically increase
the frequency of HIV-1 DNA integration and latent infection in
resting CD4+ T cells (17). These chemokine receptors are crit-
ical in guiding the migration of naive and memory T cells across
high endothelial venules and endothelium into lymphoid tissue
(18) and are important in the clustering of T cells with dendritic
cells (DCs) (19). We therefore hypothesized that multiple che-

mokines, in addition to CXCR4 ligands may facilitate HIV-1
entry and integration in resting CD4+ T cells and that this was
mediated via activation of actin.
We now show that the exposure of resting CD4+ T cells to

the chemokines CCL19, CXCL10, and CCL20, all of which
regulate T-cell migration, allows for efficient HIV-1 nuclear lo-
calization and integration of the HIV-1 provirus, that this oc-
curs in the absence of significant changes in gene expression, and
is mediated via cofilin dephosphorylation and changes in actin
polymerization. This data provide a unique mechanism for es-
tablishing latent HIV-1 infection that depends on chemokines
involved in cell migration and is independent of antigen pre-
sentation or cell activation.

Results
Chemokine-Mediated Viral Entry and Integration in Resting CD4+

T Cells. We tested the effects of chemokines binding to CCR7
(CCL19), CXCR3 (CXCL9 and CXCL10), CCR6 (CCL20),
CCR8 (CCL1), and CCR2/CCR3 (CCL13) as described in Fig.
1A. Incubation of resting CD4+ T cells with ligands to CCR7,
CXCR3, and CCR6, followed by infection with the X4 virus
NL4.3 or the R5 virus AD8 led to high levels of viral integration
and minimal production of reverse transcriptase (RT) in super-
natant, consistent with latent infection (Fig. 1 B and C). Fol-
lowing incubation with chemokines CCL1 or CCL13 (ligands for
CCR8 and CCR2/CCR3, respectively), HIV-1 integration was
not observed. In keeping with our previous observations with
CCL19 (17), there were no changes in the expression of surface
markers of T-cell activation, including CD69, HLA-DR, and
CD25, following incubation with these additional chemokines for
3 d (Fig. 1D). In addition, there was little or no change in the
expression of chemokine receptors after culture with each che-
mokine (Fig. 1E).

Chemokine Receptor Expression on Resting CD4+ T Cells and After
Culture. To determine whether the changes in viral integration
seen with these chemokines were associated with differences in
gene expression, we initially performed microarray analyses of
resting CD4+ T cells following 6, 18, and 72 h of culture with
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CCL19 and compared gene expression to unactivated cells or
PHA/IL-2 activated cells (data from the 72-h comparison are
summarized in Table S1). Compared with unactivated CD4+

T cells, the PHA/IL-2 activated CD4+ T cells hadmany genes that
were significantly up- (n = 2,426) or down-regulated (n = 2,195)
when the lower probability was applied (Table S1). In contrast,
only a limited number of genes were found to be up- (n = 87) or
down-regulated (n = 157) during CCL19 activation and none
were significantly different from unactivated cells when correc-

tions for false discovery rate (FDR), or higher criteria for fold
change (>2), or cutoff for significance (P < 0.01) were ap-
plied. These findings suggested that there were only limited
changes in gene expression associated with exposure to CCL19
and that rapid changes in signaling pathways may be most im-
portant in controlling HIV-1 nuclear localization and DNA in-
tegration, in keeping with long-lived cells that are continually
trafficking and recirculating in vivo (20).
We next used the gene array data to assess the comparative

level of gene expression for known chemokine receptors in
the unactivated and CCL19-activated CD4+ T cells (Fig. 2A).
Similar levels of chemokine receptor gene expression were seen
when CD4+ T cells were cultured with chemokines for 6, 18, or
72 h. The chemokine receptors CCR7, CXCR4, and CCR6
were expressed at the highest level in both resting and CCL19-
activated cells, followed by lower expression of CXCR3 and
CCR4 (Fig. 2A). We confirmed these observations with flow
cytometry to measure surface expression of the chemokine re-
ceptors before and after culture with each chemokine for up to
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Fig. 1. Multiple chemokines facilitate HIV-1 latent infection in resting CD4+

T cells. (A) Schematic of the experimental protocol used for isolation of CD4+

T cells and culture with chemokines. Resting CD4+ T cells were cultured for
3 d without activation (unactivated), or with PHA/IL-2, or the chemokines
CCL19 (100 nM, ligand for CCR7), CXCL9, or CXCL10 (100 nM, ligands for
CXCR3), CCL20 (100 nM, ligand for CCR6), CCL1 (100 nM, ligand for CCR8),
and CCL13 (100 nM, ligand for CCR2, CCR3). Cells were infected with HIV-1
NL4.3 and AD8 (2 h) and cultured with media containing IL-2 (10 IU/mL) up
to 7 d postinfection. (B) Integrated HIV-1 DNA was quantified using Alu-LTR
PCR on cell lysates and (C) RT activity was quantified in culture supernatants
collected at days 0, 4, and 7 following infection (AD8, Left; NL4.3, Right).
Results are representative of two similar experiments for each virus. (D) Flow
cytometry analysis of cells cultured for 3 d with the relevant chemokine or
media alone (unactivated) for expression of the T-cell activation markers
CD25, CD69, and HLA-DR) and (E) chemokine receptors. Uncultured, ex-
pression on resting CD4+ T cells present in fresh blood; unact, unactivated
cultured cells.
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B

Fig. 2. Chemokine receptor gene array and surface expression on resting
CD4+ T cells and following culture with multiple chemokines. (A) Heatmap of
log signal intensity of chemokine receptor gene expression in resting CD4+

T cells cultured for 6 or 18 h with or without the chemokine CCL19. (B)
Surface expression of chemokine receptors on CD4+ T cells following in-
cubation with chemokines. Each chemokine is indicated on the y axis and the
expression of the chemokine receptor in each histogram on the x axis. Ex-
pression was determined by flow cytometry in resting CD4+ T cells after 3 d
of culture in media alone (control) or with chemokines as indicated for each
row. Isotype controls are shown as gray histograms.
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72 h (Fig. 2B). Nearly all resting CD4+ T cells (defined as negative
for HLA-DR and CD69) expressed CXCR4 and CCR7, whereas
subpopulations of resting CD4+ T cells expressed CXCR3 and
CCR6. Levels of CCR5, CCR8, and CCR3 were not detected
above background. Together these data on chemokine receptor
expression indicate that the ability of a chemokine to condition
resting CD4+ T cells to allow HIV-1 nuclear localization and
integration (Fig. 1B) was related to the level of surface expression
of the chemokine receptor.

Modulation of Efficiency of HIV-1 Nuclear Entry and Integration by
Chemokines. To determine where in the HIV-1 life cycle chemo-
kines may have their effect, we used quantitative PCR to de-
termine the frequency of strong stop DNA (early reverse tran-
scripts), full-length DNA (complete reverse transcripts), and
two nuclear forms of viral DNA: 2-long terminal repeat (LTR)
circles and integrated HIV-1 DNA. We compared the quantity of
each viral species after infection of resting CD4+ T cells activated
with either CCL19 or PHA/IL-2 or left unactivated (Fig. 3A).
Comparison of the frequency of each of these forms of viral DNA
was used to calculate the efficiency of early reverse transcription,
nuclear import, and viral integration. There was little difference
in the frequency of early reverse transcripts (Fig. 3A) or in the
production of full-length viral transcripts (Fig. 3B) using each
culture condition. Efficiency of nuclear entry was low for resting
cells (0.8%) compared with cells cultured with PHA/IL-2 (24.5%)
or CCL19-treated cells (8.5%; Fig. 3C). The efficiency of viral
DNA integration was also low (<4%) in resting cells compared
with PHA/IL-2 (22%) and CCL19-treated cells (25%; Fig. 3D).
We then examined the kinetics of appearance of each of the

forms of the viral genome (Fig. 3E). Accumulation of strong stop
DNA and full-length transcripts was similar in all three culture
conditions. Appearance of 2-LTR circles was delayed and was
lower in unactivated cells compared with either CCL19-treated
cells or PHA/IL-2–activated cells. Integrated DNA was not
present in unactivated cells. These findings demonstrated that
CCL19 alters resting CD4+ T cells to allow enhanced HIV-1
nuclear localization and integration but that CCL19 had little
impact on earlier stages of the HIV-1 life cycle including viral
entry or reverse transcription.
Finally we examined whether the addition of the chemokine

had an effect on HIV integration in a resting cell that contained
unintegrated HIV DNA. We did this using two approaches. First
we assessed the effects of CCL19 if added to resting CD4+
T cells before infection (−24 or −1 h), at the time of infection
(0 h), or following infection (1, 2, or 6 h). Integration was only
established if CCL19 was added before or at the time of infection
(Fig S1). In addition we tested the effect of CCL19 on resting
CD4+ T cells isolated from HIV-infected treatment-naive indi-
viduals (n = 5; median HIV RNA = 38,012 copies/mL and CD4
count = 684 cells/μL). Consistent with our in vitro studies, we
found no increase in integrated HIV DNA following incubation
with CCL19 (Fig. S2). These data demonstrate that CCL19 can
facilitate HIV nuclear localization and integration by inducing
changes in the target cell but that the changes must occur before
HIV infection.

Reversible Effects of Chemokines on Viral Integration. If HIV-1
entry and subsequent proviral integration is enhanced in resting
CD4+ T cells by exposure to chemokines during T-cell recircu-
lation and migration through lymphoid tissue, we hypothesized
that the chemokine-induced changes in resting CD4+ T cells
should be transient and reversible. We therefore quantified HIV-
1 integration in resting CD4+ T cells following addition and
removal of CCL19 at different time points before infection with
HIV-1 (Fig. 4A). Purified resting CD4+ T cells were cultured for
72 h before infection. CCL19 was added to the cultures for 3, 12,
24, 48, and 72 h before infection to test the onset rate of the
effect of the chemokine pretreatment on efficient HIV-1 in-
tegration (Fig. 4A Left, “washin”). We also tested whether the
effect of CCL19 was reversible by removing CCL19 at various
time points before infection (Fig. 4A Right, “washout”). Expo-

sure of the resting CD4+ T cells to CCL19 for as little as 3 h
showed an increase in HIV-1 integration compared with unac-
tivated CD4+ T cells (Fig. 4B) but the effect of CCL19 was lost
when it was removed more than 3 h before infection (Fig. 4B).
These experiments confirmed that the effect of CCL19 on resting
CD4+ T cells was rapidly reversible and depended on continued
presence of CCL19.
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E

Fig. 3. Incubation of resting CD4+ T cells with CCL19 increases HIV-1
nuclear localization and integration. Resting CD4+ T cells were cultured
for 3 d with media alone (unactivated) or with PHA/IL-2 or with the
chemokine CCL19, and infected with HIV NL4.3. Quantitative PCR for (A)
early reverse transcripts (strong stop DNA), (B) full-length DNA, (C) the
nuclear products 2-LTR circles, and (D) HIV-1 integrated DNA was per-
formed and quantified as copies/million cells. The efficiency of each step
in reverse transcription, nuclear localization, and viral integration is
shown in parentheses below each graph. The efficiency of each step was
calculated as described in Materials and Methods. Replicates (A and B)
(red open circles) and the mean (open column) from one experiment are
shown. Results from one of two experiments are shown. Infection with
heat-inactivated virus as control for background strong stop and full-
length DNA is shown (black circles). (E ) Kinetics of entry and reverse
transcription following incubation with PHA/IL-2 or CCL19 or in unac-
tivated cells. Strong stop DNA, full-length DNA, and 2-LTR circles were
quantified 3, 6, 12, 24, and 48 h postinfection and integrated DNA was
quantified at 96 h. Representative results from one of two experiments
are shown.
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Chemokine Effects on Cytoskeletal Rearrangements and Cortical
Actin. We next determined whether these chemokines were act-
ing at the level of cortical actin to allow for increased nuclear
localization, as previously shown for CXCR4 ligation following
infection with X4 HIV-1 (12). Actin depolymerization is medi-
ated by dephosphorylation of cofilin so we first used immuno-
blotting to detect phosphorylated and dephosphorylated cofilin
following chemokine treatment. A decrease in phosphorylated
cofilin was demonstrated after addition of the chemokine CCL19
and with positive controls phorbol 12-myristate 13-acetate (PMA)
and SDF-1 (ligand for CXCR4; Fig. 5 A and B). The effect
of these chemokines on cofilin dephosphorylation was evident
within minutes and was sustained (Fig. 5A and B). Corresponding
changes in F-actin levels using the probe Alexa Fluor 488 phal-
loidin was determined in parallel using flow cytometry and wide-
field fluorescent microscopy. A transient uniform increase in F-
actin was seen by both assays within 1 min (Fig. 5 C, D, and E)
followed by a decrease to baseline by 30 min. Using microscopy,
we observed persisting changes in distribution of F-actin with
some polarization evident by 30 min after chemokine treatment.
As expected, incubation with latrunculin A, which blocks actin
polymerization, markedly reduced F-actin.
Furthermore, when actin depolymerization was inhibited using

jasplakinolide (Jas), we observed a dose-dependent decrease
in integrated DNA in both the PHA/IL-2 and CCL19-treated
resting CD4+ T cells (Fig. 5G; P = 0.03). Taken together these
data show that early modification of the cytoskeleton in resting
T cells by chemokines facilitates enhanced nuclear localization of
the HIV-1 preintegration complex.

Discussion
We have previously described a model of postintegration latency
in resting CD4+ T cells in vitro and showed that the CCR7 li-
gands, CCL19 and CCL21, conditioned resting CD4+ T cells to
allow for efficient HIV-1 integration while maintaining low levels
of viral expression (17). We now show that (i) other chemokines
including CXCL9, CXCL10, and CCL20 mediated the same effect
as CCL19 and CCL21; (ii) CCL19 and these other chemokines did

not directly activate the resting CD4+ T cell or substantially alter
expression of other chemokine receptors; (iii) CCL19 treatment
of resting CD4+ T cells allowed for both efficient nuclear locali-
zation and integration; (iv) the effect of CCL19 was rapid and

A

B

Fig. 4. Kinetics of CCL19 induced latent HIV-1 infection in resting CD4+

T cells. Resting CD4+ T cells were cultured for a total of 3 d and incubated
with CCL19 for different durations during this time, before infection with
HIV-1 NL4.3. Resting CD4+ T cells were also incubated with PHA/IL-2 or left
unactivated for 3 d before infection. Integrated HIV-1 DNA was quantified in
cells collected 4 d postinfection. (A) The method for addition (“washin”
experiments) and removal (“washout” experiments) of CCL19 from cultures
of resting CD4+ T cells before HIV-1 infection is shown. (B) Integrated DNA
copies per million cells following different culture conditions are shown as
red circles (four separate experiments) and summarized as box plots (me-
dian, 25th and 75th percentiles, and range). Dotted line represents the limits
of detection of integrated HIV-1 DNA.
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Fig. 5. Chemokine-induced changes in cofilin phosphorylation and actin
depolymerization. Western blot with total cofilin (red) or phosphorylated
cofilin (p-cofilin, green) was performed using lysates of resting CD4+ T cells
after culture with (A) 200 nM PMA or (B) 100 nM CCL19. The antibody-
stained immunoblots were visualized using fluorescence imaging (Left).
Lanes are labeled with time of culture with PMA or CCL19. The signal in-
tensity for each channel was used to calculate a corrected ratio of p-cofilin to
cofilin (Right). B, Right, shows the corrected ratio of p-cofilin to cofilin fol-
lowing incubation with 10 nM or 100 nM CCL19 and 6.25 nM SDF-1. (C–F)
Changes in F-actin were measured using Alexa Fluor 488 conjugated phal-
loidin labeling of resting CD4+ T cells fixed at various times after incubation
with CCL19, SDF-1 or Lat-A. Control cells were CD4+ T cells incubated with
Alexa Fluor 488 conjugated phalloidin without permeabilization. The mean
fluorescence intensity (MFI) data points from the histograms are summarized
in the line plots. (C) Cells were imaged using wide-field fluorescence mi-
croscopy (DeltaVision) and z sections from the center of cells are shown for
each condition. Polar distribution of F-actin at later time points is indicated
(white arrowhead). (D and E) Changes in the mean fluorescence intensity
(MFI) by flow cytometry for the cells corresponding to those shown in C. (F)
Kinetics of chemokine-induced changes in MFI. (G) Resting CD4+ T cells were
cultured with Jas for 24 h at either 24 or 120 mM before incubation with
PHA/IL-2, or CCL19, or left unactivated. After 2 d, cells were infected with
HIV-1 NL4.3 and cell lysates tested for integrated HIV-1 DNA 4 d after in-
fection. The mean (black open bar) of four separate experiments (each
marked by a different gray symbol) is shown.
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reversible and did not involve significant changes in gene ex-
pression; and (v) CCL19 induced dephosphorylation of cofilin
and transient changes in actin polymerization were critical for
nuclear localization in resting CD4+ T cells (12). Taken together
our observations suggest that ligation of chemokine receptors
highly expressed on resting CD4+ T cells can provide a signaling
pathway for induction of postintegration latent infection. This
pathway would be active during chemokine-induced CD4+ T-cell
migration in vivo and would allow viral integration independent of
CD4+ T-cell activation or antigenic stimulation.
The chemokine receptors CCR7, CXCR3, and CCR6 are

critical in guiding the migration of naive and memory T cells
across high endothelial venules and endothelium into lymphoid
tissue and are important in the clustering of T cells with DCs (19).
Several previous studies have shown that ligation of chemokine
receptors during HIV-1 infection of macrophages and activated
T cells (21–23) leads to changes in cellular signaling. In addition,
HIV-1 itself may facilitate nuclear localization in resting CD4+
T cells via HIV-1 viral envelope signaling through the HIV-1
coreceptor CXCR4 (12, 13). Our work clearly demonstrates that
multiple chemokines, in addition to CCR7 and CXCR4 li-
gands, may efficiently facilitate HIV-1 nuclear entry as well as
integration in resting CD4+ T cells. We used a concentration of
chemokines (100 nM) that approximates the concentration in
tissue in vivo in murine models (24) and that has been shown to
induce chemotaxis in vitro (25–27). In HIV infection, plasma
levels of CCL19, CCL21, and CXCL10 are all significantly ele-
vated in plasma (28–31) and it is highly likely that the concen-
trations of these chemokines are even higher in lymphoid tissue
and mucosal surfaces, as recently reported in SIV-infected mac-
aques (32).
Our data suggest that the effect of each chemokine is limited

only by the expression level of the corresponding chemokine
receptor on the resting CD4+ T cell. Using gene array and flow
cytometry, we showed that CCR7, CXCR4, CXCR3, and CCR6
were the most highly expressed chemokine receptors on resting
CD4+ T cells and that there were minimal changes to gene ex-
pression following incubation with CCL19. The chemokines
CCL19, CCL20, CXCL9, and CXCL10 that interact with CCR7,
CCR6, and CXCR3, respectively, but do not bind directly to
HIV-1, are important for T-cell trafficking into lymphoid and
mucosal tissue (18, 33, 34). Here we show that these chemokines
condition resting CD4+ T cells resulting in high levels of HIV-1
integration with minimal viral production. In our model, the
chemokine effects that allowed viral integration in resting CD4+
T cells were short lived with onset of the effect within 3 h and
complete loss of the effect when the chemokines were absent for
longer than 3 h. This is consistent with the rapid onset of che-
mokine effects on intracellular signaling and cytoskeletal changes
(35, 36). The longevity of resting T cells is also consistent with
minimal permanent changes during recirculation and repeated
chemokine exposure (18, 37).
We demonstrated that the main effect of chemokine exposure

was the increase in both HIV-1 nuclear localization and in-
tegration. We observed similar kinetics of early viral events for
both R5 and X4 viruses including entry and reverse transcription
in fully-activated, CCL19-treated and unactivated CD4+ T cells.
Our findings were consistent with some studies that found effi-
cient reverse transcription in resting CD4+ T cells following
HIV-1 infection via spinoculation (7, 38). However, our results
differed from other work that has suggested that HIV-1 infection
of resting unactivated CD4+ T cells is blocked due to incomplete
or inefficient reverse transcription as a result of low levels of in-
tracellular deoxyribonucleotide triphosphates (dNTPs) in these
cells (5, 6, 39). Culture of resting CD4+ T cells for 3 d before in-
fection may have removed the restriction of reverse transcription
seen in freshly isolated cells (40).
We found that the main difference following infection of

CCL19- or PHA/IL2-treated cells was the rapid kinetics and
higher peak production of 2-LTR circles and integration. In
contrast to 2-LTR circles, integration was completely absent in
unactivated CD4+ T cells. Yoder et al. showed that ligation of

CXCR4 by HIV-1 can itself modulate the actin cytoskeleton to
allow for efficient nuclear localization in resting CD4+ T cells but
integration was not observed (12). In contrast, we were able to
clearly differentiate between nuclear localization (2-LTR circles
and integrated DNA) and HIV-1 integration using quantitative
PCR. Ligation of CXCR4 by HIV-1 gp120 may potentially lead to
enhanced nuclear localization but not efficient integration.
Whereas it is unknown whether R5 viruses mediate a similar ef-
fect via CCR5, latent infection of resting CD4+ T cells with R5
viruses in vivo is well described (8, 10, 41–43). In our model,
chemokine treatment of resting CD4+ T cells resulted in latency
with both R5 and X4 viruses, even though there was minimal
expression of CCR5 on these cells, which is consistent with the
presence of infected CCR5-negative resting T cells in vivo (10).
We conclude that ligation of chemokine receptors that are highly
expressed on resting CD4+ T cells but not used as coreceptors for
HIV-1, leads to enhancement of both nuclear localization and
integration of both X4 and R5 HIV-1 in resting CD4+ T cells.
Chemokine ligation of G-coupled chemokine receptors acti-

vates several downstream pathways (reviewed in refs. 44, 45) in-
cluding those involved in motility (Rho and Pyk2 pathway of
cofilin dephosphorylation), endocytosis (cdc42/Rac pathway),
maturation, chemotaxis (Erk1/2, JNK pathway), and cell survival
(PI3K, NF-κB pathway) (44, 45). We found that ligation of CCR7
and other chemokine receptors led to cofilin dephosphorylation
similar to that previously described with SDF-1 and gp120
ligation of CXCR4 (12, 13). It is likely that pathways other than
cofilin and actin may be important for chemokine-induced post-
integration latency, particularly with respect to HIV-1 inte-
gration. In activated T cells, integrase function depends on the
activation of JNK by the PI3K pathway (46). Other components
of the PI3K pathway may also potentially affect the efficiency of
HIV-1 integration in chemokine-treated resting CD4+ T cells via
activation of NF-κB, which may be required at low levels to al-
low viral integration and latent infection in resting CD4+
T cells (47). The Cdc42/Rac pathways activated by chemokine
binding are important in actin polymerization, endocytosis (48),
and in viral fusion (49) but their effect on enhancing migration
of the preintegration complex into the nucleus and integration
is unknown.
So how are these findings relevant to the establishment or

maintenance of latently infected CD4+ T cells in vivo? In the
absence of HAART and in the presence of active viral replica-
tion, latently infected cells may potentially arise by multiple
mechanisms—including direct infection of resting CD4+ T cells
following stimulation with chemokines, as we propose in this
paper or alternatively by reversion of actively infected cells to
resting latently infected central memory T cells, as demonstrated
by several other in vitro models (50–54). However, in the setting
of effective HAART and HIV RNA <50 copies/mL, we propose
that direct entry in resting CD4+ T cells may make a more sig-
nificant contribution to replenishment of the pool of latently
infected cells for several reasons. First, in the setting of effective
HAART, there are a limited number of activated infected CD4+
T cells and therefore a reduced source of new latently infected
cells. Second, it is likely that resting CD4+ T cells are exposed to
the highest concentration of chemokines in tissues such as the
gastrointestinal tract and lymphoid tissue where penetration of
HAART may be limited and where low-grade viral replication
continues to occur allowing for ongoing transfer of virus to cir-
culating resting CD4+ T cells (42, 43, 55).
In summary, we have shown that chemokines that bind to

receptors CCR7, CXCR3, and CCR6 expressed on resting CD4+
T cells, can induce latent infection in resting CD4+ T cells in
the absence of T-cell activation. The chemokine effect was tran-
sient and was associated with a significant increase in efficiency
of nuclear localization and integration of HIV-1 compared with
infection of unactivated CD4+ T cells. CCL19 treatment induced
changes in the actin cytoskeleton that may facilitate migration of
the preintegration complex to the nucleus. Together these ob-
servations suggest that the establishment of HIV-1 viral latency
depends only on the physiologically normal process of resting
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CD4+ T-cell recirculation through chemokine-rich environments
such as lymphoid tissue.

Materials and Methods
Isolation of CD4 T Cells and Flow Cytometry. Resting CD4+ T cells were iso-
lated from the peripheral blood as previously described (17). The resulting
T cells consisted of naive and central memory T cells that express CCR7 (56)
and purity was routinely >95% when assessed by flow cytometry. Flow
cytometry (FACScalibur analyzer, BD Biosciences) was used to determine
expression of chemokine receptors and activation markers on the sorted
cells at the time of isolation and after 3 d of culture. Cells were labeled

with antibodies to the chemokine receptors CCR5, CXCR4, CXCR3, CCR6,
CCR8, and CCR7 and the activation markers CD69, HLA-DR, and CD25
(BD Biosciences). Cells were gated for CD4-expressing cells and expression
was compared with isotype controls using fluorescence-minus-one strat-
egy (57).

See SI Materials and Methods for additional methods.
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