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1 |  INTRODUCTION

Integrins represent one of the most important families of 
cell adhesion receptors that mediate cell-cell and cell-ex-
tracellular matrix interactions. Integrins are heterodimeric 
transmembrane proteins composed of stable non-covalent 

associations between an α and β subunit. Of these, the α4 
subunit (CD49d) couples with either β1 or β7 subunits, 
generating (for example) α4β1 and α4β7 integrins. α4β1 in-
tegrin (very late antigen-4, VLA-4) is mostly expressed on 
leukocytes (except neutrophils), mediating recruitment to 
inflamed tissue sites through interaction with its ligand 
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Abstract
Cellular viral reservoirs are rapidly established in tissues upon HIV-1/SIV infec-
tion, which persist throughout viral infection, even under long-term antiretroviral 
therapy (ART). Specific integrins are involved in the homing of cells to gut-associ-
ated lymphoid tissues (GALT) and inflamed tissues, which may promote the seeding 
and dissemination of HIV-1/SIV to these tissue sites. In this study, we investigated 
the efficacy of prophylactic integrin blockade (α4β7 antibody or α4β7/α4β1 dual 
antagonist TR-14035) on viral infection, as well as dissemination and seeding of 
viral reservoirs in systemic and lymphoid compartments post-SIV inoculation. The 
results showed that blockade of α4β7/α4β1 did not decrease viral infection, replica-
tion, or reduce viral reservoir size in tissues of rhesus macaques after SIV infection, 
as indicated by equivalent levels of plasma viremia and cell-associated SIV RNA/
DNA to controls. Surprisingly, TR-14035 administration in acute SIV infection re-
sulted in consistently higher viremia and more rapid disease progression. These find-
ings suggest that integrin blockade alone fails to effectively control viral infection, 
replication, dissemination, and reservoir establishment in HIV-1/SIV infection. The 
use of integrin blockade for prevention or/and therapeutic strategies requires further 
investigation.
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vascular cell adhesion molecule-1 (VCAM-1).1-3 Integrin 
α4β7 (Lymphocyte Peyer's patch adhesion molecule, LPAM) 
is predominantly expressed on a subset of T and B cells and 
functions as a homing receptor, mediating leukocyte homing 
to the gut-associated lymphoid tissues by interaction with its 
ligand MAdCAM-1.4-8 Given these integrins are involved in 
the homing and trafficking of leukocytes to inflammatory 
sites and gastrointestinal (GI) tract, blockade of these integ-
rins has been proposed as a treatment for multiple sclerosis, 
asthma, allergic conjunctivitis, type 1 diabetes, and inflam-
matory bowel disease (IBD, including ulcerative colitis and 
Crohn's disease).3,9

The HIV-1 envelope can bind integrin α4β7 and signals 
through the activation of LFA-1, in which the V1V2 domain 
of gp120, mimicking the structure of MAdCAM-1, interacts 
with α4β7 on CD4 + T cells,10,11 resulting in the formation of 
virological synapses and subsequent cell-to-cell spreading of 
HIV-1.12-17 The infected cells generally display a transitional 
memory Th17 phenotype with preferential expression of 
CCR6, α4β7, and α4β1,18,19 serving as HIV-1/SIV target cells 
for viral infection and transmission,20-22 consistent with our 
and another report that Integrin α4β7 expression on periph-
eral blood CD4(+) T cells predicts HIV-1 acquisition and dis-
ease progression outcomes.23,24 All of these findings suggest 
the α4β7 integrin plays role in HIV-1 infection and trafficking 
of virus-infected CD4 + T cells to mucosal tissues. In support 
of this, several investigations have reported that infusion of a 
recombinant rhesus mAb against α4β7 (RM-Act-1) in acute 
SIV infection can sustain virologic control and preserve mu-
cosal CD4  +  T cells,25-29 achieving a “functional cure” in 
SIV + macaques on cART. However, recent evidence indi-
cates that blocking α4β7 integrin does not improve virologic 
control in HIV-1/SIV infection.30-34 Since HIV-1 infected 
cell foci and systemic infection are established within hours 
to days following primary exposure,35,36 here we evaluated 
whether early blockade of both α4β7 and α4β1 integrins 
could suppress virus infection and limit the seeding or size 
of viral reservoirs in systemic and lymphoid tissues in rhesus 
macaques infected with SIV as early intervention or prophy-
laxis treatment.

2 |  MATERIALS AND METHODS

2.1 | Ethics statement

All animals in this study were housed at the Tulane National 
Primate Research Center in accordance with the Association 
for Assessment and Accreditation of Laboratory Animal 
Care International standards. All studies were reviewed and 
approved by the Tulane University Institutional Animal Care 
and Use Committee under protocol number P0049. Animal 
housing and studies were carried out in strict accordance 

with the recommendations in the Guide for the Care and Use 
of Laboratory Animals of the National Institutes of Health 
(NIH, AAALAC #000594) and with the recommendations 
of the Weather all report; “The use of non-human primates in 
research.” All clinical procedures were carried out under the 
direction of a laboratory animal veterinarian. All procedures 
were performed under anesthesia using ketamine, and all ef-
forts were made to minimize stress, improve housing condi-
tions, and to provide enrichment opportunities (eg, objects to 
manipulate in cage, varied food supplements, foraging and 
task-oriented feeding methods, interaction with caregivers 
and research staff).

2.2 | Animals and virus

A total of 14 adult Indian-origin rhesus macaques (Macaca 
mulatta) were intravenously inoculated with 100 TCID50 
SIVmac251 and utilized to examine plasma viral load, im-
mune cells, and cell-associated viral DNA/RNA. Of these, 
nine were untreated controls, other animals received intra-
venous infusion of anti-rhesus α4β7 mAb (50 mg/kg at day 
7 prior to SIV inoculation and day 21 post-SIV inoculation, 
n  =  3; or same time schedule in chronically SIV-infected 
animal #LJ78, n = 1) or oral treatment of TR-14035 up to 
2-weeks post-SIV inoculation (3mg/kg, MedChemExpress; 
n = 3). Blood and lymph node biopsies from three animals 
were collected at different time points post-SIV inoculation, 
processed into single-cell suspensions, and analyzed by flow 
cytometry and quantitative PCR.

2.3 | Tissue collection and phenotyping

Flow cytometry for surface staining was performed using 
standard protocols.37 Cells were stained with: CD3 (SP34), 
CD4 (SK3), CD8 (SK1), β7 (M293), and LIVE/DEAD 
Fixable Aqua Dead Cell Stain Kit (Invitrogen, Grand Island, 
NY). Isotype-matched controls were included in all experi-
ments. All antibodies and reagents were purchased from BD 
Biosciences Pharmingen (San Diego, CA) unless otherwise 
noted. Samples were resuspended in BD Stabilizing Fixative 
(BD Biosciences) and acquired on a FACS FORTESSA 
(Becton Dickinson, San Jose, CA). Data were analyzed with 
Flow jo software (Tree Star, Ashland, OR).

2.4 | Measurement of plasma level of anti-
α4β7 mAb

Anti-α4β7 levels were measured by ELISA. Recombinant 
human integrin α4β7 protein (R&D systems) were coated over-
night at 1 μg/mL in PBS in high binding 96 well plates (Costar) 
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and then blocked with a solution of 1% Tween-20 (Sigma) and 
5% non-fat dry milk (Rockland) in PBS for 2 hours. Serially 
diluted recombinant anti-α4β7 Ab (NHP reagents) or plasma 
samples diluted at 1/5000 were added to the plate for 1 hour. 
Plates were then washed five times with PBS/1% Tween-20 and 
incubated 1 hour with mouse anti-monkey IgG-HRP (Southern 
Biotech). After five washes, the TMB substrate (Southern 
Biotech) was applied for 20 minutes. The reaction was stopped 
with 100  μL/well TMB stop solution before reading OD at 
450 nm on an ELISA plate reader (Synergy H4, BioTek).

2.5 | Genomic DNA and total 
RNA extraction

Fresh peripheral blood mononuclear cells (PBMC) were 
isolated from EDTA-treated venous blood by density gra-
dient centrifugation with Lymphocyte Separation Medium 
(MP Biomedicals, Santa Ana, CA). Lymph nodes and rec-
tal biopsies were collected at designated time points and 
processed to extract total genomic DNA and cellular RNA 
by AllPrep DNA/RNA Mini Kit (Qiagen) according to 
the manufacturer's instructions. Viral RNA in plasma was 
directly isolated using the QIAamp Viral RNA Mini Kit 
(Qiagen).

2.6 | Quantification of plasma viral load and 
cell-associated SIV RNA transcripts

The extracted RNA was reverse transcribed into cDNA 
using a SuperScript III first-strand synthesis system 
(Invitrogen) according to the manufacturer's protocol. RT 
reactions were performed in a thermocycler at 25.0°C for 
5 minutes, 50.0°C for 60 minutes, followed by an enzyme 
inactivation step at 70.0°C for 15 minutes. For the quan-
tification of targets, all primer/probe sets were synthe-
sized by Integrated DNA Technologies IDT (Coralville, 
IA, USA) to target the SIVmac239 gag region (Forward 
primer: GTC TGC GTC ATC TGG TGC ATT C; Reverse 
primer: CAC TAG GTG TCT CTG CAC TAT CTG TTT 
TG; and probe: FAM-CTT CCT CAG TGT GTT TCA 
CTT TCT CTT CTG CG-BHQ-1). Plasma viral loads were 
measured by real-time PCR as we previously described.38 
cDNA from cell-derived RNA was used to quantify un-
spliced RNA transcripts by digital droplet PCR (QX100 
Droplet Digital qPCR system, Bio-Rad) with minor modi-
fication as previously published.39 Samples were run in du-
plicate in a 20  μL volume containing Supermix, 250  nM 
primers, 900  nM probe, and 2  μL of undiluted cDNA as 
following cycling conditions: 10 minutes at 95°C, 40 cy-
cles of 94°C/30 seconds and 63°C/60 seconds, followed by 
final 98°C for 10 minutes. Droplets were analyzed by the 

QuantaSoft software in the absolute quantification mode. 
Copies of SIV transcripts expressed as copies per one mil-
lion cells were measured and normalized to cellular input, 
as determined by copies of genomic CCR5 (single-copy 
rhesus macaque CCR5 DNA per cell).40-44 The limit of de-
tection (LOD) was based on three or more replicates and 
calculated using GenEx 5 (www.multid.se).

2.7 | Quantification of cell-associated 
SIV DNA

To ensure that the quantification of total SIV DNA, 2-LTR 
DNA, and integrated proviral DNA was comparable, a 
series of specific standards (plasmids containing SIV U5 
DNA, 2-LTR DNA junction45 or CCR5 DNA fragment) 
were prepared to perform nested PCR. Since HIV-1 pref-
erentially integrates into regions of the chromosome close 
to Alu repeats, two Alu primers are used to amplify the 
segments of integrated proviral DNA.46 Two-step PCR 
amplification was run in parallel to quantify viral DNA 
as described.47-50 Briefly, the preamplification reactions 
were performed using SIV long terminal repeat primer and 
two outward Alu primers, or primer pairs of U5 (Forward 
primer: AGG CTG GCA GAT TGA GCC CTG GGA 
GGT TC; Reverse primer: CCA GGC GGC GAC TAG 
GAG AGA TGG GAA CAC; probe: FAM-TTC CCT GCT 
AGA CTC TCA CCA GCA CTT GG-BHQ-1) on 7900HT 
Sequence Detectors (Life Technologies). The reaction con-
ditions were performed as following: 25 μL of the reaction 
mix, containing 1X PCR buffer, 0.2  mM dNTPs, 2  mM 
MgCl2, 0.8 μM of each primer, and 0.5 U Taq DNA poly-
merase (Invitrogen Life Technologies), was programmed 
to perform a 5 minutes hot start at 95°C, followed by 20 
cycles of denaturation at 95°C for 30 seconds, annealing at 
63°C for 30 seconds and extension at 72°C for 3 minutes. 
2.5 μL of these amplicons were further amplified in tripli-
cate with each primer/probe pairs by real-time PCR reac-
tion using 40 cycles at 95°C for 15 seconds and 63°C for 
1 minute. The highly reproducible calibration curves were 
generated by plotting Cq values against log-transformed 
concentrations of serial standard. Internal standard curves 
were also generated using the known copy number of tar-
get plasmids (1-500 copies) diluted in cellular DNA from 
SIV naïve RMs. The calibration curves and the internal re-
gression curves were used for interpolating initial copies 
of each target in unknown samples. A non-template con-
trol (NTC) and extracted cellular DNA from the HUT78/
SIVmac239 cell line (positive control) were included in 
the qPCR reactions. As described above, quantification of 
SHIV RNA/DNA was expressed as copies per 1 million 
cells, in which cell numbers were determined by copies of 
genomic CCR5 DNA per cell.

http://www.multid.se
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F I G U R E  1  Efficacy of prophylactic integrin blockade on the viral acquisition and disease progression in rhesus macaques inoculated with 
SIV. A, Schematic representation of the study protocol and sampling in SIV inoculated macaques given intravenous anti-α4β7 monoclonal antibody 
or oral TR-14035 (α4β7/α4β1 dual antagonist) treatment in early stages of SIV inoculation; B, Pharmacokinetics of plasma α4β7 Ab levels after 
intravenous infusion; C, Detection of β7high on CD8 + T cells from integrin inhibitor-treated or untreated animals at week 1 (α4β7 Ab treatment 
or control) or week 3 (TR-14035 treatment or control) by flow cytometry; D, Plasma viral load in macaques post-SIV inoculation; E, Changes 
in peripheral CD4 + T cells in macaques post-SIV inoculation; F, Survival of macaques post-SIV inoculation. α4β7 Ab, n = 3; TR-14035, n = 3; 
untreated controls, n = 8. Note that orally TR-14035 treated SIV-inoculated animals showed high viremia and rapid disease progression. Error bars 
indicate means ± SEM. Paired t tests were used to compare groups. *, P < .01
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2.8 | Statistics

Statistical analyses were performed by non-parametric 
Mann-Whitney t test (two tailed) using GraphPad Prism 4.0 
(GraphPad Software, SanDiego, CA). Significant statistic 
differences are indicated by asterisks (*P <  .05,). The data 
are presented as the mean and s.e.m.

3 |  RESULTS

3.1 | Integrin blockade at early stage post-
SIV inoculation fails to suppress viral infection

Integrins play essential roles in lymphocyte homing and may 
mediate the trafficking of HIV-1 infected cells into tissues, 
and if so, integrin blockade would be expected to limit virus 
spread and seeding of various tissues, resulting in the reduc-
tion of plasma viremia and preservation of mucosal CD4 + T 
cells. In addition to anti-α4β7 Ab, the small molecule TR-
14035 can block both α4β1 and α4β7 integrins, and its thera-
peutic potential is being tested in inflammatory diseases.51-53 
To evaluate the potential efficacy of integrin blockade , SIV-
infected animals were treated by intravenous infusion of 
anti-rhesus α4β7 mAb at −7 and 21 post-SIV inoculation or 
orally administered TR-14035 daily for 2-weeks after SIV 
inoculation (Figure 1A). Consistent with previous reports,25 
α4β7 mAb levels in plasma peaked after one week of antibody 
infusion, and gradually declined afterward (Figure 1B). Since 
β7high CD4 + T cells are usually depleted after SIV infec-
tion,23 CD8  +  T cells were used to directly assess the de-
gree of β7 blockade from the inhibitors. The results showed 
both α4β7 mAb and TR-14035 could bind/block integrin β 
expression, as indicated by a significant reduction of periph-
eral β7high CD8 + T cells in animals treated by α4β7 Ab or 
TR-14035, as determined by flow cytometry using anti-β7 
staining and analysis (Figure 1C). These data show that both 
integrin inhibitors could successfully bind and block integ-
rin β expression following in vivo administration. However, 
although plasma α4β7 Ab levels were at high levels at the 
time of SIV infection, α4β7 Ab blockade did not substantially 
prevent SIV infection or prevent replication after infection 
as both the dynamics and magnitude of plasma viremia in 
anti-α4β7 Ab treated animals were essentially equivalent to 
controls. Unexpectedly, treatment with α4β1/α4β7 dual antag-
onist (TR-14035) led to higher viremia throughout SIV infec-
tion as evidenced by significantly higher levels of viral RNA 
in plasma compared α4β7 Ab treated or untreated controls. 
Further, integrin inhibitor administration also did not prevent 
peripheral CD4 + T cell depletion from animals on day 14 
after SIV inoculation (Figure 1D and E). Finally, and in con-
cert with the higher viremia in the TR-14035 treated group, 
these animals also showed more rapid disease progression to 

AIDS (Figure 1F). These findings suggested that these inte-
grin inhibitors lack significant prophylactic or treatment ef-
ficacy in early SIV infection.

3.2 | Treatment of Integrin inhibitors 
does not suppress viral replication and 
reservoir seeding in macaques inoculated 
with SIV

We next examined levels of cell-associated SIV RNA/DNA in 
peripheral blood and lymphoid tissues of macaques post-SIV 
inoculation, with or without integrin inhibitor treatment (α4β7 
Ab or TR-14035). As shown in Figure 2A-D, multiple viral 
parameters in PBMCs, including unspliced SIV RNA, multi-
ply spliced SIV RNA (tat/rev), total SIV DNA, and two-long-
terminal-repeat (2-LTR) circular SIV DNA were detected as 
early as day 7 after SIV inoculation in all animals, regard-
less of treatment. High levels of cell-associated SIV RNA/
DNA were maintained throughout SIV infection. In addition 
to unintegrated viral DNA and 2-LTR DNA, total HIV-1/
SIV DNA also includes integrated proviral DNA, which is 
the more accurate marker of viral reservoirs in HIV-1/SIV in-
fection, and represents the major obstacle for cure strategies 
in patients even when plasma viremia is undetectable.54-56 
Our data showed that proviral DNA was detectable by 7 days 
of inoculation and was maintained at considerable levels 
(Figure 2E), suggesting that integrin inhibitor blockade did 
not limit viral DNA integration in PBMCs. Notably, there 
were no significant differences in cell-associated SIV RNA/
DNA levels between treated animals and untreated controls. 
These data further confirm that the administration of integrin 
inhibitors does not suppress SIV infection at the cell level.

3.3 | Effects of prophylactic α4β7 Ab 
infusion on viral reservoir seeding in lymphoid 
tissues of macaques inoculated with SIV

Integrins mediate migration and homing of peripheral/local 
leukocytes, including initial HIV-1/SIV viral target cells that 
become infected in mucosal tissue sites, which may then 
home to and seed distal gut-associated lymphoid tissues, pro-
moting viral replication and amplification in tissues. Thus, a 
prophylactic blockade of mucosal homing integrins was ex-
pected to reduce the size of viral reservoirs. As indicated in 
Figure 1A and B, animals received anti-rhesus α4β7 Ab by 
intravenous injection before SIV inoculation (day −7 days), 
and the levels of plasma α4β7 Ab reached peaked by day 7 
when they were intravenously challenged with SIV. In ad-
dition to peripheral blood, we also examined cell-associated 
SIV DNA/RNA in lymph nodes and rectal biopsies in SIV-
inoculated macaques. The results showed that all SIV RNA 
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and SIV DNA, including US SIV RNA, MS SIV RNA, total 
SIV DNA, 2-LTR SIV DNA, and proviral DNA, could be 
detected within 7 days, and levels were stably maintained in 
lymph nodes throughout SIV infection. Similar to PBMCs, 
these were no significant differences in individual SIV RNA/
DNA levels between α4β7 Ab treated and untreated animals 
infected with SIV (Figure  3A-E). Further rectal CD4  +  T 
cells and cell-associated SIV levels in rectal tissues in α4β7 
Ab treated or untreated animals were compared 3  months 
after SIV inoculation and as shown in Figure 3F, there were 
also no significant differences between these groups, includ-
ing percentages of rectal CD4 + T cells, and/or SIV RNA/

DNA levels. In summary, prophylactic α4β7 Ab infusion 
failed to suppress viral reservoir seeding in both lymph nodes 
and gut-associated lymphoid tissues (GALT) of rhesus ma-
caques intravenously challenged with SIV.

4 |  DISCUSSION

Although long-term antiretroviral therapy significantly re-
duces the number of HIV-1 infected cells, residual cellular 
reservoirs containing proviral DNA persist, and promote 
viral rebound upon antiretroviral therapy interruption, 

F I G U R E  2  Effects of prophylactic integrin blockade on viral replication and reservoir seeding in peripheral blood mononuclear cells of 
rhesus macaques inoculated with SIV. Dynamics of unspliced SIV RNA (US SIV RNA, A), multiply tat/rev spliced SIV RNA (MS SIV RNA, B), 
total SIV DNA (C), circular 2-LTR SIV DNA (D), or integrated proviral SIV DNA (E) in PBMCs of animals treated with α4β7 Ab or TR-14035, 
or untreated controls. Note that the dynamics of viral replication and proviral DNA in peripheral blood showed no significant differences between 
groups. Error bars indicate means ± SEM
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which is the major hurdle to a cure for HIV-1 infection. 
Since integrins, such as α4β7/α4β1, are engaged in the 
migration, trafficking, and homing of local cells to distal 
lymphoid tissues and are likely involved in the dissemi-
nation of HIV-1 infected cells and seeding of tissue res-
ervoirs, here, we evaluated the efficacy of prophylactic 
and preventive integrin blockade (α4β7 Ab or α4β7/α4β1 
dual antagonist) on viral infection, replication, and res-
ervoir seeding in systemic and lymphoid tissues of SIV-
infected macaques. Consistent with recent reports, these 
results showed integrin blockade does not suppress viral 
infection or limit the size of viral reservoirs in blood or 
lymphoid tissues, as indicated by equivalent levels of 
plasma viral loads and cell-associated SIV DNA/RNA to 
untreated controls. Surprisingly, treatment of TR-14035 (a 
compound with dual α4β7/α4β1 inhibitor activity) resulted 
in even higher viremia throughout SIV infection and more 
rapid disease progression. These findings suggest that in-
tegrin blockade alone is insufficient to prevent or control 
HIV-1/SIV infection and reservoir seeding. Prophylactic 

or therapeutic usage of integrin inhibitors in combination 
with antiretroviral therapy requires further investigation in 
HIV-1 + patients.

In the HIV-1/SIV life cycle, the virus produces un-
spliced RNA (~9-Kb) and two class sizes (early ~2-Kb 
and late ~4-Kb RNA), which are involved in viral repli-
cation, integration, translation, virion assembling, and 
release.57,58 Various viral nucleic acids, representing dif-
ferent infectious status and clinical significance,59-62 can 
be measured: HIV-1 gag RNA transcripts represent bona 
fide HIV-1 unspliced RNA during viral replication63,64; 
multiply spliced HIV-1/SIV tat/rev RNA express func-
tional proteins for viral replication and production65; ext-
rachromosomal two-long-terminal-repeat (2-LTR) circular 
viral DNA are bystander products of unintegrated HIV-1/
SIV DNA62; and; 4) a pool of integrated proviral DNA is 
believed to contribute to viral rebound after ART cessa-
tion.66 Therefore, cell-associated viral RNA or DNA assays 
may be used as potential indicators to estimate the size of 
HIV-1/SIV reservoirs.

F I G U R E  3  Effects of prophylactic α4β7 Ab infusion on seeding and size of viral reservoirs in lymph nodes and rectum of rhesus macaques 
inoculated with SIV. Longitudinal changes in unspliced SIV RNA (US SIV RNA, A), multiply tat/rev spliced SIV RNA (MS SIV RNA, B), total 
SIV DNA (C), circular 2-LTR SIV DNA (D), or integrated proviral SIV DNA (E) in auxiliary lymph nodes of animals treated with α4β7 Ab, 
compared with untreated controls. (F) Changes in rectal CD4 + T cells and cell-associated SIV RNA/DNA in rectal lymphocytes of macaques with 
or without early α4β7 Ab treatment at 3 mo post-SIV inoculation. Note prophylactic α4β7 Ab treatment did not preserve gut-associated mucosal 
CD4 + T cells or reduce viral reservoirs in either lymph nodes or rectum. Error bars indicate means ± SEM. NS. No significances were determined 
by two-tailed paired t tests
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Integrins, composed of α and β subunits, interact with 
the extracellular matrix and ligands expressed on leukocytes, 
regulating cell adhesion, migration, and homing to distant 
tissue sites. Of these, α4β7 and α4β1 typically play major 
roles in homing or trafficking of leukocytes to the GALT or 
inflamed tissues. Functional integrins may also involve the 
trafficking of virus-infected CD4 + T cells to distal muco-
sal lymphoid tissues, resulting in reservoir seeding in var-
ious tissues. It is also known that the HIV-1 envelope can 
bind integrin α4β7 on CD4 + T cells,10,11 promoting HIV-1 
spreading by cell-to-cell virological synapses.12-16 Given 
the functions of integrins, we hypothesized early integrin 
blockade could help prevent HIV-1 infection or at least re-
duce the seeding and size of viral reservoirs in systemic and 
lymphoid compartments. Early studies demonstrate that α4β7 
blocking antibody, combined with ART, could maintain low 
to undetectable viral loads and normal CD4 T cell counts in 
the peripheral blood and gastrointestinal tissues, even after 
all treatment is withdrawn.25,27-29,67 However, our data indi-
cate that prophylactic α4β7 blockade essentially fails to pre-
vent SIV infection and CD4 + T cell depletion in macaques 
intravenously inoculated by SIV, consistent with recent 
reports that blocking α4β7 integrin does not improve viro-
logic control in either HIV-1 or SIV infection.30-34 Possible 
explanations for these discrepancies could be differences in 
the viral stocks, dose of virus (high vs low-dose), routes of 
inoculation (eg, intravenous vs intrarectal challenge), timing 
of the treatments, or short-, long-term α4β7 treatment, yet 
we show high levels of anti-a4b7 antibody were still present 
at the time of virus inoculation (Figure  1). We also tested 
the therapeutic efficacy of α4β7 Ab on levels of viremia and 
reservoir size in one chronically SIV-infected animal, and 
still observed no significant impact on plasma viral loads or 
cell-associated SIV RNA/DNA levels (Suppl Figure 1). Our 
data showed that both α4β7 or α4β7/α4β1 blockade did not 
increase viremia and cell-associated SIV RNA in peripheral 
blood and lymphoid tissues during treatment, speculating la-
tency reactivation may not be induced, albeit lack of direc-
tion evidence. Despite integrins are not a marker of the viral 
reservoir per se, integrin but not limited to α4β7 expressed 
on CD4 + T cells may be a target for latency reactivation,68 
effects of integrin blockade need to be further investigated. 
The integrin blockade is being tested as a treatment for multi-
ple sclerosis, asthma, and inflammatory bowel disease.9,69,70 
Notably, the preferential pairing of β1 with the α4 subunit 
(α4β1) suppresses α4β7 expression and regulates the local-
ization of memory CD4 + T cells in intestinal sites.71 Further, 
neither the α4 small molecule inhibitor (ELN) nor anti-α4 Ab 
(natalizumab) block the replication of HIV-1/SHIV since the 
α4 subunit is not an essential cofactor for HIV-1 attachment 
and infection.72,73 We thus investigated whether an α4β1/α4β7 
dual antagonist (TR-14035) was able to better suppress SIV 
infection and limit the reservoir size in SIV-infected animals 

when treated very early. As shown in Figures 1 and 2, TR-
14035 clearly could bind and block β7 subunit expression, 
albeit its effects on other subunits are unknown. Surprisingly, 
oral treatment of TR-14035 up to two weeks after SIV inoc-
ulation did not prevent animals from virus infection or high 
levels of replication. In contrast, TR-14035 treatment consis-
tently resulted in higher viremia as compared with α4β7 Ab 
treated or untreated animals and led to more rapid disease 
progression. Although speculative, TR-14035 treatment may 
compromise CD8 + T cell responses in tissues since α4β1 
integrin is also essential for CD8 T-cell migration and func-
tion,74,75 dampening Th2 responses,76,77 homeostasis and 
immunity by cell-to-cell communication.78,79 Our data also 
indicated that TR-14035 treatment reduced the frequency of 
peripheral CD20 + B cells beginning at ~1 month after SIV 
infection, compared with α4β7 Ab blockade or untreated con-
trols (data not shown). However, the reasons behind its ex-
acerbating effects on viremia remain unknown. Nonetheless, 
these findings suggest that integrin blockade may not be a 
useful treatment for the prevention or treatment of early 
HIV-1 infection.

DISCLOSURES
The authors declare no competing financial interests.

AUTHOR CONTRIBUTIONS
We thank Meagan Watkins and Eunice Vincent for animal 
scheduling and sample processing. WZ performed quantita-
tive PCR and analyze the data; JS, AF, PC, and XW assisted 
with experiments; RSV provided advice and revisions; HX 
designed the experiments, analyzed the data, and wrote the 
manuscript.

FUNDING INFORMATION
This work was supported by NIH grants R01 DE025432, 
R01 AI147372, R01 HD099857, R01 AI099795, National 
Institute of Allergy and Infectious Diseases, AI099795, the 
National Center for Research Resources, and the Office of 
Research Infrastructure Programs (ORIP) of the National 
Institutes of Health through grant no. OD011104-51. The 
funders had no role in study design, data collection, analysis, 
decision to publish, or manuscript preparation.

REFERENCES
 1. Baiula M, Spampinato S, Gentilucci L, Tolomelli A. Novel ligands 

targeting alpha4beta1 integrin: therapeutic applications and per-
spectives. Front Chem. 2019;7:489.

 2. Chan JR, Hyduk SJ, Cybulsky MI. Chemoattractants induce a 
rapid and transient upregulation of monocyte alpha4 integrin 
affinity for vascular cell adhesion molecule 1 which mediates 
arrest: an early step in the process of emigration. J Exp Med. 
2001;193:1149-1158.

 3. Mitroulis I, Alexaki VI, Kourtzelis I, Ziogas A, Hajishengallis G, 
Chavakis T. Leukocyte integrins: role in leukocyte recruitment and 



   | 9 of 11ZIANI et Al.

as therapeutic targets in inflammatory disease. Pharmacol Ther. 
2015;147:123-135.

 4. Gorfu G, Rivera-Nieves J, Ley K. Role of beta7 integrins in in-
testinal lymphocyte homing and retention. Curr Mol Med. 
2009;9:836-850.

 5. Wagner N, Lohler J, Kunkel EJ et al. Critical role for beta7 inte-
grins in formation of the gut-associated lymphoid tissue. Nature. 
1996;382:366-370.

 6. Williams MB, Butcher EC. Homing of naive and memory T lym-
phocyte subsets to Peyer's patches, lymph nodes, and spleen. J 
Immunol. 1997;159:1746-1752.

 7. Cimbro R, Vassena L, Arthos J et al. IL-7 induces expression and 
activation of integrin alpha4beta7 promoting naive T-cell homing 
to the intestinal mucosa. Blood. 2012;120:2610-2619.

 8. Imhof BA, Aurrand-Lions M. Adhesion mechanisms regulating the 
migration of monocytes. Nat Rev Immunol. 2004;4:432-444.

 9. Zundler S, Fischer A, Schillinger D et al. The alpha4beta1 Homing 
pathway is essential for ileal homing of crohn's disease effector t 
cells in vivo. Inflamm Bowel Dis. 2017;23:379-391.

 10. Wibmer CK, Richardson SI, Yolitz J et al. Common helical V1V2 
conformations of HIV-1 envelope expose the alpha4beta7 binding 
site on intact virions. Nat Commun. 2018;9:4489.

 11. Lertjuthaporn S, Cicala C, Van Ryk D et al. Select gp120 V2 do-
main specific antibodies derived from HIV and SIV infection and 
vaccination inhibit gp120 binding to alpha4beta7. PLoS Pathog. 
2018;14:e1007278.

 12. Arthos J, Cicala C, Martinelli E et al. HIV-1 envelope protein binds 
to and signals through integrin alpha4beta7, the gut mucosal hom-
ing receptor for peripheral T cells. Nat Immunol. 2008;9:301-309.

 13. Cicala C, Arthos J, Fauci AS. HIV-1 envelope, integrins and 
co-receptor use in mucosal transmission of HIV. J Transl Med. 
2011;9(Suppl 1):S2.

 14. Nawaz F, Goes LR, Ray JC et al. MAdCAM costimulation through 
Integrin-alpha4beta7 promotes HIV replication. Mucosal Immunol. 
2018;11:1342-1351.

 15. Chand S, Messina EL, AlSalmi W et al. Glycosylation and oligo-
meric state of envelope protein might influence HIV-1 virion cap-
ture by alpha4beta7 integrin. Virology. 2017;508:199-212.

 16. Guzzo C, Ichikawa D, Park C et al. Virion incorporation of integrin 
alpha4beta7 facilitates HIV-1 infection and intestinal homing. Sci 
Immunol. 2017;2.

 17. Nawaz F, Cicala C, Van Ryk D et al. The genotype of early-trans-
mitting HIV gp120s promotes alpha (4) beta(7)-reactivity, reveal-
ing alpha (4) beta(7) +/CD4+ T cells as key targets in mucosal 
transmission. PLoS Pathog. 2011;7:e1001301.

 18. Martinelli E, Veglia F, Goode D et al. The frequency of alpha(4)
beta(7)(high) memory CD4(+) T cells correlates with suscepti-
bility to rectal simian immunodeficiency virus infection. J Acquir 
Immune Defic Syndr. 2013;64:325-331.

 19. Pardons M, Baxter AE, Massanella M et al. Single-cell char-
acterization and quantification of translation-competent viral 
reservoirs in treated and untreated HIV infection. PLoS Pathog. 
2019;15:e1007619.

 20. Alvarez Y, Tuen M, Shen G et al. Preferential HIV infec-
tion of CCR6+ Th17 cells is associated with higher levels of 
virus receptor expression and lack of CCR5 ligands. J Virol. 
2013;87:10843-10854.

 21. Calenda G, Keawvichit R, Arrode-Bruses G et al. Integrin al-
pha4beta7 blockade preferentially impacts CCR6(+) lymphocyte 

subsets in blood and mucosal tissues of naive rhesus macaques. J 
Immunol. 2018;200:810-820.

 22. Kader M, Wang X, Piatak M et al. Alpha4(+)beta7(hi)CD4(+) 
memory T cells harbor most Th-17 cells and are preferen-
tially infected during acute SIV infection. Mucosal Immunol. 
2009;2:439-449.

 23. Wang X, Xu H, Gill AF et al. Monitoring alpha4beta7 integrin 
expression on circulating CD4+ T cells as a surrogate marker for 
tracking intestinal CD4+ T-cell loss in SIV infection. Mucosal 
Immunol. 2009;2:518-526.

 24. Sivro A, Schuetz A, Sheward D et al. Integrin alpha4beta7 expres-
sion on peripheral blood CD4(+) T cells predicts HIV acquisition 
and disease progression outcomes. Sci Transl Med. 2018;10.

 25. Ansari AA, Reimann KA, Mayne AE et al. Blocking of alpha-
4beta7 gut-homing integrin during acute infection leads to de-
creased plasma and gastrointestinal tissue viral loads in simian 
immunodeficiency virus-infected rhesus macaques. J Immunol. 
2011;186:1044-1059.

 26. Uzzan M, Tokuyama M, Rosenstein AK et al. Anti-alpha4beta7 
therapy targets lymphoid aggregates in the gastrointestinal tract of 
HIV-1-infected individuals. Sci Transl Med. 2018;10.

 27. Santangelo PJ, Cicala C, Byrareddy SN et al. Early treatment of 
SIV+ macaques with an alpha4beta7 mAb alters virus distribution 
and preserves CD4(+) T cells in later stages of infection. Mucosal 
Immunol. 2018;11:932-946.

 28. Byrareddy SN, Kallam B, Arthos J et al. Targeting alpha4beta7 in-
tegrin reduces mucosal transmission of simian immunodeficiency 
virus and protects gut-associated lymphoid tissue from infection. 
Nat Med. 2014;20:1397-1400.

 29. Byrareddy SN, Arthos J, Cicala C et al. Sustained virologic control 
in SIV+ macaques after antiretroviral and alpha4beta7 antibody 
therapy. Science. 2016;354:197-202.

 30. Iwamoto N, Mason RD, Song K et al. Blocking alpha4beta7 inte-
grin binding to SIV does not improve virologic control. Science. 
2019;365:1033-1036.

 31. Abbink P, Mercado NB, Nkolola JP et al. Lack of therapeutic effi-
cacy of an antibody to alpha4beta7 in SIVmac251-infected rhesus 
macaques. Science. 2019;365:1029-1033.

 32. Di Mascio M, Lifson JD, Srinivasula S et al. Evaluation of an an-
tibody to alpha4beta7 in the control of SIVmac239-nef-stop infec-
tion. Science. 2019;365:1025-1029.

 33. Sneller MC, Clarridge KE, Seamon C et al. An open-label phase 1 
clinical trial of the anti-alpha4beta7 monoclonal antibody vedoli-
zumab in HIV-infected individuals. Sci Transl Med. 2019.

 34. Ling L, Wu T, To KKW et al. Vedolizumab-mediated integrin al-
pha4beta7 blockade does not control HIV-1SF162 rebound after 
combination antiretroviral therapy interruption in humanized mice. 
AIDS. 2019;33:F1-F12.

 35. Whitney JB, Hill AL, Sanisetty S et al. Rapid seeding of the 
viral reservoir prior to SIV viraemia in rhesus monkeys. Nature. 
2014;512:74-77.

 36. Brodin J, Zanini F, Thebo L et al. Establishment and stability of the 
latent HIV-1 DNA reservoir. Elife. 2016;5.

 37. Xu H, Wang X, Liu DX, Moroney-Rasmussen T, Lackner AA, 
Veazey RS. IL-17-producing innate lymphoid cells are restricted 
to mucosal tissues and are depleted in SIV-infected macaques. 
Mucosal Immunol. 2012;5:658-669.

 38. Xu H, Wang X, Malam N et al. Persistent simian immunodeficiency 
virus infection drives differentiation, aberrant accumulation, and 



10 of 11 |   ZIANI et Al.

latent infection of germinal center follicular T helper cells. J Virol. 
2015;90:1578-1587.

 39. Yukl SA, Kaiser P, Kim P et al. HIV latency in isolated patient 
CD4(+) T cells may be due to blocks in HIV transcriptional elon-
gation, completion, and splicing. Sci Transl Med. 2018;10.

 40. Hansen SG, Ford JC, Lewis MS et al. Profound early control of 
highly pathogenic SIV by an effector memory T-cell vaccine. 
Nature. 2011;473:523-527.

 41. Okoye AA, Hansen SG, Vaidya M et al. Early antiretroviral therapy 
limits SIV reservoir establishment to delay or prevent post-treat-
ment viral rebound. Nat Med. 2018;24:1430-1440.

 42. Hong F, Aga E, Cillo AR et al. Novel assays for measurement 
of total cell-associated HIV-1 DNA and RNA. J Clin Microbiol. 
2016;54:902-911.

 43. Kostrikis LG, Touloumi G, Karanicolas R et al; Multicenter 
Hemophilia Cohort Study Group. Quantitation of human immu-
nodeficiency virus type 1 DNA forms with the second template 
switch in peripheral blood cells predicts disease progression inde-
pendently of plasma RNA load. J Virol. 2002;76:10099-10108.

 44. Deleage C, Immonen TT, Fennessey CM et al. Defining early SIV 
replication and dissemination dynamics following vaginal trans-
mission. Sci Adv. 2019;5:eaav7116.

 45. Lee M, Kim WK, Kuroda MJ, Pal R, Chung HK. Development of 
real-time PCR for quantitation of simian immunodeficiency virus 
2-LTR circles. J Med Primatol. 2016;45:215-221.

 46. Cohn LB, Silva IT, Oliveira TY et al. HIV-1 integration landscape 
during latent and active infection. Cell. 2015;160:420-432.

 47. Nishimura Y, Sadjadpour R, Mattapallil JJ et al. High frequencies 
of resting CD4+ T cells containing integrated viral DNA are found 
in rhesus macaques during acute lentivirus infections. Proc Natl 
Acad Sci U S A. 2009;106:8015-8020.

 48. De Spiegelaere W, Malatinkova E, Lynch L et al. Quantification of 
integrated HIV DNA by repetitive-sampling Alu-HIV PCR on the 
basis of poisson statistics. Clin Chem. 2014;60:886-895.

 49. O'Doherty U, Swiggard WJ, Jeyakumar D, McGain D, Malim MH. 
A sensitive, quantitative assay for human immunodeficiency virus 
type 1 integration. J Virol. 2002;76:10942-10950.

 50. Mavigner M, Lee ST, Habib J et al. Quantifying integrated 
SIV-DNA by repetitive-sampling Alu-gag PCR. J Virus Erad. 
2016;2:219-226.

 51. Cortijo J, Sanz MJ, Iranzo A et al. A small molecule, orally ac-
tive, alpha4beta1/alpha4beta7 dual antagonist reduces leukocyte 
infiltration and airway hyper-responsiveness in an experimental 
model of allergic asthma in Brown Norway rats. Br J Pharmacol. 
2006;147:661-670.

 52. Tsuda-Tsukimoto M, Maeda T, Iwanaga T, Kume T, Tamai I. 
Characterization of hepatobiliary transport systems of a novel al-
pha4beta1/alpha4beta7 dual antagonist, TR-14035. Pharm Res. 
2006;23:2646-2656.

 53. Li H, Huang SY, Shi FH, Gu ZC, Zhang SG, Wei JF. alpha-
4beta7 integrin inhibitors: a patent review. Expert Opin Ther Pat. 
2018;28:903-917.

 54. Rouzioux C, Avettand-Fenoel V. Total HIV DNA: a global marker 
of HIV persistence. Retrovirology. 2018;15:30.

 55. Cillo AR, Hong F, Tsai A et al. Blood biomarkers of expressed and 
inducible HIV-1. AIDS. 2018;32:699-708.

 56. Bachmann N, von Siebenthal C, Vongrad V et al. Determinants of 
HIV-1 reservoir size and long-term dynamics during suppressive 
ART. Nat Commun. 2019;10:3193.

 57. Pasternak AO, Lukashov VV, Berkhout B. Cell-associated HIV RNA: 
a dynamic biomarker of viral persistence. Retrovirology. 2013;10:41.

 58. Dubois N, Marquet R, Paillart JC, Bernacchi S. Retroviral RNA 
Dimerization: from Structure to Functions. Front Microbiol. 
2018;9:527.

 59. Kiselinova M, De Spiegelaere W, Buzon MJ, Malatinkova 
E, Lichterfeld M, Vandekerckhove L. Integrated and Total 
HIV-1 DNA Predict Ex Vivo Viral Outgrowth. PLoS Pathog. 
2016;12:e1005472.

 60. Pasternak AO, Berkhout B. What do we measure when we measure 
cell-associated HIV RNA. Retrovirology. 2018;15:13.

 61. Lu CL, Pai JA, Nogueira L et al. Relationship between intact HIV-1 
proviruses in circulating CD4(+) T cells and rebound viruses 
emerging during treatment interruption. Proc Natl Acad Sci U S A. 
2018;115:E11341-E11348.

 62. Policicchio BB, Cardozo EF, Sette P et al. Dynamics of simian 
immunodeficiency virus two-long-terminal-repeat circles in the 
presence and absence of CD8(+) cells. J Virol. 2018;92.

 63. Pasternak AO, DeMaster LK, Kootstra NA, Reiss P, O'Doherty U, 
Berkhout B. Minor contribution of chimeric host-HIV readthrough 
transcripts to the level of HIV cell-associated gag RNA. J Virol. 
2016;90:1148-1151.

 64. Baxter AE, Niessl J, Fromentin R et al. Single-cell characterization 
of viral translation-competent reservoirs in HIV-infected individu-
als. Cell Host Microbe. 2016;20:368-380.

 65. Procopio FA, Fromentin R, Kulpa DA et al. A novel assay to mea-
sure the magnitude of the inducible viral reservoir in HIV-infected 
Individuals. EBioMedicine. 2015;2:874-883.

 66. Vandergeeten C, Fromentin R, DaFonseca S et al. Interleukin-7 
promotes HIV persistence during antiretroviral therapy. Blood. 
2013;121:4321-4329.

 67. Pereira LE, Onlamoon N, Wang X et al. Preliminary in vivo effi-
cacy studies of a recombinant rhesus anti-alpha(4)beta(7) mono-
clonal antibody. Cell Immunol. 2009;259:165-176.

 68. Wipff PJ, Hinz B. Integrins and the activation of latent transform-
ing growth factor beta1 – an intimate relationship. Eur J Cell Biol. 
2008;87:601-615.

 69. Lord JD, Long SA, Shows DM et al. Circulating integrin alpha4/
beta7+ lymphocytes targeted by vedolizumab have a pro-inflam-
matory phenotype. Clin Immunol. 2018;193:24-32.

 70. Sandborn WJ, Baert F, Danese S et al. Efficacy and safety of vedol-
izumab subcutaneous formulation in a randomized trial of patients 
with ulcerative colitis. Gastroenterology. 2019.

 71. DeNucci CC, Pagan AJ, Mitchell JS, Shimizu Y. Control of alpha-
4beta7 integrin expression and CD4 T cell homing by the beta1 
integrin subunit. J Immunol. 2010;184:2458-2467.

 72. Pauls E, Ballana E, Moncunill G et al. Evaluation of the anti-HIV 
activity of natalizumab, an antibody against integrin alpha4. AIDS. 
2009;23:266-268.

 73. Arrode-Bruses G, Goode D, Kleinbeck K et al. A small molecule, 
which competes with MAdCAM-1, activates integrin alpha4beta7 
and fails to prevent mucosal transmission of SHIV-SF162P3. PLoS 
Pathog. 2016;12:e1005720.

 74. Martin-Blondel G, Pignolet B, Tietz S et al. Migration of encepha-
litogenic CD8 T cells into the central nervous system is dependent 
on the alpha4beta1-integrin. Eur J Immunol. 2015;45:3302-3312.

 75. Woyciechowski S, Hofmann M, Pircher H. alpha4 beta1 integrin 
promotes accumulation of tissue-resident memory CD8(+) T cells 
in salivary glands. Eur J Immunol. 2017;47:244-250.



   | 11 of 11ZIANI et Al.

 76. Mittelbrunn M, Molina A, Escribese MM et al. VLA-4 integrin 
concentrates at the peripheral supramolecular activation complex 
of the immune synapse and drives T helper 1 responses. Proc Natl 
Acad Sci U S A. 2004;101:11058-11063.

 77. Li W, Ishihara K, Yokota T et al. Reduced alpha4beta1 integrin/
VCAM-1 interactions lead to impaired pre-B cell repopulation 
in alpha 1,6-fucosyltransferase deficient mice. Glycobiology. 
2008;18:114-124.

 78. Dean DC, Iademarco MF, Rosen GD, Sheppard AM. The integrin 
alpha 4 beta 1 and its counter receptor VCAM-1 in development 
and immune function. Am Rev Respir Dis. 1993;148:S43-46.

 79. Nolte MA, Margadant C. Activation and suppression of hematopoi-
etic integrins in hemostasis and immunity. Blood. 2020;135:7-16.

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Ziani W, Shao J, Fang A, et al. 
Mucosal integrin α4β7 blockade fails to reduce the 
seeding and size of viral reservoirs in SIV-infected 
rhesus macaques. The FASEB Journal. 2021;35:e21282. 
https://doi.org/10.1096/fj.20200 2235R

https://doi.org/10.1096/fj.202002235R

