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Abstract

Background

The PD-1 axis is a cell intrinsic immunoregulatory pathway that mediates T cell exhaustion

in chronic infection particularly in some viral infections. We hypothesized that PD-1, PD-L1

and PD-L2 would be highly expressed in untreated tuberculosis patients compared to con-

trols due to their chronic infection and would decrease with successful TB treatment.

Materials and Methods

Untreated tuberculosis patients (n = 26) were recruited at diagnosis and followed up during

treatment. Household contacts (n = 24) were recruited to establish baseline differences.

Blood gene expression ex vivo was investigated using qRT-PCR. Flow cytometry was per-

formed to establish protein expression patterns.

Results

PD-L1 gene expression was found to be elevated in active TB disease; however, this was

not observed for PD-1 or PD-L2. The intensive phase of TB treatment was associated with

a significant decline in PD-1, PD-L1 and PD-L2 gene expression. PD-1 protein expression

on the surface of NK cells, CD8+ and CD4+ T cells was similar in patients with active TB dis-

ease compared to controls but declined with successful TB treatment, with the greatest

decline occurring on the NK cells followed by CD8+ T cells and then CD4+ T cells. Gran-

zyme B/PD-1 co-expression declined with successful intensive phase treatment.

Conclusion

Modulation of PD-1/PD-L1 pathway through TB treatment indicates changes in the periph-

eral T cell response caused by liveMycobacterium tuberculosis (Mtb) followed by the

PLOSONE | DOI:10.1371/journal.pone.0137646 September 11, 2015 1 / 15

a11111

OPEN ACCESS

Citation: Hassan SS, Akram M, King EC, Dockrell
HM, Cliff JM (2015) PD-1, PD-L1 and PD-L2 Gene
Expression on T-Cells and Natural Killer Cells
Declines in Conjunction with a Reduction in PD-1
Protein during the Intensive Phase of Tuberculosis
Treatment. PLoS ONE 10(9): e0137646. doi:10.1371/
journal.pone.0137646

Editor: Francesco Dieli, University of Palermo, ITALY

Received: February 18, 2015

Accepted: August 20, 2015

Published: September 11, 2015

Copyright: © 2015 Hassan 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: All relevant data are
within the paper and its Supporting Information file.

Funding: This work was supported by the University
of London Central Research Fund (Grant # AR/CRF/
B), http://www.london.ac.uk/awards_pg.html. Salary
support for JMC was provided by the EDCTP (Grant:
IP.2009.32040.011), http://www.edctp.org/. The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0137646&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.london.ac.uk/awards_pg.html
http://www.edctp.org/


response to dead bacilli, antigen-release and immuno-pathology resolution. The PD-1 axis

could be a host drug target for immunomodulatory treatments in the future.

Introduction
Tuberculosis (TB) remains a major global health issue as 9 million new cases occurred in 2013
and 1.5 million people succumbed to the disease [1]. The immune system fails to maintainMtb
in a latent form in only 5–10% of infected individuals resulting in active disease and pathology
[2].

The immune system protects the host by combatingMtb but it also has to regulate this
response to curtail tissue damage. The cell-intrinsic PD-1 inhibitory pathway is a critical regu-
latory mechanism which plays an essential role in maintaining the homeostatic balance
between positive and negative effects of T cell mediated immunity. In human chronic infec-
tions, such as with hepatitis C virus (HCV) and Human Immunodeficiency Virus (HIV), this
pathway mediates T cell exhaustion [3–6]. PD-1 and its ligands, PD-L1 (also known as CD274
and B7-H1) and PD-L2 (also known as CD273 and B7-DC), are type I transmembrane pro-
teins. PD-1 is upregulated on T cells upon activation and it exerts its functions only in the pres-
ence of antigen-receptor signalling. In humans, PD-L1 has broad expression, including heart,
skeletal muscle, placenta and lung tissues and resting myeloid cells [7]. Its expression is induc-
ible on T cells and it is upregulated in many human tumours where it contributes to resistance
to CTL-mediated killing [8]. Expression of PD-L1 is also broad on murine T cells and myeloid
cells [9]. PD-L2 has a more limited expression pattern, and is inducibly expressed on murine
myeloid cells, mast cells and some B cells upon stimulation [9]. In humans, PD-L2 is expressed
on dendritic cells [10] and is upregulated on haematopoietic cells by antigen stimulation and
Interferons [11]. PD-1 inhibits the TCR signal and can cause IL-2 withdrawal resulting in apo-
ptosis, although this inhibition can be overcome by IL-2 and CD28 [12].

PD-1 and its role in T cell exhaustion was initially determined in microarray studies that
looked at gene expression of murine CD8+ T cells in lymphocytic choriomeningitis virus
(LCMV) infection [13]. In murine studies it has been demonstrated that PD-1 cooperates with
other immune exhaustion factors such as T-cell immunoglobulin domain and mucin domain 3
(Tim-3) in chronic viral infections to cause more severe CD8+ T cell dysfunction [14]. Virus-
specific CD4+ T cells in mice also undergo exhaustion but less is known about the mechanism
in this cell type [14]. A recent study has demonstrated that re-expanded murine CD8+T cells
maintain an imprint of epigenetic exhaustion including high PD-1 expression even after
chronic infection is resolved [15].

The number of CD3+PD-1+ cells in the blood and pleural fluid of TB patients is elevated
and this correlates positively with IFN-γ production setting up a positive feedback loop [16].
Blockade of the PD-1 axis enhances CD8+ T cell cytotoxicity and degranulation [16]. In severe
tuberculosis in rhesus monkeys, PD-1 and PD-L2 were upregulated in lymphocytes from the
lungs, lymph nodes and spleens [17]. By using siRNA and neutralising antibodies it was dem-
onstrated that PD-1 and cytokine inducible SH2-containing protein (CISH) are necessary for
the development of functional regulatory T cells (Tregs) that produce immunomodulatory
cytokines such as IL-10 and TGF-β in humans during TB infection [18]. T follicular helper cell
distribution and function has also shown to be compromised in active TB, the reason for this
was demonstrated to be CTLA-4, PD-L1 and IL-10 expression in vitro [19].
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The aim of this study was to determine the role of PD-1 and its ligands in human TB and
during TB treatment. We hypothesized that PD-1, PD-L1 and PD-L2 would be highly
expressed in untreated TB patients compared to latently infected or uninfected contacts due to
the chronicity of infection and the regulatory mechanisms invoked to curtail tissue damage. In
addition, we hypothesized that a decrease in PD-1, PD-L1 and PD-L2 would be associated with
successful treatment due to the decreased bacillary burden lowering the need for immunoregu-
lation, and an accompanying readjustment of the stimulatory/regulatory T cell balance.

Materials and Methods

Ethics Statement
This study was approved by the LSHTM (study number 5459) and Gulab Devi Ethics Commit-
tees. Informed written consent was obtained from all the study participants prior to obtaining
blood samples, investigation of immune responses and sample storage. The study was con-
ducted according to the Declaration of Helsinki principles.

Subjects and venous blood sample collection
TB patients and household contacts were recruited in a longitudinal study, conducted at Gulab
Devi Chest Hospital, Lahore, Pakistan in 2009/2010. Detailed characteristics of subjects, treat-
ment regimen/outcome and recruitment procedures can be found in Table 1 and have been
described previously [20]. The TB patients (n = 26) were recruited prior to starting TB treat-
ment and after two months intensive phase treatment according to the National Tuberculosis
Program guidelines (2HRZE). It was only possible to follow up a subset of those patients stud-
ied pre-treatment at two months due to early discharge of patients from the hospital. House-
hold contact was defined as living in the same room when the TB patient was diagnosed.
QuantiFERON-TB Gold (Cellestis, Ltd, Carnegie, Australia) was used in conjunction with lack
of clinical symptoms or radiological evidence of TB to categorise the healthy household con-
tacts as latently infected or not infected withM. tuberculosis.

Three ml venous blood from each patient or contact was collected into Tempus RNA tubes
(Applied Biosystems) and stabilised by shaking vigorously for 10 seconds prior to freezing at
-80°C.

PBMC isolation and freezing
PBMCs were separated from whole blood using density centrifugation over Ficoll-Histopaque
1077 (Sigma-Aldrich, Dorset, U.K.). PBMC were isolated and stimulated immediately as
described below, or frozen for downstream flow cytometry using a cryoprotective reagent con-
sisting of 10% DMSO (Sigma-Aldrich, Dorset, U.K.) in AB-Serum-supplemented growth
medium. PBMC isolation and freezing were performed in the Microbiology laboratory at
Gulab Devi Chest Hospital, Pakistan. Molecular work and flow cytometry were performed in

Table 1. Study subjects:clinical and demographic information.

Age, years:
Median [range]

Gender:n,
(%) female

TB severity
(radiological)

Study follow-
up samples

Relationship to TB
patient

Latency status (Diagnosis)

TB patients
(n = 26)

38 [20–60] 5 (20%) Moderate:23
Mild:3

2 months
(n = 18)

N/A N/A

Household
contacts
(n = 24)

40 [20–65] 15 (62%) N/A N/A Spouse = 5 Parent = 10
Child = 2 Sibling = 7

Latently infected = 13 (54%)
Not infected = 11 (46%)

doi:10.1371/journal.pone.0137646.t001
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the Immunology laboratories at the London School of Hygiene and Tropical Medicine (Lon-
don, United Kingdom).

RNA sample collection and qRT-PCR
RNA was extracted using the Tempus Spin extraction kit (Applied Biosystems) following man-
ufacturer’s instructions. Any potentially contaminating DNA was removed by DNAse treat-
ment, using on-column DNAse (Qiagen) where possible or alternatively Ambion TURBO
DNA-free™ (Invitrogen). RNA quality was checked using a 2100 Bioanalyzer (Agilent Technol-
ogies) and was quantified using the Ribogreen assay (Invitrogen).

Equivalent amounts (10 ng) of total RNA from each sample were reverse transcribed using
oligo-dT primers and Superscript III (Invitrogen) in 20μl reaction volumes with the total vol-
ume diluted to 100 μl prior to downstream use. Quantitative RT-PCR (qRT-PCR) was per-
formed with 5 μl cDNA using either an ABI Prism 7000 or 7500 Fast machine, and Applied
Biosystems SYBRGreen reagents. Primers were designed using Primer3 software [21] and
gene-specificity checked by nucleotide BLAST [5]: qRT-PCR primer sequence were PD-1
(sense) cgtggcctatccactcctca; PD-1 (anti-sense) atcccttgtcccagccactc; PD-L1
(sense) aaatggaacctggcgaaagc; PD-L1 (anti-sense) gatgagcccctcaggcattt;
PD-L2 (sense) gtcttgggagccagggtgac; PD-L2 (anti-sense) tgaaaagtgcaaatgg
caagc; Cyclophilin A-S: GCTGGACCCAACACAAATGG; Cyclophilin A-A: TTGCCAAACAC
CACATGCTT. The gene expression results were normalised to Cyclophilin A. In previous stud-
ies of stability of housekeeping genes in human blood samples ex vivo and following in vitro
stimulation, Cyclophilin A was found to be stably expressed (Cliff et al, submitted for
publication).

Flow cytometry
Frozen PBMC from study subjects were thawed by drop-wise addition of cold RPMI-1640
medium followed by centrifugation and two washes with RPMI-1640 medium prior to cell
counting. The PBMCs were incubated overnight in growth medium at 37°C/5% CO2, with Bre-
feldin A (Becton Dickinson-BD) included for the last three hours. The viability and recovery of
cells was between 90–97%. Single stain compensation tubes and fluorescence minus one
(FMO) controls were set up. One million PBMCs per tube were stained with anti-
CD3-PERCP-Cy5.5 mAb (clone OKT3, e-Bioscience), anti-CD8-FITC mAb (clone OKT8,
e-Bioscience) and anti-CD279 (PD-1)-PE mAb (clone MIH4, BD) prior to adding fixation and
permeabilisation solutions (BD). Intracellular staining with a pre-titrated amount of anti-
Granzyme B-Alexa-Fluor 647 mAb (clone GB-11, BD) was performed. 10% Paraformalde-
hyde/PBS (Sigma) was added to the samples prior to running on a FACS Calibur 4CA E5180
(BD) under ACDP Biosafety Category 3 containment conditions. The samples were analysed
using FlowJo (version 7.6). Lymphocytes were gated using forward scatter against side scatter.

Statistical analysis
Non-parametric tests in GraphPad Prism were used to analyse the data. The Wilcoxon signed
rank test was used for paired data (longitudinal analysis of treatment responses) and the Krus-
kal-Wallis test with Dunn’s multiple comparison test correction was used to compare the three
subject groups: TB patients, latently-infected contacts and non-infected contacts. Receiver
Operator Characteristics (ROC) were calculated in GraphPad Prism.
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Results

PD-1/PD-L2 ex vivo gene expression is unaltered whereas PD-L1
expression is elevated in active TB
We first sought to investigate whether PD-1, PD-L1 and PD-L2 gene expression in peripheral
blood was elevated during active TB disease. The expression of PD-1 was measured in ex vivo
RNA samples from TB patients and from latently infected and non-infected contacts from
Pakistan. Contrary to our expectation that PD-1, being immunoregulatory, would be elevated
in active TB disease due to establishment of chronic disease, no significant differences were
observed in PD-1 gene expression between untreated TB patients, latently infected contacts
and uninfected contacts at diagnosis (Fig 1A).

To better understand the role of this axis, it was important to look at PD-1 ligand expression
as PD-1 binds to PD-L1 or PD-L2 in order to exert its suppressive effects on T cell prolifera-
tion, cytotoxicity and cytokine protection. PD-L1 expression in blood was significantly higher
in TB patients at diagnosis compared to both latently infected (p = 0.0001) and uninfected con-
tacts (p<0.0001) (median normalised PD-L1 expression; TB patients = 5 arbitrary units;
latently infected = 0.7 arbitrary units and uninfected contacts = 0.7 arbitrary units) (Fig 1B).
PD-L1 expression amongst the two groups of contacts with or without latent TB infection
(LTBI) was similar. Active TB patients at diagnosis had similar PD-L2 levels compared to
latently infected (p = 0.8) and uninfected contacts (p = 0.09) (Fig 1C). To further analyse
whether expression PD-1 or its ligands could discriminate TB patients from household con-
tacts, ROC curves were analysed: PD-L1 expression had an AUC of 0.957 with P<0.0001,
whereas the ROC curves for PD-1 and PD-L2 were again non-significant (Fig 1D). Thus ex
vivo PD-1/PD-L2 gene expression was unaltered by active disease whereas PD-L1 gene expres-
sion was elevated.

PD-1 and PD-L1 gene expression is negatively modulated during the
intensive phase of TB treatment whereas PD-L2 shows a differing
pattern
The TB patients recruited at diagnosis were followed longitudinally during TB treatment. The
intensive phase of chemotherapy led to a decline in PD-1 gene expression (p = 0.04) (Fig 2A).
An even more marked decline was observed in the case of PD-L1 (p = 0.0005) (Fig 2B). Down-
regulation of PD-1 and PD-L1 gene expression is indicative of a decrease in cell exhaustion,
likely to be due to the loweredMtb bacillary burden brought about by successful treatment dur-
ing the intensive phase of chemotherapy. There was weak statistical evidence for chemotherapy
elevating PD-L2 gene expression (p = 0.06) (Fig 2C). ROC analysis showed that the changes in
expression of PD-L1 in TB patients had a greater capacity to distinguish TB diagnosis and
2-month treatment time points than PD-1 or PD-L2 (Fig 2D). This differing pattern of gene
expression could be due to the differing tissue expression patterns of PD-L1 and PD-L2 with
the former mediating PD-1 signalling on T cells and APCs and with the latter affecting expres-
sion on macrophages and dendritic cells.

The frequency of PD-1 expressingCD4 T+ cells, CD8+ T cells and NK
cells is down-regulated by the intensive phase of TB treatment
As PD-1 mRNA expression was modulated by TB treatment, we next investigated whether these
differences were translated into differences in protein expression. Vitality of cryopreserved
PBMC was assured by live/dead staining superfluous samples (not shown). Stained PBMC from
TB patients and household contacts were analysed as shown in S1 Fig. No significant differences
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Fig 1. Ex vivo gene expression of PD-1 and its ligands in active TB disease.RNA was extracted from whole blood samples added to Tempus tubes and
expression investigated by qRT-PCR. (A) PD-1 expression in ex vivo venous blood from untreated active TB cases at diagnosis (n = 23), in IGRA+ (C+:
n = 11) and in IGRA- contacts (C-: n = 8). (B) PD-L1 expression in ex vivo venous blood from untreated active TB cases at diagnosis (n = 24), in latently-
infected household contacts (C+: n = 12) and in uninfected contacts (C-: n = 11). (C) PD-L2 expression in ex vivo venous blood from untreated active TB
cases at diagnosis (n = 24), in latently-infected household contacts (C+: n = 12) and in uninfected contacts (C-: n = 12). The lines in the centre of each group
represent medians. (D) ROC comparisons were conducted between TB patients and household contacts (C+ and C- combined) to determine whether PD-1,
PD-L1 or PD-L2 expression could distinguish active TB patients from healthy people. PD-1/PD-L1/PD-L2 mRNA expression was determined by qRT-PCR,
with results shown normalised against the housekeeping gene Cyclophilin A. P values in A) to C) were derived from Kruskal-Wallis test with Dunn’s multiple
testing correction. AUC = Area Under the Curve.

doi:10.1371/journal.pone.0137646.g001
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in the frequency of PD-1 expressing cells were observed at TB diagnosis on CD8+ T cells or CD3-

lymphocytes (likely NK cells) when TB patients, latently-infected and non-infected household
contacts were all compared by the Kruskal-Wallis test. There was weak statistical evidence for a
lower frequency of PD-1 expression on CD3+CD8- T cells (likely CD4+ T cells) from TB patients
compared to uninfected household contacts (Fig 3A). The frequency of PD-1 expressing cells

Fig 2. Ex vivo gene expression of PD-L1 and PD-L2 in the intensive phase of TB treatment. RNA was extracted from whole blood added to Tempus
tubes and expression investigated by qRT-PCR. (A) PD-1 expression at the beginning and the end of the intensive phase (n = 15 patients). (B) PD-L1
expression at the beginning and the end of the intensive phase (n = 16 patients). (C) PD-L2 expression at the beginning and the end of the intensive phase
(n = 15 patients). The lines in the centre of each group represent medians. (D) ROC comparisons were conducted for PD-1, PD-L1 and PD-L2 expression
comparising TB diagnosis with month 2 of treatment for the TB patients. PD-L1/PD-L2 mRNA expression was normalised against the housekeeping gene
Cyclophilin A.

doi:10.1371/journal.pone.0137646.g002
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Fig 3. PD-1 protein expression during active TB disease and chemotherapy. Frozen PBMCs from
Pakistan were thawed and stained to analyse PD-1 protein expression. (A) PD-1 protein expression on
CD3+CD8+ T cells, CD3+CD8- T cells and CD3- lymphocytes at diagnosis in 18 TB patients (moderate
severity) (P), 7 latently infected contacts (C+) and 5 uninfected contacts (C-). P values are derived from the
Kruskal-Wallis test with Dunn’s multiple testing correction. (B) Modulation of PD-1 protein expression on
CD3+CD8+ T cells, CD3+CD8- T cells and CD3- lymphocytes with the intensive phase of chemotherapy in
patients who were sputum smear negative after 2 months of treatment (n = 11), analysed with the Wilcoxon
signrank test. The bars showmedians and the interquartile range.

doi:10.1371/journal.pone.0137646.g003

PDL1/2 Expression in TB Disease and Chemotherapy

PLOS ONE | DOI:10.1371/journal.pone.0137646 September 11, 2015 8 / 15



was significantly decreased during the first 2 months of TB treatment in both the CD3+CD8+ T
cells (p = 0.005, Wilcoxon ranksum test) and in the non-T cell lymphocyte subset (p = 0.001,
Wilcoxon ranksum test) (Fig 3B). This decline was also observed in the CD3+CD8- T cell com-
partment although it was less pronounced than in the CD3+CD8+ T cells (p = 0.02) (Fig 3B).

TB treatment lowers the frequency of PD-1+GranzymeB+CD3+CD8- T
cells
We next investigated PD-1 expression in concert with Granzyme B expression, to establish
whether PD-1 has an impact on cytotoxic potential in active TB and during treatment. No sig-
nificant differences were found between PD-1/Granzyme B co-expression at diagnosis between
the untreated TB patients, latently infected and uninfected contacts and this was true for the
CD3+CD8+ T cells, the CD3- lymphocyte subset and the CD3+CD8- T cells (Fig 4A). Frequency
of PD-1/Granzyme B co-expression remained unaltered in CD8+ T cells after the intensive
phase of treatment (p>0.99) (Fig 4B). There was a slight but insignificant trend towards
decreasing PD-1/Granzyme B co-expression in the non-T cell lymphocyte compartment
(p = 0.09) (Fig 4B) although this was a minor cell population. A significant decline in frequency
of PD-1/Granzyme B co-expressing cells was observed on CD3+CD8- T cells from TB patients
after two months of intensive TB chemotherapy (p = 0.02) (Fig 4B).

Discussion
Our hypothesis was that TB patients would have increased proportions of PD-1+CD8+ and
CD4+ T cells and higher PD-1 and associated ligand gene expression compared to household
contacts and that chemotherapy would reduce the expression of these molecules allowing for
immune recovery. However, we discovered that expression of PD-1, PD-L1 and PD-L2 was
similar in TB patients and in latently infected (IGRA-positive) and non-infected household
contacts at TB diagnosis. Nonetheless, we found that the gene expression of PD-1 and PD-L1
in whole blood decreased during successful TB treatment, and that the expression of PD-L2
moderately increased. To our knowledge, this is the first study to investigate PD-1 and its
ligand expression patterns in an Asian cohort during TB treatment, although a previous micro-
array-based study on South African and British TB patients reported that PD-L1 expression is
elevated on neutrophils in TB disease and decreases with subsequent treatment [22]. By using
qRT-PCR, rather than microarray technology which can only show relative changes, we have
demonstrated that measurement of gene expression PD-1 and its ligands could be developed
into an easy, robust method to monitor TB treatment response. We have also shown that
changes in gene expression of PD-1 through treatment are translated into changes in protein
expression, particularly on T cells.

PD-L1 ex vivo gene expression was elevated at TB diagnosis in patients compared to con-
tacts indicating higher PD-1 ligation on immune cells. PD-L2 ex vivo gene expression at diag-
nosis showed no difference between contacts and TB patients. We expected that PD-1, as a
marker of T cell immunoregulation or immune activation, would be higher in TB patients
compared to contacts due to the established chronicity of active TB infection in the former
group. Surprisingly, PD-1 gene and protein expression on CD8+ T cells, non-CD8+ T cells
(likely CD4+ T cells) and non CD3+ lymphocytes (likely NK cells) were not found to be signifi-
cantly different between the patients and their contacts; this could be due to the fact that
increased availability of ligand in patients ensures greater downstream signaling of the pathway
making up-regulation of receptor expression unnecessary. Future work should include direct
flow cytometry stains for CD4 and CD56: their inclusion was prevented in this study by patient
cell yield and technology available in the ACDP Biosafety Category 3 Facility. One previous
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Fig 4. Modulation of PD-1 and GrzB protein co-expression during active TB disease and
chemotherapy. Frozen PBMCs from Pakistan were thawed and PD-1 and GrzB co-expression was
investigated by flow cytometry. (A) The proportion of PD-1 cells which are also GzB positive in the CD3+CD8+

lymphocyte gate, CD3+CD8- lymphocyte gate and CD3- lymphocyte (NK cell) gate at diagnosis in TB patients
(P: n = 18), latently infected contacts (C+: n = 7) and uninfected contacts (C-: n = 4). P values are derived
from the Kruskal-Wallis test with Dunn’s multiple testing correction (B) Modulation of PD-1/GzB co-
expression with the intensive phase of chemotherapy on CD3+CD8+ T cells, CD3+CD8- lymphocytes and
CD3- lymphocytes (NK cells), analysed with theWilcoxon signrank test. The bars showmedians and the
interquartile range.

doi:10.1371/journal.pone.0137646.g004

PDL1/2 Expression in TB Disease and Chemotherapy

PLOS ONE | DOI:10.1371/journal.pone.0137646 September 11, 2015 10 / 15



study has shown similar results for PD-1 expression as it was demonstrated that HIV-TB
patients showed increased basal levels of PD-1 on T lymphocytes whereas this was not the case
for TB patients who did not have HIV co-infection [23]. In contrast, another study has shown
that followingMtb re-stimulation of PBMC from TB patients in vitro CD3+ cells expressing
PD-1+ increase [16]. Another study has also demonstrated that PD-1 expression is higher on
CD4+ T cells in TB patients compared to controls whereby IL-17 production is decreased,
pSTAT3 inhibited and IL-23R expression decreased [24]. These different observations might
be due to in vitro stimulation rather than direct ex vivo protein expression. This study [24],
similarly to ours, demonstrated a decrease in PD-1 expression on the surface of CD4+ T cells
with TB treatment. Another study has similarly shown elevated expression of PD-1 on the sur-
face of B cells, monocytes and T cells in patients with active disease and that chemotherapy
leads to negative modulation of the PD-1 pathway [25]. The intensive phase of TB treatment
was associated with a decline in PD-1, PD-L1 and PD-L2 gene expression. This could be due to
a decrease in frequency of PD-L1 and 2 expressing cells in the blood of cured TB patients or
decreased PD-L1 and 2 expression by each individual cell. PD-1+CD8+ T cells declined with
successful TB treatment in a manner more pronounced than on CD4+ T cells but to a lesser
extent than on NK cells. This is indicative of the decreased bacillary burden after the intensive
phase of therapy as NK cells and T cells are probably showing signs of recovery from inhibition
or dampening of the immune system. Also, this decline in the intensive phase of treatment
could be due to mycobacterial cell death resulting in release of antigen followed by pathology
resolution by the end of treatment as we have previously demonstrated [20]. It is not entirely
clear why there was little difference in PD-1 expression between TB patients at diagnosis and
household contacts, and yet there was a significant decrease after two months of TB treatment.
One possibility is that because TB patients exhibit enhanced apoptosis in their PD-1+ CD4+ T
cell compartment [26], this cell population disappeared from the circulation during treatment
as antigenic stimulation was removed, and would have taken a longer time period to be replen-
ished. Similar rapid drops in PD-1 expression on CD4+ and CD8+ T cells inM. tuberculosis-
infected mouse lungs upon drug treatment have been observed previously [27]. In other TB-
treatment biomarker discovery studies [28], transient changes in some cytokine concentrations
in blood, such as TNFα, MIP1α/β, IL-10 and sCD40L have been reported, such that changes
observed early in TB treatment reverted to levels similar to those seen both pre-treatment and
in healthy control subjects. Further experiments with longer follow-up and more detailed phe-
notypic analysis would be required to properly address this issue.

There is a gradient in response showing that NK cells emerge from a state of being respon-
sive to inhibitory signals capable of dampening the immune system first followed by CD8+ T
cells and finally CD4+ T cells which could indicate that cytotoxic potential is restored before
cytokine releasing potential. A recent study has evaluated the role of PD-1 and its ligands on
NK cells from active TB patients and shown that active TB disease and mycobacterial stimula-
tion leads to higher expression of PD-1/ligands on NK cells leading to inhibition of their effec-
tor functions like cytokine production [29]. GrzB/PD-1 co-expression was not altered by active
disease or chemotherapy except in the CD4+ T cell compartment suggesting that PD-1 might
not be suppressing the killing activity of CD8+ T cells and NK cells but rather modulating the
immune system through another mechanism such as via anti-inflammatory/immunoregula-
tory cytokine production, impairment of other effector functions and apoptosis. A recent study
has identified one such mechanism by which PD-1+ NKT cells correlate with bacillary load in
newly diagnosed TB patients with treatment leading to a decline in their frequency [30]. In
addition, this study demonstrated that PD-1 expression leads to apoptosis of IFN-γ producing
NKT cells but not IL-4 producing ones [30]. In mice, PD-1 has been demonstrated to affect
CD4+ and CD8+ T cell effector functions by inhibiting the T-bet, GATA-3 and Eomes
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transcription factors which are responsible for Th1 lineage commitment, secretion of cytokines
from Th2 cells and T cell development respectively [31].

The role of PD-1 and its ligands in murine TB remains controversial. PD-1 positive CD4+ T
cells are not exhausted inMtb infected mice; instead they retain proliferative capacity and
replenish effector cells by differentiating into KLRG-1 positive T cells capable of secreting
TNF-α and IFN-γ [32]. PD-1 deficient mice have a larger number of proliferating CD4+ T cells
in their lungs driving pathology rather than controllingMtb infection [33]. PD-1-/- mice are
more susceptible toMtb infection compared to their wild-type counterparts due to the
increased frequency of Tregs and reduced T/B cell proliferation, supporting the hypothesis that
PD-1 plays a protective role in murine TB [34]. A recent paper has shown that the survival of
PD-1 -/- mice after aerosol infection withMtb is severely reduced compared to wild-type mice
due to significantly higher bacterial load and severe multifocal necrotic pneumonia [35]. Our
study demonstrates that high levels of PD-L1 expression in untreated human TB may allow
infection to be maintained by preventingMtb clearance indicating that the role of this axis may
be harmful in human TB. The exact mechanism by which the PD-1 axis exerts its role in
human TB still remains to be elucidated and the patterns observed in this study should be con-
firmed with larger cohorts from different geographical populations.

This study is one of the first to look at PD-1, PD-L1 and PD-L2 gene and protein expression
during treatment in humans with pulmonary TB. In conclusion, we have shown here that PDL1/
2 gene expression and the frequency of PD-1 expressing T cells and NK cells is modulated in
peripheral blood during the intensive phase of successful TB treatment. The extent to which this
decline occurs may depend on the role each cell type plays in the TB immune response. The
observation that PD-L1 expression is higher in active TB patients compared to latently infected
contacts demonstrates that the latter might be protected due to lower PD-1 pathway signaling
and decreased T cell immunoregulation as a result of a lower bacillary burden leading to the
mounting of a more efficacious immune response againstMtb infection. The importance of this
pathway in human TB should be explored further as it could be exploited therapeutically enrich-
ing the limited arsenal of drugs currently available. The putative biomarkers of TB treatment
response tested in this study should be tested in future large-scale biomarker studies.

Supporting Information
S1 Fig. Flow cytometry gating strategy on a representative TB patient PBMC samples. (A)
Cells were studied within the lymphocyte gate that was drawn according to forward scatter
(FSC) and side scatter (SSC) properties eliminating dead cells, debris and monocytes. (B) CD3
and CD8 expression was analysed within the lymphocyte gate and three populations gated:
CD3+CD8- cells, CD3+CD8+ cells and CD3-CD8- cells. PD-1 and Granzyme B expression were
assessed within CD3+CD8- cells (C), CD3-CD8- cells (D) and CD3+CD8+ T cells (E). In panels
C, D and E the upper right quadrant shows PD-1+GrzB+ cells, the upper left quadrant shows
PD-1+GrzB- cells, the lower right quadrant shows PD1-GrzB+ cells and the lower left quadrant
shows PD-1-GrzB- cells. The staining panel comprised anti-CD3 PERCP, anti-CD8 FITC, anti-
PD-1 PE and Granzyme B APC. Isotype controls were used for PD-1 and Granzyme B and
Fluorescence Minus One Controls (FMOs) were used to set the gates accordingly.
(TIF)
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