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Abstract

Background: The HIV-1 infection is characterized by profound CD4™ T cell destruction and a marked Th17 dysfunc-
tion at the mucosal level. Viral suppressive antiretroviral therapy restores Th1 but not Th17 cells. Although several key
HIV dependency factors (HDF) were identified in the past years via genome-wide siRNA screens in cell lines, molecular
determinants of HIV permissiveness in primary Th17 cells remain to be elucidated.

Results: In an effort to orient Th17-targeted reconstitution strategies, we investigated molecular mechanisms of
HIV permissiveness in Th17 cells. Genome-wide transcriptional profiling in memory CD4™ T-cell subsets enriched in
cells exhibiting Th17 (CCR4TCCR6™), Th1 (CXCR31CCR6™), Th2 (CCR4TCCR6™), and Th1Th17 (CXCR3TCCR6™) features
revealed remarkable transcriptional differences between Th17 and Th1 subsets. The HIV-DNA integration was supe-
riorin Th17 versus Th1 upon exposure to both wild-type and VSV-G-pseudotyped HIV; this indicates that post-entry
mechanisms contribute to viral replication in Th17. Transcripts significantly enriched in Th17 versus Th1 were previ-
ously associated with the regulation of TCR signaling (ZAP-70, Lck, and CD96) and Th17 polarization (RORyt, ARNTL,
PTPN13, and RUNX1). A meta-analysis using the NCBI HIV Interaction Database revealed a set of Th17-specific HIV
dependency factors (HDFs): PARG, PAK2, KLF2, ITGB7, PTEN, ATG16L1, Alix/AIP1/PDCD6IP, LGALS3, JAKT, TRIM8, MALTT,
FOXO3, ARNTL/BMAL1, ABCB1/MDR1, TNFSF13B/BAFF, and CDKN1B. Functional studies demonstrated an increased
ability of Th17 versus Th1 cells to respond to TCR triggering in terms of NF-kB nuclear translocation/DNA-binding
activity and proliferation. Finally, RNA interference studies identified MAP3K4 and PTPN13 as two novel Th17-specific
HDFs.

Conclusions: The transcriptional program of Th17 cells includes molecules regulating HIV replication at multiple
post-entry steps that may represent potential targets for novel therapies aimed at protecting Th17 cells from infection
and subsequent depletion in HIV-infected subjects.
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Background transcription factors (e.g., RORyt, RORA, and STATS3)
The Th17 cells represent a distinct lineage of CD4"  and cytokines (e.g., IL-17A, IL-17F, IL-21, IL-22, IL-26,
T-cells characterized by the expression of specific IL-8, and CCL20) [1-5]. Th17 cells represent unique

players in immunity against pathogens at mucosal bar-

rier surfaces where they orchestrate the functionality of
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CCR6 being a well-established Th17 surface marker
[11, 12]. Other homing receptors, such as CCR4 and
CXCR3, distinguish between Th1l7 subsets with dis-
tinct antigenic specificity and effector cytokine expres-
sion: CCR4TCCR67Th17 and CXCR3TCCR61Th1Th17
[13-15]. During chronic HIV/SIV infections, the deple-
tion of Th17 cells from gut-associated lymphoid tissues
(GALT) leads to dramatic alterations of the mucosal bar-
rier integrity, alterations that cause microbial transloca-
tion, chronic immune activation, and disease progression
[16-28]. Studies in SIV models demonstrated an inverse
correlation between peak and set point viral loads as well
as the preexisting mucosal Th17 pool [29]; this strength-
ens the concept that Th17 cells significantly contribute to
anti-viral immunity at mucosal sites [30]. Studies in HIV-
infected subjects demonstrated that the preservation of
mucosal Th17 cells is associated with slow disease pro-
gression [31-36]. Despite the success of current antiret-
roviral therapies (ART) in reducing viral replication to
undetectable plasma levels, the pool of Th17 cells is not
fully restored at mucosal sites or in the peripheral blood
of infected subjects [22, 31, 37, 38, 39]. Recent studies
demonstrated that ART initiation during early but not
late acute HIV infection preserves Th17 counts and their
effector functions [40, 41]. However, early HIV diagnosis
remains, however a challenge even in high income coun-
tries; this emphasizes the need for alternative strategies
with the goal of Th17 preservation and/or restoration
during chronic HIV infection.

The mechanisms underlying Th17 depletion dur-
ing HIV/SIV infections include altered trafficking into
mucosal sites [42, 43]; altered ratios between regula-
tory T-cells (Tregs) and Th17 cells [44, 45]; depletion
of mucosal CD103" dendritic cells (DC) [46], a subset
involved in Th17 differentiation [47, 48]; limited IL-21
availability, a cytokine critical for Th17 survival [27]; and/
or over expression of negative regulators of Th17 differ-
entiation [49]. In addition, studies by our group and oth-
ers provided evidence that infection per se contributes to
the depletion of memory Th17 cells [37, 38, 50] and the
paucity of naive-like Th17 precursors [39, 51]. Despite
their massive depletion, fractions of Th17 cells are long
lived [52-54] and likely contribute to HIV persistence
under ART [55] (Wacleche, Ancuta et al, unpublished
observations). Genome-wide RNA interference stud-
ies performed in distinct cell lines identified large sets of
HIV dependency factors (HDFs) and revealed the molec-
ular complexity of virus-host cell interactions [56—60].
Nevertheless, the molecular determinants of HIV per-
missiveness in primary Thl7 cells are not fully under-
stood. This knowledge is essential for designing novel
targeted therapies aiming at limiting HIV replication and
persistence specifically in Th17 cells.
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In this study, we investigated transcriptional and func-
tional differences between primary memory CD4" T-cell
subsets enriched in Th17 (CCR4*CCR6") and Thl
(CXCR3TCCR6") polarized cells, subsets that we previ-
ously reported to be permissive and resistant to infection
with R5 or X4 HIV strains, respectively [37]. Our study
revealed the existence of HDFs specifically expressed by
Th17 cells that may be used as targets for novel therapeu-
tic strategies aiming at limiting HIV replication and pre-
serving the quality of Th17-mediated mucosal immunity
in HIV-infected subjects.

Results

Identification of a molecular signature associated with HIV
permissiveness in Th17 cells at entry and post-entry levels

We previously demonstrated that subsets of mem-
ory CD4" T-cells enriched in Th17 and Th1Th17
cells are highly permissive to R5 and X4 HIV infec-
tion; Th2-enriched fractions replicate X4 HIV only;
while Thl-enriched fractions replicated R5 and X4
HIV at relatively low levels [37]. Except for Th2 cells
that lack CCR5 expression, differences in HIV rep-
lication between Th1l7 and Thl are not explained by
differential expression of CCR5 or CXCR4 [37, 38].
To identify HIV-dependency factors (HDFs) in pri-
mary Th17 cells, we performed a genome-wide analy-
sis of gene expression in memory CD4% T-cell subsets
enriched in Thl, Th2, Th17, and Th1Th17 cells sorted by
FACS and stimulated by CD3/CD28 Abs, as previously
described [37]. These subsets were identified based on
the differential expression of the well-established sur-
face markers CCR4, CCR6, and CXCR3, as previously
described [13, 15, 37] and illustrated in Fig. la: Thl
(CXCR3TCCR4™CCR67), Th2 (CXCR3™CCR4TCCR67),
Th17 (CXCR3™CCR41TCCR6™), and Th1Thl7
(CXCR3*CCR4 CCR6"). Total mRNA extracted
from each subset was hybridized onto the Illumina
HumanHT-12 v4 Expression BeadChip (GEO access
number GSE70396) and transcripts up- and down regu-
lated in Th17 compared to Thl, Th2, or Th1Th17 were
identified based on p values (p < 0.05) or adjusted p val-
ues (adj. p < 0.05) and fold change (FC) expression ratios
(cut-off 1.3-fold) (Additional file 1: Table S1; Additional
file 2: Table S2). The most robust differences in gene
expression were observed between Thl7 versus Thl
(Fig. 1b) with 1630 (p < 0.05) and 1,081 (adj. p < 0.05) up
regulated and 1409 (p < 0.05) and 772 (adj. p < 0.05) down
regulated probe sets (FC cut-off 1.3) (Additional file 1:
Table S1; Additional file 2: Table S2; Additional file 3: Fig-
ure Sla). To orient our genome-wide search for HDFs, we
investigated whether HIV permissiveness in Th17 versus
Thl was modulated at entry as opposed to post-entry
levels. With this in mind, HIV-DNA integration was
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Fig. 1 Identification of a molecular signature associated with HIV permissiveness in CCR4TCCR6™" Th17 cells. Total CD4™ T-cells were isolated from
PBMCs of HIV-uninfected subjects by negative selection using magnetic beads. Cells were labeled with a cocktail of CD45RA, CD8, CD19, CD56, CCR4,
CCR6, and CXCR3 Abs. a Shown is the gating strategy used for the FACS sorting of the following four memory (CD45RA™) CD4* subsets lacking
CD8, CD19, and CD56 expression: CXCR3TCCR4™CCR6™ (Th1), CXCR3™CCR4TCCR6™ (Th2), CXCR3™CCR4TCCR6™ (Th17), and CXCR3TCCR4™CCR6™
(Th1Th17). Shown are results from one donor representative of results generated with cells from >10 HIV-uninfected donors. b Highly pure matched
Th1,Th2,Th17,and Th1Th17 subsets were sorted by FACS (n = 5) and stimulated via CD3/CD28 for 3 days. Total RNA was reverse transcribed into
cDNA and hybridized onto the Human HT-12 v4 Expression BeadChip (lllumina) for genome-wide transcriptional profiling. One-way ANOVA analysis
was performed to identify differentially expressed genes based on p value < 0.05 and fold change (FC, cut-off 1.3). Shown are volcano plots for all
probes in each linear model with the FC on the x axis and the negative logarithm of the adjusted p values adjusted for false discovery rate (FDR)

on the y axis. Red/green color code is based on the 5 % FDR threshold. ¢, d Cell subsets were stimulated via CD3/CD28 for 3 days and exposed to
replication competent NL4.3BAL-GFP (c) and single round VSVG-HIV-GFP strains (d). Shown is real-time quantification of HIV-DNA integration at day
three post-infection (mean = SD of triplicate wells) in matched subsets isolated from n = 3 different donors. @ Shown are the top 50 pathways up
regulated in Th17 versus Th1 cells; heat map of the individual enrichment statistics (ES) from a gene set variation analysis (GSVA) for pathways differ-
entially expressed between Th1 and Th17 cells with a FDR inferior to 1 %. Transcriptional profiles in a, b, and e were generated with cells stimulated

via CD3/CD28 but unexposed to HIV

quantified in cells exposed to replication-competent R5
HIV (NL4.3BaL-GFP) or single-round VSV-G-pseudo-
typed HIV (VSVG-HIV-GFP) entering cells by endocyto-
sis independently of CD4 and co-receptors [61]. Results
in Fig. 1c, d reveal superior HIV-DNA integration in
Th17 versus Th1 upon exposure to both NL4.3BAL-GFP
and VSVG-HIV-GFP strains; this indicates that post-
entry mechanisms contribute to HIV permissiveness in
Th17 cells. This evidence led to the prediction that tran-
scripts enriched in Th17 as compared to Thl include
HDFs acting at the post-entry level.

Top differentially expressed transcripts (adj. p < 0.05,
FC > 2.5) in Th17 versus Thl included well-established
markers for Th17 (i.e., IL-22, CCR6, KLRB1, IL-17F,
CCL20, RORC, IL-26, and PPARG) and Thl (i.e., IFN-
y, CCL5, CCL4L2, CCL3, CCL3L3, and CXCR3); this
provides a first validation for our transcriptional stud-
ies (Tables 1, 2). The list of top up regulated genes also
included transcripts that likely represent new functional
markers for Th17 cells: PTPN13 (APO-1/CD95 (Fas)-
Associated Phosphatase) [62], CHN1, GPR56, LGMN,
CTSH, KLF2, CACNAI1l, RARRES3, Ly9, TNFSF13B,
NFL2, PI16, MXD4, HPGD, SNX29, P2RY5, ZNF381,
LIME1, MAP3K4, CD96, GPR15, and GLIPR1 (Table 1).
Importantly, NFIL3, a documented inhibitor of Th17
polarization in mice [63], was found down regulated in
human Th17 versus Thl (Table 2); this suggests a con-
served mechanism involved in the regulation of Th17
polarization in humans and mice.

Gene Set Variation Analysis (GSVA) of differentially
expressed genes (p < 0.05; FC cut-off 1.3) identified
canonical pathways (C2) enriched in Th17 versus Thl,
including those linked to circadian repression of expres-
sion by REV-ERBa, nuclear receptor transcription, T
helper differentiation, CSK signaling, TCR signaling,
Ras, anthrax, IL-7 signaling, phosphorylation of CD3 and
TCR zeta, PTEN, ABCA transporters in lipid homeosta-
sis, RhoA, longevity pathway, MEF2D signaling, the role

of Nef in HIV replication, and TNF signaling (Fig. le).
The GSVA also identified pathways down regulated in
Th17 versus Thl, including pathways linked to metal
ion SLC transporters, zinc transporters, STEM, glucose
transport, extension of telomeres, protein synthesis as
well as transcription initiation and termination (Addi-
tional file 3: Figure S1b; Additional file 4: Table S3). These
results reveal overrepresentation of specific transcripts
and cellular functions in Th17 versus Th1l, with pathways
enriched in Th17 cells likely being essential for both Th17
polarization and HIV permissiveness.

Consistent with the GSVA results (Fig. le), Gene
Ontology classification of differentially expressed genes
(p < 0.05; FC cut-off 1.3) revealed transcripts related
to different biological functions including: cytokines/
chemokines, TCR, and transcription regulators (Fig. 2a—
¢). In the cytokines/chemokines category, genes up regu-
lated in Th17 versus Thl included known Th17-specific
cytokines (IL-22, CCL20, IL-26) and chemokine recep-
tors (CCR6), as well as TNFSF15 (TNF superfamily),
TNEFRSF25 (TNF receptor superfamily), TNFSF13B,
IL-10RB, IL-11RA, CLCF1 (cardiotrophin-like cytokine
factor), IL-15, IL-17RA, IL-7R, and TGFBR2 (TGF-p
receptor) transcripts (Fig. 2a). Genes up regulated in Th1
versus Th17 included the Thl marker CXCR3, IFNG,
several CCR5 binding ckemokines (CCL5, CCL4L2,
CCL3L1, CCL3L3, CCL3), and also transcripts for LTA
(lymphotoxin «), IL-9, IL-3, CCL17, IL-5, IL-4, XCL1,
TNFSF9, TNESF14, CXCR5, TNFRSFS, IL-6, CSFIR,
LIF, IL-2RA, IL3RA, and IL15RA (Fig. 2a). Despite the
fact that IL-4 and IL-5 transcripts were found up regu-
lated in Th1 versus Th17 cells, levels of their expression
in Thl compared to Th2 cells were significantly lower
(data not shown). Such false positive signals are expected
in high throughput screenings and therefore the require-
ment for subsequent validations for any important hit
is mandatory. Transcripts related to the TCR signaling
cascade such as IKBKB (inhibitor of NF-xB kinase beta)



Cleret-Buhot et al. Retrovirology (2015) 12:102

Page 5 of 23

Table 1 Top up regulated transcripts in CCR4*CCR6™ Th17 versus CXCR3*CCR6™ Th1

Symbol p adj.p FC Gene definition

IL-22 1.0E—04 4.0E—-03 1.9 Interleukin 22

CCR6 1.7E—06 3.7E—04 9.7 Chemokine (C-C motif) receptor 6

PTPN13 1.5E—09 89E—06 9.6 Protein tyrosine phosphatase, non-receptor type 13 (APO-1/CD95
(Fas)-associated phosphatase)

KLRB1 1.5E—05 1.2E—03 7.0 Killer cell lectin-like receptor subfamily B, member 1

IL-17F 5.9E-05 29E-03 6.6 Interleukin 17F

CCL20 3.2E—04 8.2E—03 6.6 Chemokine (C-C motif) ligand 20

RORC 2.1E—05 1.5e—-03 6.6 RAR-related orphan receptor C, transcript variant

IL-26 9.3E-06 9.3E-04 5.1 Interleukin 26

GPR56 14E—-03 2.0E-02 49 G protein-coupled receptor 56, transcript variant 2

LGMN 1.6E—05 1.3E-03 45 Legumain, transcript variant 2

CTSH 1.5E—03 2.1E-02 44 Cathepsin H, transcript variant 1

KLF2 1.7E-03 22E-02 38 Kruppel-like factor 2 (lung)

RARRES3 49E-03 43E-02 35 Retinoic acid receptor responder 3

Ly9 8.6E—06 8.8E—04 35 Lymphocyte antigen 9, transcript variant 2

TNFSF13B 2.1E-05 1.5E—-03 35 Tumor necrosis factor superfamily, member 13b

NLF2 2.8E—03 3.1E-02 34 Nuclear localized factor 2

P16 6.1E—09 1.7E—05 33 Peptidase inhibitor 16

MXD4 1.1E-07 9.8E—05 33 MAX dimerization protein 4

HPGD 4.1E—-06 59E—-04 33 Hydroxyprostaglandin dehydrogenase 15-(NAD)

SNX29 1.9E—-05 14E-03 32 Sorting nexin 29

TRIB2 2.5E—07 14E—-04 32 Tribbles homolog 2

P2RY5 2.3E-07 1.3E—04 3.1 Purinergic receptor P2Y, G-protein coupled, 5

ZNF381 64E—06 7.3E-04 3.0 Zinc finger protein 831

LIME1 1.1E—-03 1.8E—02 29 Lck interacting transmembrane adaptor 1

MAP3K4 43E-07 1.7E—04 29 Mitogen-activated protein kinase kinase kinase 4

CD9% 1.0E—05 9.8E—04 2.8 CD96 molecule, transcript variant 1

GPR15 1.7E—06 3.7E-04 28 G protein-coupled receptor 15

PPARG 3.2E-06 5.1E—-04 2.7 Peroxisome proliferator-activated receptor gamma

GLIPR1 6.4E—06 73E-04 26 GLI pathogenesis-related 1

CD52 3.1E—-04 3.2E-03 23 CD52 molecule

ARNTL 34E-04 84E—03 22 Aryl hydrocarbon receptor nuclear translocator-like

FOXO3 5.0E—03 43E—02 1.7 Forkhead box O3 (FOXO3), transcript variant 2, mRNA

p p value; adj. p adjusted p value, FC fold change

[64], PAK2 (p21-activated kinase 2) [65], CD3G, TRAT1
(T-cell receptor associated transmembrane adaptor 1),
PTEN (phosphatase and tensin homolog) [66], Lck [67],
FYB, PAG1, MALT1 [68, 69], PIK3CA, PRKCQ, CD247/
CD3e, ZAP70 [70], EVL, INPP5D, PIK3R1, WAS, RIPK2,
PTPRC, PLCG], ITK, CARD11, CD3D, and NCK1, were
selectively enriched in Th17 versus Th1 (Fig. 2b). Of note,
PAK2 [65] and ZAP70 [71] were previously linked to effi-
cient HIV replication in T cells. Finally, major differences
between Th17 and Thl were observed for the expression
of Transcription regulators. In addition to known tran-
scription factors involved in the regulation of Th17 polar-
ization (RORA, RORC, RUNX1) [72] and Thl (Eomes)
[73], other transcripts such as IRF1, STAT1, IRF3, KLF2,
E2F2, IRF9, SMAD3, ARNTL, PPARG, and FOXO3 were

found up regulated, while IRF4, IRF8, MYC, and Notchl
were down regulated in Th17 versus Th1 (Fig. 2c).

Similar to GSVA and GO, Gene Set Enrichment Analy-
sis (GSEA) [74] identified top genes linked to canonical
pathways (TCR signaling: PAK2, Lck, ZAP-70, CD96),
transcription factors (RORC, RUNX1), and biologi-
cal processes (stress activated protein kinase signal-
ing: MAP4K1, MAP3K4, MAP3KS5; protein amino acid
dephosphorylation: PTPN12, PTPNI13, PTPN22) as
being up regulated in Th17 versus Thl cells (Additional
file 5: Figure S2).

We also performed a meta-analysis to identify tran-
scripts enriched in Th17 versus Thl that overlapped
with those listed on the National Center for Biotech-
nology Information (NCBI) interaction database in the
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Table 2 Top down regulated transcripts in CCR4*CCR6™ Th17 vs. CXCR3TCCR6~ Th1

Symbol p adj.p FC Definition

IL-9 2.7E-07 14E—04 —46.7 Interleukin 9

GZMK 9.7E—05 39E-03 —17.1 Granzyme K (granzyme 3; tryptase I)

IFN-y 8.5E—04 1.5E—02 —16.7 Interferon gamma

CCLS 3.8E—05 22E-03 —-11.9 Chemokine (C-C motif) ligand 5

GZMH 1.4E—-04 48E—-03 —11.7 Granzyme H (cathepsin G-like 2, protein h-CCPX)

IL-3 22E-08 2.7E—05 112 Interleukin 3 (colony-stimulating factor, multiple)

NKG7 84E—05 3.6E—03 —9.1 Natural killer cell group 7 sequence

CCL4L2 5.1E-03 44E-02 —-70 Chemokine (C-C motif) ligand 4-like 2

CCL3 53E-03 4.5E—02 —6.8 Chemokine (C-C motif) ligand 3

EOMES 23E—07 1.3E—-04 —6.6 Eomesodermin homolog (Xenopus laevis)

CCL3L1 3.9E-03 3.8E—-02 —6.5 Chemokine (C-C motif) ligand 3-like 1

CCL3L3 5.2E—03 45E-02 —63 Chemokine (C-C motif) ligand 3-like 3

NAPSB 2.7E—03 3.0E—02 —6.1 Homo sapiens napsin B aspartic peptidase pseudogene (NAPSB)
BATF3 2.5E—-08 2.8E—05 —-59 Basic leucine zipper transcription factor, ATF-like 3

NAPSA 3.1E—-04 79E-03 —56 Napsin A aspartic peptidase

CXCR3 42E—04 9.7E—03 —52 Chemokine (C-X-C motif) receptor 3

MATK 1.9E—-07 1.2E—04 —49 Megakaryocyte-associated tyrosine kinase, transcript variant 3
OSM 2.5E—06 47E-04 —43 Oncostatin M

IRF8 2.5E—05 1.7E—03 —42 Interferon regulatory factor 8

MAOA 3.0E—-04 7.8E—03 —4.0 Monoamine oxidase A, nuclear gene encoding mitochondrial protein
DNAJC12 5.1E-04 1.1E—-02 -39 DnaJ (Hsp40) homolog. subfamily C, member 12

MT1J 6.1E—06 7.1E-04 -39 Metallothionein 1G

NPSR1 1.5E—05 1.2E—03 -39 Neuropeptide S receptor 1, transcript variant 1

ATP8B4 4.0E—05 22E-03 —38 ATPase. class |, type 8B. member 4

TIMD4 1.8E—05 14E-03 —38 T-cell immunoglobulin and mucin domain containing 4
LTA 3.8E-05 22E-3 -37 Lymphotoxin alpha (TNF superfamily. member 1)
SERPINB6 2.1E—07 1.3E-04 —-32 Serpin peptidase inhibitor, clade B (ovalbumin). member 6
PTK2 5.1E—03 44E-02 —-27 PTK2 protein tyrosine kinase 2, transcript variant 2

ccLy 23E—05 1.6E—03 —26 Chemokine (C-C motif) ligand 17

NFIL3 34E-03 3.5E-02 -25 Nuclear factor interleukin 3 regulated

p p value, adj. p adjusted p value; FC, fold change

categories “HIV-1 proteins enhanced by expression of
human genes” (Fig. 3) and “HIV-1 proteins interact with”
(Additional file 6: Figure S3). Such transcripts included
PTEN (a negative regulator of the mTOR pathway [75]),
KLF2 [76], ITGB7 (a gut-homing molecule and an alter-
native HIV-binding receptor [77]), ATG16L1 (a regulator
of autophagy, a pathway associated with HIV intracellu-
lar degradation [78, 79]), PDCD6IP (AIP1/Alix, a com-
ponent of the HIV budding machinery [80]), JAK1 (a
tyrosine kinase that phosphorylates STAT3 [60]), TRIM8
(a regulator of NF-kB and STAT3-dependent signaling
cascades [81, 82] and a documented HDF [57]), LGALS3
(an HIV Tat-induced glycoprotein recently reported to
promote HIV budding by association with Alix [79, 83]),
FOXO3 [84], ARNTL [84] (Fig. 3), ABCB1 (a drug efflux
pump associated with resistance to antiretroviral and

anti-cancer drugs [85]), TNFSF13B/BAFF (a gene tar-
geted by HIV for integration [86]), RUNX1 (a transcrip-
tion factors involved in HIV latency [87]), PAK2 [65], and
CDKN1B/p27kip1l (Additional file 6: Figure S3).

Real-time RT-PCR quantifications were performed for
transcripts previously reported to be involved in the regu-
lation of HIV replication (KLF2, PPARG), Th17 polariza-
tion (ARNTL/BMALI), and TCR signaling (Lck, ZAP-70)
as well as PTPN13, which may represent a new Th17 func-
tional marker. Consistent with the microarrays, results in
Fig. 4 demonstrate preferential expression of KLF2, PPARG,
ARNTL, Lck, ZAP-70, and PTPN13 in Th17 versus Thl.

In conclusion, genome-wide transcriptional profiling
revealed differences in gene expression between human
Th17 and Thl subsets, validated previously described
cell-specific transcripts, and identified a large panel of
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Fig. 2 Gene Ontology classification of differentially expressed genes in CCR4TCCR6™ Th17 versus CXCR3TCCR6™ Th1 cells. Shown are heatmaps
of differentially expressed genes (p < 0.05, FC cut-off 1.3) selected for their biological functions as follows: a Cytokines (KEGG), b TCR signalling
(reactome), and ¢ transcription regulators (ingenuity). Coloring of the cells is scaled by the z score of each microarray probe individually. Results
correspond to matched Th17 and Th1 subsets from n = 5 different HIV-uninfected donors isolated and stimulated by CD3/CD28 Abs for 3 days as
described in Fig. 1
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NCBI Interaction: HIV-1 protein enhanced by expression of human gene
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Fig. 3 Meta-analysis using the NCBI HIV interaction database for the identification of HIV-1 proteins enhanced by expression of human genes
enriched in Th17 cells. Differentially expressed genes between Th17 and Th1 subsets (p < 0.05, FC cut-off 1.3) were matched to the lists of human
genes known to interact with HIV-1 proteins. Shown are significant probes with the smallest p value for each overlapping gene. Heatmap cells are
scaled by the expression level z scores for each probe individually
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Fig. 4 Validation by RT-PCR of superior KLF2, PPARy, ARNTL, Lck, ZAP-70, and PTPN13 mRNA expression in CCR4TCCR6™ Th17 versus CXCR3TCCR6™
Th1 cells. Total RNA was extracted from Th17 and Th1 subsets isolated and stimulated via CD3/CD28 for 3 days as described in Fig. 1. Expression

of KLF2, PPARY, ARNTL, PTPN13, Lck, and ZAP-70 mRNA was quantified by SYBR green real time RT-PCR. Quantification was performed relative to a
standard curve generated based on cDNA specific for each transcript. The expression of each gene was normalized to the 285 rRNA internal control
(285 rRNA) and expressed as fgs RNA of a target gene per 1 ng rRNA28S. Depicted are results obtained with matched Th17 versus Th1 subsets
isolated from n = 4 different HIV-uninfected individuals. Paired t test values are indicated on the graphs. Fold change (FC) expression values in Th17

new transcripts that may contribute to Th17 when com-
pared to Th1 lineage differentiation fate and/or HIV per-
missiveness at post-entry levels.

Th17 versus Th1 express higher Lck and ZAP-70 levels

HIV replication is restricted in resting CD4% T-cells
[88-90] through mechanisms that are counteracted upon
activation by the TCR and/or cytokines [60, 91, 92, 93, 94,
95]. Ingenuity Pathway Analysis (IPA) performed on dif-
ferentially expressed genes (p < 0.05; FC cut-off 1.3) was
used to illustrate transcripts enriched in Th17 versus Thl
that are linked to TCR signaling (Additional file 7: Figure
S4). The later transcripts included Lck and ZAP-70, two
kinases associated with CD4 and CD3zeta, respectively,
that play critical roles in the TCR downstream signaling
cascade [67, 70]. ZAP-70 was reported to be essential
for HIV-1 cell-to-cell transmission [71] and HIV-Nef-
mediated effects [96]. The Lck and ZAP-70 mRNA lev-
els were confirmed by RT-PCR as being significantly
higher in Th17 versus Th1 (Fig. 4). Confocal fluorescence
microscopy was used to visualize and quantify expres-
sion of total and phosphorylated Lck and ZAP-70 pro-
teins in cells upon 3 days of TCR triggering. The Z-stack

reconstruction of 100x images visualized the localization
of Lck both extra and intra-nuclear (Fig. 5a). The expres-
sion of total Lck, together with Lck phosphorylated on
Tyr394 (a positive regulatory site [97]), was significantly
higher in Th17 versus Thl from 2/2 donors (Fig. 5b, upper
and middle panels). In contrast, levels of the Lck phos-
phorylated on Tyr505 (a negative regulatory site [97]),
were significantly lower in Th17 versus Thl from 1/2
donors (Fig. 5b, lower panel). In contrast, the localization
of ZAP-70 was, as expected, mainly cytoplasmic (Fig. 5¢).
Although the expression of total ZAP-70 was signifi-
cantly higher in Th17 versus Thl from 1/2 donors, levels
of phosphorylated ZAP-70 were significantly higher in
Th17 versus Th1 from both donors (Fig. 5d). These results
suggest a potential superior expression and activation sta-
tus of Lck and ZAP-70 in response to TCR triggering in
Th17 compared to Thl cells. These differences are, how-
ever, minor, and this is consistent with minor differences
observed in terms of Lck and ZAP-70 mRNA expression
(Fig. 4).

Other downstream TCR signaling molecules overex-
pressed in Th17 versus Th1 include PAK2, PI3 K, and Fyn
(Additional file 7: Figure S4). PAK2 is a well-established
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Fig. 5 Expression of total and phosphorylated Lck and ZAP70 proteins in CCR4TCCR6" Th17 versus CXCR3TCCR6™ Th1 cells. Matched Th17 and Th1
subsets were isolated and stimulated by CD3/CD28 Abs for 3 days as described in Fig. 1. Cells were fixed on poly-L-lysine coated slides. Intracellular
staining was performed with rabbit anti-human Abs against total or phosphorylated Lck (a, b) and ZAP70 (¢, d). DAPI was used to stain cell nuclei.
Slides were observed by fluorescence microscopy using a spinning-disc zeiss cell observer microscope. The visualization of total Lck (@) and ZAP70
(€) expression was performed using a 100x oil objective (NA = 1.46) in a spinning-disc confocal mode. Shown are maximum intensity z projection
of z stack of matched Th17 and Th1 cells from one donor representative of observations made with cells from two different donors. The relative
expression of total and phosphorylated Lck (b) and ZAP70 (d) was further quantified using the Image J software after observations made by epif-
luorescence with a 40x oil objective (NA = 1.40). b, d Shown are expression of total-Lck and total-ZAP70 (upper panels) together with phosphos-
phorylated Lck (Tyr 394, Tyr 505) and ZAP70 (middle and lower panels) in matched Th17 versus Th1 cells from two different donors (n = 50-100 cells
per subsets). Horizontal red lines indicate median values. Unpaired t test p values are indicated on the figures
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target of HIV-Nef that contributes to viral replication
[65]. PI3 K is required for HIV-1 Nef-mediated down-
regulation of cell surface MHC-I molecules [98]. Fyn has
been demonstrated to be involved in NF-kB mediated
HIV transcription [99]. In contrast, Grb2 (growth fac-
tor receptor-bound protein 2) was found down regulated
in Th17 versus Thl (Additional file 7: Figure S4). This is
consistent with the fact that Grb2 inhibits the Tat-medi-
ated transactivation of HIV-1 LTR and subsequent viral
replication [100] (Additional file 4: Table S3).

Altogether, these results demonstrate superior expres-
sion of signaling molecules associated with TCR signaling
in Th17 versus Thl, including the active phosphorylated
forms of Lck and ZAP-70. These differences very likely
contribute to the superior ability of Th17 when compared
to Thl to respond to weak TCR signals, thus creating a
cellular environment favorable to HIV replication.

Th17 versus Th1 exhibit superior NF-kB nuclear
translocation and DNA-binding activity

The nuclear translocation of the transcription factor
NF-«B is a key event in the signaling cascade of down-
stream TCR. NF-«B regulates transcription of numerous
genes involved in T-cell activation and survival [101], and
also binds to the HIV promoter to initiate viral genome
transcription [102, 103]. Of note, transcripts for mucosa
associated lymphoid tissue lymphoma translocation gene
1 (MALT1), a paracaspase critical for NF-kB activation
[68, 69], were enriched in Th17 versus Thl (Additional
file 1: Table S1). This evidence, together with the up-regu-
lation of TRIMS8 [82] transcripts in Th17 versus Th1, sug-
gests superior NF-«B activity in Th17 cells. To investigate
this possibility, we first used confocal fluorescence micros-
copy to visualize and quantify expression of NF-«B in the
nuclei of Th17 versus Thl upon TCR triggering. In both
Th17 and Th1, NF-«B was mainly localized in the nucleus;
however, the intensity of intra-nuclear staining was signif-
icantly higher in Th17 than Thl in 2/2 donors (Fig. 6a, b).
In parallel, an ELISA-based assay was used to quantify the
NF-«kB DNA-binding activity in the nuclear fractions iso-
lated from TCR-activated memory CD4" T-cells express-
ing or lacking the Th17 marker CCR6 (Fig. 6¢c). Of note,
the CCR6™ fraction includes Thl cells, while the CCR6™
fraction includes Th17 cells. The purity of nuclear frac-
tions was assessed by western blotting; this demonstrated
the expression of the nuclear marker Histone H3 but
the absence of the cytoplasmic marker B-actin (data not
shown). For equal quantities of total nuclear proteins, the
NF-kB DNA-binding activity was significantly higher in
CCR6% than CCR6™ T-cells in 3/3 subjects (Fig. 6¢). These
results are consistent with previous findings by our group
that CCR6" compared to CCR6~ T-cells are major HIV
replication targets [104]. Thus, TCR triggering results in
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superior NF-kB nuclear translocation and DNA-binding
activity in Th17 when compared to Thl. This difference
highly likely contributes to enhanced transcription of the
HIV genome in Th17 versus Thl.

Th17 versus Th1 proliferate in response to low intensity
TCR triggering

The engagement of TCR induces complex modifications
of cellular processes, including the production of effector
cytokines and ultimately cell proliferation. In an effort to
determine whether superior levels of Lck/ZAP-70 phos-
phorylation (Fig. 5) and NF-«B activation (Fig. 6) impact
on the proliferation potential of Th17 versus Thl cells, a
CESE dilution assay was used to measure at the single-
cell level the proliferation of memory CD4" T-cells with
intracellular expression of IL-17A only (Thl7), IFN-y
only (Thl), or both IL-17 and IFN-y (Th1Th17). Optimal
IL-17A expression was observed when cells were stimu-
lated with CD3/CD28 Abs for three days and with PMA
and Ionomycin in the presence of Brefledin A for addi-
tional 16 h (Fig. 7a). Th17 and Th1Th17 versus Thl pro-
liferated at superior levels in 4/4 donors, and this was for
three different concentrations of CD3 and CD28 Abs (0.1,
0.25, and 0.5 pg/ml); differences were more remarkable
for the lowest CD3/CD28 Abs concentration (Fig. 7a—c).
Therefore, our results provide evidence that Th17 versus
Th1 exhibit a superior ability to proliferate and produce
IL-17A in response to relatively low TCR triggering sig-
nals. Our results are consistent with previous studies by
other groups reporting on the induction of Th17 effector
functions upon low strength TCR activation [105, 106].

MAP3K4, PTPN13, and SERPINB6 act as HIV permissiveness
factors

Other differentially expressed transcripts included
MAP3K4 and PTPN13 that were up regulated (Addi-
tional file 5: Figure S2) and SERPINB6 that was down
regulated in Th17 versus Thl (Tables 1, 2). Of note, SER-
PINB6, an intracellular serine protease inhibitor, was
previously identified as an HDF in genome-wide siRNA
screens performed in HeLa cells [58]. We assessed the
effect of RNA interference against MAP3K4, PTPN13,
and SERPINB6 on the efficacy of HIV-DNA integration
in memory CD4" T-cells. The results in Fig. 8 demon-
strate that decreased expression of MAP3K4, PTPN13,
and SERPINB6 mRNA was associated with a statisti-
cally significant reduction in levels of integrated HIV-
DNA; this indicates that these molecules restrict viral
replication prior to integration. Thus, in addition to the
identification of MAP3K4 and PTPN13 as novel positive
regulators of HIV replication preferentially expressed in
Th17 cells, we confirm SERPINB6 is indeed a HDFE. The
detailed molecular mechanisms by which MAP3K4 and
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Fig. 6 NF-kB nuclear translocation and DNA-binding activity in CCR4TCCR6™ Th17 versus CXCR3TCCR6™ Th1 cells. a, b Matched Th17 and Th
subsets were isolated and stimulated via CD3/CD28 for 3 days as described in Fig. 1. Cells were seeded on poly-L-lysine coated slides, and intracel-
lular staining was performed with rabbit anti-human NF-kB followed by goat anti-rabbit AlexaFluor 488 Abs. Slides were mounted with the ProLong
Gold Antifade reagent containing the nuclear dye DAPI. Slides were then observed by confocal microscopy. a NF-kB expression was observed under
a 100x oil-immersion objective (NA = 1.46) in a spinning-disc confocal mode system. Shown are maximum intensity z projection of z stack of Th17
and Th1 cells from one donor representative of observations made with two different donors. b The relative expression of intra-nuclear NF-kB was
quantified in cells from two different donors using the Image J software based on observations by epifluorescence with a 40x Oil immersion objec-
tive (NA = 1.40). Horizontal red lines indicate median values. Unpaired t test p values are indicated in the figure. € Memory CCR6" and CCR6~ CD4™
T-cell subsets were enriched by MACS and sorted by FACS as previously reported [104]. Cells were stimulated via CD3/CD28, as in Fig. 1, and nuclear
fractions were extracted. Shown is the ELISA quantification of NF-kB-p65 DNA-binding activity in nuclear extracts from matched CCR6™ and CCR6™
subsets isolated from three different HIV-uninfected donors (mean = SD of triplicate wells). Student t test p values are indicated in the figures

PTPN13 regulate HIV integration in Th17 cells remain to
be investigated.

Discussion

HIV-1 targets for infection and subsequent depletion
cells of the immune system that play key roles in the
defense against pathogens, including the Th17-polarized

CD4" T-cells [19, 37, 38, 50]. The unique developmen-
tal plasticity (e.g., ability to convert into Thl, Th2 and
Tregs [107, 108]), pathogen-specificity and functional
heterogeneity [13, 14, 15, 109, 110, 111, 112], together
with their long-lived properties [52-54], position Th17
cells at the very core of the immune system. Given their
predominant location at mucosal surfaces, including the

(See figure on next page.)

Fig. 7 Proliferation of CD4™ T-cells expressing IL-17A versus IFN-y in response to low TCR triggering. Memory CD4* T-cells were isolated from PBMCs
of four different HIV-uninfected donors by negative selection using magnetic beads. Cells were loaded with CFSE (0.5 uM) and cultured in the pres-
ence of different doses of immobilized CD3 and soluble CD28 Abs (0.1, 0.25, or 0.5 pug/ml) for 3 days. Cells were then stimulated with PMA/lonomycin
in the presence of Brefeldin A for 18 h. Intracellular staining was performed with IL-17A and IFN-y Abs. Based on the expression of IL-17A and/or IFN-
v, three cell subsets were identified as follows: Th1 (IL-17ATIFN-y 1), Th17 (IL-17ATIFN-y™), and Th1Th17 (IL-17ATIFN-y1). The frequency of proliferating
cells (CFSE®") was analyzed in each of the three cytokine-expressing subsets. a Shown are flow cytometry results in one representative donor out of
four. Shown are statistical analyses of absolute (b) and relative (Th1Th17 proliferation levels were considered 100 %) ¢ proliferation (CFSE'%) levels in
Th1,Th17,and Th1Th17 cells from four different donors. Paired t test p values are indicated on the graphs
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Fig. 8 Effects of MAP3K4, PTPN13, and SERPINB6 RNA interference on HIV-1 integration in memory CD4™ T cells. RNA interference experiments
were performed on memory CD4 T-cells as described in the Fig. 7 legend. a Shown is the experimental flow chart. Briefly, cells were stimulated via
CD3/CD28 for 2 days, washed and nucleofected with siRNA pools (1 uM) specific for MAP3K4, PTPN13, and SERPINB6 or a non-targeting siRNA (NT).
Nucleofected cells were cultured in the presence of IL-2 (5 ng/ml) for 24 h and then exposed to the HIV NL4.3BAL-GFP strain (50 ng HIV-p24/ml)
for 3 h at 37 °C. Infected cells were cultured in the presence of IL-2 (5 ng/ml) for 3 days. b The yield of siRNA silencing was determined by real-time
RT-PCR quantification of MAP3K4, PTPN13, and SERPINB6 mRNA expression in cells nucleofected with targeting (MAP3K4, PTPN13, SERPINB6) versus
non-targeting (NT) siRNA. Shown are results obtained with cells from two to five different donors. ¢ Levels of integrated HIV-DNA were quantified
by nested real-time PCR in cells harvested at day three post-infection. HIV-DNA copy numbers were normalized relative to CD3 expression. Shown
is relative HIV-DNA integration in targeting versus NT siRNA conditions (normalized to the maximal value considered to be 100 % in NT condition);
the values above graphs are integrated HIV-DNA copies per 10° cells in NT nucleofected cells (mean = SD of triplicate wells). Paired t test values are
indicated on the graphs

gut-associated lymphoid tissues (GALT), Th17 cells rep-  cells within the GALT represent a major cause of HIV/
resent the first HIV/SIV targets at the portal sites of entry ~ SIV disease progression [24, 25, 114, 115, 116, 117, 118,
[25, 113]. Quantitative and qualitative alterations in Th17  119]. Therefore, understanding molecular mechanisms
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of HIV permissiveness in Th17 cells represents a major
research priority. Studies by our group [37], confirmed
by others [38, 50], demonstrated that CCR4TCCR61Th17
and CXCR3TCCR67Th1Th17 cells are highly permissive,
while CXCR3*CCR67Thl are relatively resistant to R5
and X4 HIV infection, and CCR4"CCR6 Th2 are per-
missive to X4 HIV only [37]. In this manuscript, we used
a systems biology approach to unveil molecular mecha-
nisms of HIV replication in Th17 cells by comparing
their transcriptome to those of Thl, Th2 and Th1Thl7
cells. We reveal here for the first time to our knowledge a
molecular signature associated with HIV permissiveness
in primary Th17 cells.

Our genome-wide transcriptional profiles demon-
strated superior expression of KLF2 in Th17 compared
to Th1 cells. These findings were confirmed by RT-PCR.
KLF2 is a transcription factor that binds to the CCR5
promoter and positively regulates its expression and the
subsequent permissiveness of CD4" T-cells to R5 HIV
[76]. CCR5 is indeed a key co-receptor for HIV entry
[120] and one of the major determinants of disease pro-
gression [121, 122] involved in the early phases of HIV
acquisition at mucosal surfaces [123, 124]. Activated
CCR5" T-cells are enriched within the GALT and repre-
sent the first HIV targets [125]. However, superior HIV
permissiveness in Th17 versus Th1 is not the reflection of
their superior CCR5 expression ex vivo [37]; this suggests
that CCR5 is essential but not sufficient to support R5
HIV entry and/or subsequent replication. Nevertheless,
the stability of CCR5 expression upon TCR triggering in
long-term cultures was not investigated in our system,
and therefore the potential role of KLF2 in regulating
superior/stable CCR5 expression in Th17 cells cannot be
excluded. The autocrine production of CCR5 ligands was
previously identified as a mechanism by which CMV-
specific CD4" T-cells are protected from HIV infection
[126]. The overexpression of transcripts for CCR5 ligands
observed in this study in Th1 versus Th17 is consistent
with previous reports by our group [37] and others [50,
114] where CCR5 ligand protein levels were investigated.
Thus, the autocrine production of CCR5 ligands by Thl
cells may contribute to limited HIV entry in Thl cells.
Despite any potential regulatory mechanisms at entry
level, we report superior HIV-DNA integration in Th17
versus Thl cells upon exposure to both wild-type and
VSV-G-pseudotyped HIV; this indicates that post-entry
mechanisms contribute to viral permissiveness in Th17
cells.

Upon receptor-mediated entry, HIV-1 uses the host-
cell molecular machinery to ensure its reverse transcrip-
tion, integration and transcription [59, 60]. Large siRNA
screens performed on cell lines identified networks of
HDFs acting at different levels of the viral life cycle [56,
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57, 58, 84]. Very few HDF identification studies were
performed on primary cells [127-129]. JAK1 is one of
the very few HDFs identified in more than two siRNA
screens that is also included in the NCBI HIV interaction
database [60]. Of particular importance, our microarrays
revealed an up-regulation of JAK1 transcripts in Th17
versus Th1. JAK1 is a tyrosine kinase associated with the
signaling through the receptors of type I and II cytokines;
activation of JAK1 induces STAT3 phosphorylation in
response to IL-21 stimulation [130]. Consistent with
JAK1 up-regulation in Th17 cells, the JAK signaling path-
way is altered in subjects with Hyper IgE syndrome that
exhibit mutations in STAT3 and subsequent Th17 defi-
ciency [131]. JAK1 antagonists were reported to interfere
with Th17 polarization in a mouse model of psoriasis
[132]. Considering the fact that JAK antagonists inhibit
HIV replication and reactivation [133], JAK1 may repre-
sent a novel therapeutic target to interfere with infection
in Th17 cells.

Despite a low degree of overlap among individual
HDFs identified in different siRNA screens [56, 57, 58,
84], pathways such as NF-«B, peroxisome proliferator-
activated receptor (PPAR), and retinoic acid receptor
were identified as being important for HIV permissive-
ness in at least two distinct studies [59, 60]. A previous
study by our group demonstrated that the transcription
factor PPARYy is expressed at superior levels in Th1Th17
versus Th1 and acts as a negative regulator of HIV repli-
cation [129]. Of note, PPARY is also an intrinsic negative
regulator of Th17 polarization [134]. Therefore, mecha-
nisms involved in Th17 polarization and HIV replica-
tion are overlapping. The present transcriptional profiles
consistently demonstrated superior expression of PPARy
in Th17 versus Th1 cells. These findings provide further
evidence that Th17, similar to Th1Th17 cells [129], are
endowed with intrinsic mechanisms that control HIV
permissiveness, mechanisms that should be targeted
therapeutically.

Consistent with differential HIV replication in Th17,
Th1Th17, Thl, and Th2 memory CD4" T-cell subsets
[37], the present genome-wide transcriptional profil-
ing revealed the remarkable transcriptional differences
between Th17 and Thl cells. Gene set variation analysis
revealed unique pathways enriched in Th17 versus Thl
cells, including TCR signaling, T-helper differentiation,
IL-7 signaling, nuclear receptor transcription, and circa-
dian repression of expression by REV-ERBa. Therefore,
it is reasonable to assume that pathways preferentially
expressed in Th17 cells are exploited by HIV for success-
ful replication.

Similar to Th2 and in contrast to Th1 [135], Th17 polar-
ization depends on low strength TCR signals [105]. Con-
sistently, we found an enriched expression of transcripts
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linked to the TCR signaling cascade in Th17 versus Thl,
including the major kinases Lck and ZAP-70. These dif-
ferences were validated by RT-PCR at the population
level and further visualized/quantified at the single-
cell level by confocal microscopy. Of note, Lck facili-
tates assembly of HIV-1 by targeting HIV-1 Gag to the
plasma membrane in T cells [136], while ZAP-70 kinase
regulates HIV cell-to-cell spread and virological syn-
apse formation [71]. Superior expression of phosphoryl-
ated active forms of Lck and ZAP-70 in Th17 versus Thl
cells coincided with superior expression of transcripts
for multiple kinases and phosphatases downstream from
the TCR. Among transcripts associated with the TCR
reactome, our RNA interference experiments identified
MAP3K4 and PTPN13 as positive regulators of HIV rep-
lication in Th17 cells. The phosphorylation of p38 MAPK
by MAP3K4 was previously linked to Th17 polarization
signals [137]. We previously reported MAP3K4 up-reg-
ulation in HIV-permissive Th1Th17 cells [129]. PTPN13,
a tyrosine phosphatase involved in the negative regula-
tion of Fas-dependent apoptosis upon TCR triggering
[138-140], was identified as a Th1Th17 marker [62, 129].
Here, we confirmed by RT-PCR the exclusive expression
of PTPN13 mRNA in Th17 versus Thl. Mechanisms by
which MAP3K4 and PTPN13 regulate HIV replication
remain to be further examined, but they are likely linked
to the control of the state of cellular activation upon TCR
engagement.

The replication of HIV is limited in resting CD4%
T-cells [91] through restriction mechanisms that are
abrogated by activation/proliferation induced upon
engagement of the TCR and/or cytokine receptors
[141-144]. Our functional studies demonstrated that
CD3/CD28 engagement resulted in superior cell pro-
liferation and NF-kB nuclear translocation as well as
DNA binding activity in Th17 versus Thl. Indeed, in
contrast to IFN-yT, IL-17A" cells proliferated effi-
ciently in response to low concentrations of CD3/CD28
Abs. A study by Santarlasci et al. reported an impaired
ability of Th17 cells to proliferate [145]. This report is
in contrast to our results on superior NF-kB activa-
tion and proliferation in Th17 versus Thl cells. These
discrepancies may be explained by results generated
with polyclonal subsets producing IL-17 ex vivo in
our studies versus Th1l7 clones in studies by Santar-
lasci et al. 145], clones that are potentially exhausted or
senescent due to long-term maintenance in vitro. Our
findings are in line with publications by other groups
on the long lived properties of Th17 cells [52-54]. In
addition to the ability of NF-kB to regulate transcrip-
tion of multiple host genes that may be critical for HIV
permissiveness, NF-xB directly binds to the HIV pro-
moter and positively regulates its activity [102, 103].
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Accordingly, genome-wide siRNA screens for HDFs
identified the NF-xB pathway as being a key regulator
of HIV permissiveness [59, 60]. In our transcriptional
studies, MALT1 (a paracaspase involved in NF-xB
activation [68]) and TRIMS8 (a regulator of NF-kB and
STAT3-dependent signaling cascades [81, 82] and doc-
umented HDF [57]) were also found up regulated in
Th17 versus Thl cells. Of particular interest, MALT1
was recently linked to Th17 polarization [69]. These
results emphasize complex host cell-pathogen interac-
tions by which HIV takes advantage of universal and
Th17-specific proximal/distal components of the TCR
signaling cascade for its efficient replication.

Our findings that Th17 cells proliferate in response
to weak TCR signals are consistent with recent studies
demonstrating that miR-181a, a microRNA involved in
the regulation of TCR activation [146], is preferentially
induced under Th17 polarizing conditions [106]. MiR-
181a lowers the TCR activation threshold through the
modulation of ERK phosphorylation [106]. Of note, miR-
181a is also involved in the post-transcriptional regulation
of SAMHD1 [147], an HIV restriction factor expressed in
quiescent CD4" T-cells [148] that limits HIV reverse tran-
scription by its dNTPase [149] and RNase activity [150].
The restriction ability of SAMHDI is negatively regu-
lated by phosphorylation [151]. Our microarrays were not
designed to detect microRNAs and did not reveal differ-
ences in SAMHD1 mRNA expression. Further studies are
needed to clarify the potential role of SAMHD]1 in con-
trolling HIV replication in Th17 cells.

Conclusions

This study reveals a unique molecular signature of HIV
permissiveness in Th17 cells (e.g., PPARG, PAK2, KLF2,
PTEN, ITGB7, ATG16L1, Alix/AIP1/PDCD6IP, LGALS3,
JAK1, TRIMS, MALT1, FOXO3, ARNTL, ABCB]I,
TNFSF13B/BAFF, and CDKN1B) and provides evidence
that a unique TCR signaling cascade is favorable to HIV
replication in Th17 cells. The current identification of
novel Thl7-specific HDFs is instrumental for design-
ing novel therapeutic strategies aimed at interfering
with viral replication, while maintaining the Th17 role in
mucosal immunity.

Methods

Subjects

Healthy HIV-uninfected donors were recruited at the
Montreal Chest Institute, McGill University Health Cen-
tre, and Centre Hospitalier de I'Universite de Montreal
(CHUM, Montreal, Quebec, Canada). Large quantities of
PBMCs (10°-10'° cells) were collected by leukapheresis
as previously described [152].
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Ethics statement

This study, using PBMC samples from healthy HIV-unin-
fected subjects, was conducted in compliance with the prin-
ciples included in the Declaration of Helsinki. This study
received approval from the Institutional Review Board
of the McGill University Health Centre and the CHUM-
Research Centre, Montreal, Quebec, Canada. All human
subjects that donated biological samples for this study pro-
vided written informed consent for their participation in the
study. All human subjects agreed with the publication of the
subsequent results generated using the samples.

Flow cytometry analysis

Fluorochrome-conjugated Abs used for polychromatic
flow cytometry analysis were CD3-Pacific Blue (UCHT1),
CD4-Alexa700 (RPA-T4), CD45RA-APC-Cy7 (custom),
CCR4-PE-Cy7 (1G1), CXCR3-PE-Cy5 (1C6), CCR6-
PE (11A9), Ki67-FITC, IFN-y-AlexaFluor 700 (B27)
(BD Pharmingen), CD56-FITC (MEM188), IL-17-PE
(64DEC17) (eBioscience), HIV-p24-FITC (FH190-1-1)
(Beckman Coulter), CD8-FITC (BW135/80), and CD19-
FITC (LT19) (Miltenyi). A viability dye (Molecular
Probes® LIVE/DEAD® Fixable Dead Cell Stain Kits, Inv-
itrogen) was used to exclude dead cells. Cells were stained
and analyzed by FACS using the BD LSRII cytometer and
the Flow]o software, as previously described [129].

Magnetic (MACS) and fluorescence activated cell sorting
(FACS)

Total or memory CD4" T-cells were enriched from
PBMC by negative selection using magnetic beads
(MACS, Miltenyi), with a purity >95 % as previously
described [37, 104]. Then, cells were stained with
CD45RA-APC-Cy7, CCR6-PE, CCR4-PE-Cy7, CXCR3-
PE-Cy5 Abs and a cocktail of FITC-conjugated Abs
to exclude CD8' T-cells (CD8), NK cells (CD56), and
B cells (CD19). The sorting gates were set on FITC"*%
memory (CD45RA™8) T-cells. Four subsets were sorted
by flow cytometry (BDAria II): CXCR3*CCR4 CCR6™
(CXCR3"Thl), CXCR3 CCR4TCCR6~ (CCR4"Th2),
CXCR3"CCR4*CCR6"  (CCR4TCCR6'Th17), and
CXCR3TCCR4 CCR6" (CXCR3"CCR6'Th1Th17). In
other experiments, memory CCR6™ and CCR6™ T-cells
were sorted upon staining with CD45RA-APC-Cy7 and
CCR6-PE Abs as well as a mixture of FITC-conjugated
CD8, CD56, and CD19 Abs. A viability dye was used to
exclude dead cells. Post-sort FACS analysis demonstrated
sorted T-cell subsets were >99 % pure, as reported earlier
(37, 104, 129].

Genome-wide transcriptional profiling
Matched memory CD4" T-cell subsets were isolated by
FACS from five different HIV-uninfected donors and
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stimulated with immobilized CD3 and soluble CD28
(1 pg/ml) for 3 days. Total RNA was isolated using RNe-
asy columns kit (Qiagen) according to the manufac-
turer’s protocol. RNA quantity was determined by Pearl
nanophotometer (Implen, Germany) (10° cells yielded
1-5 pg RNA). Genome-wide analysis of gene expression
was performed on total RNA by Génome Québec (Mon-
treal, Quebec, Canada). Briefly, the quality of total RNA
was tested using the Agilent 2100 Bioanalyzer chip. High
quality RNA was reverse transcribed and hybridized on
the Illumina HumanHT-12 v4 Expression BeadChip pro-
viding coverage for more than 47,000 transcripts and
known splice variants across the human transcriptome.

Transcriptional profiling analysis

Gene expression analyses were performed as previously
described [129]. Briefly, after quality control of the microar-
ray data, the resulting expression matrix was used as input
for linear modelling using Bioconductor’s limma package,
which estimates the fold-change among predefined groups
by fitting a linear model and using an empirical Bayes
method to moderate standard errors of the estimated log-
fold changes for expression values from each gene. A linear
mixed model was designed with the population as a fixed
effect and the donor ID as a random effect. P values from
the resulting comparison were adjusted for multiple test-
ing according to the method of Benjamini and Hochberg
(1995). This method controls the false discovery rate (FDR),
which was set to 0.05 in this analysis. Determination of reg-
ulated gene expression is based on p values or adjusted p
values as indicated in the figure or table legends. The entire
microarray dataset and technical information requested by
Minimum Information About a Microarray Experiment
(MIAME) are available at the Gene Expression Omnibus
(GEO) database under accession number GSE70396. Dif-
ferentially expressed genes (cut-off 1.3-fold; p < 0.05) were
classified through Gene Ontology using the NetAffx web-
based application (Affymetrix). Corresponding heat maps
for biological function categories were generated using pro-
gramming language R. Enrichment Statistics (ES) from the
gene set variation analysis were calculated as the maximum
distance of the random walk statistic using the GSVA bio-
conductor package [153] on the same databases described
in Bernier et al. [129]. Differential expression analysis of the
ES was performed with the limma bioconductor package
following the same model applied to probe-level expres-
sion. The gene networks were generated through the use
of ingenuity pathways analysis (Ingenuity® systems, http://
www.ingenuity.com).

Real-time RT-PCR
One step SYBR Green real-time RT-PCR (Qiagen) was
carried out in a LightCycler 480 II (Roche) according
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to manufacturer’s recommendations, as we previously
reported [37, 104, 129]. Briefly, for standard curve prepa-
ration, 5-50 ng of total RNA were reverse transcribed
using a SYBR Green mix (Qiagen) containing 0.5 pM
primers. Agarose gel electrophoresis was used to visual-
ize the size of the amplification products. cDNA purifica-
tion was performed using the QIAquick Gel Extraction
Kit (Qiagen). Serial dilutions of cDNA (20,000; 2000; 200;
20; 2; 0.2 fgs) were used for the absolute quantification
of target gene expression. QuantiTect Primer Assays for
KLF2, PPARYy, ARNTL, ZAP-70, Lck, PTPN13, RORC,
MAP3K4, and SERPINB6 were purchased from Qiagen.
The expression of each gene was normalized relative to
the internal control 28S rRNA levels (forward 5-CGAG
ATTCCTGTCCCCACTA-3'; reverse 5-GGGGCCACC
TCCTTATTCTA-3, IDT). Melting curve analysis
performed after real-time amplification revealed the
uniformity of thermal dissociation profile for each ampli-
fication product. Samples without template or without
reverse transcriptase were used as negative controls.
Each RT-PCR reaction was performed in triplicate.

HIV infection and quantification of viral replication

The following HIV-1 molecular clones were used in this
study: (1) replication-competent CCR5-using (R5) HIV
NL4.3BAL; (2) replication-competent R5 NL4.3BAL-
GFP expressing gfp in place of nef; and (3) single-round
VSVG-HIV-GEFP, an env-deficient NL4.3 provirus pseu-
dotyped with the VSV-G envelope and expressing gfp in
place of nef [37, 104, 129]. HIV stocks were produced,
titrated, and used to infect cells (50 ng HIV-p24 per 10°
cells) as previously described [37, 104, 129]. HIV-p24
levels were quantified in cell culture supernatants using
a homemade ELISA [37, 104]. HIV-DNA integration was
quantified in cell lysates by real-time nested PCR (10°
cells per test in triplicate; detection limit: three HIV-
DNA copies), as previously described [37, 104, 129, 154].

Fluorescence microscopy and quantitative image analysis

The visualization and quantification of protein expres-
sion was performed by confocal microscopy, as previously
described [129]. Briefly, FACS-sorted Th17 and Th1 subsets
were stimulated via CD3/CD28 for 3 days (1 pg/ml) and
placed into poly-L-lysine-coated eight-wells glass culture
slides (BD Biosciences) (10° cells/well). Cells were stained
with primary Abs against total Lck (clone 73A5), total ZAP-
70 (clone 99F2), phosphorylated Lck on Tyr-394 (Santa Cruz
Biotechnology) and Tyr-505 (clone 2751), phosphorylated
ZAP-70 on Tyr319 (clone 65EA cross reacting with phos-
phorylated Syk on Tyr352), and NF-kB p65 (clone 3034) and
Alexa Fluor 488-conjugated goat anti-rabbit Abs (Invitro-
gen) as secondary Abs. The above Abs were purchased from
Cell Signaling Technology, unless otherwise specified. Slides
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were mounted using ProLong Gold Antifade medium with
the nuclear dye DAPI (Invitrogen, Molecular Probes). Epi-
fluorescent and Spinning Disc confocal microscopy images
were acquired out on an automated Cell Observer Z1®
microscope (Carl Zeiss) using the AxioVision 4.8.2 software
(Carl Zeiss). For the analysis of protein cellular localization,
spinning disc confocal images were acquired using the 100x
oil immersion objective (numerical aperture, NA: 1.46) and
maximum intensity projection of 0.2 um z-stack sections
were realized using Image] software (NIH) after background
subtraction. For statistical analysis of protein expression,
random epi-fluorescent images were acquired with the 40x
oil immersion objective (NA: 1.3). All acquisitions between
the different T-cell subsets were performed with the same
illumination status in the same run. Integrated density was
measured after background subtraction with Image] soft-
ware. Data were compared by analysis of integrated density/
area for 50-100 cells/subset.

NF-kB DNA-binding activity

Nuclear extracts were obtained from activated CD4" T-cells
using the BD transfactor extraction kit (Clonetech Labo-
ratories). The active form of NF-kB p65 was quantified by
ELISA (1 pg nuclear protein/test; Assay Designs & Stress-
gen). The specificity of NF-kB p65 DNA-binding was deter-
mined using wild-type and mutated NF-xB p65 duplex
competitors, according to the manufacturer’s protocol.

CFSE dilution assay and intracellular cytokine staining

Cell proliferation was measured using the Carboxy Fluo-
rescein Succinimidyl Ester (CFSE) dilution assay, as pre-
viously described [155]. Briefly, memory CD4% T-cells
were loaded with CFSE and cultured in the presence of
different doses of immobilized CD3 and soluble CD28
Abs (0.5, 0.25, and 0.1 pg/ml) for 1, 2, 3, or 4 days. Cells
were further stimulated with PMA (50 ng/ml, Sigma) and
Ionomycin (1 pg/ml, Sigma) in the presence of Brefeldin
A (2 pg/ml, Sigma) for 18 h. The production of IL-17A
and IFN-y was measured by intracellular staining with
appropriate Abs using the BD cytofix/cytoperm fixation/
permeabilization solution kit (BD Biosciences) according
to the manufacturer’s protocols.

RNA interference

RNA interference studies were performed as described
earlier [129]. Briefly, PBMCs were thawed and rested
overnight at 37 °C. Memory CD4" T-cells were isolated
from PBMC by negative selection using magnetic beads
(Miltenyi Biotec). Cells were stimulated by CD3/CD28
Abs for 2 days and nuclofected with 100 uM specific
(MAP3K4, PTPN13, SERPINB6) or non-targeting (NT1)
siRNA (ON-TARGETplus SMART pool, Dharmacon)
using the Amaxa Human T cell Nucleofector Kit (Amaxa,
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Lonza), according to the manufacturer’s protocol. Cells
were suspended in the NF solution (100 pl/2 x 10° cells)
and nucleofected using the Amaxa Nucleofector II Device
and the human activated T-cell protocol (T-20). Cells
(2 x 10° were transferred into 48-well plates containing
1 ml of RPMI1640 (10 % FBS, 5 ng/ml IL-2, w/o antibi-
otics) and cultured for 24 h at 37 °C. Cells were exposed
to HIV and cultured up to 9 days. Culture supernatants
were harvested and media was refreshed every 3 days.
The effectiveness of RNA silencing was assessed by SYBR
Green real-time RT-PCR 24 h post-nucleofection. IL-17A
production in cell supernatants was measured by ELISA
at day 3 post-infection. Five days post-nucleofection, cells
were stained with LIVE/DEAD® Fixable Dead Cell Stain
Kit (invitrogen) and intracellular staining was performed
using Ki67 Abs. Cell viability (vivid-) and cell cycle pro-
gression (Ki67") were analyzed by FACS (BD LSRII).

Statistics

All statistical analyses were performed using the Prism 5
(GraphPad software). Specifications are included in the
figure legends.

Accession numbers

The entire microarray dataset and technical information
requested by Minimum Information About a Microarray
Experiment (MIAME) are available at the Gene Expres-
sion Omnibus (GEO) database under accession number
GSE70396.

Additional files

Additional file 1: Table S1. The complete list of genes up regulated in
Th17 versus Th1 subsets are included and classified based on p-val-
ues < 0.05 and FC cut-off 1.3.

Additional file 2: Table S2. The complete list of genes down regu-
lated in Th17 versus Th1 subsets are included and classified based on
p-values < 0.05 and FC cut-off 1.3.

Additional file 3: Figure S1. a A heat map including the hierarchi-

cal clustering of all differentially expressed genes in Th17 versus Th1
subsets and b a heat map including top differentially expressed canonical
pathways in Th17 versus Th1 subsets identified using Gene set variation
analysis (GSVA; ad]. p-values < 0.05).

Additional file 4: Table S3. The complete list of canonical pathways
differentially expressed in Th17 versus Th1 subsets were identified using
GSVA and classified based on adj. p-values < 0.05 and log FC.

Additional file 5: Figure S2. Included are top canonical pathways (C2)

(a), transcription factors (C3) (b), and biological processes (C5) (c) that are
differentially expressed between Th17 and Th1 subsets and were identi-

fied using Gene set enrichment analysis (GSEA).

Additional file 6: Figure S3. A meta-analysis for transcripts included in
the NCBI HIV Interaction data base that were identified as top differentially
expressed betweenTh17 and Th1 subsets.

Additional file 7: Figure S4.The T cell receptor signalling pathways was
generated using the Ingenuity pathway analysis (IPA), with transcripts up
and down regulated in Th17 versus Th1 subsets being highlighted in red
and green, respectively.

Page 19 of 23

Authors’ contributions

ACB, YZ, and DP performed experiments, analyzed the results, prepared

the figures, and contributed to manuscript writing. JPG performed the
bioinformatic analysis of transcriptional profiles. PM prepared samples for
the genome-wide analysis of gene expression and analyzed transcriptional
profiles. AG and VSW contributed to all sorting experiments for transcriptional
studies and functional validations. CT, MAJ, and JPR were involved in sample
collection, access to clinical information, and manuscript revision. MEF, NC,
EH, and RPS contributed to study design, provided experimental protocols,
and revised the manuscript. PA designed the study, analyzed the results,
contributed to figure preparation, and wrote the manuscript. All authors read
and approved the final manuscript.

Author details

! Department of Microbiology, Infectiology and Immunology, Faculty of Medi-
cine, Université de Montréal, Montreal, QC, Canada. 2 CHUM-Research Centre,
900 rue Saint-Denis, Tour Viger, R09.416, Montreal, QUEBEC H2X 0A9, Canada.
3 Caprion, Montreal, QC, Canada. 4 Département des sciences biologiques,
Université du Québec & Montréal, Montreal, QC, Canada. > Chronic Viral lliness
Service, McGill University Health Centre, Montreal, QC, Canada. 6 Research
Institute, McGill University Health Centre, Montreal, QC, Canada. ’ Division

of Hematology, McGill University Health Centre, Montreal, QC, Canada. 8 Divi-
sion of infectious Diseases and HIV Medicine, Drexel University, Philadelphia,
PA, USA. ? Center for AIDS Research, Case Western Reserve University, Cleve-
land, OH, USA.

Acknowledgements

The authors thank Sylvain Gimmig, Laurence Lejeune, and Dr. Dominique Gau-
chat for expert technical support in FACS analysis and cell sorting (the CHUM-
Research Centre FACS Core Facility), Anne Vassal and Mario Legault (HIV/AIDS
and infectious diseases network of the Fonds de Recherche Québec-Santé
(FRQ-9)) for help with ethical approvals and informed consents, Dr. Mohamed-
Rachid Boulassel and Véronique Lafontaine for sample management, Dr. Dana
Gabuzda (Dana-Farber Cancer Institute, Boston, MA, USA), Dr. Chris Aiken
(Vanderbilt University, Nashville, TN, USA), Heinrich Gottlinger (University of
Massachusetts, Worchester, MA, USA) for access to HIV-1 molecular clones, and
Nadia Ketaf for technical assistance with the lllumina beads arrays technol-
ogy. We thank Josée Girouard and Angie Massicotte (McGill University Health
Centre) for their involvement in patient recruitment and leukapheresis collec-
tion. We finally acknowledge the major contribution to this work of all human
donors through their gift of leukapheresis.

Competing interests
The authors declare that they have no competing interests.

Received: 15 September 2015 Accepted: 22 November 2015
Published online: 10 December 2015

References

1. Ivanov Il, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, Cua
DJ, Littman DR. The orphan nuclear receptor RORgammat directs the
differentiation program of proinflammatory IL.-17 4+ T helper cells. Cell.
2006;126:1121-33.

2. Zhou L, Littman DR. Transcriptional regulatory networks in Th17 cell
differentiation. Curr Opin Immunol. 2009;21:146-52.

3. KornT, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 Cells. Annu Rev
Immunol. 2009;27:485-517.

4. Ruan Q KameswaranV, Zhang Y, Zheng S, Sun J, Wang J, DeVirgiliis J,
Liou HC, Beg AA, Chen YH. The Th17 immune response is controlled
by the Rel-RORgamma-RORgamma T transcriptional axis. J Exp Med.
2011;208:2321-33.

5. Meller S, Di Domizio J, Voo KS, Friedrich HC, Chamilos G, Ganguly D,
Conrad C, Gregorio J, Le Roy D, Roger T, et al. T17 cells promote micro-
bial killing and innate immune sensing of DNA via interleukin 26. Nat
Immunol. 2015.

6. Aujla SJ, Dubin PJ, Kolls JK. Th17 cells and mucosal host defense. Semin
Immunol. 2007;19:377-82.


http://dx.doi.org/10.1186/s12977-015-0226-9
http://dx.doi.org/10.1186/s12977-015-0226-9
http://dx.doi.org/10.1186/s12977-015-0226-9
http://dx.doi.org/10.1186/s12977-015-0226-9
http://dx.doi.org/10.1186/s12977-015-0226-9
http://dx.doi.org/10.1186/s12977-015-0226-9
http://dx.doi.org/10.1186/s12977-015-0226-9

Cleret-Buhot et al. Retrovirology (2015) 12:102

20.

22.

23.

24.

25.

26.

27.

28.

Dubin PJ, Kolls JK. Th17 cytokines and mucosal immunity. Immunol Rev.
2008;226:160-71.

Dong C.TH17 cells in development: an updated view of their molecular
identity and genetic programming. Nat Rev Immunol. 2008;8:337-48.
Weaver CT, Elson CO, Fouser LA, Kolls JK. The Th17 pathway and inflam-
matory diseases of the intestines, lungs, and skin. Annu Rev Pathol.
2013;8:477-512.

Chewning JH, Weaver CT. Development and survival of Th17 cells
within the intestines: the influence of microbiome- and diet-derived
signals. J Immunol. 2014;193:4769-77.

Annunziato F, Cosmi L, SantarlasciV, Maggi L, Liotta F, Mazzinghi B,
Parente E, Fili L, Ferri S, Frosali F, et al. Phenotypic and functional fea-
tures of human Th17 cells. J Exp Med. 2007,204:1849-61.

Annunziato F, Romagnani S. Do studies in humans better depict Th17
cells? Blood. 2009;114:2213-9.

Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, Lan-
zavecchia A, Sallusto F, Napolitani G. Surface phenotype and antigenic
specificity of human interleukin 17-producing T helper memory cells.
Nat Immunol. 2007;8:639-46.

Zielinski CE, Mele F, Aschenbrenner D, Jarrossay D, Ronchi F, Gattorno
M, Monticelli S, Lanzavecchia A, Sallusto F. Pathogen-induced human
TH17 cells produce IFN-gamma or IL.-10 and are regulated by IL-1beta.
Nature. 2012;484:514-8.

Becattini S, Latorre D, Mele F, Foglierini M, De Gregorio C, Cassotta A,
Fernandez B, Kelderman S, Schumacher TN, Corti D, et al. Functional
heterogeneity of human memory CD4™ T cell clones primed by patho-
gens or vaccines. Science. 2014.

Brenchley JM, Price DA, Schacker TW, Asher TE, Silvestri G, Rao S, Kazzaz
Z,Bornstein E, Lambotte O, Altmann D, et al. Microbial translocation is a
cause of systemic immune activation in chronic HIV infection. Nat Med.
2006;12:1365-71.

Ancuta P, Kamat A, Kunstman KJ, Kim EY, Autissier P Wurcel A, Zaman

T, Stone D, Mefford M, Morgello S, et al. Microbial translocation is
associated with increased monocyte activation and dementia in AIDS
patients. PLoS ONE. 2008;3:e2516.

CecchinatoV, Trindade CJ, Laurence A, Heraud JM, Brenchley JM, Ferrari
MG, Zaffiri L, Tryniszewska E, Tsai WP, Vaccari M, et al. Altered balance
between Th17 and Th1 cells at mucosal sites predicts AIDS progres-
sion in simian immunodeficiency virus-infected macaques. Mucosal
Immunol. 2008;1:279-88.

Brenchley JM, Paiardini M, Knox KS, Asher Al, Cervasi B, Asher TE, Schein-
berg P, Price DA, Hage CA, Kholi LM, et al. Differential Th17 CD4 T-cell
depletion in pathogenic and nonpathogenic lentiviral infections. Blood.
2008;112:2826-35.

Favre D, Lederer S, Kanwar B, Ma ZM, Proll S, Kasakow Z, Mold J, Swain-
son L, Barbour JD, Baskin CR, et al. Critical loss of the balance between
Th17 and T regulatory cell populations in pathogenic SIV infection.
PLoS Pathog. 2009;5:21000295.

Douek DC, Roederer M, Koup RA. Emerging concepts in the immu-
nopathogenesis of AIDS. Annu Rev Med. 2009,60:471-84.

Prendergast A, Prado JG, Kang YH, Chen F, Riddell LA, Luzzi G, Goulder
P, Klenerman P. HIV-1 infection is characterized by profound depletion
of CD1617 Th17 cells and gradual decline in regulatory T cells. AIDS.
2010;24:491-502.

Micci L, Cervasi B, Ende ZS, Iriele R, Reyes-Aviles E, Vinton C, Else J,
Silvestri G, Ansari AA, Villinger F, et al. Paucity of IL-21-producing CD4(*)
T cells is associated with Th17 cell depletion in SIV infection of rhesus
macaques. Blood. 2012;120:3925-35.

Brenchley JM, Douek DC. Microbial translocation across the Gl tract.
Annu Rev Immunol. 2012;30:149-73.

Sandler NG, Douek DC. Microbial translocation in HIV infection: causes,
consequences and treatment opportunities. Nat Rev Microbiol.
2012;10:655-66.

Marchetti G, Tincati C, Silvestri G. Microbial translocation in the patho-
genesis of HIV infection and AIDS. Clin Microbiol Rev. 2013;26:2-18.
Pallikkuth S, Micci L, Ende ZS, Iriele RI, Cervasi B, Lawson B, McGary CS,
Rogers KA, Else JG, Silvestri G, et al. Maintenance of intestinal Th17 cells
and reduced microbial translocation in SIV-infected rhesus macaques
treated with interleukin (IL)-21. PLoS Pathog. 2013;9:e1003471.
Chevalier MF, Petitjean G, Dunyach-Remy C, Didier C, Girard PM, Manea
ME, Campa P, Meyer L, Rouzioux C, Lavigne JP, et al. The Th17/Treg

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 20 of 23

ratio, IL-1RA and sCD14 levels in primary HIV infection predict the T-cell
activation set point in the absence of systemic microbial translocation.
PLoS Pathog. 2013;9:21003453.

Hartigan-O'Connor DJ, Abel K, Van Rompay KK, Kanwar B, McCune

JM. SV replication in the infected rhesus macaque is limited by

the size of the preexisting TH17 cell compartment. Sci Trans| Med.
2012;4:136ra169.

Hartigan-O'Connor DJ, Hirao LA, McCune JM, Dandekar S. Th17 cells
and regulatory T cells in elite control over HIV and SIV. Curr Opin HIV
AIDS. 2011,6:221-7.

Macal M, Sankaran S, Chun TW, Reay E, Flamm J, Prindiville TJ, Dandekar
S. Effective CD4™ T-cell restoration in gut-associated lymphoid tis-

sue of HIV-infected patients is associated with enhanced Th17 cells
and polyfunctional HIV-specific T-cell responses. Mucosal Immunol.
2008;1:475-88.

Chege D, Sheth PM, Kain T, Kim CJ, Kovacs C, Loutfy M, Halpenny R,
Kandel G, Chun TW, Ostrowski M, Kaul R. Sigmoid Th17 populations, the
HIV latent reservoir, and microbial translocation in men on long-term
antiretroviral therapy. AIDS. 2011;25:741-9.

Brandt L, Benfield T, Mens H, Clausen LN, Katzenstein TL, Fomsgaard A,
Karlsson I. Low level of regulatory T cells and maintenance of balance
between regulatory T cells and TH17 cells in HIV-1-infected elite con-
trollers. J Acquir Immune Defic Syndr. 2011;57:101-8.

Salgado M, Rallon NI, Rodes B, Lopez M, Soriano V, Benito JM. Long-
term non-progressors display a greater number of Th17 cells than
HIV-infected typical progressors. Clin Immunol. 2011;139:110-4.
Ciccone EJ, Greenwald JH, Lee PI, Biancotto A, Read SW, Yao MA, Hodge
JN, Thompson WL, Kovacs SB, Chairez CL, et al. CD4* T cells, including
Th17 and cycling subsets, are intact in the gut mucosa of HIV-1-in-
fected long-term nonprogressors. J Virol. 2011;85:5880-8.

Kim CJ, McKinnon LR, Kovacs C, Kandel G, Huibner S, Chege D, Shahabi
K, Benko E, Loutfy M, Ostrowski M, Kaul R. Mucosal Th17 cell function

is altered during HIV infection and is an independent predictor of
systemic immune activation. J Immunol. 2013;191:2164-73.

Gosselin A, Monteiro P, Chomont N, Diaz-Griffero F, Said EA, Fonseca

S, Wacleche V, El-Far M, Boulassel MR, Routy JP, et al. Peripheral blood
CCR4 + CCR6™ and CXCR3™ CCR6™ CD4™ T cells are highly permissive
to HIV-1 infection. J Immunol. 2010;184:1604-16.

El Hed A, Khaitan A, Kozhaya L, Manel N, Daskalakis D, Borkowsky W,
Valentine F, Littman DR, Unutmaz D. Susceptibility of human Th17 cells
to human immunodeficiency virus and their perturbation during infec-
tion. J Infect Dis. 2010;201:843-54.

Mercer F, Khaitan A, Kozhaya L, Aberg JA, Unutmaz D. Differentiation of
IL-17-producing effector and regulatory human T cells from lineage-
committed naive precursors. J Immunol. 2014;193:1047-54.

Schuetz A, Deleage C, Sereti |, Rerknimitr R, Phanuphak N, Phuang-
Ngern 'Y, Estes JD, Sandler NG, Sukhumvittaya S, Marovich M, et al. Initia-
tion of ART during early acute HIV infection preserves mucosal Th17
function and reverses HIV-related immune activation. PLoS Pathog.
2014;10:1004543.

d'Ettorre G, Baroncelli S, Micci L, Ceccarelli G, Andreotti M, Sharma

P Fanello G, Fiocca F, Cavallari EN, Giustini N, et al. Reconstitution of
intestinal CD4 and Th17 T cells in antiretroviral therapy suppressed HIV-
infected subjects: implication for residual immune activation from the
results of a clinical trial. PLoS ONE. 2014;9:109791.

Raffatellu M, Santos RL, Verhoeven DE, George MD, Wilson RP, Winter SE,
Godinez |, Sankaran S, Paixao TA, Gordon MA, et al. Simian immuno-
deficiency virus-induced mucosal interleukin-17 deficiency promotes
Salmonella dissemination from the gut. Nat Med. 2008;14:421-8.
Mavigner M, Cazabat M, Dubois M, L'Fagihi FE, Requena M, Pasquier C,
Klopp P, Amar J, Alric L, Barange K, et al. Altered CD4™ T cell homing to
the gut impairs mucosal immune reconstitution in treated HIV-infected
individuals. J Clin Invest. 2012;122:62-9.

Favre D, Mold J, Hunt PW, Kanwar B, Loke P, Seu L, Barbour JD, Lowe
MM, Jayawardene A, Aweeka F, et al. Tryptophan catabolism by
indoleamine 2,3-dioxygenase 1 alters the balance of TH17 to regulatory
T cells in HIV disease. Sci Transl Med. 2010;2:32ra36.

Jenabian MA, Patel M, Kema |, Kanagaratham C, Radzioch D, Thebault

P, Lapointe R, Tremblay C, Gilmore N, Ancuta P, Routy JP. Distinct tryp-
tophan catabolism and Th17/Treg balance in HIV progressors and elite
controllers. PLoS ONE. 2013;8:e78146.



Cleret-Buhot et al. Retrovirology (2015) 12:102

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

Klatt NR, Estes JD, Sun X, Ortiz AM, Barber JS, Harris LD, Cervasi B,
Yokomizo LK, Pan L, Vinton CL, et al. Loss of mucosal CD103* DCs and
IL-17" and IL-227 lymphocytes is associated with mucosal damage in
SIV infection. Mucosal Immunol. 2012;5:646-57.

Persson EK, Uronen-Hansson H, Semmrich M, Rivollier A, Hager-

brand K, Marsal J, Gudjonsson S, Hakansson U, Reizis B, Kotarsky K,
Agace WW. IRF4 transcription-factor-dependent CD103(T)CD11b(")
dendritic cells drive mucosal T helper 17 cell differentiation. Immunity.
2013;38:958-69.

Janelsins BM, Lu M, Datta SK. Altered inactivation of commensal

LPS due to acyloxyacyl hydrolase deficiency in colonic dendritic

cells impairs mucosal Th17 immunity. Proc Natl Acad Sci USA.
2014;111:373-8.

Bixler SL, Sandler NG, Douek DC, Mattapallil JJ. Suppressed Th17 levels
correlate with elevated PIAS3, SHP2, and SOCS3 expression in CD4

T cells during acute simian immunodeficiency virus infection. J Virol.
2013;87:7093-101.

Alvarez Y, Tuen M, Shen G, Nawaz F, Arthos J, Wolff MJ, Poles MA, Hioe
CE. Preferential HIV infection of CCR6T Th17 cells is associated with
higher levels of virus receptor expression and lack of CCR5 ligands. J
Virol. 2013,87:10843-54.

DaFonseca S, Niessl J, Pouvreau S, Gosselin A, Cleret-Buhot A, Wacleche
VS, Bernard N, Tremblay C, Jenabian MA, Routy JP, Ancuta P. Impaired
Th17 polarization of phenotypically naive CD4™ T-cells during chronic
HIV-1 infection and potential restoration with early ART. Retrovirology.
2015 (in press).

Kryczek I, Zhao E, Liu Y, Wang Y, Vatan L, Szeliga W, Moyer J, Klimczak

A, Lange A, Zou W. Human TH17 cells are long-lived effector memory
cells. Sci Transl Med. 2011,3:104ra100.

Muranski P Borman ZA, Kerkar SP, Klebanoff CA, Ji Y, Sanchez-Perez L,
Sukumar M, Reger RN, Yu Z, Kern SJ, et al. Th17 cells are long lived and
retain a stem cell-like molecular signature. Immunity. 2011;35:972-85.
Muranski P, Restifo NP. Essentials of Th17 cell commitment and plastic-
ity. Blood. 2013.

Sun H, Kim D, Li X, Kiselinova M, Ouyang Z, Vandekerckhove L, Shang H,
Rosenberg ES, Yu XG, Lichterfeld M. Th1/17 polarization of CD4 T cells sup-
ports HIV-1 DNA persistence during antiretroviral therapy. J Virol. 2015.
Brass AL, Dykxhoorn DM, Benita Y, Yan N, Engelman A, Xavier RJ, Lieber-
man J, Elledge SJ. Identification of host proteins required for HIV infec-
tion through a functional genomic screen. Science. 2008,319:921-6.
Konig R, Zhou Y, Elleder D, Diamond TL, Bonamy GM, Irelan JT, Chiang
CY, Tu BP, De Jesus PD, Lilley CE, et al. Global analysis of host-path-
ogen interactions that regulate early-stage HIV-1 replication. Cell.
2008;135:49-60.

Zhou H, Xu M, Huang Q, Gates AT, Zhang XD, Castle JC, Stec E, Ferrer
M, Strulovici B, Hazuda DJ, Espeseth AS. Genome-scale RNAi screen
for host factors required for HIV replication. Cell Host Microbe.
2008;4:495-504.

Goff SP. Knockdown screens to knockout HIV-1. Cell. 2008;135:417-20.
Bushman FD, Malani N, Fernandes J, D'Orso |, Cagney G, Diamond TL,
Zhou H, Hazuda DJ, Espeseth AS, Konig R, et al. Host cell factors in

HIV replication: meta-analysis of genome-wide studies. PLoS Pathog.
2009;5:21000437.

Ancuta P, Kunstman KJ, Autissier P, Zaman T, Stone D, Wolinsky SM,
Gabuzda D. CD16™ monocytes exposed to HIV promote highly efficient
viral replication upon differentiation into macrophages and interaction
with T cells. Virology. 2006;344:267-76.

Ramesh R, Kozhaya L, McKevitt K, Djuretic IM, Carlson TJ, Quintero MA,
McCauley JL, Abreu MT, Unutmaz D, Sundrud MS. Pro-inflammatory
human Th17 cells selectively express P-glycoprotein and are refractory
to glucocorticoids. J Exp Med. 2014,211:89-104.

Yu X, Rollins D, Ruhn KA, Stubblefield JJ, Green CB, Kashiwada M, Roth-
man PB, Takahashi JS, Hooper LV. TH17 cell differentiation is regulated
by the circadian clock. Science. 2013;342:727-30.

Pannicke U, Baumann B, Fuchs S, Henneke P, Rensing-Ehl A, Rizzi M,
Janda A, Hese K, Schlesier M, Holzmann K; et al. Deficiency of innate
and acquired immunity caused by an IKBKB mutation. N Engl J Med.
2013;369:2504-14.

Van den Broeke C, Radu M, Chernoff J, Favoreel HW. An emerging

role for p21-activated kinases (Paks) in viral infections. Trends Cell Biol.
2010;20:160-9.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

84.

85.

86.

87.

Page 21 of 23

Seminario MC, Wange RL. Lipid phosphatases in the regulation of T cell
activation: living up to their PTEN-tial. Immunol Rev. 2003;192:80-97.
Weil R, Veillette A. Signal transduction by the lymphocyte-specific
tyrosine protein kinase p56lck. Curr Top Microbiol Immunol.
1996;205:63-87.

Afonina IS, Elton L, Carpentier |, Beyaert R. MALT1—a universal soldier:
multiple strategies to ensure NF-kappaB activation and target gene
expression. FEBS J. 2015.

Jeltsch KM, Hu D, Brenner S, Zoller J, Heinz GA, Nagel D, Vogel KU,
Rehage N, Warth SC, Edelmann SL, et al. Cleavage of roquin and
regnase-1 by the paracaspase MALT1 releases their cooperatively
repressed targets to promote T(H)17 differentiation. Nat Immunol.
2014;15:1079-89.

Wange RL, Samelson LE. Complex complexes: signaling at the TCR.
Immunity. 1996,5:197-205.

Sol-Foulon N, Sourisseau M, Porrot F, Thoulouze MI, Trouillet C, Nobile C,
Blanchet F, di Bartolo V, Noraz N, Taylor N, et al. ZAP-70 kinase regulates
HIV cell-to-cell spread and virological synapse formation. EMBO J.
2007,26:516-26.

Gaffen SL, Jain R, Garg AV, Cua DJ. The IL-23-IL-17 immune axis:

from mechanisms to therapeutic testing. Nat Rev Immunol.
2014;14:585-600.

Yang Y, Xu J, Niu Y, Bromberg JS, Ding Y. T-bet and eomesodermin play
critical roles in directing T cell differentiation to Th1 versus Th17.J
Immunol. 2008;181:8700-10.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette
MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP. Gene

set enrichment analysis: a knowledge-based approach for inter-
preting genome-wide expression profiles. Proc Natl Acad Sci USA.
2005;102:15545-50.

Song MS, Salmena L, Pandolfi PP. The functions and regulation of the
PTEN tumour suppressor. Nat Rev Mol Cell Biol. 2012;13:283-96.
Richardson MW, Jadlowsky J, Didigu CA, Doms RW, Riley JL. Kruppel-like
factor 2 modulates CCR5 expression and susceptibility to HIV-1 infec-
tion. J Immunol. 2012;189:3815-21.

Arthos J, Cicala C, Martinelli E, Macleod K, Van Ryk D, Wei D, Xiao Z,
Veenstra TD, Conrad TP, Lempicki RA, et al. HIV-1 envelope protein binds
to and signals through integrin alpha4beta?, the gut mucosal homing
receptor for peripheral T cells. Nat Immunol. 2008;9:301-9.

Dinkins C, Arko-Mensah J, Deretic V. Autophagy and HIV. Semin Cell
Dev Biol. 2010,21:712-8.

Boutimah F, Eekels JJ, Liu YP, Berkhout B. Antiviral strategies combining
antiretroviral drugs with RNAi-mediated attack on HIV-1 and cellular
co-factors. Antiviral Res. 2013;98:121-9.

Strack B, Calistri A, Craig S, Popova E, Gottlinger HG. AIP1/ALIX is a bind-
ing partner for HIV-1 p6 and EIAV p9 functioning in virus budding. Cell.
2003;114:689-99.

Okumura F, Matsunaga Y, Katayama Y, Nakayama KI, Hatakeyama S.
TRIM8 modulates STAT3 activity through negative regulation of PIAS3. J
Cell Sci. 2010;123:2238-45.

LiQ Yan J, Mao AP, Li C, RanY, Shu HB, Wang YY. Tripartite motif 8
(TRIM8) modulates TNFalpha- and IL-1beta-triggered NF-kappaB activa-
tion by targeting TAK1 for K63-linked polyubiquitination. Proc Natl Acad
Sci USA. 2011;108:19341-6.

Wang SF, Tsao CH, Lin YT, Hsu DK, Chiang ML, Lo CH, Chien FC, Chen P,
Arthur Chen YM, Chen HY, Liu FT. Galectin-3 promotes HIV-1 budding
via association with Alix and Gag p6. Glycobiology. 2014;24:1022-35.
Yeung ML, Houzet L, Yedavalli VS, Jeang KT. A genome-wide short
hairpin RNA screening of jurkat T-cells for human proteins contributing
to productive HIV-1 replication. J Biol Chem. 2009,284:19463-73.

Reed K, Parissenti AM. The effect of ABCB1 genetic variants on chemo-
therapy response in HIV and cancer treatment. Pharmacogenomics.
2011;12:1465-83.

Maldarelli F, Wu X, Su L, Simonetti FR, Shao W, Hill S, Spindler J, Ferris AL,
Mellors JW, Kearney MF, et al. HIV latency. Specific HIV integration sites
are linked to clonal expansion and persistence of infected cells. Science.
2014;345:179-83.

Klase Z, Yedavalli VS, Houzet L, Perkins M, Maldarelli F, Brenchley J,
Strebel K, Liu P, Jeang KT. Activation of HIV-1 from latent infection

via synergy of RUNX1 inhibitor Ro5-3335 and SAHA. PLoS Pathog.
2014;10:21003997.



Cleret-Buhot et al. Retrovirology (2015) 12:102

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Zack JA, Kim SG, Vatakis DN. HIV restriction in quiescent CD4(") T cells.
Retrovirology. 2013;10:37.

Ganesh L, Burstein E, Guha-Niyogi A, Louder MK, Mascola JR, Klomp LW,
Wijmenga C, Duckett CS, Nabel GJ. The gene product Murr1 restricts
HIV-1 replication in resting CD4™ lymphocytes. Nature. 2003;426:853-7.
Yan N, Lieberman J. SAMHD1 does it again, now in resting T cells. Nat
Med. 2012;18:1611-2.

Zack JA, Arrigo SJ, Weitsman SR, Go AS, Haislip A, Chen IS. HIV-1 entry
into quiescent primary lymphocytes: molecular analysis reveals a labile,
latent viral structure. Cell. 1990;61:213-22.

Baur A, Garber S, Peterlin BM. Effects of CD45 on NF-kappa B. Implica-
tions for replication of HIV-1. J Immunol. 1994;152:976-83.

ChunTW, Engel D, Mizell SB, Ehler LA, Fauci AS. Induction of HIV-1
replication in latently infected CD4* T cells using a combination of
cytokines. J Exp Med. 1998;188:83-91.

Steinman RM. DC-SIGN: a guide to some mysteries of dendritic cells.
Cell. 2000;100:491-4.

Ancuta P, Autissier P Wurcel A, Zaman T, Stone D, Gabuzda D.

CD16™ monocyte-derived macrophages activate resting T cells

for HIV infection by producing CCR3 and CCR4 ligands. J Immunol.
2006;176:5760-71.

Simmons A, Aluvihare V, McMichael A. Nef triggers a transcriptional
program in T cells imitating single-signal T cell activation and inducing
HIV virulence mediators. Immunity. 2001;14:763-77.

Xu H, Littman DR. The kinase-dependent function of Lck in T-cell activa-
tion requires an intact site for tyrosine autophosphorylation. Ann N'Y
Acad Sci. 1995;766:99-116.

Blagoveshchenskaya AD, Thomas L, Feliciangeli SF, Hung CH, Thomas G.
HIV-1 Nef downregulates MHC-I by a PACS-1- and PI3 K-regulated ARF6
endocytic pathway. Cell. 2002;111:853-66.

Hohashi N, Hayashi T, Fusaki N, Takeuchi M, Higurashi M, Okamoto

T, Semba K, Yamamoto T. The protein tyrosine kinase Fyn activates
transcription from the HIV promoter via activation of NF kappa B-like
DNA-binding proteins. Int Immunol. 1995;7:1851-9.

Rom S, Pacifici M, Passiatore G, Aprea S, Waligorska A, Del Valle L, Peruzzi
F. HIV-1 Tat binds to SH3 domains: cellular and viral outcome of Tat/
Grb2 interaction. Biochim Biophys Acta. 2011;1813:1836-44.

Ruland J, Mak TW. From antigen to activation: specific signal transduc-
tion pathways linking antigen receptors to NF-kappaB. Semin Immunol.
2003;15:177-83.

Nabel G, Baltimore D. An inducible transcription factor activates
expression of human immunodeficiency virus in T cells. Nature.
1987,326:711-3.

Hiscott J, Kwon H, Genin P. Hostile takeovers: viral appropriation of the
NF-kappaB pathway. J Clin Invest. 2001;107:143-51.

Monteiro P. Gosselin A, Wacleche VS, El-Far M, Said EA, Kared H, Grand-
vaux N, Boulassel MR, Routy JP, Ancuta P. Memory CCR6TCD4™ T cells
are preferential targets for productive HIV type 1 infection regardless of
their expression of integrin beta7. J Immunol. 2011;186:4618-30.

Purvis HA, Stoop JN, Mann J, Woods S, Kozijn AE, Hambleton S,
Robinson JH, Isaacs JD, Anderson AE, Hilkens CM. Low-strength T-cell
activation promotes Th17 responses. Blood. 2010;116:4829-37.

Mele F, Basso C, Leoni C, Aschenbrenner D, Becattini S, Latorre D,
Lanzavecchia A, Sallusto F, Monticelli S. ERK phosphorylation and miR-
181a expression modulate activation of human memory TH17 cells. Nat
Commun. 2015;6:6431.

Basu R, Hatton RD, Weaver CT. The Th17 family: flexibility follows func-
tion. Immunol Rev. 2013;252:89-103.

Lee YK, Mukasa R, Hatton RD, Weaver CT. Developmental plasticity of
Th17 and Treg cells. Curr Opin Immunol. 2009;21:274-80.

Voo KS, Wang YH, Santori FR, Boggiano C, Wang YH, Arima K, Bover L,
Hanabuchi S, Khalili J, Marinova E, et al. Identification of IL-17-produc-
ing FOXP3 + regulatory T cells in humans. Proc Natl Acad Sci USA.
2009;106:4793-8.

Peters A, Lee Y, Kuchroo VK. The many faces of Th17 cells. Curr Opin
Immunol. 2011;23:702-6.

van der Meer JW, Netea MG. A salty taste to autoimmunity. N Engl J
Med. 2013;368:2520-1.

Okada S, Markle JG, Deenick EK, Mele F, Averbuch D, Lagos M, Alzah-
rani M, Al-Muhsen S, Halwani R, Ma CS, et al. Immunodeficiencies.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Page 22 of 23

impairment of immunity to Candida and mycobacterium in humans
with bi-allelic RORC mutations. Science. 2015;349:606-13.

McKinnon LR, Kaul R. Quality and quantity: mucosal CD4™ T cells and
HIV susceptibility. Curr Opin HIV AIDS. 2012;7:195-202.

Ancuta P Monteiro P, Sekaly RP.Th17 lineage commitment and HIV-1
pathogenesis. Curr Opin HIV AIDS. 2010;5:158-65.

Kanwar B, Favre D, McCune JM.Th17 and regulatory T cells: implications
for AIDS pathogenesis. Curr Opin HIV AIDS. 2010;5:151-7.

Dandekar S, George MD, Baumler AJ. Th17 cells, HIV and the gut
mucosal barrier. Curr Opin HIV AIDS. 2010;5:173-8.

Elhed A, Unutmaz D.Th17 cells and HIV infection. Curr Opin HIV AIDS.
2010;5:146-50.

Cecchinato V, Franchini G. Th17 cells in pathogenic simian immunodefi-
ciency virus infection of macaques. Curr Opin HIV AIDS. 2010;5:141-5.
Bixler SL, Mattapallil JJ. Loss and dysregulation of Th17 cells during HIV
infection. Clin Dev Immunol. 2013;2013:852418.

Deng H, Liu R, Ellmeier W, Choe S, Unutmaz D, Burkhart M, Di Marzio P,
Marmon S, Sutton RE, Hill CM, et al. Identification of a major co-receptor
for primary isolates of HIV-1. Nature. 1996;381:661-6.

Liu R, Paxton WA, Choe S, Ceradini D, Martin SR, Horuk R, MacDonald
ME, Stuhlmann H, Koup RA, Landau NR. Homozygous defect in HIV-1
coreceptor accounts for resistance of some multiply-exposed individu-
als to HIV-1 infection. Cell. 1996,86:367-77.

Hutter G, Nowak D, Mossner M, Ganepola S, Mussig A, Allers K, Sch-
neider T, Hofmann J, Kucherer C, Blau O, et al. Long-term control of

HIV by CCRS Delta32/Delta32 stem-cell transplantation. N Engl J Med.
2009;360:692-8.

Grivel JC, Shattock RJ, Margolis LB. Selective transmission of R5 HIV-1
variants: where is the gatekeeper? J Transl Med. 2011;9(Suppl 1):S6.
Gorry PR, Ancuta P. Coreceptors and HIV-1 pathogenesis. Curr HIV/AIDS
Rep. 2011;8:45-53.

Veazey RS, Lackner AA. Getting to the guts of HIV pathogenesis. J Exp
Med. 2004;200:697-700.

Casazza JP, Brenchley JM, Hill BJ, Ayana R, Ambrozak D, Roederer

M, Douek DC, Betts MR, Koup RA. Autocrine production of beta-
chemokines protects CMV-Specific CD4 T cells from HIV infection. PLoS
Pathog. 2009;5:1000646.

Imbeault M, Giguere K, Ouellet M, Tremblay MJ. Exon level transcrip-
tomic profiling of HIV-1-infected CD4(*) T cells reveals virus-induced
genes and host environment favorable for viral replication. PLoS
Pathog. 2012;8:1002861.

Hu H, Nau M, Ehrenberg P, Chenine AL, Macedo C, Zhou Y, Daye ZJ, Wei
Z,Vahey M, Michael NL, et al. Distinct gene-expression profiles associ-
ated with the susceptibility of pathogen-specific CD4 T cells to HIV-1
infection. Blood. 2013;121:1136-44.

Bernier A, Cleret-Buhot A, Zhang Y, Goulet JP, Monteiro P, Gosselin A,
Dafonseca S, Wacleche VS, Jenabian MA, Routy JP, et al. Transcriptional
profiling reveals molecular signatures associated with HIV permissive-
ness in Th1Th17 cells and identifies peroxisome proliferator-activated
receptor gamma as an intrinsic negative regulator of viral replication.
Retrovirology. 2013;10:160.

Spolski R, Leonard WJ. Interleukin-21: a double-edged sword with
therapeutic potential. Nat Rev Drug Discov. 2014;13:379-95.
MinegishiY, Karasuyama H. Defects in Jak-STAT-mediated cytokine
signals cause hyper-IgE syndrome: lessons from a primary immunodefi-
ciency. Int Immunol. 2009;21:105-12.

Works MG, Yin F,Yin CC, Yiu Y, Shew K, Tran TT, Dunlap N, Lam J, Mitchell
T, Reader J, et al. Inhibition of TYK2 and JAKT ameliorates imiquimod-
induced psoriasis-like dermatitis by inhibiting IL-22 and the IL-23/IL-17
axis. J Immunol. 2014;193:3278-87.

Gavegnano C, Detorio M, Montero C, Bosque A, Planelles V, Schinazi RF.
Ruxolitinib and to facitinib are potent and selective inhibitors of HIV-1
replication and virus reactivation in vitro. Antimicrob Agents Chem-
other. 2014;58:1977-86.

Klotz L, Burgdorf S, Dani |, Saijo K, Flossdorf J, Hucke S, Alferink J, Nowak
N, Beyer M, Mayer G, et al. The nuclear receptor PPAR gamma selectively
inhibits Th17 differentiation in a T cell-intrinsic fashion and suppresses
CNS autoimmunity. J Exp Med. 2009;206:2079-89.

Constant SL, Bottomly K. Induction of Th1 and Th2 CD4* T cell
responses: the alternative approaches. Annu Rev Immunol.
1997;15:297-322.



Cleret-Buhot et al. Retrovirology (2015) 12:102

136.

137.

138.

139.

140.

142.

143.

144.

145.

146.

147.

Strasner AB, Natarajan M, Doman T, Key D, August A, Henderson AJ. The
Src kinase Lck facilitates assembly of HIV-1 at the plasma membrane. J
Immunol. 2008;181:3706-13.

Di Mitri D, Sambucci M, Loiarro M, De Bardi M, Volpe E, Cencioni MT,
Gasperini C, Centonze D, Sette C, Akbar AN, et al. The p38 MAPK
cascade modulates TH17 differentiation and functionality in multiple
sclerosis. Immunology. 2015.

Zhang X, Brunner T, Carter L, Dutton RW, Rogers P, Bradley L, Sato T,
Reed JC, Green D, Swain SL. Unequal death in T helper cell (Th)1 and
Th2 effectors: th1, but not Th2, effectors undergo rapid Fas/FasL-medi-
ated apoptosis. J Exp Med. 1997;185:1837-49.

Zhou YW, Komada'Y, Inaba H, Azuma E, Sakurai M. Down-regulation of
Fas-associated phosphatase-1 (FAP-1) in interleukin-2-activated T cells.
Cell Immunol. 1998;186:103-10.

Freiss G, Chalbos D. PTPN13/PTPL1: an important regulator of tumor
aggressiveness. Anticancer Agents Med Chem. 2011;11:78-88.
Stevenson M, Stanwick TL, Dempsey MP, Lamonica CA. HIV-1 replication
is controlled at the level of T cell activation and proviral integration.
EMBO J. 1990;9:1551-60.

Oswald-Richter K, Grill SM, Leelawong M, Unutmaz D. HIV infection of
primary human T cells is determined by tunable thresholds of T cell
activation. Eur J Immunol. 2004;34:1705-14.

Abbas W, Herbein G. T-Cell Signaling in HIV-1 Infection. Open Virol J.
2013;7:57-71.

Ruffin N, Brezar V, Ayinde D, Lefebvre C, Schulze Zur Wiesch J, van
Lunzen J, Bockhorn M, Schwartz O, Hocini H, Lelievre JD, et al. Low
SAMHD1 expression following T-cell activation and proliferation ren-
ders CD4 + T cells susceptible to HIV-1. AIDS. 2015;29:519-30.
SantarlasciV, Maggi L, Capone M, QuerciV, Beltrame L, Cavalieri D,
D’Aiuto E, Cimaz R, Nebbioso A, Liotta F, et al. Rarity of human T helper
17 cells is due to retinoic acid orphan receptor-dependent mechanisms
that limit their expansion. Immunity. 2012;36:201-14.

Li QJ, Chau J, Ebert PJ, Sylvester G, Min H, Liu G, Braich R, Manoharan M,
Soutschek J, Skare P, et al. miR-181a is an intrinsic modulator of T cell
sensitivity and selection. Cell. 2007;129:147-61.

Jin C, Peng X, Liu F, Cheng L, Lu X, Yao H, Wu H, Wu N. MicroRNA-181
expression regulates specific post-transcriptional level of SAMHD1
expression in vitro. Biochem Biophys Res Commun. 2014;452:760-7.

148.

149.

151.

152.

153.

154.

155.

Page 23 of 23

Descours B, Cribier A, Chable-Bessia C, Ayinde D, Rice G, Crow Y, Yatim
A, Schwartz O, Laguette N, Benkirane M. SAMHD!1 restricts HIV-1 reverse
transcription in quiescent CD4(™) T-cells. Retrovirology. 2012;9:87.
Lahouassa H, Daddacha W, Hofmann H, Ayinde D, Logue EC, Dragin

L, Bloch N, Maudet C, Bertrand M, Gramberg T, et al. SAMHD1 restricts
the replication of human immunodeficiency virus type 1 by depleting
the intracellular pool of deoxynucleoside triphosphates. Nat Immunol.
2012;13:223-8.

Ryoo J, Choi J, Oh C, Kim S, Seo M, Kim SY, Seo D, Kim J, White TE,
Brandariz-Nunez A, et al. The ribonuclease activity of SAMHD1 is
required for HIV-1 restriction. Nat Med. 2014;20:936-41.

White TE, Brandariz-Nunez A, Valle-Casuso JC, Amie S, Nguyen LA, Kim
B, Tuzova M, Diaz-Griffero F. The retroviral restriction ability of SAMHD1,
but not its deoxynucleotide triphosphohydrolase activity, is regulated
by phosphorylation. Cell Host Microbe. 2013;13:441-51.

Boulassel MR, Spurll G, Rouleau D, Tremblay C, Edwardes M, Sekaly RP,
Lalonde R, Routy JP. Changes in immunological and virological param-
eters in HIV-1 infected subjects following leukapheresis. J Clin Apher.
2003;18:55-60.

Hanzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis
for microarray and RNA-seq data. BMC Bioinformatics. 2013;14:7.
Chomont N, El-Far M, Ancuta P, Trautmann L, Procopio FA, Yassine-Diab
B, Boucher G, Boulassel MR, Ghattas G, Brenchley JM, et al. HIV reservoir
size and persistence are driven by T cell survival and homeostatic
proliferation. Nat Med. 2009;15:893-900.

Wacleche VS, Chomont N, Gosselin A, Monteiro P, Goupil M, Kared H,
Tremblay C, Bernard N, Boulassel MR, Routy JP, Ancuta P. The colocaliza-
tion potential of HIV-specific CD8% and CD4™ T-cells is mediated by
integrin beta7 but not CCR6 and regulated by retinoic acid. PLoS ONE.
2012;7:232964.

Submit your next manuscript to BioMed Central
and we will help you at every step:

We accept pre-submission inquiries

Our selector tool helps you to find the most relevant journal

We provide round the clock customer support

Convenient online submission

Thorough peer review

Inclusion in PubMed and all major indexing services

Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Identification of novel HIV-1 dependency factors in primary CCR4+CCR6+Th17 cells via a genome-wide transcriptional approach
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Identification of a molecular signature associated with HIV permissiveness in Th17 cells at entry and post-entry levels
	Th17 versus Th1 express higher Lck and ZAP-70 levels
	Th17 versus Th1 exhibit superior NF-κB nuclear translocation and DNA-binding activity
	Th17 versus Th1 proliferate in response to low intensity TCR triggering
	MAP3K4, PTPN13, and SERPINB6 act as HIV permissiveness factors

	Discussion
	Conclusions
	Methods
	Subjects
	Ethics statement
	Flow cytometry analysis
	Magnetic (MACS) and fluorescence activated cell sorting (FACS)
	Genome-wide transcriptional profiling
	Transcriptional profiling analysis
	Real-time RT-PCR
	HIV infection and quantification of viral replication
	Fluorescence microscopy and quantitative image analysis
	NF-κB DNA-binding activity
	CFSE dilution assay and intracellular cytokine staining
	RNA interference

	Statistics

	Accession numbers
	Authors’ contributions
	References




