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The intestinal barrier, one of the first targets of HIV/simian immunodeficiency virus (SIV)
is subjected to major physiological changes during acute infection. Having previously
shown that pharmaceutical injection of interleukin-7 (IL-7) triggers chemokine expression
in many organs leading to massive T-cell homing, in particular to the intestine, we here
explored mucosal IL-7 expression as part of the cytokine storm occurring during the
acute phase of SIV infection in rhesus macaques. Quantifying both mRNA and protein
in tissues, we demonstrated a transient increase of IL-7 expression in the small intestine
of SIV-infected rhesus macaques, starting with local detection of the virus by day 3 of
infection. We also observed increased transcription levels of several chemokines in the
small intestine. In infected macaques, ileal IL-7 expression correlated with the transcrip-
tion of four of these chemokines. Among these chemokines, the macrophage and/or
T-cell attractant chemokines CCL4, CCL25, and CCL28 also demonstrated increased
transcription in uninfected IL-7-treated monkeys. Through immunohistofluorescence
staining and image analysis, we observed increased CD8* T-cell numbers and stable
CD4* T-cell counts in the infected lamina propria (LP) during hyperacute infection.
Concomitantly, circulating CCR9*beta7+ CD4* and CD8* T-cells dropped during acute
infection, suggesting augmented intestinal homing of gut-imprinted T-cells. Finally, CD4+
macrophages transiently decreased in the submucosa and concentrated in the LP
during the first days of infection. Overall, our study identifies IL-7 as a danger signal
in the small intestine of Chinese rhesus macaques in response to acute SIV infection.
Through stimulation of local chemokine expressions, this overexpression of IL-7 triggers
immune cell recruitment to the gut. These findings suggest a role for IL-7 in the initiation
of early mucosal immune responses to SIV and HIV infections. However, IL-7 triggered
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Ponte et al.

IL-7: Alarmin in SIV-Infected Gut

CD4+ T-cells and macrophages localization at viral replication sites could also participate
to viral spread and establishment of viral reservoirs.

Keywords: acute HIV/simian immunodeficiency virus infection, non-human primates, Chinese rhesus macaque,
interleukin-7, intestinal mucosa, macrophage, chemokine, homing

INTRODUCTION

Interleukin-7 (IL-7) plays a central role in T-cell development
and homeostasis (1, 2). IL-7 has been shown to be constitutively
produced by different stromal cells from lymphoid [thymus, bone
marrow, and lymph nodes (LNs)] and non-lymphoid (intestine,
skin, and liver) organs; its production is unaffected by most
extrinsic stimuli. It was thus thought that plasma IL-7 levels are
mostly regulated by consumption through binding to its receptor
rather than by the amount of IL-7 expression (1, 2). However,
in mice, commensal bacteria-driven interferon (IFN)-y expres-
sion by lymphocytes, which regulates basal IL-7 production by
epithelial cells, may participate in both T-cell and epithelial cell
homeostasis (3, 4). Several studies showed that IL-7 could be reg-
ulated in response to immune modulators such as TGF-f, TNF-a,
and IFNs in epithelial and endothelial cell lines or in primary
stromal cells in vitro (5-8). Moreover, IL-7 is increased during
inflammation in vivo in tagged-IL-7 mice (9, 10). In humans, it
has also been reported that IL-7 is locally elevated in the joints of
patients with rheumatoid arthritis (11), as well as in the plasma
of non-lymphopenic, acutely HCV-infected individuals (12).
In lymphopenia, lymphatic endothelial cells produce IL-7 that
increases plasma levels (13-15). This production of IL-7, which
contributes to LN microenvironment remodeling (14, 15), could
play a role in inducing an efficient immune response (15, 16).

During chronic HIV/simian immunodeficiency virus (SIV)
infection, plasma IL-7 levels increase with the establishment
of lymphopenia, patients with lower than 200 CD4* cells/mL
presenting with the highest IL-7 plasma levels (17, 18). In AIDS
patients with deep lymphopenia, overexpression of IL-7 by
dendritic-like cells or macrophages was evidenced in LNs (17).
High plasma IL-7 levels are suspected to play a role in chronic
immune activation that characterizes chronically HIV-infected
patients (19). Similarly, TLR-dependent IL-7 expression by the
liver participates in systemic immune activation during chronic
HCV infection (20). IL-7 participates to the massive cytokine
storm observed during acute HIV infections (21) and, among
other cytokines, was associated with higher viral load and quicker
disease progression (22). IL-7 overexpression was also observed
during acute Citrobacter rodentium infection in mice (23).
Produced by colonic epithelial cells, IL-7 is crucial for initiating
the very early phase of the immune response (23).

In both steady-state and inflammatory conditions, immune
cell homing to and within the intestinal mucosa is regulated by
various homeostatic or inflammatory chemokines (24). CCL20
and CCL25, which are produced by epithelial cells in the small
intestine, respectively, participate in the steady-state maintenance
of CCR6*and CCR9* lymphocyte traffic into organized lymphoid
structures (25-27). Indeed, together with a4f7 integrins, CCR9
expression triggers specific T-cell homing into the small bowel
(25). Similarly, CCL25, CCL28, and a4 play an important role

in the extravasation of IgA-producing plasma cells to the small
intestine lamina propria (LP) (28). CCL19 and CCL21, which are
expressed by endothelial and stromal cells, attract CCR7* cells
into lymphoid aggregates. CXCL12 participates in the localiza-
tion of plasma cells and T-cells into both the follicles and into
the LP (24, 29). During an inflammatory response, immune cell
homing to the gut requires CCL2, CCL3, CCL4, and CCL5, as
well as CXCL10, which are mostly expressed by epithelial cells
(24). Moreover, inflammatory cytokines such as TNF-a and
IL-1o induce chemokine expression in the small intestine and in
the colon (27).

Regardless of the infection route or animal model utilized,
the gastrointestinal tract is one of the first tissues targeted dur-
ing pathogenic SIV infection, resulting in the rapid impairment
of mucosal homeostasis (30, 31). Among the several immune
cell subsets shown as depleted during the acute phase of SIV
infection, gut LP CD4" T-cells were the most often described,
this process being considered as major determinant for disease
progression. However, severe CD4* T-cell depletion in the gut
has also been observed in non-pathogenic SIV infection (32, 33).
Moreover, Allers et al. recently reported that the absolute number
of mucosal CD4* T-cells in acutely infected HIV individuals was
not different from those of healthy individuals (34). Since the
early events occurring after HIV infection play a determining role
in clinical outcome, it is important to better understand how HIV
affects immune cells during this phase.

Upon IL-7 therapy, transient lymphopenia was observed in
HIV-infected patients (35, 36) as well as in healthy macaques (37).
In these trials, IL-7-dependent chemokines expression in organs,
together with overexpression of chemokine receptors and o4p7
by circulating T-cells lead to massive T-cell homing into the gut
(37, 38) and, eventually, improvement of mucosal abnormalities
(39). In the acutely SIV-infected macaque model, Vassena and
colleagues evidenced a relative protection of peripheral CD4*
T-cell pool in IL-7-treated monkeys and moderate increase in
viral loads (40).

We here assessed IL-7 expression and comprehensively studied
chemokine networks and immune cell subsets in the gastrointes-
tinal tract of Chinese rhesus macaques during acute SIVmac,s
infection, with a particular focus on CD4" macrophages and
T-cells. We show for the first time that SIV infection triggers rapid
IL-7 expression in the small intestine of rhesus macaques. This in
turn stimulates local expression of many chemokines involved in
immune cell recruitment into and within the intestinal mucosa.

MATERIALS AND METHODS

Monkeys, Injections, and Tissue Sampling
Thirty-one adult rhesus macaques (Macaca mulatta) of Chinese
origin were included in this study.
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Four healthy macaques received a single subcutaneous injec-
tion of recombinant glycosylated simian IL-7 (R-sIL-7gly; 80 pg/
kg body weight); the IL-7 was provided by Cytheris SA; Issy
les Moulineaux; France. The macaques were euthanized at 12 h
(n=1),1day (n=2), or 7 (n = 1) days after IL-7-treatment.

Five uninfected healthy macaques (#1-#5) were euthanized
and served as controls.

Twenty-two macaques were infected by intravenous injection
of 50 AIDs of the pathogenic STVmac,s, isolate (kindly provided by
Dr. Anne-Marie Aubertin; INSERM U544, Strasbourg, France).
All macaques were productively infected, as demonstrated by
positive plasma SIV viral load by days 3-7.

Nine SIV-infected macaques were euthanized at day 3 (n = 3;
#6,#7,and #8),7 (n=2; #9 and #10), 10 (n =2; #11 and #12), or 14
(n=2;#13 and #14). One SIV-infected macaque was euthanized
1-year post-infection because of AIDS-related symptoms (weight
loss, cachexia, and prostration). Samples from two other animals
euthanized at day 65 were also included in some experiments
(samples generously provided by Dr Michaela Miiller-Trutwin—
Institut Pasteur, Paris).

Organs were collected at necropsy and treated immediately for
future analyses. Samples were either frozen at —80°C for future
DNA and RNA extraction or snap frozen in liquid nitrogen in
optimum cutting temperature (O.C.T.) compound (Labonord,
Templemars, France) and preserved at —80°C.

The 10 remaining SIV-infected macaques were longitudinally
followed during the acute phase of SIV infection. Blood was sam-
pled every 3-4 days for 3 weeks (10 mL was collected on EDTA).

IL-7 Quantification

Frozen intestinal tissue samples (20-30 mg) were directly lysed
in 500 pL of ice cold Tris Lysis Buffer (Meso Scale Discovery,
Rockville, MD, USA) supplemented with protease inhibitors
(4% of complete EDTA-free protease inhibitor cocktail, Roche
Diagnostics, Meylan, France). Sample grinding consisted of two
rounds of 2 min in the TissueLyser II system at 30 Hz with a
10-min incubation on ice in between the cycles. After 30 min of
incubation on ice, lysed samples were centrifuged at high speed
for 10 min at 4°C to remove cell debris and aliquots were frozen
at —80°C. Total protein concentration was quantified using the
Pierce Bicinchoninic Acid Assay (BCA Protein Assay Kit, Thermo
Fisher Scientific, Villebon sur Yvette, France). IL-7 quantification
was performed using the Quantikine Immunoassay IL-7 HS
(R&D Systems, Lille, France), according to the manufacturer’s
instructions.

Real-time PCR Quantifications

Total mRNA was extracted from homogenized tissue (20-30 mg)
using the RNeasy kit (Qiagen, Les Ulis, France), including 1 step
of DNase treatment (RNase-Free DNase Set, Qiagen). RNA was
reverse transcribed using the QuantiTect Reverse Transcription
Kit (Qiagen). Specific cDNAs were PCR-amplified using “outer”
3'/5" primer pairs by 15 min of denaturation at 95°C, followed by
22 cycles of 30 s at 95°C, 30 s at 60°C, and 3 min at 72°C. Each
target was coamplified together with HPRT sequences; HPRT
was used as a housekeeping gene. Target mRNA and HPRT were
quantified within each of the PCR products in LightCycler®

experiments performed on 1/280th of the PCR products; “inner”
3'/5" primer pairs and the LightCycler®480 SYBR Green I Master
Mix (Roche Diagnostics, Meylan, France) were used. The PCR
cycling program consisted of 10 min of initial denaturation at
95°C, 40 cycles of 10 s at 95°C, 6 s at 64°C, and 15 s at 72°C.
Fluorescence measurements were performed at the end of the
elongation steps. Plasmids containing one copy of both the HPRT
gene and of the target amplicons were used to generate standard
curves. IL-7, chemokines, and HPRT mRNA quantifications were
performed in independent experiments using the same first-
round serial dilution standard curve. Quantifications were made
in triplicate for all samples studied; three to five samples were used
for each tissue from each macaque. The target mRNA concentra-
tion was normalized to HPRT mRNA in each sample. The results
were expressed as the absolute number of target mRNA copies
per HPRT mRNA copy. HPRT-, IL-7-, and chemokine-specific
primers are described in Table S1 in Supplementary Material.

Viral RNA and DNA Quantifications

A quantification method similar to the one described above for
IL-7 and chemokine quantification was used to quantify total STV
RNA; Gag-specific primers were used (Table S2 in Supplementary
Material).

For SIV DNA quantifications, tissues were lysed in Tween-20
(0.05%), Nonidet P-40 (0.05%), and proteinase K (100 pg/mL) for
30 min at 56°C, followed by 15 min at 98°C. SIV DNA was directly
quantified from the lysate using Gag-specific primers (Table S2 in
Supplementary Material). Gag sequences were amplified together
with the rhesus macaque CD3y chain in triplicate using the “outer”
3’/5" primer pairs and the same conditions as described earlier.
SIV Gag and CD3y were then quantified using the “inner” 3'/5’
primer pairs (Table S2 in Supplementary Material) and a plasmid
containing one copy of both the CD3y and Gag amplicons. The
results were expressed as the absolute number of SIV copies per
10° cells.

Flow Cytometry Analysis

Peripheral blood cell phenotype was analyzed from frozen
whole blood by flow cytometry using a BD FACS CANTO II
(BD Biosciences, Le Pont de Claix, France) as described (41).
The fluorochrome-conjugated antibodies used for polycromatic
flow cytometric analysis are listed in Table S3 in Supplementary
Material.

Immunohistofluorescence Staining

Ileum cryosections 7 pm in thickness were placed on SuperFrost®
Plus slides (Thermo Scientific Menzel, Braunschweig, Germany),
fixed for 10 min at 4°C in acetone/methanol (50/50), rinsed in
PBS, and blocked with 5% BSA/2% normal goat serum in PBS
at room temperature (RT) for 30 min. Sections were incubated
overnight with primary antibodies in a 4°C humid chamber.
Sections were rinsed in 0.5% Tween20/PBS, incubated at RT
in the dark for 30 min with secondary antibodies, and rinsed
in 0.5% Tween20/PBS. Finally, sections were washed in PBS
alone, counterstained with 4,6-diamidino-2-phenylindol (DAPI;
Molecular Probes, Cergy Pontoise, France), and mounted in
Fluoromount-G medium (Southern Biotechnology, Birmingham,
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AL, USA). Cell quantifications in tissue were performed on large
(25 mm?) images reconstructions of at least two samples per
macaque acquired with 20X oil objective (Leica Microsystems
Gmbh, Wetzlar, Germany) using the Yokogawa CSU X1 Spinning
Disk (Yokogawa, Tokyo, Japan) coupled with a DMI6000B Leica
microscope with MetaMorph 7.7 software (Molecular Devices,
Sunnyvale, CA, USA), using the Scan-Slide option (10% over-
lap). To identify IL-7 in the infected mucosa, immunostaining
experiments were performed using polyclonal antibodies
directed against IL-7, cytokeratin, and ezrin (polyclonal antise-
rum obtained from P. Mangeat; CNRS UMR 5539, Montpellier,
France). Acquisitions were performed with 20X objective on a
DMI6000B Leica microscope with MetaMorph 7.7 software. The
antibodies used for immunohistofluorescence labeling are listed
in Table S4 in Supplementary Material.

Quantitative Image Analysis

Analyses were performed using the ImageJ software.! In order to
accurately quantify nuclei (DAPI), CD3* cells (Alexa Fluor® 546),
or CD4*, or CD8* cells (Alexa Fluor® 488), images were acquired
over the entire thickness of the sample with 13-20 z-stack images
and the best focuses were chosen. In order to count immune cells
in large areas, the LP, submucosa (SM), and regions containing
epithelial cells (E) or lymphoid follicles (LF) were manually
defined. Pixels corresponding to E + LF zones were excluded
from the process. These excluded zones were replicated on all
treated images. After a denoising process, a manual threshold
was applied on CD3*, CD4*, and CD8 stains to identify immune
cell surfaces. CD3-CD4* and CD3~CD8" stained surfaces, as well
as CD3*CD4* and CD3*CD8" costained surfaces, were quanti-
fied. Results were presented as total single-stained or costained
surfaces/total surface of LP or SM. At least 1.5 mm? of LP and
1.4 mm? of SM surfaces were analyzed per macaque.

Statistical Analysis

The non-parametric Spearman rank correlation test was used
to investigate the relationship between parameters. The non-
parametric Mann-Whitney test was used to compare different
groups of macaques, and the non-parametric Wilcoxon rank
sum test was used to compare data from the same macaques at
different time points before and after SIV infection. All statistical
analyses were performed with Real Statistics* add-in to Microsoft
Excel software. In two-tailed tests, p values of 0.05 or lower were
considered significant.

Ethics Statement

All the animals included in this study were housed, cared for, and
handled in BSL2 (uninfected macaques) or BSL3 (SIV-infected
macaques) facilities at the Institut Pasteur (Paris, France;
accreditation no. A 78-100-3) and IDMIT (“Infectious Disease
Models and Innovative Therapies” at the CEA “Commissariat a
I'Energie Atomique,” Fontenay-aux-Roses, France; accreditation
no. C 92-032-02) NHP facilities, licensed by the French Ministry
of Agriculture, in accordance with European guidelines for

'http://imagej.nih.gov/ij.
*http://www.real-statistics.com.

animal care (European directive 86/609, “Journal Officiel des
Communautés Européennes,” L358, December 18, 1986). The
CEA is in compliance with Standards for Human Care and Use of
Laboratory of the Office for Laboratory Animal Welfare (OLAW,
USA) under OLAW Assurance number #A5826-01. This study
and the procedures used were approved by the “Comité Régional
d’Ethique en Expérimentation Animale Ile-de-France—Paris—
Comité 1,” which follows the governance of the “Charte nation-
ale portant sur lexpérimentation animale” according to the EU
Directive 2010/63 on the protection of animals used for scientific
purposes (notifications no. 2011-0001 and 2012-0003). All
experimental procedures were carried out in strict compliance
with European guidelines for NHP care (European Directive
86/609 then; as of January 2013, EU Directive N 2010/63/EU)
for protection of animals used for experimentation and other
scientific purposes and the Weatherall report. Food and water
were provided ad libitum. Temperature was maintained con-
stant (22 + 2°C). Air was renewed at least 20 times per hour.
Fluorescent light was provided with a 12:12 h light-dark cycle.
All efforts were made to minimize suffering, including improv-
ing housing conditions and providing enrichment opportunities
(e.g., provision of monkey biscuits supplemented with fresh fruit
and constant water access, objects to manipulate, interaction
with caregivers and research staff). Animals were kept in cages in
compliance with European regulations in terms of floor surface
per animal. All manipulations (injections, blood draws, and
euthanasia) were performed under anesthesia (tiletamine/zolas-
epam; 4.6 mg/kg). Euthanasia was performed by intravenous
injection of pentobarbital (10 mL). Permanent veterinarians
managed the animal facilities and were responsible for the well-
being of the experimental animals. The animal facilities were run
by teams of animal caretakers under the supervision of animal
technicians. According to European and French regulations,
animal caretakers have received a specific training in laboratory
animal science. Technicians who were doing experiments on
live animals had received the appropriate training. Biohazards
were handled in BSL2 and BSL3 facilities according to French
legislation.

RESULTS

Local IL-7 Overexpression Coincides with

SIV Infection in the Small Intestine

Intestinal tissue and LNs were sampled from five healthy and nine
SIV-infected Chinese rhesus macaques sacrificed at days 3 (n = 3),
7 (n=2),10 (n=2), or 14 (n = 2) following intravenous infection
with 50 AIDs, of STVmac,s.. In these tissues, we first evaluated
IL-7 expression by measuring mRNA levels using a highly sensi-
tive qRT-PCR assay. Interestingly, IL-7 transcription significantly
rose by day 3 in the ileum. Maximal IL-7 transcription was
observed at day 7-10 post-infection (pi) (p = 0.009; Figure 1A).
IL-7 expression returned close to baseline values at day 14. IL-7
mRNA levels were also increased by day 3 in the duodenum and
the jejunum, slightly increased at day 10 in the large bowel and
remained stable in the LNs, suggesting that the increase in IL-7
transcription was mostly confined to the small bowel in acutely
SIV-infected macaques (data not shown). Quantification of IL-7
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protein in the ileal tissue also demonstrated that IL-7 expression
was higher in macaques sampled throughout acute infection
than in uninfected monkeys. Mean local IL-7 concentration
was 5.8 pg/mg of total protein from days 3 to 10, as compared
to 3.7 pg/mg in uninfected controls (p = 0.014; Figure 1B).
Moreover, in the ileum, IL-7 mRNA levels directly correlated
with IL-7 protein concentration (r = 0.81; p = 0.002; Figure 1C),
suggesting that increased transcription translated in increased
protein production. Immunohistochemical staining confirmed
epithelial cells as a possible source of intestinal IL-7. Indeed,

similar to ezrin staining, IL-7 staining mostly localized at the
apical pole of the epithelial cells as demonstrated by cytokeratin
staining (Figure 1D).

In order to investigate whether intestinal IL-7 production
could be initiated by local infection, we quantified STV DNA
and RNA in tissues from SIV-infected monkeys. At early
time points, higher levels of SIV replication were observed in
the ileum compared to any other organ, including LNs, with
viral DNA being detectable by day 3 in all tested ileal samples
(Table 1). Large amounts of SIV DNA were observed in most
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TABLE 1 | Quantification of simian immunodeficiency virus (SIV) DNA in tissues sampled from SIV-infected rhesus macaques.

SIV DNA Mac # Axillary lymph node (LN) Mesenteric LN Duodenum Jejunum lleum Asc. colon Desc. colon Rectum
Day 3 6 + - - - + + + ++

7 + - - + ++ + - -

8 + + ++ +++ ++ +++ ++
Day 7 9 - - - + ++ - + +

10 ++ +++ +++ ++ +++ ++ +++ ++
Day 10 11 +++ ++++ +++ +++ ++++ + ++++ +++

12 +++ ++++ + - ++++ +++ +++ ++++
Day 14 13 ++++ ++++ ++++ ++++4 ++++4 4+ ++++4 -+

14 ++++ ++++ ++++ +-+++ +-+++ ++++ ++ ++++

—, Undetectable; +: 0 < X < 10 copies/10° cells; ++: 10 < X < 100 copies/10° cells; +++: 100 < X < 1,000 copies/10° cells; ++++: X > 10° copies/10° cells.

organs sampled at day 10 or 14 post-infection (pi), reaching 10°
genomes per million cells in mesenteric LN, in the ileum, and
in the large intestine. In the ileum, SIV DNA load correlates
with IL-7 expression (r = 0.54, p = 0.047; Spearman’s rank
correlation).

Simian immunodeficiency virus replication, defined by the
presence of unspliced viral mRNA, was detectable in most
organs sampled at days 10 or 14 (Table S5 in Supplementary
Material). Sporadic SIV RNA positivity was observed before
day 10.

Strong Chemokine Responses
Characterize Acute SIV Infection in the

Small Intestine

To further characterize the impact of early infection on the
mucosal cytokine/chemokine network, we investigated the
expression of 13 chemokines (CCL2, CCL3, CCL4, CCL5,
CCL11, CCL19, CCL20, CCL21, CCL25, CCL28, CXCLS,
CXCL10, and CXCL12) using real-time quantitative RT-PCR.
Tissues were sampled from the gut of macaques sacrificed at
days 3, 7, 10, or 14 pi and chemokine levels were compared
to values from uninfected controls; the values obtained from
these controls served as baseline, ie., pre-infection values.
At baseline, a few chemokines were constitutively expressed
in the ileal mucosa (CCL5, CCL19, CCL21, CCL25, CCL28,
and CXCL12; Figure 2). Higher chemokine transcription was
observed in one infected macaque sacrificed at day 7 (CCL3,
CCL4, CCL5, CCL20, CCL25, CCL28, and CXCL10; Macaque
#9; Figure 2). At day 10, transcription of CCL3, CCL4, CCLS5,
CCL19, CCL25, CCL28, and CXCL10 was increased in both ani-
mals while CCL20 and CXCL8 were overexpressed in macaque
#12 (Figure 2). At day 14, most chemokine levels had returned
to close to baseline levels, except for CCL3, CCL4, CCL19,
and CCL25 which remained high in one of the two macaque
(Macaque #14) and CXCL10 levels which remained elevated in
both macaques (Figure 2).

Similarly, several chemokines were overexpressed in the other
parts of the small intestine of the macaques sacrificed at day 10
or 14 (CXCL10 in both tissues from macaques #11, #12, #13, and
#14; CCL11 and CCL20 in the duodenum of macaques #11 and
#12; CCL2, CCL3, CCL5, CCL11, and CXCL8 in the duodenum
of macaque #14; CCL5, CCL11, and CCL19 in the jejunum of
macaque #14; data not shown).

IL-7 Drives Chemokine Production in the

Small Intestine

We had previously demonstrated that IL-7 injection triggers
chemokine expression in tissues (37). We therefore examined
whether, in infected tissues, endogenous IL-7 could be respon-
sible for the observed local increase of chemokine transcription.
Accordingly, classifying the infected monkeys based on ileal IL-7
transcription levels, we established that CCL4, CCL5, CCL25,
CCL28, and CXCLS8 expressions were significantly increased
in the ileum of monkeys demonstrating high IL-7 expression
(#7, #9, #11, and #12) as compared to macaques with low IL-7
transcription/expression (#1, #2, #3, #4, #5, #6, #8, #10, #13, and
#14; Figure 3A). Moreover, at both tissue sample level (data not
shown) and animal level (Figure 3B), IL-7 mRNA levels directly
correlated with local mRNA expression of CCL4, CCL5, CCL25,
and CCL28 in the ileum (r = 0.69, 0.78, 0.82, and 0.55; p = 0.006,
0.001, <0.001, and 0.039, respectively); multivariate analysis
showed that viral load had no impact on these correlations.
Similar correlations were observed in the duodenum (CCL5;
r = 0.60; p = 0.01; Figure S1A in Supplementary Material) and
in the jejunum (CCL5, CCL20, and CCL25; r = 0.65, 0.70, and
0.78; p = 0.01, 0.005, and 0.001, respectively; Figure S1B in
Supplementary Material). These data suggest that IL-7 is involved
in upregulating the transcription of these chemokine in the
infected intestine. By contrast, ileal transcription of CCL2, CCL3,
CCL19, and CXCL10 correlated with local STV DNA (r = 0.69,
0.55, 0.76, and 0.61; p = 0.01, 0.04, 0.001, and 0.02, respectively;
Figure S2 in Supplementary Material) and SIV RNA loads in
SIV-infected monkeys (r = 0.57, 0.64, 0.66, and 0.65; p = 0.03,
0.02, 0.009, and 0.01, respectively; Figure S2 in Supplementary
Material), suggesting a direct role for viral infection in increasing
the transcription of these chemokines.

To confirm the role of IL-7 in regulating chemokine expres-
sion, four uninfected macaques were subcutaneously injected
with pharmacological doses of IL-7 (80 pg/kg of body weight)
and sacrificed either 12 h, or 1 or 7 days after treatment. Of note,
the local IL-7 concentrations measured at day 1 were of the same
order of magnitude as those observed in SIV-infected macaques
(15-30 pg/mg of total proteins; data not shown). Ileal transcrip-
tion of CCL3, CCL4, CCL25, CCL28, and CXCL8 was increased
in IL-7-treated macaques (p < 0.02 as compared to untreated
monkeys; Figure 4), a trend being observed for CCL2 (p = 0.07;
Figure 4). Similarly, increased transcription of CCL4, CCL5,
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significant differences between IL-7-treated and untreated monkeys were
calculated using Mann-Whitney one-tail U test.

and CCL28 in the duodenum, and of CCL4 and CXCLS8 in the
jejunum, were observed following systemic IL-7 administration
(data not shown).

Collectively, these data suggest that locally produced IL-7 acts
as a danger signal that triggers chemokine overexpression in the
ileum of acutely SIV-infected Chinese macaques. We hypoth-
esize, therefore, that SIV-induced production of IL-7 expression
in the gut may participate in the recruitment of immune cells
into the infected mucosa, as observed in IL-7-treated humans and
macaques (37, 38).

Increased CD8* T-Cell Numbers but Stable
CD4* T-Cell Numbers in the lleum during
Acute SIV Infection

In order to evaluate the possible consequences of local
chemokine network changes on immune cell localization in
the infected ileum, we quantified immune cell subsets in the

ileal mucosa of uninfected macaques or SIV-infected monkeys.
Infected macaques were sampled throughout the acute infec-
tion, at day 65 pi or at the AIDS disease stage. We observed
that despite the relatively homogeneous cellular contents of the
LP, as demonstrated by the constant proportion of the mucosal
surface that was occupied by nuclei, CD3 surface staining varied
considerably in the various LP zones analyzed (Figure S3 in
Supplementary Material). In order to minimize the impact of
the uneven T-cell distribution observed in both uninfected and
infected macaques, immune cell distribution was quantified
on entire tissue sections (25 mm? per slide). In SIV-infected
macaques, CD3 surface staining increased by day 7 in the ileal LP
(9.7,12.1, 9.8, and 12% of the analyzed surfaces in macaques #9,
#11, #12, and #13, respectively, as compared to 4.8 and 7.1% in
macaques #1 and #2 sampled at baseline; Figure 5A; left panel).
At day 65 pi, CD3* T-cell counts remained high in the ileal LP of
one macaque, while it returned to baseline levels in the second
macaque. In the monkey with AIDS-related symptoms, 7.2%
of the analyzed surface stained for CD3, a value similar to that
observed at baseline. The increase in the density of CD3* T-cells
observed during the course of the primary infection was almost
exclusively due to CD8* T-cells. Indeed, the proportion of the
surface area that was stained CD3*CD4" increased during acute
infection and remained high throughout the study (Figure 5A;
central panel), except for the second macaque sampled at day 65
pi. Of note, the values obtained for CD3*CD8* cell quantifica-
tions of tissues sampled at baseline, days 10 and 14 were very
similar to the values obtained for CD3*CD4" staining, suggest-
ing that the CD3*CD4" cells are in fact CD8* T-cells (hatched
bars on Figure 5A; central panel). By contrast, the density of
CD4* T-cells (CD3*CD4%) remained constant until day 65 pi,
representing 3-4.2% of the analyzed surfaces at any time point
(Figure 5A; right panel). Depletion of ileal LP CD4* T-cells was
only observed in both the second macaque sacrificed at D65 pi
and the macaque with AIDS-related symptoms (82 and 76%
decrease compared to mean values in macaques sampled at
baseline, Figure 5A; right panel), consistent with the depletion
of gut CD4* T-cells that has been largely described in chronically
infected macaques and humans.

Using these same tissue sections, we also analyzed the differ-
ent cell populations in the submucosa (Figure 5B). Despite low
baseline cell concentrations [the median percentage of the tissue
surface occupied by nuclei was 31.12% (26.8-63.6)], both CD4*
and CD8* T-cell numbers fluctuated over the course of acute
infection, with transient declines at days 3 and 10 pi (Figure 5B).
At AIDS stage, as well as in the second macaque sampled at D65,
CD8* T-cells were almost completely depleted from the submu-
cosa, while CD4* T-cells increased at AIDS stage.

Increased CD4* Macrophages
Concentration in the LP of Acutely
Infected Macaques

In the ileal mucosa, T-cells represent only a fraction of the total
lymphoid cells. In healthy rhesus macaques, all LP CD8* cells were
round and more than 70% coexpressed CD3, marking them as
T-cells (Figure S4 in Supplementary Material). By contrast, more
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than half of mucosal CD4* cells did not coexpress CD3; these cells
had the typical shape of antigen-presenting cells (APCs) (Figure
S$4 in Supplementary Material).

Lamina propria tissues were thus also examined for changes
in the proportion of CD4-expressing non-T-cells (CD4*CD3")
during the course of SIV infection. These CD4*CD3" cells rapidly
expanded/infiltrated the ileal LP during the first 3 days pi (3.7 and
6.5% of tissue surface at day 0 and day 3, respectively; Figure 6A;
top panel) and then gradually declined. At day 14 pi, these cells
were less abundant in the LP than before infection (2.5% of tis-
sue surface). This effect was only transient in acute infection, as
CD4*CD3" stained surfaces returned to baseline levels at day 65
pi. Finally, these cells were barely detectable in late stage disease.
In the submucosa, CD4* non-T-cells represented more than 90%
of the CD4" surface in healthy macaques (data not shown). This
population was almost entirely composed of cells with dendrites
that expressed PM-2K, CD68, CD169 (Sialoadhesin/Siglec-1),

and DC-SIGN, but not CD11c, marking them as macrophages
(Figure 6B). Furthermore, these cells expressed low levels of
MamuLa-DR, CD83, and CD86 (B7-2) (Figure 6B; data not
shown) and did not proliferate as they were Ki67~ (data not
shown). In the submucosa, the CD4* macrophage subset rapidly
declined during the first days of acute infection; thus, the changes
in the numbers of this macrophage population mirrored the
changes observed in the LP (Figure 6A; bottom panel).

Altogether, our data suggest that cell migration occurred
rapidly into and/or within the ileal mucosa during the first days
of SIV infection.

Changes in T-Cell Subsets in the Blood

Given the presence of important T-cell attracting chemokines
in the small intestine of acutely SIV-infected macaques, we
investigated whether cell migrations could be observed from
the blood. Blood samples were collected over the first 21 days of
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SIV infection (n = 10). Severe depletion of both CD4* and CD8*
T-cells characterized the first 10 days of infection (Figure 7A).
Naive T-cells were the most affected subsets during the early
phase of SIV infection, with decreases of 5.8- and 4.8-fold at day
10 in CD4* and CD8* T-cell subsets, respectively. By contrast,
effector memory T-cell counts barely changed, while a twofold
to threefold reduction was observed for central memory T-cells.
Following this initial contraction phase, peripheral T-cell counts
rebounded by day 14 pi. At this time point, most of the increases
in the CD4* T-cell compartment occurred within the naive sub-
set, while all CD8* T-cell subset numbers increased (Figure 7A).
When we examined Ki-67 proliferation marker within circulat-
ing T-cells, we identified a significant transient increase in the
frequency of Ki-67* cells at day 7 in all T-cell compartments
(Figure 7B). However, given the observed T-cell count decreases,
these increased frequencies did not translate into any significant
change in the numbers of circulating Ki-67* cells. By day 14 pi, a

large proportion of the cells that returned to the peripheral blood
expressed Ki-67 antigen. This second wave of Ki-67 expression
was observed at day 14 pi in naive CD4* and CD8* T-cells, as well
as in memory CD8* T-cells (Figure 7B). Finally, memory CD4*
T-cell cycling was detectable at day 17 pi (Figure 7B).

In the same samples, we evaluated cell surface expression
of CCR6 (CCL20 receptor) and CCR9 (CCL25 receptor), both
of which are involved in intestinal T-cell homing. We also
assessed the cell surface expression of p7 integrin, which, in
association with a4 integrin, acts as a specific docking molecule
to gut endothelial cells. While the frequency of CCR6*B7* cells
remained constant in all T-cell subsets, we observed a gradual
decrease in the frequency of CCR9*B7+ cells throughout the
follow-up period, leading to a twofold to fourfold reduction at day
14 (Figure 7C). Similarly, a twofold reduction in the frequency of
CCRO9* cells within f7+ CD4" and CD8* T-cells was observed at
day 14 (data not shown). Together with CCL25 overexpression in

Frontiers in Immunology | www.frontiersin.org

May 2017 | Volume 8 | Article 588


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Ponte et al.

IL-7: Alarmin in SIV-Infected Gut

FIGURE 7 | Continued

Days post-infection

A _ 600 CD4 . 800
3 3
= 500 =
2 © 600
S 400 *% 5
o o
2 300 *k S 400
S 200 8
= = 200 A
é 100 é
. 0 -
0 0 7 10 14 21
Days post-infection
B 0
(%] * © *
< 25 * 9 50
A * Y
A 20 < 40 "
3 3
Q 15
% = 30
= 10 2 20
5 5 £ 10 i
© ’~
3 0 7 10 14 17 21 i 0 7 10 14 17 21
Days post-infection ° Days post-infection
* g *
% 60 * $70 *
Q = 60
50
[ +
Y 40 * ¥ ®50 *
) O 40 *
O 30 s
z I O 30
c 20 =
= I c 20
S 10 I ¥ 10 i i
« —_— ~
¢ o= == il € 0 -
R 0 7 10 14 17 21 ¥° 0 7 10 14 17 21
Days post-infection & Days post-infection
c 6 - CCR6*beta7+ 8 .
l+\ [72] - )
< T ST 6
g8 4 3
. 7 2,
© t » .
55 21 oy
0© 09 2 |
2 £ n ° £
0 + 0
0 7 10 14 21
15 - 15 -
? 310 3 310 -
2+ bl
g5, 25
8 o 51 8 o 5 4
xE =
0 - 0 4
0 7 10 14 21

% Ki-67+in TEM CD4* T-cells

% Ki-67+in TEM CD8* T-cells

CD8
*%*
**
7 10 14 21
Days post-infection
* *

25
20
10

5 E' %
0

0 7 10 14 17 21
Days post-infection

*

50
*
40
* *
30
20
10
J= £ =
0 7 10 14 17 21
Days post-infection
CCR9*beta7+
*
*%
*k *%
7 10 14 21
*%
**
*%
7 10 14 21

Days post-infection

Frontiers in Immunology | www.frontiersin.org

11

May 2017 | Volume 8 | Article 588


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Ponte et al.

IL-7: Alarmin in SIV-Infected Gut

FIGURE 7 | Continued

tests; *p < 0.05, *p < 0.01).

Changes in blood T-cell subsets during simian immunodeficiency virus (SIV) infection. (A) Changes in the numbers of naive T-cells (N—CD95-CD28%;
black), central memory (TCM—CD95+*CD28"; dark gray), and effector memory (TEM—CD95+CD28-; light gray) T-cell counts; CD4+ (left panel) and CD8*

(right panel) T-cell subsets were evaluated by flow cytometric analysis in macaques (n = 10) longitudinally sampled over the first 3 weeks of SIV infection.

(B) Ki-67 expression in naive (left panels), TCM (central panels), and TEM (right panels) subsets of CD4+ (top panels) and CD8* (bottom panels) T-cells,

assessed by flow cytometry. (C) The frequency of CCR6*beta7+ (left panels) and CCR9*beta7* (right panels) within CD4+ (top panels) and CD8* (bottom panels)
naive (black), central memory (dark gray), and effector memory (light gray) T-cells were evaluated by flow cytometric analysis in macaques (n = 6) sampled
longitudinally during the first 3 weeks of SIV infection. Statistically significant differences between pre- and post-infection samples are shown (Wilcoxon signed-rank

the small bowel, these data suggest that circulating immune cells
presenting ileal imprinting preferentially migrated into the small
intestine during the first 2 weeks of acute SIV infection.

Altogether, these data suggest that chemokine expression in
organs, and in particular in the small intestine, triggers massive
recruitment of circulating T-cells from peripheral blood. By day
14, cells migrating back into the circulation express the Ki-67
proliferation marker, suggesting that these cells have undergone
either antigen priming or cytokine (IL-7) stimulation, especially
within the small intestine.

DISCUSSION

The gastrointestinal tract is one of the first targets of HIV/SIV
infection; this results in major changes to the proportions of
immune cell subsets within the LP (42). We here evidenced an
over production of IL-7 during the first days of acute SIV infection,
especially within the small intestine, which may participate to the
characteristic cytokine storm occurring during the acute phase
of SIV/HIV infection (21). Interestingly, similar enhancements
of local IL-7 expression were recently observed in mice infected
with C. rodentium, and in humans infected with Helicobacter
pylori (23, 43). Earlier and stronger viral infection in the ileum
compared to LNs or to other parts of the gut suggests that the
presence of infected cells directly triggers local IL-7 production.
Since homeostatic IL-7 expression in the gut is mostly restricted to
epithelial cells (9), it is possible that these cells, which are often the
first targets of enteric pathogens, could also be producing IL-7 in
response to infection, as evidenced in the C. rodentium-infected
colon (23). However, HIV and SIV do not infect epithelial cells. It
is possible, therefore, that IL-7 expression by mucosal cells could
also be a consequence of inflammatory cytokine expression by
the infected cells; the mucosally produced IL-7 could subse-
quently act on epithelial cells or other cell types in the mucosa
(myeloid cells, endothelial cells, fibroblasts, etc.). Indeed, IFN-y
stimulates IL-7 expression by intestinal epithelial cell line (44). By
contrast, IL-1p inhibits IL-7 production but stimulates IL-7Ra,
leading to sensitization of the epithelial cells to IL-7 stimulation
(44). Similar stimulation cascade was demonstrated in the mouse
salivary glands and lungs where epithelial cells express IL-7 after
poly I:C or IFNs (o and y) stimulation, leading to local specific
chemokine expressions (45, 46).

Aside from its major role in peripheral T-cell homeostasis,
we demonstrated that systemic administration of IL-7 to healthy
macaques triggers T-cell homing into organs (37). In the ileum,
such migration might be a consequence of the expression of

CCL25, which was increased as early as 1 day following IL-7
treatment (37). However, we here evidenced similar overexpres-
sion of CCL2, CCL3, CCL4, CCL28, and CXCLS in the ileum of
IL-7-treated macaques, chemokines that can also, among other
cell subsets, trigger T-cell homing. Interestingly, CCL4, CCL25,
and CCL28 expressions directly correlate with IL-7 expression in
the infected ileum, suggesting that during acute SIV infection,
IL-7 triggered the expression of these chemokines within the
ileum. However, it cannot be excluded that other stimuli also par-
ticipated in the induction of chemokine production and immune
cell homing within the inflamed mucosa. These stimuli could
include infected cells, virions, and/or the production of other
virally induced factors such as the inflammatory cytokines that
are produced in the early phase of immune responses. Indeed,
CCL2, CCL3, CCL19, and CXCL10 expression correlated with
the viral load within the ileum mucosa of SIV-infected macaques.
Altogether, our observations are consistent with IL-7 being an
infection-induced early danger signal that may participate in
driving the massive changes that occur within the small intestine
chemokine network in response to infection.

To assess the consequences of alterations to the intestinal
chemokine network on T-cell homeostasis, we developed an
imaging method that allowed for the reliable cell quantification
of large mucosal surfaces (25 mm?). In keeping with recent
observations in acutely HIV-infected humans (34, 47), absolute
CD4* T-cell counts remained stable in the gut mucosa during
the first 2 weeks of SIV infection. By contrast, we showed that
circulating CD4* and CD8* T-cell counts decreased rapidly in
SIV-infected Chinese rhesus macaques, consistent with our previ-
ous observations (48). These results suggest that CD4* and CD8*
T-cells homed into tissues. Indeed, in the presence of replicating
virus that could cause CD4* T-cell death, the observed stability
of CD4* T-cell counts in the ileal LP suggests either increased
cell homing to the mucosa or inhibited egress from the gut. By
contrast, increased CD8* T-cell counts in the LP strongly sug-
gest both increased homing and local proliferation in response
to antigenic stimulation. Together with preserved CD4* T-cell
counts, increased CD8" T-cell counts in mucosal tissues results in
reduced mucosal CD4* T-cell percentages as reported in acutely
infected macaques (49). In the infected ileal mucosa, T-cell hom-
ing could be triggered by CCL19, whose expression was increased
at day 10. Indeed, in macaques, the majority of circulating T-cells
express CCR7, the CCL19 receptor (37). Moreover, in vivo, IL-7-
stimulated T-cells overexpress CCR9 and CXCR4 (37), as well
as the integrin a4p7 (38). In SIV-infected macaques, the strong
depletion of circulating p7+*CCR9* cells we observed is consistent
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with the homing of these cells into CCL25-expressing intestinal
mucosa. Thus, induced expression of both CCL19 and CCL25,
as well as constitutive expression of CXCL12 in the infected
ileum may participate in the specific homing of most T-cell
subsets. Whether T-cell gut homing is beneficial to the host or
feeds the virus remains to be fully established. While CCR7 and
CCR9-driven homing into the small intestine associated with
local CD4* T-cell depletion during acute SIV infection in Indian
rhesus macaques (50), it should be noticed that Chinese rhesus
macaques usually demonstrate a slower disease progression rate
than macaques of Indian origin (51, 52). Homing of CD4" T-cells
to the gut during the acute phase of infection in this model may,
as in humans (34), trigger longer preservation of gut-associated
CD4" T-cell compartment, leading to delayed pathogenesis.
However, mobilization of a4p7 CD4* T-cells to the gut of acutely
infected Indian macaques was shown to participate to the initial
development of SIV replication leading, in this highly pathogenic
model, to gut damage (53, 54).

Coincident with their plateauing in the LP, circulating CD8*
T-cell counts rebounded by day 14; a large proportion of these
cells expressed the Ki-67 proliferation marker. A similar expan-
sion of activated CD8" T-cells was observed in acutely HIV-
infected patients a week after the peak of viremia, principally
due to the expansion of anti-HIV CTL clones (55). It is thus
probable that among the cells that initially homed in response to
local chemokine expression in the infected tissues, SIV-specific
CD8" T-cells proliferate in response to SIV antigens, and then
recirculate by day 14. This recirculation is concomitant with the
drop in intestinal chemokine transcription. It is likely that stimu-
lation by locally produced IL-7 plays a role in this proliferation.
Similarly, IL-7R internalization triggered by IL-7 stimulation may
explain the reduced CD127 expression characterizing circulating
HIV-specific CTLs during hyperacute infection in patients (55).
In the CD4" T-cell compartment, the egress of Ki-67* cells was
delayed compared to the CD8* compartment. This observation
might be the result of the slower expansion of SIV-specific CD4*
T-cells as a consequence of their preferential targeting during
acute infection, similar to what was reported in HIV individuals
(56). In both CD4* and CD8* compartments, naive T-cells also
overexpressed Ki-67 at day 14 pi.

In uninfected macaques, the LP contained equal amounts of
CD3*CD4* T-cells and CD3-CD4* APCs. By contrast, the latter
subset represented the vast majority of CD4" cells in the sub-
mucosa and was largely composed of PM-2K*, CD68*, CD169*,
and DC-SIGN* macrophages that did not proliferate in the
tissues. DC-SIGN* macrophages were recently observed in the
colonic LP (57). In mice, this population is constantly renewed
by circulating monocytes and participates in the surveillance of
mucosal integrity through the chemokine-dependent recruit-
ment of inflammatory monocytes (58, 59). In our study, we
observed that throughout the first days of SIV infection, CD4*
macrophages almost completely disappeared from the submu-
cosa, concomitantly with their increase in the LP. Subsequently,
a significant number of ileal DC-SIGN* macrophages appeared
to leave the intestinal tissue based on the observation that
by day 14, the size of this population was approximately half
reduced compared to the size of the initial population. Similar

macrophage behavior has been observed in the penile epithe-
lium following HIV infection in explant cultures (60). It is
conceivable that the increased LP macrophage content could be
a consequence of enhanced trafficking of blood monocytes into
intestinal tissues as has been observed in the chronic phase of
HIV infection. Indeed, an accumulation of macrophages in the
LP of untreated HIV-infected patients has been reported as a
response to local infection (61). Alternatively, chemokine gradi-
ents within the intestinal mucosa may have induced submucosal
macrophages migration to the LP, positioning the cells closer
to the epithelium, the usual portal of entry for gut pathogens.
It is possible that these macrophages could also transport SIV/
HIV particles (bound to DC-SIGN molecules) and participate
to establishment of viral reservoirs.

Among the chemokines involved in macrophage homing
(62, 63), CCL3, CCL4, and CCL5 were overexpressed in the ileum
of SIV-infected macaques. Similarly, intestinal CCL5 production
was also demonstrated following enterovirus infection (64).
However, in the SIV-infected ileum, macrophage recruitment
preceded CCL5 chemokine overexpression. Nevertheless, some
chemokine gradients (i.e., CCL2, CCL3, CCL4, CCL5, CCL20,
and CXCL8) are not only driven by de novo synthesis but also by
rapid release of intracellular chemokine stocks upon cell activa-
tion (65-69). It is thus possible that the recruitment of monocytes/
macrophages into/within the mucosa starts in response to exo-
cytosed chemokines before transcription increases. In addition,
activated macrophages secrete CCL2, CCL3, CCL5, CXCL8, and
CXCL10 and can thus establish a positive feedback loop to attract
new monocytes/macrophages into the ileum (70, 71).

Finally, one can expect CCL3, CCL4, CCL5, and CXCL10 to
also stimulate NK cell migration to the infected ileum. Indeed, in
the ileal LP of infected macaques, we observed a 2.4-fold increase
in CD3-CD8* cell counts (data not shown), suggesting NK cell
infiltration.

Altogether, our observations suggest that IL-7 is one of the
key participants in the early phase of SIV infection. Triggering
chemokine expression within the ileum, it is an early signal that
impact both innate (monocytes/macrophages/NK) and adaptive
(T-cells) antiviral immune responses. Moreover, CD8" T-cell
and NK cell recruitment into the gut and activation of anti-HIV
CTLs may limit viral expansion to blunt the peak viral load;
unfortunately, these efficient immune mechanisms are hijacked
by HIV/SIV. Indeed, IL-7-induced alterations in chemokine
networks during acute HIV/SIV infection and the recruitment
of CD4* T-cells to the sites of viral replication, together with the
increased presence of DC-SIGN™* macrophages, may participate
in viral spread and in the establishment of viral reservoirs. As a
consequence, it is important to investigate to what extent inter-
vening with cell trafficking into the intestine, in conjunction with
early antiviral therapy, could help protect the gut and limit the
establishment of HIV reservoirs.
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(“Infectious Disease Models and Innovative Therapies” at the
CEA “Commissariat & I'Energie Atomique,” Fontenay-aux-
Roses, France; accreditation no. C 92-032-02) NHP facilities,
licensed by the French Ministry of Agriculture, in accordance
with European guidelines for animal care (European directive
86/609, “Journal Officiel des Communautés Européennes,”
L358, December 18, 1986). The CEA is in compliance with
Standards for Human Care and Use of Laboratory of the Office
for Laboratory Animal Welfare (OLAW, USA) under OLAW
Assurance number #A5826-01. This study and the procedures
used were approved by the “Comité Régional d’Ethique en
Expérimentation Animale Ile-de-France—Paris—Comité 1,
which follows the governance of the “Charte nationale portant
sur lexpérimentation animale” according to the EU Directive
2010/63 on the protection of animals used for scientific purposes
(notifications no. 2011-0001 and 2012-0003). All experimental
procedures were carried out in strict compliance with European
guidelines for NHP care (European Directive 86/609 then; as of
January 2013, EU Directive N 2010/63/EU) for protection of
animals used for experimentation and other scientific purposes
and the Weatherall report. Food and water were provided
ad libitum. Temperature was maintained constant (22 + 2°C).
Air was renewed at least 20 times per hour. Fluorescent light was
provided with a 12:12 h light-dark cycle. All efforts were made
to minimize suffering, including improving housing conditions
and providing enrichment opportunities (e.g., provision of
monkey biscuits supplemented with fresh fruit and constant
water access, objects to manipulate, interaction with caregivers
and research staff). Animals were kept in cages in compliance
with European regulations in terms of floor surface per animal.
All manipulations (injections, blood draws, and euthanasia)
were performed under anesthesia (tiletamine/zolasepam;
4.6 mg/kg). Euthanasia was performed by intravenous injection
of pentobarbital (10 mL). Permanent veterinarians managed
the animal facilities and were responsible for the well-being
of the experimental animals. The animal facilities were run by
teams of animal caretakers under the supervision of animal
technicians. According to European and French regulations,
animal caretakers have received a specific training in laboratory
animal science. Technicians who were doing experiments on
live animals had received the appropriate training. Biohazards
were handled in BSL2 and BSL3 facilities according to French
legislation.

REFERENCES

1. Fry TJ, Mackall CL. The many faces of IL-7: from lymphopoiesis to periph-
eral T cell maintenance. J Immunol (2005) 174(11):6571-6. do0i:10.4049/
jimmunol.174.11.6571

2. Mazzucchelli R, Durum SK. Interleukin-7 receptor expression: intelligent
design. Nat Rev Immunol (2007) 7(2):144-54. doi:10.1038/nri2023

3. Shalapour S, Deiser K, Sercan O, Tuckermann J, Minnich K, Willimsky G,
et al. Commensal microflora and interferon-gamma promote steady-state
interleukin-7 production in vivo. Eur ] Immunol (2010) 40(9):2391-400.
doi:10.1002/€ji.201040441

4. Shalapour S, Deiser K, Kuhl AA, Glauben R, Krug SM, Fischer A, et al.
Interleukin-7 links T lymphocyte and intestinal epithelial cell homeostasis.
PLoS One (2012) 7(2):e31939. doi:10.1371/journal.pone.0031939

AUTHOR CONTRIBUTIONS

Conceptualization: RC and AC-C. Methodology: RP, MR, RC,
and AC-C. Investigation: RP, MR, AC-C, SF-M, VEF-M, ]D,
and BC-d-M. Formal analysis: RC and AC-C. Software: TG.
Writing—original draft: RC and AC-C. Writing—review and
editing: RP, MR, J-PR, RC, and AC-C. Funding acquisition: RC
and AC-C. Supervision: RC and AC-C.

ACKNOWLEDGMENTS

The authors would like to thank Drs. Céline Gommet and
Christophe Joubert as well as the staffs of the Institut Pasteur (Paris,
France) and Infectious Disease Models and Innovative Therapies
(IDMLIT, Fontenay-aux-Roses, France) Primate Centers. IDMIT was
supported by French government “Programme d’Investissements
d’Avenir” (PIA; ANR-11-INBS-0008). The authors greatly acknowl-
edge Maryline Favier (histology facility of the Institut Cochin
- HistIM), Franck Letourneur (genomic platform of the Institut
Cochin - GENOM’IC), Pierre Bourdoncle (imaging platform of
the Institut Cochin - IMAG’IC), and Muriel Andrieu (immunol-
ogy and cytometry facility of the Institut Cochin - CYBIO), as
well as Amel Besseghir (CMG-EC INSERM U1219) for statistics.
We are also indebted to Dr. Michaela Miiller-Trutwin for provid-
ing samples from the animals sacrificed at day 65 post-infection.
The authors thank Dr. Franck Dupuy for help on flow cytometry
analyses, and Dr. Gina Graziani from Canadian Institutes of health
research/CTN for critically reviewing the manuscript.

FUNDING

This work was supported by ANRS (Agence Nationale de
Recherches sur le SIDA et les Hépatites Virales), SIDACTION,
INSERM, CNRS, and Paris Descartes University. The H.Grenville
Smith Fellowship from the Research Institute of the McGill
University Health Centre presently supports RP. The funders had
no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://journal frontiersin.org/article/10.3389/fimmu.2017.00588/
full#supplementary-material.

5. Ariizumi K, Meng Y, Bergstresser PR, Takashima A. IFN-gamma-dependent
IL-7 gene regulation in keratinocytes. ] Immunol (1995) 154(11):6031-9.

6. Tang J, Nuccie BL, Ritterman I, Liesveld JL, Abboud CN, Ryan DH. TGE-beta
down-regulates stromal IL-7 secretion and inhibits proliferation of human
B cell precursors. ] Immunol (1997) 159(1):117-25.

7. Roye O, Delhem N, Trottein F Remoue E Nutten S, Decavel JP, et al.
Dermal endothelial cells and keratinocytes produce IL-7 in vivo after
human Schistosoma mansoni percutaneous infection. JImmunol (1998)
161(8):4161-8.

8. Churchman SM, Ponchel E Interleukin-7 in rheumatoid arthritis.
Rheumatology (Oxford) (2008) 47(6):753-9. doi:10.1093/rheumatology/
ken053

9. Hara T, Shitara S, Imai K, Miyachi H, Kitano S, Yao H, et al. Identification
of IL-7-producing cells in primary and secondary lymphoid organs using

Frontiers in Immunology | www.frontiersin.org

May 2017 | Volume 8 | Article 588


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00588/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00588/full#supplementary-material
https://doi.org/10.4049/jimmunol.174.11.6571
https://doi.org/10.4049/jimmunol.174.11.6571
https://doi.org/10.1038/nri2023
https://doi.org/10.1002/eji.201040441
https://doi.org/10.1371/journal.pone.0031939
https://doi.org/10.1093/rheumatology/ken053
https://doi.org/10.1093/rheumatology/ken053

Ponte et al.

IL-7: Alarmin in SIV-Infected Gut

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

IL-7-GFP knock-in mice. J Immunol (2012) 189(4):1577-84. d0i:10.4049/
jimmunol.1200586

Ji T, Xu C, Sun L, Yu M, Peng K, Qiu Y, et al. Aryl hydrocarbon receptor
activation down-regulates IL-7 and reduces inflammation in a mouse model
of DSS-induced colitis. Dig Dis Sci (2015) 60(7):1958-66. d0i:10.1007/s10620-
015-3632-x

Hartgring SA, van Roon JA, Wenting-van Wijk M, Jacobs KM, Jahangier ZN,
Willis CR, et al. Elevated expression of interleukin-7 receptor in inflamed
joints mediates interleukin-7-induced immune activation in rheumatoid
arthritis. Arthritis Rheum (2009) 60(9):2595-605. doi:10.1002/art.24754

Beq S, Rozlan S, Pelletier S, Willems B, Bruneau J, Lelievre JD, et al. Altered
thymic function during interferon therapy in HCV-infected patients. PLoS
One (2012) 7(4):e34326. doi:10.1371/journal.pone.0034326

Iolyeva M, Aebischer D, Proulx ST, Willrodt AH, Ecoiffier T, Haner S, et al.
Interleukin-7 is produced by afferent lymphatic vessels and supports lymphatic
drainage. Blood (2013) 122(13):2271-81. doi:10.1182/blood-2013-01-478073
Miller CN, Hartigan-O’Connor DJ, Lee MS, Laidlaw G, Cornelissen IP,
Matloubian M, et al. IL-7 production in murine lymphatic endothelial cells
and induction in the setting of peripheral lymphopenia. Int Immunol (2013)
25(8):471-83. doi:10.1093/intimm/dxt012

Onder L, Narang P, Scandella E, Chai Q, Iolyeva M, Hoorweg K, et al. IL-7-
producing stromal cells are critical for lymph node remodeling. Blood (2012)
120(24):4675-83. doi:10.1182/blood-2012-03-416859

Chai Q, Onder L, Scandella E, Gil-Cruz C, Perez-Shibayama C, CupovicJ, et al.
Maturation of lymph node fibroblastic reticular cells from myofibroblastic
precursors is critical for antiviral immunity. Immunity (2013) 38(5):1013-24.
doi:10.1016/j.immuni.2013.03.012

Napolitano LA, Grant RM, Deeks SG, Schmidt D, De Rosa SC, Herzenberg LA,
et al. Increased production of IL-7 accompanies HIV-1-mediated T-cell
depletion: implications for T-cell homeostasis. Nat Med (2001) 7(1):73-9.
doi:10.1038/83381

Fry TJ, Connick E, Falloon ], Lederman MM, Liewehr DJ, Spritzler ], et al.
A potential role for interleukin-7 in T-cell homeostasis. Blood (2001)
97(10):2983-90. doi:10.1182/blood.V97.10.2983

Chomont N, El-Far M, Ancuta P, Trautmann L, Procopio FA, Yassine-Diab B,
et al. HIV reservoir size and persistence are driven by T cell survival and
homeostatic proliferation. Nat Med (2009) 15(8):893-900. doi:10.1038/
nm.1972

Sawa Y, Arima Y, Ogura H, Kitabayashi C, Jiang JJ, Fukushima T, et al.
Hepatic interleukin-7 expression regulates T cell responses. Immunity (2009)
30(3):447-57. doi:10.1016/j.immuni.2009.01.007

Stacey AR, Norris PJ, Qin L, Haygreen EA, Taylor E, Heitman J, et al. Induction
of a striking systemic cytokine cascade prior to peak viremia in acute human
immunodeficiency virus type 1 infection, in contrast to more modest and
delayed responses in acute hepatitis B and C virus infections. J Virol (2009)
83(8):3719-33. doi:10.1128/JV1.01844-08

Roberts L, Passmore JA, Williamson C, Little E, Bebell LM, Mlisana K, et al.
Plasma cytokine levels during acute HIV-1 infection predict HIV disease pro-
gression. AIDS (2010) 24(6):819-31. doi:10.1097/QAD.0b013e3283367836
Zhang W, Du JY, Yu Q, Jin JO. Interleukin-7 produced by intestinal epithelial
cells in response to Citrobacter rodentium infection plays a major role in
innate immunity against this pathogen. Infect Immun (2015) 83(8):3213-23.
doi:10.1128/IA1.00320-15

Rancez M, Couedel-Courteille A, Cheynier R. Chemokines at mucosal bar-
riers and their impact on HIV infection. Cytokine Growth Factor Rev (2012)
23(4-5):233-43. doi:10.1016/j.cytogfr.2012.05.010

Papadakis KA, Prehn J, Nelson V, Cheng L, Binder SW, Ponath PD, et al. The
role of thymus-expressed chemokine and its receptor CCR9 on lymphocytes
in the regional specialization of the mucosal immune system. ] Immunol
(2000) 165(9):5069-76. doi:10.4049/jimmunol.165.9.5069

Rumbo M, Sierro F, Debard N, Kraehenbuhl JP, Finke D. Lymphotoxin
beta receptor signaling induces the chemokine CCL20 in intestinal epithe-
lium. Gastroenterology (2004) 127(1):213-23. do0i:10.1053/j.gastro.2004.
04.018

Izadpanah A, Dwinell MB, Eckmann L, Varki NM, Kagnoff ME. Regulated
MIP-3alpha/CCL20 production by human intestinal epithelium: mechanism
for modulating mucosal immunity. Am ] Physiol Gastrointest Liver Physiol
(2001) 280(4):G710-9.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hieshima K, Kawasaki Y, Hanamoto H, Nakayama T, Nagakubo D,
Kanamaru A, et al. CC chemokine ligands 25 and 28 play essential roles in
intestinal extravasation of IgA antibody-secreting cells. J Immunol (2004)
173(6):3668-75. doi:10.4049/jimmunol.173.6.3668

Baekkevold ES, Yamanaka T, Palframan RT, Carlsen HS, Reinholt FP, von
Andrian UH, et al. The CCR?7 ligand elc (CCL19) is transcytosed in high
endothelial venules and mediates T cell recruitment. J Exp Med (2001)
193(9):1105-12. d0i:10.1084/jem.193.9.1105

Couedel-Courteille A, Butor C, Juillard V, Guillet JG, Venet A. Dissemination
of SIV after rectal infection preferentially involves paracolic germinal centers.
Virology (1999) 260(2):277-94. doi:10.1006/viro.1999.9809

Ribeiro Dos Santos P, Rancez M, Pretet JL, Michel-Salzat A, Messent V,
Bogdanova A, et al. Rapid dissemination of SIV follows multisite entry
after rectal inoculation. PLoS One (2011) 6(5):e19493. doi:10.1371/journal.
pone.0019493

Gordon SN, Klatt NR, Bosinger SE, Brenchley JM, Milush JM, Engram JC,
etal. Severe depletion of mucosal CD4+ T cells in AIDS-free simian immuno-
deficiency virus-infected sooty mangabeys. ] Immunol (2007) 179(5):3026-34.
doi:10.4049/jimmunol.179.5.3026

Pandrea IV, Gautam R, Ribeiro RM, Brenchley JM, Butler IF, Pattison M, et al.
Acute loss of intestinal CD4+ T cells is not predictive of simian immuno-
deficiency virus virulence. ] Immunol (2007) 179(5):3035-46. doi:10.4049/
jimmunol.179.5.3035

Allers K, Puyskens A, Epple HJ, Schurmann D, Hofmann J, Moos V, et al. The
effect of timing of antiretroviral therapy on CD4+ T-cell reconstitution in
the intestine of HIV-infected patients. Mucosal Immunol (2016) 9(1):265-74.
d0i:10.1038/mi.2015.58

Sereti I, Dunham RM, Spritzler ], Aga E, Proschan MA, Medvik K, et al. IL-7
administration drives T cell-cycle entry and expansion in HIV-1 infection.
Blood (2009) 113(25):6304-14. doi:10.1182/blood-2008-10-186601

Imamichi H, Degray G, Asmuth DM, Fischl MA, Landay AL, Lederman MM,
et al. HIV-1 viruses detected during episodic blips following interleukin-7
administration are similar to the viruses present before and after interleukin-7
therapy. AIDS (2011) 25(2):159-64. doi:10.1097/QAD.0b013e328340a270
Beq S, Rozlan S, Gautier D, Parker R, Mersseman V, Schilte C, et al. Injection
of glycosylated recombinant simian IL-7 provokes rapid and massive T-cell
homing in rhesus macaques. Blood (2009) 114(4):816-25. doi:10.1182/
blood-2008-11-191288

Cimbro R, Vassena L, Arthos J, Cicala C, Kehrl JH, Park C, et al. IL-7 induces
expression and activation of integrin alpha4beta7 promoting naive T-cell
homing to the intestinal mucosa. Blood (2012) 120(13):2610-9. doi:10.1182/
blood-2012-06-434779

Sereti I, Estes JD, Thompson WL, Morcock DR, Fischl MA, Croughs T, et al.
Decreases in colonic and systemic inflammation in chronic HIV infection
after IL-7 administration. PLoS Pathog (2014) 10(1):e1003890. doi:10.1371/
journal.ppat.1003890

Vassena L, Miao H, Cimbro R, Malnati MS, Cassina G, Proschan MA, et al.
Treatment with IL-7 prevents the decline of circulating CD4+ T cells during
the acute phase of SIV infection in rhesus macaques. PLoS Pathog (2012)
8(4):e1002636. doi:10.1371/journal.ppat.1002636

Parker R, Dutrieux J, Beq S, Lemercier B, Rozlan S, Fabre-Mersseman V,
et al. Interleukin-7 treatment counteracts IFN-alpha therapy-induced
lymphopenia and stimulates SIV-specific cytotoxic T lymphocyte responses
in SIV-infected rhesus macaques. Blood (2010) 116(25):5589-99. doi:10.1182/
blood-2010-03-276261

Ponte R, Mehraj V, Ghali P, Couedel-Courteille A, Cheynier R, Routy JP.
Reversing gut damage in HIV infection: using non-human primate models
to instruct clinical research. EBioMedicine (2016) 4:40-9. doi:10.1016/j.
ebiom.2016.01.028

Futagami S, Hiratsuka T, Suzuki K, Kusunoki M, Wada K, Miyake K, et al.
Gammadelta T cells increase with gastric mucosal interleukin (IL)-7, IL-1beta,
and Helicobacter pylori urease specific immunoglobulin levels via CCR2
upregulation in Helicobacter pylori gastritis. ] Gastroenterol Hepatol (2006)
21(1 Pt 1):32-40. doi:10.1111/j.1440-1746.2005.04148.x

Thang PH, Ruffin N, Brodin D, Rethi B, Cam PD, Hien NT, et al. The role of
IL-1beta in reduced IL-7 production by stromal and epithelial cells: a model
for impaired T-cell numbers in the gut during HIV-1 infection. J Intern Med
(2010) 268(2):181-93. doi:10.1111/j.1365-2796.2010.02241.x

Frontiers in Immunology | www.frontiersin.org

May 2017 | Volume 8 | Article 588


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.1200586
https://doi.org/10.4049/jimmunol.1200586
https://doi.org/10.1007/s10620-
015-3632-x
https://doi.org/10.1007/s10620-
015-3632-x
https://doi.org/10.1002/art.24754
https://doi.org/10.1371/journal.pone.0034326
https://doi.org/10.1182/blood-2013-01-478073
https://doi.org/10.1093/intimm/dxt012
https://doi.org/10.1182/blood-2012-03-416859
https://doi.org/10.1016/j.immuni.2013.03.012
https://doi.org/10.1038/83381
https://doi.org/10.1182/blood.V97.10.2983
https://doi.org/10.1038/nm.1972
https://doi.org/10.1038/nm.1972
https://doi.org/10.1016/j.immuni.2009.01.007
https://doi.org/10.1128/JVI.01844-08
https://doi.org/10.1097/QAD.0b013e3283367836
https://doi.org/10.1128/IAI.00320-15
https://doi.org/10.1016/j.cytogfr.2012.05.010
https://doi.org/10.4049/jimmunol.165.9.5069
https://doi.org/10.1053/j.gastro.2004.
04.018
https://doi.org/10.1053/j.gastro.2004.
04.018
https://doi.org/10.4049/jimmunol.173.6.3668
https://doi.org/10.1084/jem.193.9.1105
https://doi.org/10.1006/viro.1999.9809
https://doi.org/10.1371/journal.pone.0019493
https://doi.org/10.1371/journal.pone.0019493
https://doi.org/10.4049/jimmunol.179.5.3026
https://doi.org/10.4049/jimmunol.179.5.3035
https://doi.org/10.4049/jimmunol.179.5.3035
https://doi.org/10.1038/mi.2015.58
https://doi.org/10.1182/blood-2008-10-186601
https://doi.org/10.1097/QAD.0b013e328340a270
https://doi.org/10.1182/blood-2008-11-191288
https://doi.org/10.1182/blood-2008-11-191288
https://doi.org/10.1182/blood-2012-06-434779
https://doi.org/10.1182/blood-2012-06-434779
https://doi.org/10.1371/journal.ppat.1003890
https://doi.org/10.1371/journal.ppat.1003890
https://doi.org/10.1371/journal.ppat.1002636
https://doi.org/10.1182/blood-2010-03-276261
https://doi.org/10.1182/blood-2010-03-276261
https://doi.org/10.1016/j.ebiom.2016.01.028
https://doi.org/10.1016/j.ebiom.2016.01.028
https://doi.org/10.1111/j.1440-1746.2005.04148.x
https://doi.org/10.1111/j.1365-2796.2010.02241.x

Ponte et al.

IL-7: Alarmin in SIV-Infected Gut

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Jin JO, Shinohara Y, Yu Q. Innate immune signaling induces interleukin-7
production from salivary gland cells and accelerates the development of
primary Sjogren’s syndrome in a mouse model. PLoS One (2013) 8(10):77605.
doi:10.1371/journal.pone.0077605

Jin JO, Yu Q. Systemic administration of TLR3 agonist induces IL-7 expression
and IL-7-dependent CXCR3 ligand production in the lung. J Leukoc Biol
(2013) 93(3):413-25. doi:10.1189/j1b.0712360

Epple HJ, Allers K, Troger H, Kuhl A, Erben U, Fromm M, et al. Acute
HIV infection induces mucosal infiltration with CD4+4 and CD8+ T cells,
epithelial apoptosis, and a mucosal barrier defect. Gastroenterology (2010)
139(4):1289-300. doi:10.1053/j.gastro.2010.06.065

Dutrieux J, Fabre-Mersseman V, Charmeteau-De Muylder B, Rancez M,
Ponte R, Rozlan S, et al. Modified interferon-alpha subtypes production
and chemokine networks in the thymus during acute simian immunodefi-
ciency virus infection, impact on thymopoiesis. AIDS (2014) 28:1101-13.
doi:10.1097/QAD.0000000000000249

Couedel-Courteille A, Pretet JL, Barget N, Jacques S, Petitprez K, Tulliez M,
et al. Delayed viral replication and CD4(+) T cell depletion in the rectosig-
moid mucosa of macaques during primary rectal SIV infection. Virology
(2003) 316(2):290-301. doi:10.1016/j.virol.2003.08.021

Clay CC, Rodrigues DS, Harvey DJ, Leutenegger CM, Esser U. Distinct
chemokine triggers and in vivo migratory paths of fluorescein dye-labeled
T lymphocytes in acutely simian immunodeficiency virus SIVmac251-infected
and uninfected macaques. J Virol (2005) 79(21):13759-68. doi:10.1128/
JV1.79.21.13759-13768.2005

Ling B, Veazey RS, Luckay A, Penedo C, Xu K, Lifson JD, et al. SIV(mac)
pathogenesis in rhesus macaques of Chinese and Indian origin compared
with primary HIV infections in humans. AIDS (2002) 16(11):1489-96.
doi:10.1097/00002030-200207260-00005

Zhou Y, Bao R, Haigwood NL, Persidsky Y, Ho WZ. SIV infection of rhesus
macaques of Chinese origin: a suitable model for HIV infection in humans.
Retrovirology (2013) 10:89. doi:10.1186/1742-4690-10-89

Byrareddy SN, Kallam B, Arthos J, Cicala C, Nawaz F, Hiatt J, et al. Targeting
alpha4beta7 integrin reduces mucosal transmission of simian immunode-
ficiency virus and protects gut-associated lymphoid tissue from infection.
Nat Med (2014) 20(12):1397-400. doi:10.1038/nm.3715

Ansari AA, Reimann KA, Mayne AE, Takahashi Y, Stephenson ST, Wang R,
et al. Blocking of alpha4beta7 gut-homing integrin during acute infection
leads to decreased plasma and gastrointestinal tissue viral loads in simian
immunodeficiency virus-infected rhesus macaques. JImmunol (2011)
186(2):1044-59. doi:10.4049/jimmunol.1003052

Ndhlovu ZM, Kamya P, Mewalal N, Kloverpris HN, Nkosi T, Pretorius K,
et al. Magnitude and kinetics of CD8(+) T cell activation during hyperacute
HIV infection impact viral set point. Immunity (2015) 43(3):591-604.
doi:10.1016/j.immuni.2015.08.012

Douek DC, Brenchley JM, Betts MR, Ambrozak DR, Hill B], Okamoto Y,
et al. HIV preferentially infects HIV-specific CD4+ T cells. Nature (2002)
417(6884):95-8. doi:10.1038/417095a

Preza GC, Tanner K, Elliott ], Yang OO, Anton PA, Ochoa MT. Antigen-
presenting cell candidates for HIV-1 transmission in human distal colonic
mucosa defined by CD207 dendritic cells and CD209 macrophages. AIDS Res
Hum Retroviruses (2014) 30(3):241-9. doi:10.1089/A1D.2013.0145

Asano K, Takahashi N, Ushiki M, Monya M, Aihara F Kuboki E, et al.
Intestinal CD169(+) macrophages initiate mucosal inflammation by secreting
CCLS8 that recruits inflammatory monocytes. Nat Commun (2015) 6:7802.
doi:10.1038/ncomms8802

Bain CC, Bravo-Blas A, Scott CL, Gomez Perdiguero E, Geissmann E, Henri S,
et al. Constant replenishment from circulating monocytes maintains
the macrophage pool in the intestine of adult mice. Nat Immunol (2014)
15(10):929-37. doi:10.1038/ni.2967

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Ganor Y, Zhou Z, Bodo J, Tudor D, Leibowitch J, Mathez D, et al. The adult
penile urethra is a novel entry site for HIV-1 that preferentially targets resident
urethral macrophages. Mucosal Immunol (2013) 6(4):776-86. doi:10.1038/mi.
2012.116

Allers K, Fehr M, Conrad K, Epple HJ, Schurmann D, Geelhaar-Karsch A,
et al. Macrophages accumulate in the gut mucosa of untreated HIV-infected
patients. J Infect Dis (2014) 209(5):739-48. doi:10.1093/infdis/jit547

Baeck C, Wehr A, Karlmark KR, Heymann E Vucur M, Gassler N, et al.
Pharmacological inhibition of the chemokine CCL2 (MCP-1) diminishes
liver macrophage infiltration and steatohepatitis in chronic hepatic injury.
Gut (2012) 61(3):416-26. doi:10.1136/gutjnl-2011-300304

Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemok-
ine system in diverse forms of macrophage activation and polarization. Trends
Immunol (2004) 25(12):677-86. doi:10.1016/}.it.2004.09.015

Chi C, Sun Q, Wang S, Zhang Z, Li X, Cardona CJ, et al. Robust antiviral
responses to enterovirus 71 infection in human intestinal epithelial cells. Virus
Res (2013) 176(1-2):53-60. doi:10.1016/j.virusres.2013.05.002

Opynebraten I, Barois N, Hagelsteen K, Johansen FE, Bakke O, Haraldsen G.
Characterization of a novel chemokine-containing storage granule in
endothelial cells: evidence for preferential exocytosis mediated by protein
kinase A and diacylglycerol. ] Immunol (2005) 175(8):5358-69. doi:10.4049/
jimmunol.175.8.5358

Lacy P, Mahmudi-Azer S, Bablitz B, Hagen SC, Velazquez JR, Man SE et al.
Rapid mobilization of intracellularly stored RANTES in response to interfer-
on-gamma in human eosinophils. Blood (1999) 94(1):23-32.

Oynebraten I, Bakke O, Brandtzaeg P, Johansen FE, Haraldsen G. Rapid
chemokine secretion from endothelial cells originates from 2 distinct com-
partments. Blood (2004) 104(2):314-20. doi:10.1182/blood-2003-08-2891
Huse M, Lillemeier BF, Kuhns MS, Chen DS, Davis MM. T cells use two
directionally distinct pathways for cytokine secretion. Nat Immunol (2006)
7(3):247-55. d0i:10.1038/ni1304

Chen T, Guo J, Yang M, Zhu X, Cao X. Chemokine-containing exosomes are
released from heat-stressed tumor cells via lipid raft-dependent pathway and
act as efficient tumor vaccine. J Immunol (2011) 186(4):2219-28. doi:10.4049/
jimmunol.1002991

Veckman V, Miettinen M, Matikainen S, Lande R, Giacomini E, Coccia EM,
et al. Lactobacilli and streptococci induce inflammatory chemokine produc-
tion in human macrophages that stimulates Th1 cell chemotaxis. J Leukoc Biol
(2003) 74(3):395-402. doi:10.1189/j1b.0402212

Anton K, Banerjee D, Glod J. Macrophage-associated mesenchymal stem cells
assume an activated, migratory, pro-inflammatory phenotype with increased
IL-6 and CXCL10 secretion. PLoS One (2012) 7(4):e35036. doi:10.1371/
journal.pone.0035036

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The handling editor declared a shared affiliation, though no other collaboration,
with the authors and states that the process nevertheless met the standards of a fair
and objective review.

Copyright © 2017 Ponte, Rancez, Figueiredo-Morgado, Dutrieux, Fabre-Mersseman,
Charmeteau-de-Muylder, Guilbert, Routy, Cheynier and Couédel-Courteille. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

16

May 2017 | Volume 8 | Article 588


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1371/journal.pone.0077605
https://doi.org/10.1189/jlb.0712360
https://doi.org/10.1053/j.gastro.2010.06.065
https://doi.org/10.1097/QAD.0000000000000249
https://doi.org/10.1016/j.virol.2003.08.021
https://doi.org/10.1128/JVI.79.21.13759-13768.2005
https://doi.org/10.1128/JVI.79.21.13759-13768.2005
https://doi.org/10.1097/00002030-200207260-00005
https://doi.org/10.1186/1742-4690-10-89
https://doi.org/10.1038/nm.3715
https://doi.org/10.4049/jimmunol.1003052
https://doi.org/10.1016/j.immuni.2015.08.012
https://doi.org/10.1038/417095a
https://doi.org/10.1089/AID.2013.0145
https://doi.org/10.1038/ncomms8802
https://doi.org/10.1038/ni.2967
https://doi.org/10.1038/mi.
2012.116
https://doi.org/10.1038/mi.
2012.116
https://doi.org/10.1093/infdis/jit547
https://doi.org/10.1136/gutjnl-2011-300304
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1016/j.virusres.2013.05.002
https://doi.org/10.4049/jimmunol.175.8.5358
https://doi.org/10.4049/jimmunol.175.8.5358
https://doi.org/10.1182/blood-2003-08-2891
https://doi.org/10.1038/ni1304
https://doi.org/10.4049/jimmunol.1002991
https://doi.org/10.4049/jimmunol.1002991
https://doi.org/10.1189/jlb.0402212
https://doi.org/10.1371/journal.pone.0035036
https://doi.org/10.1371/journal.pone.0035036
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Acute Simian Immunodeficiency Virus Infection Triggers Early and Transient Interleukin-7 Production in the Gut, Leading to Enhanced Local Chemokine Expression and Intestinal Immune Cell Homing
	Introduction
	Materials and Methods
	Monkeys, Injections, and Tissue Sampling
	IL-7 Quantification
	Real-time PCR Quantifications
	Viral RNA and DNA Quantifications
	Flow Cytometry Analysis
	Immunohistofluorescence Staining
	Quantitative Image Analysis
	Statistical Analysis
	Ethics Statement

	Results
	Local IL-7 Overexpression Coincides with SIV Infection in the Small Intestine
	Strong Chemokine Responses Characterize Acute SIV Infection in the Small Intestine
	IL-7 Drives Chemokine Production in the Small Intestine
	Increased CD8+ T-Cell Numbers but Stable CD4+ T-Cell Numbers in the Ileum during Acute SIV Infection
	Increased CD4+ Macrophages Concentration in the LP of Acutely Infected Macaques
	Changes in T-Cell Subsets in the Blood

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


