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Abstract
HIV co-infection is an important risk factor for tuberculosis (TB) providing a powerful model

in which to dissect out defective, protective and dysfunctionalMycobacterium tuberculosis
(MTB)-specific immune responses. To identify the changes induced by HIV co-infection we

compared MTB-specific CD4+ responses in subjects with active TB and latent TB infection

(LTBI), with and without HIV co-infection. CD4+ T-cell subsets producing interferon-gamma

(IFN-γ), interleukin-2 (IL-2) and tumour necrosis factor-alpha (TNF-α) and expressing

CD279 (PD-1) were measured using polychromatic flow-cytometry. HIV-TB co-infection

was consistently and independently associated with a reduced frequency of CD4+ IFN-γ

and IL-2-dual secreting T-cells and the proportion correlated inversely with HIV viral load

(VL). The impact of HIV co-infection on this key MTB-specific T-cell subset identifies them

as a potential correlate of mycobacterial immune containment. The percentage of MTB-spe-

cific IFN-γ-secreting T-cell subsets that expressed PD-1 was increased in active TB with

HIV co-infection and correlated with VL. This identifies a novel correlate of dysregulated

immunity to MTB, which may in part explain the paucity of inflammatory response in the

face of mycobacterial dissemination that characterizes active TB with HIV co-infection.

PLOS ONE | DOI:10.1371/journal.pone.0146905 January 12, 2016 1 / 15

a11111

OPEN ACCESS

Citation: Pollock KM, Montamat-Sicotte DJ, Grass L,
Cooke GS, Kapembwa MS, Kon OM, et al. (2016)
PD-1 Expression and Cytokine Secretion Profiles of
Mycobacterium tuberculosis-Specific CD4+ T-Cell
Subsets; Potential Correlates of Containment in HIV-
TB Co-Infection. PLoS ONE 11(1): e0146905.
doi:10.1371/journal.pone.0146905

Editor: Olivier Neyrolles, IPBS, FRANCE

Received: August 12, 2015

Accepted: December 23, 2015

Published: January 12, 2016

Copyright: © 2016 Pollock et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: The original data are
publicly available at the Imperial College London
archive: K Pollock PhD Thesis October 2012.
Imperial College London supports data sharing in
accordance with RCUK principles. The supporting
data underlying this publication can be requested by
contacting rdm-enquiries@imperial.ac.uk.

Funding: This study was supported by a TB Funds
grant from the British Lung Foundation (https://www.
blf.org.uk/Home) TB0802. Ajit Lalvani is an NIHR
Senior Investigator and Wellcome Trust Senior
Research Fellow in Clinical Science. The research

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0146905&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0146905&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0146905&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://www.blf.org.uk/Home
https://www.blf.org.uk/Home


Introduction
HIV co-infection is the greatest risk factor for progression of latent tuberculosis infection (LTBI)
to active tuberculosis (TB) [1] and is associated with increased risk of de novo infection and re-
infection [2]. Data from SIV or HIV-TB co-infection indicate an increase in the risk of disease
reactivation prior to the onset of severe immunosuppression [3, 4]. This risk is not eliminated
with HIV therapy remaining at least twice that of the general population [5]. HIV co-infection
impacts the clinical phenotype of TB resulting in reduced cavitation, more severe disease,
increased bacillary dissemination and poorer outcomes in terms of morbidity and mortality.

This early, specific and lasting effect on MTB-specific immunity makes HIV and LTBI co-
infection a good model in which to dissect out defective, protective and dysfunctional MTB-
specific immune responses. LTBI may be viewed as the successful containment of infection by
effective anti-MTB immunity. Conversely, at the opposite end of the spectrum, active TB in the
setting of HIV co-infection represents a manifest failure of MTB resistance control character-
ised by bacillary dissemination, high bacterial load and higher mortality. Cellular immune
responses that specifically characterise this state, including cellular senescence [6] or immune
exhaustion phenotypes, may provide insight into cellular mechanisms of failed MTB-specific
immunity. MTB-specific cell subsets that are preferentially impaired or depleted by HIV infec-
tion are therefore candidates for correlation of immune containment and protective immunity.

Programmed death-1 (PD-1/CD279) is expressed by monocytes, CD4, CD8, NKT and B
cells and binds to its ligands PDL-1 and 2 inhibiting proliferation and cytokine production [7].
Expression on total CD4+ and CD8+ T-cells correlates with viral load (VL) and on HIV-spe-
cific CD8+ T-cells mediates immune dysfunction. Blockade of the PD-1 axis on HIV-specific
CD4+ and CD8+ cells can reverse this phenotype [7–11]. The PD-1 knock out mouse demon-
strated a highly inflammatory response to MTB infection [12]. In humans with active TB, PD-
1 expression correlated with IFN-γ production and prevention of ligand binding enhanced cel-
lular immune function [13]. The effect of HIV and MTB co-infection in active and LTBI on the
PD-1 axis in MTB-specific T-cells has not hitherto been investigated.

We hypothesized that in the setting of MTB infection, HIV co-infection would be associated
with a reduced frequency of particular CD4+ MTB-specific T-cell cytokine secreting subsets
and that this might serve as a correlate of MTB infection containment. Secondly, we hypothe-
sised that HIV-TB co-infection would be associated with increased expression of PD-1 indicat-
ing a possible cellular correlate for the deficit in MTB-specific immunity. We studied four key
clinical patient subgroups to delineate the impact of HIV in both stages of MTB infection. We
used multi-parameter flow cytometry to measure three canonical cytokines and PD-1 expres-
sion in patients with active TB, TB and HIV co-infection, LTBI and HIV co-infection and
LTBI as well as markers of T-cell exhaustion. This enabled simultaneous definition of func-
tional and phenotypic MTB-specific T-cell profiles at the single-cell level.

Materials and Methods

Participant selection
Enrolment was from three London centres, UK during 2008–2011. The samples and clinical
data used in this study were obtained from the TB Immunology Group Research Tissue Bank,
which was approved by the St Mary’s Research Ethics Committee (07/H0712/85). The Com-
mittee is constituted in accordance with the Governance Arrangements for Research Ethics
Committees (July 2001) and complies fully with the Standard Operating Procedures for
Research Ethics Committees in the UK. All samples were donated to the tissue bank after the
subjects had given written, informed consent and the research was approved by the Tissue
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Bank Steering Committee in accordance with the approved procedures for Tissue Banks in the
UK. Eligibility criteria included current investigation for active TB or LTBI or the presence of
risk factors for LTBI. All individuals underwent immune testing for MTB infection using a
Mycobacterium tuberculosis-specific blood test (IFN-γMTB ELISpot, as described below).
Active TB cases were all microbiologically confirmed. LTBI cases excluded those with symp-
tomatic, microbiological or radiological evidence of active TB. HIV infection was confirmed
according to national standards and HIV VL and CD4 T-lymphocyte counts were assayed in
the local Clinical Pathology Association accredited diagnostic laboratories at the time of study
recruitment. Participants were selected for flow cytometry analysis if they met strict case defini-
tion criteria for LTBI, active TB and/or HIV co-infection.

Definition of LTBI
A positive IFN-y response to ESAT-6 and CFP-10 and/or positive response to novel validated
MTB-specific peptides including MTB-specific peptides from Rv3873 [14, 15] and Rv3615c
[16]. Individuals with HIV co-infection were enrolled if they had risk factors for LTBI and
screened for the presence of LTBI [17]. All individuals with LTBI had a positive interferon
gamma release assay (IGRA) for MTB infection and/or tuberculin skin test.

Antigens
PPD was obtained from Serum Statens Institute and re-suspended in RPMI at 16.7μg/ml final
concentration. Pools of MTB-specific 15-mer overlapping peptides covering each of ESAT-6,
CFP-10, and Rv3615c were re-suspended in a single mixture (10μg/ml per peptide final
concentration).

IFN-γMTB ELISpot
Fresh or frozen peripheral blood mononuclear cells (PBMCs), 2.5 x 105 per well, were left
unstimulated or stimulated overnight (37°C 5% CO2 for 16 to 20 hours) with PHA, purified
protein derivative (PPD) and pools of MTB-specific 15-mer overlapping peptides covering
each of ESAT-6, CFP-10, EspC, TB7.7, Rv3879c, Rv3873 and Rv3878 in an IFN-γ capture ELI-
Spot assay as previously described [18]. Spot forming cells were counted using an AID ELISpot
reader. A positive response was at least 5 spot-forming cells more than the negative control
well and at least twice the negative control well. This method of diagnosing MTB infection in
the context of clinical data has been widely validated [19–22].

Intracellular cytokine staining
The cells were prepared as previously described [23], thawed PBMCs (3–5 x 106 per well) were
cultured for 16 hours (37°C 5% CO2) in 10% human serum in Roswell Park Memorial Institute
(RPMI) medium. Cells were stimulated with PMA-Ionomycin, (5ng/ml PMA and 500ng/ml
ionomycin final concentration), PPD or MTB-specific peptides or left unstimulated. After 2
hours Monensin (2 μM final concentration) was added. Cells were stained with a dead cell dis-
criminator (LIVE/DEAD1 Fixable Dead Cell Stain Kits, aqua, Invitrogen) (30 minutes, 4°C)
washed and placed in FC block buffer (10% human serum in filtered FACS solution: 0.5% bovine
serum albumin and 2mM EDTA in PBS) (20 minutes at 4°C). Cells were stained with titrated
fluorochrome-conjugated antibodies against CD3-APC-Alexa Fluor1750, CD4-Qdot1605 and
CD45RA-Qdot1655 (Invitrogen), CD8-APC, CCR7-PE-Cy™7 and CD127-FITC (BD Biosci-
ences) and PD-1-PerCP/Cy5.5 (Biolegend) then fixed and permeabilised with BD Cytofix/Cyto-
perm™ Fixation/Permeabilization kit (BD Biosciences) (20 minutes, 4°C). Cells were washed
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twice with Perm/Wash solution (BD Biosciences) were stained with optimised fluorochrome-
conjugated antibodies, IFN-γ-V450, IL-2-PE and TNF-α-AlexaFluor 700 (BD Biosciences) (30
minutes 4°C). Where possible, 1x106 events were acquired using a BD LSR-II flow cytometer and
compensation parameters set with Anti-Rat and Anti-Mouse Ig compensation beads (BD Biosci-
ences). Fluorescence minus one (FMO) controls were included each time. Data on CD8, CCR7,
CD45RA and CD127 are not included in this report, having been published separately but are
included in the methods for accuracy [23, 24].

Data analysis
FlowJo©TreeStar, Inc. v9.2 was used to gate on live cells, singlets and lymphocytes and CD3
+CD4+ subsets. FMO controls were used to define positive gates for IFN-γ, IL-2 and TNF-α
responses and PD-1 expression. Non-overlapping subsets of cytokine response were created
using Boolean analysis. Frequencies were normalised to the unstimulated control. Responders
had a response�2 times the background and>0.001% of CD3+CD4+ T-cells and were ana-
lysed for PD-1 expression. Those without a positive response were excluded from phenotypic
analysis. Co-stimulatory molecules were not included in the assay to avoid signals not necessar-
ily present in vivo. Using these stringent cut-off criteria, antigen-specific rare events were
assumed to be real events.

Statistical analysis
This was conducted using IBM SPSS Statistics version 20 and Prism version 5. The Mann-
Whitney U test was used for two sample comparisons and Kruskal-Wallis test with Dunn’s
post-test comparison for multiple comparisons. Spearman’s Rank coefficient for tests of corre-
lation of non-parametric data was used. CD4 count and HIV VL were analysed as continuous
variables. A VL of 10 was designated where viral suppression was achieved.

Results

Participant characteristics
All individuals had a positive response to ESAT-6 or CFP-10 in the MTB-specific IFN-γ ELI-
Spot or T.SpotTB except one who had a TST>15mm and a positive response to Rv3615c. Rou-
tine HIV-screening is currently not undertaken in the UK for LTBI. All five patients where an
HIV test had not been clinically indicated had normal CD4/CD8 ratios. The median (IQR)
CD4 count (cells/μl) of those with TB/HIV and LTBI/HIV was 180 (136–200) and 455 (356–
530) and the median (IQR) VL (RNA copies/ml) was 28,958 (66–281,671) and 10 (10–12,691)
(Table 1). All individuals with TB or LTBI had received<14 days treatment for MTB except
one. 8 individuals with HIV infection were taking HAART at the time of blood sampling; two
(28.6%) TB/HIV subjects and six (60.0%) LTBI/HIV subjects, of whom 7 had suppressed viral
loads and one had a viral load of 66.

MTB-specific CD4+ T-cells secreting IFN-γ and IL-2 correlated inversely
with HIV viral load
We used Boolean gating to create 7 non-overlapping T-cell subsets secreting single or combi-
nations of 3 cytokines (IFN-γ, IL-2 and TNF-α) (S1 Fig). The frequency of these subsets was
compared to examine the impact of both HIV infection and active TB infection compared with
LTBI on MTB-specific T-cell responses. CD4+ MTB-specific T-cells secreting both IFN-γ and
IL-2 were reduced in frequency in individuals with HIV-TB co-infection (whether active or
latent) unlike other IL-2 secreting subsets (Fig 1). There was no difference in absolute
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frequency of any CD4+ subset responding to PPD or MTB-peptides in those on HAART com-
pared with those not on HAART, however there was a trend towards a lower proportion of
IFN-γ and IL-2 dual secreting cells in those not taking HAART (S2 Fig). There was no differ-
ence in the frequency of MTB-specific CD4+ T-cells secreting IFN-γ and IL-2 in response to
PPD or MTB-peptides in individuals with active TB/HIV compared with LTBI/HIV or in
those with active TB compared with LTBI without HIV co-infection (data not shown). How-
ever the proportion of the total response to PPD or MTB peptides contributed by CD4+ T-cells
secreting IFN-γ and IL-2 together was lowest in active TB/HIV compared with LTBI without
HIV co-infection (S3 Fig).

There was an inverse relationship between the proportion of MTB-specific CD4+ IFN-γ
and IL-2-dual-secreting cells contributing to the total CD4+ T-cell cytokine response and HIV
VL (Rho = -0.694, p = 0.003) (Fig 2). Neither HIV VL nor CD4 count correlated with the pro-
portion of MTB-specific CD4+ IL-2-only-secreting T-cells. There was a weak association of
CD4 count with the proportion of MTB-specific tri-functional cells (Rho = 0.525, p = 0.037).
The proportion of MTB-specific CD4+ T-cell functional effectors secreting IFN-γ, TNF-α or
both was inversely correlated with CD4 count (IFN-γ only Rho = -0.518, p = 0.040 and dual
Rho = -0.633 p = 0.009) and correlated with HIV VL (TNF-α only Rho = 0.664, p = 0.005).

PD-1 expression on PPD-specific T-cells was related to HIV and active
TB co-infection and correlated with HIV viral load
We next investigated the expression of PD-1 (in those with a positive response) on MTB- spe-
cific T-cells (S4 Fig). Active TB with HIV co-infection was associated with a higher percentage
of MTB-specific CD4+ T-cells secreting IFN-γ alone expressing PD-1 compared to all other

Table 1. Participant characteristics.

TB/HIV TB LTBI/HIV LTBI Total
7 (%/IQR) 6 (%/IQR) 10 (%/IQR) 11 (%/IQR) 34 (%/IQR)

Age 43 (40,54) 35 (26,57) 37 (24,40) 34 (30,36) 36 (31,41)

Male 4 (57.1) 3 (50.0) 6 (60.0) 4 (36.4) 17 (50.0)

Female 3 (42.9) 3 (50.0) 4 (40.0) 7 (63.6) 17 (50.0)

Black African 5 (71.4) 1 (16.7) 8 (80.0) 6 (54.5) 20 (58.8)

Asian 1 (14.3) 4 (66.7) 0 (0.0) 3 (27.3) 8 (23.5)

Caucasian 1 (14.3) 1 (16.7) 2 (20.0) 2 (18.2) 6 (17.6)

HIV positive 7 (100.0) 0 (0.0) 10 (100.0) 0 (0.0) 17 (50.0)

HIV negative or untesteda 0 (0.0) 6 (100.0) 0 (0.0) 11 (100.0) 17 (50.0)

CD4 cells/μl 180 (136;200) NA NA 455 (356;530) NA NA NA NA

HIV viral load 28,958 (66;281,671) NA NA 10 (10;12,691) NA NA NA NA

HIV treated 2 (28.6) NA NA 6 (60.0) NA NA NA NA

HIV untreated 5 (71.4) NA NA 4 (40.0) NA NA NA NA

BCG vaccinated 5 (71.4) 3 (50.0) 9 (90.0) 8 (72.7) 25 (73.5)

BCG un vaccinated 1 (14.3) 2 (33.3) 0 (0.0) 2 (18.2) 5 (14.7)

not known 1 (14.3) 1 (16.7) 1 (10.0) 1 (9.1) 4 (11.8)

IGRA or tuberculin skin test positive 7 (100.0) 6 (100.0) 10 (100.0) 11 (100.0) 34 (100.0)

MTB infection confirmed 7 (100.0) 6 (100.0) NA NA NA NA NA NA

a 5 individuals with LTBI did not undergo testing for HIV infection but had normal CD4/8 ratios

IGRA interferon gamma release assay

IQR interquartile range

doi:10.1371/journal.pone.0146905.t001
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Fig 1. HIV co-infection negatively impacts MTB-specific CD4+ functional cell subsets secreting IFN-γ and IL-2.Graphs show frequency and median
of CD4+ cell functional subsets secreting IFN-γ and IL-2 (top row) and IL-2 only (middle row) and IFN-γ, IL-2 and TNF-α (bottom row) in response to overnight
stimulation with PPD (left column) and MTB-peptides (right column). p values on graphs showMann-Whitney U tests for HIV-infected vs. HIV-uninfected
(n = 34). Closed circles represent those with TB, and open circles those with LTBI with or without HIV co-infection.

doi:10.1371/journal.pone.0146905.g001
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groups, p = 0.019 (Fig 3). Similarly the greatest frequency of PD-1 expression in MTB-specific
cells secreting IFN-γ and TNF-α was seen in patients with active TB /HIV co-infection
(p = 0.010) with a similar trend in tri-functional cells (Fig 3). The highest rates of PD-1 expres-
sion were therefore seen in patients with active TB / HIV co-infection.

HIV VL correlated with the percentage of MTB-specific CD4+ IFN-γ-only-secreting cells
that expressed PD-1, independently of the frequency of CD4+ IFN-γ-only secreting cells
(Rho = 0.811, p<0.001) (Fig 4). The percentage of MTB-specific CD4+ IFN-γ and TNF-α-dual
(Rho = 0.723, p = 0.002) and CD4+ tri-functional- (Rho = 0.653, p = 0.006) cells responding to
PPD (Fig 4) and CD4+IFN-γ and TNF-α-dual-secreting cells responding to MTB peptides
(Rho = 0.628 p<0.001) (data not shown) expressing PD-1 correlated with HIV VL. There was
an inverse correlation of the percentage of cells expressing PD-1 with CD4 count for PPD-
responsive CD4+ IFN-γ and TNF-α-dual-secreting cells (Rho = -0.618 p = 0.014), MTB-pep-
tides-responsive IFN-γ and TNF-α-dual (Rho = -0.802 p = 0.001) and IFN-γ-only-secreting
cells (Rho = -0.757 p = 0.021). These relationships were not observed in cell subsets not secret-
ing IFN-γ and overall the greatest PD-1 expression was seen in those with active TB / HIV co-
infection. A lower proportion of CD4+ MTB-specific cells, secreting IFN-γ alone, IFN-γ plus
TNF-α and all three cytokines in response to PPD, expressed PD-1, in those on HAART com-
pared with those not on HAART (p = 0.010, p = 0.031 and p = 0.031 respectively).

Discussion

CD4+ MTB-specific cells secreting IFN-γ and IL-2 may serve as a
correlate of containment in HIV-TB co-infection
Our data indicate potential HIV-induced correlates underlying the loss of containment of
MTB and the immune dysfunction in active TB contributing to the early and lasting effects of

Fig 2. HIV VL is negatively correlated with the proportion of CD4+ MTB-specific T-cells secreting IFN-
γ and IL-2.Graph shows Spearman’s rank correlation of proportion of PPD-specific CD4+ IFN-γ and IL-
2-dual-secreting cells with HIV VL. Participants with both active TB/HIV (closed circles) and LTBI/HIV (open
circles) and a positive response to PPD are shown (n = 16).

doi:10.1371/journal.pone.0146905.g002
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HIV co-infection and increased TB-related morbidity and mortality [4, 25, 26]. We previously
showed that HIV infection was associated with a reduced frequency of MTB-specific IFN-γ
and IL-2 dual-secreting CD4+ cells in patients with LTBI, most of whom had normal or near
normal CD4 counts due to immune restoration with HAART [24]. Here we see a greater
impact on this subset in patients that have not yet started HAART and furthermore an inverse
correlation with HIV VL. We found very little evidence of relationships between other MTB-
specific CD4+ T-cell subsets and HIV infection pinpointing IFN-γ and IL-2-dual secreting
cells as uniquely impacted by HIV infection. This may reflect an increasing inability to contain
MTB in individuals with uncontrolled HIV replication, although we were unable to prove cau-
sality in this cross sectional study. Our findings are consistent with the cumulative evidence for
an association of antigen-specific CD4+ cells secreting IL-2 with or without IFN-γ in the con-
tainment or resolution of viral and TB infections [24, 27–33]. The association of HIV VL with
reduced frequency of IL-2 secreting cells has been investigated but without an HIV-uninfected
control group for comparison [32, 34]. The relationship with increasing VL is consistent with
an effect mediated by on-going viral replication, such as specific killing but teasing out the

Fig 3. PD-1 expression by MTB-specific T-cells secreting IFN-γ is increased in active TB /HIV co-infection.Graphs show percentage, median and IQR
of PD-1 expression on CD4+ subsets secreting IFN-γ-only (top left), IFN- γ and TNF-α (top right) and IFN-γ, IL-2 and TNF-α (bottom left) following overnight
stimulation with PPD. Individuals without a positive response were excluded. p values show Kruskal-Wallis test with Dunn’s post-test comparison.

doi:10.1371/journal.pone.0146905.g003
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mechanisms of this HIV-induced antigen-specific cell death is complex. MTB-specific cells
may be lost early in HIV infection and IL-2-secreting cells may be more vulnerable to infection
with HIV [35, 36].

MTB-specific CD4+ functional effector responses and PD-1 expression
may reflect mycobacterial burden
The associations of MTB-specific CD4+ cells secreting IFN-γ with or without TNF-α (CD4
+ effector-like cells) with CD4 count and VL that we demonstrated likely reflects increasing
mycobacterial burden in patients with HIV and TB as previously shown [23, 37]. Active TB
with advanced HIV co-infection was characterised by a high frequency of the MTB-specific
IFN-γ-only-secreting subset and the expression of PD-1 may be linked to IFN-γ secretion [13].
Increased expression of PD-1 on CD4+ MTB-specific IFN-γ-secreting T-cells was associated
with HIV co-infection and correlated with VL. Given the role of PD-1 in immune regulation

Fig 4. Association of PD-1 expression on CD4+ MTB-specific T-cells secreting IFN-γwith HIV VL.Graphs show Spearman’s rank correlation of HIV VL
with the percentage of cells expressing PD-1, for PPD-specific CD4+ cells secreting IFN-γ-only (top left), IFN- γ and TNF-α (top right) and IFN-γ, TNF-α and
IL-2 (bottom left). Those without a positive response in the relevant functional subset were excluded. Those with TB/HIV (closed circles) and LTBI/HIV (open
circles) are shown.

doi:10.1371/journal.pone.0146905.g004
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and exhaustion and its close correlation with total CD4+ T-cell activation and immunosup-
pression in HIV infection [8, 11, 38–40], these data suggest a novel correlate of dysregulated
immunity that is a feature of active TB/HIV. Whilst these changes were also noted in those
with LTBI and HIV co-infection the greatest effect was in those with active TB and HIV co-
infection. Although our analysis of PD-1 expression on MTB-specific T-cells showed a corre-
late with HIV VL this was most marked in the patients where mycobacteria were likely to be
disseminated. HIV VL may therefore be acting as a surrogate marker of mycobacterial burden
driving PD-1 expression through T-cell receptor stimulation.

Studies in mice and humans indicate that in TB, PD-1 might function as a self-regulatory
and tissue-protective off-switch [12, 13, 41–44]. Our findings on MTB-specific T-cells in
HIV-TB co-infection might therefore underlie two observations that relate to the immune
‘exhaustion’ and tissue-protective functions of PD-1. The increased expression of PD-1 on
IFN-γ-secreting CD4+ T-cells might contribute to reduced ability to control MTB infection
and underpin the paucity of immunopathology as manifested by, for example, the lack of cavi-
tatory disease resulting in the increased bacillary load and dissemination that characterize
active TB/HIV.

Role of tri-functional cells
The frequency of MTB-specific CD4+ tri-functional T-cells secreting IFN-γ, IL-2 and TNF-α
was independent of both mycobacterial burden and HIV co-infection. Tri-functionality has
been associated with active TB [45, 46] but data from the mouse lung suggests an alternative
protective role [47] and polyfunctionality is a putative marker of protective immunity in vac-
cine trials [48]. We did not find sufficient evidence to suggest the tri-functional CD4+ T-cell
subset correlates with protection although there was a weak association in those who were
highly immunosuppressed. Some data have suggested that polyfunctional, less differentiated
cells might be increased at the site of extra-pulmonary TB in those with HIV co-infection [49].
Our data indicated that in PBMCs, neither the presence of polyfunctionality nor the frequency
of tri-functional cells was significantly affected by HIV co-infection or TB disease stage, which
detracts from its putative role as a peripheral marker of protection [50] or active TB [46], how-
ever in our limited sample size the presence of weak associations cannot be excluded.

Effect of HAART on MTB-specific CD4+ cell responses
The natural history of HIV and TB co-infection means that extricating the effects of HAART
from the effects of mycobacterial burden is challenging and beyond the scope of this study. We
were unable to control for the presence of HAART and although HIV VL may be taken as a
surrogate marker for its effects, the immunological outcomes we observed cannot be disentan-
gled from associated changes in mycobacterial burden.

Limitations of this work
Comprehensive analysis of a small number of precisely defined subjects has enabled us to
study MTB-specific T-cell responses in detail and to uncover the most significant relationships.
Other possible immunological effects cannot be ruled-out on account of our small sample size.
We are unable to infer causality based solely on the associations identified in this cross-sec-
tional study. Nevertheless, taken together these findings may have significance for monitoring
disease activity in MTB-infected individuals.
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Conclusions
Our detailed dissection of the effects of HIV-TB co-infection on the MTB-specific CD4+ T-cell
immune response has provided insight into clinically important features and indicated poten-
tially useful immune correlates for monitoring disease activity. Our data accords with mount-
ing evidence that MTB-specific T-cells secreting IL-2 with or without IFN-γ have a protective
role to play in immune containment and suggests that the dual-secreting cells may be of great-
est significance in this capacity. Secondly we identified a correlate of exhausted and dysregu-
lated antimycobacterial immunity in active TB with advanced HIV co-infection that may
partially explain certain characteristic clinical features of this life-threatening condition. Our
hypothesis is that the immunophenotype (cytokine secretion profile and expression of PD-1)
of the MTB-specific CD4+ T-cell response reflects the manifest failure of MTB containment in
HIV co-infection i.e. active TB. Clinical observations suggest that in the presence of HIV infec-
tion this failure is profound with widespread dissemination of MTB. This is indicated by both
the loss of CD4+ IFN-γ and IL-2 secreting cells and the increased frequency of PD-1 expres-
sion, which we observed in TB and HIV co-infection. If large longitudinal studies can prospec-
tively validate our findings, these correlates may help to pave the way for the development and
evaluation of new interventions to augment immune containment in LTBI and reverse
immune dysregulation in active TB.

Supporting Information
S1 Fig. Boolean gating of MTB-specific CD4+ functional cell subsets. PBMCs from donors
were left unstimulated or stimulated with PPD or MTB-specific peptides for 16 hours with
Monensin added after 2 hours. The cells were stained with a dead cell discriminator then fluo-
rescence-conjugated antibodies against phenotypic markers before fixing, permeabilising and
staining with antibodies targeting intracellular IFN-γ, IL-2 and TNF-α. Plots are representative
of one individual with active TB/HIV and show PBMCs stimulated with PPD. Single, live, CD3
+ lymphocytes were gated for CD4+ and CD8+ cells (top row). Gating was performed in two
dimensions for quadrants containing IFN-γ, IL-2 and TNF-α positive and negative cells, (mid-
dle row). Three-dimensional Boolean gating was used to select cytokine subsets; an example of
CD3+CD4+ IFN-γ-only-secreting cells is shown (bottom row) selecting only IFN-γ-only-
secreting cells from quadrants in the middle row (Q1, Q5 and Q12). Multi-dimensional Bool-
ean gating allows the user to exclusively select subsets secreting specific cytokines, which is rep-
resented 2-dimensionally here. For example selecting IFN-γ-only-secreting cells excludes all
cells secreting IL-2 or TNF-α.
(EPS)

S2 Fig. Frequency and proportion of CD4+ MTB-specific IFN-γ and IL-2 dual secreting
cells by HIV treatment status. Graphs show frequency of CD4+ MTB-specific T-cells secret-
ing IFN-γ and IL-2 (top) and proportion of CD4+ MTB-specific T-cells secreting IFN-γ and
IL-2 (bottom) in those with HIV infection on therapy or not on therapy. Those with TB/HIV
(closed circles) and LTBI/HIV (open circles) are shown.
(EPS)

S3 Fig. Proportion of MTB-specific CD4+ T-cells secreting IFN-γ and IL-2 of the total
response where there was a positive response.Upper panel shows response to PPD and lower
panel to MTB-peptides. Graphs show results of Kruskal-Wallis test with Dunn’s post-test com-
parison.
(EPS)
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S4 Fig. Gating strategy for PD-1 expression by MTB-specific CD4+ T-cells. Plots are repre-
sentative of one individual with active TB and HIV and show PBMCs stimulated with PPD.
Live, CD3+ lymphocytes were gated for CD4+ and CD8+ cells, then for quadrants containing
IFN-γ, IL-2 and TNF-α positive and negative cells, Boolean gating was used to select cytokine
subsets in 3 dimensions to generate 7 cytokine subsets, an example of CD3+CD4+ IFN-γ-only
secreting cells is shown and PD-1 expression was determined using PerCP-Cy5.5 fluorescence
minus one as a gating control.
(EPS)

Acknowledgments
We would like to thank Dr Lee Potiphar, Mr Samuel Bremang, the staff and patients at the Jef-
feriss Wing Clinic, St Mary’s Hospital, Imperial College Healthcare NHS Trust, London and
Northwick Park Hospital Genitourinary and HIV Medicine clinic, Harrow.

Author Contributions
Conceived and designed the experiments: KP DMS AL. Performed the experiments: KP RS.
Analyzed the data: KP DMS. Contributed reagents/materials/analysis tools: AL. Wrote the
paper: KP GT AL. Assisted in recruitment and clinical stratification: OMK GC LGMK.

References
1. Horsburgh CR Jr. Priorities for the treatment of latent tuberculosis infection in the United States. N Engl

J Med. 2004; 350(20):2060–7. PMID: 15141044.

2. Houben RM, Crampin AC, Ndhlovu R, Sonnenberg P, Godfrey-Faussett P, HaasWH, et al. Human
immunodeficiency virus associated tuberculosis more often due to recent infection than reactivation of
latent infection. Int J Tuberc Lung Dis. 2011; 15(1):24–31. Epub 2011/02/01. PMID: 21276292.

3. Mattila JT, Diedrich CR, Lin PL, Phuah J, Flynn JL. Simian immunodeficiency virus-induced changes in
T cell cytokine responses in cynomolgus macaques with latent Mycobacterium tuberculosis infection
are associated with timing of reactivation. J Immunol. 2011; 186(6):3527–37. Epub 2011/02/15. doi: 10.
4049/jimmunol.1003773 PMID: 21317393; PubMed Central PMCID: PMCPMC3311978.

4. Sonnenberg P, Glynn JR, Fielding K, Murray J, Godfrey-Faussett P, Shearer S. How soon after infec-
tion with HIV does the risk of tuberculosis start to increase? A retrospective cohort study in South Afri-
can gold miners. J Infect Dis. 2005; 191(2):150–8. PMID: 15609223.

5. Lawn SD, Harries AD, Williams BG, Chaisson RE, Losina E, De Cock KM, et al. Antiretroviral therapy
and the control of HIV-associated tuberculosis. Will ART do it? Int J Tuberc Lung Dis. 2011; 15(5):571–
81. doi: 10.5588/ijtld.10.0483 PMID: 21756508; PubMed Central PMCID: PMC4067901.

6. Saeidi A, Chong YK, Yong YK, Tan HY, Barathan M, Rajarajeswaran J, et al. Concurrent loss of co-
stimulatory molecules and functional cytokine secretion attributes leads to proliferative senescence of
CD8(+) T cells in HIV/TB co-infection. Cell Immunol. 2015; 297(1):19–32. doi: 10.1016/j.cellimm.2015.
05.005 PMID: 26071876.

7. Freeman GJ, Wherry EJ, Ahmed R, Sharpe AH. Reinvigorating exhausted HIV-specific T cells via PD-
1-PD-1 ligand blockade. J Exp Med. 2006; 203(10):2223–7. PMID: 17000870.

8. Trautmann L, Janbazian L, Chomont N, Said EA, Gimmig S, Bessette B, et al. Upregulation of PD-1
expression on HIV-specific CD8+ T cells leads to reversible immune dysfunction. Nat Med. 2006; 12
(10):1198–202. PMID: 16917489.

9. Petrovas C, Casazza JP, Brenchley JM, Price DA, Gostick E, AdamsWC, et al. PD-1 is a regulator of
virus-specific CD8+ T cell survival in HIV infection. J Exp Med. 2006; 203(10):2281–92. PMID:
16954372.

10. Porichis F, Kwon DS, Zupkosky J, Tighe DP, McMullen A, Brockman MA, et al. Responsiveness of
HIV-specific CD4 T cells to PD-1 blockade. Blood. 2011; 118(4):965–74. Epub 2011/06/10. doi: 10.
1182/blood-2010-12-328070 PMID: 21652684; PubMed Central PMCID: PMCPMC3148173.

11. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al. PD-1 expression on HIV-
specific T cells is associated with T-cell exhaustion and disease progression. Nature. 2006; 443
(7109):350–4. Epub 2006/08/22. doi: 10.1038/nature05115 PMID: 16921384.

MTB-Specific CD4+ T-Cell Frequency and Phenotype in HIV-TB Co-Infection

PLOS ONE | DOI:10.1371/journal.pone.0146905 January 12, 2016 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146905.s004
http://www.ncbi.nlm.nih.gov/pubmed/15141044
http://www.ncbi.nlm.nih.gov/pubmed/21276292
http://dx.doi.org/10.4049/jimmunol.1003773
http://dx.doi.org/10.4049/jimmunol.1003773
http://www.ncbi.nlm.nih.gov/pubmed/21317393
http://www.ncbi.nlm.nih.gov/pubmed/15609223
http://dx.doi.org/10.5588/ijtld.10.0483
http://www.ncbi.nlm.nih.gov/pubmed/21756508
http://dx.doi.org/10.1016/j.cellimm.2015.05.005
http://dx.doi.org/10.1016/j.cellimm.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/26071876
http://www.ncbi.nlm.nih.gov/pubmed/17000870
http://www.ncbi.nlm.nih.gov/pubmed/16917489
http://www.ncbi.nlm.nih.gov/pubmed/16954372
http://dx.doi.org/10.1182/blood-2010-12-328070
http://dx.doi.org/10.1182/blood-2010-12-328070
http://www.ncbi.nlm.nih.gov/pubmed/21652684
http://dx.doi.org/10.1038/nature05115
http://www.ncbi.nlm.nih.gov/pubmed/16921384


12. Lazar-Molnar E, Chen B, Sweeney KA, Wang EJ, Liu W, Lin J, et al. Programmed death-1 (PD-1)-defi-
cient mice are extraordinarily sensitive to tuberculosis. Proc Natl Acad Sci U S A. 2010; 107
(30):13402–7. Epub 2010/07/14. 1007394107 [pii] doi: 10.1073/pnas.1007394107 PMID: 20624978;
PubMed Central PMCID: PMC2922129.

13. Jurado JO, Alvarez IB, Pasquinelli V, Martinez GJ, Quiroga MF, Abbate E, et al. Programmed death
(PD)-1:PD-ligand 1/PD-ligand 2 pathway inhibits T cell effector functions during human tuberculosis. J
Immunol. 2008; 181(1):116–25. Epub 2008/06/21. 181/1/116 [pii]. PMID: 18566376.

14. Liu XQ, Dosanjh D, Varia H, Ewer K, Cockle P, Pasvol G, et al. Evaluation of T-cell responses to novel
RD1- and RD2-encoded Mycobacterium tuberculosis gene products for specific detection of human
tuberculosis infection. Infect Immun. 2004; 72(5):2574–81. Epub 2004/04/23. PMID: 15102765;
PubMed Central PMCID: PMC387854.

15. Dosanjh DP, Bakir M, Millington KA, Soysal A, Aslan Y, Efee S, et al. Novel M tuberculosis antigen-spe-
cific T-cells are early markers of infection and disease progression. PLoS One. 2011; 6(12):e28754.
Epub 2012/01/05. doi: 10.1371/journal.pone.0028754 PMID: 22216109; PubMed Central PMCID:
PMC3247216.

16. Millington KA, Fortune SM, Low J, Garces A, Hingley-Wilson SM,Wickremasinghe M, et al. Rv3615c is
a highly immunodominant RD1 (Region of Difference 1)-dependent secreted antigen specific for Myco-
bacterium tuberculosis infection. Proc Natl Acad Sci U S A. 2011; 108(14):5730–5. Epub 2011/03/24.
1015153108 [pii] doi: 10.1073/pnas.1015153108 PMID: 21427227; PubMed Central PMCID:
PMC3078386.

17. Pollock KM, Tam H, Grass L, Bowes S, Cooke GS, Pareek M, et al. Comparison of screening strategies
to improve the diagnosis of latent tuberculosis infection in the HIV-positive population: a cohort study.
BMJ Open. 2012; 2(2):e000762. Epub 2012/03/03. doi: 10.1136/bmjopen-2011-000762 PMID:
22382123; PubMed Central PMCID: PMC3293130.

18. Dosanjh DP, Hinks TS, Innes JA, Deeks JJ, Pasvol G, Hackforth S, et al. Improved diagnostic evalua-
tion of suspected tuberculosis. Ann Intern Med. 2008; 148(5):325–36. PMID: 18316751.

19. Gooding S, Chowdhury O, Hinks T, Richeldi L, Losi M, Ewer K, et al. Impact of a T cell-based blood test
for tuberculosis infection on clinical decision-making in routine practice. J Infect. 2007; 54(3):e169–74.
Epub 2006/12/26. S0163-4453(06)00382-3 [pii] doi: 10.1016/j.jinf.2006.11.002 PMID: 17188363.

20. Dinnes J D J, Kunst H, Gibson A, Cummins E, Waugh N, Drobniewski F, Lalvani A.. A systematic
review of rapid diagnostic tets for the detection of tuberculosis infection. Health Technology Assess-
ment. 2007; 11(3):1–196. PMID: 17266837

21. Liebeschuetz S, Bamber S, Ewer K, Deeks J, Pathan AA, Lalvani A. Diagnosis of tuberculosis in South
African children with a T-cell-based assay: a prospective cohort study. Lancet. 2004; 364(9452):2196–
203. PMID: 15610806.

22. Ewer K, Deeks J, Alvarez L, Bryant G, Waller S, Andersen P, et al. Comparison of T-cell-based assay
with tuberculin skin test for diagnosis of Mycobacterium tuberculosis infection in a school tuberculosis
outbreak. Lancet. 2003; 361(9364):1168–73. Epub 2003/04/11. doi: 10.1016/S0140-6736(03)12950-9
PMID: 12686038.

23. Pollock KM,Whitworth HS, Montamat-Sicotte DJ, Grass L, Cooke GS, Kapembwa MS, et al. T-cell
immunophenotyping distinguishes active from latent tuberculosis. J Infect Dis. 2013; 208(6):952–68.
doi: 10.1093/infdis/jit265 PMID: 23966657; PubMed Central PMCID: PMCPMC3749005.

24. Pollock KM, Montamat-Sicotte DJ, Cooke GS, Kapembwa MS, Kon OM, Grass L, et al. Differences in
antigen-specific CD4+ responses to opportunistic infections in HIV infection. Immun InflammDis. 2015;
3(3):141–53. doi: 10.1002/iid3.50 PMID: 26417433; PubMed Central PMCID: PMCPMC4578516.

25. Lawn SD, Badri M, Wood R. Tuberculosis among HIV-infected patients receiving HAART: long term
incidence and risk factors in a South African cohort. AIDS. 2005; 19(18):2109–16. Epub 2005/11/15.
00002030-200512020-00007 [pii]. PMID: 16284460.

26. Lawn SD, Bekker LG, Wood R. How effectively does HAART restore immune responses to Mycobacte-
rium tuberculosis? Implications for tuberculosis control. AIDS. 2005; 19(11):1113–24. Epub 2005/07/
02. 00002030-200507220-00005 [pii]. PMID: 15990564.

27. Harari A, Vallelian F, Meylan PR, Pantaleo G. Functional heterogeneity of memory CD4 T cell
responses in different conditions of antigen exposure and persistence. J Immunol. 2005; 174(2):1037–
45. PMID: 15634928.

28. Harari A, Petitpierre S, Vallelian F, Pantaleo G. Skewed representation of functionally distinct popula-
tions of virus-specific CD4 T cells in HIV-1-infected subjects with progressive disease: changes after
antiretroviral therapy. Blood. 2004; 103(3):966–72. Epub 2003/09/06. [pii]. PMID: 12958069.

29. Boaz MJ, Waters A, Murad S, Easterbrook PJ, Vyakarnam A. Presence of HIV-1 Gag-specific IFN-
gamma+IL-2+ and CD28+IL-2+ CD4 T cell responses is associated with nonprogression in HIV-1 infec-
tion. J Immunol. 2002; 169(11):6376–85. Epub 2002/11/22. PMID: 12444145.

MTB-Specific CD4+ T-Cell Frequency and Phenotype in HIV-TB Co-Infection

PLOS ONE | DOI:10.1371/journal.pone.0146905 January 12, 2016 13 / 15

http://dx.doi.org/10.1073/pnas.1007394107
http://www.ncbi.nlm.nih.gov/pubmed/20624978
http://www.ncbi.nlm.nih.gov/pubmed/18566376
http://www.ncbi.nlm.nih.gov/pubmed/15102765
http://dx.doi.org/10.1371/journal.pone.0028754
http://www.ncbi.nlm.nih.gov/pubmed/22216109
http://dx.doi.org/10.1073/pnas.1015153108
http://www.ncbi.nlm.nih.gov/pubmed/21427227
http://dx.doi.org/10.1136/bmjopen-2011-000762
http://www.ncbi.nlm.nih.gov/pubmed/22382123
http://www.ncbi.nlm.nih.gov/pubmed/18316751
http://dx.doi.org/10.1016/j.jinf.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17188363
http://www.ncbi.nlm.nih.gov/pubmed/17266837
http://www.ncbi.nlm.nih.gov/pubmed/15610806
http://dx.doi.org/10.1016/S0140-6736(03)12950-9
http://www.ncbi.nlm.nih.gov/pubmed/12686038
http://dx.doi.org/10.1093/infdis/jit265
http://www.ncbi.nlm.nih.gov/pubmed/23966657
http://dx.doi.org/10.1002/iid3.50
http://www.ncbi.nlm.nih.gov/pubmed/26417433
http://www.ncbi.nlm.nih.gov/pubmed/16284460
http://www.ncbi.nlm.nih.gov/pubmed/15990564
http://www.ncbi.nlm.nih.gov/pubmed/15634928
http://www.ncbi.nlm.nih.gov/pubmed/12958069
http://www.ncbi.nlm.nih.gov/pubmed/12444145


30. Casey R, Blumenkrantz D, Millington K, Montamat-Sicotte D, Kon OM,Wickremasinghe M, et al. Enu-
meration of functional T-cell subsets by fluorescence-immunospot defines signatures of pathogen bur-
den in tuberculosis. PLoS One. 2010; 5(12):e15619. Epub 2010/12/24. doi: 10.1371/journal.pone.
0015619 PMID: 21179481; PubMed Central PMCID: PMC3001879.

31. Day CL, Abrahams DA, Lerumo L, Janse van Rensburg E, Stone L, O'Rie T, et al. Functional Capacity
of Mycobacterium tuberculosis-Specific T Cell Responses in Humans Is Associated with Mycobacterial
Load. J Immunol. 2011; 187(5):2222–32. Epub 2011/07/22. jimmunol.1101122 [pii] doi: 10.4049/
jimmunol.1101122 PMID: 21775682; PubMed Central PMCID: PMC3159795.

32. Lalvani A, Millington KA. T Cells and Tuberculosis: Beyond Interferon-gamma. J Infect Dis. 2008; 197
(7):941–3. Epub 2008/04/19. doi: 10.1086/529049 PMID: 18419531.

33. Pollock KM, Montamat-Sicotte D. J., Cooke G. S., KapembwaM. S., Kon O. M., Grass L., Sampson R.
D., Taylor G. P. and Lalvani A.. Differences in antigen-specific CD4+ responses to opportunistic infec-
tions in HIV infection. Immunity, Inflammation and Disease. 2015. doi: 10.1002/iid3.50

34. Day CL, Mkhwanazi N, Reddy S, Mncube Z, van der Stok M, Klenerman P, et al. Detection of polyfunc-
tional Mycobacterium tuberculosis-specific T cells and association with viral load in HIV-1-infected per-
sons. J Infect Dis. 2008; 197(7):990–9. PMID: 18419535. doi: 10.1086/529048

35. Geldmacher C, Schuetz A, Ngwenyama N, Casazza JP, Sanga E, Saathoff E, et al. Early depletion of
Mycobacterium tuberculosis-specific T helper 1 cell responses after HIV-1 infection. J Infect Dis. 2008;
198(11):1590–8. Epub 2008/11/13. doi: 10.1086/593017 PMID: 19000013; PubMed Central PMCID:
PMC2650495.

36. Geldmacher C, Ngwenyama N, Schuetz A, Petrovas C, Reither K, Heeregrave EJ, et al. Preferential
infection and depletion of Mycobacterium tuberculosis-specific CD4 T cells after HIV-1 infection. J Exp
Med. 2010; 207(13):2869–81. Epub 2010/12/01. jem.20100090 [pii] doi: 10.1084/jem.20100090 PMID:
21115690; PubMed Central PMCID: PMC3005236.

37. Harari A, Rozot V, Enders FB, Perreau M, Stalder JM, Nicod LP, et al. Dominant TNF-alpha+ Mycobac-
terium tuberculosis-specific CD4+ T cell responses discriminate between latent infection and active dis-
ease. Nat Med. 2011; 17(3):372–6. Epub 2011/02/22. nm.2299 [pii] doi: 10.1038/nm.2299 PMID:
21336285.

38. Petrovas C, Chaon B, Ambrozak DR, Price DA, Melenhorst JJ, Hill BJ, et al. Differential association of
programmed death-1 and CD57 with ex vivo survival of CD8+ T cells in HIV infection. J Immunol. 2009;
183(2):1120–32. Epub 2009/07/01. doi: 10.4049/jimmunol.0900182 PMID: 19564339; PubMed Central
PMCID: PMC2923541.

39. Streeck H, Brumme ZL, Anastario M, Cohen KW, Jolin JS, Meier A, et al. Antigen load and viral
sequence diversification determine the functional profile of HIV-1-specific CD8+ T cells. PLoSMed.
2008; 5(5):e100. doi: 10.1371/journal.pmed.0050100 PMID: 18462013; PubMed Central PMCID:
PMCPMC2365971.

40. Cockerham LR, Jain V, Sinclair E, Glidden DV, Hartogenesis W, Hatano H, et al. Programmed death-1
expression on CD4(+) and CD8(+) T cells in treated and untreated HIV disease. AIDS. 2014; 28
(12):1749–58. PMID: 24871455; PubMed Central PMCID: PMCPMC4206412.

41. Periasamy S, Dhiman R, Barnes PF, Paidipally P, Tvinnereim A, Bandaru A, et al. Programmed death
1 and cytokine inducible SH2-containing protein dependent expansion of regulatory T cells upon stimu-
lation With Mycobacterium tuberculosis. J Infect Dis. 2011; 203(9):1256–63. Epub 2011/03/09. doi: 10.
1093/infdis/jir011 PMID: 21383382; PubMed Central PMCID: PMC3069733.

42. Antonelli LR, Mahnke Y, Hodge JN, Porter BO, Barber DL, DerSimonian R, et al. Elevated frequencies
of highly activated CD4+ T cells in HIV+ patients developing immune reconstitution inflammatory syn-
drome. Blood. 2010; 116(19):3818–27. Epub 2010/07/28. doi: 10.1182/blood-2010-05-285080 PMID:
20660788; PubMed Central PMCID: PMC2981537.

43. Mahnke YD, Greenwald JH, DerSimonian R, Roby G, Antonelli LR, Sher A, et al. Selective expansion
of polyfunctional pathogen-specific CD4(+) T cells in HIV-1-infected patients with immune reconstitution
inflammatory syndrome. Blood. 2012; 119(13):3105–12. Epub 2012/01/06. doi: 10.1182/blood-2011-
09-380840 PMID: 22219223; PubMed Central PMCID: PMC3321870.

44. Jurado JO, Pasquinelli V, Alvarez IB, Martinez GJ, Laufer N, Sued O, et al. ICOS, SLAM and PD-1
expression and regulation on T lymphocytes reflect the immune dysregulation in patients with HIV-
related illness with pulmonary tuberculosis. Journal of the International AIDS Society. 2012; 15(2):1–7.
Epub 2012/06/21. doi: 10.7448/IAS.15.2.17428 PMID: 22713261.

45. Young JM, Adetifa IM, Ota MO, Sutherland JS. Expanded polyfunctional T cell response to mycobacte-
rial antigens in TB disease and contraction post-treatment. PLoS One. 2010; 5(6):e11237. Epub 2010/
06/25. doi: 10.1371/journal.pone.0011237 PMID: 20574540; PubMed Central PMCID: PMC2888639.

MTB-Specific CD4+ T-Cell Frequency and Phenotype in HIV-TB Co-Infection

PLOS ONE | DOI:10.1371/journal.pone.0146905 January 12, 2016 14 / 15

http://dx.doi.org/10.1371/journal.pone.0015619
http://dx.doi.org/10.1371/journal.pone.0015619
http://www.ncbi.nlm.nih.gov/pubmed/21179481
http://dx.doi.org/10.4049/jimmunol.1101122
http://dx.doi.org/10.4049/jimmunol.1101122
http://www.ncbi.nlm.nih.gov/pubmed/21775682
http://dx.doi.org/10.1086/529049
http://www.ncbi.nlm.nih.gov/pubmed/18419531
http://dx.doi.org/10.1002/iid3.50
http://www.ncbi.nlm.nih.gov/pubmed/18419535
http://dx.doi.org/10.1086/529048
http://dx.doi.org/10.1086/593017
http://www.ncbi.nlm.nih.gov/pubmed/19000013
http://dx.doi.org/10.1084/jem.20100090
http://www.ncbi.nlm.nih.gov/pubmed/21115690
http://dx.doi.org/10.1038/nm.2299
http://www.ncbi.nlm.nih.gov/pubmed/21336285
http://dx.doi.org/10.4049/jimmunol.0900182
http://www.ncbi.nlm.nih.gov/pubmed/19564339
http://dx.doi.org/10.1371/journal.pmed.0050100
http://www.ncbi.nlm.nih.gov/pubmed/18462013
http://www.ncbi.nlm.nih.gov/pubmed/24871455
http://dx.doi.org/10.1093/infdis/jir011
http://dx.doi.org/10.1093/infdis/jir011
http://www.ncbi.nlm.nih.gov/pubmed/21383382
http://dx.doi.org/10.1182/blood-2010-05-285080
http://www.ncbi.nlm.nih.gov/pubmed/20660788
http://dx.doi.org/10.1182/blood-2011-09-380840
http://dx.doi.org/10.1182/blood-2011-09-380840
http://www.ncbi.nlm.nih.gov/pubmed/22219223
http://dx.doi.org/10.7448/IAS.15.2.17428
http://www.ncbi.nlm.nih.gov/pubmed/22713261
http://dx.doi.org/10.1371/journal.pone.0011237
http://www.ncbi.nlm.nih.gov/pubmed/20574540


46. Caccamo N, Guggino G, Joosten SA, Gelsomino G, Di Carlo P, Titone L, et al. Multifunctional CD4(+) T
cells correlate with active Mycobacterium tuberculosis infection. Eur J Immunol. 2010; 40(8):2211–20.
Epub 2010/06/12. doi: 10.1002/eji.201040455 PMID: 20540114.

47. Forbes EK, Sander C, Ronan EO, McShane H, Hill AV, Beverley PC, et al. Multifunctional, high-level
cytokine-producing Th1 cells in the lung, but not spleen, correlate with protection against Mycobacte-
rium tuberculosis aerosol challenge in mice. J Immunol. 2008; 181(7):4955–64. Epub 2008/09/20. 181/
7/4955 [pii]. PMID: 18802099; PubMed Central PMCID: PMC2867031.

48. Day CL, Tameris M, Mansoor N, van RooyenM, de Kock M, Geldenhuys H, et al. Induction and Regula-
tion of T-Cell Immunity by the Novel Tuberculosis Vaccine M72/AS01 in South African Adults. Am J
Respir Crit Care Med. 2013; 188(4):492–502. Epub 2013/01/12. doi: 10.1164/rccm.201208-1385OC
PMID: 23306546.

49. Matthews K, NtsekheM, Syed F, Scriba T, Russell J, Tibazarwa K, et al. HIV-1 infection alters CD4(+)
memory T cell phenotype at the site of disease in extrapulmonary tuberculosis. European Journal of
Immunology. 2011. Epub 2012/01/05. doi: 10.1002/eji.201141927 PMID: 22215422.

50. Leroux-Roels I, Forgus S, De Boever F, Clement F, Demoitie MA, Mettens P, et al. Improved CD4(+) T
cell responses to Mycobacterium tuberculosis in PPD-negative adults by M72/AS01 as compared to
the M72/AS02 and Mtb72F/AS02 tuberculosis candidate vaccine formulations: A randomized trial. Vac-
cine. 2012. Epub 2012/05/31. doi: 10.1016/j.vaccine.2012.05.035 PMID: 22643213.

MTB-Specific CD4+ T-Cell Frequency and Phenotype in HIV-TB Co-Infection

PLOS ONE | DOI:10.1371/journal.pone.0146905 January 12, 2016 15 / 15

http://dx.doi.org/10.1002/eji.201040455
http://www.ncbi.nlm.nih.gov/pubmed/20540114
http://www.ncbi.nlm.nih.gov/pubmed/18802099
http://dx.doi.org/10.1164/rccm.201208-1385OC
http://www.ncbi.nlm.nih.gov/pubmed/23306546
http://dx.doi.org/10.1002/eji.201141927
http://www.ncbi.nlm.nih.gov/pubmed/22215422
http://dx.doi.org/10.1016/j.vaccine.2012.05.035
http://www.ncbi.nlm.nih.gov/pubmed/22643213

