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Th22 cells are efficiently recruited in the gut by CCL28
as an alternative to CCL20 but do not compensate for the
loss of Th17 cells in treated HIV-1-infected individuals
Manon Nayrac1, Mary Requena2, Claire Loiseau1,9, Michelle Cazabat2, Bertrand Suc3,4, Nicolas Carrere3,4, Karl Barange5,
Laurent Alric3,6,7, Guillaume Martin-Blondel1,3,8, Jacques Izopet1,2,3 and Pierre Delobel 1,3,8

Gut CD4+ T cells are incompletely restored in most HIV-1-infected individuals on antiretroviral therapy, notably Th17 cells, a key
subset in mucosal homeostasis. By contrast, gut Th22 cells are usually restored at normal frequencies. Th22 cells display a
CCR6+CCR10+ phenotype and could thus respond to CCL20- and CCL28-mediated chemotaxis, while Th17 cells, which express
CCR6 but not CCR10, depend on CCL20. Herein, we found that CCL28 is normally expressed by duodenal enterocytes of treated HIV-
1-infected individuals, while CCL20 expression is blunted. Ex vivo, we showed that Th22 cells contribute to the reduction of CCL20
production by enterocytes through an IL-22- and IL-18-dependent mechanism. Th22 cells preferentially migrate via CCL20- rather
than CCL28-mediated chemotaxis when both chemokines are available in the microenvironment. However, when the CCL20/CCL28
ratio drops, as in treated HIV-1-infected individuals, Th22 cells can migrate via the CCR10–CCL28 axis, as an alternative to
CCR6–CCL20. This could explain the better reconstitution of gut Th22 compared with Th17 cells on antiretroviral therapy. Lastly, we
assessed the relationships between the frequencies of gut Th17 and Th22 cells and inflammatory markers related to microbial
translocation, and showed that Th22 cells do not compensate for the loss of Th17 cells in treated HIV-1-infected individuals.
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INTRODUCTION
HIV-1 infection causes a deep alteration of the intestinal mucosa.
The gut contains numerous target cells for HIV-1, and thus
supports a high level of virus replication throughout infection.1–3 It
results in a severe depletion of intestinal CD4+ T cells and in a loss
of the mucosal barrier integrity, both of which are commonly
considered as critical contributors to chronic inflammation and
disease progression in HIV-1-infected individuals.4,5

Th17 cells are a key subset of CD4+ T cells in the intestinal
mucosa where they play an important role in mucosal defense
and homeostasis, but are also particularly targeted by HIV-1.6–11

Their depletion has been associated with microbial translocation
from the gut lumen during HIV-1 infection.4,12–14 Th17 and Th22
cells share a pivotal role in the prevention of microbial
translocation by stimulating epithelial cell renewal, maintaining
the integrity of intestinal tight junctions, and producing anti-
bacterial defensins.15–17 The functional differentiation of intestinal
Th17 cells has been shown to be dependent on the interactions
between the gut microbiota and mucosal cells, notably through
IL-22 and serum amyloid A proteins.18–20

Th17 cells are characterized by the expression of the transcrip-
tion factor RORγt, a CCR4+CXCR3−CCR6+CD161+ phenotype,
and a strong production of IL-17.6,21,22 Th22 cells share

CCR6 expression with Th17 cells but they differ regarding a
higher expression of the transcription factor AhR, the additional
expression of CCR10, and the preferential production of IL-22.15,23

Early in HIV-1 infection, both Th17 and Th22 cell subsets are
massively depleted in the intestinal mucosa, and the associated
loss of the intestinal immune barrier results in microbial
translocation events.17,24–27

Despite prolonged effective antiretroviral therapy, the recon-
stitution of gut Th17 cells remains incomplete in most HIV-1-
infected individuals.26–28 In contrast to Th17 cells, the frequency of
Th22 cells appears to be restored.25,26,29 We previously showed
that the recruitment of Th17 cells in the duodenal mucosa is
impaired in HIV-1-infected individuals receiving antiretroviral
therapy due to an alteration of CCR6-mediated chemotaxis as
the result of a reduced production of CCL20 by intestinal epithelial
cells (IECs).28 We found that Treg cytokines (IL-10 and TGF-β) and
Th1 cytokines (IFN-γ and IL-18) reduce CCL20 production by
enterocytes, while TNF-α, IL-1β, and IL-17A increase it.28,30

Th22 cells can migrate to the gut via CCR6- and/or CCR10-
mediated chemotaxis.15 CCL28, the main ligand for CCR10, is
produced by IECs, but CCL28 expression in the intestinal mucosa
of treated HIV-1-infected individuals is yet to be explored.31 The
restoration of Th22 cells in the gut mucosa despite a reduced
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production of CCL20 by enterocytes could indicate that an
effective CCR10–CCL28 axis represents a functional alternative for
the recruitment of Th22 cells in treated HIV-1-infected individuals.
In this study, the frequencies of Th17 and Th22 cells, as well as

the expression of CCL20 and CCL28, were measured in biopsies of
the duodenal mucosa from HIV-1-infected individuals receiving
prolonged effective antiretroviral therapy. Mechanisms underlying
the regulation of CCL20 and CCL28 expression by enterocytes
were next assessed by performing ex vivo cocultures between
Th17/Th22 cells and IECs. Herein, we showed that CCL28
expression and Th22 cell frequency in the duodenal mucosa are
similar between treated HIV-1-infected and uninfected individuals,
contrasting with the reduced CCL20 expression and Th17 cell
frequency observed in treated HIV-1-infected individuals. We
demonstrated that IL-22 could interfere with CCL20 production by
enterocytes via an IL-18-dependent mechanism and could thus
contribute to blunt Th17 cells recruitment. Th22 cells could
migrate via CCR6 or CCR10 depending on the CCL20/CCL28 ratio
in the microenvironment, suggesting fine tuning of the recruit-
ment of Th17 and Th22 cells in the gut mucosa. Lastly, we
assessed the relationships between the frequencies of gut Th17
and Th22 cells and inflammatory markers related to microbial
translocation, and showed that Th22 cells do not compensate for
the loss of Th17 cells in treated HIV-1-infected individuals.

RESULTS
A preserved frequency of Th22 cells contrasts with the loss of Th17
cells in the duodenal mucosa of treated HIV-1-infected individuals
We first assessed the frequencies of Th17 and Th22 cells in CD4+

T cells in the peripheral blood and the lamina propria of the
duodenum of HIV-1-infected individuals on prolonged effective
antiretroviral therapy. Th17 and Th22 cells were measured by flow
cytometry on the basis of their surface phenotype (Fig. 1a). We
found that the frequency of Th17 cells remained lower in the
duodenal mucosa of treated HIV-1-infected individuals compared
with uninfected controls, while it did not significantly differ in the
peripheral blood (2.8% vs. 2.3%, P= 0.631 in blood; 7.8% vs.
10.4%, P= 0.0002 in duodenum; Fig. 1b). The frequency of
Th1Th17 cells was also significantly lower in the duodenal mucosa
of treated HIV-1-infected individuals compared with uninfected
controls (Supplementary Fig. S1).
By contrast, the frequencies of Th22 cells in CD4+ T cells in the

peripheral blood and duodenal mucosa were similar between
treated HIV-1-infected individuals and uninfected controls (0.5%
vs. 0.7%, P= 0.280 in blood; 6.6% vs. 6.8%, P= 0.971 in
duodenum; Fig. 1c).
The frequencies of Th17 cells in the peripheral blood and

duodenal mucosa were not correlated (ρ=−0.08, P= 0.724;
Fig. 1d), while the frequencies of Th22 cells were positively
correlated between both compartments (ρ= 0.51, P= 0.020;
Fig. 1e). These results suggest significant differences between
Th22 and Th17 cells regarding their recruitment, renewal, and/or
survival rates in the duodenal mucosa of treated HIV-1-infected
individuals.

Preserved expression of CCL28 contrasts with reduced expression
of CCL20 by enterocytes in the duodenal mucosa of treated HIV-1-
infected individuals
The decreased frequency of Th17 cells in the duodenal mucosa of
treated HIV-1-infected individuals could be in part related to their
impaired recruitment through the CCR6–CCL20 chemotactic
axis.28 Th22 cells share CCR6 expression with Th17 cells but differ
regarding CCR10 expression. We thus investigated whether CCL28,
the main ligand of CCR10 produced by enterocytes, could
efficiently drive Th22 cell recruitment as an alternative to the
CCR6–CCL20 axis. CCL28 production was preserved in the
duodenal epithelium of treated HIV-1-infected individuals

compared with uninfected controls, as quantified by immunohis-
tochemistry (quantification of CCL28 per surface area, P= 0.325;
Fig. 2). This contrasts with the reduced production of CCL20 by
enterocytes in treated HIV-1-infected individuals.28

These results suggest that Th22 cell recruitment in the
duodenal mucosa could depend on the CCR10–CCL28 axis
while Th17 cell recruitment is blunted because of a defective
CCR6–CCL20 axis.

Ex vivo, Th22 cells decrease CCL20 but not CCL28 expression by
intestinal epithelial cells
To further explore the regulation of CCL20 and CCL28 expression
by enterocytes, we used an ex vivo model of primary human IECs
cultured on transwell inserts to assess the production of CCL20
and CCL28 by IECs.
CCL20 mRNA expression by IECs was increased up to sixfold

after stimulation by IL-17A, the main Th17 cytokine, while it was
decreased by twofold when stimulated with IL-22, the main Th22
cytokine (P < 0.05 for IL-17A and IL-22 stimulations; Fig. 3a). These
data demonstrate that IL-17A and IL-22 have opposing effects on
CCL20 expression by IECs. IL-17F had no significant impact on
CCL20 expression (data not shown), whereas TNF-α and IL-1β
strongly induced it, as already described.30

CCL28 mRNA expression by IECs was only weakly increased by
IL-17A and IL-22 stimulation (P < 0.05 for IL-17A and P < 0.01 for IL-
22 stimulation; Fig. 3b), and not significantly modulated by IL-17F,
TNF-α, and IL-1β in our model of culture of primary human small
intestine cells (data not shown).
We next assessed the global effect of the cytokines produced by

Th17 and Th22 cells by coculturing IECs and sorted Th17 or Th22
cells, added in the bottom chamber of transwells to mimic
interactions between IECs and lymphocytes in the intestinal
mucosa.
Because of some overlap in the cytokines that can be produced

by Th17 and Th22 cells, we first quantified the levels of IL-17A and
IL-22 produced by each cell subset sorted on the basis of their
surface phenotype. Th22 cells produced fourfold more IL-22 than
Th17 cells did, while the inverse was found for IL-17A which was
produced fourfold more by Th17 than by Th22 cells (P= 0.025 for
both comparisons; Supplementary Fig. S2a,b). In agreement with
cytokine production, the expression of the AhR/RORc ratio was
higher in Th22 than in Th17 cells (P= 0.009; Supplementary
Fig. S2c).
In coculture experiments, CCL20 mRNA expression was reduced

by twofold in Th22:IEC cocultures relatively to Th17:IEC cocultures,
while CCL28 mRNA expression was no different (P= 0.022 for
CCL20 and P= 0.575 for CCL28; Fig. 3c), in agreement with the
results of cytokines stimulation. These results were confirmed at a
protein level, with a twofold reduction of the median production
of CCL20 in Th22:IEC cocultures compared with Th17:IEC
cocultures (P= 0.038; Fig. 3d), while CCL28 production was similar
(P= 0.497; Fig. 3e).

IL-22 and IL-18 cooperate in blunting CCL20 expression by IECs
We previously demonstrated that IL-18 downregulates CCL20
expression by IECs.30 As already reported, IL-22 can induce IL-18
expression in IECs, suggesting that IL-22 may induce indirect
downregulation of CCL20 via IL-18.32 Indeed, in our model of
culture of primary human small intestine cells, IL-22 induced a
tenfold increase of pro-IL-18 mRNA expression by IECs (P < 0.05;
Fig. 4a). We thus assessed the respective effects of IL-22 and IL-18
in blunting CCL20 production by IECs in Th22:IEC cocultures.
Blockade of IL-22 biological effect using IL-22 binding protein (IL-
22BP) almost totally abolished the downregulation of CCL20
expression in Th22:IEC cocultures relative to Th17:IEC (Fig. 4b). This
demonstrates that IL-22 is required for CCL20 downregulation in
Th22:IEC cocultures. However, the effect of IL-22 appears to be
mostly indirect through the induction of IL-18 by IECs, as blockade
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of IL-18 biological effect using IL-18BP also abolished the
downregulation of CCL20 expression in Th22:IEC cocultures
relatively to Th17:IEC cocultures (Fig. 4b). Thus, IL-22 down-
regulates CCL20 expression in enterocytes via an IL-18-mediated,
indirect mechanism.

Th22 cells migrate via CCR6 or CCR10 depending on the CCL20/
CCL28 ratio
Finally, we assessed the global effect of the chemokines present in
the microenvironment of the intestinal mucosa on the recruitment
of Th17 and Th22 cells. We performed cell migration assays to
assess the chemotaxis of Th17 and Th22 cells using conditioned
medium from Th17:IEC or Th22:IEC cocultures, reflecting a Th17 or
Th22 microenvironment, respectively.
Th17 cell recruitment was significantly lower in a Th22

microenvironment than in a Th17 one (P= 0.025, Fig. 5a), in

agreement with our results showing that IL-22 reduced the
production of CCL20 by enterocytes. By contrast, Th22 cell
recruitment was similar in a Th22 microenvironment compared
with a Th17 one (P= 0.575, Fig. 5b). The median CCL20/CCL28
ratio was twofold higher in the medium of Th17:IEC vs. Th22:IEC
cocultures (0.29 and 0.15, respectively, P= 0.043, Fig. 5c).
Th17 cells recruitment depends on the CCR6–CCL20 axis as

blocking the biological effect of the CCL20 chemokine by a
neutralizing antibody significantly blunted Th17 cells recruitment
(P < 0.05 for all CCL20 blocking conditions), while blocking CCL28
did not have any effect, in either a Th17 (Fig. 5d) or Th22
microenvironment (Fig. 5e). CCR6 expression was downregulated
in response to its occupancy by CCL20, while it was not modified
by CCL28 (Supplementary Fig. S3), in agreement with the absence
of interference of CCL28 in Th17 cells recruitment through the
CCR6–CCL20 axis.

a b

c

d e

Fig. 1 Frequencies of Th17 and Th22 cells in CD4+ T cells of the peripheral blood and duodenal mucosa. a Flow cytometry gating strategy
for Th17 (CXCR3− CCR4+ CCR6+ CD161+) and Th22 cells (CXCR3− CCR4+ CCR6+ CD161− CCR10+), both gated on CD3+CD4+ cells. A
representative HIV-1-infected individual is shown. There were no significant differences in FACS gating between HIV-1-infected and
uninfected individuals (data not shown). b Th17 and c Th22 cells frequencies in CD4+ T cells in the peripheral blood (PB) and duodenal
mucosa of treated HIV-1-infected (n= 10) and uninfected individuals (n= 10). Percentage of cells was determined by flow cytometry. Groups
were compared with the Wilcoxon’s rank-sum test. Median bars are shown. Correlation between the peripheral blood and duodenal mucosa
frequencies of d Th17 and e Th22 cells (ten treated HIV-1-infected and ten uninfected individuals). Each symbol represents one individual.
HIV-1−, white symbol; HIV-1+, black symbol. Correlations were estimated by calculating Spearman’s rank correlation coefficients.
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Th22 recruitment appears to depend on the CCL20/CCL28 ratio in
the microenvironment. When the CCL20/CCL28 ratio was sufficient,
i.e., in a Th17 microenvironment, Th22 cells migrated mainly via the

CCR6–CCL20 axis, as blocking CCL20 significantly blunted their
recruitment (P< 0.05 for all CCL20 blocking conditions), while
blocking CCL28, alone or in addition to blocking CCL20, did not
have any significant impact (Fig. 5f). By contrast, when the CCL20/
CCL28 ratio was too low, i.e., in a Th22 microenvironment, Th22 cells
migrated mainly via the CCR10–CCL28 axis, as blocking
CCL28 significantly blunted their recruitment (P < 0.05 for all CCL28
blocking conditions), while blocking CCL20, alone or in addition to
blocking CCL28, did not have any significant impact (Fig. 5g).
When varying the CCL20/CCL28 ratio, the migration rate of Th17

cells linearly increased in parallel with CCL20 concentrations, but
was null in the presence of CCL28 alone, in agreement with the
dependence of Th17 cells on CCL20- but not CCL28-mediated
chemotaxis (P < 0.0001; Fig. 5h). By contrast, Th22 cells migration
could depend on both CCL20 and CCL28. When migration assay
was performed with constant concentration of CCL28 and
relatively low concentration of CCL20, the migration rate of
Th22 cells remained constant (Fig. 5i). However, with higher
concentrations of CCL20, the migration rate of Th22 cells
progressively increased, suggesting that a significant threshold
of CCL20 concentration is required for recruiting Th22 cells
through the CCR6–CCL20 axis, in addition or in replacement of
CCL28-mediated chemotaxis (P= 0.015; Fig. 5i).

HIV-1– HIV-1+

Fig. 2 Expression of CCL28 by enterocytes in the duodenal
mucosa. CCL28 production in the duodenal mucosa of treated HIV-
1-infected (n= 10) and uninfected individuals (n= 10). Chemokine
expression was quantified per surface unit of epithelium using NIS-
element (Nikon). CCL28 (red) was stained by immunohistochemistry
on an ApoTome (Zeiss, original magnification ×63). Cell nuclei were
counterstained (DAPI, blue). Representative treated HIV-1-infected
and uninfected individuals are shown. Groups were compared with
the Wilcoxon’s rank-sum test. Median bars are shown.

a b

c d e

Fig. 3 Impact of the interactions between IL-17A/Th17 cells and IL-22/Th22 cells on CCL20 and CCL28 expression by enterocytes. Effect of
IL-17A (white bars) and IL-22 (gray bars) on a CCL20 and b CCL28 mRNA expression by enterocytes. Monolayers of differentiated human
primary enterocytes on transwell inserts were stimulated by 0.5, 5, and 50 ng/mL of cytokine. CCL20 and CCL28 mRNA was quantified in the
enterocytes by qRT-PCR. CCL20 and CCL28 expression following cytokine stimulation was normalized relatively to the expression in
unstimulated epithelial cells (set to 1) and expressed as fold change (log2 scale). Presented data were obtained from at least eight
independent experiments performed with different donors. Cuzick’s test for trend was used to compare chemokine expression across the
increasing concentrations of cytokines (the corresponding P value is shown on the line above the IL17-A and IL-22 bars); paired Wilcoxon’s test
was used to compare chemokine expression upon stimulation vs. unstimulated condition (intradonor pairing); P value is shown above each
bar; *P < 0.05; **P < 0.01. Means and SEM are shown. c Effect of Th22:IEC coculture on CCL20 and CCL28 mRNA expression by enterocytes.
Enterocytes were cocultured with FACS-sorted Th22 or Th17 cells, added in the bottom chamber for 15 h. CCL20 and CCL28 mRNA were
quantified in the enterocytes by qRT-PCR. CCL20 and CCL28 expression in Th22:IEC coculture was normalized relatively to the expression in
Th17:IEC coculture (set to 1) and expressed as fold change (log2 scale). Enterocytes production of d CCL20 and e CCL28 proteins in Th22:IEC
and Th17:IEC cocultures. CCL20 and CCL28 were quantified in the bottom chamber by ELISA. Presented data were obtained from ten
independent experiments performed with different donors. Paired Wilcoxon’s test was used to compare CCL20 and CCL28 in Th22:IEC vs.
Th17:IEC cocultures (intradonor pairing); *, P < 0.05. IEC, intestine epithelial cells. Means and SEM are shown.
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The proliferation and apoptosis rates of Th17 and Th22 cells, as
indicated by expression of Ki-67 and Annexin V, were not
significantly changed upon CCL20 and CCL28 stimulation
ex vivo (Supplementary Fig. S4a, b). Thus, differences in the
recruitment, rather than in proliferation and/or survival, probably
best explain the impact of CCL20 and CCL28 chemokines on the
observed frequencies of Th17 and Th22 cells.
Taken together, these results suggest that in a setting where

CCL20 is low, such as in treated HIV-1-infected individuals, Th22
cells could use the alternative CCR10–CCL28 chemotactic axis to
migrate to the gut mucosa instead of the altered CCR6–CCL20
axis. Further, Th22 cells contribute to blunted CCL20-mediated
recruitment of Th17 cells in the gut mucosa by an IL-22- and IL-18-
dependant mechanism. This could explain why Th22 cells are
better restored than Th17 cells in the gut mucosa of HIV-1-
infected individuals on antiretroviral therapy.

Preserved Th22 cells in the duodenal mucosa do not compensate
for the loss of Th17 cells regarding microbial translocation and
inflammation in treated HIV-1-infected individuals
Both Th17 and Th22 cells normally contribute to mucosal defense,
by preserving the integrity of the mucosal barrier, and thus
preventing microbial translocation, but their respective roles
remain unclear in this setting where a preserved frequency of
Th22 cells contrasts with the lack of Th17 cells.
We quantified the plasmatic concentration of sCD14 and

sCD163, two systemic markers associated with microbial translo-
cation, inflammation, and mortality in HIV-1-infected indivi-
duals.33,34 The levels of sCD14 and sCD163 were significantly
higher in treated HIV-1-infected individuals compared with
uninfected controls (P= 0.0003 for both markers, Fig. 6a, b). The
blood CD4/CD8 T-cell ratio, a parameter associated with chronic
inflammation and non-AIDS-related morbidity on antiretroviral
therapy, remained lower in treated HIV-1-infected individuals
compared with uninfected controls (P= 0.001, Fig. 6c).35

The frequency of Th17 cells in the duodenal mucosa
was negatively correlated with the blood concentrations of both
sCD14 and sCD163 (ρ=−0.63, P= 0.003, and ρ=−0.75,

P= 0.0001, respectively; Fig. 6d, e), underlining the key role of
gut Th17 cells in mucosal defense. The frequency of Th17 cells in
the duodenal mucosa was also positively correlated with the CD4/
CD8 T-cell ratio in peripheral blood (ρ= 0.60, P= 0.007, Fig. 6f). By
contrast, the frequency of Th22 cells in the duodenal mucosa was
not associated with any of these markers (Fig. 6g–i). These results
suggest that Th22 cells do not functionally compensate for the
loss of Th17 cells regarding microbial translocation and subse-
quent inflammation.

DISCUSSION
Herein, we showed that Th22 cell frequency is restored in the
lamina propria of the duodenal mucosa of HIV-1-infected
individuals receiving prolonged effective antiretroviral therapy
initiated at the chronic phase, contrasting with the persistent
depletion of Th17 cells.
Th22 cells can migrate along the CCR6–CCL20 and

CCR10–CCL28 chemotactic axes, while Th17 cells depend on the
CCR6–CCL20 axis only.6,31,36 We previously found that CCL20
production by enterocytes is reduced in the duodenal mucosa of
treated HIV-1-infected individuals, impairing the recruitment of
CCR6+ cells, notably Th17 cells.28 By contrast, we found here that
CCL28 production by enterocytes is not altered in treated HIV-1-
infected individuals, and that it could allow the effective
recruitment of CCR10+ cells, such as Th22 cells, in the gut as an
alternative pathway to the CCR6–CCL20 axis. We found that Th22
cells preferentially used the CCR6–CCL20 axis when enough CCL20
is present in the microenvironment, but switch to the
CCR10–CCL28 axis when the CCL20/CCL28 ratio drops, as it
appears to be the case in the duodenal mucosa of treated HIV-1-
infected individuals. It could be hypothesized that there is some
functional interference between CCR6 and CCR10 on Th22 cells.
Heterodimerization between chemokine receptors has already
been described, notably between CCR2, CCR5, and CXCR4, but
CCR6/CCR10 heterodimerization remain to be demonstrated.37–39

In preliminary experiments, we observed a down-modulation of
the CCR10–CCL28 chemotactic axis when CCR6 is occupied by

a b

Fig. 4 Role of IL-18 in the IL-22-induced decrease of CCL20 expression by enterocytes. a Effect of IL-22 on the expression of pro-IL-18mRNA
by enterocytes. Pro-IL-18 mRNA was quantified in the enterocytes by qRT-PCR and expressed as fold change expression compared with
unstimulated enterocytes (log2 scale). b Impact of IL-22BP and IL-18-BP (IL-22 and IL-18 antagonists, respectively) on CCL20 mRNA expression
by enterocytes in Th22:IEC coculture. Enterocytes were cocultured with FACS-sorted Th22 or Th17 cells, added in the bottom chamber for 15
h. CCL20 mRNA was quantified in the enterocytes by qRT-PCR. CCL20 expression in Th22:IEC coculture was normalized relatively to the
expression in Th17:IEC coculture (set to 1) and expressed as fold change (log2 scale). Presented data were obtained from six to ten
independent experiments performed with different donors. Paired Wilcoxon’s test was used to compare IL-18 expression upon stimulation vs.
unstimulated condition, and to compare CCL20 expression in the various Th22:IEC coculture conditions vs. Th17:IEC coculture (intradonor
pairing); P value is shown above each bar; *P < 0.05. IEC, intestine epithelial cells. Means and SEM are shown.
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CCL20, suggesting a possible cross-desensitization, deserving
further studies.
We also showed that IL-22, the main cytokine produced by Th22

cells, reduced CCL20 production in enterocytes through an
indirect IL-18-mediated mechanism. The production of IL-18 by

enterocytes in response to IL-22 contributes to reduced produc-
tion of CCL20 by enterocytes. However, IL-18 also links Th22 to
Th1 cells, as it increases the production of IFN-γ by Th1 cells. We
recently reported that Th1 cells are increased in the duodenal
mucosa of treated HIV-1-infected individuals, and IFN-γ also

a

d

f

h i

g

e

b c
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contributes to reducing CCL20 production by enterocytes.30 Th22
and Th1 cells could thus synergize in blunting CCL20-mediated
recruitment of Th17 cells.
Th17 and Th22 cells both contribute to maintaining the

integrity of the intestinal epithelium barrier and to inducing the
production of antibacterial defensins by enterocytes.15–17 How-
ever, microbial translocation events, as assessed directly by
lipopolysaccharide levels, or indirectly by sCD14 and sCD163
levels in the blood, remain more frequent in treated HIV-1-
infected individuals than in uninfected controls.33,34,40 These
findings suggest that the integrity of intestinal immune barrier
is not fully restored despite prolonged antiretroviral therapy.
Herein, we found that the frequencies of Th17 but not Th22 cells
in the duodenal mucosa were negatively correlated with sCD14
and sCD163 levels in peripheral blood, and positively correlated
with the CD4/CD8 T-cell ratio. These results suggest that the
reconstitution of Th22 cells does not functionally compensate for
the persistent depletion of Th17 cells in the gut mucosa.
Whether residual HIV-1 infection events could also contribute to

the preferential depletion of Th17 cells in treated HIV-1-infected
individuals remains to be seen. In preliminary experiments of HIV-
1 infection of gut histocultures ex vivo, Th22 cells seem less
susceptible to infection by R5-tropic viruses than Th17 cells, with
HIV-1 DNA levels being about 0.5log lower in Th22 compared with
Th17 cells (data not shown). Th22 cells in the duodenal mucosa
express slightly lower levels of CCR5, the main coreceptor for HIV-
1 entry, compared with Th17 cells (data not shown). The
transcription factor AhR could play a role in reducing the
susceptibility of Th22 cells to HIV-1 infection, but this has only
been demonstrated in macrophages to date.41 The mechanisms
involved in, and the consequences of, the possible reduced
susceptibility of Th22 cells to HIV-1 infection demand further
studies. Difference in cell-associated HIV-1 DNA levels between
gut Th17 and Th22 cells in HIV-1-infected individuals should be
investigated.
Most studies on mucosal Th17 cells in HIV-1-infected individuals

have been performed on samples from the rectum or the
distal colon, and the cervix, while we studied here the duodenal
mucosa.10,13,25,42,43 The various segments of the gastrointestinal
tract present significant differences regarding the composition of
the gut microbiota and metabolites and their interactions with the
epithelium, depending notably on the presence or not of a mucus
layer, as in the colon but not in the small intestine. But there are
also differences regarding the chemotactic axes involved in
immune cells recruitment, and the frequencies of the different
T-cell subsets, with maximum frequency of Th17 cells in the small
intestine.44 The conclusions drawn from studies sampled at
different levels of the gastrointestinal tract could thus differ
significantly.
In conclusion, we demonstrated here that Th22 cells could use

the CCR10–CCL28 chemotactic axis to migrate in the duodenal
mucosa, as an alternative to the defective CCR6–CCL20 axis. Th22
cells also contribute to reduced CCL20 production in enterocytes
through an IL-22- and IL-18-dependent mechanism. This could
contribute to the better reconstitution of Th22 than Th17 cells on

antiretroviral therapy. However, residual microbial translocation
and inflammation persist in treated HIV-1-infected individuals.

METHODS
Subjects and samples
The ANRS EP61 GALT study recruited HIV-1-infected individuals on
prolonged effective antiretroviral therapy and uninfected controls
at Toulouse University Hospital, France. Herein, we studied ten
HIV-1-infected individuals and ten uninfected controls for whom
biopsies of duodenal mucosa and blood samples had been
collected. The HIV-1-infected individuals received combined
antiretroviral therapy initiated at the chronic stage of infection,
with a median nadir CD4+ T-cells count of 240 cells/µl
(interquartile range [IQR], 188–250 cells/µL). They maintained
sustained undetectable plasma HIV-1 RNA load (<30 copies/mL)
on continuous antiretroviral therapy for a median of 4.3 years (IQR,
3.1–8.9 years). Their median CD4+ T-cells count at sampling time
was of 734 cells/µL (IQR, 612–903 cells/µL). All individuals were
free of inflammatory or lymphoproliferative bowel disease on
histopathologic examination. Clinical characteristics for HIV-1-
infected individuals and uninfected controls are summarized in
Supplementary Tables S1 and S2, respectively.

Ethics statement
The study was approved by the Institutional Review Board CPP
Sud-Ouest et Outre-Mer I. All participants provided informed
consent (trial registration number NCT02906137).

Isolation of CD4+ T lymphocytes from the intestine mucosa
Duodenal biopsies (n= 5, pooled) were digested with 0.5 mg/mL
collagenase type II-S (Sigma-Aldrich). T lymphocytes were isolated
by positive selection (EasySep Human CD2 Positive Selection Kit,
Stemcell).

Immunophenotyping of T lymphocytes
Flow cytometry analyses were performed on a BD Fortessa driven
by the FACSDiva software (BD Biosciences). Th17 (CD3+CD4+

CXCR3−CCR4+CCR6+CD161+), Th22 (CD3+CD4+CXCR3−CCR4+

CCR6+CD161−CCR10+), Th1 (CD3+CD4+CXCR3+CCR4−CCR6−),
Th1Th17 (CD3+CD4+CXCR3+CCR4−CCR6+CD161+), and Th2
(CD3+CD4+CXCR3−CCR4+CCR6−) were stained with anti-human
CD3-BV650 (clone OKT3) (Biolegend); anti-CD4-PECy7 (SK3),
anti-CCR4-PE (1G1), anti-CCR6-BV786 (11A9) (all from BD Bios-
ciences); CD161-eFluor450 (HP-3G10) (eBiosciences); anti-CXCR3-
PE-CF594 (REA232), and anti-CCR10-APC (REA326) (Miltenyi) mAbs.
Gating strategies are shown in Fig. 1 for Th17 and Th22 cells, and
in Supplementary Fig. S1 for Th1, Th1Th17, and Th2 cells.

Immunohistochemistry
Fresh tissues were fixed in 4% neutral buffered formalin and
embedded in paraffin. Sections (3 µm) were stained with hematox-
ylin and eosin. Immunohistochemistry for CCL28 was performed
using a mouse anti-human CCL28 mAb (62714, R&D) and a goat
anti-mouse IgG (H+ L) highly cross-adsorbed secondary antibody

Fig. 5 Chemotaxis of Th17 and Th22 cells in response to the CCL20/CCL28 ratio in the microenvironment. Cell migration rate of a Th17
and b Th22 cells in response to a conditioned medium from Th17:IEC vs. Th22:IEC coculture (fold change relatively to a control medium from
unstimulated enterocytes). c CCL20/CCL28 ratio in the medium of Th17:IEC vs. Th22:IEC coculture (CCL20 and CCL28 chemokines were
quantified by ELISA). Cell migration rate of d, e Th17 and f, g Th22 cells in response to d, f a conditioned medium from Th17:IEC coculture and
e, g a conditioned medium from Th22:IEC coculture relatively to a control medium from unstimulated enterocytes. Anti-CCL20 and anti-CCL28
mAbs were used to antagonize CCL20- and CCL28-mediated chemotaxis, respectively. Cell migration rate of h Th17 and i Th22 cells in
response to varying CCL20/CCL28 ratio (0:100% to 100:100% of maximum chemotactic activity), relatively to a control medium from
unstimulated enterocytes. The number of cells migrating through the 5-µm-pore membrane in 15 h was counted. Experiments were repeated
three to six times with different donors. Kruskall–Wallis’s test was used for assessing a difference between all the conditions, and then paired
Wilcoxon’s test was used to assess differences between unblocked/blocked conditions in each experiment. IEC intestine epithelial cells. Means
and SEM are shown.
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coupled with Alexa Fluor Plus 555 (Thermo Fisher) on an ApoTome
(Zeiss, original magnification ×63). CCL28 production by the
epithelium was quantified using NIS-element (Nikon) and the Zen
software in a blinded fashion regarding HIV-1 infection status.

Quantification of sCD14 and sCD163
Soluble CD14 (sCD14) and sCD163 were quantified in plasma by
ELISA (DC140, R&D systems; IQP-383, Eurobio, respectively).

Isolation, culture, and differentiation of IEC
IEC were isolated from upper small bowel surgical resections
obtained from individuals free of HIV infection and inflammatory
bowel diseases. Intestinal tissue was digested using collagenase,
dispase, and DNAse. Epithelial cells were subsequently isolated by
magnetic positive selection (Human EpCAM positive selection kit,
Stemcell). Cell purity was >95% by flow cytometry (anti-EpCAM
mAb, Stemcell). Cells were placed in gelatin-coated wells (Corning
BioCoat) and cultured in DMEM:F-12 (1:1), 5% FBS, 1% PSA,
supplemented with HCM Single Quote kit (Lonza). Epithelial cells
were cultured and expanded ex vivo up to five passages. For
experimental purposes, primary IEC were cultured and differentiated
on transwell inserts (0.4-µm-pore polycarbonate membranes coated

with Corning Matrigel) at 4 × 105 cells per insert in DMEM:F-12 (1:1),
5% FBS, 1% PSA, with ITS media supplement (Sigma-Aldrich) and 5
ng/mL EGF for 2 days. FBS was then removed from the medium,
while hydrocortisone and 3,3′,5-triiodo-L-thyronine (Sigma-Aldrich)
were added. This resulted in monolayers of differentiated epithelial
cells expressing cytokeratin (CK)-18 and CK-20, EpCAM, and tight
junctions revealed by continuous ZO-1 staining, as already
published.28 The integrity of the epithelium was checked by
measuring the transepithelial electrical resistance between the
apical and basolateral sides of the monolayer (mean: 450Ω/cm2, as
assessed using Millicell ERS-2, Millipore).

Ex vivo stimulation of primary IEC by cytokines
Primary IEC cultured on transwell inserts were stimulated for 15 h
with 0.5, 5, or 50 ng/mL of human IL-17A, IL-17F, IL-22, TNF-α, and
IL-1β (Miltenyi) added into the bottom chamber.

Th17 and Th22 cell sorting and coculture with primary IEC
Th17 and Th22 cells were sorted by flow cytometry on a FACSARIA
II (BD Biosciences) from PBMCs of uninfected donors. Gating
strategy is shown in Fig. 1. Purity of sorted Th17 and Th22 cells
was >99% (data not shown). Sorted Th17 or Th22 cells were

a

d

g h i

e f

b c

Fig. 6 Correlations between the frequencies of Th17 and Th22 cells in the duodenal mucosa and systemic inflammatory markers. Levels
of a sCD14, b sCD163, and c CD4/CD8 T-cells ratio in peripheral blood of treated HIV-1-infected (n= 10) and uninfected individuals (n= 10 for
sCD14 and sCD163; n= 9 for the CD4/CD8 T-cell ratio). sCD14 and sCD163 were quantified in plasma by ELISA. The CD4/CD8 T-cells ratio was
measured in peripheral blood by flow cytometry. Groups were compared with the Wilcoxon’s rank-sum test. Median bars are shown.
Correlations between the frequency of Th17 cells in the duodenal mucosa and d sCD14, e sCD163, and f CD4/CD8 T-cells ratio in peripheral
blood. Lack of correlation between the frequency of Th22 cells in the duodenal mucosa and g sCD14, h sCD163, and i CD4/CD8 T-cells ratio in
peripheral blood. (n= 10 treated HIV-1-infected and n= 10 uninfected individuals for sCD14 and sCD163 or n= 9 uninfected individuals for
the CD4/CD8 T-cell ratio). Each symbol represents one individual. HIV-1−, white symbol; HIV-1+, black symbol. Correlations were estimated by
calculating Spearman’s rank correlation coefficients.
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expanded ex vivo for 5–7 days following CD3/CD28 stimulation
(Dynabeads, Thermo Fisher) in CTS OpTmizer medium (Thermo
Fisher). To maintain their polarization, Th17 cells were expanded
in medium supplemented with IL-2 (50 UI/mL), IL-1ß (10 ng/mL),
and IL-23 (10 ng/mL; all from Miltenyi). Th22 cells were expanded
in medium supplemented with IL-2 (50 UI/mL), IL-6 (20 ng/mL),
and TNF-α (50 ng/mL; all from Miltenyi). The Th17 and Th22
phenotype was maintained regarding chemokine receptors
expression, as assessed by flow cytometry, when compared with
freshly sorted cells (data not shown). IL-17A and IL-22 production
was quantified by ELISA (R&D Systems). AhR and RORc transcrip-
tion factors expression was quantified in sorted cells by qRT-PCR
(Taqman gene expression assays, Thermo Fisher). Th17 and Th22
cells were activated with PMA/ionomycin for 6 h before being
added to the bottom chamber of transwells for coculture with IEC
(1 × 105 Th cells:4 × 105 IEC) during 15 h. IL-18BP (1 µg/mL, R&D
systems) and IL-22BP (0.2 µg/mL, R&D systems) were used to
antagonize the biological effect of IL-18 and/or IL-22, respectively.

Measure of the proliferation and apoptosis rates of Th17
and Th22 cells
Th17 and Th22 cells were cultured overnight in presence of CCL20
and/or CCL28 recombinant proteins (R&D Systems) and stained
with Annexin V-FITC and Propidium Iodide (556547, BD Bios-
ciences) to measure apoptosis, and with anti-Ki67-FITC (556026,
BD Biosciences) to measure proliferation, by flow cytometry.

RT-PCR quantification of chemokine mRNAs
RNA was extracted from primary IEC using the RNeasy minikit
(Qiagen). CCL20, CCL28, and proIL-18 mRNA quantification was
performed on a LightCycler 480 (Roche) (ΔΔCt method) using
primers designed to amplify a fragment encompassing a spliced
region of mRNA. Expression was normalized to GAPDH mRNA.

Quantification of chemokines
CCL20 and CCL28 were quantified by ELISA (R&D Systems) in the
medium of coculture experiments.

Cell migration assay
Sorted Th17 and Th22 cells were loaded in the upper chamber of a
24-well transwell plate (5 µm polycarbonate membranes) at 3 ×
105 Th cells in 150 µL of CTS OpTmizer medium (Life Technology).
Control medium from unstimulated enterocytes or conditioned
medium from Th17:IEC or Th22:IEC cocultures was loaded in the
bottom chamber. Anti-CCL20 (10 µg/mL, MAB360, R&D Systems)
or anti-CCCL28 (10 µg/mL, MAB717, R&D Systems) mAbs were
used to antagonize CCL20- and CCL28-driven chemotaxis,
respectively. In gradient experiments, CCL20 and CCL28 recombi-
nant proteins (R&D Systems) were loaded in the bottom chamber
with a CCL20/CCL28 ratio varying from 0:100% to 100:100% of
their maximum chemotactic activity (10 and 200 ng/mL, respec-
tively). Migration assay was performed overnight at 37 °C, and
then cells in the lower chamber were counted.

Statistical analyses
Quantitative variables were compared using the Kruskall–Wallis’s
or the Wilcoxon’s rank-sum test. Correlations were estimated by
calculating Spearman’s rank correlation coefficients. Cuzick’s test
was used to assess for a trend across ordered groups. Paired
Wilcoxon’s test was used for intradonor comparisons between
different conditions in IEC cultures. All tests were two-sided, and
P values < 0.05 were considered statistically significant. Statistical
analyses were performed with Stata 16.0.
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