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A. Cohen, Cécile

Tremblay,

Petronela Ancuta

petronela.ancuta@umontreal.

ca

Highlights
IL-17A acts in synergy with

TNF to enhance CCL20

production in IEC

exposed to HIV

IL-17A/TNF-activated IEC

efficiently promote HIV

trans-infection of CD4+ T

cells

IL-17A reprograms IEC to

boost HIV outgrowth from

CD4+ T cells of ART-

treated PLWH

IL-17A decreases the

expression of IFN-I-

induced HIV restriction

factors in IEC

Wiche Salinas et al., iScience
24, 103225
November 19, 2021 Crown
Copyright ª 2021

https://doi.org/10.1016/

j.isci.2021.103225

mailto:petronela.ancuta@umontreal.ca
mailto:petronela.ancuta@umontreal.ca
https://doi.org/10.1016/j.isci.2021.103225
https://doi.org/10.1016/j.isci.2021.103225
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103225&domain=pdf


iScience

Article

IL-17A reprograms intestinal epithelial
cells to facilitate HIV-1 replication
and outgrowth in CD4+ T cells

Tomas Raul Wiche Salinas,1,2 Annie Gosselin,1 Laurence Raymond Marchand,1 Etiene Moreira Gabriel,1,2

Olivier Tastet,1 Jean-Philippe Goulet,3 Yuwei Zhang,1 Dragos Vlad,1 Hanane Touil,1,2 Jean-Pierre Routy,4

Mariana G. Bego,2,5 Mohamed El-Far,1 Nicolas Chomont,1,2 Alan L. Landay,6 Éric A. Cohen,2,5

Cécile Tremblay,1,2 and Petronela Ancuta1,2,7,*

SUMMARY

The crosstalk between intestinal epithelial cells (IECs) and Th17-polarized CD4+

T cells is critical for mucosal homeostasis, with HIV-1 causing significant alter-
ations in people living with HIV (PLWH) despite antiretroviral therapy (ART). In
a model of IEC and T cell co-cultures, we investigated the effects of IL-17A, the
Th17 hallmark cytokine, on IEC ability to promote de novo HIV infection and viral
reservoir reactivation. Our results demonstrate that IL-17A acts in synergy with
TNF to boost IEC production of CCL20, a Th17-attractant chemokine, and pro-
mote HIV trans-infection of CD4+ T cells and viral outgrowth from reservoir cells
of ART-treated PLWH. Importantly, the Illumina RNA-sequencing revealed an IL-
17A-mediated pro-inflammatory and pro-viral molecular signature, including a
decreased expression of type I interferon (IFN-I)-induced HIV restriction factors.
These findings point to the deleterious features of IL-17A and raise awareness for
caution when designing therapies aimed at restoring the paucity of mucosal Th17
cells in ART-treated PLWH.

INTRODUCTION

The implementation of viral-suppressive antiretroviral therapy (ART) transformed the HIV-1 epidemics into

amanageable chronic viral infection (Barre-Sinoussi et al., 2013; Ghosn et al., 2018). However, ART is unable

to cure infection in people living with HIV (PLWH) (Cohn et al., 2020; Lederman et al., 2016; Margolis et al.,

2020; Sengupta and Siliciano, 2018) and to reverse the state of chronic immune activation that leads to pre-

mature aging and non-AIDS co-morbidities (Clifford and Ances, 2013; El-Far and Tremblay, 2018; Gabuzda

et al., 2020). This justifies the need for the identification of new therapeutic interventions toward an HIV cure

(Deeks et al., 2016).

The gut-associated lymphoid tissues (GALTs) play a unique role during primary HIV/SIV transmission but

also during chronic infections (Brenchley et al., 2006; Grossman et al., 2006). Although it is well-established

that GALT-infiltrating CD4+ T cells are rapidly targeted by infection and massively depleted during the

early acute phases of HIV/SIV infections (Brenchley et al., 2004; Mehandru et al., 2004; Veazey, 2019), intes-

tinal epithelial cells (IECs) are the first cells to interact with viral particles during rectal transmission (Gon-

zalez et al., 2019). Indeed, rectal IEC monolayers facilitates HIV/SIV acquisition and dissemination (Gonza-

lez et al., 2019; Real et al., 2018; Ribeiro Dos Santos et al., 2011), in part via transcytosis, a process involving

virion capture, intracellular trafficking, and trans-infection of subjacent target cells (e.g., CD4+ T cells) in the

absence of integrative infection in IECs (Alfsen et al., 2005; Bomsel, 1997). In addition to transcytosis, the

capacity of IECs to support productive HIV infection has been studied on multiple models, including cell

lines and primary cells. Studies on IEC lines demonstrated that latent and productive infection occurs de-

pending on the use of low and high HIV titers, respectively (Bouhlal et al., 2002; DeMareuil et al., 1995; Fan-

tini et al., 1991a, 1991b, 1992b; Faure et al., 1994; Gauthier and Tremblay, 2010; Kagnoff and Roebuck,

1999; Omary et al., 1991). In contrast to IEC lines, primary IECs were reported to be permissive to integra-

tive infection when exposed to laboratory-adapted HIV strains but not primary isolates (Chenine et al.,

1998; Meng et al., 2002; Ribeiro Dos Santos et al., 2011). Finally, primary IECs were documented to
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Montréal, QC, Canada

6Department of Internal
Medicine, Rush University
Medical Center, Chicago, IL,
USA

7Lead contact

*Correspondence:
petronela.ancuta@
umontreal.ca

https://doi.org/10.1016/j.isci.
2021.103225

iScience 24, 103225, November 19, 2021 Crown Copyright ª 2021
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:petronela.ancuta@umontreal.ca
mailto:petronela.ancuta@umontreal.ca
https://doi.org/10.1016/j.isci.2021.103225
https://doi.org/10.1016/j.isci.2021.103225
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103225&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


selectively transfer CCR5-tropic HIV strains to subjacent CD4+ T cells (Margolis and Shattock, 2006; Meng

et al., 2002) via the formation of virological synapses (Real et al., 2018). Thus, the interplay between IECs and

CD4+ T cells plays a key role in HIV/SIV mucosal transmission (Gonzalez et al., 2019; Margolis and Shattock,

2006).

Among CD4+ T cells preferentially infiltrating the GALT, CCR6+ Th17-polarized cells represent the first tar-

gets of HIV/SIV infection during acute phases and contribute to viral reservoir persistence in ART-treated

PLWH (Anderson et al., 2020; Gosselin et al., 2017; Haase, 2011; Kelley et al., 2017; Masson et al., 2015; Pla-

nas et al., 2019; Shanmugasundaram et al., 2014; Stieh et al., 2016; Wacleche et al., 2016, 2017). At homeo-

stasis, Th17 cells maintain the integrity of the intestinal physical/biological barrier, in part by producing the

lineage-specific cytokine IL-17A under the control of the transcription factor RORgt (Dong, 2008; Kelley

et al., 2017; Yang et al., 2008). IL-17A acts on IECs to strengthen the expression of tight junction proteins

and to induce the secretion of antimicrobial peptides and the production of chemokines specifically at-

tracting Th17 cells (e.g., CCL20, CCL25) (Hirota et al., 2007; Liang et al., 2006; Sano et al., 2015; Wang

et al., 2009; Yamazaki et al., 2008). It is noteworthy that IL-17A acts in synergy with other cytokines, such

as TNF (Friedrich et al., 2014; Guo et al., 2014; Lee et al., 2008a), and represents an ‘‘alarmin’’ that promotes

antibacterial immunity at mucosal sites (Minegishi and Karasuyama, 2009). In line with these observations,

studies in a model of Rhesus macaques exposed to Salmonella showed an increased expression of IL-17A

and TNF, as well as other IL-17A-regulated genes in the gut (Raffatellu et al., 2008). Similar conclusions

regarding an enrichment of gene signatures associated with Th17 cells were reported in the rectal mucosa

of HIV-negative men who have sex with men (MSM) that engaged in condomless receptive anal intercourse

(CRAI), along with an increase of rectal CD4+ T cells that produced greater levels of IL-17A compared with

HIV-negative men who had never engaged in anal intercourse (Kelley et al., 2017). HIV-negative MSM who

engaged in CRAI also shown a microbiota enriched for the Prevotellaceae family. Finally, our most recent

study indicates the expression of IL-17A mRNA in colon biopsies of ART-treated PLWH (Gabriel et al.,

2021). These lines of evidence support the production of IL-17 and TNF in vivo, at the mucosal level, after

exposure to different components of the microbiota.

The depletion of Th17 cells, together with their functional alterations observed in the blood and GALT of

PLWH are not completely restored with ART (Brenchley et al., 2008; Schuetz et al., 2014). The paucity of

Th17 cells is caused by multiple mechanisms, including infection per se and an altered Th17 trafficking

into mucosal sites (Loiseau et al., 2016; Mavigner et al., 2012; Planas et al., 2019; Wacleche et al., 2017).

The depletion of Th17 cells is the main cause of gut barrier dysfunction leading to microbial translocation

and chronic immune activation in ART-treated PLWH (Mudd and Brenchley, 2016; Somsouk et al., 2015; Tin-

cati et al., 2016). In this context, the restoration of Th17-mediatedmucosal immunity in the GALT represents

an important research priority for HIV remission (Planas et al., 2019; Wacleche et al., 2017). For example, the

administration of IL-21, a cytokine essential for Th17 survival, increased the frequency of Th17 cells in SIV-

infected rhesus macaques and induced the expression of genes related to antimicrobial and anti-inflamma-

tory functions (Micci et al., 2015; Pallikkuth et al., 2013). This intervention also reduced the residual plasma

viremia and decreased the size of SIV-DNA reservoirs in ART-treated SIV-infected animals (Micci et al.,

2015; Pallikkuth et al., 2013). Taking into consideration the importance of improving Th17-mediated immu-

nity in HIV-infected ART-treated PLWH, it is highly relevant to evaluate the impact of IL-17A on HIV reservoir

establishment and persistence at mucosal sites.

In this manuscript, we used the HT-29 IEC line and primary CD4+ T cells from uninfected individuals, as well

as T cells from untreated and ART-treated PLWH, to investigate the effects of IL-17A on the interplay

between IECs and CD4+ T cells, with relevance for early HIV transmission events, as well as viral reservoir

dynamics during ART-treated chronic infection. Our results support a model in which IL-17A, despite its

beneficial effects on mucosal homeostasis, acts on IECs to promote HIV dissemination and viral outgrowth

from reservoir cells by compromising the type I IFN-mediated anti-viral immunity at mucosal sites. These

findings raise awareness for caution when designing therapies aimed at restoring the paucity of mucosal

Th17 cells in ART-treated PLWH.

RESULTS

IL-17A acts in synergy with TNF to boost CCL20 production by IECs in the presence of HIV-1

The chemokine CCL20 attracts CCR6+ Th17 cells at mucosal sites (Wang et al., 2009; Yamazaki et al.,

2008), with CCL20 expression in IECs being induced by the synergic action of IL-17A and TNF
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(Friedrich et al., 2014). HIV/SIV infections were previously associated with an altered CCL20 expression in

IECs (Loiseau et al., 2016; Mavigner et al., 2012; Raffatellu et al., 2008), a deficit likely contributing to an

impaired recruitment of Th17 cells into the GALT. This prompted our initial hypothesis that HIV exposure

alters the capacity of IECs to secrete CCL20. To address this hypothesis, HT-29 IECs were activated with IL-

17A or IL-17F in the presence or the absence of TNF, and exposed to two different CCR5-tropic HIV strains,

HIVTHRO (a transmitted founder (T/F) molecular clone (Ochsenbauer et al., 2012) and HIVNL4.3BaL [a molec-

ular clone containing the env- NL4.3 backbone, with an CCR5-tropic env from an HIV strain isolated from

the bronchoalveolar lavage (BaL) of an individual with chronic infection (Bobardt et al., 2008). We used

CCR5-tropic HIV considering the essential role of such strains in HIV transmission (Parrish et al., 2012). It

is noteworthy that HT-29 cells are documented to support low level integrative infection (Gauthier and

Tremblay, 2010), as a consequence of galactosyl ceramide (GalCer)-mediated HIV entry (Delezay et al.,

1997; Fantini et al., 1993), despite the fact that HT-29 IECs express low to undetectable levels of the

main HIV receptor CD4 and co-receptors CCR5 and CXCR4 (Dwinell et al., 1999; Jordan et al., 1999)

(data not shown). In the absence of HIV, IL-17A acted in synergy with TNF to induce the production of

CCL20 (Figure 1A, left panel). The production of IL-8/CXCL8, a chemokine ligand of CXCR1-2, mainly medi-

ating the migration of neutrophils (Murphy, 1997), was induced by TNF, but was not influenced by IL-17A

(Figure 1A, right panel). In contrast to IL-17A, IL-17F did not affect the production of CCL20 or IL-8 (data not

shown). In contrast to our initial hypothesis, exposure to HIVTHRO did not decrease, but rather significantly

increases CCL20 production by IECs in response to TNF alone, as well as TNF + IL-17A (Figure 1B, left

panel), with no major impact on IL-8 production (Figure 1B, right panel). A similar effect was observed

when cells were exposed to HIVNL4.3BaL (data not shown). Levels of CCL20 produced by cytokine-activated

and HIV-exposed HT-29 IECs remained stable in the presence of the integrase inhibitor Raltegravir or the

gp120/CD4-mediated entry inhibitor BMS-806 (Figure S1). This suggests that CCL20 production was not

dependent on HIV entry and integration in IECs. Overt CCL20 production may contribute to the abundant

recruitment of CCR6+ Th17 cells at mucosal sites during the initial steps of HIV transmission.

IL-17A-activated IECs efficiently transmit HIV infection to CD4+ T cells

The ability of IECs to capture and disseminate HIV to subjacent T cells is well-documented (Alfsen et al.,

2005; Bomsel, 1997; Margolis and Shattock, 2006; Meng et al., 2002; Real et al., 2018). Cytokines such as

TNF and IFN-g were reported to facilitate HIV transmission from IECs to CD4+ T cells (Fantini et al.,

1992a; Yasen et al., 2017). To investigate the effects of IL-17A on IEC-mediated HIV transmission, cyto-

kine-activated IECs were exposed to HIVTHRO and co-cultured with CD3/CD28-activated CD4+ memory

T cells from uninfected individuals, as depicted in Figure 2A. The highest levels of HIVTHRO

replication were observed when CD4+ T cells were co-cultured with HIV-exposed TNF + IL-17A-activated

(IECTNF+IL-17A) compared with inactivated (IECMedium) and TNF-activated IEC (IECTNF), as measured by

ELISA (Figures 2B and 2C). Similar results were obtained when HIV-p24+ T -cells were quantified by flow

cytometry, indicative that IECTNF+IL-17A highly efficiently transmit HIV infection to T cells (data not shown).

Robust HIV replication in T cells co-cultured with HIV-exposed IECTNF+IL-17A coincided with the highest

levels of CCL20 (Figure 2D), a chemokine reported to promote HIV latency (Cameron et al., 2010), but

also involved in HIV resistance through the induction of APOBEC3G (Lafferty et al., 2010). To determine

whether CCL20 modulates HIV replication, CD3/CD28-activated CD4+ T cells were infected with HIV

in vitro and cultured in the presence or the absence of recombinant human CCL20 (Figure 2A). Results

in Figures S2B–S2E demonstrate that CCL20 does not directly influence HIV replication in CD4+ T cells.

To determine whether cytokine-activated IEC differ in their ability to harbor HIV after exposure, integrated

HIV-DNA, as well as early (RU5) and late (Gag) reverse transcripts were quantified 24 hours post-HIV expo-

sure (Figure S3A), using published protocols (Cattin et al., 2019). Integrated HIV-DNA together with early

and late reverse transcripts were increased in IECTNF+IL-17A and IECIL-17A (Figure S3B). In addition, cell-asso-

ciated HIV-p24 levels, quantified in cell lysates by crude HIV-p24 ELISA 48 hours post-HIV exposure (Fig-

ure S3A), were increased in both IECTNF and IECTNF+IL-17A compared with IECMedium (Figure S3C).

Thus, HIV-exposed IECTNF+IL-17A favor HIV transmission/replication to/in CD4+ T cells by mechanisms

involving an augmented level of HIV uptake and an increased integrative infection in an environment

rich in CCL20. The finding that recombinant CCL20 exerts no direct effects on HIV replication in vitro sug-

gests that in vivo, this chemokine rather contributes to the recruitment of CCR6+ cells, including Th17 cells,

at mucosal sites, thus facilitating their infection.
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IL-17A-activated IECs promote HIV replication in HIV-infected memory CD4+ T cells

HIV reservoirs persist in colon-infiltrating CCR6+CD4+ T cells of ART-treated PLWH (Anderson et al., 2020;

Gosselin et al., 2017; Haase, 2011; Kelley et al., 2017; Masson et al., 2015; Planas et al., 2019; Shanmugasun-

daram et al., 2014; Stieh et al., 2016; Wacleche et al., 2016, 2017). To further explore the effect of IL-17A on

the interplay between IECs and CD4+ T cells during HIV infection, we studied the ability of cytokine-acti-

vated IECs to promote viral replication in memory CD4+ T cells infected with HIVTHRO in vitro (Figure 3A).

HIV-infected T cells were identified by flow cytometry as CD3+CD4lowHIV-p24+ at day 9 post-infection (Fig-

ures 3B and 3C), with CD4 downregulation being indicative of a productive infection (Richard et al., 2018).
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Figure 1. IL-17A acts in synergy with TNF to promote CCL20 production by IEC in the presence or the absence of HIV-1

(A) Intestinal epithelial cells (IEC; HT29 cell line) were cultured in 48 well-plates until 80% confluence (150,000 cells/well). IEC were activated with TNF (10 ng/

mL) and/or IL-17A (10 ng/mL) for 24 h.

(B) IEC cells were cultured in 48 well-plates wells until 80% confluence and activated with TNF (10 ng/mL) and/or IL-17A (10 ng/mL) for 3h and then exposed to

T/F THRO (HIVTHRO) HIV strain (50 ng/well) for 24 h. Levels of CCL20 (A and B, left panels) and IL-8 (A and B, right panels) were quantified in cell culture

supernatants by ELISA 24 h post-stimulation with cytokines (A) and/or HIV exposure (B). Paired t Test evaluated the statistical differences. p values are

indicated on the graphs. Results are mean G SD from three independent experiments performed with HT-29 IEC.
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Figure 2. IL-17A-activated IEC efficiently transmit HIV infection to CD4+ T cells

(A) Shown is the experimental flow chart. Briefly, IEC were cultured in 48 well-plates until they reached 80% confluence

(150,000 cells/well). IEC were then, activated with TNF (10 ng/mL) and/or IL-17A (10 ng/mL) for 24 h before being exposed

to HIVTHRO for 3 h. Unbound HIV was removed by extensive washing and cells were further cultured for 24 h. In parallel,

memory CD4+ T cells isolated from PBMCs of HIV-uninfected individuals were activated with CD3/CD28 Abs for 3 days.

Cytokine-activated HIV-exposed IEC cells were co-cultured with CD3/CD28-activated memory CD4+ T cells (500,000

cells/well) and media supplemented with IL-2 (5 ng/mL) was refreshed every 3 days for 9 days.

(B and C) Levels of HIV-p24 in cell culture supernatant were quantified by ELISA at days 3, 6, and 9. Shown are the meanG

SD of HIV-p24 levels between the different IEC treatment from one representative donor at days 3, 6, and 9 (B) and from

n = 6 different individuals at day 9 post co-culture (C).

(D) Levels of CCL20 in cell culture supernatants were quantified at day 3 post-coculture (D). For Figures 2C and 2D, each

symbol represents results generated with memory CD4+ T cells from a different individual (mean values of ELISA triplicate

measurements). The bars represent the median value of all individuals. Friedman test with Dunn’s post-test evaluated the

statistical differences. p values are indicated on the graphs (*, p < 0.1; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
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Also, HIV-p24 levels were measured in cell-culture supernatants by ELISA (Figure 3D). For HIVTHRO-infected

CD4+ T cells, the frequency of CD3+CD4lowHIV-p24+ T cells was similar in all experimental conditions (Fig-

ure 3B), HIV-p24 levels in cell-culture supernatants, indicative of productive viral replication, were the
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Figure 3. IL-17A-activated IEC promote HIV replication/outgrowth in HIV-infected memory CD4+ T cells

(A) Shown is the experimental flow chart. Briefly, IEC were activated with TNF and/or IL-17A as described in Figure 1A. In parallel, memory CD4+ T cells of

HIV-uninfected individuals were isolated and activated as in Figure 2. After activation, memory CD4+ T cells of HIV-uninfected individuals were infected with

HIVTHRO in vitro. Cytokine-activated IEC (150,000 cells/well) were co-cultured with in vitro infected memory CD4+ T cells (500,000 cells/well). Media

containing IL-2 (5 ng/mL) was refreshed every 3 days for 9 days.

(B and C) The intracellular expression of HIV-p24 in memory CD4+ T cells was quantified by flow cytometry upon staining with fluorochrome-conjugated CD3,

CD4 and HIV-p24 Abs. Shown are dot plots presenting the frequency of CD4lowHIV-p24+ T cells across the different experimental conditions for one

representative donor (B) and the statistical analysis of results obtained with HIVTHRO-infected memory CD4+ T cells of n = 4 different individuals at day 9 post

co-culture (C).

(D) Levels of HIV-p24 in cell culture supernatant were quantified by ELISA at days 3, 6, 9, and 12 post-culture (D). Shown is the statistical analysis of results

obtained with HIVTHRO-infected memory CD4+ T cells of n = 4 different individuals at day 9 post co-culture.

(E) Cell viability was quantified by flow cytometry upon staining with Live/Dead Fixable Aqua Dead Cell Stain Kit. Shown is the statistical analysis of the

percentage of live cells obtained with HIVTHRO-infected memory CD4+ T cells of n = 4 different individuals at day 9 post co-culture. Each symbol represents

results generated with memory CD4+ T cells from a different individual (mean values of ELISA triplicate measurements). The bars represent the median

value of all individuals. Friedman test with Dunn’s post-test evaluated the statistical differences. p values are indicated on the graphs (*, p < 0.1; **, p < 0.01;

***, p < 0.001; ****, p < 0.0001).
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Figure 4. IL-17A acts on IEC to decrease Tetherin/BST2 expression

(A and B) IEC were activated as described in Figure 1. BST2 expression on IEC was quantified by flow cytometry on day 3 post-activation. Shown are

histograms of BST2 expression on IEC (A), the frequency of BST2+ IEC (B, left panel) and MFI of BST2 expression (B, right panel) (mean G SD of triplicate

wells) of one experiment performed with HT-29 cells; similar results were obtained in a second experiment.

(C–E) Cytokine-activated IEC were co-cultured with memory CD4+ T cells activated viaCD3/CD28 and infected with HIVTHRO in vitro. The expression of BST2

in memory CD4+ T cells was quantified by flow cytometry using fluorochrome-conjugated CD3, CD4, HIV-p24 and BST-2 Abs. Shown are histograms of BST2

expression (C) on total T cells (CD3+ cells, C, upper panel) and CD4lowHIV-p24+ T cells (C, lower panel). Shown is statistical analysis of MFI BST2 expression on

total T cells (D, left panel) and CD4lowHIV-p24+ T cells (D, right panel) in n = 4 different individuals at day 9 post co-culture. The bars represent the median
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highest when HIVTHRO-infected T cells were co-cultured with IL-17A-activated IECs (IECIL-17A) compared to

IECTNF (Figure 3D). The viability of cells at day 9 post-coculture was around 80%, without major differences

between conditions (Figure 3E).

To determine whether cytokines used to activate IECs may act directly on T cells to modulate HIV replica-

tion, CD3/CD28-activated memory CD4+ T cells of HIV-uninfected individuals were infected with HIVTHRO

in vitro and cultured in the presence or the absence of IL-17A and/or TNF. The addition of these cytokines

had no effect on HIV replication measured by flow cytometry and ELISA in T cells cultured alone (Figure S4),

indicating that IL-17A acts via IEC to exert its pro-viral effects in T cells.

IL-17A acts on IECs to decrease Tetherin/BST2 expression

In an effort to identify molecular mechanisms used by IL-17A to promote HIV dissemination and replication,

in the context of the IEC:T cell interplay, we first evaluated the expression of BST2, an HIV restriction factor

counteracted by HIV Nef and Vpu, with BST2 documented to play a crucial role in HIV release and cell-to-

cell transmission (Casartelli et al., 2010; Neil et al., 2008). We used flow cytometry to quantify first the sur-

face expression of BST2 on IECs upon exposure to cytokines and cultured alone (as in Figures 1A and 1B), as

well as on memory CD4+ T cells infected with HIVTHRO in vitro (as in Figure 3A).

The expression of BST2 was significantly decreased in IECTNF+IL-17A compared with IECMedium, with no sig-

nificant differences between IECMedium and IECTNF or IECIL-17A (Figures 4A and 4B). Considering the pos-

sibility that covert productive HIV infection occurs in HT-29 cells (Chenine et al., 1998), a decreased BST2

expression may facilitate the release of virions produced by HIV-infected IECTNF+IL-17A, compared with

IECMedium for an efficient transmission to T cells, as observed in Figure 2.These results suggest the

increased dissemination potential of IECTNF+IL-17A compared with IECTNF(Figure 2), despite similar HIV

capture capacity (Figure S3C).

The expression of BST2 was also significantly decreased on total T cells and CD4lowHIV-p24+ T cells in co-

cultures performed with memory CD4+ T cells infected with HIVTHRO in vitro and IECIL-17A compared with

IECTNF (Figures 4C and 4D). Noteworthy, the BST2 expression on total T cells and CD4lowHIV-p24+ T cells

negatively correlated with levels of productive HIV replication in cell-culture supernatants (Figure 4E).

In addition to CD4 downregulation, another way to identify productively HIV-infected T cells is based on

their downregulation of BST2 (Van Damme et al., 2008). Consistent with HIV replication results in Figure 3D,

the highest frequency of BST2lowHIV-p24+ cells was observed in the presence of IECIL-17A compared with

IECMedian (Figure S5A top panels and 5B).

Together, these results point to the BST2 downregulation on IEC, as well as CD4+ T cells as a mechanism

facilitating HIV infection in IEC: T cell co-cultures upon IL-17A exposure in the presence or the absence

of TNF.

IL-17A counteracts the TNF-mediated type I IFN expression

To further investigate mechanisms underlying the pro-viral effects promoted by IECTNF+IL-17A and IECIL-17A,

bioactive type I IFN levels were quantified in cell culture supernatants at day 3 of co-culture between

HIVTHRO-infected T cells with cytokine-activated IEC. The highest levels of type I IFN were detected in

IECTNF:T cell co-cultures, while the lowest levels were detected in T cells co-cultured with IECIL-17A and

IECMedium (Figure 5A). Interestingly, IL-17A decreased type I IFN levels in co-cultures of T cells with

IECTNF+IL-17A compared with IECTNF (paired t test p = 0.0065, Figure 5A). It is noteworthy that type I IFN

levels positively correlated with the MFI expression of BST2, a known IFN stimulated gene (ISG) that limits

HIV release from infected cells (Liberatore and Bieniasz, 2011), on T cells from all experimental conditions at

day 3 post-co-culture (Figure 5B). Furthermore, a co-culture between HIVTHRO-infected T cells and

Figure 4. Continued

value of all individuals. Friedman test with Dunn’s post-test addressed the statistical differences. p values are indicated on the graphs (*, p < 0.1; **,

p < 0.01; ***, p < 0.001; ****, p < 0.0001). (E) Correlation between the HIV-p24 levels in cell culture supernatant and the MFI of BST2 expression on total

T cells (E, left panel) and CD4lowHIV-p24+ T cells (E, right panel) were calculated using. Spearman correlation (SC, p and r values) and linear regression

(LR, p and r2 values) models for all individuals and experimental conditions tested. Each symbol represents results generated with T cells from a different

individual.
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cytokine-activated IECs in the presence of soluble IFN alpha/beta receptor (B18R), which prevents IFN

signaling, was performed as depicted in Figure 6A. The presence of B18R in co-cultures of T cells with

IECTNF counteracted the effect of TNF and increased HIV replication to a similar extent of what is observed

in co-cultures of T cells with IECTNF+IL-17A (Figure 6B). In addition to BST2, the other ISG ISG15 (Freitas et al.,

2020) and IFIT1 (Fensterl and Sen, 2015) were upregulated in co-cultures with IECTNF (Figure 6C), and this

upregulation was abrogated when T cells were cultured with IECTNF+IL-17A as observed in Figures 4C and

4D. B18R blocked the upregulation of ISG in co-cultures of T cells with IECTNF as compared with the ones

with IECTNF+IL-17A. These results reveal that the proviral features of IL-17A are mediated, at least in part, by

its capacity to downregulate type I IFN production and responses induced by TNF.

IL-17A activated IEC promote HIV outgrowth in memory CD4+ T cells of PLWH

To further explore the effect of IL-17A on the interplay between IECs and CD4+ T cells during chronic HIV

infection, we studied the ability of cytokine-activated IEC to promote viral outgrowth from memory CD4+

T cells of both suppressed ART-treated PLWH (ART + PLWH) and untreated PLWH (ART- PLWH) (Figure 7A),

with detectable plasma viremia (Table 1). Similar results to memory CD4+ T-cells infected with HIVTHRO

in vitro were obtained with T cells of ART- PLWH (Figure 7B top panels and C), with an increased viral

outgrowth measured by ELISA observed in the presence of IECIL-17A versus IECTNF (Figure 7E). Remarkably,

when co-cultures were performed with T cells of ART + PLWH, the highest levels of HIV outgrowth, as

measured by both FACS and ELISA, were achieved in the presence of IECIL-17A (Figure 7B bottom panels,

D and F). An increased frequency of BST2lowHIV-p24+ cells was observed when memory CD4+ T cells from

ART- and ART + PLWH were co-cultured with IECIL-17A in comparison with IECTNF (Figure S5A middle and

bottoms panels, C and D). Additionally, a decrease in BST2 expression on total T cells and/or CD4lowHIV-

p24+ T cells was also noticed for memory CD4+ T cells isolated from ART- (Figures S6A and S6B), as well as

ART + PLWH (Figures S6D and S6E) upon co-culture with IECIL-17A compared to IECTNF, with a negative cor-

relation between BST2 expression and levels of HIV outgrowth (Figures S6C and S6F). The cell viability

decreased in co-cultures of IECIL-17A with T cells of ART- PLWH in line with a higher HIV outgrowth (Fig-

ure 7H). In conclusion, these results show that the activation of IEC with IL-17A promotes viral outgrowth

from CD4+ T cells isolated from ART- and especially ART + PLWH.

Transcriptional reprogramming associated with IL-17A-mediated pro-viral features

To further explore in an unbiased manner mechanism underlying the pro-viral features of IL-17A, the Illu-

mina RNA sequencing technology was used on RNA extracted from cytokine-activated IEC cultured alone

(Figures 8A and 8B; Data S1, S2) and co-cultured with CD4+ T cells isolated from ART + PLWH (Figures 8C

and 8D; Data S3, S4), using culture/co-culture protocols described in Figures 1 and 3, respectively.

For cytokine-activated IEC cultured alone, large sets of differentially expressed genes were identified using

a fold-change (FC) cutoff of 1.3. We found 6,639, 5,429, and 3,983 transcripts upregulated, along with 5,297,

3,925, and 6,437 transcripts downregulated in IECTNF, IECIL-17A+TNF, and IECIL-17A compared with

IECMedium, respectively (Data S1). To gain insights into gene sets modulated by IL-17A and TNF alone or

in combination, we used a hierarchical clustering based on the scaled FC of each condition compared

to medium. We identified 3 main clusters (MCs) characterized by specific patterns of response in IECTNF,

IECIL-17A+TNF, and IECIL-17A, that were subdivided into 8 distinct transcriptional signatures with slight

variations within each of the 3 MC (Figure 8A; Data S1). Clusters 2, 5, 7, and 8 (MC I) included gene sets

expressed at higher levels in IECIL-17A+TNF compared with IECTNF or IECIL-17A (Figure 8A), thus reflecting

transcriptional changes in the expression of different effector molecules prompted by the synergic action

of IL-17A and TNF (e.g., the cytokines IL-4 and IL-1b, and the chemokines CCL20, CXCL2, and CXCL3;

Figure 5. IL-17A-activated IEC decrease type I interferon levels in positively relationship with BST2 expression on

HIV-infected T cells

Cytokine-activated IEC were co-cultured with HIVTHRO-infected memory CD4+ T cells, as described in Figure 3. Bioactive

human Type I interferons (IFN) levels were quantified using the reporter cell line HEK-Blue IFN-a/b in cell culture

supernatants collected at days 3 post-co-culture.

(A) Shown are type I IFN levels in co-cultures performed with HIVTHRO-infected memory CD4+ T-cells from n = 4 different

individuals and the bars represent the median value of all individuals Friedman test with Dunn’s post-test evaluated the

statistical differences. p values are indicated on the graphs (*, p < 0.1; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

(B) The correlation between type I IFN levels with the MFI of BST2 expression on total T-cells (B) was evaluated using SC

and LR models in all donors and experiments conditions. Each symbol represents results generated with T cells from a

different individual.
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Data S1). Clusters 4 and 6 (MC II) included gene sets with higher expression levels in IECIL-17A compared

with IECTNF or IECIL-17A+TNF (Figure 8A) (e.g., genes involved in the monocarboxylic and organic acid trans-

port: SLC16A14, PPARD, and SLC10A5; Data S1). Finally, clusters 1 and 3 (MC III) included gene sets with

higher expression levels in IECTNF compared with IECIL-17A+TNF (Figure 8A), thus revealing transcripts

downregulated by IL-17A in TNF-activated IEC (e.g., the cytokine IL-32 and the interferon stimulated genes

IFITM1, IFIT1, ISG15, IFI6, and OAS2; Data S1).
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Figure 6. IL-17A acts on IEC to modulate HIV dissemination to T cells and the expression of IFN-stimulated genes

(A) Shown is the experimental flow chart (A). Briefly, IEC were activated with TNF and/or IL-17A, as in Figure 1A. In parallel, memory CD4+ T-cells of HIV-

uninfected individuals were isolated and activated, as in Figure 2. After activation, the memory CD4+ T-cells was infected with HIVTHRO. Cytokine-activated

IEC (150,000 cells/well) were then co-cultured with in vitro infected memory CD4+ T cells (500,000 cells/well) for 9 days. Media containing IL-2 (5 ng/mL) with

or without B18R (100 ng/mL) was refreshed every 3 days.

(B) The intracellular expression of HIV-p24 in memory CD4+ T cells was quantified by flow cytometry upon staining with fluorochrome-conjugated CD3, CD4

andHIV-p24 Abs and levels of HIV-p24 in cell culture supernatants were quantified by ELISA. Shown is the statistical analysis of results obtained with HIVTHRO-

infectedmemory CD4+ T cells of n = 5 different individuals at day 9 post co-culture by flow cytometry (left panel) and ELISA (right panel). (C) The expression of

HIV-p24 in memory CD4+ T cells was quantified by flow cytometry upon staining with fluorochrome-conjugated BST2 and the expression of ISG15 and IFIT1

were quantified by RT-PCR. Shown is the statistical analysis of results obtained with cells of n = 5 different individuals at day 3 post co-culture. Each symbol

represents results generated withmemory CD4+ T cells from a different individual. Paired t Test evaluated the statistical differences amongDMSO and B18R.

p values are indicated on the graphs.
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We further used a gene set enrichment analysis (GSEA), focusing on the Gene Ontology: Biological

Processes database. Each of the gene modules was compared to a reference background consisting of

all transcripts measured (28,083). The graphical representation of enriched GO terms that reached statis-

tical significance (false discovery rate, FDR, <5%) was generated using ClueGO on Cytoscape software.

Only clusters 1, 3, and 4 were enriched in GO terms with statistical significance and a functional trend

(Data S2). Cluster 3 was associated with immune response processes such as ‘‘Defense response to virus’’

and ‘‘Response to Type I Interferon’’ (Figure 8B). Other gene sets were upregulated in IECTNF but down-

regulated with the addition of IL-17 in IECIL-17A+TNF; noteworthy, some of those genes were also downre-

gulated in IECIL-17A (Figures S7A and S7B). For example, enriched pathways in IECTNF versus IECIL-17A+TNF

and/or IECIL-17A included genes with a demonstrated activity against HIV, such as the viral sensor MB21D1

(Gao et al., 2013) and the restriction factors APOBEC3G, IFI16, IFITM1, SAMHD1, IFIT1, IFITM3, ISG15,

MX2, RSAD2 and TRIM22 (Colomer-Lluch et al., 2018; Hotter et al., 2019; Hotter and Kirchhoff, 2018;

Nasr et al., 2012, 2017) (Figures S7A and S7B). While cluster 3 was associated with an upregulation of viral

response associated transcripts, genes associated with the GO term ‘‘Defense response to virus’’ were also

included in Cluster 1; those genes were downregulated in IECIL-17A+TNF compared to IECTNF and they

included the viral sensor TMEM173 (Trotard et al., 2016), and the HIV restriction factors BST2, APOBEC3D,

and IFITM2 (Neil et al., 2007; Qian et al., 2015; Sato et al., 2014) (Figure S8C).

A similar analysis was performed in cytokine-activated IEC co-cultured with CD4+ T cells isolated from

ART + PLWH (Data S3). This analysis allowed us to identify similar patterns of gene expression also grouped

in 3 MC and categorized in 8 clusters (Figure 7C, Data S3). Only Cluster 1, which mainly included genes that

were upregulated in co-cultures performed with IECTNF and downregulated in co-cultures performed with

IECTNF+IL-17A and IECIL-17A, showed statistical significance for the immune response process ‘‘Defense to

virus’’ and ‘‘Response to Type I Interferon’’ (Figure 7D; Data S4). Among cluster 1 genes, some were known

HIV restriction factors such as APOBEC3F, BST2, HERC5, IFIT1, IFITM1, IFITM2, ISG15, MX2, RSAD2,

TRIM22, and TRIM5 (Figures S8A and S8B).

These results demonstrate that IL-17A, in the presence or the absence of TNF, abrogates the anti-viral type

I IFN-mediated responses in IEC cultured alone and co-cultured with CD4+ T cells carrying HIV reservoirs in

ART + PLWH. This abrogation of anti-viral responses highly likely explain the pro-viral features of IL-17A.

IL-17 acts on primary human IEC to modulates CCL20 production and ISGs expression

To extend our results obtained on the HT-29 cells in a more physiological setting, we performed experi-

ments with commercially available primary human IEC (phIEC) isolated from one HIV-uninfected individual.

We confirm here that TNF acts in synergy with IL-17A in promoting CCL20 production in phIEC (Figure 9A).

Furthermore, the expression of the ISGs ISG15 and IFIT1 mRNA was increased in phIECTNF and decreased

in phIECTNF+IL-17 and phIECIL-17 compared to phIECMedium (Figures 9B and 9C). These results support a

model in which IL-17A can increase the production of pro-inflammatory chemokines such as CCL20, while

interfering with antiviral mechanisms such as those mediated by ISGs in vivo.

Figure 7. IL-17A-activated IEC promote HIV outgrowth in HIV-infected memory CD4+ T cells

(A) Shown is the experimental flow chart. Briefly, IEC were activated with TNF and/or IL-17A, as in Figure 1A. In parallel, memory CD4+ T cells of untreated

(ART-) and ART-treated (ART+) PLWH were isolated and activated as in Figure 2. Cytokine-activated IEC (150,000 cells/well) were co-cultured with either

memory CD4+ T cells isolated fromART- PLWH (500,000 cells/well) or ART + PLWH (1,000,000 cells/well). Media containing IL-2 (5 ng/mL) was refreshed every

3 days for 9 to 12 days.

(B–D) The intracellular expression of HIV-p24 in memory CD4+ T cells was quantified by flow cytometry upon staining with fluorochrome-conjugated CD3,

CD4 and HIV-p24 Abs. Shown are dot plots presenting the frequency of CD4lowHIV-p24+ T cells across the different experimental conditions for one

representative donor of each group (B) and the statistical analysis of results obtained with memory CD4+ T cells of n = 4 different ART- PLWH at day 9 post co-

culture (C), and memory CD4+ T cells of n = 5 different ART + PLWH at day 12 post co-culture (D).

(E–F) Levels of HIV-p24 in cell-culture supernatant were quantified by ELISA at days 3, 6, 9, and 12 post-culture. Shown is the statistical analysis of results

obtained with memory CD4+ T cells of n = 4 different ART- PLWH at day 9 post co-culture (E), and memory CD4+ T cells of n = 5 different ART + PLWH at day

12 post co-culture (F).

(G and H) Cell viability was quantified by flow cytometry upon staining with Live/Dead Fixable Aqua Dead Cell Stain Kit by flow cytometry. Shown is the

statistical analysis of the percentage of live cells obtained in co-cultures with ART- (G) and ART + PLWH (H). Each symbol represents results (mean values of

ELISA triplicate measurements) generated with memory CD4+ T cells from a different individual. The bars represent the median value of all individuals.

Friedman test with Dunn’s post-test evaluated the statistical differences. p values are indicated on the graphs (*, p < 0.1; **, p < 0.01; ***, p < 0.001;

****, p < 0.0001).

ll
OPEN ACCESS

iScience 24, 103225, November 19, 2021 13

iScience
Article



DISCUSSION

In this study, we provide evidence supporting the deleterious role of the Th17 hallmark cytokine IL-17A in

the context of HIV-1 infection by its capacity to reprogram the pro-inflammatory and pro-viral features of

IEC. Briefly, we demonstrate that IL-17A in the presence of TNF stimulation and/or HIV exposure, increases

the capacity of IEC to produce CCL20, a chemokine that recruits CCR6+ Th17 cells into mucosal sites (Wang

et al., 2009; Yamazaki et al., 2008). We revealed the capacity of IL-17A to enhance HIV trans-infection from

IEC to CD4+ T cells and to promote HIV outgrowth from CD4+ T cells of ART-treated PLWH. By using an

RNA-Sequencing approach, we identified pro-inflammatory and anti-viral gene sets modulated by IL-

17A in IEC alone and in IEC:T cell co-cultures, with the decrease in type I IFN production/responses (i.e.,

BST2, IFIT1, ISG15) representing a common pattern of IL-17A exposure. In this context, the dual role played

by IL-17A in controlling mucosal immunity versus HIV infection should be considered when seeking to

implement new therapeutic interventions aimed at the restoration of mucosal Th17 cells in ART-treated

PLWH.

By its capacity to target both IEC and Th17 cells, HIV causes profound alterations of the GALT physical and

biological barrier functions (Mudd and Brenchley, 2016; Tincati et al., 2016). Such alterations are observed

during the very early acute phases of infection and are not resolved by viral-suppressive ART, even with

early ART initiation (Ananworanich et al., 2012; Deleage et al., 2016; Epple et al., 2009; George et al.,

2005; Hensley-McBain et al., 2018; Schuetz et al., 2014). Nevertheless, recent studies reported IEC alter-

ations even before the depletion of Th17 cells occurs in the intestinal mucosa of SIV-infected macaques

(Hensley-McBain et al., 2018), thus emphasizing the key role played by IEC in HIV/SIV pathogenesis.

It is well established that Th17 cells, via their production of IL-17A, represent essential players in the de-

fense against fungal (e.g., Candida albicans) and bacterial (e.g., Staphylococcus aureus) pathogens at

mucosal and skin barrier surfaces (Henry et al., 2010; Li et al., 2018). Nevertheless, IL-17A-producing

Th17 cells play a pathogenic role in the context of auto-immunity (e.g., psoriasis and ankylosing spondylitis)

Table 1. Clinical parameters of untreated and ART-treated PLWH study participants

ID Sex Agea CD4 countsb
CD4:CD8

Ratio Viral loadc

Time since

infectiond ART

Time on

ARTd

ART+ #1 M 31 824 0.9 <40 58 Atripla 44

ART+ #2 F 28 535 1.8 <50 177 Viracept

Truvada

151

ART+ #3 M 50 569 1.2 <50 111 Darunavir

Raltegravir

101

ART+ #4 M 21 796 2.0 <40 8 Stribild 4

ART+ #5 M 50 827 2.3 <40 140 Complera 30

ART+ #6 M 26 331 NA <40 86 NA 24

ART+ #7 M 42 795 1.1 <40 46 Tivicay/

Edurant

Viread

33

ART+ #8 M 55 963 1.5 <40 124 Prevista

Kivexa

Norvir

107

ART- #1 M 40 1,068 1.2 22,812 2 None NA

ART- #2 M 47 529 1.2 3,189 110 None NA

ART- #3 M 39 946 0.7 8,809 11 None NA

ART- #4 M 24 316 0.5 9,496 55 None NA

N.A, information not available; M, male; F, female.
aYears.
bCells/ml.
cHIV-RNA copies/ml plasma.
dMonths.
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(Burkett and Kuchroo, 2016) and viral infections, such as the 2009 influenza A (H1N1), Respiratory Syncytial

Virus (RSV) (Li et al., 2012; Niwa et al., 2018; Ryzhakov et al., 2011), and the new SARS-CoV-2 infection (De

Biasi et al., 2020; Wiche Salinas et al., 2020). However, whether IL-17A plays a deleterious role during HIV/

SIV remains unknown. The purpose of the current study was to investigate the pro-viral features of IL-17A in

the context of IEC and CD4+ interactions.

Previous reports demonstrated that IL-17A acts in synergy with TNF to promote CCL20 production by IEC

(Friedrich et al., 2014; Lee et al., 2008b). This synergy is mechanistically explained by the TNF-dependent

upregulation of IL-17 receptors on IEC, as well as the stabilization of messenger RNA (Herjan et al., 2018).

Here, we confirmed these findings in HT-29 IEC and further demonstrated that IL-17A but not IL-17F in-

creases the TNF-mediated CCL20 production in IEC. The chemokine CCL20 binds on its receptor CCR6

and regulates trafficking of CCR6+ cells, including dendritic cells (DC) and Th17 cells (Wang et al., 2009;

Yamazaki et al., 2008). Noteworthy, studies by the group of A.T. Haase demonstrated that glycerol mono-

laurate, an antimicrobial compound, inhibits the production of CCL20 and prevented SIV infection of rhe-

sus macaques by interfering with the trafficking on CCR6+ DC into the female genital tract (Li et al., 2009;

Shang et al., 2017). Thus, the CCL20/CCR6 axis plays a key role in immune cell trafficking into mucosal sites,

as well as in the distal dissemination of HIV/SIV infection from the portal sites of viral entry. A deficit in

CCL20 expression was reported in the intestine of PLWH and SIV-infected macaques (Loiseau et al.,

2016; McGary et al., 2017; Raffatellu et al., 2008), and was suggested to represent one mechanism explain-

ing the paucity of mucosal Th17 cells during HIV/SIV infection. In contrast to our initial hypothesis, we found

that HIV exposure in vitro does not reduce, but rather increases CCL20 production by IEC in response to

TNF + IL-17A. In line with these findings, HIV/SIV challenge in vivo was reported to induce the secretion of

multiple chemokines promoting the migration of CD4+ T cells that are preferential infection targets (e.g.,

CCR6+ T cells) (Li et al., 2009; McGary et al., 2017; Nazli et al., 2010; Sankapal et al., 2016; Shang et al., 2017;

Zhou et al., 2018). Thus, during the initial steps of HIV/SIV infection, IL-17A may contribute to the recruit-

ment of CCR6+ Th17 cells at mucosal sites. In contrast, during the chronic phase, when HIV/SIV-infected

Th17 cells are massively depleted (Brenchley et al., 2008; Loiseau et al., 2016), an alteration in CCL20

expression at the intestinal level may be the consequence of an altered IL-17A production.

Previous studies demonstrated that CCL20 acts on T -cells to increase their resistance to infection via the

induction of the HIV restriction factor APOBEC3G (Lafferty et al., 2017). Other studies reported on the ca-

pacity of CCL20 to promote HIV latency (Cameron et al., 2010). In our experimental settings, we found that

high levels of HIV replication coincided with the highest levels of CCL20 production in IEC:T cell co-cul-

tures, and exogenous CCL20 does not interfere with HIV replication in memory CD4+ T cells. Therefore,

the effects of CCL20 on HIV replication remain controversial.

IEC are the first cells to interact with HIV/SIV during the initial phases of viral transmission. HIV capture,

transcytosis, and release from EC are positively and negatively regulated bymultiple host factors (Gonzalez

et al., 2019). In non-rectal EC, HIV is internalized and retained in vacuoles or multi-vesicular bodies (Yasen

et al., 2017). TNF can modulate the retention of HIV into female genital tract EC and can increase their

capacity to release HIV to infect CD4+ T cells (Yasen et al., 2017). IEC release exosomes that contain HIV

restriction factors and miRNAs after stimulation with TLR-3 ligand. Those factors restrict HIV replication

in macrophages infected in vitro (Guo et al., 2018). We observed that IL-17A, in combination with TNF,

increased the capacity of IECs to capture and transmit HIV to CD4+ T cells. These results attribute to

IL-17A a direct role in promoting HIV dissemination from the portal sites of entry. This idea is in line with

results emerging from population studies where individuals with increased levels of IL-17A or IL-17A-

induced chemokines exhibited an increased risk for HIV acquisition (Arnold et al., 2016; Chege et al.,

2012; Gosmann et al., 2017). Of note, it is established that HIV-Tat protein induces the production of

Figure 8. IL-17A modulates anti-viral responses in IEC cultured alone or co-cultured with memory CD4+ T cells of ART + PLWH

RNA sequencing was performed with RNA extracted from IEC activated with TNF and/or IL-17A as described in Figure 1A and from cytokine-activated IEC

(150,000 cells/well) co-cultured with CD3/CD28-activated memory CD4+ T cells of n = 3 different ART + PLWH individuals (1 000,000 cells/well) for 3 days as

described in Figure 3A.

(A and C) Hierarchical clustering was performed on the scaled fold-changes to identify eight clusters of transcriptional signatures grouped in three major

clusters (I, II, and III) associated to cytokine-activated IEC (A) and cytokine-activated IEC co-cultured with memory CD4+ T cells (C).

(B and D) Gene set enrichment analysis was performed on each gene cluster using the Gene Ontology: Biological Processes database. The most significant

differentially expressed pathways were within cluster 3 for IEC (B) and cluster 1 for cytokine-activated IEC co-cultured with memory CD4+ T cells of ART +

PLWH individuals (D). Only pathways with FDR<0.01 are depicted. Nodes (pathways) are color coded with significance.
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IL-17A on CD4+ T cells (Cafaro et al., 2016; Johnson et al., 2013). The latter finding, in addition to the facts

that Th17 cells have a superior permissiveness to HIV infection (Gosselin et al., 2010; Monteiro et al., 2011)

and are located at portal sites of HIV entry (Kelley et al., 2017; Masson et al., 2015; Stieh et al., 2016), high-

light the relevance of evaluating the Th17 responses and their correlation to protection versus susceptibility

to HIV acquisition in vaccination trials (Perreau et al., 2008; Stephenson et al., 2020).

One important finding of our study is that IL-17A-stimulated IECs exhibit an increased capacity to promote/

facilitate viral replication when co-cultured with primary CD4+ T cells infected with HIVTHRO in vitro or CD4+

T cells from viremic and ART-treated PLWH. Although solid evidence supports that Th17 cells are depleted

during HIV/SIV infections (Brenchley et al., 2008; Schuetz et al., 2014), IL-17A can be produced by other cell

types of the innate and adaptive immune system, including neutrophils (Hu et al., 2017) and NKT cells

(Campillo-Gimenez et al., 2010), which massively infiltrate mucosal sites during HIV/SIV infections (Som-

souk et al., 2015). Whether IL-17A-activated IECs may contribute to HIV reservoir reactivation in ART-

treated PLWH, thus leading to a state of chronic immune activation in the GALT, remains an important

question to address in future studies. This knowledge is highly relevant in the context of therapies aimed

to Th17 cell restoration in the GALT. Noteworthy, the administration of IL-21 proved to be beneficial in re-

establishing the frequency of Th17 cells and in decreasing the size of viral reservoir during ART in the gut of

SIV-infected rhesus macaques (Micci et al., 2015). This is in line with the fact that IL-21, in addition to its ef-

fect on Th17 cell survival (Planas et al., 2019;Wacleche et al., 2017), it also exhibits anti-viral activities (Adoro

et al., 2015) that may counteract the pro-viral activity of IL-17A. The pro-viral activity of IL-17A may also be

neutralized in the presence of ART. However, ART does not target HIV transcription and therefore IL-17A

may still facilitate HIV provirus reactivation, as in a ‘‘shock and kill strategy’’. Noteworthy, studies reported

that the administration of the TLR-9 agonist MGN1703 decreased the size of the gut HIV-reservoir and

correlated with the intestinal expression of IL-17R (Krarup et al., 2018). Further studies should investigate

better how IL-17A impacts HIV reactivation in the gut in ART-treated PLWH.

In search of molecular mechanisms underlying the pro-viral features of IL-17A, we performed RNA

sequencing and used bioinformatics tools for data mining. The GO enrichment analysis indicated that

IL-17A dampens the response to type I IFN in IECs cultured alone and in the presence of CD4+ T cells

from ART-treated PLWH. Genes included in the GO term response to type I IFN were essentially linked

to HIV sensing and restriction and were upregulated by TNF but downregulated by IL-17A. One of the

transcripts downregulated by IL-17A was BST2, an HIV restriction factor limiting the release of de novo pro-

duced virions (Neil et al., 2008). In line with this, we found the lowest levels of BST2 expression on IECs stim-

ulated with TNF + IL-17A versus TNF or IL-17A alone. These results may explain the superior ability of IECs

activated with TNF + IL-17A to transmit HIV compared with IECs activated with either TNF or IL-17A alone.

Previous studies demonstrated covert productive HIV replication in HT-29 cells (Fantini et al., 1991b).

Therefore, levels of BST-2 expression on IECs may determine their ability to transmit HIV infection to sub-

jacent CD4+ T cells. We also found that HIVTHRO-infected CD4+ T cells expressed the lowest levels of BST-2

when co-cultured with IECs activated with IL-17A compared with TNF, in line with the highest levels of HIV

replication in IECIL-17A:T cell co-cultures. Consistent with the fact that BST-2 expression is regulated by type

I IFN (Van Damme et al., 2008), we observed a positive correlation between BST-2 expression and type I IFN

levels in cell culture supernatants. Our results also provide evidence that IL-17A promote a pro-inflamma-

tory transcriptional program, while impairing the capacity of IEC to sense HIV via pathogen recognition re-

ceptors. Indeed, the RNA sequencing results revealed that IL-17A exposure of IEC results in a decrease in

TLR3 and RIG-I and an increase in the expression of multiple pro-inflammatory cytokines/chemokines, as

well as a decrease in A20, a negative regulator inflammation (Chitre et al., 2018).

Previous studies demonstrated that early type I IFN supplementation can prevent the establishment of SIV

infection, while a delay in the type I IFN production lead to an accelerated disease progression (Sandler

et al., 2014). Accordingly, our results raise the hypothesis that increased IL-17A levels/responses prior to

Figure 9. Effect of IL-17 on primary human intestinal epithelial cells

Primary human Primary human intestinal epithelial cells (phIEC) were cultured in 48 well-plates for 5 days until 90%

confluence (150,000 cells/well). phIEC were activated with TNF (10 ng/mL) and/or IL-17A (10 ng/mL) for 24 h.

(A–C) IEC cells were cultured in 48 well-plates wells until 80% confluence and activated with TNF (10 ng/mL) and/or IL-17A

(10 ng/mL) for 24h. Levels of CCL20 were quantified in cell-culture supernatants by ELISA (mean G SD values of

experimental triplicates) (A) and ISG15 and IFIT1 mRNA expression were quantified by RT-PCR (mean value of RT-PCR

duplicate measurements) (B and C).
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infection could dampen or delay the type I IFN responses, thus facilitating HIV/SIV acquisition. Indeed, in a

model of SIV infection, mucosal type I IFN responses were detected at late time points post-infection and

coincided with vanished IL-17A responses (Hensley-McBain et al., 2018). Further studies targeting the IL-

17A pathway blockade to boost type I IFN responses during early HIV/SIV infection or before exposure

should test this hypothesis.

In conclusion, our results provide evidence supporting the deleterious role of IL-17A during acute and

chronic HIV infection by its capacity to transcriptionally reprogram IEC for an efficient HIV capture and

transmission but also an increased capacity to promote replication/reactivation in subjacent infected

CD4+ T cells. Our results point to IL-17A as a potential therapeutic target to limit HIV acquisition at mucosal

sites and reduce the deleterious effects of HIV reactivation in ART-treated PLWH. The successful use of IL-

17A Abs for the treatment of specific autoimmune conditions (e.g., psoriasis) (Burkett and Kuchroo, 2016)

opens the path for testing such Abs for HIV cure/remission.

Limitations of the study

We acknowledge that one major limitation of our study is the absence of experiments with polarized IEC.

We indeed performed our co-culture experiments on plastic grown IEC which does not reflect the physi-

ological interplay between T cells and IEC. In vivo, T cells have access to the serosal basolateral side of

the epithelial cell barrier whereas in our study T cells had access to the apical side. A polarized distribution

of chemokine receptors or polarized secretion of cell products in IECs could affect the interpretation of our

experiments and the application of our conclusions to an in vivo scenario. Future experiments should vali-

date our results performing co-cultures of polarized human primary IECs with T cells, as reported previously

(Real et al., 2018).

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Material availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Human subjects

B Epithelial cell line

B HEK293-type I IFN reporter cell line

B Primary intestinal epithelial cells

d METHOD DETAILS

B Cytokines, chemokines and proteins

B Primary CD4+ T-cell isolation and culture

B HIV-1 exposure and infection in vitro

B Flow cytometry staining and analysis

B ELISA

B HIV-DNA quantification

B Real-time RT-PCR

B Illumina RNA sequencing and analysis

B Gene set enrichment analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.103225.

ACKNOWLEDGMENTS

This work was supported in part by funds from the Canadian Institutes of Health Research to PA (#MOP-

114957; #TCO125276; IBC-154053), National Institutes of Health (NIH) to C.T. and P.A. (R01AG054324),

as well as infrastructure funding from the Canadian Foundation for Innovation (CFI) to P.A. and C.T.

ll
OPEN ACCESS

iScience 24, 103225, November 19, 2021 19

iScience
Article

https://doi.org/10.1016/j.isci.2021.103225


Core facilities and human cohorts were supported by the Fondation du CHUM and the Fonds de recherche
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Purified NA/LE Mouse Anti-Human

CD3 (Clone UCHT1)

BD Cat#555329; RRID: AB_395736

Purified NA/LE Mouse Anti-Human

CD28 (Clone CD28.2)

BD Cat#555725; RRID: AB_396068

HIV-1 core (p24) antigen-FITC (Clone KC57) Beckman Coulter Cat#6604665; RRID: AB_1575987

Mouse anti-human CD3 Alexa 700 (Clone UCHT1) BD Cat# 557943; RRID: AB_396952

Mouse anti-human CD3 Pacific Blue

(Clone UCHT1)

BD Cat#558117; RRID: AB_397038

Mouse anti-human CD317 BV421

(BST2, Clone Y129)

BD Cat#566381; RRID: AB_2744363

Mouse anti-human CD4 PerCP-Cy5.5

(Clone RPA-T4)

Biolegend Cat#300530; RRID: AB_893322

Rabbit polyclonal anti-BST2 Provided by Dr. Éric A. Cohen (IRCM, Montreal, QC, Canada (Dube et al., PlosPathogens, 2010)

LIVE/DEAD Fixable Aqua Dead Cell

Stain Kit (405 nm excitation)

Invitrogen Cat#L34957

Goat polyclonal Secondary Antibody to

Rabbit IgG - Fc Alexa Fluor 594

Abcam Cat#ab150092; RRID:AB_2893495

Bacterial and virus strains

HIV-1 THRO plasmid

(pTHRO.c/2626), subtype B

NIH AIDS Reagent Program (Contribution of Dr.

John Kappes and Dr. Christina Ochsenbauer)

Cat#11745

NL4.3BaL HIV plasmid From Dr. Dana Gabuzda (Dana-Farber Cancer

Institute, Boston, MA, USA)

N/A

Biological samples

Leukaphereses of ART treated and

untreated people living with HIV

Recruited at the Montreal Chest Institute, McGill

University Health Centre and Centre Hospitalier de

l’Université de Montréal with the help of Dr Jean-

Pierre Routy’s group

N/A

Chemicals, Peptides, and Recombinant Proteins

rhIL-2 R&D Systems Cat#202-IL-050

rhIL-17A R&D Systems Cat#7955-IL-025

rhTNF-a R&D Systems Cat#210-TA-020

Recombinant Viral B18R Protein R&D Systems Cat#8185-BR-025

rhCCL20 R&D Systems Cat#360-MP-025

Critical commercial assays

Memory CD4+ T Cell Isolation Kit, human Miltenyi Cat#130-091-893

Fixation/Permeabilization Solution Kit

(Cytofix/Cytoperm)

BD Cat#554714

p24 ELISA Homemade. Hybridome provided by Dr. Michel J. Tremblay (Bounou et al., J Virol., 2002)

Human CCL20/MIP-3 alpha DuoSet ELISA R&D Systems Cat#DY360-05

Human IL-8/CXCL8 DuoSet ELISA R&D Systems Cat#DY208-05

SmGM- 2 Smooth Muscle Cell Growth

Medium -2 BulletKit

Lonza Cat#CC-3182

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact,

Petronela Ancuta (petronela.ancuta@umontreal.ca).

Material availability

This Study did not generate new unique reagents.

Data and code availability

d RNA-Sequencing data sets have been deposited in the Gene Expression Omnibus (GEO) database:

GSE147045 and are publicly available as of the date of publication. Accession numbers are listed in

the Key Resources Table.

d All original code has been included in Data S5 and is publicly available as of the date of publication.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

HIV-uninfected individuals (HIV-), virally suppressed ART-treated PLWH (ART+PLWH) and untreated PLWH

(HIV+PLWH) (Table 1), were recruited at the Montreal Chest Institute, McGill University Health Centre and

Centre Hospitalier de l’Université de Montréal (CHUM, Montreal, QC, Canada). Peripheral blood

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

QuantiTect SYBR Green RT-PCR Kit Qiagen Cat #204245

AllPrep DNA/RNA/miRNA Universal kit Qiagen Cat#80224

Rneasy Plus Mini Kit Qiagen Cat#74136

Deposited data

RNA-Sequencing data set This paper GEO: GSE147045

Gene Ontology: Biological

Processes database

Broad Institute https://www.gsea-msigdb.org/gsea/

msigdb/genesets.jsp?collection=BP

Homo Sapiens database

GRCh 37 version75

Genome Reference Consortium https://www.ncbi.nlm.nih.gov/

assembly/GCF_000001405.13/

Experimental models: cell lines

HT-29 cell line ATCC Cat#HTB-38; RRID:CVCL_0320

HEK-Blue� IFN-a/b Cells InvivoGen Cat#hkb-ifnab

Human Intestinal Epithelial Cells (inEpC) Lonza Cat#CC-2931, Lot 0000751353

ACH-2 cell line NIH HIV Reagent Program Cat#ARP-349; RRID:CVCL_0138

Oligonucleotides

See Table S1: Oligonucleotides

Software and algorithms

Kallisto software version 0.44.0 Pachter Lab https://pachterlab.github.io/kallisto/

R, pheatmap package The R Foundation https://CRAN.R-project.

org/package=pheatmap

FlowJo version 10 BD https://www.flowjo.com/

GraphPad Prism 7 GraphPad https://www.graphpad.com/

Cytoscape 3.7.2 National Resource for Network Biology https://cytoscape.org/

ClueGO National Resource for Network Biology https://apps.cytoscape.org/apps/cluego
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mononuclear cells (PBMC) (109–1010 cells) were collected by leukapheresis and frozen until use, as previ-

ously described (Boulassel et al., 2003). Plasma viral load in ART-treated PLWH was measured using the

Amplicor HIV-1 monitor ultrasensitive method (Roche).

The collection of leukapheresis from HIV-uninfected individuals, untreated ART- PLWH and ART+ treated

PLWH was conducted in compliance with the principles included in the Declaration of Helsinki. This study

received approval from the Institutional Review Board of the McGill University Health Centre and the

CHUM-Research Centre, Montreal, Quebec, Canada. Written informed consents were obtained from all

study participants.

Epithelial cell line

The female human colorectal adenocarcinoma intestinal epithelial cell (IEC) line HT-29 (ATCC, Manassas,

VA, USA) was seed in T75 culture flask (Corning, Tewksbury, MA, USA) with McCoy’s 5A medium (ATCC,

Manassas, VA, USA) containing 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin (P/S; original

solution at 10,000 U/ml) (Gibco, Carlsbad, CA, USA). Cells were split every 4-6 days when reaching 90-95%

confluence using Trypsin-EDTA (Gibco, Carlsbad, CA, USA). No cell authentication was performed on the

HT-29 cell line.

HEK293-type I IFN reporter cell line

Bioactive human Type I interferons (IFN) were quantified using the Female Human HEK293- Type I IFN re-

porter cell line provided by Dr. Eric Cohen accordingly to the protocol described by the original provider

(InvivoGen, San Diego, CA, USA). Briefly, cells were cultured with DMEMmedia (Gibco, Carlsbad, CA, USA)

containing 10% FBS, 1% P/S, Blasticidin (InvivoGen, San Diego, CA, USA) and Zeocin (InvivoGen, San

Diego, CA, USA). Cells were harvest every 4-6 days after reaching 90-95% confluence using Versene (Gibco,

Grand Island, NY, USA). Experiments were performed with cells at passages 3-7. No cell authentication was

performed on the HT-29 cell line.

Primary intestinal epithelial cells

Primary human IEC were purchased from Lonza (lot 0000751353; unknown sex as reported by the certificate

of analysis) and seed in culture following the instructions of the provider. Prior to primary IEC culture, Rat-

tail type 1 collagen was used to cover the surface of 48 well plates at a concentration of 30 ug/ml and incu-

bated for 30 min at 37�C. Then, collagen was aspirated, and wells were washed with PBS twice. Primary IEC

were cultured at density of �100,000 cell/well with SmBM smooth muscle cell basal medium (SmBM-2�,

Lonza USA) and SmGM�-2 Single Quots� (Lonza, USA) formulates which contains insulin, hFGF-B,

hEGF-B, FBS and gentamicin/amphotericin-B. Cells were incubated at 33�C with CO2 5% for 5 days to

reach 90% confluence and be used for subsequent experiments.

METHOD DETAILS

Cytokines, chemokines and proteins

Human recombinant TNF-a, IL-17A, IL-2, CCL20 and B18R Protein (R&D Systems) were used at concentra-

tions indicated in the Results or Figure legends.

Primary CD4+ T-cell isolation and culture

Memory CD4+ T-cells were isolated from PBMCs of HIV-uninfected and ART-treated PLWH by negative se-

lection using magnetic beads (Miltenyi Biotec, Auburn, CA, USA), as we previously described (Planas et al.,

2017). T-cells (2x106 cells/ml per 48 well-plate well) were stimulated with immobilized CD3 and soluble

CD28 Abs (1 mg/mL) for 3 days prior to infection and/or co-culture experiments with IEC. T-cells were

cultured with RPMI1640 media (Gibco, Grand Island, NY, USA) containing 10% FBS and 1% P/S. After infec-

tion and/or co-culture with IEC, T-cells were maintained in culture in the presence of IL-2 (5 ng/ml; R&D

Systems, Minneapolis, MN, USA) for up to 9 days, with 50% media being refreshed every 3 days.

HIV-1 exposure and infection in vitro

The molecular clones of CCR5-tropic HIV-1 strain used in this study were: transmitted Founder (T/F) THRO

and the recombinant NL4.3BAL viruses. The T/F THRO HIV plasmid was obtained through the NIH AIDS

Reagent Program, Division of AIDS, NIAID, NIH: pTHRO.c/2626 (cat# 11745) from Dr. John Kappes and

Dr. Christina Ochsenbauer. The NL4.3BaL HIV plasmid was a gift from Dr. Dana Gabuzda (Dana-Farber

ll
OPEN ACCESS

iScience 24, 103225, November 19, 2021 27

iScience
Article



Cancer Institute, Boston, MA, USA). HIV-1 plasmid was amplified byMiniPrep andMaxiPrep and viral stocks

were produced and titrated, as we described it previously (Gosselin et al., 2010; Monteiro et al., 2011). HT29

IEC cultured in 48 well-plates (150,000 cells/well) until 80% confluence were exposed to HIV (50 ng HIV-p24/

150,000 cells) for 3 hours. Unbound virions were removed by extensive washing. In a set of experiments,

cytokine-activated HIV-exposed HT-29 IEC were cultured either alone or co-cultured with CD3/CD28-acti-

vated memory CD4+ T-cells from HIV-uninfected individuals. In another set of experiments, memory CD4+

T-cells from HIV-uninfected individuals were infected with HIV (20 ng HIV-p24/106 cells) and then co-

cultured with cytokine-activated HT-29 IEC. Viral replication was measured by flow cytometry intracellular

HIV-p24 staining and HIV-p24 ELISA in cell-culture supernatant, as previously described (Gosselin et al.,

2017; Zhyvoloup et al., 2017). Briefly, the IEC:T cell co-cultures were harvested at day 9 post infection

(for HIV infection in vitro) or day 9-12 post culture (for VOA). Cells were stained on the surface with fluoro-

chrome-conjugated CD3, CD4, and BST2 Abs and intracellularly with anti-HIV-p24 Abs. The positivity gates

were established using the fluorescence minus one (FMO) strategy. Acquisition was performed using the

BD LSRFortessa flow cytometer (BD Bioscience, USA). In parallel, cell culture supernatants collected every

3 days were used for HIV-p24 ELISA.

Flow cytometry staining and analysis

The following fluorochrome-conjugated Abs were used for flow cytometry analysis: HIV-p24 FITC (KC57)

(Beckman Coulter, Fullerton, CA, USA), CD3 Pacific blue (UCHT1), CD3 Alexa Fluor 700 (UCHT1), BST2

BV421 (Y129) (BD Biosciences, San Diego, CA, USA) and CD4 PerCP/Cy5.5 (RPA-T4) (Biolegend, San Diego,

CA, USA). BST2 staining was also performed with homemade primary rabbit polyclonal BST2 Abs (provided

by Dr. Éric Cohen) and secondary goat anti-rabbit IgG conjugated with Alexa Fluor 594 (Abcam, Cam-

bridge, UK). Live/Dead Fixable Aqua Dead Cell Stain Kit (Vivid, Life Technologies, Burlington, Ontario,

CA) was used to exclude dead cells. Cells were analyzed with the BD-LSRII cytometer and BD-Diva (BD Bio-

sciences) and FlowJo version 10 (Tree Star, Inc., Ashland Oregon, USA). The positivity gates were placed

using fluorescence minus one (FMO) strategy (Roederer, 2002).

ELISA

HIV-p24 levels in cell culture supernatant or cell lysates were quantified using a homemade sandwich

ELISA, as described previously (Bounou et al., 2002; Cattin et al., 2019; Gosselin et al., 2017). Prior to the

ELISA, virions in cell supernatants and cells were lysed using a homemade buffer solution (PBS 1X, Tween

20 0.05%, Triton X-100 2.5%, Trypan Blue 1% and Thimerosal 0.02% in deionized water) for 1h at 37�C.
Levels of CCL20 and IL-8 were measured in the cell culture supernatant, according to the manufacturer’s

protocols (R&D Systems, Minneapolis, MN, USA).

HIV-DNA quantification

Integrated HIV-DNA, as well as early (RU5) and late (Gag) reverse transcripts were quantified in cell lysates

by nested real-time PCR using specific primers (Table S1), as we previously described (Gosselin et al., 2010;

Monteiro et al., 2011; Planas et al., 2017; Cattin et al., 2019). Briefly, integrated HIV-DNA, as well as early

(RU5) reverse transcripts and total HIV-DNA (which detects both late reverse transcripts and integrated

HIV-DNA by targeting the Gag gene) were quantified in cell lysates by nested real-time PCR using primers

purchased at IDT. The CD3 gene was used to normalize the number of HIV-DNA copies per cell number

(two CD3 copies per cell) (Planas et al., 2017; Cattin et al., 2019).

Real-time RT-PCR

Total RNA was extracted from the primary intestinal epithelial cells with the RNeasy Plus Mini kit (Qiagen).

IFIT1 and ISG15 gene expression was evaluated by One step SYBR green RT-PCR (Qiagen) using a Light-

Cycler 480. IFIT1 primers were purchased from Qiagen (QuantiTect Primer Assay). ISG15 primers were pur-

chased from IDT with the following sequence Forward 50-ACTCATCTTTGCCAGTACAGGAG-30, Reverse:
50-CAGCATCTTCACCGTCAGGTC-30 (Table S1). The amplification cycles used for ISG15 RT-PCR was

reverse transcription at 50�C for 30 min, 15 min at 95�C and then 35 cycles each at 94�C for 10 sec, 56�C
for 10 sec, and 72�C for 10 sec. The relative expression of the target genes mentioned above were normal-

ized relative to the internal control 28S rRNA. The sequence of primers used were the 28S rRNA forward

primer 50-CGAGATTCCTGTCCCCACTA-30 and 28S rRNA reverse primer 50-GGGGCCACCTCCT

TATTCTA-30 (purchased from IDT) (Table S1). Each reaction was performed in triplicates. Melting curve
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analysis was used to determine the uniformity of the thermal dissociation profile for each product amplified

by real-time RT-PCR.

Illumina RNA sequencing and analysis

Total RNA was extracted from cytokine-activated IEC and cytokine-activated IEC co-cultured with CD4+

memory T-cells using RNeasy Plus mini kit (Qiagen, Germantown, Maryland, USA). Genome-wide transcrip-

tional profiling was performed by Genome Québec (Montreal, Québec, Canada) using the Illumina

RNA-Sequencing model NovaSeq S4 6000 PE100. Briefly, the paired-end sequencing reads were aligned

to coding and non-coding transcripts fromHomo Sapiens database GRCh 37 version75 and quantified with

the Kallisto software version 0.44.0. The entire RNA-Sequencing data set and the technical information re-

quested by Minimum Information About a Microarray Experiment (MIAME) are available at the Gene

Expression Omnibus database under accession GSE147045. Log2-counts per million (log CPM) trans-

formed transcript-level data of IECTNF, IECTNF+IL-17A and IECIL-17A alone or co-cultured with memory

CD4+ T-cells of ART + PLWH was compared respectively with IEC Medium alone or co-cultured with memory

CD4+ T-cells of ART + PLWH, to calculate the fold change (Data S6).

Gene set enrichment analysis

ClueGO application on the software Cytoscape 3.7.2 and a Fisher exact-t-Test was applied to find signif-

icant enrichments and produce networks of enriched pathways. The latest Gene Ontology: Biological Pro-

cesses database was used, as available at https://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp?

collection=BP. To stablish modules of genes with similar responses to cytokine-activations, hierarchical

clustering was performed on the scaled fold-changes with the pheatmap package in R. Only genes with

an absolute fold-change greater than 1.3 in at least one of the cytokine-activation conditions were consid-

ered, therefore focusing mainly on larger transcriptional changes. Two different resolutions of clustering

were utilized, yielding either 3 main clusters or 8 clusters. Each of the gene modules was compared to a

reference background consisting of all genes measured (28,083 genes). The R scripts used for analysis

are available on Data S5. The matrix database with fold change gene information used to run this analysis

is available on Data S6.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad Prism 10 software (GraphPad Software, Inc., La Joya,

CA, USA). Paired t Test were performed to assess the statistical difference between two conditions for

the same donor and p values were added on the graph. Friedman along with Dunn’s multiple comparisons

test evaluated the statistical differences between more than two conditions (*, p < 0.1; **, p < 0.01;

***, p < 0.001; ****, p < 0.0001). Spearman Correlation and Linear regression models were applied to

explore the relationship between two quantitative variables. p values of%0.05 were considered statistically

significant. More details of the statistical analysis are included in Figure legends.
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