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Amajor barrier to HIV eradication is the persistence of viral reservoirs. Resting CD4+ T cells
are thought to be one of the major viral reservoirs, However, the underlying mechanism
regulating HIV infection and the establishment of viral reservoir in T cells remain poorly
understood. We have investigated the role of IP-10 in the establishment of HIV reservoirs
in CD4+ T cells, and found that in HIV-infected individuals, plasma IP-10 was elevated, and
positively correlated with HIV viral load and viral reservoir size. In addition, we found that
binding of IP-10 to CXCR3 enhanced HIV latent infection of resting CD4+ T cells in vitro.
Mechanistically, IP-10 stimulation promoted cofilin activity and actin dynamics, facilitating
HIV entry and DNA integration. Moreover, treatment of resting CD4+ T cells with a LIM
kinase inhibitor R10015 blocked cofilin phosphorylation and abrogated IP-10-mediated
enhancement of HIV latent infection. These results suggest that IP-10 is a critical factor
involved in HIV latent infection, and that therapeutic targeting of IP-10 may be a potential
strategy for inhibiting HIV latent infection.

Keywords: CXCL10, resting memory CD4+ T cells, latent infection, HIV reservoir, cofilin
INTRODUCTION

Persistence of viral reservoirs is the main barrier for curing human immunodeficiency virus (HIV)
infection. Without persistent-suppression or elimination of viral reservoirs, HIV-infected
individuals need lifelong antiretroviral therapy (ART) (1, 2). The “kick and kill” strategy may re-
activate HIV from latent reservoirs, but may not be capable of effectively reducing viral reservoir size
(3, 4). Elucidating the mechanisms by which HIV reservoirs are established are critical for the
development of new therapeutic strategies for a cure or functional cure. Although the molecular
mechanisms regulating the transcriptional reactivation of HIV latent reservoirs have been
extensively explored, factors affecting HIV latent infection and the establishment of viral
reservoirs in memory T cells remain poorly understood.
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HIV reservoirs are established immediately during primary
HIV infection, possibly as a result of direct infection of T cells
that is facilitated by inflammatory chemokines released within
the first 1‒2 weeks (5). Chemokines are small chemotactic
cytokines that can induce chemotaxis of T cells; they are
classified into 4 subfamilies (CXC, CC, CX3C, and XC) based
on the number and spacing of conserved cysteine residues at the
N terminus of the peptide chain (6, 7). In viral infection, levels of
chemokines are elevated early, as a natural host antiviral
response (8, 9). However, this early response is frequently
exploited by viruses to facilitate infection and pathogenesis
(10–12). Previous in vitro studies have shown that the CC
family chemokines chemokine (C-C motif) ligand 19 (CCL19)
and CCL21 promote HIV-1 provirus integration and latent HIV
infection in resting memory CD4+ T cells, suggesting that they
are directly involved in the establishment of viral reservoirs (13–
16). Additionally, CCL2 is also found to stimulate HIV
replication in T lymphocytes, macrophages, and peripheral
blood mononuclear cells (17–19). However, our recent in vivo
studies of HIV-infected patients have found that the
aforementioned chemokines were not significantly upregulated
following HIV infection, suggesting that these chemokines,
although enhancing the establishment of viral latent reservoirs
in vitro, may not be the major chemokines to promote the
establishment of viral reservoirs in vivo. Other chemokines may
also be involved, and could play important roles.

Interferon-g‒inducible protein (IP)-10—also known as
C-X-C motif chemokine ligand (CXCL)10—is mainly secreted
by cluster of differentiation (CD)4+ T cells, CD8+ T cells,
monocytes, and myeloid dendritic cells, and is elevated in
multiple diseases (20, 21) as well as in HIV infection (22, 23).
It has been reported that plasma IP-10 is associated with rapid
disease progression in early HIV-1 infection (24). In addition,
high-levels of IP-10 in plasma and small intestine are associated
with more rapid HIV/SIV disease onset after infection (25).
Moreover, IP-10 has also been found to inhibit T cell function in
HIV-1-infected individuals on ART (26); during untreated, acute
HIV infection, the virus replicative capacity positively correlated
with IP-10 (27); the peak of plasma IP-10 level precedes that of
HIV viremia (28), and is a strong predictor for peak viral load
(29, 30). In addition, Cameron and co-authors have also showed
that the presence of IP-10 led to high levels of viral integration and
reverse transcription in resting CD4+ T cells (16). Nevertheless,
although a stimulatory effect of IP-10 on HIV infection is certain,
the direct role of IP-10 on viral early infection steps such as viral
entry and integration as well as the establishment of viral reservoir
was not completely clear and needs to be further elucidated.

HIV latent infection is thought to be established in 2 ways.
Firstly, HIV can infect activated CD4+ T cells, and a majority of
these infected cells can be killed by the virus or eliminated by
antiviral immunity; surviving cells undergo effector-to-memory
transition to a resting state and persist over the long term (31,
32). Secondly, HIV can also directly infect resting memory CD4+

T cells, resulting in latent infection (33, 34). Latent provirus does
not produce viral proteins, minimizing virus-induced cytopathic
effects and evading immune clearance. Consistent with the
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model of direct infection of blood resting T cells, it has been
shown that HIV glycoprotein (gp)120 binds to the C-X-C
chemokine receptor (CXCR)4 can activate Gai-dependent
signaling, which promotes cofilin activation and actin
dynamics to overcome the barrier of actin cytoskeleton in
resting CD4+ T cells (10). In addition, Cameron et al. have
also demonstrated that the establishment of HIV latent infection
in CD4+ T cells was promoted by CCL19/21-mediated increases
of actin dynamics via the cofilin pathway (16).

The cortical actin underneath the plasmamembrane provides the
structural support of cells, and is the driving force for T cell motility
(35,36).During inflammationand infection, chemokinesare released
to reorganize the filamentous actin (F-actin) cytoskeleton for cell
migration along the chemokine concentration gradient (37). The
actin-depolymerizing proteins, cofilin, plays a major role in
modulating the actin dynamics (38, 39).

Given that cofilin-induced actin dynamics plays an important
role in chemokine-mediated enhancement of HIV latent infection
of T cells, we hypothesized that IP-10-mediated enhancement of
HIV infection may involve the cofilin pathway. In this article, we
tested our hypothesis by investigating the relationship between the
plasma IP-10 level, viral load, and intracellular HIV DNA.We also
studied effects of IP-10onHIV infectionof restingCD4+Tcells, and
IP-10-initiated actin dynamics and cofilin signaling. Our results
demonstrate that IP-10 is a key factor involved in the establishment
of HIV latency in resting CD4+ T cells.
METHODS AND DETAILS

Participants and Sample Collection
HIV+ participants were recruited from the men who have sex with
men cohort of Key Laboratory of AIDS Immunology of the
National Health and Family Planning Commission at The First
Affiliated Hospital of China Medical University (CMU). HIV
negative controls (NCs) were recruited from the voluntary HIV
counseling and testing center of CMU and had no apparent active
infections including hepatitis B or C infection. All participants
provided written, informed consent at the time of blood sample
collection. The study was approved by The Research and Ethics
Committee of CMU and conducted according to the principles
outlined in the Declaration of Helsinki. A total of 28 HIV+ ART-
naïve participants and 24 age- and sex-matched NCs were enrolled.
The characteristics of the study population are summarized in
Table 1. Samples from NCs were used in viral infection
experiments. Quantity of HIV intracellular DNA were evaluated
in 29 ART-treated HIV+ participants who were classified into 2
groups according to plasma IP-10 levels: high IP-10 (>1000 pg/ml)
after receiving ART for over 20 months (median, 30 months); and
low IP-10 (≤1000 pg/ml) after receiving ART for at least 24 months
(median, 28.5 months). All participants had undetectable viral
load at the time of enrollment (detection limit for viral load:
20 copies/ml). CD4+ T cell count and viral load were measured
every 3 months, and none of the HIV+ participants had apparent
active opportunistic infections at the time of the study. Clinical
parameters of the participants are listed in Table S3.
August 2021 | Volume 12 | Article 656663
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Plasma Chemokine/Cytokine Detection
Plasma chemokine/cytokine levels were analyzed in 52 plasma
samples from HIV+ ART-naïve participants (n=28) and NCs
(n=24) using the Bio-Plex Pro Human Chemokine Panel 40-Plex
(Bio-Rad, Hercules, CA, USA), which detected 6Ckine/CCL21, B
cell-attracting chemokine (BCA)-1/CXCL13, cutaneous T-cell-
attracting chemokine/CCL27, epithelial-derived neutrophil-
activating peptide 78/CXCL5, Eotaxin/CCL11, Eotaxin-2/
CCL24, Eotaxin-3/CCL26, Fractalkine/CX3CL1, granulocyte
chemotactic protein (GCP)-2/CXCL6, granulocyte-macrophage
colony-stimulating factor, Gro-a/CXCL1, Gro-b/CXCL2, I-309/
CCL1, interferon-g, interleukin (IL)-1b, IL-2, IL-4, IL-6, IL-8/CXCL8,
IL-10, IL-16, IP-10/CXCL10, interferon-inducible T-cell alpha
chemoattractant (I-TAC)/CXCL11, monocyte chemoattractant
protein (MCP)-1/CCL2, MCP-2/CCL8, MCP-3/CCL7, MCP-4/
CCL13, macrophage-derived chemokine (MDC)/CCL22,
macrophage migration inhibitory factor, monokine induced by
gamma interferon (MIG)/CXCL9, macrophage inflammatory
protein (MIP)-1a/CCL3, MIP-1s/CCL15, MIP-3a/CCL20, MIP-3b/
CCL19, myeloid progenitor inhibitory factor 1/CCL23, small
inducible cytokine (SCY)B16/CXCL16, stromal cell-derived factor
1a+b/CXCL12, thymus and activation regulated chemokine
(TARC)/CCL17, thymus-expressed chemokine/CCL25, and tumor
necrosis factor (TNF)-a. Chemokine/cytokine standards supplied by
themanufacturerwere detected in duplicate on each array.Datawere
acquired using a Bio-Plex 200 System (Bio-Rad). Chemokine/
cytokine levels below/above the minimum/maximum detection
thresholds are reported as minimum/maximum threshold values.

Isolation of Resting Memory CD4+ T Cells
From Peripheral Blood
Peripheral blood mononuclear cells (PBMCs) freshly obtained
from subjects were purified by Ficoll-Hypaque density gradient
centrifugation, and resting memory CD4+ T cells were purified
through 2 rounds of negative selection as previously described
(40, 41). Briefly, monoclonal antibodies against human CD14,
Frontiers in Immunology | www.frontiersin.org 3
CD56, human leukocyte antigen (HLA)-DR/DP/DQ, CD8,
CD11b, CD19, CD45RA, CD69, and CD25 were used.
Antibody-bound cells were depleted using Dynabeads Pan
Mouse IgG (Thermo Fisher Scientific, Waltham, MA, USA).
Purified cells were cultured in Roswell Park Memorial Institute
(RPMI)1640 medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS), penicillin (50 U/ml), and streptomycin
(50 g/ml) (all from Invitrogen, Carlsbad, CA, USA). The cells
were cultured overnight before infection or treatment.

Virus Preparation and Infection of Resting
Memory CD4+ T Cells
Virus stocks of HIV-1 clones NL4-3 and AD8 were prepared by
transfection of human embryonic kidney 293T cells with cloned
proviral DNA as previously described (10, 42). The supernatant
was harvested 48 h later and p24 level in the viral supernatant
was measured in triplicate by enzyme-linked immunosorbent
assay (ELISA) using the P24 antigen ELISA kit (QuantoBio,
Beijing, China). Before infection, resting memory CD4+ T cells
were treated with recombinant human IP-10 (5 ng/ml), human
anti-IP-10 monoclonal antibody (mAb) (200 ng/ml), or the
CXCR3 antagonist (±)-NBI 74330 (500 pg/ml) (all from R&D
Systems, Minneapolis, MN, USA); jasplakinolide (Jas) (500 nM;
CalBiochem, San Diego, CA, USA); or the LIM domain kinase
(LIMK) inhibitor R10015 (100 mM; Virongy, Manassas, VA,
USA) for 1 h. For NL4-3 infection, the treated resting memory
CD4+ T cells were incubated with NL4-3/AD8 for 2 h and then
washed twice with medium to remove free virus. The reagents
(IP-10, IP-10 mAb, (±)-NBI 74330, Jas, and R10015) were added
back to the infected cells, which were resuspended in fresh
RPMI-1640 medium supplemented with 10% FBS, penicillin (50
U/ml), and streptomycin (50 g/ml) at a density of 106/ml, followed
by incubation for 5 days without stimulation. At the 5th day, cells
were activated for 9 days with anti-CD3/CD28 magnetic beads
(Invitrogen) at the concentration recommended by the
manufacturer (for a total culture time of 14 days) (Figure 2B). In
additional experiment, IP-10 was washed out at the 5th day, and
then cells were activated for 9 days with anti-CD3/CD28 magnetic
beads (Invitrogen) at the concentration recommended by the
manufacturer (for a total culture time of 14 days) (Figure 3A).

For the viral replication assay, 200 ml of culture supernatant was
collected on days 1, 3, 5, 7, 9, 12, and 14 after infection and stored at
−135°C for p24 ELISA. The level of p24 in the supernatant was
measured using a P24 antigen ELISA kit (QuantoBio). The
absorbance at 630 nm was measured using an ELx808 automatic
microplate reader (Bio-Tek, Winooski, VT, USA).

Evaluation of Activation Markers on
Resting Memory CD4+ T Cells by
Flow Cytometry
The activationmarkers expression on restingmemoryCD4+T cells
were detected after IP-10 or CD3/CD28 stimulated and measured
using the following fluorophore-conjugated antibodies:
phycoerythrin (PE)-Cy7 anti-human CD3, allophycocyanin
(APC)-Cy7 anti-human CD4, peridinin-chlorophyll-protein anti-
human CD197/CCR7, fluorescein isothiocyanate (FITC) anti-
human CD45RA, APC anti-human CD69, APC anti-human
TABLE 1 | Characteristics of study participants.

HIV+ (n=28) HC (n=24) P
value*

*Median age (range), years 28 (19–54) 31 (21-50) >0.05
Sex, no. (%) Male: 28 (100) Male: 20 (83) >0.05

Female: 4 (17)
HIV subtype (n)
CRF01-AE 16
CRF07-BC 4
URF01-B 1 NA NA
URF01-C 1
B 2
ND 4

Median CD4+ T cell count
(range), cells/mm³

286 (38–913) 676 (396–1342) <0.05

Median viral load (range),
copies/ml

52,700 (331–1,210,000) NA NA
All HIV subjects were antiretroviral therapy-naïve.
*HIV+ vs HC.
CD4, cluster of differentiation 4; HC, health control; HIV+, human immunodeficiency virus-
positive; NA, not applicable; ND, not determined.
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CD25, APC anti-human HLA-DR, APC mouse IgG1 k isotype
control, and PE mouse IgG1 k isotype control (all from Biolegend).
Samples were analyzed using an LSR II flow cytometer (BD
Biosciences), which was adjusted with 10-peak color rainbow beads
(Spherotech, Lake Forest, IL, USA). Gates were defined using
appropriate isotype controls. Expression levels in each sample were
analyzed with FlowJo v10 software (Ashland, OR, USA).

Measurement of F-Actin by
Flow Cytometry
Resting memory CD4+ T cells were cultured overnight in
medium before treatment with IP-10 at 37°C for up to 60 min.
Actin dynamics were evaluated at 1, 5, 10, 15, 30, 45, and 60 min,
with the measurement at 0 min serving as the reference value.
Data are expressed as the percentage of F-actin. After treatment
of resting memory CD4+ T cells with IP-10 (5 ng/ml), cells were
washed with cold phosphate-buffered saline (PBS) with 0.1%
bovine serum albumin and resuspended in BD Cytofix/
Cytoperm Solution (BD Biosciences) for 30 min at 4°C, then
washed twice with BD Perm/Wash Buffer (BD Biosciences).
F-actin was labeled by treatment with FITC-labeled phalloidin
(Sigma-Aldrich, St. Louis, MO, USA) for 30 min and detected by
flow cytometry; untreated cells served as the background control.
The cells were washed twice with BD Perm/Wash Buffer and
fixed with 1% paraformaldehyde, then analyzed on an LSR-II
flow cytometer (BD Biosciences).

Measurement of Phosphorylated Cofilin by
Flow Cytometry
Cofilin dynamics were measured as the percentage of phospho-
(p-)cofilin. Resting memory CD4+ T cells were treated with IP-10
at 1, 5, 10, 15, 30, 45, and 60 min, then fixed with 1.5%
formaldehyde for 10 min, permeabilized with cold (−20°C)
MeOH, and stained with a rabbit anti‒p-cofilin (Ser3) antibody
(Cell Signaling Technology, Danvers, MA, USA) for 1 h at room
temperature. The cells were washed and labeled with Alexa Fluor
488-conjugated chicken anti-rabbit antibody (Invitrogen) for
30 min at room temperature, then analyzed on an LSR-II flow
cytometer (BD Biosciences).

Measurement of HIV Entry Into Resting
Memory CD4+ T Cells
A b-lactamase (BlaM) substrate CCF2-based system was used to
evaluate the role of IP-10 in HIV entry. CCF2 dye is a fluorescent
substrate of BlaM that can be loaded in multiple cells; the
fluorescence emission spectrum of CCF2 changes from green
(520 nm) to blue (447 nm) when the b-lactam ring is cleaved by
BlaM. The change in emission wavelength allows estimation of
the percentage of HIV-infected cells by flow cytometry (43).

For the production of BlaM-Vpr‒containing NL4-3 virions,
pNL4-3 proviral DNA (60 mg) and pCMV-Blam-Vpr (20 mg)
and pAdVAntage vectors (10 mg) were added to 293T cells grown
in a 100-mm culture dish and cultured for 48 h at 37°C; the
culture supernatant was collected and centrifuged at low speed at
4°C. The virion-enriched supernatant was stored as aliquots at
−80°C until use.
Frontiers in Immunology | www.frontiersin.org 4
To evaluate the effect of IP-10 on HIV entry, IP-10 (5 ng/ml)
was added to the culture medium of resting memory CD4+ T
cells for 1 h at 37°C; the cells were then incubated with BlaM-
Vpr-containing NL4-3 virion for 2 h at 37°C, washed in CO2-
independent medium (Gibco, Grand Island, NY, USA), and
loaded with 2 ml of 1 mM CCF2/AM dye (Invitrogen) in
loading buffer (8 ml of 0.1% acetic acid containing 100 mg/ml
Plironic-F127R, and 1 ml of CO2-independent medium) for 1 h
at room temperature according to the manufacturer’s
instructions. After 2 washes with CO2-independent medium,
the BlaM reaction was allowed to proceed for 7 h at room
temperature in 200 ml CO2-independent medium containing
10% FBS, 50 U/ml penicillin, and 50 g/ml streptomycin. The
cells were washed once in PBS and fixed in PBS with 1.2%
paraformaldehyde, then analyzed by flow cytometry.
Analysis of HIV DNA Integration
The effect of IP-10 on the integration of HIV DNA was measured
in vitro by Alu-PCR and in vivo by digital droplet (dd)PCR.
Resting memory CD4+ T cells were evenly distributed into the
following 5 groups: negative control (untreated), NL4-3 (treated
with NL4-3), NL4-3+IP-10 (treated with NL4-3 and 5 ng/ml IP-
10), NL4-3+raltegravir (treated with NL4-3 and 50 mM
raltegravir), and NL4-3+IP-10+raltegravir (treated with 5 ng/
ml IP-10, NL4-3, and 50 mM raltegravir). IP-10 and raltegravir
were added for 1 h before NL4-3 infection. The cells were
cultured for 4 days with the reagents, which were replenished
every 2 days, then collected on day 4 for DNA extraction using
the QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA, USA).
Quantitative PCR was performed on the LightCycler 480 (Roche,
Basel, Switzerland) to detect integrated HIV DNA. The primers
and probes used for the 2 rounds of amplification are shown in
Table S1. Ribonuclease P/MRP Subunit (RP)P30 was used as the
reference gene. The reaction conditions for round 1 were as
follows: initial denaturation at 94°C for 2 min and 68°C for
10 min, followed by 12 amplification cycles (94°C for 15 s, 60°C
for 30 s, and 68°C for 4 min) and holding at 4°C in the final step.
The reaction conditions for round 2 were as follows: 50°C for
2 min and 95°C for 10 min, followed by 40 amplification cycles
(95°C for 15 s and 60°C for 1 min).

To analyze the relationship between early IP-10 level and HIV
intracellular DNA, 29 ART-treated participants were divided
into 2 groups according to IP-10 level at the primary infection
stage (Supplementary Table S3). As viral load decreases rapidly
after ART and is barely detectable after 6 months, HIV DNA
level in PBMCs is used as a measure of HIV reservoir size.
DdPCR is sensitive enough to detect small quantities of HIV
DNA in cells. PBMCs obtained from participants after ART and
serum samples from ART-naïve participants were stored in
liquid nitrogen. IP-10 level was measured using the Bio-Plex
Pro Human Cytokine 27-plex (Bio-Rad). DNA was extracted
from PBMCs using the QIAamp DNA Blood Mini Kit
(QIAGEN). HIV reservoir size was measured with the QX200
Droplet Digital PCR System (Bio-Rad), with RPP30 serving as
the reference gene. The primers and probes that were used are
shown in Supplementary Table S2. The reaction conditions
August 2021 | Volume 12 | Article 656663
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were as follows: initial denaturation at 95°C for 10 min and then
at 98°C for 10 min, followed by 50 amplification cycles (94°C for
30 s and 62°C for 1 min) and holding at 16°C in the final step.
Statistical Analysis
Statistical analysis was performed using Prism v6.0 (GraphPad,
La Jolla, CA, USA) and SPSS Statistics v20.0 (SPSS Inc, Chicago,
IL, USA) software programs. Normality tests were performed
before analyzing the data. The nonparametric Mann–Whitney U
test was used to evaluate differences between 2 groups. The
Spearman rank correlation test was used to estimate the
correlation between chemokine level and viral load. One-way
analysis of variance was used to compare P24 levels between 4
groups in the signaling pathway experiment. All tests were 2-
tailed and P values <0.05 were considered significant.
RESULTS

Elevated IP-10 Level During HIV Infection
Is Positively Correlated With HIV Viral
Load and HIV Intracellular DNA After ART
Previous studies have reported that the releases of cytokine and
chemokine before the peak of viremia (5, 44) and the
establishment of viral reservoirs are early events in HIV
infection (45, 46). We speculated that early cytokine/
chemokine induction may impact HIV replication and the
establishment of viral reservoirs. To test this hypothesis, we
compared the levels of 40 cytokines and chemokines in
participants with primary HIV infection (HIV+, n=28) and
NCs (n=24) (Table 1), and found that 19 were significantly
altered (15 upregulated and 4 downregulated in HIV+ vs NCs); of
these, 9 were CXC chemokines (Figure 1A), 8 were CC
chemokines (Figure 1B), and 2 were cytokines (Figure 1C).
Only IP-10/CXCL10 (P=0.005) and MIG/CXCL9 (P=0.016)
levels were positively correlated with early viral load
(Figure 1D), with no significant correlation observed for the
other 15 chemokines and 2 cytokines (Figure 1D and
Supplementary Figure S1). In a comparison of median
chemokine levels between HIV+ and NCs, IP-10 showed large
difference (213.81%) (data not shown), consistent with our
previous studies (47).

Given the significantly elevated level of IP-10 in HIV
infection, we examined the correlation between plasma level of
IP-10 and HIV DNA level in PBMCs of 29 HIV-1–infected
participants who received ART for 30 months (Table S3). There
was no correlation between IP-10 level after ART and HIV DNA
copy number in PBMCs (Figure 1E); however, the pre-ART IP-
10 level was correlated with post-ART HIV DNA copy number
(Figure 1F). We divided the 29 ART-treated participants into 2
groups according to plasma IP-10 level before ART—i.e., IP-10
high (IP-10 >1000 pg/ml) and IP-10 low (IP-10 <1000 pg/ml).
We then measured HIV genomic DNA level in PBMCs of these
participants after ART, and found that the level was higher in the
IP-10 high group than in the IP-10 low group (Figure 1G). These
Frontiers in Immunology | www.frontiersin.org 5
results suggest that IP-10 might be a key factor promoting HIV
infection in peripheral blood.
IP-10 Binds to CXCR3 to Promote HIV
Latency Through Direct Infection but
Not Activation of Resting Memory
CD4+ T Cells
We next examined whether IP-10 plays a role in HIV infection of
resting memory CD4+ T cells. Cells were isolated using magnetic
beads at a purity of >94% (Figure 2A). Resting memory CD4+ T
cells were latently infected with the R5-tropic AD8 or X4-tropic
NL4-3 HIV strain for 5 days in the presence or absence of IP-10,
then activated on day 5 with CD3/CD28 beads to stimulate
productive viral replication (Figure 2B). Latent viral infection
was enhanced by IP-10 in cells from multiple donors infected
with either AD8 (P=0.001) or NL4-3 (P=0.031) (Figure 2C).

We examinedwhether the enhancement of latentHIV infection
by IP-10 can be blocked by anti-IP-10 mAb or the CXCR3
antagonist (±)-NBI 74330. Resting CD4+ T cells were treated with
these reagents along with IP-10 for 1 h before infection and
activation (Figure 2B). Both anti-IP-10 mAb (AD8: P=0.016;
NL4-3: P=0.031) and CXCR3 antagonist (AD8: P=0.031; NL4-3:
P=0.031)abrogated the IP-10-mediated enhancementofHIV latent
infection (Figure2C).Thus, IP-10promotesHIV latent infectionof
resting memory CD4+ T cells through binding with CXCR3. To
exclude the possibility that IP-10 present in the culture medium
mayenhanceHIV infection throughpromotingTcell activation,we
conducted additional experiments by removing IP-10 at 5 days post
infectionprior toT cell activation (Figure 3A).Weobserved similar
enhancement ofHIV infection by IP-10 (Figure 3B), excluding the
possibility that IP-10 enhances HIV infection indirectly by
enhancing T cell activation. In addition, we also examined
whether IP-10 can directly activating resting memory CD4+ T
cells and found that multiple T-cell activation markers including
CD69, CD25, and HLA-DR were not upregulated in resting
memory CD4+ T cells after IP-10 treatment (Figure 4A). As
CD3/CD28 was used to activate resting memory CD4+ T cells in
the experiment, we tested whether IP-10would potentiate the effect
of CD3/CD28 to promote HIV infection and determined that it
can’t enhance the activation of resting memory CD4+ T cells
induced by CD3/CD28 (Figure 4B). We also examined the effect
of IP-10 on T cell proliferation and apoptosis and found that IP-10
had no detectable effect on violet distribution and the proportion of
AnnexinV and 7-amino-actinomycinD–positive cells (Figure S2).
These results suggest that IP-10 promotes HIV latency likely by
directly acting on HIV infection steps and not by activating resting
memory CD4+ T cells.
IP-10 Promotes Actin Dynamics and HIV
Entry Into Resting Memory CD4+ T Cells
and Viral Integration
To investigate the mechanism underlying IP-10-mediated
enhancement of latent HIV infection of resting memory CD4+

T cells, we performed stepwise mapping of the HIV infection
time course in the presence of IP-10. We first quantified viral
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entry using the BlaM-Vpr entry assay (43), and found that IP-10
pretreatment of resting memory CD4+ T cells increased viral
entry (NL4-3+IP-10 vs NL4-3; P=0.016) (Figures 5A, B). We
then quantified post-entry viral DNA synthesis and integration
and observed increases in viral DNA synthesis (P=0.031)
(Figure 5C) and integration (P=0.008) (Figure 5D) in IP-10
treated cells. Blocking HIV integration using the HIV integrase
Frontiers in Immunology | www.frontiersin.org 6
inhibitor raltegravir abolished the increase in viral integration
induced by IP-10 (P=0.039) (Figure 5D). These results
demonstrate that IP-10 promotes HIV entry, integration, and
DNA synthesis in resting memory CD4+ T cells.

Static cortical actin in resting CD4+ T cells is a major barrier
for latent HIV infection of resting CD4+ T cells (10, 48–53). HIV
uses the envelope protein gp120 to initiate chemotactic signaling
A B

D

E F

G

C

FIGURE 1 | IP-10/CXCL10 level is elevated in the chemokine profile of HIV+ participants, and positively correlated with viral load and HIV reservoir size.
(A–C) Comparison of 11 CXC chemokines and 1 CX3C chemokine (A); 8 CC chemokines (B); and 10 cytokines (C) between HIV+ participants (gray bars, n=28)
and NCs (white bars, n=24). Graphs show data as median ± interquartile range. The nonparametric Wilcoxon matched-pairs test was used for intergroup
comparisons. (D–F) Spearman correlation analyses of chemokine (Gro-b/CXCL2, GCP-2/CXCL6, MIG/CXCL9, IP-10/CXCL10, I-TAC/CXCL11, BCA-1/CXCL13,
TARC/CCL17, and MIP-3b/CCL19) levels and viral load at indicated time points (D); and between total HIV DNA of PBMCs and IP-10 level after ART (E) or without
treatment (F). (G) Comparison the total HIV DNA of PBMCs in IP-10 high vs IP-10 low groups (separated according to median IP-10 level in 29 ART-treated HIV+

participants). The nonparametric Mann–Whitney U test was used for intergroup comparisons (IP-10 high: N=13; IP-10 low: N=16, P=0.001). *P < 0.05, **P < 0.01,
***P < 0.001.
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from chemokine coreceptor to increase actin dynamic, which is
necessary for viral entry and nuclear migration. Given that IP-10
binding to CXCR3 also activates chemotactic signaling (54, 55),
we speculated that IP-10 enhances viral infection through similar
signaling with HIV gp120. To test this hypothesis, we analyzed
the time course of actin polymerization in resting memory CD4+

T cells following IP-10 treatment and found that IP-10 triggered a
transient increase in actin polymerization and depolymerization
Frontiers in Immunology | www.frontiersin.org 7
(Figure 5E), which was confirmed by a higher mean fluorescence
intensity (MFI) of F-actin in IP-10–treated cells relative to control
cells (Figure 5F).

IP-10 Activates LIMK–Cofilin Signaling in
Resting Memory CD4+ T Cells
The rearrangement of cortical actin, including its assembly and
disassembly, is primarily regulated by the actin-depolymerizing
A

B

C

FIGURE 2 | IP-10 promotes HIV AD8 and NL4-3 infection of resting memory CD4+ T cells. (A) Gating strategy for isolating a pure population of resting memory
CD4+ T cells. (B) Schematic illustration of the procedure for evaluating the role of IP-10 in HIV infection of resting memory CD4+ T cells. (C) Kinetics of the effect of
AD8 (n = 6)/NL4-3(n = 11), AD8/NL4-3+IP-10, AD8/NL4-3+IP-10+mAb, and AD8/NL4-3+IP-10+CXCR3 on resting memory CD4+ T cell from 2 representative NCs.
P24 levels were compared between groups on the 14th day post infection by one-way analysis of variance. *P < 0.05.
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factor cofilin (56). To clarify the involvement of cofilin in IP-10–
mediated actin dynamics, we treated resting memory CD4+ T cells
with IP-10 and analyzed the time course of cofilin phosphorylation
(Figure 6A). Similar to its effect on actin, IP-10 caused rapid and
cycles of cofilin phosphorylation/dephosphorylation after IP-10
treatment (Figure 6B). Todeterminewhether the increase in cofilin
phosphorylation inducedby IP-10wasmediated through the cofilin
kinase LIM domain kinase (LIMK), cells were treated with the
LIMK inhibitor R10015 (40), which reduced p-cofilin level
(Figure 6B). Thus, IP-10 facilitates latent HIV infection of resting
memoryCD4+Tcells by inducing cofilin activationand stimulating
actin dynamics. Given that HIV-1 gp120 is known to trigger cofilin
activation (57), we investigatedwhether IP-10 could promoteHIV-
mediated cofilin activity.Compared to IP-10-untreated,HIV (NL4-
3)-infected resting memory CD4+ T cells, those that were both
infected and treated with IP-10 showed increased cofilin
phosphorylation/dephosphorylation (Figure 6C), indicating that
Frontiers in Immunology | www.frontiersin.org 8
IP-10 increases cofilin activity and actin dynamics through
activation of the LIMK–cofilin pathway in synergy with HIV
gp120-mediated cofilin activation.

To confirm that IP-10-mediated activation of cofilin and actin
dynamics are related to its enhancement of latent HIV infection of
resting memory CD4+ T cells, we blocked IP-10-mediated
enhancement of HIV infection using R10015 and the actin
inhibitor Jas, respectively (58). Both R10015 and Jas significantly
reduced the enhancement of latent HIV infection of resting
memory CD4+ T cells by IP-10 (Figures 6D, E). These results
provide evidence that IP-10–mediated cofilin activation promotes
latent HIV infection of memory CD4+ T cells.

DISCUSSION

In this article, we demonstrate that the chemokine IP-10 plays an
important role in the establishment of HIV reservoirs in resting
A

B

FIGURE 3 | IP-10 promotes HIV AD8 and NL4-3 infection of resting memory CD4+ T cells at the resting state. (A) Schematic illustration of the procedure for
evaluating the role of IP-10 in HIV infection of resting memory CD4+ T cells at the resting state. (B) Kinetics of the effect of AD8(n = 7)/NL4-3(n = 8), AD8/NL4-3+IP-
10, AD8/NL4-3+IP-10+mAb, and AD8/NL4-3+IP-10+CXCR3 on resting memory CD4+ T cell at resting state from 2 representative NCs. P24 levels were compared
between groups on the 14th day post infection by one-way analysis of variance. *P < 0.05.
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CD4+ T cells. We also showed that IP-10 stimulation triggers
cofilin activation and actin dynamics in resting CD4+ T cells,
facilitating latent HIV infection. IP-10 and HIV synergistically
increase cofilin and actin activities to promote viral entry and
nuclear migration in resting T cells (Figure 7). Thus, HIV
exploits the early inflammatory response to facilitate the
establishment of viral reservoirs in CD4 T cells.

HIV infection can occur in CD4+ T cells that have undergone
the effector-to-memory transition, which then return to a resting
memory state for the establishment of latent reservoirs (31). HIV
latent infection can also be established by direct infection of
Frontiers in Immunology | www.frontiersin.org 9
resting memory CD4+ T cells (33, 34, 59). However, in the
absence of chemotactic signaling, cortical actin in resting CD4+ T
cells is static and represents a barrier for viral entry and nuclear
migration (10, 51, 57). We found that direct infection of resting
CD4+ T cells by HIV was markedly increased in the presence of
IP-10, which promotes actin dynamics necessary for viral entry
and nuclear migration.

Cofilin is a key actin regulator essential for T cell migration
(10). During HIV latent infection, cofilin is activated by gp120
binding to CXCR4/CCR5 on the surface of resting T cells (10).
Cofilin is hyperactivated in resting CD4+ T cells in the blood of
A

B

FIGURE 4 | IP-10 does not promote resting memory CD4+ T cell activation. (A, B) Effect of IP-10 on the expression of the resting memory CD4+ T cell activation
markers HLA-DR, CD69, and CD25 (A) and on the activation of resting memory CD4+ T cells by CD3/CD28 (B) at 6, 12, 24, and 48 h and 5 days post-treatment;
representative flow cytometry plots from 3 participants and quantitative analyses are shown. The time point for HLA-DR, CD69, and CD25 of the representative flow
cytometry plots are 5 days, 6 h and 24 h, respectively. The nonparametric Wilcoxon matched-pairs test was used for intergroup comparisons.
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B D
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C

FIGURE 5 | IP-10 promotes HIV NL4-3 entry into resting memory CD4+ T cells, viral DNA synthesis and integration, and actin activation. (A) Gating strategy and
representative flow cytometry plots from the experiment evaluating the role of IP-10 in the infection of resting memory CD4+ T cells by HIV NL4-3. Viral entry into
resting memory CD4+ T cells was evaluated with the BlaM-Vpr entry assay. For no CCF2, cells were pretreated for 1 h with IP-10 (5 ng/ml) and then infected with
NL4-3. For no NL4-3, cells were treated with CCF2 without NL4-3 infection. For NL4-3, cells were treated with CCF2 before infection with NL4-3. For NL4-3+IP-10,
cells were treated with CCF2 before pretreatment for 1 h with IP-10 (5 ng/ml), and then infected with NL4-3. The Wilcoxon matched-pairs test was used to compare
median values between two groups (N=7, P=0.016). (B) Quantification of HIV+ cells in NL4-3 and NL4-3+IP-10 groups. The Wilcoxon matched-pairs test was used
to compare median values between groups. (C) For NL4-3, cells were infected with NL4-3; for NL4-3+IP-10, cells were pretreated for 1 h with IP-10 (5 ng/ml) and
then infected with NL4-3. Cells were infected for 2 h, washed, and then collected at different time points for ddPCR quantification of total viral DNA at 4 days.
Results are expressed as copies/cell. The Wilcoxon matched-pairs test was used to compare median values between groups (N=6, P=0.031). (D) Quantitative (Alu)
PCR analysis of HIV DNA integration in negative control, NL4-3, NL4-3+IP-10, NL4-3+raltegravir, and NL4-3+raltegravir+IP-10 groups. As the variances are different,
the Wilcoxon matched-pairs test was used to compare median values between groups (N=8, NL4-3 vs. NC: P=0.008; NL4-3+IP-10 vs. NC: P=0.008; NL4-3+IP-10
vs. NL4-3: P=0.008; NL4-3+Raltegravir vs. NL4-3+IP-10: P=0.008; NL4-3+Raltegravir +IP-10 vs. NL4-3+IP-10: P=0.039; NL4-3+Raltegravir vs. NC: P=0.062; NL4-
3+Raltegravir +IP-10 vs. NC: P=0.016; NL4-3+Raltegravir vs. NL4-3: P=0.078; NL4-3+Raltegravir+IP-10 vs. NL4-3+Raltegravir: P=0.469). (E) Representative flow
cytometry plots from the experiment evaluating the effect of IP-10 on actin polymerization and depolymerization over time. The red dashed line represents localized
baseline unstimulated F-actin level. (F) Temporal profile of MFI in control and IP-10–treated resting memory CD4+ T cells (The result for one of the three separated
experiments is showed in the figure). *P < 0.05, **P < 0.01.
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FIGURE 6 | IP-10 activates LIMK–cofilin signaling in resting memory CD4+ T cells. (A) Gating strategy for the experiment evaluating the effect of IP-10 on cofilin
activation. (B, C) Representative flow cytometry plots from the experiment evaluating the effect of IP-10 on cofilin phosphorylation over time. Resting memory CD4+ T
cells were treated with IP-10 (5 ng/ml) and IP-10 (5 ng/ml)+R10015 (100 mM) (B) or NL4-3 and NL4-3+IP-10 (5 ng/ml) (C) for the indicated times, and p-cofilin was
marked with Ser3, followed by flow cytometry analysis. The red dashed lines represent localized baselines for cofilin phosphorylation. Cofilin dynamics were
evaluated at 1, 5, 10, 15, 30, 45, and 60 min, with the measurement at 0 min serving as the reference value. (D, E) LIMK inhibition abrogates the enhancement of
HIV AD8/NL4-3 infection by IP-10. Representative plots of 2 participants are shown. P24 levels of day 14 were compared between groups by one-way analysis of
variance (NL4-3: n = 7, AD8: n = 8). *P < 0.05.
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HIV-infected people, which can lead to impairment in T-cell
motility (41, 60, 61). Specifically, cofilin hyperactivation in
CCR6+ and CXCR3+ helper T cells prevented their trafficking
from the circulation to peripheral organs such as gut-associated
lymphoid tissues (61). Given that these helper T cell subsets
harbor the highest amount of integrated HIV DNA (62), their
accumulation in peripheral blood may facilitate viral latency and
persistence. Cofilin hyperactivation in T cells may be caused by
chronic stimulation and chemotactic signaling by HIV gp120;
stimulating CD4+ T cells in vitro with an anti-human a4b7
integrin antibody activated cofilin signaling, partly restoring T
cell motility (41). Given the elevated IP-10 levels in HIV-infected
individuals, IP-10 may also contribute to cofilin hyperactivation
in blood CD4+ T cells of HIV-infected individuals. Conversely,
reducing IP-10 levels is expected to be beneficial for restoring
normal cofilin signaling and alleviating impairment in T
cell motility.

In this study, we analyzed a total of 40 chemokines including
IP-10 and identified several that were dysregulated in HIV+

individuals compared to NCs. Our previous study showed that
CXCL9 and CXCL11 levels were significantly increased in
primary HIV infection, which was correlated with viral load
and AIDS progression (47). Interestingly, CXCL9, IP-10/
CXCL10, and CXCL11 have CXCR3 as the common receptor.
CXCL9 and CXCL10 are macrophage-related proinflammatory
Frontiers in Immunology | www.frontiersin.org 12
chemokines that are upregulated in the gut mucosa of untreated
HIV+ individuals, and the levels of these chemokines were shown
to be correlated with macrophage accumulation in gut mucosa,
which may increase local inflammation and tissue injury (63).
Therefore, it is possible that all 3 chemokines promote cofilin
activation and latent HIV infection of T cells through CXCR3.

In addition to facilitating the establishment of HIV reservoirs,
IP-10 may serve as a biomarker for predicting HIV reservoir size
in PBMCs of ART-treated patients; we found that IP-10 level in
ART-naïve patients was positively correlated with HIV reservoir
size after over 20 months of ART. It was also reported that pre-
ART levels of certain chemokines/cytokines such as MCP-1,
MIP-3b, soluble TNF receptor-II, and IL-10 are associated with
HIV DNA levels after 96 weeks of treatment (64); however, in
this particular study, IP-10 level was only correlated with the
DNA level in acute infection (Fiebig I/II/III) and not the post-
ART level. We analyzed a broader range of time points during
primary infection, and our results demonstrate that IP-10 is a
stable and reliable biomarker for predicting the size of HIV
reservoirs during the whole primary infection phase and not only
in Fiebig I/II/III. Moreover, therapeutic targeting of IP-10 is a
potential strategy for abolishing latent HIV infection.

Our results showed that IP-10 promotes HIV entry into resting
CD4+ T cells, andwe also found increased viral DNA integration in
IP-10-stimulated resting T cells. The increased viral DNA
integration likely results from IP-10-induced increases in virus
entry, however, we recognize that the increase in viral integration
may also result from viral nuclear entry as actin dymatics is also
involved in HIV nuclear migration (53).

In this current study, our results suggest that during HIV
infection, IP-10 not only promotes inflammation, but also
enhances HIV infection of resting memory CD4+ T cells. The
plasma IP-10 levels before ART may serve as a predictor of HIV
viral load and reservoir size after ART. Thus, the use of inhibitors
of IP-10 or IP-10-related signal pathways may provide a new
strategy for inhibiting the establishment of viral reservoirs.
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8. An P, Sáenz Robles MT, Duray AM, Cantalupo PG, Pipas JM. Human
Polyomavirus BKV Infection of Endothelial Cells Results in Interferon
Pathway Induction and Persistence. PloS Pathog (2019) 15(1):e1007505.
doi: 10.1371/journal.ppat.1007505

9. Pokorna Formanova P, Palus M, Salat J, Hönig V, Stefanik M, Svoboda P,
et al. Changes in Cytokine and Chemokine Profiles in Mouse Serum and
Brain, and in Human Neural Cells, Upon Tick-Borne Encephalitis Virus
Infection. J Neuroinflamm (2019) 16(1):205. doi: 10.1186/s12974-019-1596-z

10. Yoder A, Yu D, Dong L, Iyer SR, Xu X, Kelly J, et al. HIV Envelope-CXCR4
Signaling Activates Cofilin to Overcome Cortical Actin Restriction in Resting
CD4 T Cells. Cell (2008) 134(5):782–92. doi: 10.1016/j.cell.2008.06.036

11. Lewis TC, Metitiri EE, Mentz GB, Ren X, Carpenter AR, Goldsmith AM, et al.
Influence of Viral Infection on the Relationships Between Airway Cytokines
and Lung Function in Asthmatic Children. Respir Res (2018) 19(1):228. doi:
10.1186/s12931-018-0922-9

12. Yan Y, Chen R, Wang X, Hu K, Huang L, Lu M, et al. CCL19 and CCR7
Expression, Signaling Pathways, and Adjuvant Functions in Viral Infection
and Prevention. Front Cell Dev Biol (2019) 7:212. doi: 10.3389/
fcell.2019.00212

13. Saleh S, Solomon A, Wightman F, Xhilaga M, Cameron PU, Lewin SR. CCR7
Ligands CCL19 and CCL21 Increase Permissiveness of Resting Memory
CD4+ T Cells to HIV-1 Infection: A Novel Model of HIV-1 Latency. Blood
(2007) 110(13):4161–4. doi: 10.1182/blood-2007-06-097907

14. Rezaei SD, Lu HK, Chang JJ, Rhodes A, Lewin SR, Cameron PU. The Pathway
To Establishing HIV Latency Is Critical to How Latency Is Maintained and
Reversed. J Virol (2018) 92(13):e02225–17. doi: 10.1128/JVI.02225-17

15. Anderson JL, Khoury G, Fromentin R, Solomon A, Chomont N, Sinclair E,
et al. Human Immunodeficiency Virus (HIV)-Infected CCR6+ Rectal CD4+ T
Cells and HIV Persistence On Antiretroviral Therapy. J Infect Dis (2020) 221
(5):744–55. doi: 10.1093/infdis/jiz509

16. Cameron PU, Saleh S, Sallmann G, Solomon A, Wightman F, Evans VA, et al.
Establishment of HIV-1 Latency in Resting CD4+ T Cells Depends on
Chemokine-Induced Changes in the Actin Cytoskeleton. Proc Natl Acad Sci
USA (2010) 107(39):16934–9. doi: 10.1073/pnas.1002894107

17. Sabbatucci M, Covino DA, Purificato C, Mallano A, Federico M, Lu J, et al.
Endogenous CCL2 Neutralization Restricts HIV-1 Replication in Primary
Human Macrophages by Inhibiting Viral DNA Accumulation. Retrovirology
(2015) 12:4. doi: 10.1186/s12977-014-0132-6

18. Fantuzzi L, Spadaro F, Vallanti G, Canini I, Ramoni C, Vicenzi E, et al.
Endogenous CCL2 (Monocyte Chemotactic Protein-1) Modulates Human
Immunodeficiency Virus Type-1 Replication and Affects Cytoskeleton
Organization in Human Monocyte-Derived Macrophages. Blood (2003) 102
(7):2334–7. doi: 10.1182/blood-2002-10-3275

19. Campbell GR, Spector SA. CCL2 Increases X4-Tropic HIV-1 Entry Into
Resting CD4+ T Cells. J Biol Chem (2008) 283(45):30745–53. doi: 10.1074/
jbc.M804112200

20. Karin N, Razon H. Chemokines Beyond Chemo-Attraction: CXCL10 and its
Significant Role in Cancer and Autoimmunity. Cytokine (2018) 109:24–8. doi:
10.1016/j.cyto.2018.02.012

21. Furman BD, Kent CL, Huebner JL, Kraus VB, McNulty AL, Guilak F, et al.
CXCL10 is Upregulated in Synovium and Cartilage Following Articular
Fracture. J Orthop Res (2018) 36(4):1220–7. doi: 10.1002/jor.23735

22. Valverde-Villegas JM, de Medeiros RM, Ellwanger JH, Santos BR, Melo MG,
Almeida SEM, et al. High CXCL10/IP-10 Levels are a Hallmark in the Clinical
Evolution of the HIV Infection. Infect Genet Evol (2018) 57:51–8. doi: 10.1016/
j.meegid.2017.11.002
August 2021 | Volume 12 | Article 656663

http://charlesworth-group.com
https://www.frontiersin.org/articles/10.3389/fimmu.2021.656663/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.656663/full#supplementary-material
https://doi.org/10.1093/infdis/jiv218
https://doi.org/10.1093/infdis/jiv218
https://doi.org/10.1038/nm880
https://doi.org/10.1038/nm880
https://doi.org/10.1186/s12879-017-2683-3
https://doi.org/10.1128/JVI.01844-08
https://doi.org/10.1021/acs.jmedchem.6b01309
https://doi.org/10.3390/ijms18020342
https://doi.org/10.1371/journal.ppat.1007505
https://doi.org/10.1186/s12974-019-1596-z
https://doi.org/10.1016/j.cell.2008.06.036
https://doi.org/10.1186/s12931-018-0922-9
https://doi.org/10.3389/fcell.2019.00212
https://doi.org/10.3389/fcell.2019.00212
https://doi.org/10.1182/blood-2007-06-097907
https://doi.org/10.1128/JVI.02225-17
https://doi.org/10.1093/infdis/jiz509
https://doi.org/10.1073/pnas.1002894107
https://doi.org/10.1186/s12977-014-0132-6
https://doi.org/10.1182/blood-2002-10-3275
https://doi.org/10.1074/jbc.M804112200
https://doi.org/10.1074/jbc.M804112200
https://doi.org/10.1016/j.cyto.2018.02.012
https://doi.org/10.1002/jor.23735
https://doi.org/10.1016/j.meegid.2017.11.002
https://doi.org/10.1016/j.meegid.2017.11.002
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. IP-10 Promotes Latent HIV Infection
23. Mhandire K, Mlambo T, Zijenah LS, Duri K, Mateveke K, Tshabalala M, et al.
Plasma IP-10 Concentrations Correlate Positively With Viraemia and
Inversely With CD4 Counts in Untreated HIV Infection. Open AIDS J
(2017) 11:24–31. doi: 10.2174/1874613601711010024

24. Jiao Y, Zhang T, Wang R, Zhang H, Huang X, Yin J, et al. Plasma IP-10 is
Associated With Rapid Disease Progression in Early HIV-1 Infection. Viral
Immunol (2012) 25(4):333–7. doi: 10.1089/vim.2012.0011

25. Ploquin MJ, Madec Y, Casrouge A, Huot N, Passaes C, Lécuroux C, et al.
Elevated Basal Pre-Infection CXCL10 in Plasma and in the Small Intestine
After Infection Are Associated With More Rapid HIV/SIV Disease Onset.
PloS Pathog (2016) 12(8):e1005774. doi: 10.1371/journal.ppat.1005774

26. Ramirez LA, Arango TA, Thompson E, Naji M, Tebas P, Boyer JD, et al. High
IP-10 Levels Decrease T Cell Function in HIV-1-Infected Individuals on ART.
J Leukoc Biol (2014) 96(6):1055–63. doi: 10.1189/jlb.3A0414-232RR

27. Muema DM, Akilimali NA, Ndumnego OC, Rasehlo SS, Durgiah R, Ojwach
DBA, et al. Association Between the Cytokine Storm, Immune Cell Dynamics,
and Viral Replicative Capacity in Hyperacute HIV Infection. BMC Med
(2020) 18(1):81. doi: 10.1186/s12916-020-01529-6

28. McMichael AJ, Borrow P, Tomaras GD, Goonetilleke N, Haynes BF, et al. The
Immune Response During Acute HIV-1 Infection: Clues for Vaccine
Development. Nat Rev Immunol (2010) 10(1):11–23. doi: 10.1038/nri2674

29. Gray CM, Hong HA, Young K, Lewis DA, Fallows D, Manca C, et al. Plasma
Interferon-Gamma-Inducible Protein 10 Can be Used to Predict Viral Load in
HIV-1-Infected Individuals. J Acquir Immune Defic Syndr (2013) 63(3):e115–
6. doi: 10.1097/QAI.0b013e3182930ea8

30. Lee S, Chung YS, Yoon CH, Shin Y, Kim S, Choi BS, et al. Interferon-Inducible
Protein 10 (IP-10) Is Associated With Viremia of Early HIV-1 Infection in
Korean Patients. J Med Virol (2015) 87(5):782–9. doi: 10.1002/jmv.24026

31. Shan L, Deng K, Gao H, Xing S, Capoferri AA, Durand CM, et al.
Transcriptional Reprogramming During Effector-To-Memory Transition
Renders CD4(+) T Cells Permissive for Latent HIV-1 Infection. Immunity
(2017) 47(4):766–775 e3. doi: 10.1016/j.immuni.2017.09.014

32. Chun TW, Finzi D, Margolick J, Chadwick K, Schwartz D, Siliciano RF. In
Vivo Fate of HIV-1-Infected T Cells: Quantitative Analysis of the Transition
to Stable Latency. Nat Med (1995) 1(12):1284–90. doi: 10.1038/nm1295-1284

33. Chavez L, Calvanese V, Verdin E. HIV Latency Is Established Directly and
Early in Both Resting and Activated Primary CD4 T Cells. PloS Pathog (2015)
11(6):e1004955. doi: 10.1371/journal.ppat.1004955

34. Pace MJ, Graf EH, Agosto LM, Mexas AM, Male F, Brady T, et al. Directly
Infected Resting CD4+T Cells can Produce HIV Gag Without Spreading
Infection in a Model of HIV Latency. PloS Pathog (2012) 8(7):e1002818. doi:
10.1371/journal.ppat.1002818

35. Baarlink C, Plessner M, Sherrard A, Morita K, Misu S, Virant D, et al. A
Transient Pool of Nuclear F-Actin at Mitotic Exit Controls Chromatin
Organization. Nat Cell Biol (2017) 19(12):1389–99. doi: 10.1038/ncb3641

36. McCall PM, MacKintosh FC, Kovar DR, Gardel ML. Cofilin Drives Rapid
Turnover and Fluidization of Entangled F-Actin. Proc Natl Acad Sci USA
(2019) 116(26):12629–37. doi: 10.1073/pnas.1818808116

37. Stricker J, Falzone T, Gardel ML. Mechanics of the F-Actin Cytoskeleton.
J Biomech (2010) 43(1):9–14. doi: 10.1016/j.jbiomech.2009.09.003

38. De La Cruz EM. Cofilin Binding to Muscle and Non-Muscle Actin Filaments:
Isoform-Dependent Cooperative Interactions. J Mol Biol (2005) 346(2):557–
64. doi: 10.1016/j.jmb.2004.11.065

39. Blanchoin L, Pollard TD. Mechanism of Interaction of Acanthamoeba
Actophorin (ADF/Cofilin) With Actin Filaments. J Biol Chem (1999) 274
(22):15538–46. doi: 10.1074/jbc.274.22.15538

40. Yi F, Guo J, Dabbagh D, Spear M, He S, Kehn-Hall K, et al. Discovery of Novel
Small-Molecule Inhibitors of LIM Domain Kinase for Inhibiting HIV-1.
J Virol (2017) 91(13).:e02418–16. doi: 10.1128/JVI.02418-16

41. He S, Fu Y, Guo J, Spear M, Yang J, Trinité B, et al. Cofilin Hyperactivation in
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