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Abstract

HIV-infected persons are at greater risk of developing tuberculosis (TB) even before profound 

CD4 loss occurs, suggesting that HIV alters CD4+T cell functions capable of containing bacterial 

replication. An effective immune response to Mycobacterium tuberculosis likely relies on the 

development of a balanced CD4 response, where distinct CD4+T helper subsets act in synergy to 

control the infection. To define the diversity of Mtb-specific CD4+Th subsets and determine 

whether HIV infection impacts such responses, the expression of lineage-defining transcription 

factors T-bet, Gata3, RORγt and Foxp3 was measured in Mtb-specific CD4+T cells in HIV-

uninfected (n=20) and HIV-infected individuals (n=20) with latent TB infection. Our results show 

that upon 5 day restimulation in vitro, Mtb-specific CD4+T cells from healthy individuals have the 

ability to exhibit a broad spectrum of T helper subsets, defined by specific patterns of transcription 

factor co-expression. These transcription factor profiles were skewed in HIV-infected individuals 

where the proportion of T-bethighFoxp3+ Mtb-specific CD4+T cells was significantly decreased 

(p=0.002) compared to HIV-uninfected individuals, a change that correlated inversely with HIV 
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viral load (p=0.0007) and plasma TNF-α (p=0.027). Our data demonstrate an important balance in 

T helper subset diversity defined by lineage-defining transcription factor co-expression profiles 

that is disrupted by HIV infection and suggest a role for HIV in impairing TB immunity by 

altering the equilibrium of Mtb-specific CD4+T helper subsets.

Introduction

CD4+ T helper (Th) subsets play a major role orchestrating immune responses to 

Mycobacterium tuberculosis (Mtb) (1-4). In mouse models, Th1 CD4+ T cell responses 

producing IFN-γ are necessary but not sufficient to control TB infection (5). Th17 CD4+ T 

cells can also confer partial protection against Mtb (6, 7), but an excess of Th17 cells may 

promote pathology, fueling inflammation and favoring the accumulation of pathogenic 

neutrophils (8, 9). Regulatory CD4+ T cells (Treg), endowed with suppressive functions, 

exert detrimental effects during active Mtb infection, by delaying the onset of adaptive 

responses (10, 11). However, during chronic infection, Tregs can contribute to the resolution 

of Mtb by preventing inflammation-mediated tissue damage (12). These findings suggest 

that the clinical outcome of Mtb infection relies on the host's ability to generate a diverse 

repertoire of Th responses with balanced effector and regulatory functions. In this model, 

pro-inflammatory responses enhance bacterial killing required to clear or control infection, 

while anti-inflammatory responses limit pathology and inflammation during initial infection 

and latency. However, the precise balance of CD4+ T cells needed to control Mtb growth 

and prevent TB disease remain unclear.

The lineage commitment of CD4+ T cells is regulated by the nature of the threat 

encountered, and the quality of the cytokine milieu at the time of T cell receptor engagement 

(13-15). The combination of these signals results in the expression of specific canonical 

lineage-defining transcription factors (TF), such as T-bet, Gata3, RORγt or Foxp3, leading 

to CD4 polarization into Th1, Th2, Th17 or Treg subsets, respectively. The development of 

distinct CD4+ Th subsets has long been thought to result in a fixed and stable commitment 

of CD4+ T cells controlled by a single lineage-defining regulator. However, over the past 

few years, murine model studies have revealed that this view is over-simplified. CD4+ T 

cell phenotypes are more diverse and flexible than previously appreciated (15). CD4+ T 

cells cytokine profiles can evolve upon changing environmental conditions and ‘mixed’ 

phenotypes characterized by co-expression of multiple transcription factors have been 

reported (reviewed in (16-18)). This suggests that transcription factors regulate lineage 

commitment as a network rather than as unique determinants (19-21). Few studies have 

described this phenomenon in human CD4+ T cells (22-24), and the spectrum of Th subsets 

of Mtb-specific CD4+ responses is largely unknown.

HIV is one of the major risk factors for TB reactivation. While HIV has been shown to 

impair both the innate and adaptive immune responses, the most obvious immune defect 

caused by HIV is a progressive reduction in absolute CD4+ T cell numbers that correlates 

with increasing risk of TB (25). However, shortly after HIV acquisition or when CD4+ T 

cell numbers improve upon HIV treatment, the risk of TB remains increased (26, 27). These 

observations suggest that, in addition to depleting Mtb-specific cells, HIV may also alter 
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their function. Several potential mechanisms have been reported, including the preferential 

HIV infection of Mtb-specific CD4+ T cells (28, 29), a decrease in polyfunctional CD4+ 

responses (30, 31) and alteration in IL-10 regulatory pathways (32, 33). Moreover, HIV 

infection is characterized by generalized immune activation during which cytokine 

production is altered (34). Since the cytokine environment plays a major role in shaping 

CD4+ Th differentiation, it is conceivable that HIV infection could skew the lineage 

differentiation of Mtb-specific CD4+ T cells, favoring the development of TB. To explore 

this hypothesis, we defined the diversity of Mtb-specific CD4+ Th subsets in healthy 

individuals sensitized by Mtb, by measuring the expression of four canonical lineage-

defining transcription factors, and tested how these profiles were altered in HIV-infected 

individuals.

Material and Methods

Study participants

Twenty HIV-uninfected and 20 HIV-infected individuals sensitized to Mtb were recruited 

from the Ubuntu clinic (Khayelitsha, Cape Town). Exclusion criteria included: antiretroviral 

treatment and previous history of chronic disease (including TB). Mtb sensitization was 

defined based on a positive interferon-γ release assay (Quantiferon, Cellestis), no symptoms 

of active TB disease, a negative TB culture and a normal chest X-ray. Absolute blood CD4+ 

cell counts were measured using a Flow-CARE PLG CD4 test (Beckman Coulter). For HIV-

infected individuals, plasma HIV-1 RNA levels were quantified using Abbott m2000 

RealTime HIV-1 assay. The clinical characteristics of each individual are presented in Table 

1. The University of Cape Town institutional review board approved this study (158/2010) 

and all subjects provided informed consent for participation.

Reagents

For the 5-day proliferation assay tuberculin purified protein derivative (PPD, Staten Serum 

Institute) was used at 5 μg/ml; Tetanus toxoid (TT, Sanofi Pasteur) at 1 IU/ml and 

Staphylococcal Enterotoxin B (SEB) at 0.2 μg/ml. Mtb peptide pool consisting of 15mers 

peptides overlapping by 10aa, spanning the entire ESAT-6 and CFP-10 proteins (Peptide 

Synthetics) was used at 2 μg/ml. The following conjugated monoclonal antibodies were 

used: CD14-APC-Alexa750 (Invitrogen), CD19-APC-Alexa750 (Invitrogen), CD3-BV650 

(Biolegend), CD4-ECD (Beckman Coulter), CD8-V500 (BD), T-bet-PE-cy7 (e-Bioscience), 

RORγt-PE (e-Bioscience), Gata3-PerCPeFluor710 (e-Bioscience), Foxp3-PacBlue 

(Biolegend), Ki67-FITC (BD), IFN-γ-Alexa700 (BD), IL-2-BV605 (BD), TNF-α-APC 

(BD), IL-17-APC (BD). The Near Infra-Red amine reactive dye (Molecular Probes) was 

used as a marker of cell viability.

Cell activation and staining

Cryopreserved peripheral blood mononuclear cells, obtained by standard Ficoll-Hypaque 

density gradient centrifugation, were seeded at 2×106 cells/tube in complete RPMI media 

and stimulated with ESAT-6/CFP-10 peptide pool, PPD, TT or SEB. Cells were cultured for 

5 days. When cytokine expression was assessed, Brefeldin-A (10 μg/ml, Sigma) was added 

5 hours prior to the end of the assay. Afterwards, cells were first stained with a viability dye, 
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then surface-stained with CD3, CD4, CD8, CD14 and CD19 antibodies. Cells were fixed 

and permeabilized using the Transcription Factor Buffer Set (BD) and stained with T-bet, 

RORγt, Gata3, Foxp3, Ki67 and cytokine antibodies in selected experiments. Approximately 

1,000,000 events were acquired on a LSRII flow cytometer (BD) and analysis was 

performed using FlowJo (v9.7.6, Treestar). Antigen-specific CD4+ T cells were defined 

based on Ki67 expression. A positive response was defined as at least twice the background 

(no antigen stimulation), greater than 0.05% of total CD4+ T cells and at least 40 events (to 

minimize the possibility of error due to a low number of events when further subdividing 

these cells based on their TF profiles). The co-expression of TF was analyzed using a 

Boolean gating strategy using Pestle (v1.6.2) and Spice (v5.1) (35).

Plasma cytokine measurement

Ten cytokines/chemokines were measured in blood plasma of HIV-infected and HIV-

uninfected individuals (n=18) by electrochemiluminescence (ECL) multiplex technology 

using a Meso Scale Discovery Multi-spot 10 analyte plate (IL-1β, IL-4, IL-6, IL-10, IL-13, 

IFN-γ, TNF-α, IL-2, IL-12p70 and IL-8) according to manufacturer's instructions (Meso 

Scale Diagnostics). The sensitivity of the kit ranged from 0.05 to 1.5 pg/ml depending on the 

analyte measured. Plasma samples were thawed and filtered by centrifugation using 0.2μm 

cellulose acetate filters prior to cytokine/chemokine measurements. ECL was performed by 

the MGH clinical lab core (Boston). Cytokine concentrations below the lower limits of 

detection were reported as the midpoint between the lowest concentration and zero for each 

cytokine measured.

Statistics

The Spearman Rank correlation was applied for assessing nonparametric associations. All 

tests were 2-tailed and p values ≤0.05 were considered significant. For plasma cytokine data, 

p values were adjusted using the Bonferroni step-down procedure (36) Regarding Spice 

analyses, comparison of distributions was performed using a Student's t-test and a partial 

permutation test (35).

Results

Mycobacterium tuberculosis (Mtb)-specific CD4+ T cells from healthy donors exhibit 
distinct co-expression profiles of lineage-defining transcription factors (TF) upon a 5-day 
restimulation

To assess the diversity of Th subsets in Mtb-specific memory CD4+ T cells, PBMC from 

Mtb-sensitized healthy individuals were activated for 5 days with an ESAT-6/CFP10 peptide 

pool. Mtb-responding CD4+ T cells were detected based on their proliferation capacity by 

measuring Ki67 up-regulation (37) (Figure 1A). Fifteen out of the 17 individuals tested had 

a detectable response to ESAT-6/CFP-10 (Table 1). The expression of Gata3, RORγt, Foxp3 

and T-bet were assessed and the gating strategy is presented in Supplemental Figure S1. We 

focused on cells exhibiting a T-bet high phenotype, as T-bet high expression is a 

characteristic of a fully differentiated Th1 phenotype upon restimulation (38, 39) and is 

triggered by inflammatory signals (40). Figure 1B shows that all TF tested were upregulated 

in proliferating Mtb-specific CD4+ T cells, compared to non-proliferating cells. A median of 
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94% of Mtb-specific CD4+ T cells expressed a high level of T-bet (IQR: 69-95.1), 58.4% 

were Foxp3 positive (IQR: 55.2-69.8), 39% were RORγthigh (IQR: 30.4-51.7) and 12% 

(IQR: 8.9-17.6) expressed high level of Gata3 (Figure 1C). Using a Boolean gating strategy, 

we defined TF co-expression in Mtb-specific CD4+ T cells. Almost 70% of Mtb-specific 

CD4+ T cells co-expressed two, three or four TF simultaneously (Figure 1D). The most 

prevalent subsets were Foxp3+RORγthighT-bethigh, Foxp3+T-bethigh and T-bethigh, each 

representing approximately a median of 20% of Mtb-responding CD4+ T cells. Moreover, a 

median of 6% (IQR: 2-9) of Mtb-specific CD4+ T cells expressed all four TF tested. Cells 

expressing high levels of RORγt or Gata3 alone were barely detectable. Of note, following a 

short-term stimulation (15 hours), most (∼70%) Mtb-specific CD4+ T cells (defined by 

cytokine expression, Figure 2A), did not express transcription factors apart from T-bet at a 

low level. Moreover, co-expression of transcription factors was marginal, with ∼1% of Mtb-

specific cells co-expressing T-bet and RORγt. Similar results were obtained in response to 

PPD and SEB stimulation (Figure 2 B and C).

To define whether such diversity was observed in resting CD4+ T cells, we measured TF 

expression in CD4+ T cells ex vivo (Figures 3). In the absence of any stimulation, only a 

marginal fraction of CD4+ T cells expressed Gata3, RORγt, Foxp3 (<0.5%) or T-bet 

(median 2.5%, range: 1-7.7%; Figures 3B-C). However, actively proliferating ex vivo CD4+ 

T cells (as measured by Ki67 expression) exhibited significantly elevated expression of TF 

compared to non-proliferating cells (p=0.0007, Figure 3C). Importantly, while no co-

expression of TF was observed in Ki67-CD4+ T cells, low frequencies of proliferating 

Ki67+CD4+ T cells expressed multiple TF namely Foxp3+T-bethigh, Foxp3+Gata3high or T-

bethighRORγthigh. These data show that CD4+ T cells co-expressing TF can be found in vivo 

and suggest that such flexible CD4+ T cells are confined to cycling cells.

Overall, these data suggest that the proportion of circulating ex vivo CD4+ T cells 

maintained as “committed” (i.e. expressing detectable levels of TF) is limited. Upon 5-day 

restimulation, memory Mtb-specific CD4+ T cells exhibit a broad and diverse profile of 

lineage-defining transcription factors, revealing flexibility in the Mtb-specific CD4 immune 

response.

The diversity of lineage-defining transcription factor expression profiles in CD4+ T cells 
varies according to pathogen specificity

To define whether CD4+ Th diversity was dependent on the nature of the antigen 

recognized, we compared the TF expression profiles of CD4+ T cells in response to Mtb 

peptide pool (ESAT-6/CFP-10), Mtb-PPD, tetanus toxoid (TT) and SEB. Figure 4A shows 

antigen-responding Ki67+CD4+ T cells in one healthy donor. Mtb PPD-specific responses 

were detected in all 20 healthy individuals tested, ESAT-6/CFP-10-specific responses in 

15/17 individuals tested and TT-specific responses in 8/11 subjects tested (Figure 4B). 

ESAT-6/CFP-10- and PPD-specific CD4+ T cells exhibited similar expression of T-bet, 

Foxp3, RORγt and Gata3 (Figure 4C). In contrast, TT-specific CD4+ T cells expressed 

significantly lower T-bet compared to ESAT-6/CFP-10- and PPD-specific CD4+ T cells 

(p=0.009 and p=0.004, respectively, Figure 4C and data not shown). We next compared the 

co-expression of TF in CD4+ T cells of different specificities. PPD-specific CD4+ T cells 
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exhibited a similar TF expression pattern as ESAT-6/CFP-10-specific cells but both were 

significantly different from TT-specific (p<0.0001 and p=0.005, respectively) and SEB-

reactive CD4+ T cells (p<0.0001) (Figure 4D). Detailed analysis of TF combinations 

expressed by antigen-specific CD4+ T cells revealed that the most prevalent subsets within 

PPD-specific CD4+ T cells were Foxp3+RORγthighT-bethigh, Foxp3+T-bethigh, and T-

bethigh (each subset representing approximately 20% of antigen-responding cells). In 

response to TT stimulation, the spectrum of TF expression was broader, with ∼20% of cells 

expressing Foxp3 and T-bet, Foxp3 alone or none of the TF tested, and ∼10% of cells being 

Foxp3+Gata3high or T-bethigh. SEB-responding cells consisted predominantly of T-bethigh 

cells (∼40%), Foxp3+T-bethigh (∼20%), or cells negative for all TF tested (∼20%) (Figure 

4E).

These data demonstrate that the spectrum of TF expression in CD4+ T cells varies according 

to pathogen specificity, indicating that CD4 polarization into distinct Th subsets depends on 

the nature of the antigen recognized.

PPD-specific CD4+ T cells with different lineage-defining transcription factor profiles 
exhibit distinct functional capacities

To determine whether cytokine secretion capacity varied according to TF expression pattern, 

we measured the ability of PPD-specific CD4+ T cells to produce IFN-γ and TNF-α. Since 

PPD responses were of greater magnitude and exhibited a similar TF profile to ESAT-6/

CFP-10 peptide responses, we focused on PPD responses to assess the functional capacity of 

Mtb-specific CD4+ T cells expressing different TF combinations. PBMC from healthy 

individuals (n=6) were stimulated with PPD for 5 days and cytokine secretion was blocked 

using Brefeldin during the 5 last hours of the stimulation. Since only a low frequency of 

PPD-specific CD4+ T cells expressed Gata3, we concentrated on three TF for these 

experiments. The co-expression profile of T-bet, RORγt and Foxp3 in PPD-specific CD4+ T 

cells is presented in Figure 5A. A median of 35% (range: 35% to 41%) of proliferating PPD-

specific CD4+ T cells produced TNF-α (Figure 5B), while 19% (range: 17% to 25%) were 

positive for IFN-γ (Figure 5C). We next assessed TNF-α and IFN-γ secretion in PPD-

specific CD4+ T cells exhibiting distinct TF expression profiles (Figure 5D). Given the low 

frequency (<2.5%) of PPD-specific CD4+ T cells with a T-betlowRORγthighFoxp3+ or T-

betlowRORγthighFoxp3- phenotype (Figure 5A), these two subsets were excluded from 

analysis. The highest TNF-α production (∼60%) was observed in T-

bethighRORγthighFoxp3+ PPD-specific CD4+ T cells, or co-expressing T-bet and RORγt. 

Foxp3+T-bethigh and T-bethigh cells moderately expressed TNF-α, with a median of 27% 

and 35% of TNF-α positive cells, respectively. The lowest TNF-α production (∼10%) was 

observed in cells expressing only Foxp3, or none of the TF tested. Whilst the overall 

proportion of PPD-specific CD4+ T cells producing IFN-γ was significantly lower than cells 

producing TNF-α (p=0.028), a similar secretion profile was observed among the different 

subsets (Figures 5D-E). Further analyses showed that PPD-specific CD4+ T cells co-

expressing T-bet, RORγt and Foxp3, or T-bet and RORγt, were significantly more bi-

functional than Foxp3+T-bethigh cells or T-bethigh single positive cells (Figure 5F). Of note, 

it is worth noting that by assessing the cytokine secretion profile of Mtb-responsive CD4+ T 

cells (Ki67+cells) after a 5-day proliferation assay, this may not recapitulate their full 
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functional potential since these cells will more likely have a broader cytokine secretion 

profile at the onset of activation, prior to TF up-regulation.

We also assessed the expression of IL-2 and IL-17, these cytokines were not detectable in 

response to PPD. Thus, to define whether PPD-specific CD4+ T cells retained the capacity 

to produce these cytokines, cells were re-stimulated with PMA/Ionomycin as described in 

Figure 6A. Whilst a small fraction of PPD-specific Ki67+CD4+ T cells were able to secrete 

IL-2 (∼10%), no IL-17 was detected in response to mitogen re-stimulation (Figure 6B). 

Moreover, in response to PMA/Ionomycin restimulation, cycling PPD-specific Ki67+CD4+ 

T cells exhibited a broad spectrum of TF expression profile while the majority of PMA/

Ionomycin-responding CD4+ T cells did not express any of the measured transcription 

factors, regardless of their cytokine expression profile (Figure 6C). It is worth mentioning 

that similar data where obtained when cells were restimulated using PPD (added 3 hours 

prior to Brefeldin addition), showing that sufficient Mtb antigens were still present at 

saturating levels over the culture period in our experimental condition. These data could be 

explained by distinct kinetics of production of these cytokines (IL-2 and IL-17) as compared 

to IFN-γ or TNF-α in our experimental setting.

Additionally, a sizeable proportion of TNF-α and IFN-γ-producing cells were detected 

within the Ki67-negative CD4+ T cell population in response to PPD [for TNF-α: a median 

of 43.3% of total TNF-α-producing cells (ranging from 20% to 57%), Figure 5B; and for 

IFN-γ, a median of 23% of total IFN-γ-producing cells (ranging from 8% to 39%), Figure 

5C]. This indicates that not all PPD-responding cells actively proliferated upon a 5-day 

stimulation. We characterized the TF expression profile of PPD-responding non-

proliferating CD4+ T cells. In these cells, the degree of TF co-expression was significantly 

lower compared to Ki67+IFN-γ+ cells (∼25% vs ∼80%) (Supplemental Figure S2). Since 

no up-regulation of TF was observed after short-term activation, these data suggest that the 

up-regulation of TF could require prolonged engagement of the TCR in combination with an 

appropriate “polarizing” cytokine milieu.

Overall, these data show that depending on the combination of TF expressed, PPD-specific 

CD4+ T cells have distinct functional capacities, suggesting that these cells are endowed 

with different effector functions.

HIV infection alters the transcription factor profile of PPD-specific CD4+ Th subsets

To determine whether HIV infection affects the lineage commitment of the CD4 response to 

TB, we compared the TF expression profiles of PPD-specific CD4+ T cells in HIV-

uninfected and HIV-infected individuals. The HIV-infected individuals included in this 

study had well-maintained CD4 counts (median: 602 cells/mm3), variable HIV plasma viral 

loads (median: 7,788 RNA copies/ml) and were ART naïve (Table 1). A representative 

example of Foxp3, T-bet, Gata3 and RORγt expression levels in PPD-specific CD4+ T cells 

in an HIV-uninfected and HIV-infected subject is presented in Figure 7A. The overall TF 

expression profiles in PPD-specific CD4+ T cells were significantly different between HIV-

uninfected and HIV-infected individuals (p=0.013). One specific subset of PPD-responding 

CD4+ T cells was altered in HIV-infected individuals where a significantly lower proportion 

of cells co-expressing Foxp3 and T-bethigh was observed compared to HIV-uninfected 
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subjects (p=0.002) (Figure 7B). Of note, similar results were obtained for ESAT-6/CFP-10 

responding CD4+ T cells, while no difference in the TF profile of SEB-responding CD4+ T 

cells was observed between HIV-uninfected and HIV-infected individuals (Supplemental 

Figure S3). Since PBMC were cultured for 5 days, these differences could have arisen as a 

result of in vitro HIV replication. However, stimulation in the presence of antiretroviral 

drugs did not affect the TF profile observed in PPD-specific CD4+ T cells in HIV-infected 

individuals (data not shown). This suggests that the skewing of TF profiles in PPD-specific 

CD4+ T cells in HIV-infected individuals was not an artifact of cell culture and reflects in 

vivo changes to the CD4+ Th response to TB.

We next examined the relationship between TF expression profiles in PPD-specific CD4+ T 

cells and HIV viral load. Figure 8A shows T-bet and Foxp3 expression levels in PPD-

specific CD4+ T cells in individuals with differing HIV viral loads. We found a striking 

significant inverse correlation between the proportion of Foxp3+T-bethigh PPD-specific 

CD4+ T cells and HIV viral load (r=-0.69, p=0.0007, Figure 8B), suggesting that the 

reduction in this subset may be related to in vivo HIV viral replication. Of note, the 

proportion of Foxp3+T-bethigh PPD-specific CD4+ T cells also positively associate with 

absolute CD4 count in HIV-infected individuals (p=0.01, r=0.56, data not shown). To define 

potential factors that impact the lineage differentiation of Mtb-specific CD4+ T cells during 

HIV infection, we investigated the relationship between markers of chronic inflammation 

and the TF profile of PPD-specific CD4+ T cells. Concentrations of 10 cytokines/

chemokines were measured in the plasma of HIV-infected (n=18) and HIV-uninfected 

subjects (n=18). The proportion of Foxp3+T-bethigh PPD-specific CD4+ T cells inversely 

correlated with plasma concentrations of TNF-α and IFN-γ (Figure 8C). After adjusting for 

multiple comparisons, the association between plasma TNF-α concentration and PPD-

specific Foxp3+T-bethigh CD4+ T cells remained significant (p=0.019, r=-0.5).

Overall, these data suggest that HIV infection impairs the lineage commitment of Mtb-

specific CD4+ T cells, leading to a significant decrease of one particular subset, cells co-

expressing Foxp3 and T-bet. The contraction of this CD4+ T cell subset correlated with HIV 

viral load and plasma TNF-α, suggesting that the host inflammatory status may play an 

important role in controlling the fate of Mtb-specific CD4+ T cells.

Discussion

To better understand the CD4 immune response to Mtb, we evaluated the diversity of Mtb-

specific-CD4+ Th subsets. The expression of four canonical transcription factors, T-bet, 

Gata3, RORγt and Foxp3 was measured simultaneously within Mtb-specific CD4+ T cells. 

Our data indicate that Mtb-specific CD4+ T cells exhibit a hitherto unappreciated wide 

spectrum of Th subsets, defined by the co-expression of lineage-defining transcription 

factors. Since HIV infection is a major risk factor for TB, we also examined the extent to 

which HIV impacts the diversity of Mtb-specific CD4+ Th subsets. Our results show that 

HIV infection significantly alters the transcriptional profiles of these cells, most likely by 

promoting an inflammatory environment; these changes in the equilibrium of Mtb-specific 

CD4+ Th subsets during HIV infection may have implications for the development and/or 

maintenance of protective TB immunity.
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Based on the “the master regulator” model where the expression of a single transcription 

factor unilaterally controls the fate of CD4 lineage commitment, the co-expression of 

multiple transcription factors that we observed in Mtb-specific CD4+ T cells may seem 

surprising. However, over the past few years a mounting body of evidence has revealed that 

lineage-defining transcription factors act as a network more often than they do in isolation, 

and co-expression of TF in CD4+ T cells allows for the diversity and flexibility of CD4+ Th 

subsets (reviewed in (17)). The co-expression of RORγt and T-bet has been reported in both 

mice (41-43) and humans (23, 44, 45). These cells, referred as Th1/Th17, have the ability to 

secrete IFN-γ and IL-17, and exhibit pathogenic potential in several disease models. 

Additionally, the stable co-expression of Foxp3 with other lineage-defining transcription 

factors, such as T-bet, Gata3, RORγt or Bcl-6, has been described in specialized Treg 

subpopulations; these cells co-express the transcription factor of the very cells they are able 

to regulate (46-48). These observations illustrate the complexity of the transcriptional 

regulation of CD4+ Th differentiation and suggest that the diversity of Th subsets may be 

more varied than described to date. While the majority of circulating Mtb-specific CD4+ T 

cells does not co-express transcription factors, they retain the potential to up-regulate several 

transcription factors after in vitro expansion. These data suggest that the majority of memory 

CD4+ T cells are not maintained as committed to a specific lineage in the absence of antigen 

stimulation and that several rounds of cell division are necessary to induce TF upregulation. 

In this context, the quality and quantity of cytokines produced at the onset of T cell 

activation, which are dependent on the nature of the threat encountered, most likely dictates 

the array of Th subsets generated upon antigen re-exposure. Depending on the combination 

of TF expressed, Mtb-specific CD4+ T cells exhibited a different potential to secrete IFN-γ 

or TNF-α, suggesting that these distinct subsets have different effector functions. Further 

analyses will be needed to define in more detail the cytokine secretion potential of these 

different subsets.

What is the relevance of such CD4 diversity in the protection against TB? Th1, Th17 and 

Treg cells have been involved in TB immunity (5-12), suggesting that the control of Mtb 

replication depends on the generation of a balanced CD4 response, reaching an equilibrium 

between effector and regulatory cells. Our data support this hypothesis where, upon Mtb 

encounter, memory CD4+ T cells differentiate into a spectrum of Th subsets with distinct 

functions. Moreover, we showed that in HIV-infected individuals with well-preserved CD4 

counts, the TF profile of Mtb-specific CD4+ T cells is significantly altered compared to 

HIV-uninfected individuals, with a reduction in one specific subset co-expressing Foxp3 and 

T-bet. If we consider this particular subset to exhibit regulatory functions, its contraction 

could impair bacterial control by promoting premature cell exhaustion (49), enhancing pro-

inflammatory signals and possible tissue damage (12, 50) and favoring an unbalanced Teff/

Treg ratio. Alternatively, it is also possible that the up-regulation of Foxp3 is a transient 

phenomenon induced in response to TCR triggering. In this context, Foxp3 up-regulation 

has been associated with hypo-responsiveness of activated T cells, but was not directly 

correlated with their suppressive capabilities (51). Thus, an impaired Th1 response may also 

compromise bacterial control and this would also suggest that the CD4 response towards 

Mtb in HIV-infected individuals is of a more inflammatory nature compared to HIV-

uninfected individuals.
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Several mechanisms could be responsible for the alteration of Mtb-specific CD4+ Th 

subsets in the context of HIV infection. Firstly, the composition of the cytokine milieu, at 

the time of TCR engagement, plays a major role in regulating the lineage commitment of 

CD4+ T cells. It has been demonstrated that the polyfunctional capacities of Mtb-specific 

CD4+ T cells are altered during HIV infection, where the proportion of IL-2 secreting Mtb-

specific CD4+ T cells inversely correlate with HIV viral load (30). Moreover, HIV infection 

is characterized by generalized dysregulated cytokine production, partially driven by viral 

replication (34). Thus, HIV infection could create a biased cytokine environment leading to 

aberrant differentiation of Mtb-specific CD4+ T cells. Our results are in accordance with 

this hypothesis, showing that the proportion of Mtb-specific CD4+ T cells co-expressing 

Foxp3 and T-bet was inversely correlated with HIV viral load and the plasma concentration 

TNF-α. This suggests that HIV-induced chronic inflammation could dramatically impact the 

differentiation profile and functionality of TB-specific CD4+ T cells responses (and, indeed, 

responses to other pathogens). Since inflammatory signals are known to modulate the 

epigenetic state of cells (19, 52, 53), we could hypothesize that a sustained inflammatory 

environment may “imprint“ the potential of CD4+ T cells for plasticity by modulating their 

epigenetic signature. The effect of bystander inflammation on the establishment of memory 

T cells has been previously reported in a LCMV mouse model (54), where prolonged 

inflammation disrupts the development of memory CD8+T cells; a phenomenon regulated 

by T-bet and Blimp-1. Secondly, there is some evidence that HIV preferentially infects Mtb-

specific CD4+ T cells (25, 55). Therefore, the contraction of Foxp3+T-bethigh Mtb-specific 

CD4+ T cells could also result from the increased permissiveness to HIV infection of this 

particular subset.

It is worth noting that, by assessing the transcription factor profile of Mtb-responsive CD4+ 

T cells (Ki67+cells) after a 5-day proliferation assay, we may have excluded other relevant 

subsets of effector cells that contribute to the immune response to Mtb but do not proliferate 

and it remains to be determined whether such flexibility will be observed in vivo. The TF 

profile described in this experimental setting may only partially recapitulate the global ex 

vivo Mtb-specific CD4+ T cell response. Nevertheless, our results show that in Mtb-

sensitized individuals, a portion of Mtb-specific CD4+ T cells in the periphery may be 

present in a quiescent state and long-term reactivation allowed us to reveal their flexible 

potential. Moreover, Further experiments will be needed to define whether the HIV-induced 

alteration of Mtb-specific CD4+ T cells is restricted to this particular pathogen or also 

observed in CD4+ T cells of other specificities.

In conclusion, these studies have implications not only for the understanding of the specific 

attributes of Mtb-specific responses required for an efficient immune response to Mtb but 

could shed further light on the mechanism by which HIV increases TB susceptibility. We 

hypothesize that HIV-induced sustained inflammation may promote the generation of a TB-

specific CD4 response of the right specificity but the wrong type, where CD4 functional 

capacity shifts towards a more pathogenic/inflammatory profile, which impair efficient 

control of bacterial growth.
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Figure 1. Lineage-defining transcription factor (TF) expression profile in Mtb-specific CD4+ T 
cells upon a 5 day in vitro stimulation in healthy Mtb-sensitized individuals
PBMC from HIV-uninfected individuals were cultured for 5 days in the presence of 

ESAT-6/CFP-10 peptide pool. (A) Detection of Mtb-specific CD4+ T cells based on Ki67 

expression. NS: non-stimulated. (B) Representative dot plots showing the level of 

expression of Foxp3, RORγt, Gata3 and T-bet in Mtb-specific CD4+ T cells (top panel). 

Representative histograms of TF expression levels in Ki67+ cells (red) and Ki67- cells 

(black). (C) Proportion of TF positive cells within Mtb-specific CD4+ T cells expressed as a 

percentage of Ki67+CD4+ T cells. Each dot represents an individual. (D) Proportion of 

Mtb-specific CD4+ T cells expressing 4, 3, 2, 1 or none of the TF measured. The pie and bar 

chart show the proportion of each possible combination of TF expression in Mtb-specific 

CD4+ T cells. Each slice of the pie corresponds to a distinct combination of TF. The arc 

illustrates the proportion of Mtb-specific CD4+ T cells expressing multiple (≥ 2) 

transcription factors.
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Figure 2. Lineage-defining transcription factor expression in Mtb- and SEB-specific CD4+ T 
cells upon short-term (15 hours) stimulation
(A) Dot plots of IFN-γ, IL-2 and IL-17 production in response to a 15-hour stimulation with 

Mtb peptides (ESAT-6 and CFP-10) or SEB. NS: No stimulation. (B) Expression of TF in 

cytokine producing CD4+ T cells in response to Mtb peptides (left panel) or SEB (right 

panel). Numbers correspond to the proportion of transcription factor positive cells within 

cytokine producing cells (IFN-γ, IL-2 or IL-17). (C) Proportion of ESAT/CFP- (black, n=4), 

PPD- (dark grey, n=5) and SEB- (light gray, n=7) specific CD4+ T cells expressing 4, 3, 2, 1 

or none of the TF measured. The pie and bar chart show the proportion of each possible 

combination of TF expression in antigen-specific CD4+ T cells. Bars represent median and 

interquartile ranges. Statistical comparisons were performed using a Student's t-test. *<0.05, 

**<0.01, ***<0.001.
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Figure 3. Co-expression of lineage-defining transcription factor in proliferating CD4+ T cells ex 
vivo
(A) Representative dot plot of Ki67 expression in ex vivo CD4+ T cells. The median 

frequency and range of Ki67+CD4+ T cells are indicated in the gate (n=7). (B) 
Representative histograms of TF expression levels in Ki67+ cells (red) and Ki67- cells 

(black). (C) Proportion of Ki67- (Top panel) and Ki67+ (bottom panel) CD4+ T cells 

expressing 4, 3, 2, 1 or none of the TF measured. The pie and bar chart show the proportion 

of each possible combination of TF expression. Each slice of the pie corresponds to a 

distinct combination of TF.
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Figure 4. Diversity of T helper CD4 subsets in response to different pathogens upon a 5-day in 
vitro stimulation in healthy Mtb-sensitized individuals
(A) Representative dot plots of Ki67 expression in CD4+ T cells in response to a 5 day-

stimulation in the presence of Mtb peptide pool (ESAT-6/CFP-10), Mtb purified protein 

derivative (PPD) or tetanus toxoid (TT) within the same individual. The frequency of 

antigen-specific CD4+ T cells is indicated in the gate. (B) Frequencies of proliferating 

antigen-specific CD4+ T cells after background subtraction. Twenty individuals were tested 

for PPD, 17 for ESAT6/CFP10 and 11 for TT responses. Bars represent the median. The 
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number of responders is indicated at the bottom of the graph. (C) Representative overlay 

histograms of Foxp3, RORγt, Gata3 and T-bet expression levels in Ki67+CD4+ T cells in 

response to ESAT-6/CFP-10 peptide pool (blue), PPD (red) and TT (green) stimulation 

within the same individual. The black line corresponds to Ki67- CD4+ T cells. (D) Pie 

charts showing the median proportion of each possible TF combination in ESAT-6/CFP-10-, 

PPD-, TT- and SEB-specific Ki67+CD4+ T cells. The number of individuals analyzed for 

each stimulus is indicated. Statistical comparisons were performed using the pie statistic tool 

integrated in the Spice software. (E) Proportions of cells expressing 1, 2, 3, 4 or none of the 

lineage-defining transcription factors tested in ESAT-6/CFP-10- (blue), PPD- (red), TT- 

(green) and SEB- (grey) specific CD4+ T cells using a Boolean gating strategy. Bars 

represent median and interquartile ranges. Statistical comparisons were performed using a 

Student's t-test. *<0.05, **<0.01, ***<0.001.
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Figure 5. Functional capacity of PPD-specific CD4+ T cells varies according to their 
transcription factor profile
PBMC from HIV-uninfected Mtb-sensitized individuals (n=6) were stimulated with PPD for 

5 days. Brefeldin A was added for the last 5 hours and the expression level of T-bet, RORγt, 

Foxp3, IFN-γ and TNF-α were assessed by flow cytometry. (A) Proportion of cells 

expressing 3, 2, 1 or no transcription factors in PPD-specific CD4+ T cells using a Boolean 

gating strategy. Expression of each of the 8 possible combinations of transcription factors is 

shown on the x-axis. Bars represent median and interquartile ranges. Above the dotted 

horizontal line are the subsets that represent >2.5% of the total PPD-specific CD4+ T cells. 
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The pie chart summarizes the data showing the median proportion of each possible TF 

combination in PPD-specific CD4+ T cells. The arc illustrates the proportion of PPD-

specific CD4+ T cells co-expressing two or three transcription factors. (B and C) 
Representative dot plots of TNF-α (B) and IFN-γ (C) expression in PPD-specific 

Ki67+CD4+ T cells in response to a 5 day-stimulation in the presence of PPD within the 

same individual. The median and range of the proportion of TNF-α and IFN-γ positive cells 

within PPD-specific Ki67+CD4+ T cells, for the six individuals analyzed, is indicated. NS: 

No Stimulation. (D) Proportion of TNF-α+ cells (top panel) or IFN-γ+ cells (bottom panel) 

within the Ki67+CD4+ T cells expressing different combinations of TF. Bars represent the 

median and interquartile range. Only subsets representing > 2.5% of total Ki67+ CD4+ T 

cells are depicted on the graph. (E) Representative overlay dot plots of TNF-α (top) and 

IFN-γ (bottom) expression in Ki67+CD4+ T cells (grey) and PPD-specific CD4+ T cells 

exhibiting distinct TF profiles, namely T-bethighRORγthighFoxp3+ (red); T-

bethighRORγthighFoxp3- (orange); T-bethighRORγtlowFoxp3+ (green); T-

bethighRORγtlowFoxp3- (blue) and T-betlowRORγtlowFoxp3- (purple). The percentage of 

cytokine positive cells within the PPD-specific Ki67+ population is shown on each dot plot. 

Ki67-CD4+ T cells are shown in grey. (F) Proportion of IFN-γ+TNF-α+ cells (black), IFN-

γ-TNF-α+ (dark grey), IFN-γ+TNF-α- (light grey) and IFN-γ-TNF-α- (white) cells within 

PPD-specific Ki67+CD4+ T cells exhibiting distinct TF profiles.
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Figure 6. Cytokine secretion potential of PPD-responsive CD4+ T cells upon PMA/ionomycin re-
stimulation
(A) Experimental design. PBMC were stimulated with PPD or unstimulated (Stim 1) for 5 

days. Five hours before the end of the stimulation, brefeldin was added alone or in the 

presence PMA and Ionomycin (Stim 2). After 5 hours, cells were stained and analyzed by 

flow cytometry. (B) Representative examples of cytokine expression (IFN-γ, IL-2 and 

IL-17) in PPD-responding CD4+ T cells after a 5-day stimulation and in response to PMA 

and Ionomycin re-stimulation. (C) Transcription factor expression profile of PMA/
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ionomycin- or PPD-responding CD4+ T cells. The pies show the median proportion of each 

possible combination of TF. Each slice of the pie corresponds to a distinct combination of 

TF. Data are representative of 3 independent experiments.
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Figure 7. Comparison of TF expression profiles in PPD-specific CD4+ T cells in HIV-infected 
and HIV-uninfected individuals
(A) Top panel: Representative dot plots of Ki67 expression in response to a 5 day PPD 

stimulation in an HIV-infected and an HIV-uninfected individual. Bottom panel: 
Representative overlay histograms of Foxp3, RORγt, Gata3 and T-bet expression levels in 

PPD-specific Ki67+ CD4+ T cell responses in an HIV-infected (red line) and an HIV-

uninfected (black line) individual. (B) Top panel: Pie charts showing the median proportion 

of each possible TF combination within PPD-specific Ki67+CD4+ T cells in 20 HIV-

infected and 20 HIV-uninfected individuals. Statistical comparisons were performed using 

the pie statistic tool integrated in the Spice software. Bottom panel: Proportions of cells 

expressing each possible TF combination in PPD-specific CD4+ T cells using a Boolean 

gating strategy. HIV-infected individuals are depicted with red dots and HIV-uninfected 

individuals with black dots. Bars represent medians and interquartile ranges. Statistical 

comparisons were performed using the Student's t-test.
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Figure 8. Association of the TF profile of PPD-specific CD4+ T cells with HIV viral load and 
IFN-γ and TNF-α plasma concentrations
(A) Representative dot pots of the expression profile of Foxp3 and T-bet in PPD-specific 

Ki67+CD4+ T cells (red) overlaid on total Ki67-CD4+ T cells in four HIV-infected 

individuals with varying HIV viral loads (VL). The percentage of Ki67+CD4+ T cells is 

indicated in each quadrant. (B) Relationship between the proportion of PPD-specific 

Foxp3+T-bethighKi67+CD4+ T cells and HIV viral load. (C) Relationship between the 

proportion of PPD-specific Foxp3+T-bethigh Ki67+CD4+ T cells and the plasma 

concentration of IFN-γ and TNF-α in HIV-infected (red dots) and HIV-uninfected (black 

dots) individuals. Cytokine measurements were available for 18 of the HIV-infected and 18 

uninfected individuals. Correlations were tested by a two-tailed non-parametric Spearman 

Rank test. For plasma cytokines, p-values were adjusted for multiple comparisons using the 

Bonferroni step-down (Holm) procedure. Crude and adjusted (Adj) p-values are reported.
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