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SUMMARY

The aryl hydrocarbon receptor (AhR) regulates Th17-polarized CD4+ T cell functions, but its role 

in HIV-1 replication/outgrowth remains unknown. Genetic (CRISPR-Cas9) and pharmacological 
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inhibition reveal AhR as a barrier to HIV-1 replication in T cell receptor (TCR)-activated CD4+ 

T cells in vitro. In single-round vesicular stomatitis virus (VSV)-G-pseudotyped HIV-1 infection, 

AhR blockade increases the efficacy of early/late reverse transcription and subsequently facilitated 

integration/translation. Moreover, AhR blockade boosts viral outgrowth in CD4+ T cells of people 

living with HIV-1 (PLWH) receiving antiretroviral therapy (ART). Finally, RNA sequencing 

reveals genes/pathways downregulated by AhR blockade in CD4+ T cells of ART-treated PLWH, 

including HIV-1 interactors and gut-homing molecules with AhR-responsive elements in their 

promoters. Among them, HIC1, a repressor of Tat-mediated HIV-1 transcription and a tissue-

residency master regulator, is identified by chromatin immunoprecipitation as a direct AhR target. 

Thus, AhR governs a T cell transcriptional program controlling viral replication/outgrowth and 

tissue residency/recirculation, supporting the use of AhR inhibitors in “shock and kill” HIV-1 

remission/cure strategies.

Graphical abstract

In brief

Chatterjee et al. investigated the role of AhR in controlling Th17/Th22 polarization and 

HIV-1 replication in CD4+ T cells. Gene editing, pharmacological blockade, and RNA 

sequencing demonstrated that AhR transcriptionally regulates pathogenic Th17 features and 

HIV-1 permissiveness/outgrowth. The authors identified the HIV-1 repressor and tissue-residency 

regulator HIC1 as a direct AhR target.
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INTRODUCTION

Antiretroviral therapy (ART) transformed HIV-1 infection into a manageable chronic disease 

and increased the life expectancy of people living with HIV-1 (PLWH). However, ART 

does not cure HIV-1, and immune competence is not restored.1,2 Major barriers to HIV-1 

remission/cure during ART include the persistence of viral reservoirs (VRs) in long-lived 

CD4+ T cells,3,4 residual HIV-1 transcription,5–7 and the non-restoration of mucosal 

CD4+ T cell-dependent intestinal barrier functions.8,9 Subsequently, ART-treated PLWH 

experience chronic immune activation, immune metabolism deregulation, and increased risk 

for non-AIDS comorbidities, such as cardiovascular disease.10,11 In this context, additional 

therapeutic strategies are required for HIV-1 remission/cure.

Among CD4+ T cell lineages, T helper (Th) subsets producing the hallmark cytokines 

interleukin-17A/F (IL-17A/F; Th17) and IL-22 (Th22) are targeted by HIV-1 for infection 

and subsequent depletion from mucosal sites (reviewed in Wacleche et al.,8 Planas et al.,9 

and Fert et al.12). The differentiation and functionality of Th17 cells are governed by the 

master regulator transcription factor (TF) retinoic acid orphan receptor γt (RORγt in mice; 

RORC2 in humans).13,14 RORC2 represents a target for drugs designed to treat autoimmune 

conditions in which Th17 cells exert deleterious functions.15–17 Of particular notice, our 

group demonstrated the capacity of RORC2 inhibitors to block HIV outgrowth in CD4+ 

T cells of ART-treated PLWH,18 supporting the existence of a “RORC2-sensitive” VR.12 

However, only a fraction of Th17 cells are permissive to integrative HIV-1 infection,8,9,12,19 

suggesting the existence of HIV-1-resistant Th17 cells. In the context of autoimmunity, 

two types of Th17 cells were identified, “pathogenic” and “non-pathogenic,” based on 

their ability to promote experimental autoimmune encephalitis (EAE).20 The existence of 

“non-pathogenic” Th17 cells was demonstrated also in humans and was documented to 

express a unique molecular signature including the aryl hydrocarbon receptor (AhR).20,21

The AhR is a ligand-dependent nuclear receptor, initially identified as the dioxin 

receptor.22,23 It is a member of the basic-helix-loop-helix (bHLH)/Per-Arnt-Sim (PAS) 

family of proteins that interacts with a broad range of xenobiotic or natural ligands 

such as tryptophan metabolites, dietary products, and microbiota-derived factors.24–26 

AhR resides in the cytoplasm in an inactive state due to its association with different 

chaperons (e.g., HSP90, XAP2, p23).26 Upon ligand binding, AhR forms a heterodimer with 

the AhR nuclear translocator (ARNT), which subsequently translocates into the nucleus, 

where it binds onto dioxin-/xenobiotic-responsive elements (DRE/XRE) on the promoter 

of specific genes.26 Among AhR regulated genes, the xenobiotic-metabolizing enzyme 

CYP1A1 (cytochrome P450 family 1 A1), AHRR (AhR repressor), and TIPARP (2,3,7,8-

tetrachlorodibenzo-p-dioxin poly(ADP-ribose) polymerase) are involved in the negative 

feedback of AhR signaling.26,27 Thus, AhR is an important nuclear receptor that adapts 

transcriptional profiles of cells to changes in the environment.24–26

Pioneering studies demonstrated that AhR is specifically expressed by Th17-polarized CD4+ 

T cells from mice and humans,28 with AhR activation promoting effector functions,29–31 

such as the production of IL-22 in Th22 cells and IL-10 in regulatory T cells 

(Tregs).28,29,32–34 Of particular notice, AhR mediates the trans-differentiation of Th17 cells 
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into Tregs, a process dependent on AhR-mediated IL-10 production.35 Moreover, AhR 

was reported to transcriptionally regulate the expression of the gut-homing integrin β 7 

(ITGB7) in macrophages,36 indicative of an AhR role in regulating gut tropism/residency. 

Furthermore, a large body of evidence identified that AhR-expressing CD4+ T cells act 

as important gatekeepers, mainly by producing lineage-specific cytokines (e.g., IL-17A/F, 

IL-22) that act on epithelial cells to strengthen their barrier functions.26 Finally, AhR 

activation was reported to block HIV-1 replication in macrophages,37 thus raising the 

question of whether AhR also restricts HIV-1 infection in CD4+ T cells.

Herein, we explored the role of AhR in modulating HIV-1 replication/outgrowth in primary 

CD4+ T cells isolated from the peripheral blood of ART-treated PLWH and uninfected 

participants. Our results provide evidence supporting a model in which AhR governs an 

antiviral program that, in the context of specific AhR ligands derived from microbiota, diet, 

and tryptophane catabolism,24–26 may reduce the susceptibility to HIV-1 acquisition during 

primary infection. Once the infection is established, the activation of the AhR pathway 

may promote HIV-1 latency in VRs of ART-treated PLWH, thus preventing VR sensing/

depletion by the immune system. Finally, our results support the use of pharmacological 

AhR inhibitors, a class of drugs currently tested in clinically for cancer,38,39 to boost VR 

reactivation in “shock and kill” HIV-1 remission/cure strategies.

RESULTS

CRISPR-Cas9-mediated AhR knockout reduces IL-17A, IL-22, and IL-10 production and 
facilitates HIV-1 replication in memory CD4+ T cells

We explored AhR expression/activation in CD4+ T cells. Maximal AhR protein and mRNA 

expression in memory CD4+ T cells was observed at days 3 and 1 post-T cell receptor 

(TCR) triggering, respectively (Figures S1A and S1B). Interestingly, AhR expression was 

not induced by phytohaemagglutinin (PHA) activation (Figure S1C), likely explaining the 

findings by Kueck et al. that HIV-1 replication in PHA-activated CD4+ T cells was AhR 

independent.37 The expression of CyP1A1 mRNA, an AhR-specific target gene and a 

component of the cytochrome p450 family,26 culminated at day 3 post-TCR triggering 

(Figure S1D). Thus, TCR triggering in CD4+ T cells leads to AhR expression/activation in 

memory CD4+ T cells, consistent with the presence of AhR ligands in culture media, as 

previously reported.31

To explore the role of AhR on HIV-1 replication, CRISPR-Cas9-mediated gene editing 

was optimized in primary CD4+ T cells (Figure 1A) using a published protocol.40 TCR-

activated memory CD4+ T cells were electroporated with two AhR-specific (AhR CRISPR 

RNA [crRNA]) and the non-specific (negative crRNA) guide RNA. The AhR silencing 

was demonstrated by western blotting visualization of AhR protein expression (Figure 

1B). The AhR#1 crRNA was used for all subsequent studies. The gene editing activity 

of AhR#1 guide RNA was confirmed by T7 endonuclease assay (Figure 1C). Further, the 

efficiency of AhR#1 crRNA was tested in three other donors at the DNA level by tracking 

of insertions or deletions (indels) by decomposition (TIDE) analysis (Figures S2A and S2B), 

as reported.40,41 The editing efficacy determined by TIDE analysis showed donor-to-donor 

variations (i.e., 32%, 28%, and 7%), proportional with changes in AhR protein expression 
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(Figure S2C). At day 4 post-electroporation, the CRISPR-Cas9-mediated AhR knockout 

(KO) resulted in decreased expression of the gut-homing molecule ITGB7 (Figures S3A 

and S3B), consistent with AhR-dependent ITGB7 expression in macrophages.36 The 

electroporation with AhR crRNA and negative crRNA did not differently affect cell viability 

(Figure S3C).

To explore the AhR-dependent modulation of HIV-1 permissiveness, memory CD4+ T cells 

from HIV-uninfected individuals were electroporated with AhR-crRNA and negative crRNA 

and 3 days later were exposed to the transmitted/founder HIV-1 THRO strain (HIVTHRO
42). 

The capacity of AhR to modulate IL-22, IL-17A,28,29,31,32 and IL-1033 production is well 

established. Consistently, levels of IL-22, IL-17A, and IL-10, but not interferon γ (IFN-γ), 

were strongly downregulated in cell-culture supernatants of AhR-crRNA compared with 

negative crRNA electroporated CD4+ T cells at day 9 post-infection (Figure 1D). Similarly, 

AhR-crRNA compared with negative crRNA electroporated CD4+ T cells expressed lower 

levels of IL-22 and IL-17A, but similar levels of IFN-γ, as measured by intracellular 

staining (ICS) and flow cytometry upon PMA/ionomycin stimulation (Figure 1E). These 

results are indicative that CRISPR-Cas9-mediated AhR gene editing affected AhR-specific 

functional features of CD4+ T cells.

Of particular importance, CRISPR-Cas9-mediated AhR KO significantly increased 

replication of HIVTHRO (Figure 2), as observed by measuring levels of HIV-DNA 

integration at day 3 post-infection (Figure 2A) and HIV-p24 levels in cell-culture 

supernatants at days 3, 6, and 9 post-infection (Figures 2B and 2C). Also, there was a 

significant increase in intracellular HIV-p24 expression (Figures 2D and 2E), despite a slight 

decrease in cell viability at day 9 post-infection (Figure 2F). A similar increase in HIV-DNA 

integration was observed when AhR silencing was induced in TCR-activated CD4+ T cells 

with AhR (siAhR) versus non-targeting small interfering RNA (siNT) upon exposure to the 

replication-competent CCR5-tropic HIVNL4.3BaL strain (Figure S4). Thus, AhR acts as a 

negative regulator of HIV-1 replication in CD4+ T cells.

Pharmacological AhR triggering/blockade modulates IL-22, IL-17A, and IL-10 production in 
memory CD4+ T cells

To explore the effects of ligand-mediated AhR triggering/blockade on Th lineage 

cytokine production, we used the AhR agonist 6-formylindolo [3,2-b] carbazole (FICZ), 

a photooxidation product of tryptophan,43 and the AhR antagonist CH223191, a chemical 

inhibitor that blocks binding of ligands to AhR.44 As expected, the activation of memory 

CD4+ T cells via the TCR in the presence of FICZ led to a >10-fold increase in CYP1A1 

mRNA expression compared with DMSO, while exposure to CH223191 decreased CYP1A1 

mRNA expression (Figure S5). Subsequently, dose-response experiments demonstrated that 

CH223191 decreased IL-22, IL-17A, and IL-10, but not IFN-γ, production (Figures S6A–

S6D, left panels) at 5 and 10 μM. At the opposite end, FICZ increased IL-22 and IL-10, 

but not IL-17A and IFN-γ, production at 100 nM (Figures S6A–S6D, right panels). At the 

concentrations tested, CH223191 and FICZ did not affect cell viability nor cell proliferation 

estimated by the expression of Ki67 (Figures S7A and S7B), a surrogate marker of the cell 

cycle S phase, thus excluding the cytotoxic effects of these drugs.
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Pharmacological AhR blockade facilitates HIV-1 replication at post-entry steps, between 
reverse transcription and integration

To explore the effects of ligand-mediated AhR triggering/blockade on HIV-1 replication, 

TCR-activated memory CD4+ T cells were cultured in the presence/absence of optimal 

CH223191 (10 μM) and FICZ (100 nM) doses. Results revealed that AhR blockade 

strongly promoted HIV-1 replication compared with DMSO, while minor changes were 

observed upon exposure to FICZ (Figures 3A and 3B). Of note, a CH223191 dose-response 

increase in HIV-DNA levels was observed upon exposure to HIVTHRO, but no changes were 

observed with FICZ (Figures S8A and S8B). Biologically active doses of CH223191 and 

FICZ did not affect the expression of the HIV-1 receptor CD4, nor the coreceptors CCR5/

CXCR4 (Figures S9A–S9D), indicative of post-entry mechanisms. Nevertheless, CH223191 

significantly downregulated ITGB7 expression (Figures S9A and S9E). Consistent with 

the documented antiviral role of IL-2245 and IL-10,46,47 recombinant IL-22 and/or IL-10 

partially or completely counteracted the effect of CH223191 on HIV-1 replication in CD4+ T 

cells (Figure S10). Together, these results provide evidence that AhR blockade boosts HIV-1 

replication in CD4+ T cells via mechanisms independent of CD4/CCR5/CXCR4 expression 

but likely linked to the reduced production of the antiviral cytokines IL-22 and IL-10.

To determine at which step of the viral replication cycle AhR ligands acted, TCR-

activated memory CD4+ T cells were exposed to single-round vesicular stomatitis virus 

(VSV)-G-pseudotyped GFP-expressing HIV-1 (HIVVSVG-GFP), entering cells via the low-

density lipoprotein (LDL) receptor,48 independently of CD4 and coreceptors. CH223191 

significantly increased cell-associated levels of early (RU5) and late (Gag) reverse 

transcripts and integrated HIV-DNA when compared with DMSO or FICZ (Figures 3C–3E). 

Consistently, increased levels of GFP expression, indicative of efficient HIV-1 transcription, 

were observed upon AhR blockade (Figures 3F and 3G), while FICZ did not exert a 

significant effect on HIV-DNA levels or HIV-1 transcription when compared with DMSO 

(Figures 3C–3G), likely due to the activation of the AhR pathway by ligands present in the 

culture media.31 Thus, pharmacological AhR blockade facilitates HIV-1 replication at early/

late post-entry reverse transcription levels, subsequently leading to efficient viral integration, 

transcription, and translation.

Pharmacological AhR triggering/blockade modulates IL-22/IL-17A production and HIV-1 
replication in memory CCR6+CD4+ T cells

Among memory CD4+ T cells, IL-17A and IL-22 are mainly produced by cells expressing 

the surface marker CCR6.28,34,49 Our group and others reported that CCR6+ T cells are 

major targets for HIV-1 infection.8,9,12,19 Therefore, we sought to determine whether AhR 

modulates HIV-1 replication in CCR6+ T cells. Fluorescence-activating cell sorted (FACS) 

memory CCR6+ and CCR6− T cells (Figure S11) were stimulated via CD3/CD28 in the 

presence/absence of FICZ or CH223191 and exposed to HIVTHRO. At day 3 post-TCR 

triggering, CCR6+ versus CCR6− T cells preferentially produced IL-22 and IL-17A (Figures 

4A and 4B). CH223191 significantly decreased IL-22 and IL-17A production in CCR6+ T 

cells (Figures 4C and 4D). Finally, the highest levels of HIV replication occurred in CCR6+ 

versus CCR6− T cells, with CH223191 robustly increasing HIVTHRO replication in CCR6+, 

but not CCR6−, T cells (Figures 4E and 4F). Collectively, these results demonstrate that 
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the pharmacological AhR blockade facilitates HIV-1 replication in CCR6+ T cells while 

downregulating IL-22 and IL-17A production.

Pharmacological AhR blockade boosts HIV-1 outgrowth in memory CD4+ T cells of ART-
treated PLWH

To explore the effect of AhR pathway on HIV-1 outgrowth, we performed a simplified 

viral outgrowth assay (VOA) previously set up by our group18,50 using the experimental 

procedure depicted in Figure 5A. In preliminary experiments, we demonstrated that TCR 

triggering in memory CD4+ T cells of ART-treated PLWH (Table S1) resulted in the 

upregulation of CYP1A1 mRNA (Figure S12), indicative of AhR pathway activation. 

The AhR antagonist CH223191 significantly increased the frequency of HIV-p24+ T cells 

(Figures 5B and 5C) and soluble HIV-p24 levels (Figures 5D and S13) without differently 

affecting cell viability (Figure 5E). At the opposite end, the AhR agonist FICZ showed only 

moderate effects on blocking HIV-1 outgrowth (Figures 5B–5D), in line with the possibility 

that the AhR pathway is already activated in cells from ART-treated PLWH. These findings 

show that AhR blockade facilitates viral outgrowth from CD4+ T cells of ART-treated 

PLWH.

Genome-wide transcriptional profiling identifies molecular mechanisms by which AhR 
blockade boosts HIV-1 outgrowth in CD4+ T cells of ART-treated PLWH

To get insights into AhR-dependent regulatory mechanisms, RNA sequencing using the 

Illumina technology was performed on TCR-activated memory CD4+ T cells of ART-treated 

PLWH cultured in the presence/absence of CH223191 (Figure 6A). Differentially expressed 

genes (DEGs) were identified based on p values, adjusted p values, and fold change (FC) 

ratios (Data S1 and S2) and illustrated in the volcano plot (Figure 6B). Upregulated 

DEGs (n = 204) included transcripts encoding for cell surface markers, cytokines, and 

transcriptional regulators previously linked to T cell activation and HIV permissiveness (e.g., 

CCR3, IL6, CD38, CD276/B7-H3, BACH2, CD274/B7-H1/PD-L1, LAG3, IL6R, CXCL10, 

LEF1, TBX21). Downregulated DEGs (n = 258) included known AhR transcriptional 

targets/regulators (e.g., CYP1A1, CYP1B1, AHRR, TIPARP), Th17/Th22 cytokines (e.g., 

IL22, IL17F, IL26, IL24, IL1A), cell residency markers (e.g., ITGB7, S1PR1, CXCR3, 

CXCR5, CXCR6), and the HIV repressor HIC1 (hypermethylated in cancer 1)51 (Data S1 

and S2). The downregulation of CYP1A1, CYP1B1, and AHRR (AhR repressors) as well as 

ITGB7 by CH223191 validates the AhR specificity of this antagonist (Data S2).

Encyclopedia of DNA elements (ENCODE)—The top 50 modulated transcripts (e.g., 

IL22, AHRR, ITGB7, HIC1) are depicted in Figure 6C (Data S1 and S2). Among genes 

modulated by CH223191, a fraction of them (197 out of 584 transcripts) represent putative 

AhR transcriptional targets, as suggested by in silico analyses of the transcriptional promoter 

of these genes for the presence of putative DRE/XRE using the Bioinformatics tool 

ENCODE (https://www.encodeproject.org) (Figure 6D). The CH223191-modulated genes 

with DRE/XRE in their promoters include transcripts upregulated (e.g., OASL, CCND1/
cyclin D1, IL6R, BATF3, SGK1, RORA, IFI35, LGALS3BP, CEBPB, GADD45A, SIRT1) 

and downregulated (e.g., CYP1A1, SMAD3, TRAF4, IKZF3, IL1R1, RPTOR, IL32) (Data 

S3). The downregulation of IL-22 mRNA upon CH223191 exposure (Figure 6C) and its 
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increase by FICZ were confirmed by RT-PCR (Figure 6E), thus validating the functional 

activity of AhR drugs in these experimental settings.

The zinc-finger transcriptional repressor HIC1,52 reported as an HIV transcription 

repressor,51 was one of the top downregulated cellular transcripts upon exposure to 

CH223191 (Figure 6C; Data S2). Consistent with the RNA sequencing (RNA-seq) 

data, real-time RT-PCR quantification of HIC1 mRNA demonstrated that exposure to 

CH223191 significantly decreased, while exposure to FICZ robustly upregulated HIC1 

mRNA expression (Figure 6F).

Gene set variation analysis (GSVA)—To extract additional meaning from these RNA-

seq results, GSVA was performed using the UC San Diego/Broad Institute Molecular 

Signature Database (MSigDB; https://www.gsea-msigdb.org/gsea/msigdb). This allowed the 

identification of top modulated canonical pathways in response to CH223191-exposed cells, 

including pathways upregulated (e.g., Th1 differentiation, IFN-α response, IFN-γ response, 

Toll-like receptor 3 signaling, Toll-like receptor 4 signaling, negative regulation of IL-2 

production, Toll-like receptor 9 signaling, positive regulation of IL-17 production, αβ T 

cell proliferation, and positive regulation of T cell proliferation) and downregulated (e.g., 

zinc ion homeostasis) (Figures S14A and S14B). The modulation of these pathways may be 

either the direct effect of AhR-mediated transcriptional regulation and/or the consequence of 

HIV-1 sensing in the VOA.

NCBI HIV-1 interactor—Further, data mining was performed by interrogating the 

NCBI HIV-1 interactor database (Figure S15). Among top HIV-1 interactors, upregulated 

transcripts included LGALS1, CD4, CCR3, DPP4, LGALS3BP, CEBPB, CD38, NFKBIA, 

PTK2B, HERC5, BACH2, SGK1, IL6, NOTCH2, SIRT1, CD28, and LDLR, while top 

downregulated transcripts included LCK, ITGB7, CD226, ITGAL, IKZF3, IL1A, GPR15, 

ITGA4, CXCR6, and CXCR3 (Figure S15). Real-time validations were performed for 

SIRT1, CEBPB (CCAAT/enhancer-binding protein β), and BACH2 mRNA, transcripts 

included on the list of putative direct AhR targets (Data S3). While CH223191 exerted 

minor effects, FICZ significantly and slightly decreased SIRT1 and CEBPB mRNA, 

respectively (Figures S16A and S16B). Finally, BACH2 mRNA expression significantly 

increased and decreased upon exposure to CH223191 and FICZ, respectively (Figure S16C).

Together, these results revealed the transcriptional reprogramming associated with AhR 

blockade in CD4+ T cells of ART-treated PLWH and identified HIC1, SIRT1, CEBPB, and 

BACH2 as putative AhR transcriptional targets and HIV interactors.

Identification of HIC-1 as a direct target of the AhR pathway

We previously reported that HIC-1 inhibits Tat-dependent HIV-1 gene transcription.51 To 

determine whether AhR directly regulates HIC1 transcription, an in silico search was 

performed with three other databases (i.e., GeneCards, a human genome database, the 

Eukaryotic Promoter Database, and Jaspar) in an effort to identify putative DREs/XREs in 

the HIC1 promoter. Precisely, we used in our Jaspar in silico analysis the AhR position 

frequency matrix (PFM) of the Jaspar Vertebrate 2022 library (MA0006.1) on both strands 

of the HIC1 promoter.53 The presence of four putative AhR-binding sites were identified, 
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located at positions (nt −792 to −798), (nt −232 to −238), (nt +785 to +791), and (nt 

+902 to 908) (where nt +1 corresponds to the first nucleotide of the HIC1 transcription 

start site [TSS]) and were referred to as AhR#1, AhR#2, AhR#3, and AhR#4, respectively 

(Figure 7A; Data S4). To determine whether the AhR, together with its partner ARNT, could 

be recruited in vivo to the HIC1 promoter, chromatin immunoprecipitation followed by 

quantitative PCR assay (ChIP-qPCR) was performed using two cell lines (STAR Methods). 

Importantly, our results showed the in vivo recruitment of both AhR and ARNT using three 

primer sets, covering the chromatin regions comprising the four potential AhR-binding sites 

(AhR#1, AhR#2, AhR#3, and AhR#4) of the HIC1 promoter (Figures 7B and 7C). The 

mmp9 cellular gene, known to recruit in vivo AhR/ARNT to its promoter,54 was used as 

a positive control (Figures 7B and 7C). Altogether, our results demonstrate that the HIC1 

promoter is a direct target for AhR/ARNT in vivo and support that the HIC1 promoter 

contains four distinct binding sites for the AhR/ARNT complex. Thus, HIC1 may be added 

to the list of direct AhR gene targets.

DISCUSSION

In this article, we provide evidence that AhR expression/activation induced by TCR 

triggering limits HIV-1 infection/outgrowth in CD4+ T cells. Briefly, the genetic/

pharmacological inhibition of AhR increased HIV-1 replication in vitro and enhanced viral 

outgrowth from CD4+ T cells of ART-treated PLWH. RNA-seq revealed the transcriptional 

reprogramming associated with increased viral outgrowth prompted by AhR blockade, 

with in silico analyses identifying putative AhR target genes listed on the NCBI HIV-1 

Interactor Database. Among AhR-modulated genes, ChIP experiments identified HIC1, an 

HIV-1 transcriptional repressor51 and modulator of intestinal homeostasis and T cell tissue 

residency,55,56 as a direct AhR target. These results support a model in which AhR activation 

favors the gut homing/residency via the induction of ITGB7 and CXCR6 expression and 

fuels the persistence of “silent” HIV reservoirs in CD4+ T cells of ART-treated PLWH. 

At the opposite end, pharmacological AhR blockade facilitates viral outgrowth and, by 

interfering with tissue residency, likely promotes the recirculation of “reactivated” reservoir 

cells from deep tissues into the blood stream.

One important finding of our study is the demonstration that AhR expression at RNA/protein 

levels, along with its activity (CYP1A1 transcription), are upregulated upon TCR triggering. 

We demonstrated that the AhR pathway controls HIV-1 replication at post-entry levels, 

with no changes in the expression of the HIV-1 receptor CD4 and coreceptors CCR5 

and CXCR4 upon AhR activation/blockade. In fact, CH223191-mediated AhR blockade 

increased the efficacy of early/late HIV-1 reverse transcription, subsequently favoring HIV-

DNA integration and de novo viral protein expression. Finally, CH223191 strongly boosted 

HIV-1 outgrowth from CD4+ T cells of ART-treated PLWH. Our results are consistent with 

previous studies by Kueck et al. reporting an antiviral role for AhR in macrophages.37 In 

the latter study, AhR activation restricted productive HIV-1 replication via the regulation of 

cyclin-dependent kinase (CDK)1/2 expression and SAMHD1-mediated restriction of reverse 

transcription.37 Although our RNA-seq results did not reveal the modulation of CDK1/2 nor 

SAMHD1 mRNA expression in CD4+ T cells, transcripts encoding for cyclin D1 (CCND1) 

were upregulated by CH223191. The involvement of AhR in controlling the dNTP levels via 
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SAMHD1 phosphorylation/dephosphorylation in CD4+ T cells remains a possibility to be 

tested.

The proviral effects of CH223191 were mainly observed in Th17/Th22-polarized CCR6+ 

T cells, consistent the preferential expression of AhR in Th17 cells.28,31 AhR regulates 

the expression of multiple cytochrome P450 transcripts like CYP1A1 and CYP1B1,26,27 

as well as cytokines, including IL-22, IL-17A, and IL-10 in CD4+ T cells.20,21,28,31,35 

While IL-17A exhibits proviral features,57 the antiviral effects of IL-22 and IL-10 are 

documented,45,46 with IL-10 contributing to VR persistence in simian immunodeficiency 

virus (SIV) infection models.47 The downregulation of IL-22 and IL-10 by CH223191 

may explain the increased viral outgrowth observed in CD4+ T cells of ART-treated 

PLWH. Consistent with AhR expression by “non-pathogenic” Th17 cells, our RNA-seq 

results revealed that the pharmacological inhibition of AhR increased the expression of the 

“pathogenic” Th17 markers IL23R,20 SGK1,58 and RORA.59

Of particular importance, our results revealed that, similar to its effect in macrophages,36 

AhR upregulates the expression of the gut-homing molecule ITGB7 in CD4+ T cells. Thus, 

the transcriptional program governed by AhR may imprint CD4+ T cells with a gut-homing 

tropism. In addition to ITGB7, other transcripts for chemokines, chemokine receptors, 

and adhesion molecules involved in tissue-specific trafficking were upregulated (CCR3, 

CXCL13, CXCL11, CXCL10) or downregulated (GPR15, ITGA1, CD226, ITGA2B, 

S1PR1, ITGAL, ITGA4, CXCR6, CXCR3, CXCR5) by CH223191. GPR15 mediates gut 

homing under the control of AhR,60 and S1PR1 is a master regulator of T cell egress from 

the lymph nodes,61 while CCR3 was previously documented by our group as preferentially 

expressed on HIV-infected cells in vitro.62 Of particular notice, HIC1, induced by FICZ and 

decreased by CH223191 in CD4+ T cells of ART-treated PLWH, represents a key regulator 

in intestinal homeostasis55 and was recently reported to promote T cell tissue residency.56 

Importantly, by in silico analysis, we here identified four putative AhR-/ARNT-binding 

sites in the HIC1 promoter, and ChIP-qPCR experiments demonstrated that the AhR/ARNT 

complex was recruited in vivo to the HIC1 promoter in both TZM-bl and HEK293T cell 

lines. These results originally demonstrate that HIC1 is a direct AhR target. Future studies 

should explore the role of the AhR-HIC1 interplay in controlling the tissue residency in 

the gut, mainly during HIV-1 infection, a condition associated with increased expression of 

AhR ligands.63,64 Based on our results, one may anticipate that AhR blockade promotes 

the recirculation of tissue-residence CD4+ T cells carrying VRs via HIC1-dependent 

mechanisms.

RNA-seq revealed that CH223191 downregulated the expression of CYP1A1, AHRR, and 

TIPARP, involved in the negative feedback regulation of AhR signaling.26,27 In addition, we 

observed the modulation of lineage cytokines important for HIV-1 pathogenesis, including 

the downregulation of IL1A, IL1R1, IL24, and IL26 and the upregulation of IL27, IL6, 

IL6R, IL7R, IL18RAP, and IL12RB1 expression. Among these transcripts, the ENCODE 

search points to the possibility that IL6R and IL1R1 genes are directly regulated by AhR, 

as they express DREs/XREs in their promoters. Thus, AhR activation may facilitate T 

cell responsiveness to IL-1α, to the detriment of IL-6. Of particular importance, we report 

here that genes encoding for immune checkpoint activators/inhibitors are modulated by 
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AhR, as reflected by the upregulation of CD276/B-H3, CD38, CD274/PD-L1, LAG3, and 

CD59 and the downregulation of CD109, CD160, TIGIT, CD96, and CD27 in the presence 

of CH223191. Whether these AhR-modulated transcripts represent surface markers for T 

cells carrying replication-competent VRs remains to be evaluated using single-cell analysis 

techniques.

In TCR-activated CD4+ T cells of ART-treated PLWH, CH223191 modulated the expression 

of various sets of genes previously identified as HIV interactors. Among them, HIC1 was 

documented to inhibit Tat-dependent HIV-1 transcription,51 raising the possibility that HIC1 

downregulation is one mechanism by which viral outgrowth was boosted by CH223191. 

This is consistent with our in silico search and ChIP experiments supporting the fact that 

HIC1 transcription is directly regulated by AhR. Of note, downregulation of HIC1 coincided 

with the upregulation of IL-6, a proinflammatory cytokine associated with HIV-1 disease 

progression65 and HIV-1 replication46 and a negative regulator of HIC1 expression.66 In 

addition, SIRT1, CEBPB, and BACH2 were also identified as HIV interactors included on 

the list of putative AhR gene targets. Of note, SIRT1 is a histone deacetylase repressed at 

the transcriptional level by HIC1 that, in turn, regulates HIC1 activity.51,52 Also, SIRT1 

facilitates Tat-dependent HIV-1 transcription67 and represents a therapeutic target also in 

HIV-1 infection.68 SIRT1 is used as a therapeutic target in cancer.69 CEBPB, is involved 

in the transcriptional regulation of multiple genes, including HIV-1.70 Finally, BACH2 

caught our attention based on reports demonstrating preferential HIV-1 integration in this 

gene.71–73 These results raise the possibility that CH223191-mediated BACH2 expression 

may facilitate HIV-1 integration into this gene; alternatively, since HIV-1 preferentially 

integrates in BACH2,71–73 CH223191-mediated BACH2 transcription may explain the 

increased viral outgrowth.

The evidence in this article that AhR acts as a barrier to HIV-1 infection/outgrowth 

in TCR-activated CD4+ T cells is in line with studies by Kueck et al. performed in 

macrophages.37 In contrast, a report by Zhou et al. demonstrated that exposure to AhR 

ligands (e.g., kynurenine, FICZ) promoted viral transcription in resting CD4+ T cells 

of ART-treated PLWH and reported the presence of AhR-binding DREs in the HIV-1 

promoter.74 These controversial results raise further questions on potentially different 

AhR-mediated mechanisms of action in resting versus TCR-activated CD4+ T cells. Also, 

the capacity of AhR to bind directly to the HIV-1 promoter as an activator versus a 

repressor may be dependent on the cell activation status and the expression of other HIV-1-

dependency factors. These aspects remain to be further investigated.

Altogether, results included in this article support a model in which AhR acts as a barrier to 

HIV-1 infection/outgrowth in CD4+ T cells and a master regulator of cell trafficking/tissue 

residency, at least in part by modulating HIC1 expression. AhR activation may play a 

dual role during HIV-1 infection. On one side, AhR activation may limit HIV-1 acquisition 

during primary infection in CD4+ T cells. On the other side, AhR triggering potentially 

maintains “silent” VRs in ART-treated PLWH. This is consistent with the state of deep 

latency observed in CD4+ T cells residing in the gut.75–77 This model is consistent with 

the documented abundance of AhR ligands in the GALT,24–26 the abnormal expression of 

IDO-1 and Trp catabolites in ART-treated PLWH,63,64 and the maintenance of a state of 
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deep HIV-1 latency at the intestinal level.75–78 Finally, in the context where AhR antagonists 

are currently tested in clinical trials for cancer,38,39 their ability to reactivate/purge VRs in 

ART-treated PLWH deserves investigations in “shock and kill” strategies.

Limitations of the study

Our study has limitations that we highlight here. Single-round infection with VSV-G-

pseudotyped HIV demonstrated a direct action of AhR on the initial infection/outgrowth. 

However, our study does not distinguish between the effects of AhR on the initial infection/

reactivation versus cell-to-cell spreading of infection in vitro. Although we provide evidence 

that AhR directly modulates HIC1 expression, it remains unclear whether HIC1 represses 

HIV transcription in CD4+ T cells as we demonstrated for myeloid cells.51 Moreover, the 

fact that FICZ had limited effects on cytokine production and HIV replication/outgrowth 

was considered to be due to the presence of other AhR ligands in cell culture media, 

as previously reported.31 However, natural AhR ligands may be expressed in cells upon 

TCR triggering and/or HIV exposure; these possibilities require future investigations. 

Furthermore, our study used only FICZ and CH223191 for pharmacological studies. 

Different natural and synthetic AhR ligands differ in their biological activities,26 thus 

prompting the need for further studies to assess the effect of various ligands on HIV 

replication/outgrowth. Finally, in addition to its role as a ligand-activated TF, AhR exhibits 

an intrinsic E3 ubiquitin ligase activity that targets the degradation of steroid receptors 

(e.g., estrogen receptors).79 In our study, we did not differentiate between genomic and 

non-genomic actions of AhR-mediated functions in CD4+ T cells; also, we did not perform 

experiments on cells from males and females. Future studies should address these issues in 

an effort to explain controversies on the role of AhR in antiviral immunity.80

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Petronela Ancuta 

(petronela.ancuta@umontreal.ca).

Materials availability—This study did not generate unique reagents.

Data and code availability—RNA-seq data have been deposited at Gene Expression 

Omnibus (GEO) database under accession GSE198078 (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE198078) and are publicly available as of the date of publication, 

as listed in the key resources table. Original Western blot images have been deposited 

at Mendeley database and are publicly available as of the date of publication (https://

data.mendeley.com/datasets/4ry9gxv7tp/1).

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

from the lead contact upon request. This paper does not report original code.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement—In this study, leukapheresis collection from ART-treated PLWH and 

HIV-uninfected study participants was performed in compliance with the principles included 

in the Declaration of Helsinki. This study is approved by Institutional Review Board of the 

McGill University Health Centre and the CHUM-Research Center, Montreal, QC, Canada. 

All study participants have provided signed informed consents and agreed to publish the 

results in Journal with their samples.

Human subjects—Leukapheresis were collected from ART-treated PLWH (n = 7; Table 

S1) and HIV-uninfected study participants (n = 17; Table S2) recruited at the McGill 

University Health Centre and Centre Hospitalier de l’Université de Montréal (CHUM, 

Montreal, QC, Canada). Peripheral blood mononuclear cells (PBMCs) (109–1010) were 

isolated from leukapheresis and cryopreserved as previously described.81 The clinical 

characteristics of study participants are listed in Tables S1 and S2.

METHOD DETAILS

Flow cytometry analysis—For flow cytometry analysis antibodies (Abs) were listed in 

the key resources table. Intracellular staining was performed with BD Cytofix/Cytoperm kit 

(BD Biosciences, Franklin Lakes, NJ, USA), as we previously described.57,82 The viability 

dye LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Vivid, Life Technologies, CA, USA) 

was used to exclude dead cells. Flow cytometry analysis was performed using an LSRII 

cytometer (BD Pharmingen San Diego, CA, USA). The positivity gates were placed using 

the fluorescence minus one (FMO) strategy. All flow cytometry data were analyzed with the 

FlowJo software version 10.6.1 (Tree Star, Inc).

Cell sorting and TCR activation—Memory CD4+ T cells with (>95% purity) were 

enriched from PBMCs by negative selection using magnetic beads (Miltenyi, Bergisch 

Gladbach, Germany).57,81,82 In other experiments, CCR6+ and CCR6− memory CD4+ 

T-cells were sorted by flow cytometry (BDAria III), as we previously described.81,82 

Cells were activated using immobilized CD3 and soluble CD28 antibodies (1 μg/mL; BD 

Pharmingen San Diego, CA, USA) for 3 days and used for subsequent experiments.

AhR ligands—The following AhR drugs were used in this study: the antagonist 

CH-223191 (Sigma, St. Louis, MO, USA; concentrations: 1.25, 2.5, 5, and 10 μM) and 

the agonist FICZ (Sigma, St. Louis, MO, USA; concentrations: 10 and 100 nM). Stock 

solutions of these ligands were prepared in dimethylsulfoxide (DMSO), aliquoted and stored 

according to the manufacturer’s instructions.

HIV-1 infection in vitro—The following HIV-1 strains were used (key resources 

table): replication-competent CCR5-tropic Transmitted Founder T/F THRO (HIVTHRO) and 

NL4.3BaL (HIVNL4.3BaL), and single-round VSVG-HIV-GFP (HIVVSVG). The HIVTHRO 

molecular clone plasmid (Catalog No. 11919) was obtained from Dr. John Kappes and Dr. 

Christina Ochsenbauer through the NIH AIDS Reagent Program, Division of AIDS, NIAID, 

NIH.83 HIVNL4.3BaL is an NL4.3-based provirus expressing the BaL envelope, provided by 

Michel Tremblay (U Laval, Québec) and originating from Dr Roger J Pomerantz (Thomas 
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Jefferson University, Philadelphia, Pennsylvania, USA). The HIVVSVG stock was generated 

using a plasmid encoding for an env- NL4.3-based provirus, with gfp in place of nef, 
and another plasmid encoding for VSV-G, as previously described.81,84 HIV-1 stocks were 

generated by Fugene-mediated transfection, as we previously described.81,84 Memory CD4+ 

T-cells activated via CD3/CD28 for 3 days were exposed to HIV-1 (25 ng HIV-p24/106 

cells) for 3 h at 37°C. Cells were washed to remove the unbound virions. Then, cells were 

cultured in the presence of IL-2 (5 ng/mL; R&D Systems, Minneapolis, MN, USA), and 

in the presence or the absence of CH-223191 or FICZ, at the indicated concentrations 

up to 9 days, with media being refreshed every 3 days. Viral replication was monitored 

by flow cytometry upon HIV-p24 intracellular staining and by ELISA soluble HIV-p24 

quantification, as previously described.57,81,84 In parallel, HIV-infected cells were harvested 

at day 3 post-infection for PCR-based HIV-DNA quantification as described below.

Quantification of Gag and integrated HIV-DNA—RU5 and Gag reverse transcripts 

and integrated HIV-DNA levels were quantified by nested real-time PCR (Light Cycler 

480, Roche) (Table S3; key resources table). Experiments were performed in triplicates on 

0.5–1×105 T-cells/PCR. HIV-1 copy numbers were normalized to CD3 copy numbers (two 

CD3 copies per cell), as previously described.81,84

Viral outgrowth assay (VOA)—The VOA was performed, as we previously 

described50,82 (Table S3; key resources table). Briefly, memory CD4+ T-cells (1 × 106 

cells/mL RPMI, 10% FBS, 1% Penicillin/Streptomycin) were isolated by MACS from 

PBMCs of ART-treated PLWH and cultured in 48-well plates in the presence of CD3/CD28 

Abs (1 μg/mL). At day 3 post-TCR triggering, cells were washed and split into two clean 

48-well plate wells and cultured with IL-2 (5 ng/mL; R&D Systems), in the presence or 

the absence of CH-223191 (10 μM) and FICZ (100 nM). Cells were further split at day 6 

and 9 post-stimulation and half of the media was replenished with IL-2 containing or not 

AhR drugs. Cells were harvested at day 12 and the intracellular HIV-p24 expression was 

measured by flow cytometry. In parallel, soluble HIV-p24 levels were quantified by ELISA 

in the collected supernatant of days 3, 6, 9 and 12, as previously described.81,84

CRISPR/Cas9-mediated AhR KO—For AhR gene editing, we used the CRISPR/Cas9 

technology, and a published protocol adapted for primary CD4+ T-cells40 (Figure 1A). 

Briefly, memory CD4+ T-cells were stimulated via CD3/CD28 for 3 days prior to 

electroporation. Electroporation was performed using the Amaxa P3 Primary Cell 96-well 

Nucleofector kit and 4D-Nucleofecter (Lonza, Walkersville, MD, USA). crRNAs were 

selected from CRISPR sgRNA database of (Genscript, USA). crRNA, tracrRNA and Cas9 

were purchased from IDT (IDT, Newark, NJ, USA). crRNA and trans-activating crRNA 

(tracrRNA) were mixed at equimolar concentrations in a sterile PCR tube. Oligos were 

annealed by heating at 95°C for 5 min in PCR thermocycler and the mix was slowly cooled 

to room temperature. An equimolar concentration of Cas9-NLS was slowly added to the 

crRNA:tracrRNA and incubated for 10 min at room temperature to generate Cas9 RNPs 

complex. For each reaction, 1 × 106 T-cells were pelleted and re-suspended in 100 μL 

nucleofection solution (Lonza, Walkersville, MD, USA). T cell suspensions were mixed 

with 5 μL RNP complex and cell/RNP mix transferred to Nucleofector cuvette. Cells were 
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electroporated using program T-020 on the Amaxa 4D-Nucleofector (Lonza, Walkersville, 

MD, USA). After nucleofection, pre-warmed T cell media was used to transfer transfected 

cells in 48-well plates and cells were allowed to culture in the presence of IL-2 (5 ng/mL) 

for 3–5 days. The AhR gene KO was confirmed by Western Blot (Figure 1B). crRNA 

sequences were as follows: AhR#1: 5′- AAGTCGGTCTCTATGCCGCT-3′ and AhR#2: 5′- 

TTGCTGCTCTACAGTTATCC-3′ (Table S3; key resources table).

T7 endonuclease assay—The AhR gene KO was also confirmed by T7 endonuclease 

assay, as previously described.85 Cells were lysed with DNAzol (Invitrogen, Waltham, 

Massachusetts, USA) and genomic DNA was extracted. AhR target regions were 

PCR-amplified using the forward primer 5′-GGGAATCACTGTGCTACAAATGC-3′′and 

the reverse primer 5′-CAGAAAATCCAGCAAGATGGTGT-3′. The amplification was 

performed using the PFU HiFi DNA polymerase (NEB, Germany) following the 

manufacturer’s instructions. The PCR products were gel-purified using the QIAEX II Gel 

extraction kit (Qiagen, Germany). After purification, the PCR products were denatured and 

slowly re annealed to form hetero-duplex DNA and digested with T7 endonuclease (NEB, 

Germany) for 30 min at 37°C. The resulting DNA fragments were visualized by 1.5% 

agarose gel electrophoresis (Table S3; key resources table).

TIDE assay—The TIDE assay was performed to determine the efficacy of silencing, 

as previously reported.40,41 Briefly, genomic DNA was extracted using MyTaq Extract 

PCR kit according to the manufacturer (Bioline, Cat number BIO-21126). PCR 

amplification was performed using the high-fidelity enzyme Q5 from New England 

Biolab (NEB, Cat number M0530L). Amplification was performed with the following 

locus specific primers: Ahr_1 (5′- TTCGGAAGAATTTAACCCATTC-3′), Ahr_2 (5′-

AACTGACGCTGAGCCTAAGAAC). The PCR products obtained were sent for sequencing 

at the Center d’expertise et de service de génome Québec (CHU-Ste-Justine, Montré 

al, Canada). Sequence alignments were visualized using the Snapgene software (https://

www.snapgene.com/) and cleavage activity was assessed using both TIDE (https://

tide.nki.nl/) and ICE software (https://ice.synthego.com/#/) (Table S3; key resources table).

AhR siRNA—AhR RNA interference were performed in primary CD4+ T cells, as 

described previously.86 Briefly, memory CD4+ T-cells were stimulated by CD3/CD28 

Abs for 2 days. Activated cells were nucleofected with 100 μM AhR or non-targeting 

(NT1) siRNA (ON-TARGETplus SMART pool, Dharmacon) using the Amaxa Human T 

cell Nucleofector Kit (Lonza, Walkersville, MD, USA), according to the manufacturer’s 

protocol. Nucleofected cells (2 × 106) were cultured for 24 h at 37°C in the presence of IL-2 

(5 ng/mL). Cells were exposed to HIV-1 and cultured up to 3 days. To check the efficacy 

of KO, the AhR gene expression level was assessed by SYBR Green real-time RT-PCR 24h 

post-nucleofection. At day 3 post-infection, cells were stained with LIVE/DEAD Fixable 

Dead Cell Stain Kit (Vivid, Life Technologies,CA) were analyzed by FACS (BD LSRII) 

(Table S3; key resources table).

SYBR Green quantitative real time RT-PCR—Total RNA was isolated using the 

RNAeasy mini kit (Qiagen, Hilden, Germany). The AhR mRNA was quantified by one 
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step SYBR Green real-time RT-PCR using the AhR Quantitect primer (Qiagen, Hilden, 

Germany). The RT-PCR reactions were carried out using the Light Cycler 480 II (Roche, 

Basel, Switzerland). The relative expression of AhR was normalized to the housekeeping 

gene 28S rRNA (Table S3; key resources table), as we previously reported.19,82,84,86 Each 

reaction was performed in triplicates.

Western Blot—Cells were lysed with the RIPA buffer (Cell Signaling) supplemented 

with phosphatase inhibitors (PhosSTOP) and protease inhibitor cocktail (Complete Mini 

EDTA-free, Roche) for 10 min at 4°C and centrifuged at 14,000 g for 10 min. Proteins were 

quantified by Bradford assay (Bio-Rad, Hercules, CA, USA). Samples (15–30 μg protein/

well) were loaded on SDS PAGE gel (90 min, 100 V), transferred to PVDF membrane 

(Millipore) and blocked with 5% BSA. Subsequently membranes were incubated with 

primary AhR antibodies (Clone ab190797, Abcam, Cambridge, UK) and β-actin (Sigma, 

USA). Immunoreactive bands were detected using HRP-conjugated secondary antibodies 

and revealed with ECL substrate (GE Healthcare, Chicago, IL, USA) (Table S3; key 

resources table).

ELISA—HIV-p24 levels were quantified in cell culture supernatants using a homemade 

ELISA, with a hybridome provided by Dr Michel Tremblay,87 as described previously.81 

IL-17A, IL-10 and IL-22 (DuoSet ELISA R&D Systems, Minneapolis, MN, USA) IFN-γ 
(Invitrogen, Waltham, Massachusetts, USA) cytokine levels in cell culture supernatants were 

measured, as per manufacturer’s instructions (Table S3; key resources table).

Illumina RNA sequencing and analysis—CD4+ memory T-cells were isolated from 

ART-treated PLWH, activated with CD3/CD28 Abs, and cultured in the presence or the 

absence of the AHR antagonist CH223191 (10 μM) for 18h.Total RNA was extracted using 

RNeasy Plus mini kit (Qiagen, Germantown, Maryland, USA). Genome-wide transcriptional 

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

RNA-Sequencing technology (NovaSeq6000 S4 PE 100bp 25M reads). Briefly, the paired-

end sequencing reads were aligned to coding and non-coding transcripts from Homo Sapiens 

database GRCh 37 version75 and quantified with the Kallisto software version 0.44.0. 

The entire RNA-Sequencing dataset and the technical information requested by Minimum 

Information About a Microarray Experiment (MIAME) are available at the GEO database 

under accession GSE198078.

Differentially expressed genes (DEG) were identified based on p values (p < 0.05), 

adjusted p values (adj. p < 0.05) and fold-change (FC, cutoff 1.3). Statistical analyses 

were performed using R version 4.21. Differential expression analysis was performed 

using the limma Bioconductor R package (version 3.52.2) on the log2-counts per million 

(logCPM) transformed transcript-level and gene-level data. Gene set enrichment analysis 

(GSEA; C2, C3, C5, C7, C8, and Hallmark databases) was performed using the GSVA 

method (package version 1.344.2) on the logCPM data using a Gaussian cumulative 

distribution function. Finally, ChIP-seq peaks annotation of AhR targets (ENCODE dataset 

ENCFF763XLN; reference genome HG19) was done using packages ChIPseeker (version 

1.32.1) and ENCODExplorerData (version 0.99.5).
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Chromatin immunoprecipitation assays—ChIP assays were performed following 

the ChIP assay kit from EMD Millipore on two cell lines: 1) a HeLa-derivative 

cell line that expresses high levels of the HIV-1 receptor CD4 and both coreceptors 

CXCR4 and CCR5 and contains beta-galactosidase and luciferase reporter genes under 

the control of the HIV-1 LTR (TZM-bl); and 2) the human embryonic kidney cell 

line HEK293T. Briefly, cells were cross-linked for 10 min at room temperature 

with 1% formaldehyde before lysis followed by chromatin sonication (Bioruptor Plus, 

Diagenode) to obtain DNA fragments of 200–400 bp. Chromatin immunoprecipitations 

were performed with chromatin from 5×106 cells and 5 μg of antibodies against 

either AhR (Cell Signaling 83200, RRID:AB_2800011) or ARNT (Cell Signaling 5537, 

RRID:AB_10694232). A Normal Rabbit IgG (Cell Signaling 2729, RRID:AB_1031062) 

was used as a negative control. Quantitative real-time PCR reactions were performed 

using 1/60 of the immunoprecipitated DNA and the Luna Universal qPCR Master Mix 

(NEB). Several regions were studied using oligonucleotide primer pairs to cover the 

different potential AhR/ARNT binding sites on the HIC1 promoter including AhR#1 (FW: 

CACCCACACAAACCTGACCT, RV: GGCCCTAGAATCCCCCTGTA), AhR#2 (FW: 

TTTTCCGAACTGGGGCTGTG, RV: TTCGCCCTCCCACCTGTA) and AhR#3 + 4 (FW: 

AGTTCCGGGGGAGAAGGG, RV: GCGGGGAGGGCGTTATATC), the mmp9 promoter 

used as positive control for the recruitment of AhR (FW: TCTCATGCTGGTGCTGCC, RV: 

CTTTAAGGAGGCGCTCCTGTG) (Table S3; key resources table). Relative quantification 

using the standard curve method was performed for each primer pair and 96-well Optical 

Reaction plates were read in a QuantStudio3 PCR instrument (Applied Biosystem). Fold 

enrichments were calculated as percentages of input values. Primer sequences used for 

quantification were designed using the software Primer 3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—Statistical analyses were performed using the Prism 7 (GraphPad, 

Inc., La Joya, CA, USA) software. In each graph and Figure legend, specific statistical tests 

were applied. p-values are indicated on the graphs with statistical significance as follows: *p 

< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• AhR activation, induced upon TCR triggering, boosts non-pathogenic Th17 

functions

• AhR gene editing decreases IL-22/IL-10 production and increases HIV-1 

replication

• AhR pharmacological blockade promotes HIV outgrowth in cells of ART-

treated PLWH

• AhR directly regulates HIC1, an HIV-1 repressor and tissue-residency 

regulator
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Figure 1. CRISPR-Cas9-mediated AhR gene editing reduces IL-22, IL-17A, and IL-10 
production in memory CD4+ T cells
(A) Shown is the experimental flow chart of CRISPR-Cas9 ribonucleoprotein (RNP)-

mediated AhR KO. Briefly, memory CD4+ T cells, isolated from peripheral blood 

mononuclear cells (PBMCs) of HIV-uninfected individuals, were stimulated with CD3/

CD28 Abs for 3 days. Cells were electroporated with AhR-targeting (AhR crRNA) or 

control crRNA (negative crRNA) in the presence of the trans-activating CRISPR RNA 

(tracrRNA).

(B and C) 3/4 days after electroporation, cells were analyzed by western blotting (B) and the 

T7 endonuclease assay (C) to determine the efficacy of CRISPR-Cas9-mediated AhR gene 

editing at protein and DNA levels, respectively.

(D and E) 3 days after electroporation, cells were exposed to HIVTHRO for 3 h, washed, 

and cultured for 9 days with rhIL-2 (5 ng/mL). At day 9 post-infection, supernatants 

were collected, and cytokine levels were quantified by ELISA (D). In parallel, cells were 
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stimulated with PMA (50 ng/mL) and ionomycin (1 μg/mL) for 2 h, followed by the 

addition of brefeldin A (2 μg/mL), and cells were incubated for another 4 h; the intracellular 

expression of cytokines was measured by flow cytometry (E).

Experiments in (B) and (C) and (D) and (E) were performed with cells from n = 2 and 4 

HIV-uninfected individuals, respectively (donors 1–4). Paired t test p values are indicated in 

(D). Shown are bars that indicate mean values (D).
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Figure 2. CRISPR-Cas9-mediated AhR gene editing boosts HIV-1 replication in memory CD4+ T 
cells
The experimental flow chart in Figure 1A was used to investigate the effect of CRISPR-

Cas9-mediated AhR gene editing on HIV-1 replication. Briefly, TCR-activated memory 

CD4+ T cells were electroporated with AhR crRNA or negative crRNA in the presence of 

the tracrRNA. 3 days after electroporation, cells were exposed to HIVTHRO for 3 h, washed, 

and cultured for 9 days in the presence of rhIL-2 (5 ng/mL).

(A–C) Shown are cell-associated integrated HIV-DNA levels at day 3 post-infection (n = 

4, donors 1–4) (A) and HIV-p24 levels in cell-culture supernatants at days 3, 6, and 9 

post-infection in one representative donor (B) and statistical analysis of HIV-1 replication at 

day 9 post-infection in donors 1–8 (C). Finally, cells were harvested at day 9 post-infection 

and stained on the surface with CD4 Abs and intracellularly with HIV-p24 Abs.

(D and E) Shown are the effects of AhR gene editing on the frequency of CD4lowHIV-p24+ 

T cells in each individual donor (D) and statistical analysis in donors 5–8 (E).
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(F) The viability dye Aqua Vivid was used to determine cell viability (Vivid−) at day 9 

post-infection in donors 5–8.

Paired t test p values are indicated in (A), (C), (E), and (F). Shown are bars that indicate 

mean values (A), (C), (E), and (F).
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Figure 3. The AhR antagonism increases HIV-1 replication in CD4+ T cells at post-entry levels, 
between reverse transcription and integration
Memory CD4+ T cells isolated from PBMCs of HIV-uninfected individuals were activated 

via CD3/CD28 and cultured in the presence/absence of the AhR antagonist CH223191 (10 

μM) or agonist FICZ (100 nM) for 3 days. Cells were exposed to transmitted founder 

(T/F) HIVTHRO (50 ng HIV-p24/106 cells) and cultured for up to 9 days with rhIL-2 in the 

presence/absence of CH223191 or FICZ.

(A and B) Shown are HIV-p24 levels quantified by ELISA in cell-culture supernatants 

collected at days 3, 6, and 9 post-infection in one representative donor (A) and statistical 

analysis of results obtained using cells from n = 5 donors at day 9 post-infection (B). 

In parallel, cells were exposed to single-round VSV-G-pseudotyped HIV-1 encoding gfp 
in place of nef (HIVVSVG-GFP) (50 ng HIV-p24/106 cells) and cultured for 3 days in the 

presence/absence of CH223191 or FICZ.
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(C–E) Levels of early (RU5) (C) and late (Gag) reverse transcripts (D), as well as integrated 

HIV-DNA levels (E), were quantified by real-time nested PCR at day 3 post-infection.

(F and G) The GFP expression was measured by flow cytometry as an indicator of HIV-1 

transcription/translation. Shown is the frequency of GFP+ T cells in one representative donor 

(F) and statistical analysis of GFP expression in T cells from n = 7 donors (G). Each symbol 

represents one donor.

(B–E and G) The Friedman test p values and Dunn’s multiple comparison significance are 

indicated on the graphs (*p < 0.05; **p < 0.01; ***p < 0.001). Shown are boxes and whisker 

plots, with minimum to maximum values.
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Figure 4. The AhR blockade increases HIV-1 replication in CCR6+CD4+ T cells
Flow cytometry-sorted memory CCR6+ and CCR6−CD4+ T cells isolated from PBMCs of 

HIV-uninfected individuals were stimulated via CD3/CD28 Abs in the presence/absence of 

the FICZ (100 nM) or CH223191 (10 μM) for 3 days. Cells were exposed to T/F HIVTHRO 

(50 ng HIV-p24/106 cells) and cultured with rhIL-2 in the presence/absence of AhR drugs.

(A–D) Levels of IL-22 (A and C) and IL-17A (B and D) were measured by ELISA in 

cell-culture supernatants of CCR6+ versus CCR6− T cells (A and B; relative cytokine 

production) treated or not with FICZ or CH223191 (C and D; absolute cytokine levels) at 

day 3 post-TCR triggering (n = 4).

(E and F) Shown are HIV-p24 levels quantified by ELISA in cell-culture supernatant 

collected at day 3, 6, and 9 post-infection in one representative donor (E) and statistical 

analysis of results obtained using cells from n = 4 different HIV-uninfected donors (F, 

CCR6+ T cells, left panel; CCR6− T cells, right panel). Each symbol represents one donor.
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Paired t test p values (A and B) and Friedman test p values and Dunn’s multiple comparison 

significance (C, D, and F) are indicated on the graphs (*p < 0.05; **p < 0.01; ***p < 

0.001). Shown are bars that indicate mean values (A–B) and boxes and whisker plots, with 

minimum to maximum values (C–D ) and (F).
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Figure 5. The AhR blockade boosts HIV-1 outgrowth in CD4+ T cells of ART-treated PLWH
(A) Shown is the flow chart of the viral outgrowth assay (VOA). Briefly, memory CD4+ T 

cells isolated from the PBMCs of ART-treated PLWH were activated with CD3/CD28 Abs 

and cultured with rhIL-2 in the presence/absence of FICZ (100 nM) or CH223191 (10 μM). 

At day 12 post-infection, HIV-1 replication and cell viability were measured.

(B–E) Shown are the percentages of HIV-p24+ T cells (8 splitting replicates pooled per 

condition) from one representative donor (ART #2; Table S1) (B), the statistical analysis 

of the percentage of HIV-p24+ cells (C), the HIV-p24 levels in cell-culture supernatants 

(median values of HIV-p24 levels from 8 splitting replicates per condition) (D), and the 

viability of cells harvested at day 12 of VOA (E) in experiments performed with cells from 

n = 7 donors. Friedman test p values with Dunn’s multiple comparisons indicated on the 

graphs (*p < 0.05; **p < 0.01; ***p < 0.001).

Shown are boxes and whisker plots, with minimum to maximum values (C–E).
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Figure 6. Transcriptional reprogramming of CD4+ T cells upon pharmacological AhR inhibition
(A) Shown is the flow chart of RNA sequencing. Briefly, memory CD4+ T cells of ART-

treated PLWH (n = 6) were isolated and stimulated with CD3/CD28 Abs and cultured in the 

presence/absence of CH223191 (10 μM) for 18 h. Total RNA was extracted and used for 

RNA sequencing (Illumina Technology).

(B) Volcano plots for all probes in each linear model presented with the log2 FC on the x 

axis and the negative logarithm of the adjusted p values for false discovery rate (FDR) on the 

y axis. The red/blue color code is used based on the 5% FDR threshold.

(C–F) Shown are the representation of AhR direct target genes modulated by CH223191, as 

identified using the ENCODE Bioinformatic tool (https://www.encodeproject.org) (C); top 

differentially expressed genes (DEGs; identified based on p values) in CD4+ T cells exposed 

or not to CH223191 (D); IL-22 mRNA levels quantified by qPCR in CD4+ T cells exposed 
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or not to FICZ or CH223191 (n = 6) (E); and HIC1 mRNA levels in CD4+ T cells exposed 

or not to FICZ or CH223191 (F).

(E and F) Each symbol represents an individual donor; bars indicate median values. 

Wilcoxon matched-pairs signed rank test p values are indicated on the graphs. Shown are 

bars that indicate mean ± SD values.
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Figure 7. The AhR/ARNT complex is recruited in vivo to the HIC1 promoter
(A) Schematic representation of the HIC1 promoter, with the localization of the potential 

AhR-/ARNT-binding sites identified by in silico analysis (using the Jaspar 2022 consensus 

motif) and with the localization of the ChIP-qPCR primer sets.

(B and C) Chromatin prepared from TZM-bl (B) or HEK293T (C) cells was 

immunoprecipitated using specific Abs directed against AhR and ARNT or using an 

immunoglobulin G (IgG) as background measurement. Results are presented as histograms 

indicating percentages of immunoprecipitated DNA compared with the input DNA (% IP/

input). Data are the means ± SD from one experiment representative of four independent 

experiments. Shown are bars that indicate mean ± SD values.
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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 CD4 Alexa Fluor 700 (Clone 
RPAT4)

BD Cat# 557922; RRID: AB_396943

Mouse anti-human CD4 PerCP-Cy5.5 (Clone RPAT4) BioLegend Cat# 300530; RRID: AB_893328

Mouse anti-human CD3 Pacific Blue (Clone UCHT1) BD Cat# 558117; RRID: AB_397038

Mouse anti-human CCR6 PE (Clone 11A9) BD Cat# 559562; RRID: AB_397273

Mouse anti-human CCR5 PE (Clone 2D7/CCR5) BD Cat# 555993; RRID: AB_396279

Mouse anti human IFN-γ Alexa Fluor 700 (Clone B27) BD Cat# 557995; RRID: AB_396977

Mouse anti human CXCR4 APC (Clone 12G5) Thermo Fisher Cat# 17–9999–42; RRID: AB_1724113

Mouse anti human Ki67 BV421 (Clone B56) BD Cat# 562899; RRID: AB_2686897

Rat anti human Integrinβ7 PE-Cy 5 (Clone FIB504) BD Cat# 551059; RRID: AB_394026

Mouse anti human CD56 FITC (Clone HCD56) eBioscience Cat# 318304; RRID: AB_604100

Mouse anti human IL-17A PE (Clone eBio64DEC17) eBioscience Cat# 12–7179–42; RRID: AB_1724136

Mouse anti human IL-22 PE-Cyanine7 (Clone 
22URTI)

eBioscience Cat# 25–7229–42; RRID: AB_10853346

Mouse anti human CD8 FITC (Clone BW135/80) Miltenyi Biotech Cat# 130–080–601; RRID: AB_244336

Mouse anti human CD19 FITC (Clone LT19) Miltenyi Biotech Cat# 130–091–328; RRID: AB_244222

Mouse anti human CD45RA APCeFluor780 (Clone 
HI100)

eBioscience Cat# 47–0458–42; RRID: AB_10853641

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (405 
nm excitation)

Invitrogen Cat# L34957

Rabbit anti human AhR Abcam Cat# ab190797; RRID: AB_2894707

Rabbit anti human AhR Cell Signaling Cat# 83200; RRID: AB_2800011

Rabbit anti human ARNT Cell Signaling Cat# 5537; RRID: AB_10694232

Normal Rabbit IgG Cell Signaling Cat# 2729; RRID: AB_1031062

Monoclonal anti-βActin (clone AC15) Sigma Cat# A5441; RRID: AB_476744

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 Roger J Pomerantz 
(Thomas Jefferson University, 
Philadelphia, Pennsylvania, 
USA) and Dr. Michel J. 
Tremblay (Université Laval, 
Québec City, QC, Canada)

N/A

Biological samples
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REAGENT or RESOURCE SOURCE IDENTIFIER

Leukaphereses of ART treated and untreated people 
living with HIV

Recruited at the Montreal Chest 
Institute, McGill University 
Health Center and Center 
Hospitalier de l’Université de 
Montréal via the collaboration of 
Dr Jean-Pierre Routy’s group

N/A

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s medium (DMEM) Thermo Fisher Cat# 11995065

Roswell Park Memorial Institute (RPMI) Thermo Fisher Cat# 11875–093

Penicillin/Streptomycin Gibco Cat# 15140–122

Fetal Bovine Serum (FBS) Sigma Cat# F2442

Bovine Serum Albumin (BSA) BioShop Cat# ALB001

Phosphate Buffered Saline (PBS) Thermo Fisher Cat# 20012050

Tween 20 Thermo Fisher Cat# BP337–500

PVDF membrane Millipore Sigma Cat# ISEQ00010

RIPA Buffer 10X NEB Cat# 9806S

rhIL-2 R&D Systems Cat# 202–IL–050

rhIL-10 R&D Systems Cat# 217–IL

rhIL-22 R&D Systems Cat# 782–IL–010

CH-223191 Sigma Cat# C8124

FICZ Sigma Cat# SML1489

DNAzol™ Reagent Invitrogen Cat# 10503027

T7 Endonuclease I - 250 units NEB Cat# M0302S

Phusion® High-Fidelity DNA Polymerase NEB Cat# M0530S

UltraComp ebeads eBioscience Cat# 01–2222–42

Formaldehyde 37% Sigma Cat#F79500

LC480 probe master mix Roche Cat# 4707494001

Amersham ECL Prime Western Blotting System Cytiva Cat# RPN2232

Brefeldin A Sigma Cat# B7651

PMA Sigma Cat# P1585

Ionomycin Sigma Cat# I0634

Luna Universal qPCR Master Mix NEB Cat# M3003E

TMB Peroxidase Substrate Fitzgerald Cat# 42R–TB102

Streptavidin Poly-HRP40 Fitzgerald Cat# 65R–S104PHRP–200UG

Critical commercial assays

Memory CD4+ T cell Isolation Kit, human Miltenyi Cat#130–091–893

Fixation/Permeabilization Solution Kit (Cytofix/
Cytoperm)

BD Cat# 554714

Human IL-10 DuoSet ELISA R&D Systems Cat# DY217B

Human IL-17A (homodimer) ELISA Ready-SET-Go Thermo Fisher Cat# 88–7176–86

Human IL-22 DuoSet ELISA R&D Systems Cat# DY782

Human IFN-γ ELISA Thermo Fisher Cat# 88–7316–86
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REAGENT or RESOURCE SOURCE IDENTIFIER

QuantiTect SYBR Green RT-PCR Kit Qiagen Cat# 204245

Human T cell Nucleofector® Kit Lonza Cat# VPA–1002

Rneasy Plus Mini Kit Qiagen Cat# 74136

CHIP assay kit EMD Millipore Cat# 17–295

Luna® Universal qPCR Master Mix NEB Cat# M3003S

MyTaq Extract PCR kit Bioline Cat# BIO–21126

High-fidelity enzyme Q5 NEB Cat# M0530L

QIAEX II Gel extraction kit Qiagen Cat# 20021

GeneJET PCR Purification Kit Thermo Fisher Cat# K0702

Deposited data

RNA-Sequencing dataset This paper GEO: GSE198078

Original western blot images relative to Figures 1, S1 
and S2.

This paper; Mendeley Data https://data.mendeley.com/datasets/4ry9gxv7tp/1

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

ACH-2 cell line NIH HIV Reagent Program Cat# ARP–349

293T cells ATCC Cat# CRL–3216

TZM-bl cells NIH HIV Reagent Program Cat# ARP–8129

HIV-p24 Abs producing hybridome From Dr. Michel J. Tremblay 
(Université Laval, Québec City, 
QC, Canada)

N/A

Oligonucleotides

See Table S3: Oligonucleotides This paper N/A

Software and algorithms

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

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

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

Microsoft Excel v16 Microsoft Office https://www.microsoft.com/en-ca/
microsoft-365/excel

Snapgene software Snapgene https://www.snapgene.com/

TIDE software Tide https://tide.nki.nl/

ICE software Synthego https://ice.synthego.com/

QuantStudio™ Design & Analysis Software Thermo Fisher https://www.thermofisher.com/
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