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Abstract

Background: Depletion of mucosal Th17 cells during HIV/SIV infections is a major cause for microbial translocation,
chronic immune activation, and disease progression. Mechanisms contributing to Th17 deficit are not fully elucidated.
Here we investigated alterations in the Th17 polarization potential of naive-like CD4" T-cells, depletion of Th17-commited
subsets during HIV pathogenesis, and Th17 restoration in response to antiretroviral therapy (ART).

Results: Peripheral blood CD4" T-cells expressing a naive-like phenotype (CD45RATCCR7") from chronically HIV-infected
subjects receiving ART (Cl on ART; median CD4 counts 592 cells/pl; viral load: <50 HIV-RNA copies/ml; time since
infection: 156 months) compared to uninfected controls (HIV-) were impaired in their survival and Th17 polarization
potential in vitro. In HIV- controls, IL-17A-producing cells mainly originated from naive-like T-cells with a regulatory
phenotype (nTregs: CD25""CD127 FoxP3*") and from CD257CD127 FoxP3~ cells (DP, double positive). Th17-polarized
conventional naive CD4™ T-cells (nT: CD25"CD127FoxP37) also produced IL17A, but at lower frequency compared to
nTregs and DP. In Cl on ART subjects, the frequency/counts of nTreg and DP were significantly diminished compared
to HIV- controls, and this paucity was further associated with decreased proportions of memory T-cells producing IL-17A
and expressing Th17 markers (CCR6"CD26"CD161%, mTh17). nTregs and DP compared to nT cells harbored superior levels
of integrated/non-integrated HIV-DNA in Cl on ART subjects, suggesting that permissiveness to integrative/abortive
infection contributes to impaired survival and Th17 polarization of lineage-committed cells. A cross-sectional study
in Cl on ART subjects revealed that nTregs, DP and mTh17 counts were negatively correlated with the time post-infection
ART was initiated and positively correlated with nadir CD4 counts. Finally, a longitudinal analysis in a HIV primary infection
cohort demonstrated a tendency for increased nTreg, DP, and mTh17 counts with ART initiation during the first year of
infection.

Conclusions: These results support a model in which the paucity of phenotypically naive nTregs and DP cells, caused
by integrative/abortive HIV infection and/or other mechanisms, contributes to Th17 deficiency in HIV-infected subjects.
Early ART initiation, treatment intensification with integrase inhibitors, and/or other alternative interventions aimed at
preserving/restoring the pool of cells prone to acquire Th17 functions may significantly improve mucosal immunity in
HIV-infected subjects.
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Background

HIV/SIV infections are associated with a massive deple-
tion of CD4" T-cells from the gut-associated lymphoid
tissues (GALT), together with intestinal histological ab-
normalities characterized by epithelial cell apoptosis and
impaired mucosal barrier integrity [1-3]. Among CD4"
T-cells, Th17 cells are preferentially depleted from the
GALT of HIV-infected individuals with rapid disease
progression [4,5]. Th17 cell depletion from the GALT of
HIV-infected subjects and SIV-infected rhesus macaques
is considered to be a major cause for microbial transloca-
tion, chronic immune activation, and disease progression
[3,6-13]. The restoration of CD4" T-cells in the GALT of
HIV-infected subjects receiving viral suppressive anti-
retroviral therapy (ART) is associated with an enhanced
frequency of Th17 cells and polyfunctional HIV-specific
T-cell responses [5,14,15]. However, the quantitative and
qualitative restoration of Th17 cells under long-term ART
is only partial in chronically infected subjects [5,8,14].
Very recent studies demonstrated that ART initiation dur-
ing the early acute phases of HIV infection (Fiebig I-II),
but not during the late acute and chronic phases, permits
the preservation of Th17 cell numbers/functions at mu-
cosal level [16]. The challenges of early HIV diagnosis
render immediate ART initiation almost utopic even in
high income countries.

Considering the critical role played by Th1l7 cells in
mucosal homeostasis [17-20] and HIV disease progres-
sion [16], understanding mechanisms of Th17 alterations
during HIV/SIV infections continues to be the focus of
active investigations. Studies by our group and others
demonstrated that memory Thl7 cells are highly per-
missive to HIV infection in vitro and in vivo [8,21-25]
thus, implying a deleterious role of HIV infection per se
on Th17 cell survival. Other documented mechanisms
underlying Th17 deficiency during HIV/SIV infections in-
clude (i) altered trafficking potential of memory Th17 cells
into mucosal sites [26,27]; (ii) increased ratios between
regulatory T-cells versus Th17 cells at mucosal level due
to enhanced indoleamine 2,3-dioxygenase 1 (IDO)-medi-
ated tryptophan catabolism by mucosal dendritic cells
(DC) [28,29]; and/or (iii) depletion of mucosal CD103"
DC [30], a subset involved in Th17 differentiation [31,32].
The Th17 polarization of naive T-cells requires specific
signals via cytokines such as TGF-f, IL-6, IL-1p, and IL-
23 [33-35]. Levels of TGF-p [36], IL-6 [37], and IL-1 [38]
are documented to be upregulated during the course of
HIV-infection. IL-23 levels are upregulated during HIV
primary infection [39], but whether IL-23 production is al-
tered during the chronic phase of infection requires further
investigations [40,41]. One cytokine that appears to be lim-
iting is IL-21, a cytokine discovered to be involved in an al-
ternative Th17 differentiation pathway [42-44]. Our group
reported a deficit in IL-21 expression associated with HIV
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infection, deficit that was partially restored by ART [45,46].
Decreased IL-21 levels were also reported during SIV in-
fection [47] and the administration of recombinant IL-21
led to the restoration/preservation of Th1l7 responses at
mucosal level in SIV-infected rhesus macaques [12]. Fi-
nally, the over expression of negative regulators implicated
in the inhibition of Th17 differentiation was linked to
Th17 deficiency in a SIV model of infection [48]. Together,
these advances reflect the complex and not fully elucidated
mechanisms underlying Th17 alterations during HIV/SIV
infections.

A fraction of human peripheral blood CD4" T-cells ex-
pressing the naive markers CD45RA and CCR7 [49] and a
regulatory phenotype (nTregs: CD25"8"CD127 FoxP3")
preferentially acquire Th17 features in vitro [35,50]. The
concept that nTregs include Th17-lineage committed cells
is consistent with the well documented differentiation re-
lationship between Th17 and Tregs [51,52] and in line
with the identification of suppressive Tregs that express
IL-17 (IL-17" Tregs) [53]. The common origin of Tregs
and Th17 cells is further supported by very recent studies
in humans demonstrating the differentiation of IL-17-
producing effector and regulatory T-cells from phenotypic-
ally naive (CD45RO™) CCR6 FoxP3"Helios™ CD4" T-cells
[54,55]. Whether Th17 deficiency in HIV-infected subjects
is associated with the paucity of Th17-lineage committed
precursors remains unknown.

In this study, we investigated alterations in the Th17
polarization potential of phenotypically naive CD4" T-
cells, sought to identify specific naive-like Th17-
commited T-cell subsets that are depleted during HIV
pathogenesis, and assessed the restoration of these sub-
sets in response to antiretroviral therapy (ART). Studies
were performed using peripheral blood samples col-
lected from recently HIV-infected untreated (RI) and
chronically infected aviremics under ART (CI on ART),
as well as longitudinal samples from HIV-infected sub-
jects with ART administered during the first year of in-
fection. Our results support a model in which the
paucity of phenotypically naive CD4" T-cell subsets
enriched in Thl17-lineage committed cells represents a
new mechanism contributing to Thl7 deficiency in
chronically HIV-infected subjects receiving ART. New
therapeutic strategies such as early ART initiation and
treatment intensification with integrase inhibitors are
needed for the preservation of Th17 precursors and an
optimal restoration of mucosal immunity in HIV-
infected subjects.

Results

Phenotypically naive CD4* T-cells from HIV-infected subjects
are impaired in their Th17 polarization potential in vitro
Mechanisms contributing to Th17 deficiency during HIV-1
infection are not fully elucidated. Here, we hypothesized
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that HIV-infected subjects exhibit an impaired ability to gen-
erate new Th17 cells. To test this hypothesis, we investigated
the in vitro Th17 polarization potential of CD4" T-cells
expressing the naive markers CD45RA and CCR7 [49] in
HIV-infected versus uninfected subjects. For this study,
large quantities of PBMCs were collected by leukapher-
esis from HIV-uninfected controls (HIV-; median CD4
counts: 852 cells/pl; Table 1) and two categories of HIV-
infected subjects: relatively recently infected viremics un-
treated (RI; median plasma viral load 14,454 HIV-RNA
copies/ml; median CD4 counts 455 cells/pl; median time
since infection 16 months; Table 2) and chronically in-
fected receiving viral suppressive ART (CI on ART;
plasma viral load <50 HIV-RNA copies/ml, median CD4
counts 592 cells/pl, and median time since infection

Table 1 Clinical parameters of HIV-negative subjects (HIV-)
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156 months; Table 3). Highly pure phenotypically naive
(CD45RACCR7") CD4" T-cells were sorted by mag-
netic and then flow cytometry sorting (Additional file 1:
Figure S1). Cells were cultured under Th17 polarizing
conditions (TGF-f, IL-6, IL-1p, IL-23, and IL-2 recom-
binant cytokines and anti-IFN-y and anti-IL-4 Abs) for
12 days (Figure 1A), using a differentiation protocol
adapted from reports by other groups [33-35]. Thl7-
polarized cells were analyzed for the intracellular expres-
sion of IL-17A, IFN-y, and TNF-a upon PMA/Ionomycin
stimulation in the presence of Brefeldin A. The major-
ity of Th17-polarized cells from both HIV- and CI on
ART subjects expressed IL-17A in the absence of IFN-y
(IL-17A"IFN-y") but the presence of TNF-a (IL-17A"
TNF-a"), while only very small fractions of cells were

Subjects CD4 counts’ CD8 counts’ Plasma viral load? Time since infection® ART ART initiation* Age®
01 1,047 430 - - - - 57
02 1,424 605 - - - - 44
03 732 281 - - - - 51
05 989 582 - - - - 58
07 1,030 340 - - - - 37
09 998 312 - - - - 51
10 675 208 - - - - 62
1 n.a. n.da. - - - - 51
12 n.a. n.a. - - - - 62
13 n.a. n.a. - - - - 40
14 733 169 - - - - 45
15 925 272 - - - - 56
16 665 276 - - - - 44
17 731 308 - - - - 58
18 1,030 383 - - - - 48
19 634 346 - - - - 68
20 1,115 545 - - - - 65
21 980 448 - - - - 53
22 620 339 - - - - 49
23 854 492 - - - - 34
24 1,400 678 - - - - 39
25 918 641 - - - - 30
26 665 276 - - - - 36
27 521 331 - - - - 21
28 1,030 383 - - - - 49
29 850 412 - - - - 45
30 918 641 - - - - 46
31 n.a. n.a. - - - - 24
32 n.a. n.da. - - - - 48
Median 918 364 - 48

!, cells/ul; 2, HIV RNA copies per ml plasma (log;o); 3, months; ART, antiretroviral therapy; *, months post-infection; °, years; n.a., information not available.
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Table 2 Clinical parameters of recently HIV-infected (RI) untreated subjects

Subjects CD4 counts’ CD8 counts’ Plasma viral load? Time since infection® ART ART initiation® Age®
RI 01 510 491 958,435 3 No No 43
RI 02 571 1,266 5,897 7 No No 23
RI 03 310 350 200,363 42 No No 48
RI 04 443 551 5551 16 No No 26
RI 05 345 931 318,611 34 No No 42
RI 06 368 251 5,766 6 No No 47
RI 07 333 628 206,719 9 No No 34
RI 08 676 1,524 20,893 7 No No 31
RI 09 478 495 4,898 12 No No 30
RI 10 665 804 5012 24 No No 30
RI 11 397 622 14,454 23 No No 58
Rl 12 499 531 9,772 13 No No 42
RI 13 435 1274 36,308 24 No No 31
Rl 14 468 765 151,356 25 No No 49
RI 15 455 365 5370 24 No No 40
Median 455 622 14,454 16 No No 40

!, cells/ul; 2, HIV RNA copies per ml plasma (log;o); 3, months; ART, antiretroviral therapy; #, months post-infection; >, years.

Table 3 Clinical parameters of chronically HIV-infected subjects under long-term viral suppressive ART (Cl on ART)

Subjects CD4 Nadir CD4 CD8 Plasma viral Time since ART ART Ages
counts' counts’ counts’ load? infection® initiation*
Cl 01 463 36 757 50 152 3TC-Efavirenz 105 52
Cl 02 n.da. 350 n.a. 50 94 Kivexa-Efavirenz 24 30
Cclo3 616 486 330 40 186 Truvada-Viracept 153 29
Cl 04 651 219 409 40 76 Kivexa-Nevirapine 19 39
Cl 05 358 231 283 40 155 Atripla 142 48
Cl 06 748 20 964 40 165 Truvada-Norvir- 134 50
Reyataz
Cl 07 517 223 259 40 82 Kivexa-Sustiva 39 35
cios 269 263 282 50 n.a. n.a. n.a. 47
Ccl o9 569 299 462 50 m Darunavir-Raltegravir 105 50
cl10 391 181 620 50 165 Dalavirdine-Kivexa 34 46
cl 847 110 944 40 168 Reyataz-Kivexa 116 62
cl12 498 201 531 40 213 Darunavir-Raltegravir- 155 62
Intelence-Ritonavir
cl13 833 486 445 40 213 Truvada-Isentress 212 31
Ccl14 886 301 579 40 60 Truvada-lsentress 15 54
cl15 824 251 900 40 58 Atripla 11 31
Cl16 617 24 1,272 40 157 Kivexa-Efavirenz 3 54
Cl17* 776 407 478 40 289 Atripla 231 24
Ccl18 277 228 909 40 11 Complera 2 23
cl19 459 n.a 545 40 215 n.a. n.a. 48
Median 592 230 538 40 156 Yes 105 47

!, cells/ul; 2, HIV RNA copies per ml plasma (log;o); 3, months; ART, antiretroviral therapy; *, months post-infection; °, years; n.a., information not available on ART
duration and regimen; *, subject infected at birth.
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Figure 1 (See legend on next page.)
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(See figure on previous page.)

Figure 1 Phenotypically naive CD4" T-cells from Cl on ART subjects are impaired in their Th17-polarization potential in vitro. Total CD4" T-cells
were isolated by negative selection using magnetic beads (Miltenyi) and stained with a cocktail of CD8, CD19, CD56, CD45RA, and CCR7 Abs and
the viability dye Vivid. (A) Shown is the schematic experimental design. Briefly, naive-like CD4" T-cells (CD45RATCCR7" phenotype) lacking CD8,
CD19, and CD56 expression, were sorted by flow cytometry (as in Additional file 1: Figure S1) and stimulated via CD3/CD28 under Th17 polarizing
conditions for 12 days. Media containing polarizing cytokines and Abs together with IL-2 was refreshed at day 4 and 8 post-culture. At day 12,
cells were stimulated with PMA and lonomycin in the presence of Brefeldin A for 17 hours. Cells were analyzed by flow cytometry for cytokine
expression upon intracellular staining with specific Abs. Vivid-positive cells were excluded from the analysis. (B) Shown is the frequency of cells
expressing intracellular IL-17A, IFN-y, and/or TNF-a in representative HIV- control and Cl on ART subject. (C-D) Shown are statistical analysis of
single cytokine expression (C) and cytokine co-expression (D) in Th17-polarized cells from HIV- controls (n=8) and Cl on ART (n = 10) subjects.
(E-F) At day 8 of polarization cell pellets and culture supernatants were harvested for the quantification of RORC mRNA (n=3 HIV-and n=5 Cl
on ART) and IL-17A production (n =6 HIV- and n=6 Cl on ART), respectively. The Mann Whitney p-values are indicated on the graphs. (G) Shown
is statistical analysis of cell viability. Each symbol represents a different subject. The Mann-Whitney p-values are indicated on the graphs. Clinical
parameters of subjects included in these studies are included in Table 1 (HIV- #03, 06, 07, 09, 14, 15, 19, 22) and Table 3 (Cl #03, 04, 06-10, 16-18)

J

IL-17A"IFN-y" or IL-17A"TNF-a~ (Figure 1B). Statis-
tical analysis demonstrated a significant decrease in the
frequency of IL-17A" but not IFN-y" or TNF-a" cells
in CI on ART compared to HIV- controls (Figure 1C).
The analysis of IL-17A and IFN-y co-expression dem-
onstrated a significant decrease in the frequency of IL-
17A"IFN-y~ (Th17 profile), IL-17A"IFN-y" (Th1Th17
profile) but not IL-17ATIFN-y" (Th1 profile) in CI on
ART compared to HIV- subjects (Figure 1D). These alter-
ations coincided with decreased expression of RORC
mRNA and a reduced production of IL-17A in culture su-
pernatants collected at day 8 of polarization (Figure 1E-F).
Alterations in the Thl7 polarization potential in CI on
ART subjects were associated with minor but significant
alterations in the viability of Th17-polarized naive T-cells
when compared to HIV- controls (Figure 1G). A similar
Th17 polarization deficit was observed when experiments
were performed with naive CD4" T-cells from HIV" RI
patients (n = 5; data not shown). Finally, no significant dif-
ferences where observed between CI on ART and HIV-
controls regarding the Thl polarization potential of naive
T-cells (median 12.9% (n=10) versus 15.45% IFN-y" cells
(n=4); Mann—Whitney p-value = 0.54; data not shown). Of
note, the frequency of IL-17AIFN-y" was significantly
higher when naive T-cells from CI on ART subjects were cul-
tured under Thl (IL-2 only) versus Th17 conditions (12.9%
versus 1.3%; median; n = 10; Wilcoxon p-value = 0.001; data
not shown), consistent with the well-established inhibition of
Th1 polarization under Th17 conditions [33-35,56].

Together, these results provide evidence that pheno-
typically naive CD4" T-cells from HIV" subjects are im-
paired in their differentiation and survival potential in
response to Th1l7- but not Thl-polarizing signals. This
deficit is observed in CI subjects despite an efficient con-
trol of viral replication under ART.

Phenotypically naive CD25"9"CD127 FoxP3" and CD25*CD127*
FoxP3™ T-cells preferentially acquire Th17 features in vitro

Previous studies demonstrated that Th17 cells differentiate
from naive CD4" T-cells (defined as CD45RA" cells) with

a regulatory phenotype (nTregs: CD25"8"CD127 FoxP3")
but not from conventional naive cells (nT: CD45RA
"CD25 CD127 FoxP3") [35,50]. In addition to nTregs and
nT, the differential expression of CD25, CD127, and FoxP3
identifies two other phenotypically naive CD4" T-cell sub-
sets with yet undocumented ability to undergo Th17
polarization: double positive (DP: CD25"'CD127 FoxP3")
and double negative (DN: CD25"CD127 FoxP3") subsets
(Figure 2A). Here, we investigated the relative contribu-
tion of these four naive-like T-cell subsets to the pool of
Th17 cells in HIV-uninfected subjects. Flow cytometry-
sorted subsets (Additional file 2: Figure S2) were cul-
tured under Th17 polarizing conditions, as in Figure 1A.
Consistent with previous studies [35,50], Th17-polarized
nTregs generated the highest frequency of IL-17A-
expressing cells in vitro (Figure 2C-D). A significant
fraction of cells producing IL-17A in the presence (IL-
17A"IFN-y*; Th1Th17 profile) or the absence of IFN-y
(IL-17A"IFN-y~; Th17 profile) also originated from DP
cells (Figure 2C-D). Consistent with other studies
[33,34,54], a subset of Thl7-polarized nTregs but also
DP cells acquired Thl features (IL-17AIFN-y*) when
cultured under Th17 polarizing conditions (Figure 2C-D).
Finally, IL-17A" cells also differentiated from Th17-
polarized nT and DN cells, although their frequency was
significantly lower compared to nTregs (Figure 2C-D).
Together, these results emphasize the phenotypic hetero-
geneity of phenotypically naive CD4" T-cells in terms of
Th17 polarization potential and identify nTregs and DP
cells as being relatively enriched in Thl7 lineage-
committed cells.

The frequency of nTregs and DP cells is reduced in
HIV-infected subjects receiving ART

We further investigated whether the Th17 polarization
deficit in HIV-infected subjects was associated with the
paucity of nTregs and DP cells. To this aim, we quanti-
fied the frequency/counts of total naive CD4" T-cells
and subsets expressing a nTreg and DP phenotype in
the peripheral blood of CI on ART (n = 18), RI subjects
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Figure 2 Phenotypically naive CD25"9"CD127 FoxP3* and CD25CD127 FoxP3™ T-cells preferentially differentiate into Th17 cells. PBMCs from
HIV- controls were stained with a cocktail of CD3, CD4, CD45RA, CCR7, CD25 and CD127 Abs on the surface and intracellularly with FoxP3 Abs. (A) The
differential expression of CD25 and CD127 distinguished four CD45RATCCR7* CD4™ T-cells subsets: CD25M9"CD127~ (nTregs), CD25-CD127" (nT,
conventional), CD257CD127" (DP, double positive) and CD25"CD127~ (DN, double negative). (B) Shown is the expression of FoxP3 on these four
subsets. (C-D) The four CD45RA"CCR7* T-cell subsets were sorted by flow cytometry as in Additional file 2: Figure S2, stimulated via CD3/CD28,
and cultivated under Th17 polarizing conditions and assessed for the co-expression of IL-17A and IFN-y as in Figure 1. Vivid staining was used to
exclude dead cells. (A-C) Results are from one donor representative of experiments performed with cells from n =4 donors. (D) Shown are statistical
analysis of Th17-polarized nTregs (n=4), nT (h=4), DP (n=3), and DN cells (n = 3) with differential expression of IL-17A and IFN-y. Paired t-Test p-values
are indicated on the graph. Clinical parameters of subjects included in these studies are included in Table 1 (HIV- # 3, 5, 6, 15).

(n=15), and HIV- controls (n = 19). The absolute counts  the frequency of cell subsets within the CD4" T-cell pool
of total naive CD4" T-cells, nTregs and DP cells were determined by flow cytometry analysis ex vivo. A statisti-
calculated taking into account clinical CD4 counts and  cally significant decrease in the frequency and/or counts
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of total naive CD4" T-cells was observed in both CI on
ART and/or RI compared to HIV- controls (Figure 3A),
indicative that these HIV-infected subjects were im-
munologically compromised. Similar observations were
made when the frequency and counts of nTregs, DP, and
CD25" T-cells (including both nTregs and DP cells)
were compared in CI on ART and RI subjects versus
HIV- controls (Figure 3B-D). A modest but significant
increase of DP but not nTreg counts was observed in CI
on ART versus RI subjects (Figure 3B-C), suggesting a
positive effect of ART on DP cell restoration. Finally, we
demonstrate a positive correlation between the yield of
Th17 differentiation in vitro and the frequency of pheno-
typically naive nTregs and total CD25" T-cells (Additional
file 3: Figure S3). Together, these results reveal severe
quantitative alterations within naive CD4" T-cells, includ-
ing those with nTreg and CD25" phenotypes, in the per-
ipheral blood of HIV-infected subjects despite viral
suppressive ART. These alterations likely contribute to
the impaired Th17 polarization observed in vitro.

The paucity of nTregs and DP cells in Cl on ART subjects
is associated with decreased proportions of memory Th17
and Tregs

Previous studies documented the developmental and func-
tional relationship between Th17 and Tregs [51,52] and
profound alterations of these two lineages during progres-
sive HIV/SIV infections [9,13]. Therefore we investigated
whether the Th17 polarization deficit and the paucity of
nTregs and DP cells (Figures 1 and 3; Additional file 3:
Figure S3) observed in our patient cohorts (Tables 1-3) are
associated with alterations in the pool of memory
(CD45RA™) Th17 (mTh17) and Tregs (mTregs). To func-
tionally identify mTh17 cells, we first quantified the co-
expression of IL-17A and IFN-y in memory CD4" T-cells
upon PMA/Ionomycin stimulation in vitro. No intracellu-
lar cytokines were detected in the absence of stimulation
(data not shown). Results in Figure 4A-B illustrate a sig-
nificantly decreased frequency of IL-17AIFN-y~ (Th17
profile) and IL-17A*IFN-y* (Th1Th17 profile) cells in CI
on ART subjects (n = 8) versus HIV- controls (n = 5), indi-
cative of an altered frequency of mTh17 cells. To investi-
gate the frequency of mThl7 cells in large cohorts of
HIV-infected subjects, we used the previously described
Th17 surface markers CCR6, CD26, and CD161 [57]. In
preliminary experiments, we validated that the majority of
IL-17A-producing cells exhibit a CCR6'CD26'CD161"
phenotype in both uninfected controls and CI on ART
subjects (Figure 4C-D). There was a positive correlation
between the frequency of CCR6'CD26'CD161" and that
of IL-17A-producing cells (SC p=0.04 and r=0.9, n=5;
data not shown). Despite the fact that only a minor frac-
tion of CCR6" T-cells produce IL-17A ex vivo, CCR6'IL-
17A” but not CCR6™ cells are prone to acquire Thl7
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functions [58], thus justifying the use of these surface
markers to predicting the frequency of mTh17 [57,59,60].
The frequency and/or counts of mTh17, identified as in
Figure 4E, were significantly reduced in the peripheral
blood of CI on ART and RI subjects compared to HIV-
controls (Figure 4F). To establish a potential link between
the paucity of nTregs and DP cells and that of mTh17 cells,
SC and LR models were applied to study the correlation be-
tween the counts of these different subsets in HIV- controls
and CI on ART subjects. The counts of mTh17 cells were
positively correlated with the counts of nTregs, DP cells,
and also total CD25" T-cells in CI on ART subjects
(Figure 4G). Similarly, memory Tregs (mTregs) identified
as cells with a CD45RA™CCR7"'"CD25"#"CD127 FoxP3"
phenotype (Additional file 4: Figure S4A-B) were signifi-
cantly depleted in frequency and/or counts in CI on ART
and RI versus HIV- subjects (Additional file 4: Figure S4C).
The counts of mTregs were positively correlated with the
counts of nTregs, DP cells, and also total CD25" T-cells in
CI on ART (Additional file 4: Figure S4D). Thus, alterations
in the frequency and counts of nTregs and DP are associ-
ated with alterations in the pools of mTh17 and mTreg in
HIV-infected subjects.

NTregs and DP cells are preferentially infected in HIV-
infected subjects receiving ART

Because HIV-infection significantly contributes to CD4"
T-cell depletion [61-64], we investigated whether, among
phenotypically naive T-cells subsets, nTreg and DP cells
carry superior levels of integrated and/or non-integrated
forms of HIV-DNA in CI on ART subjects. Matched
nTregs, nT, DP, and DN cells, together with memory
CD45RA™ CD4" T-cells, were sorted by flow cytometry
(as in Additional files 1 and 2: Figure S1-S2) from five
CI on ART subjects. Integrated and Gag HIV-DNA was
detected at different levels in T-cell subsets of 5/5 sub-
jects (CI on ART subjects 4, 6, 8, 12, and 16; Table 3),
with the infection of CD45RA"CCR7" T-cells being in-
ferior to that of memory CD45RA™ T-cells (Figure 5A
and C). Then, levels of integrated and Gag HIV-DNA in
nTregs, DP, and DN cells were analyzed relative to con-
ventional nT cells (considered as 100%) in five CI on ART
subjects (Figure 5B and D). HIV-DNA integration oc-
curred at superior levels in nTregs versus nT (Figure 5B).
Also, levels of Gag HIV-DNA were significantly higher in
nTregs versus nT and DN cells (Figure 5D). In addition,
there was a tendency for superior Gag HIV-DNA levels in
DP versus nT cells from the 5/5 subjects, but results did
not reach statistical significance (Figure 5D). Thus, nTregs
and at a lower degree DP cells carried different forms of
HIV-DNA, indicative for a superior permissiveness to
HIV infection in these cells in vivo. To determine whether
the presence of HIV-DNA in CD45RA'CCR7" nTregs
and DP cells was linked to a superior HIV entry, the
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Figure 3 Alterations in the frequency of phenotypically naive CD4* T-cell subsets in HIV-infected subjects. PBMCs from HIV- controls and HIV-infected
subjects, Rl and Cl on ART, were analyzed for the frequency of total CD45RA"CCR7*CD4" T-cells (naive-like) and with a CD25""CD127 FoxP3* (nTregs)
or CD25CD127"FoxP3™ (DP) phenotype, together with the frequency and counts of total CD25" T-cells. Cells were gated as in Figure 2. The viability
dye Vivid was used to exclude dead cells. (A-D) Shown are the frequency (left panel) and counts (right panel) of total naive-like (A), nTregs (B), DP cells
(C), and total CD25" T-cells (D) in the peripheral blood of HIV- (n=19), Rl (n = 15) and Cl on ART (n = 18) subjects. Each symbol represents a different
subject. The counts of CD45RACCR7" subsets were calculated relative to their frequency and the CD4 counts. The Kruskal-Wallis and Dunns post-test
p-values are indicated on the graphs (¥, p < 0.05; **, p < 0.01; ***, p < 0.001). Clinical parameters of subjects used in these studies are included in
Table 1(HIV- #01-03, 05, 07, 09-18, 20-23), Table 2 (RI# 1-15), and Table 3 (Cl #01, 03-18).

expression of the HIV co-receptors CCR5 and CXCR4
was analyzed in uninfected subjects. As expected,
CD45RACCR7" T-cell subsets expressed lower CCR5
and higher CXCR4 levels compared to memory CD45RA™
T-cells, but no significant differences in CCR5 expres-
sion were observed between nTregs, DP and nT cells
(Figure 5E). In contrast, nTregs but not DP cells
expressed significantly lower levels of CXCR4 compared
to nT cells (Figure 5F). Together, these results suggest
that permissiveness to superior abortive and/or integra-
tive HIV infection, likely regulated at post-entry levels,
may represent one mechanism contributing to the de-
pletion of nTregs and DP cells in HIV-infected subjects.

Time of ART initiation and restoration of the Th17 deficit
during chronic HIV infection

Recent studies reported the benefit for early ART on im-
mune restoration in HIV-infected subjects [65-67]. To
determine whether the time of ART initiation impacts
on the frequency of phenotypically naive Th17 precur-
sors and mTh17 cells, we first studied the correlations
between the time of ART initiation and the counts of
nTreg and DP cells, and mTh17 cells in a group of CI
on ART subjects (Table 3). Results in Figure 6A illustrate
a significant negative correlation between the time of
ART initiation and the counts of nTregs (LR and SC)
and mTh17 (SC) but not DP cells. Of note, subjects with
history of slow (i.e, CI #03, 13, 17) and rapid (i.e, CI
#16, 18) disease progression were excluded for this ana-
lysis. The CD4" T-cell counts were not correlated with
the time of ART initiation (data not shown), likely be-
cause ART is highly efficient in restoring CD4 counts in
the majority of subjects (median: 616 cells/pL; Table 2),
regardless of the restoration of CD4" T-cells heterogen-
eity [21]. LR and SC models were further applied to de-
termine whether the size of the pool of nTregs and DP
cells and mTh17 cells in all available CI on ART subjects
can be predicted by the nadir CD4 counts before ART ini-
tiation. There was indeed a significant positive correlation
between the nadir CD4 counts and the counts of
nTregs, DP (LR and SC), and memory Th17 cells (SC
only) (Figure 6B). Finally, an early initiation of ART was
associated with reduced cell-associated Gag and inte-
grated HIV-DNA levels in memory CD4" T-cells

(Figure 6C). These results support a model in which early
ART initiation in HIV-infected subjects with relatively
high nadir CD4 counts permits a better restoration of the
Th17-lineage committed phenotypically naive subsets, to-
gether with mTh17 cells, likely via a robust control of
viral replication and persistence in these cells.

In addition to the above cross sectional studies, we
also performed a longitudinal analysis in four HIV-
infected subjects participating in our HIV primary infec-
tion (HPI) cohort, with an estimated time of infection
(ETI) <3 months and ART initiation within the first year
of infection (Table 4). We studied the dynamics of nTreg
and DP cell counts, together with the counts of mTh17
cells, in relationship with total CD4" T-cell counts and
plasma viral load, at different time points post-inclusion
before and after ART initiation. ART resulted in a rapid
control of viral replication and immune restoration, as
reflected by undetectable plasma viral load (<50 HIV-
RNA copies/ml) and normalized CD4 counts, respect-
ively (Figure 7A). To determine the effect of ART on
nTreg, DP, and mTh17 cell restoration, these parameters
were compared before ART and at a time point after
ART initiation when the plasma viral load was undetect-
able for the second consecutive time. Despite donor-to-
donor variations in the dynamic of these three subsets
before and after ART, in all 4/4 donors the initiation of
ART led to a modest marginally significant increase in
the counts of nTregs, DP cells, mTh17 cells (Figure 7C).
Together, these transversal and longitudinal studies pro-
vide evidence that the time of ART initiation impacts on
the restoration/preservation of the pool of Th17-lineage
committed cells.

Discussion

In this manuscript, we provide evidence for the existence
of a new mechanism contributing to Th17 deficiency in
HIV-infected subjects. We demonstrate that phenotypic-
ally naive CD4" T-cells from the peripheral blood of
chronically HIV-infected subjects with undetectable
plasma viral load under ART (CI on ART), as well as re-
cently HIV-infected viremics untreated (RI), are signifi-
cantly impaired in their ability to undergo Thl7
polarization in vitro. In HIV- subjects, we reveal the ex-
istence of two phenotypically naive subsets enriched in
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Figure 4 Altered frequency of memory Th17 during HIV infection in relationship with the paucity of naive-like nTreg and DP cells. (A-D) Memory
CD4" T-cells isolated by negative selection using magnetic beads (Miltenyi) were stimulated with PMA/lonomycin and brefeldin A for 5 hours.
Shown are: (A) representative flow cytometry dot plots illustrating IL-17A and IFN-y expression on CD3*CD8™ T-cells from one HIV- and one Cl on
ART; (B) statistical analysis of the frequency of IL-17A"IFN-y~ and IL-17A*IFN-y™ cells in HIV- controls (n = 5; Table 1, HIV- #2, 10, 14, 31, 32) versus Cl on
ART subject (n=8; Table 3, Cl #3, 7-11, 14, 18); (C) the co-expression of CCR6, CD26 and CD161 with IL-17A in one representative HIV- control; and
(D) statistical analysis for the frequency of IL-17A-expressing cells within CD3"CD8™ T-cells co-expressing (+++) or lacking (—) CCR6, CD26, and
CD161. (E) Shown is the gating strategy for memory CD4" T-cells (CD45RA™) with a mTh17 (CCR6TCD267CD1617) phenotype in one representative
donor. (F) The frequency and counts of mTh17 cells were analyzed in HIV- (n = 18; Table 1, HIV- #1-3, 5, 9-18, 20-23), Rl (n =15, Table 2, RI 11-15),
and Cl on ART (n=17; Table 3, Cl #1-12, 14-18) subjects. Each symbol represents a different subject. The (B) Mann-Whitney, (D) Wilcoxon, and

(F) Kruskal-Wallis and Dunns post test p-values are indicated on the graphs (¥, p < 0.05; **, p < 0.01; *** p < 0.001). (G) Linear regression (LR) and
Spearman correlation (SC) models were applied to determine the relationship between mTh17 cell counts and the counts of nTregs (left panel), DP
(middle panel) and total naive-like CD25* T-cells (right panel) in Cl on ART. LR p and r* and SC p and r values are indicated on the graphs. For studies
in Figure 4G, subjects were identical to those included in Figure 4 F for which matched samples were available.

Thl7-lineage committed cells with differential expres-
sion of CD25 (IL-2 receptor alpha), CD127 (IL-7 recep-
tor alpha) and FoxP3 (Treg master regulator of
transcription): CD25"8"CD127 FoxP3* (nTregs) and
CD25"CD127 FoxP3™ (DP). In CI on ART, the paucity
of nTregs and DP cells coincided with the dramatic de-
pletion of memory cells producing IL-17A and/or ex-
pressing the Th17 markers CCR6, CD26, and CD161
(mTh17). Compared to conventional naive CD25~ T-
cells (nT), nTregs and DP cells harbored superior levels
of HIV-DNA, suggesting that virus-induced cell death
contributes at least in part to their depletion in vivo.
Cross-sectional and longitudinal studies revealed that
early ART initiation and high nadir CD4 counts was as-
sociated with increased nTreg, DP, and mTh17 counts
and reduced HIV-DNA reservoirs. All together these
findings support a model in which the paucity of naive-
like subsets prone to acquire Th17 functions is caused at
least in part by their superior permissiveness to integra-
tive and/or abortive infection and represents a new pre-
viously unrecognized mechanism contributing to Th17
deficiency during HIV infection.

Molecular mechanisms of Thl7 deficiency during
HIV/SIV infections remain a field of active investiga-
tions. Th17 deficiency in SIV-infected rhesus macaques
was recently associated with superior expression of sev-
eral negative regulators including the phosphatase SHP2,
the suppressor of cytokine signaling 3 (SOCS3), and the
protein inhibitor of activated STAT3 (PIAS3) [48]. These
inhibitory molecules were previously implicated in the
negative control of Th17 differentiation [68-70]. Consist-
ent with findings in an SIV infection model, in HIV-
infected subjects we report here profound alterations in
the ability of peripheral blood CD4" T-cells expressing
the naive markers CD45RA and CCR7 [49] to survive
and undergo Th17 polarization in vitro. The recent dis-
covery of stem-cell memory T-cells (Tscp) that share
CD45RA and CCR7 expression with naive T-cells
[49,71,72], raises concerns on the phenotypic identifica-
tion of truly naive T-cells [33-35,54,55]. Since we cannot

exclude the presence of Tgcy in our pool of CD45RA
"CCR7" cells, in this manuscript we use the term
“phenotypically naive” or “naive-like” T-cells. The Th17
polarization deficit was observed in both RI and CI on
ART HIV™ subjects. This is consistent with previous
studies by our group and others demonstrating a poor
restoration of mThl7 responses in subjects receiving
long-term ART [21,45,46,54]. Noteworthy, the ability of
Th17- or Thl-polarized naive-like T-cells from HIV-
infected subjects to produce IFN-y was not affected, indi-
cating that the Th17 pathway was specifically altered dur-
ing HIV infection. Recent studies demonstrate that CD5
versus CD28 co-stimulation contributes to an enhanced
ability of naive CD4" T-cells to undergo Th17 polarization
[56]. Also, treatment with recombinant IL-21 proved to be
beneficial for the maintenance of mucosal Th17 cells in
SIV-infected rhesus macaques [12,47]. Whether CD5 co-
stimulation and/or IL-21 supplementation could restore
the differentiation potential and improve survival of
Th17-linneage committed cells in HIV-infected subjects
deserves investigations.

Strong experimental evidence supports the reciprocal
differentiation relationship between Th17 cells and regu-
latory T-cells (Tregs), with Tregs being able to convert
into Th17 cells under inflammatory conditions [20,73].
Suppressive Tregs exhibit a CD25"8"CD127 FoxP3*
phenotype [74,75]. Differential expression of CD45RA
and CD45RO distinguishes between naive (nTregs) and
effector/memory (mTregs) Tregs [54,76]. Valmori et al.
reported first the existence of a peripheral blood pool of
Tregs (CD25"CTLA4"FoxP3") exhibiting naive features
(CD45RA*CCR7*CD45ROCD62L") and suppressive
functions in vitro, similar to mTregs (CD45RA™CD45RO")
[77]. They also demonstrated that levels of TRECs were
similarly high in nTregs and conventional naive T-cells
[77]. Studies by Seddiki et al., subsequently documented
the existence of nTregs in different human compartments
including thymus, cord and adult blood, lymph nodes and
spleen [78]. Further studies by Seddiki et al, identified
CD127 as a new marker distinguishing Tregs from
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indicated on the graphs (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

-

Figure 5 nTregs and DP cells exhibit superior permissiveness to infection. Matched total memory (CD45RA™) and the four subsets of CD45RA
*CCR7* CD4* T-cells (nTregs, nT, DP, and DN cells) were isolated by flow cytometry from the PBMCs of Cl on ART subjects as in Additional file 1
and 2: Figure S1-S2, respectively. Levels of integrated (A) and Gag (C) HIV-DNA were quantified by real-time PCR (equivalent of 10° cells/test in
triplicates) in matched samples from five Cl on ART subjects (Table 3, Cl #4, 6, 8, 12, 16). HIV-DNA copies were normalized to CD3 levels and
expressed as HIV-DNA copies/WO6 cells. (A, C) Shown are results from individuals donors. (B, D) Shown are statistical analysis of relative integrated
and Gag HIV-DNA levels in naive T-cell subsets (mean + SD, n =4); HIV-DNA levels in conventional naive cells (nT) were considered 100%. (E-F)
PBMCs from HIV-uninfected subjects (n = 17) were stained on the surface with CD3, CD4, CD45RA, CCR7, CD25, CD127, and CCR5 or CXCR4 Abs.
The viability dye Vivid was used to exclude dead cells. The nTregs, nT, and DP cells (identified as in Figure 2A), together with total memory CD4"
T-cells (identified as in Figure 4E), were analyzed for the expression of CCRS and CXCR4. Shown are the frequencies of CCR5™ (E) and CXCR4™ (F) T-cells
within each subset of HIV-uninfected subjects (n=17; Table 1, HIV- #1,2,5,10,14,15,18,20,21,23-30). The Friedman and Dunns’ post-test p-values are

activated CD25" T-cells [74]. Subsequently, several
groups used this nomenclature for nTregs in humans
[35,50,54,76,79-84]. It was previously reported that a frac-
tion of human nTregs cultured under Th1l7 polarizing
conditions differentiate into IL-17A-producing cells ex-
pressing the Th17-specific transcription factor RORyt and
lacking suppressive activity in vitro [35,50]. In this con-
text, we hypothesized that HIV infection was associated
with alterations in the nTreg pool. We first confirmed
findings by other groups [35,50] that nTregs versus con-
ventional nT cells acquire IL-17A expression in vitro. In
addition, we identified naive-like DP T-cells (CD25
"CD127"FoxP3") as a second source of IL-17A-producing
cells. The culture under Th17-polarizing conditions of
four naive-like subsets with differential expression of
CD25 and CD127 generated a heterogeneous population
of effector cells with Th17 (IL-17A*IFN-y"), Th1Th17 (IL-
17A'IFN-y"), and Thl (IL-17A"IFN-y") profiles, consist-
ent with results by other groups [33,34,54]. We provide
evidence that Th17-polarized nTreg and DP versus con-
ventional CD25"CD127" (nT) and CD25 CD127" (double
negative, DN) cells were enriched in IL-17A"IFN-y~ and
IL-17A"IEN-y" cells, indicative that fractions of nTreg
and DP are committed toward the Th17 lineage. Fractions
of Th17-polarized nTregs and DP also produce IFN-y in
the absence of IL-17A, thus illustrating the functional het-
erogeneity of nTregs and DP pools that include both
Th17- and Thl-lineage committed cells.

The control of viral replication under ART is associ-
ated with the restoration of CD4 counts, but the hetero-
geneity and function of CD4" T-cell subsets is not fully
restored [21]. Here we report a dramatic decrease in the
frequency/counts of nTregs and DP cells in the periph-
eral blood of CI on ART compared to HIV- subjects. A
similar decrease was observed when the frequency of
total naive-like CD25" T-cells was studied. These alter-
ations were also observed in the peripheral blood of RI
viremic subjects. There was a tendency for increased fre-
quency of DP but not nTreg counts in CI on ART versus
RI subjects. Differences in the ability of ART to restore
DP but not nTreg counts are intriguing and require fur-
ther investigations.

Recent studies by Mercer et al. demonstrated that naive-
like (CD45RO™) CD25" T-cells differentiate into two dis-
tinct types of IL-17-producing cells: FoxP3"HELIOS™
(IL-17* Tregs) and FoxP3 HELIOS™ (conventional
Th17) [54]. The authors also reported a decreased fre-
quency of IL-17" Tregs in ART-treated HIV-infected
subjects versus controls [54]. This is consistent with our
findings that the pool of mTh17 and mTregs (frequency
and counts) is significantly reduced in CI on ART versus
uninfected subjects. Whether the IL-17" Tregs and con-
ventional Th17 cells described by Mercer et al. [54] ori-
ginate from distinct Th17-lineage committed precursor
pools, such as nTregs and DP cells we identified in this
manuscript, remains to be investigated. Of particular im-
portance, CD127 expression distinguishes DP from
nTregs and therefore these two Th17-lineage committed
pools highly likely differ in their dependency on IL-7.
CD127 is preferentially expressed on memory T-cells ex-
pressing the Th17 marker CCR6 [23] and IL-7 is known
to favor Th17 polarization [58]. Recent studies by our
group demonstrated the positive effects of IL-7 therapy in
restoring gut abnormalities in HIV-infected subjects [85].
Whether IL-7 enhances survival and Th17-polarization of
DP cells remains to be investigated.

HIV-infection per se significantly contributes to CD4"
T-cell depletion [61-64]. Naive compared to memory T-
cells are typically resistant to HIV infection [86,87].
However, viral entry by receptor-mediated endocytosis
was documented in naive CD4" T-cells, with the viral
life cycle being restricted at different steps before the
completion of reverse transcription and/or integration
[88]. Most recently, naive CD4" T-cells were documented
to carry HIV-DNA in individuals receiving ART [89,90].
In some studies, abortive infection was reported to lead to
T-cell depletion [62,64], while in others HIV-DNA inte-
gration was identified as a cause of virus-induced cell
death [63]. Therefore we hypothesized that depletion of
nTregs and DP cells was caused at least in part by their
permissiveness to HIV infection. Indeed, studies by other
groups demonstrated that nTregs express the HIV core-
ceptors CCR5 and CXCR4 and are permissive to HIV in-
fection in vitro and in HIV-infected subjects [89,91,92].
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Figure 6 Effect of early ART initiation on the pool of nTregs, DP, and mTh17 cells. The nTregs, DP, and memory Th17 cells were phenotypically
identified as in Figure 2A-B and Figure 4E, respectively. CD4 counts in Cl on ART subjects are listed in Table 2. (A) LR and SC models were applied
to determine the relationship between the time of ART initiation (months post-infection) versus nTreg counts (left panel), DP counts (middle panel), and
Th17 counts (right panel) in Cl on ART subjects (n=11; Table 3, Cl #1, 4-7, 9-12, 14-15). (B) LR and SC models were applied to determine the relationship
between the nadir CD4 counts versus nTreg counts (left panel), DP counts (middle panel), and Th17 counts (right panel) in Cl on ART subjects (n = 16;
Table 3, CI #1,3-12, 14-18). (C) Levels of Gag and integrated HIV-DNA were quantified by real time PCR in total memory CD4" T-cells sorted by FACS
as in Additional file 1: Figure S1 from Cl on ART subjects (n=11). LR and SC models were applied to determine the relationship between the levels of
Gag (left panel) and integrated (right panel) HIV-DNA versus the time of ART initiation (months post-infection) in Cl on ART subjects (n=11). LR p and
r’ values together with SC p and r values are indicated on the graphs.

Consistent with these reports, we demonstrate that
nTregs compared to conventional nT-cells harbor super-
ior levels of integrated and non-integrated HIV-DNA in
CI on ART subjects. We also observed a tendency for su-
perior integrated and non-integrated HIV-DNA levels in
DP versus nT-cells. These differences were not linked to
superior CCR5 and CXCR4 expression, suggesting that
post-entry mechanisms may favor permissiveness to infec-
tion in nTregs and DP cells.

At mucosal level, SIV/HIV disease progression was
linked to an altered balance between Tregs and Thl17
cells to the detriment of Th17 cells [9,93]. In our study,
the depletion of Th17-lineage committed nTregs and DP
cells in CI on ART and/or RI subjects coincided with a
significant decrease in the frequency and counts of both
mThl7 and mTregs identified using well-established
surface markers, together with a decreased frequency of
memory CD4" T-cells expressing IL-17A upon short
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Table 4 Clinical parameters of HIV-infected subjects included in the HIV primary infection (HPI) cohort

Subjects Visit# CD4 counts’  Plasma viral load®>  Time since infection®>  Time since inclusion®  ART
HPI 01 V1 430 35,303 2.5 0 No
V2 520 2,301 3 1 No
ART at 8 months since infection V3 450 24,845 35 2 No
V4 350 38,395 4 3 No
V8 310 681 9 7 Yes
V9 690 40 12 10 Yes
V11 690 40 21 16 Yes
V12 - 40 215 19 Yes
V13 650 40 24 22 Yes
V14 - - 27 25 Yes
HPI 02 V1 407 189,343 25 0 No
V2 430 173,044 35 1 No
ART at 9.5 months since infection V3 403 59,181 4 2 No
V7 396 81,037 6.5 4 No
\%) 467 74 15 9 Yes
V10 496 50 13 1 Yes
V11 516 50 16 13 Yes
V12 567 50 20 17 Yes
HPI 03 V1 580 86,627 15 0 No
V2 540 37,335 2.5 1 No
ART at 11.5 months since infection V4 740 27,348 3 2 No
V5 730 20,076 35 3 No
V7 670 11,127 55 5 No
V8 530 26,574 7.5 7 No
V9 460 85,718 10.5 10 No
V10 380 664 135 13 Yes
V11 660 13 17 17 Yes
V12 640 40 20 19 Yes
V13 780 40 22 22 Yes
HPI 04 V1 240 29,981,000 1 0 No
V3 700 129,717 2 1 No
ART at 4.5 months since infection V4 340 76,626 25 2 No
V7 650 712 55 5 Yes
V11 670 40 16 15 Yes
V12 870 40 19 18 Yes
V13 830 40 22 21 Yes
V14 - - 25 24 Yes

!, cells/uL; 2, HIV-RNA copies per mL plasma (log;); 3, months; ART, antiretroviral therapy.

stimulation in vitro. In CI on ART subjects, mTh17
counts positively correlated with the counts of naive-like
nTregs, DP, and CD25" T-cells, consistent with a poten-
tial differentiation relationship between these cells. Simi-
larly, there was a positive correlation between mTreg
counts and the counts of nTregs, DP, and total CD25"
T-cells. These results support the concept that Tregs

and Th17 cells represent alternative decision fates of
CD4" T-cell differentiation [52,73,94]. Although the de-
pletion of mTh17 cells during SIV/HIV infections is well
documented, reports relative to nTreg/mTreg alterations
are controversial (reviewed in [81]). These controversies
may be explained by differences in the biological sam-
ples (peripheral blood versus mucosal biopsies), clinical
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Figure 7 (See legend on next page.)
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(See figure on previous page.)

Figure 7 Longitudinal analysis of nTregs, DP, and mTh17 cell dynamics in HIV-infected subjects. Four HIV-infected subjects participating to the HIV
Primary infection (HPI) cohort were analyzed longitudinally for the frequency and counts of nTregs, DP, and memory Th17 cells in the peripheral blood
in relationship with plasma viral load and CD4 counts. Cell subsets were phenotypically identified as in Figure 2A-B and Figure 4E. The counts of
nTregs, DP, and memory Th17 cells were calculated relative to their frequency and the CD4 counts. (A) Shown are the dynamics of CD4 counts (open
circles) and plasma viral load (open squares) before and after ART initiation (grey quadrant). (B) Shown are the dynamics of nTreg (filled circles), DP cell
(filled triangles) and memory Th17 counts (filled squares) before and after ART initiation (grey quadrant). The estimated time of infection (ETI) and the
nadir CD4 count for each subject are indicated on the graphs. (C) Shown is statistical analyses of nTreg (left panel), DP (middle panel), and mTh17 cell
counts (right panel) before and after ART. The “after ART” time points are indicated for each patient by a black arrow (A) and correspond to the second
time point of the patient visit when plasma viral load was undetectable (<50 HIV-RNA copies/ml). Each symbol represents a different subject. Wilcoxon
p-values are indicated on the graphs. Indicated in bold are median cell counts values before and after ART.

characteristics of HIV-infected subjects included in dif-
ferent studies, and/or phenotypic characterization of
Tregs. In line with our findings, very recent studies by
Simonetta et al. [76] used CD25, CD127, and FoxP3 as
markers for Treg identification and demonstrated that
absolute numbers of both nTregs and mTregs are sig-
nificantly reduced in ART-treated HIV-infected subjects
[83]. Changes observed in the peripheral blood may [95]
or may not [27] mirror events occurring at mucosal
sites. Considering the fact that the frequency of nTregs
within the naive-like T-cell pool positively correlates
with the yield of Th17 polarization in vitro, nTregs may
be used as a surrogate marker to predict Th17 alter-
ations in HIV-infected subjects and remains to be
proved.

The thymic output is reduced in HIV-infected sub-
jects, with ART being able to restore in part these alter-
ations [96]. The thymic function decreases with age [97]
and HIV causes immune senescence and premature
aging [98]. Thus, the paucity of nTregs and DP cells may
be the consequence of an impaired generation of these
cells by the thymus. Alterations observed in our study
occurred despite insignificant age differences between
HIV-infected and uninfected subjects. Whether the pau-
city of naive Th17 precursors is indicative of premature
aging in HIV-infected subjects remains to be further in-
vestigated in larger cohorts. The expression of CD31, a
surrogate marker for thymic output [90,99], was signifi-
cantly higher on total CD45RA*CCR7'CD4" T-cells,
nTregs and DP cells in CI on ART versus HIV- controls
(Additional file 5: Figure S5). This is consistent with re-
ports by other groups demonstrating an effort of the thy-
mus to compensate for lymphopenia under ART [90,100].

On a very positive note, in our cohort of CI on ART
subjects we observed that the counts of nTreg and
mTh17 were higher in subjects where ART was initiated
early versus late post-infection. Moreover, we observed
that nTregs, DP, and mTh17 counts were positively corre-
lated with the nadir CD4 counts before ART. As predicted
based on previous studies [87], the size of cell-associated
HIV-DNA load in memory CD4" T-cells was lower in
subjects where treatment was initiated early and at rela-
tively high nadir CD4 counts. Indeed, early ART initiation

accelerates the decay of HIV reservoirs upon long-term
treatment [67]. Finally, in a longitudinal analysis of HIV-
infected subjects included in the Montreal HIV primary
infection cohort we observed that ART initiation during
the first year of infection tended to increase nTreg, DP,
and mTh17 counts. These results indicate that the time of
ART initiation and nadir CD4 counts in chronically HIV-
infected subjects impacts on the levels of Th17 deficit.

Conclusions

In this study, we (i) demonstrate that phenotypically
naive CD4" T-cells with CD25"8"CD127 FoxP3*
(nTregs) and CD25"CD127FoxP3~ (DP) phenotypes are
enriched in Thl7-lineage committed cells in uninfected
controls and (ii) provide evidence supporting a model in
which the paucity of naive-like Th17 precursors repre-
sents a new mechanism contributing to Th17 deficiency
in HIV-infected subjects. The depletion of Tregs and DP
cells may be the consequence of their permissiveness to
abortive and/or integrative infection. However, other
causes such as alterations in the thymic output, impaired
DC ability to induce Th17 polarisation [28,30], and/or lim-
ited Th17-specific growth factors (e.g, IL-21 [12,47]; IL-7
[85]), cannot be excluded. Early ART initiation [16,65-67],
treatment intensification with integrase inhibitors, to-
gether with other alternative therapeutic strategies aimed
at Th17 restoration/preservation, will be critical for im-
proving mucosal immunity during HIV infection.

Methods

Study population

HIV-infected and uninfected donors were recruited at
the Montreal Chest Institute, McGill University Health
Centre and Saint-Luc Hospital, Montreal, QC, Canada,
through the FRQ-S/AIDS and Infectious Diseases Network
(Québec, Canada). Tables 1-3 summarize immunological,
virological and clinical parameters of HIV-uninfected
controls (HIV-; n=27) and HIV-infected subjects, re-
cently infected untreated viremics (RI, n = 15) and chron-
ically infected under ART (CI on ART; n=19) included
in transversal studies. ART included a protease inhibitor,
a non-nucleoside reverse transcriptase inhibitor, and nu-
cleoside reverse transcriptase inhibitors (Table 3).
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Subjects included in the HIV primo infection cohort and
followed up longitudinally are described in Table 4.
Plasma viral load was measured using the Amplicor HIV-
1 monitor ultrasensitive method (Roche, detection thresh-
old 50 HIV-RNA copies/ml plasma). The date of infection
was estimated using clinical and laboratory data as well as
patient history information. Peripheral blood mono-
nuclear cells (PBMC) (up to 10 cells) were isolated by
gradient density centrifugation from leukapheresis or
whole blood and frozen as previously reported [21].

Ethics statement

This study using PBMC from HIV-infected and unin-
fected subjects was conducted in compliance with the
principles included in the Declaration of Helsinki and
received approval from the Institution Review Board of
the McGill University Health Centre and CHUM-
Research Centre. All subjects signed a written informed
consent for their participation to the study.

Antibodies and polychromatic flow cytometry analysis
The following fluorochrome-conjugated Abs were used
for polychromatic flow cytometry analysis: CD3-Pacific
Blue (UCHT1), CD4-Alexa700 (RPA-T4), CD45RA-APC-
Cy7 (HI100), CCR6-PE (11A9), CCR7-PE-Cy7 (3D12),
CD25-PE (M-A251), CD26-FITC (L272), CD127-AF647
(HIL-7R-M21), CD161-PE-Cy5 (DX12), IFNy-Alexa 700
(B27), CCR5-PE (2D7), CXCR4-PE (12G5), and CD8-APC
H7 (SK1) (BD Pharmingen), CD45RA-APC eFluor780
(HI100), CD56-FITC (MEM188), IL-17A-PE (eBio64DEC17),
FoxP3-AF488 (PCH101), TNFa-Pacific Blue (Mabl11), and
IL-17A-eFluor660 (eBio64CAP17) (eBioscience), CD8-FITC
(BW135/80), CDI19-FITC (LT19) (Miltenyi), CCR7-PE
(150503) (R&D) and CD31-BV605 (WM59) (Biolegend). Cell
phenotype was analyzed by flow cytometry using the BD
LSRII cytometer and BD Diva software. A viability staining
Vivid (Invitrogen) was included in each staining cocktail
to exclude dead cells from our analysis. FACS analysis was
performed using the FlowJo software (“Tree Star, Inc.).
For multicolor analysis, all Abs were titrated for an opti-
mal noise/signal ratio and Abs cocktails were validated by
comparing single to multiple staining. Positivity gates were
placed based on fluorescence minus one (FMO), as previ-
ously described [21,101].

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

Total or memory CD4" T-cells were sorted from frozen
PBMCs by negative selection using magnetic beads
(Miltenyi). Cell purity (typically >95%) was determined by
FACS analysis upon staining with CD3-PB, CD4-Alexa700,
and CDS8-FITC Abs for total T-cell enrichment, together
with CD45RA-APC eFluor780 and CCR7-PeCy7 Abs for
memory T-cell enrichment. In some experiments (Figure 1),
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memory and naive subsets were sorted by FACS (BDAria
1) from total CD4" T-cells upon staining with CD45RA-
APC-Cy7 (APC-eFluor-780) and CCR7-PE 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 CD45RA™ (memory) versus CD45RA
"CCR7" (naive T-cells) as depicted in Additional file 1:
Figure S1. In other experiments (Figures 2 and 5), naive
CD4" T-cells subsets with differential expression of CD25
and CD127 were sorted upon staining with the cocktail
above together with CD25-PE and CD127-AF647 Abs.
The sorting gates were set as depicted in Additional file 2:
Figure S2 using the FMOs controls, as previously de-
scribed [21,101]. The viability staining Vivid (Invitrogen)
was included in each staining cocktail to exclude dead
cells. The post-sort quality analysis indicated that sorted
subsets were in average >99% pure based on CD3, CD4
and CD45RA expression (Additional file 1 and 2: Figure
S1-S2). Sorting based on CD25/CD127 expression led to
a significant enrichment of naive T-cell subsets (>80%),
with the exception of CD25"CD127" which were typically
>50% enriched (Additional file 2: Figure S2).

Th17 polarization in vitro

Naive and memory T-cell subsets (10° cells/ml) sorted by
FACS were stimulated with immobilized CD3 and soluble
CD28 Abs (1 pg/ml) and cultured in RPMI 1640 media
supplemented with human recombinant IL-23 (50 ng/ml),
TGEF-p (10 ng/ml), IL-1B (10 ng/ml), and IL-6 (50 ng/ml)
cytokines and neutralizing IL-4 (1 pg/ml) and IFN-y Abs
(10 pg/ml) (R&D Systems) for 12 days. Media including
polarizing cytokines, Abs, and IL-2 (5 ng/ml) was
refreshed at day 4 and 8 post-culture. Cells were split at
day 4 and/or 8 post-culture for an optimal density 1-2x10°
cells/well.

Intracellular staining for flow cytometry analysis

Cells were stimulated with PMA (50 ng/ml) and Ionomycin
(1 pg/ml) in the presence of Brefeldin A (2 pg/ml) for 5 h
or 17 h. The intracellular expression of IL-17A, IFN-y and
TNF-a was quantified by flow cytometry (BD LSRII) upon
staining with appropriate Abs using the Cytofix/Cytoperm
kit (BD Biosciences) according to the manufacturer’s proto-
cols. The intracellular expression of FoxP3 was quantified
using the Anti-Human Foxp3 Staining Set Alexa Fluor”® 488
(eBioscience) according to the manufacturer’s protocol.

ELISA quantification of IL-17A production

IL-17A levels in cell culture supernatants were quanti-
fied by a specific ELISA assay (eBiosciences) according
to the manufacturer’s protocol.
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Quantitative SYBR green real-time RT-PCR

Total RNA was isolated using RNeasy kit (Qiagen). The
quality (260/280 ratio) and quantity of RNA collected
were measured by a Pearl nanophotometer (Implen,
Munich, Germany). One step SYBR Green real-time RT-
PCR (Qiagen) was carried out in a LightCycler 480 II
(Roche) according to the manufacturer’s recommenda-
tions. The quantification of RORC mRNA relative to the
28S rRNA levels was performed as we previously de-
scribed [21]. Each RT-PCR reaction was performed in
triplicates.

Real-time PCR quantification of Gag and integrated HIV-
DNA

The quantification of Gag and integrated HIV-DNA was
performed as we previously described [21,87]. Briefly,
cells were digested in a proteinase K buffer (Invitrogen),
and 10° cells/15 pl lysate were used per amplification.
Integrated HIV-DNA was amplified first (12 cycles)
using two outward-facing Alu primers and one HIV LTR
primer tagged with a lambda sequence; the CD3 gene
was amplified in the same reaction. The HIV and CD3
amplicons were then amplified in separate reactions
(Light Cycler 480, Roche Diagnostics). The HIV-DNA
was amplified using a lambda-specific primer and an
inner LTR primer in the presence of two fluorescent
probes specific for HIV LTR. The CD3 DNA was ampli-
fied using inner primers and two fluorescent probes spe-
cific for CD3. Similarly, total HIV-DNA was quantified
using two sets of outward and inner Gag primers
[21,87]. The sensitivity of the nested real-time PCR was
3 copies Gag and integrated HIV-DNA, as previously de-
scribed [21,87]. Amplification reactions were carried out
with Light Cycler 480 Probe Master Mix (Roche) and
Taq Polymerase (Invitrogen). The ACH2 cells carrying
one copy of integrated HIV-DNA per cell (NIAIDS re-
agent program) were used as standard curve.

Statistical analysis
All statistical analyses were performed using the GraphPad

Prism 5 software and details are included in Figure legends.

Additional files

Additional file 1: Figure S1. Flow cytometry sorting of CD4" T-cell subsets.
Total CD4* T-cells were isolated from PBMCs by negative selection using
magnetic beads (Miltenyi). Cells were stained with a cocktail of
CD45RA, CCR7, CD8, CD19, and CD56 Abs. The viability marker Vivid was
used to exclude dead cells. Naive-like (CD45RA"CCR7" phenotype) and
memory (CD45RA™CCR7"~ phenotype) CD4" T-cells lacking CD8, CD19,
and CD56 expression were sorted by flow cytometry. Shown is the phenotype
of cells before and after cell sorting by MACS and then FACS. Results were
generated with cells from one donor representative of experiments performed
with cells from different HIV-infected (n = 10) and uninfected donors (n = 8).
The purity of MACS and FACS sorted T-cells is indicated in the Figure as the %
of cells exhibiting a specific phenotype.
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Additional file 2: Figure S2. Flow cytometry sorting of phenotypically
naive CD4" T-cells with differential expression of CD25 and CD127. Total
CD4" T-cells were isolated from PBMCs by negative selection using
magnetic beads (Miltenyi). Cells were stained with a cocktail of CD3, CD4,
CD45RA, CCR7, CD25, and CD127 Abs and the viability dye Vivid. Viable
(Vivid™) naive-like (CD45RATCCR7") CD4" T-cells with a CD25°CD127~ (nTregs),
CD257CD127* (conventional nT), CD25"CD127* (DP, double positive), and
CD257CD127" (DN, double negative) phenotype were sorted by flow
cytometry. Shown are results from one donor representative of experiments
performed with cells from n =3 HIV- controls and n=5 Cl on ART subjects.
The purity of MACS and FACS sorted T-cells is indicated on the Figure as the
% of cells exhibiting a specific phenotype.

Additional file 3: Figure S3 The frequency of nTregs and CD25" T-cells
predicts the yield of Th17 polarization in vitro. Spearman correlation (SC)
and linear regression models (LC) were applied to determine the relationship
between the frequency of nTregs, DP, and CD25" T-cells ex vivo (as described
in Figure 3) and the ability of phenotypically naive CD4" T-cells to acquire
Th17 functions upon polarization in vitro (as described in Figure 1). Results
are from matched HIV- controls (n = 7; filled circles) and Cl on ART subjects
(n=10; filled triangles). Subjects were identical to those included in Figure 1C-G
for which matched samples were available.

Additional file 4: Figure S4 Altered frequency of mTregs during HIV
infection in relationship with the paucity of nTreg and DP cells. PBMCs from
HIV-infected, Rl and Cl on ART, and uninfected subjects were stained with a
cocktail of CD3, CD4, CD45RA, CCR7, CD25, and CD127 Abs on the surface
and with FoxP3 Abs intracellular, and analyzed by flow cytometry. CD45RA
*CCR7* nTregs and DP cells were identified as in Figure 2A. (A) Shown is
the gating strategy for the identification of memory (CD45RA™) T-cell subsets
with a CD25"9"CD 127~ surface phenotype specific for memory Tregs
(MTregs). (B) Shown is the intracellular expression of FoxP3 in CD25"9"CD127~
versus CD25~CD127" subsets. (A-B) Results are from one donor representative
of results generated with cells from n= 18 Cl on ART and n = 18 uninfected
subjects. (C) The frequency (left panel) and counts (right panel) of mTregs
were analyzed in HIV- (n = 18) and Cl on ART (n = 18) subjects. Each symbol
represents a different subject. The Kruskal-Wallis and Dunns post test p-values
are indicated on the graphs (¥, p < 0.05; **, p < 0.01; ***, p < 0.001). (D) Linear
regression (LR) and Spearman correlation (SC) models were applied to
determine the relationship between mTreg counts and the counts of
nTregs (left panel), DP cells (middle panel) and total naive-like CD25™ T-cells
(right panel) in Cl on ART subjects. LR p and r values together with SC p
and r values are indicated on the graphs. Clinical parameters of subjects used
for studies in Additional file 4: Figure S4C are included in Table T (HIV- #1-3, 5,
7,9-18, 20-23), Table 2 (Ri# 1-15), and Table 3 (Cl #1, 3-18). For studies in
Additional file 4: Figure S4D, subjects were identical to those included in 4C,
except those for which CD4 counts were not available.

Additional file 5: Figure S5 Expression of CD31 on nTregs and DP cells
in Cl on ART versus uninfected subjects. PBMCs from HIV-uninfected and
HIV-infected Cl on ART subjects were stained on the surface with CD3,
(D4, CD45RA, CCR7, CD25, CD127 and CD31 Abs. The viability dye Vivid
was used to exclude dead cells. (A) Shown are the frequencies of CD31"
cells on total naive-like (CD45RA"CCR7") CD4" T-cells, nTregs, and DP
cells from HIV- controls versus Cl on ART subjects. The Mann-Whitney
p-values are indicated on the graphs. (B) Shown is the analysis of the
relationship between the counts of total naive-like CD4™ T-cells, nTregs,
and DP cells and the frequency of CD31" cells in each subset. LR p and
r* values together with SC p and r values are indicated on the graphs.
Clinical parameters of subjects used for studies in this figure are included
in Table 1 (HIV-#1, 2, 5,10, 14, 15, 18, 20, 21, 23-30) and 1C (CI #1-3, 6-19).

Competing interests
The authors declare that they no competing interests.

Authors’ contributions

SDF performed the majority of the experiments, analyzed the results,
prepared the figures, and contributed to manuscript writing. JN performed
experiments included in Figure 4A-D, contributed to results included in
Figures 1 and 5 and Additional file 5: Figure S5, and participated to figure
preparation. SP performed in part experiments included in Figures 1 and 5
and Additional file 5: Figure S5. VSW contributed to experiments included in


http://www.retrovirology.com/content/supplementary/s12977-015-0164-6-s1.pdf
http://www.retrovirology.com/content/supplementary/s12977-015-0164-6-s2.pdf
http://www.retrovirology.com/content/supplementary/s12977-015-0164-6-s3.pdf
http://www.retrovirology.com/content/supplementary/s12977-015-0164-6-s4.pdf
http://www.retrovirology.com/content/supplementary/s12977-015-0164-6-s5.pdf

DaFonseca et al. Retrovirology (2015) 12:38

Figure 1. AG performed cell sorting by FACS for experiments included in
Figures 1, 2 and 5. ACB contributed to experiments included in Figure 1.
MAJ contributed to data analysis. MAJ, JPR, NB, and CT were involved in
sample collection, access to clinical information and reviewed the
manuscript. PA designed the study, analyzed results, designed the figures,
and wrote the manuscript. All authors read and approved the manuscript.

Acknowledgements

The authors acknowledge the contribution of Dr. Dominique Gauchat (Flow
Cytometry Core Facility, CHUM-Research Centre, Montreal, QC, Canada) for
expert technical support with flow cytometry analysis and sorting, Mrs. Anne
Vassal for help with ethical approvals and informed consents, Dr. Mohamed-Rachid
Boulassel, Mr. Mario Legault, and Mrs. Véronique Lafontaine for sample
management. The authors thank Dr. Laurence Weiss, Dr. Nicolas Chomont,
Dr. Mohamed El-Far, Dr. Hassen Kared, Dr. Naglaa Shoukry, and Dr. Daniel
Kaufmann for critical reading of the manuscript and valuable discussions.
Finally, the authors acknowledge human donors for their gift of leukapheresis
essential for this study.

This work was supported in part by grants from the Canadian Foundation
for AIDS Research (CANFAR #023503) and the Canadian Institutes of Health
Research (CIHR) (#MOP-82849; #MOP-114957). This work was also supported
by the CIHR (grant #103230), the CIHR Canadian HIV Trials Network (CTN
#247), the Fonds de Recherche du Québec-Santé (FRQ-S)/AIDS and Infectious
Diseases Network, Québec, Canada to JPR. VSW was supported by a CIHR
Doctoral Fellowship. MAJ is supported by a CANFAR/CTN Postdoctoral
Fellowship Award. JPR holds a Louis Lowenstein Chair in Hematology and
Oncology, McGill University. Core facilities were supported by the Fondation
du CHUM and infrastructure funding from the Canadian Foundation for
Innovation (CFI) to PA. The new affiliation MAJ is Université de Québec a
Montréal (UQAM), Montréal, Qc, Canada. The funding institutions played no
role in the design, collection, analysis, and interpretation of data.

Author details

'Faculty of Medicine, Department of Microbiology, Infectiology and
Immunology, Université de Montréal, Montreal, QC, Canada. 2CHUM-Research
Centre, 900 rue Saint-Denis, Tour Viger R, room R09.416, Montreal, QC H2X
0A9, Canada. *Chronic Viral lliness Service, McGill University Health Centre,
Montreal, QC, Canada. “Research Institute of the McGill University Health
Centre, Montreal, QC, Canada. *Division of Experimental Medicine, McGill
University, Montreal, QC, Canada. SDivision of Clinical Immunology, McGill
University Health Centre, Montreal, QC, Canada. "Division of Hematology,
McGill University Health Centre, Montreal, QC, Canada. 8Départemem des
sciences Biologiques, Université du Québec a Montréal, Montreal, QC,
Canada.

Received: 10 November 2014 Accepted: 2 April 2015
Published online: 30 April 2015

References

1. Kotler DP. Characterization of intestinal disease associated with human
immunodeficiency virus infection and response to antiretroviral therapy.

J Infect Dis. 1999;179 Suppl 3:5454-6.

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

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

4. Klatt NR, Brenchley JM. Th17 cell dynamics in HIV infection. Curr Opin HIV
AIDS. 2010;5:135-40.

5. Kim CJ, McKinnon LR, Kovacs C, Kandel G, Huibner S, Chege D, et al. Mucosal
Th17 cell function is altered during HIV infection and is an independent predictor
of systemic immune activation. J Immunol. 2013;191:2164-73.

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

7. Ancuta P, Kamat A, Kunstman KJ, Kim EY, Autissier P, Wurcel A, et al. Microbial
translocation is associated with increased monocyte activation and dementia
in AIDS patients. PLoS One. 2008;3, e2516.

8. Brenchley JM, Paiardini M, Knox KS, Asher Al, Cervasi B, Asher TE, et al.
Differential Th17 CD4 T-cell depletion in pathogenic and nonpathogenic
lentiviral infections. Blood. 2008;112:2826-35.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

Page 21 of 23

Favre D, Lederer S, Kanwar B, Ma ZM, Proll S, Kasakow Z, et al. Critical loss of
the balance between Th17 and T regulatory cell populations in pathogenic
SIV infection. PLoS Pathog. 2009;5, e1000295.

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

Marchetti G, Tincati C, Silvestri G. Microbial translocation in the pathogenesis of
HIV infection and AIDS. Clin Microbiol Rev. 2013;26:2-18.

Pallikkuth S, Micci L, Ende ZS, Iriele RI, Cervasi B, Lawson B, 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, €1003471.
Chevalier MF, Petitjean G, Dunyach-Remy C, Didier C, Girard PM, Manea ME,
et al. The Th17/Treg ratio, IL-TRA and sCD14 levels in primary HIV infection
predict the T-cell activation set point in the absence of systemic microbial
translocation. PLoS Pathog. 20139, e1003453.

Macal M, Sankaran S, Chun TW, Reay E, Flamm J, Prindiville TJ, et al. Effective
CD4+ T-cell restoration in gut-associated lymphoid tissue 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, et al. Sigmoid Th17
populations, the HIV latent reservoir, and microbial translocation in men on
long-term antiretroviral therapy. AIDS. 2011,25:741-9.

Schuetz A, Deleage C, Sereti |, Rerknimitr R, Phanuphak N, Phuang-Ngern Y,
et al. Initiation of ART during Early Acute HIV Infection Preserves Mucosal Th17
Function and Reverses HIV-Related Immune Activation. PLoS Pathog.

2014;10, e1004543.

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

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 inflammatory
diseases of the intestines, lungs, and skin. Annu Rev Pathol. 2013;8:477-512.
Gosselin A, Monteiro P, Chomont N, Diaz-Griffero F, Said EA, Fonseca S,

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, et al.
Susceptibility of human Th17 cells to human immunodeficiency virus and
their perturbation during infection. J Infect Dis. 2010;201:843-54.

Monteiro P, Gosselin A, Wacleche VS, El-Far M, Said EA, Kared H, et al. Memory
CCR6 + CD4+ T cells are preferential targets for productive HIV type 1 infection
regardless of their expression of integrin beta7. J Immunol. 2011;186:4618-30.
Alvarez Y, Tuen M, Shen G, Nawaz F, Arthos J, Wolff MJ, et al. Preferential
HIV Infection of CCR6+ Th17 Cells Is Associated with Higher Levels of Virus
Receptor Expression and Lack of CCR5 Ligands. J Virol. 2013;87:10843-54.
Rodriguez-Garcia M, Barr FD, Crist SG, Fahey JV, Wira CR. Phenotype and
susceptibility to HIV infection of CD4(+) Th17 cells in the human female
reproductive tract. Mucosal Immunol. 2014;7:1375-85.

Raffatellu M, Santos RL, Verhoeven DE, George MD, Wilson RP, Winter SE, et al.
Simian immunodeficiency 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, 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, 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;2:32-6.

Jenabian MA, Patel M, Kema |, Kanagaratham C, Radzioch D, Thebault P, et al.
Distinct tryptophan catabolism and Th17/Treg balance in HIV progressors and
elite controllers. PLoS One. 2013;8, €78146.

Klatt NR, Estes JD, Sun X, Ortiz AM, Barber JS, Harris LD, et al. Loss of mucosal
CD103+ DCs and IL-17+ and IL-22+ lymphocytes is associated with mucosal
damage in SIV infection. Mucosal Immunol. 2012,5:646-57.

Persson EK, Uronen-Hansson H, Semmrich M, Rivollier A, Hagerbrand K, Marsal J,
et al. IRF4 transcription-factor-dependent CD103(+)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 U S A. 2014;111:373-8.
Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A, Sallusto F. Interleukins
Tbeta and 6 but not transforming growth factor-beta are essential for the



DaFonseca et al. Retrovirology (2015) 12:38

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

differentiation of interleukin 17-producing human T helper cells. Nat Immunol.
2007,8:942-9.

Manel N, Unutmaz D, Littman DR. The differentiation of human T(H)-17 cells
requires transforming growth factor-beta and induction of the nuclear receptor
RORgammat. Nat Immunol. 2008,9:641-9.

Valmori D, Raffin C, Raimbaud |, Ayyoub M. Human RORgammat + TH17 cells
preferentially differentiate from naive FOXP3 + Treg in the presence of lineage-
specific polarizing factors. Proc Natl Acad Sci U S A. 2010;107:19402-7.

Lotz M, Seth P. TGF beta and HIV infection. Ann N Y Acad Sci. 1993,685:501-11.
Nixon DE, Landay AL. Biomarkers of immune dysfunction in HIV. Curr Opin
HIV AIDS. 2010;5:498-503.

Weiss L, Haeffner-Cavaillon N, Laude M, Gilquin J, Kazatchkine MD. HIV infection
is associated with the spontaneous production of interleukin-1 (IL-1) in vivo
and with an abnormal release of IL-1 alpha in vitro. Aids. 1989;3:695-9.

Louis S, Dutertre CA, Vimeux L, Fery L, Henno L, Diocou S, et al. IL-23 and
IL-12p70 production by monocytes and dendritic cells in primary HIV-1 infection.
J Leukoc Biol. 2010,87:645-53.

Lee S, French MA, Price P. IL-23 and IFN-gamma deficiency in immunodeficient
HIV patients who achieved a long-term increase in CD4 T-cell counts on highly
active antiretroviral therapy. AIDS. 2004;18:1337-40.

Manuzak JA, Dillon SM, Lee EJ, Dong ZM, Hecht DK, Wilson CC. Increased
Escherichia coli-induced interleukin-23 production by CD16+ monocytes correlates
with systemic immune activation in untreated HIV-1-infected individuals. J
Virol. 2013,87:13252-62.

Zhou L, Ivanov II, Spolski R, Min R, Shenderov K, Egawa T, et al. IL-6 programs
T(H)-17 cell differentiation by promoting sequential engagement of the IL-21
and IL-23 pathways. Nat Immunol. 2007,8:967-74.

Korn T, Bettelli E, Gao W, Awasthi A, Jager A, Strom TB, et al. IL-21 initiates
an alternative pathway to induce proinflammatory T(H)17 cells. Nature.
2007;448:484-7.

Yang L, Anderson DE, Baecher-Allan C, Hastings WD, Bettelli E, Oukka M,

et al. IL-21 and TGF-beta are required for differentiation of human T(H)17
cells. Nature. 2008;454:350-2.

lannello A, Boulassel MR, Samarani S, Debbeche O, Tremblay C, Toma E, et al.
Dynamics and consequences of IL-21 production in HIV-infected individuals: a
longitudinal and cross-sectional study. J Immunol. 2010;184:114-26.

lannello A, Tremblay C, Routy JP, Boulassel MR, Toma E, Ahmad A.
Decreased levels of circulating IL-21 in HIV-infected AIDS patients: correl-
ation with CD4+ T-cell counts. Viral Immunol. 2008;21:385-8.

Micci L, Cervasi B, Ende ZS, Iriele R, Reyes-Aviles E, Vinton C, 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.

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.

Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets of memory
T lymphocytes with distinct homing potentials and effector functions. Nature.
1999:401:708-12.

Ayyoub M, Raffin C, Valmori D. Generation of Th17 from human naive CD4+ T
cells preferentially occurs from FOXP3+ Tregs upon costimulation via CD28 or
CD5. Blood. 2012;119:4810-2. author reply 4812-4813.

Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and
regulatory T cells. Nature. 2006;441:235-8.

Zhou L, Chong MM, Littman DR. Plasticity of CD4+ T cell lineage differentiation.
Immunity. 2009;30:646-55.

Voo KS, Wang YH, Santori FR, Boggiano C, Wang YH, Arima K; et al. Identification
of IL-17-producing FOXP3+ regulatory T cells in humans. Proc Natl Acad Sci U S
A. 2009;106:4793-8.

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.

Ayyoub M, Valmori D. Comment on “differentiation of IL-17-producing effector
and regulatory human T cells from lineage-committed naive precursors”. J
Immunol. 2014:193:3181.

de Wit J, Souwer Y, van Beelen AJ, de Groot R, Muller FJ, Klaasse Bos H, et al.
CD5 costimulation induces stable Th17 development by promoting IL-23R
expression and sustained STAT3 activation. Blood. 2011;118:6107-14.
Bengsch B, Seigel B, Flecken T, Wolanski J, Blum HE, Thimme R. Human Th17
cells express high levels of enzymatically active dipeptidylpeptidase IV (CD26).
JImmunol. 2012,188:5438-47.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 22 of 23

Wan Q, Kozhaya L, ElHed A, Ramesh R, Carlson TJ, Djuretic IM, et al. Cytokine
signals through PI-3 kinase pathway modulate Th17 cytokine production by
CCR6+ human memory T cells. J Exp Med. 2011,208:1875-87.

Annunziato F, Cosmi L, Santarlasci V, Maggi L, Liotta F, Mazzinghi B, et al.
Phenotypic and functional features of human Th17 cells. J Exp Med.
2007,204:1849-61.

Cosmi L, De Palma R, Santarlasci V, Maggi L, Capone M, Frosali F, et al. Human
interleukin 17-producing cells originate from a CD161 + CD4+ T cell precursor.
J Exp Med. 2008;205:1903-16.

Douek DC, Picker LJ, Koup RA. T cell dynamics in HIV-1 infection. Annu Rev
Immunol. 2003;21:265-304.

Doitsh G, Cavrois M, Lassen KG, Zepeda O, Yang Z, Santiago ML, et al.
Abortive HIV infection mediates CD4 T cell depletion and inflammation in
human lymphoid tissue. Cell. 2010;143:789-801.

Cooper A, Garcia M, Petrovas C, Yamamoto T, Koup RA, Nabel GJ. HIV-1
causes CD4 cell death through DNA-dependent protein kinase during viral
integration. Nature. 2013;498:376-9.

Doitsh G, Galloway NL, Geng X, Yang Z, Monroe KM, Zepeda O, et al. Cell
death by pyroptosis drives CD4 T-cell depletion in HIV-1 infection. Nature.
2014;505:509-14.

Saez-Cirion A, Bacchus C, Hocqueloux L, Avettand-Fenoel V, Girault |, Lecuroux
C, et al. Post-treatment HIV-1 controllers with a long-term virological remission
after the interruption of early initiated antiretroviral therapy ANRS VISCONTI
Study. PLoS Pathog. 2013,9, e1003211.

Le T, Wright EJ, Smith DM, He W, Catano G, Okulicz JF, et al. Enhanced CD4+ T-cell
recovery with earlier HIV-1 antiretroviral therapy. N Engl J Med.
2013;368:218-30.

Buzon MJ, Martin-Gayo E, Pereyra F, Ouyang Z, Sun H, Li JZ, et al. Long-term
antiretroviral treatment initiated at primary HIV-1 infection affects the size,
composition, and decay kinetics of the reservoir of HIV-1-infected CD4 T
cells. J Virol. 2014;88:10056-65.

Chen Z, Laurence A, Kanno Y, Pacher-Zavisin M, Zhu BM, Tato C, et al. Selective
regulatory function of Socs3 in the formation of IL-17-secreting T cells. Proc
Natl Acad Sci U S A. 2006;103:8137-42.

Chung CD, Liao J, Liu B, Rao X, Jay P, Berta P, et al. Specific inhibition of
Stat3 signal transduction by PIAS3. Science. 1997,278:1803-5.

Nishihara M, Ogura H, Ueda N, Tsuruoka M, Kitabayashi C, Tsuji F, et al.
IL-6-gp130-STAT3 in T cells directs the development of IL-17+ Th with a
minimum effect on that of Treg in the steady state. Int Immunol.
2007;19:695-702.

Gattinoni L, Lugli E, Ji'Y, Pos Z, Paulos CM, Quigley MF, et al. A human memory
T cell subset with stem cell-like properties. Nat Med. 2011;17:1290-7.

Lugli £, Gattinoni L, Roberto A, Mavilio D, Price DA, Restifo NP, et al. Identification,
isolation and in vitro expansion of human and nonhuman primate T stem cell
memory cells. Nat Protoc. 2013,8:33-42.

Littman DR, Rudensky AY. Th17 and regulatory T cells in mediating and
restraining inflammation. Cell. 2010;140:845-58.

Seddiki N, Santner-Nanan B, Martinson J, Zaunders J, Sasson S, Landay A, et al.
Expression of interleukin (IL)-2 and IL-7 receptors discriminates between human
regulatory and activated T cells. J Exp Med. 2006,203:1693-700.

Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, et al. CD127 expression
inversely correlates with FoxP3 and suppressive function of human CD4+ T reg
cells. J Exp Med. 2006,203:1701-11.

Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, Niwa A, et al. Functional
delineation and differentiation dynamics of human CD4+ T cells expressing
the FoxP3 transcription factor. Immunity. 2009;30:899-911.

Valmori D, Merlo A, Souleimanian NE, Hesdorffer CS, Ayyoub M. A peripheral
circulating compartment of natural naive CD4 Tregs. J Clin Invest.
2005;115:1953-62.

Seddiki N, Santner-Nanan B, Tangye SG, Alexander SI, Solomon M, Lee S,

et al. Persistence of naive CD45RA+ regulatory T cells in adult life. Blood.
2006;107:2830-8.

Sereti |, Imamichi H, Natarajan V, Imamichi T, Ramchandani MS, Badralmaa Y,
et al. In vivo expansion of CD4CD45RO-CD25 T cells expressing foxP3 in IL-2-
treated HIV-infected patients. J Clin Invest. 2005;115:1839-47.

Weiss L, Letimier FA, Carriere M, Maiella S, Donkova-Petrini V, Targat B, et al.
In vivo expansion of naive and activated CD4 + CD25 + FOXP3+ regulatory T
cell populations in interleukin-2-treated HIV patients. Proc Natl Acad Sci U S
A. 2010;107:10632-7.

Chevalier MF, Weiss L. The split personality of regulatory T cells in HIV
infection. Blood. 2013;121:29-37.



DaFonseca et al. Retrovirology (2015) 12:38

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Duhen T, Duhen R, Lanzavecchia A, Sallusto F, Campbell DJ. Functionally
distinct subsets of human FOXP3+ Treg cells that phenotypically mirror
effector Th cells. Blood. 2012;119:4430-40.

Simonetta F, Lecuroux C, Girault |, Goujard C, Sinet M, Lambotte O, et al.
Early and long-lasting alteration of effector CD45RA(=)Foxp3(high) regulatory
T-cell homeostasis during HIV infection. J Infect Dis. 2012,205:1510-9.
Jenabian MA, Ancuta P, Gilmore N, Routy JP. Regulatory T cells in HIV
infection: can immunotherapy regulate the regulator? Clin Dev Immunol.
2012,2012:908314.

Sereti |, Estes JD, Thompson WL, Morcock DR, Fischl MA, Croughs T, et al.
Decreases in Colonic and Systemic Inflammation in Chronic HIV Infection
after IL-7 Administration. PLoS Pathog. 2014;10, e1003890.

Brenchley JM, Hill BJ, Ambrozak DR, Price DA, Guenaga FJ, Casazza JP, et al.
T-cell subsets that harbor human immunodeficiency virus (HIV) in vivo:
implications for HIV pathogenesis. J Virol. 2004;78:1160-8.

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

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.

Tran TA, de Goer de Herve MG, Hendel-Chavez H, Dembele B, Le Nevot E,
Abbed K et al. Resting regulatory CD4 T cells: a site of HIV persistence in patients
on long-term effective antiretroviral therapy. PLoS One. 2008;3, €3305.
Wightman F, Solomon A, Khoury G, Green JA, Gray L, Gorry PR, et al. Both
CD31(+) and CD31 naive CD4(+) T cells are persistent HIV type 1-infected
reservoirs in individuals receiving antiretroviral therapy. J Infect Dis.
2010;202:1738-48.

Oswald-Richter K, Grill SM, Shariat N, Leelawong M, Sundrud MS, Haas DW,
et al. HIV infection of naturally occurring and genetically reprogrammed
human regulatory T-cells. PLoS Biol. 2004;2, E198.

Antons AK, Wang R, Oswald-Richter K, Tseng M, Arendt CW, Kalams SA, et al.
Naive precursors of human regulatory T cells require FoxP3 for suppression
and are susceptible to HIV infection. J Immunol. 2008;180:764-73.

Loke P, Favre D, Hunt PW, Leung JM, Kanwar B, Martin JN, et al. Correlating
cellular and molecular signatures of mucosal immunity that distinguish HIV
controllers from noncontrollers. Blood. 2010;115:€20-32.

Weaver CT, Hatton RD. Interplay between the TH17 and TReg cell lineages:
a (co-Jevolutionary perspective. Nat Rev Immunol. 2009;9:883-9.

Wang X, Xu H, Gill AF, Pahar B, Kempf D, Rasmussen T, et al. Monitoring
alphadbeta? integrin expression on circulating CD4+ T cells as a surrogate
marker for tracking intestinal CD4+ T-cell loss in SIV infection. Mucosal
Immunol. 2009:2:518-26.

Dion ML, Poulin JF, Bordi R, Sylvestre M, Corsini R, Kettaf N, et al. HIV infection
rapidly induces and maintains a substantial suppression of thymocyte
proliferation. Immunity. 2004;21:757-68.

Boehm T, Swann JB. Thymus involution and regeneration: two sides of the
same coin? Nat Rev Immunol. 2013;13:831-8.

Deeks SG. HIV infection, inflammation, immunosenescence, and aging.
Annu Rev Med. 2011,62:141-55.

Vrisekoop N, van Gent R, de Boer AB, Otto SA, Borleffs JC, Steingrover R, et al.
Restoration of the CD4 T cell compartment after long-term highly active
antiretroviral therapy without phenotypical signs of accelerated immunological
aging. J Immunol. 2008,181:1573-81.

Lu |, Eberhard J, Ahmad F, Bhatnagar N, Behrens G, Jacobs R, et al. Elevated
CD57 and CD95 expressions are associated with lower numbers of CD4(+)

Page 23 of 23

recent thymic emigrants in HIV-1 infected immune responders following
antiretroviral treatment. Immunol Lett. 2014;158:1-6.

Roederer M. Compensation in flow cytometry. Curr Protoc Cytom.
2002,Chapter 1:Unit 1 14.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
¢ Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
* Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Phenotypically naive CD4+ T-cells from HIV-infected subjects are impaired in their Th17 polarization potential in�vitro
	Phenotypically naive CD25highCD127−FoxP3+ and CD25+CD127+FoxP3− T-cells preferentially acquire Th17 features in�vitro
	The frequency of nTregs and DP cells is reduced in HIV-infected subjects receiving ART
	The paucity of nTregs and DP cells in CI on ART subjects is associated with decreased proportions of memory Th17 and Tregs
	NTregs and DP cells are preferentially infected in HIV-infected subjects receiving ART
	Time of ART initiation and restoration of the Th17 deficit during chronic HIV infection

	Discussion
	Conclusions
	Methods
	Study population
	Ethics statement
	Antibodies and polychromatic flow cytometry analysis
	Magnetic (MACS) and fluorescence activated cell sorting (FACS)
	Th17 polarization in�vitro
	Intracellular staining for flow cytometry analysis
	ELISA quantification of IL-17A production
	Quantitative SYBR green real-time RT-PCR
	Real-time PCR quantification of Gag and integrated HIV-DNA
	Statistical analysis

	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

