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Background

In people with HIV (PWH) and suppressed viral replication by antiretroviral therapy persistent T cell activation and inflammation are important contributors of the increased risk of morbidity and mortality. CD8 T cells express checkpoint receptors and are dysfunctional. IL-27, a member of the IL-6/IL-12 family has shown anti-viral properties against various human viruses, including HIV. The role of IL-27 on HIV-specific T cells remains unclear. We hypothesized that IL-27 will enhance the function of HIV-specific T cells.





Methods

IL-27 effects on T cell function was evaluated by measuring cytokine secretion, proliferation, and cytotoxicity. 





Results

Our findings show that IL-27 upregulates cytokine secretion and cytotoxic potential, and trafficking of proliferating HIV-specific CD8 T cells expressing checkpoint receptors TIGIT and PD-1. Unbiased clustering analysis showed that IL-27 may have differential effects on distinct populations of HIV-specific T cells. 





Conclusion

Altogether these results suggest that IL-27 may enhance T cell function in the setting of chronic HIV infection.
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Introduction

While antiretroviral therapy (ART) successfully suppresses human immunodeficiency virus (HIV) replication, immune activation and inflammation persist, although at lower levels, and have been identified as an important contributor of morbidity and mortality in people with HIV (PWH) (1–4). Particularly, chronic T cell immune activation is associated with an “activated/exhausted phenotype”, expression of several checkpoint receptors including programmed cell death protein-1 (PD-1), lymphocyte activation gene-3 (LAG-3), T cell immunoreceptor with immunoglobulin and tyrosine-based inhibitory motif (ITIM) domain (TIGIT), CD160, and T cell immunoglobulin and mucin domain containing-3 (TIM-3), and diminished effector function (5–13). CD8 T cells are central players in controlling HIV/SIV replication during acute and chronic infection (14–20). In contrast, CD4 T cells are the main target of infection and harbor the reservoirs that compromise their role in T-cell-mediated immunity (9, 21–26). Immune modulators such as cytokines and checkpoint receptors have been considered to complement treatment strategies to improve T-cell-mediated immunity against HIV (27–35).

The observations that interleukin-27 (IL-27), a member of the IL-12 family of cytokines, has anti-viral properties against human viruses including zika virus, dengue, chikungunya, HIV, influenza, Hepatitis B virus (HBV), and Hepatitis C virus (HCV) has highlighted the therapeutic potential of this cytokine during viral infection (36–43).

IL-27 is mainly produced by antigen presenting cells. IL-27 is a heterodimeric cytokine composed of IL-27p28 and Epstein-Barr virus induced gene 3 (EBI3) subunits. In addition, EBI3 chain is a common element for other members of this family, IL-35 and IL-39 (44–47). IL-27 signals through a heterodimeric receptor formed by IL-27Rα (also known as WSX-1 or TCCR) and gp130 (IL6ST) (46, 48). Binding of IL-27 to its receptor induces activation of the Janus Kinase (JAK)-Signal Transducer and Activator of Transcription (STAT1 and STAT3), as well as the mitogen activated protein kinase (MAPK) signaling pathway (48–56).

The role of IL-27 in the setting of viral infections and CD8 T-cell-mediated immunity is not well understood. In naïve CD8 T cells, studies have shown that IL-27 promotes effector differentiation. In vitro, TCR stimulation of naïve CD8 T cells in the presence of IL-27 enhanced expression of T-bet and effector molecules including granzyme B and perforin (57). In the setting of influenza infection, IL-27R signaling promoted upregulation of T-bet-dependent IFNγ secretion by effector CD8 T cells (58). Moreover, IL-27 promotes macrophages activation, increases antigen processing and presentation, and expression of costimulatory molecules boosting T cell-mediated responses against viruses (37).

In the setting of chronic HIV infection, the regulation of IL-27 is not well understood. Studies on plasma levels of IL-27 at distinct stages of the infection including untreated and successfully suppressed viremia by ART showed no changes (59). In contrast, in a cohort of individuals with HIV and cytomegalovirus (CMV) coinfection, IL-27 plasma levels were negatively associated with viral load and positively associated with CD4 T cell counts suggesting a beneficial effect of immunity against HIV (60). Further, another study described a positive association between IL-27 plasma levels and HIV proviral DNA in PBMCs (61).

The effects of IL-27 signaling in HIV-specific CD8 T cells is largely unknown. We previously showed that T cells from PWH express functional IL27Rα and IL-27 stimulation induces transcriptional changes associated with IFN/STAT1-pathways leading to upregulation of T-bet and cytokine secretion by TIGIT+ HIV-specific CD8 T cells (62). In the present study, we further investigated the effects of IL-27 in proliferation and cytotoxic function of HIV-specific CD8 T cells.





Materials and methods




Patient volunteers

The human study was conducted according to the principles expressed in the Declaration of Helsinki. Participants were studied under an Institutional Review Board at MedStar Georgetown University Hospital (ID CR00004576). PWH provided written informed consent for the collection of samples and subsequent analysis. The characteristics of PWH used in this study are described in Supplementary Table S1.





Flow cytometry




Proliferation and cytokine secretion assay

Peripheral blood mononuclear cells (PBMCs) were isolated from EDTA collected whole blood by Ficoll-Paque gradient centrifugation (Cytiva, MA). After centrifugation, cells were collected and washed twice with sterile phosphate buffered saline (Gibco, MA) containing 2% fetal bovine serum (GeminiBio, CA). PBMCs were counted and viability was assessed using a cellometer (Nexcelome, MA). Cells were cryopreserved in Recovery™ Cell Culture Freezing Medium (Gibco, MA). PBMCs were stored in nitrogen liquid vapor. In some experiments, PBMCs were used fresh after isolation.

For proliferation assay, frozen PBMCs were thawed with X-Vivo media  (Lonza, MD) containing Benzonase nuclease (Millipore Sigma). After 1 hour of resting, cells were labeled with Cell Trace Violet (CTV; Invitrogen, MA) and plated 1x106 per well. Cells were cultured in the presence of HIVGag peptide pool (2 μg/mL; National Institutes of Health [NIH] HIV Reagent Program) or dimethyl sulfoxide (DMSO) as control in the presence or absence of recombinant human (rh) IL-27–100 ng/mL (PeproTech, NJ). After 5 days of culture, cells were restimulated with HIVGag peptides or DMSO. After 2 hours of stimulation, brefeldin A (Calbiochem, CA) was added, and cells were cultured for additional 4 hours. Cells were harvested and stained with LIVE/DEAD staining (Invitrogen, CA). Cells were washed and incubated with human IgG (10 µg/mL; Sigma, MO) for 10 minutes to block Fc receptors followed by staining with a cocktail of monoclonal antibodies (mAbs) specific for CD3, CD4, CD8, CD69, CD107a, TIGIT, PD-1 and PAR1 (Supplementary Table S2). After 30 minutes incubation, cells were washed, fixed and permeabilized with FoxP3/Transcription Factor Fixation/Permeabilization (eBiosceince, CA) for staining of intracellular markers including perforin, granzyme B, TNF-α, IRF4, IFN-γ, T-bet and Eomes (Supplementary Table S2). Cells were acquired at low speed using BD Symphony A5 flow cytometer and analyzed using FlowJo 10 software. High dimensional flow cytometry analysis was performed using Phenograph and tSNE. Phenograph and tSNE is an algorithm that builds a self-organizing map and computes a meta-clustering result. In this analysis, manual gates were applied to exclude dead cells and doublets to gate CD3+ cells. Live CD3+CTVlow cells (1500 from each HIV-infected patient) were concatenated for culture condition: HIVGag peptides stimulation in the presence or absence of rhIL-27.





Isolation and culture of HIV-specific CD8 T cells

Fresh PBMCs were stimulated overnight with HIVGag peptide pool (2 µg/mL; NIH HIV Reagent Program, Catalog HRP-12425) at 3x106 cells/mL and 1x106 with DMSO control. The following day, the cells were harvested, washed and assessed for viability. The PBMCs stimulated with HIVGag peptide pool in the absence of IL-27 had a median viability of 94.4% (interquartile range [IQR]: 89.0-96.3); while the PBMCs stimulated in the presence of IL-27 had a median viability of 93.5% (IQR: 88.9-97.6). PBMCs were centrifuged and resuspended in staining buffer (Hanks’ Balanced Salt Solution [HBSS] containing 0.01% of bovine serum albumin and 0.01% NaN3) and incubated with human IgG (10 µg/mL; Sigma, MO) for 10 minutes to block Fc receptors. The cells were then stained with a cocktail of mAbs specific for CD3, CD4, CD8, CD137, CD45RA, and CD27 for 30 minutes. CD137+ CD8 T cells were sorted using a BD FACSAria™ at the Georgetown University Shared Resource. The sorted CD137+ CD8 T cells were centrifuged at 1000 rpm for 30 minutes. Due to the low frequencies of HIVGag specific CD8 T cells in the blood, we used irradiated (30 Gy) autologous feeder cells at a 1:10 T cell-to-feeder cells ratio to promote optimal expansion (63). Cells were cultured in a 96-well round-bottom plate either with rhIL-27 at a concentration of 100 ng/mL or media alone. For expansion rhIL-2 and rhIL-15 at concentration of 50 U/mL and 20 ng/mL respectively was included in the culture media. Autologous CD4 T cells were cultured separately with rhIL-2 (50 U/mL) and recombinant human IL-7 (20 ng/mL) and used as target cells. After 15 to 20 days of culture, cells were tested for cytotoxicity and degranulation.





Cytotoxicity assays

This flow cytometry-based assay measures the delivery of granzyme B inside the target cells which is detected by a fluorogenic substrate (PanToxiLux™, OncoImmunin, Inc, MD) that detects granzyme B and downstream caspase activities inside the target cells (64, 65).

Autologous CD4 T cells were labeled with Cell Trace Far Red (CTFR) dye to differentiate them from effector cells. Target cells were pulsed with either DMSO or HIVGag peptide pool for 1 hour at 37°C with 5% CO2. NFL-1 probe (OncoImmunin, Inc, MD), a Live/Dead reagent, was added during the last 15 minutes of incubation.

Effector cells were washed and cultured with the targets at 15:1 effector-to-target (E:T) ratio and the fluorogenic substrate was added to the wells. Cells were incubated at 37°C with 5% CO2 for 1 hour. In the last 15 minutes of incubation, the cell mixtures were stained with a cocktail of mAbs specific for CD3, CD8, CD4, PD-1, TIGIT, and CD107a. After staining, cells were washed twice and immediately acquired on a BD Symphony A5 flow cytometer. Data was analyzed with FlowJo 10 software (BD Biosciences, CA).

Redirected killing assay was used to assess the full cytotoxic capacity of in vitro stimulated CD8 T cells. TIGIT+ and TIGIT- CD8 T cells were sorted from PBMCs from PWH and polyclonally T Cell Receptor (TCR) activated using TransACT beads (anti-CD3, -CD2, -CD28 mAbs) at a dilution of 1:100 (Miltenyi Biotech, MD). Cells were cultured either with rhIL-27 at a concentration 100 ng/mL or media alone. For expansion the media was supplemented with rhIL-2 at concentration of 50 U/mL. Cells were tested in the assay after 10 to 15 days of culture.

Redirected killing assay was performed as described (64, 65) In brief, FAS−L1210 (lymphocytic leukemia cell line) were used as targets to evaluate the granule exocytosis pathway. FAS−L1210 were stained with 0.2 mM CTFR (ThermoFisher/Invitrogen, MA). Cells were biotinylated with 0.2 mM biotin (EMD, MO) and incubated with 0.02 mg/mL streptavidin (MilliporeSigma, MO).

FAS−L1210 and activated TIGIT+ and TIGIT- CD8 T cells were labeled with NFL1 (OncoImmunin, MD) to exclude dead cells. TIGIT+ and TIGIT- CD8 T cells were mixed with FAS− L1210 at 27:1 effector-to-target ratio and cultured in media alone or adding biotin labeled anti-CD3 mAb (eBioscience, CA) and incubated for one hour. In the last 15 minutes of incubation, the cell mixtures were stained with a cocktail of antibodies targeting CD3, CD8, CD4, PD-1, TIGIT, and CD107a to evaluate degranulation of the effector cells. Cells were washed twice and immediately acquired on a BD Symphony A5 flow cytometer, with data analysis performed using FlowJo 10 software.






Statistical analysis

A comparison between conditions in the flow cytometry experiments was performed using a non-parametric Wilcoxon test to compare culture conditions. P value < 0.05 was considered significant. Correlations were performed using non-parametric Spearman correlation and p value ≤ 0.01 was considered significant.






Results




IL-27 enhances cytokine secretion and cytotoxic potential (CD107a) of TIGIT+PD-1+ proliferating HIV-specific CD8 T cells

We investigated the effects of IL-27 in proliferation and cytokine secretion by HIV-specific T cells. Study participants had chronic HIV infection and suppressed viral replication by antiretroviral therapy (Supplementary Table S1). Peripheral blood mononuclear cells (PBMCs) from PWH (n= 20, Supplementary Table S1) were thawed and labeled with cell trace violet (CTV). Cells were stimulated with HIVGag peptide pool in the absence or presence of rhIL-27 (100 ng/ml). DMSO was used as negative control. After 5 days of culture, cells were re-stimulated with HIVGag peptide or DMSO as control to further evaluate the cytokine production by proliferating HIV-specific T cells (Figure 1).




Figure 1 | IL-27 enhances cytokine secretion, and degranulation of proliferating TIGIT+PD-1+HIV-specific CD8 T cells. Peripheral blood mononuclear cells (PBMCs) from PWH (n= 20) were thawed, rested for one hour, labeled with Cell Trace Violet (CTV), and stimulated with 2 μg/mL HIVGag peptide pool and 100 ng/mL recombinant human IL-27 (rhIL-27) for five days. DMSO was used as control. (A) Flow cytometry analysis gating strategy. (B) Representative example of gating total (R1+R2) proliferating (CTVlow) CD4 and CD8 HIVGag-specific T cells and TIGIT expression (R1= TIGIT+, R2=TIGIT-). (C) Frequency of total CTVlow (R1+R2) proliferating cells within CD4 and CD8 T cell populations. (D) Representative example dot plots of cytokine secretion by TIGIT+PD-1+CTVlowHIVGag-specific CD4 and CD8 T cells. (E) Frequency of proliferating TIGIT+ expressing PD-1+IFN-γ+, PD-1+TNF-α+, PD-1+CD107a+ within CD4 and CD8 T cells. Data are presented as box-and-whisker plots, showing the median, first and third quartiles, and whiskers extending to the minimum and maximum values. Comparisons between study conditions were performed using the non-parametric Wilcoxon test, with p-values < 0.05 considered statistically significant.



In vitro, IL-27 did not induce a significant increase in the frequency of total (R1+R2) proliferating CTVlow HIV-specific CD4 and CD8 T cells (Figures 1A–C). In addition, IL-27 did not show a differential effect in the proliferation of TIGIT+ (R1) and TIGIT- (R2) HIV-specific CD4 and CD8 T cells (Supplementary Figures S1A, B).

In the setting of HIV infection, chronic immune activation leads to the co-expression of checkpoint receptors and reduced functional ability to secrete cytokines by HIV-specific T cells (5–13, 19, 20). We next evaluated whether IL-27 has an effect on HIV-specific T cells co-expressing TIGIT and PD-1 (Figure 1D). Total proliferating (CTVlow) TIGIT+HIV-specific T cells were assessed for expression of PD-1 and their functional capacity to secrete cytokines. In addition, we assessed their cytotoxic potential by measuring surface expression of CD107a (Figures 1D, E).

We observed that IL-27 significantly increased secretion of IFNγ (p< 0.001) and TNF-α  (p= 0.02) in proliferating CTVlowTIGIT+PD-1+HIV-specific CD8 T cells (Figures 1D, E). In addition, IL-27 also enhanced the degranulation of PD-1+CD107a+ (p< 0.001) (Figures 1D, E).

In CTVlowTIGIT+PD-1+HIV-specific CD4 T cells, IL-27 significantly increased the secretion of IFN-γ (p< 0.001) and an increased trend was observed in TNF-α secretion and CD107a, but it did not reach statistical significance (Figure 1E). Similar observations were noted in proliferating TIGIT-PD-1+HIV-specific T cells (Supplementary Figures S1C, D).

These data show that in vitro, IL-27 does not have an effect on the proliferation in HIV-specific T cells, however increased T cell cytokine secretion. IL-27 enhanced cytokine secretion and degranulation (CD107a) by proliferating HIV-specific CD8 T cells, and IFN-γ secretion by HIV-specific CD4 T cells. Particularly, these effects were observed in HIV-specific T cells expressing checkpoint receptors (TIGIT and PD-1).

HIV-specific T cells are heterogenous in their functionality and expression of checkpoint receptors. To better understand IL-27 effects on the function of distinct subsets of HIV-specific T cells, we performed an unbiased cluster analysis using t-distributed stochastic neighbor embedding (t-SNE) analysis of total proliferating (CD3+CTVlow) T cells (Figures 2A, B).




Figure 2 | Unbiased clustering analysis of IL-27 effects on HIV-specific T Cells in PWH. (A) Gating strategy depicting the 1500 proliferating (CTVlow) vs CD3 T cells in HIVGag and HIVGag+IL-27 T cells. (B) A high-dimensional t-SNE plot showing the multiple clusters of CD4 and CD8 T cells is highlighted in red circles. (C) Unsupervised heatmap analysis of CD3+CTVlow cells showing 25 total clusters. The frequencies of the clusters are represented by bars, black (culture in absence of IL-27) and red (culture in presence of IL-27). The frequencies of the clusters expanded by IL-27 for both CD8 T cells (CL3, CL14, and CL13) and CD4 T cell clusters (CL5 and CL1) are represented by black box and p-values are indicated. (D) Median fluorescence intensity (MFI) of Perforin, Granzyme B, PAR1, T-bet, IFN-γ, and CD107a in CD8 T cell clusters (CL3, CL14, CL13. (E) MFI of Perforin, Granzyme B, PAR1, T-bet, IFN-γ, CD107a in CD4 T cell clusters (CL5 and CL1). Data are presented as box-and-whisker plots, showing the median, interquartile range, and whiskers representing the full data range. Statistical comparisons were performed using the non-parametric Wilcoxon test, with p-values <0.05 considered significant.



The clustering analysis revealed that IL-27 significantly increased the frequency of some clusters of proliferating CTVlowHIV-specific T cells. CTVlowHIV-specific CD8 T cells showed significant expansion of CL3, CL14, and a discrete CL13 (Figure 2C, bar graphs). In addition, in CTVlowHIV-specific CD4 T cells, IL-27 promoted expansion of cluster CL5 and a trend although not significant was observed for CL1 (Figure 2C).

The most prominent clusters of CTVlowHIV-specific CD8 T cells (CL3 and CL14) expressed high levels of T-bet, and IL-27 led to upregulation of perforin (PFN), granzyme B (only in CL3), and the Protease Activated Receptor 1 (PAR1), a receptor involved in the trafficking and cytotoxic function of CD8 T cells (65, 66). CL3 and CL14 expressed high levels of T-bet, and IL-27 increased expression of Eomes (Figure 2D; Supplementary Figure S2A). In addition, the presence of IL-27 led to an increased degranulation and a trend on IFN-γ production although it was not statistically significant (Figure 2D). Moreover, IL-27 increased PD-1 expression in CL3 and CL14 and had no effects on expression of TIGIT (Supplementary Figure S2A). CL13, a small cluster, expressed low levels of T-bet and higher levels of TIGIT and in the presence of IL-27 showed decreased degranulation (Figure 2D; Supplementary Figure S2A).

In proliferating (CTVlow) CD4 T cells, IL-27 induced proliferation of cluster CL5 and a trend that did not reach statistical significance was observed in CL1. IL-27 promoted a cytotoxic phenotype with increased perforin (but not in CL5), GZMB, and PAR1, although at lower levels than those observed in the CD8 T cell clusters (Figure 2E). In addition, IL-27 significantly increased expression of PD-1 in CL1 but not CL5.

We next evaluated the associations between proliferating TIGIT+PD-1+ HIV-specific T cells and CD4 and CD8 frequencies, absolute counts, and the CD4/CD8 ratio (Supplementary Tables S4–S6). We observed a trend of negative association although not significant between proliferating TIGIT+PD-1+TNFα+ HIV-specific CD4 T cells and CD8 counts, both in the presence of IL-27 (R= -0.697, p= 0.025) and in its absence (R = -0.677, p = 0.035).

Altogether these data suggest that IL-27 may induce differential effects on HIV-specific T cells by promoting proliferation and enhancing T cell function.





GZMB delivery by HIV-specific CD8 T cells is not modulated by IL-27

The results above suggest that IL-27 upregulation of effector molecules (perforin and GZMB) and PAR1 may enhance the cytotoxic function of HIV-specific CD8 T cells. Particularly, PAR1 is involved in polarized secretion of the granule content upon TCR signaling in CD8 T cells (48, 49). We then investigated if HIV-specific CD8 T cells expanded in vitro in the presence of IL-27 has enhanced cytotoxic activity.

PBMCs from PWH (n= 9) were thawed and stimulated with HIVGag peptides in the presence and absence of IL-27 (100 ng/mL) (Figures 3A, B). After overnight stimulation, HIV-specific CD8 T cells were sorted based on surface expression of CD137 (4-1BB) (67, 68). Sorted CD137+HIV-specific CD8 T cells were expanded in vitro in the presence or absence of IL-27 as described in the Material and Methods section. Autologous CD4 T cells were cultured and used as targets.




Figure 3 | IL-27 effects on GZMB delivery by HIV-specific CD8 T cells. PBMCs from PWH (n= 9) were thawed and stimulated overnight with 2 μg/mL HIVGag peptide pool and 100 ng/mL rhIL-27. After culture, CD137+HIV-specific CD8 T cells were sorted using FACS and in vitro expanded with autologous feeder cells in the presence or absence of IL-27 (100ng/mL) and rhIL-2 (50 U/mL), rhIL-15 (20 ng/mL) for 15–20 days. Autologous CD4 T cells were also sorted and cultured separately with rhIL-2 (50 U/mL) and rhIL-7 (20 ng/mL) and used as target cells. (A) Gating strategy for isolating HIV-specific CD8 T cells based on CD137+ expression. (B) Frequency of the sorted HIV-specific CD8 T cells (CD137+) across the donors. DMSO was used as control. (C) Gating strategy of the cytotoxic assay. Autologous CD4 T cells we labeled with CTFR (targets) to differentiate from the effector cells. (D) Representative example of gating substrate fluorescent signal in target cells (CTFR+substrate+ Target cells). (E) Comparison of the cytotoxic activity of HIV-specific CD8 T cells expanded in the absence or presence of IL-27. DMSO was used as control. (F) Representative graph of the gating strategy to evaluate degranulation of the effector CD8 T cells (upper panel) and frequency of CD107a effector CD8 T cells (lower panel). (G) Representative graph of the gating strategy to evaluate degranulation of the effector TIGIT+PD-1+CD8 T cells (upper panel) and frequency of CD107a effector CD8 T cells (lower panel). Data are presented as line graphs between DMSO control and HIVGag peptides for CD8 T cells expanded in the presence and absence of IL-27. Statistical comparisons between study conditions were performed using the non-parametric Wilcoxon test, with p-values <0.05 considered statistically significant.



To determine the effects of IL-27 on the cytotoxic function, we used an assay that evaluates an early event of the delivery of granzymes inside the target cells. Granzyme B (GZMB) and caspase activities are detected using a substrate which emits a fluorescent signal when cleaved. In this assay, we also measured degranulation of effector cells by detecting surface expression of CD107a (64, 65).

To facilitate the gating of the target cells, autologous CD4 T cells were stained with Cell Trace Far Red (CTFR), (Figure 3C, gating strategy). Target cells were pulsed with HIVGag peptides and DMSO and loaded with the substrate (64, 65). In vitro expanded HIV-specific CD8 T cells were added to the target cells at 15:1 E:T ratio and incubated for one hour. The last fifteen minutes of the culture, a cocktail of mAb specific to CD8, TIGIT, PD-1 and CD107a was added to stain effectors T cells.

CTFR+ target cells were gated and analyzed for substrate activity (Figures 3C, D, gating strategy). Effector degranulation (CD107a surface expression) was analyzed in total CD8 T cells and TIGIT+PD-1+ CD8 T cells (Figures 3F, G).

The analysis showed that HIVGag-specific CD8 T cells whether expanded in the presence or absence of IL-27 have similar ability to deliver granule content inside the target cells (Figure 3E). The frequencies of substrate+ CTFR+ target cells ranged between 9.18 to 41.5% and 14.4 to 49.1% for effectors cultured in the presence or absence of IL-27 respectively (Figure 3E). Similar fold change relative to DMSO control was observed in both conditions (data not shown).

HIVGag-specific CD8 T cells expanded in the presence of IL-27 showed similar degranulation compared to those cultured in the absence of IL-27 (Figure 3F). In addition, similar degranulation was also observed in TIGIT+PD-1+HIVGag-specific CD8 T cells (Figure 3G). These results suggest that IL-27 in vitro neither enhanced nor inhibited degranulation and granule content delivery despite expression of checkpoint receptors of activated HIV-specific CD8 T cells (Supplementary Figure S3).

The in vitro expansion of HIVGag-specific CD8 T cells may result in the selection of clones with proliferative capacity. To better understand the effects of IL-27 in cytotoxic function, we evaluated cytotoxic function of TCR stimulated TIGIT+ and TIGIT- CD8 T cells and address their overall cytotoxic potential in a redirected killing assay.

We sorted TIGIT+ and TIGIT- memory (CD45RA-CD27+, CD45RA-CD27- and CD45RA+CD27-) CD8 T cells from PBMCs from PWH (n= 6). Cells were stimulated with anti-CD3 and anti-CD28 mAbs and expanded in the presence or absence of rhIL-27 (Figure 4A).




Figure 4 | IL-27 does not modulate GZMB delivery by TIGIT+ CD8 T cells. PBMCs from PWH, (n= 6) were thawed, and FACS sorted CD8 T cells based on TIGIT expression, and Fas-L1210 cells were used as targets in redirected killing assay. (A) Gating strategy showing sorting and TIGIT+ and TIGIT- CD8 T memory phenotypes (CD45RA-CD27+, CD45RA-CD27- and CD45RA+CD27-) CD8 T cells from PBMCs from PWH (n= 6). (B) Gating strategy to identify Cell Trace Far Red positive target cells and effector cells. Representative example of the gating of target cells and substrate activity in media and TCR activation with CD3 mAb (Upper panel). Frequency of substrate-positive cells, representing granzyme B delivery into target cells, in both TIGIT+ and TIGIT− CD8 T cell subsets (lower panel). (C) Representative example of the gating of the effector CD8 T cells to assess degranulation in media and TCR activation with CD3 mAb (upper panel). Frequency of CD107a expressing effectors in both TIGIT+ and TIGIT- effector. (D) Phenotype of the effector cells for expression of checkpoint receptors on the day of the assay. Statistical comparisons between conditions were performed using the non-parametric Wilcoxon test, with p-values <0.05 considered significant.



We tested the delivery of granule content using a redirected antigen-independent assay. Effector degranulation is triggered by TCR signaling using cross-linked anti-CD3 mAb on the surface of the target cells (as described in the Material and Methods section). A FAS-deficient L1210 cell line (mouse lymphocytic leukemia) was used as a target to measure the granule exocytosis pathway (64, 65).

Similar to HIV-specific CD8 T cells, IL-27 did not significantly increase the delivery of granzyme by TIGIT+CD8 T cells compared to TIGIT- (Figures 4B, C). The frequency of CD107a+ CD8 T cells tended to be higher than TIGIT-CD107+, however, did not reach statistical significance. In addition, IL-27 did not induce a robust expression of checkpoint receptors cells (LAG-3, Tim-3, PD-1, and PD-L1) in TIGIT+ compared to TIGIT- CD8 T (Figure 4D). The data suggest that IL-27 does not modulate cytotoxic function.






Discussion

In the setting of chronic HIV infection, immune activation drives expression of checkpoint receptors and dysfunction of HIV-specific T cells (7–13, 22, 26, 69, 70). Therefore, enhancing HIV-specific T-cell-mediated immunity is part of the strategies to improve clinical outcomes in PWH (71). In the present study, we investigated the effects of IL-27 on HIV-specific CD8 T cell responses. We found that in vitro while IL-27 did not enhance HIV-specific T cell proliferation, but promoted cytokine secretion and enhanced degranulation of proliferating TIGIT+PD-1+ HIV-specific T cells.

IL-27 has been widely studied in CD4 T cells and showed immunomodulatory functions (72–74). In the setting of viral infections IL-27 effects on T cell immunity is not well understood and both beneficial and modulatory functions have been described (43, 75–77).

IL-27 is a member of the IL-6/IL-12 superfamily of cytokines, and in vitro, has anti-viral properties against HIV in CD4 T cells, monocyte-derived macrophages (MDMs) and dendritic cells (39–42). However, the expression regulation of IL-27 during stages of HIV infection is not well understood. In PWH, plasma levels of IL-27 did not show modulation at distinct stages of disease (59). Other studies of PWH and CMV coinfection showed that plasma levels of IL-27 were negatively associated with viral load and showed a positive association with CD4 T cell reconstitution in coinfected individuals, suggesting beneficial effects of IL-27 (60). The differences observed in these and other studies may be due to the non-disulfide-linked nature of IL-27 (IL-27p28 and EBI3) that makes the detection of the biological active heterodimeric molecule difficult (44, 78–81). The studies in non-human primates infected with simian immunodeficiency virus (SIV) showed that IL-27p28 mRNA expression is induced during acute infection and remain high in the chronic phase (82).

In antigen presenting cells, the transcription of the IL-27 subunits is differentially regulated. Upon activation of pattern recognition receptor, IL27p28 subunit expression is induced by IRF1 and/or IFN-dependent signaling pathways, while EBI3 expression is mainly driven by NF-kB activation (83). Whether HIV infection alters the transcription of IL-27 subunits is not well understood. In mesenteric lymph nodes from non-human primates infected with SIV, mRNA expression of IL27p28 and EBI3 showed no significant changes compared to uninfected controls (84).

The effects of IL-27 in modulating CD8 T-cell-mediated immunity against HIV remains to be defined. We previously showed that T cells from PWH express functional IL-27R and stimulation with IL-27 drives transcriptional changes associated with IFN/STAT1-dependent pathways in T cells. More importantly, IL-27 enhanced T-bet expression and promoted IFN-γ secretion by TIGIT+HIVGag-specific T cells. In addition, IL-27 enhanced degranulation of TIGIT+HIVGag-specific CD8 T cells (62). In the present study we further assessed IL-27 roles in proliferation and cytotoxicity. IL-27 did not enhance the proliferation of total CD4 and CD8 T cells HIV-specific T cells. However, IL-27 promoted cytokine secretion and degranulation in HIV-specific T cells even in those that expressed TIGIT and PD-1.

Previous reports shown that in vitro, IL-27 and TCR signaling induce expression of checkpoint receptors in human T cells suggesting a regulatory effect (85, 86). In this study, we found that IL-27 increased secretion of cytokines of virus-specific T cells expressing checkpoint receptors. Our observations are consistent with a recent report in which IL-27 enhanced antitumor activity of PD-1 and CD39 expressing T cells, and expression of checkpoint receptors was associated with higher levels of T cell activation rather than dysfunction (87–90). Moreover, the potential beneficial effects of IL-27 in T cell immunity were also observed in the setting of the murine model of chronic lymphocytic choriomeningitis virus (LCMV) infection. This infection model recapitulates some features of CD8 T cell exhaustion similar to that observed during HIV infection. In these studies, IL-27 showed a beneficial effect and IL-27 treatment led to increased virus-specific CXCR5+CD8 T cells with stem-cell-like properties (76, 77). In addition, IL-27 also enhanced the function of virus-specific CD4 T cells, TFH cells and humoral immunity controlling the virus at a later phase of the infection (76, 91).

In the present study, a more in-depth examination of the proliferating T cells showed that IL-27 exerts distinct effects on HIV specific T cells. IL-27 promoted proliferation of some clusters of HIV-specific CD4 and CD8 T cells with increased expression of cytotoxic molecules and PAR1, a receptor involved in cytotoxicity and trafficking of effector cells (65). It is possible that IL-27 promotes proliferation and function in certain clones of HIV-specific T cells but not others. In some HIV-specific T cells, IL-27 increased IFNγ secretion. In contrast, there was a very small cluster (CL13), expressing high levels of TIGIT that showed a modest reduction of CD107a suggesting that IL-27 exerts a differential effect on distinct T cell clones. What drives these heterogenous responses to IL-27 in chronically activated HIV-specific T cells may be linked to clonal differences and requires further investigation.

IL-27 is involved in effector differentiation by upregulating transcription factors including T-bet and Eomes (92, 93). In vitro expansion of HIV-specific CD8 T cells did not lead to either an enhanced delivery of granule content inside the target cell nor an inhibitory effect. One limitation of this assay is that while it allows us to investigate early steps in the delivery of the granule content inside the target cells and measure active granzyme and caspase activity, we are not detecting target cell death. In addition, the in vitro expansion of T cells was performed in the presence of IL-2 and IL-15 which may mask the effects of IL-27.

IL-27 promotes antigen processing and presentation, and expression of costimulatory molecules T cell responses (37). In this study, we used autologous CD4 T cells as targets, future studies should address whether IL-27 treatment sensitize CD4 T cells for killing, and whether it enhances HIV presentation in CD4 HIV infected T cells.

IL-27 role in the setting of chronic infection remains to be defined. A recent study in cancer reported beneficial effects of IL-27 in boosting of CD8 T-cell-mediated immunity against tumor (87). Moreover, human T cells engineered to express B-cell maturation antigen (BCMA)-specific T-cell antigen coupler and secreted single chain IL-27 showed that while reducing secretion of GMCSF and TNF-α maintain cytotoxic activity against myeloma cells (94). Therefore, studying the role of IL-27R/IL-27 signaling pathways in the setting of chronic HIV infection and other human chronic infection warrants further investigation.
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