
International Journal of Infectious Diseases 56 (2017) 221–228
Review

Anti-PD-1/PD-L1 therapy for infectious diseases: learning from the
cancer paradigm

Martin Raoa, Davide Valentinia,b, Ernest Dodooa,c, Alimuddin Zumlad,
Markus Maeurera,b,*
aDivision of Therapeutic Immunology (TIM), Department of Laboratory Medicine (LABMED), Karolinska Institutet, Stockholm, Sweden
bCentre for Allogeneic Stem Cell Transplantation (CAST), Karolinska University Hospital Huddinge, Stockholm, Sweden
cDepartment of Neurosurgery, Karolinska University Hospital, Stockholm, Sweden
dDivision of Infection and Immunity, University College London, and NIHR Biomedical Research Centre, UCL Hospitals NHS Foundation Trust, London, UK

A R T I C L E I N F O

Article history:
Received 1 November 2016
Received in revised form 19 January 2017
Accepted 22 January 2017
Corresponding Editor: Eskild Petersen, Aar-
hus, Denmark.

Keywords:
Anti-PD-1
Anti-PD-L1
T-cells
Cancer
Infectious disease
Host-directed therapy

S U M M A R Y

Objectives: Immune checkpoint pathways regulate optimal host immune responses against transformed
cells, induce immunological memory, and limit tissue pathology. Conversely, aberrant immune
checkpoint activity signifies a poor prognosis in cancer and infectious diseases. Host-directed therapy
(HDT) via immune checkpoint blockade has revolutionized cancer treatment with therapeutic
implications for chronic infections, thus laying the foundation for this review.
Methods: Online literature searches were performed via PubMed, PubMed Central, and Google using the
keywords “immune checkpoint inhibition”; “host-directed therapy”; “T cell exhaustion”; “cancer
immunotherapy”; “anti-PD-1 therapy”; “anti-PD-L1 therapy”; “chronic infections”; “antigen-specific
cells”; “tuberculosis”; “malaria”; “viral infections”; “human immunodeficiency virus”; “hepatitis B
virus”; “hepatitis C virus”; “cytomegalovirus” and “Epstein–Barr virus”. Search results were filtered based
on relevance to the topics covered in this review.
Results: The use of monoclonal antibodies directed against the antigen-experienced T-cell marker
programmed cell death 1 (PD-1) and its ligand PD-L1 in the context of chronic infectious diseases is
reviewed. The potential pitfalls and precautions, based on clinical experience from treating patients with
cancer with PD-1/PD-L1 pathway inhibitors, are also described.
Conclusions: Anti-PD-1/PD-L1 therapy holds promise as adjunctive therapy for chronic infectious
diseases such as tuberculosis and HIV, and must therefore be tested in randomized clinical trials.
© 2017 Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Programmed death 1 expression in cancer and infection: tissue
versus periphery

The chronicity of cancer and persistent infections provides
constant antigen exposure to antigen-reactive T-cells, leading to
cellular exhaustion and abrogation of effector functions.1 The
expression of cell surface-bound molecules such as programmed
cell death protein 1 (PD-1/CD279) and cytotoxic T lymphocyte-
associated protein 4 (CTLA-4/CD152) on antigen-specific T-cells are
markers of exposure to immunogenic stimuli.2 PD-1 and CTLA-
4 identify as immune checkpoints due to their crucial role in
regulating the magnitude and quality of T-cell responses. Other
immune checkpoint molecules of clinical relevance are the T-cell
immunoglobulin and mucin-domain containing 3 (TIM-3), with its
nominal ligand galectin 9, and to a lesser extent high-mobility
group Box 1 (HMGB1)3 and the lymphocyte-activation gene 3
(LAG-3), which binds to major histocompatibility complex (MHC)
class II molecules with higher affinity than the CD4 receptor.4

This review focuses on PD-1 and its ligands. PD-1 expression on
T-cells is rapidly induced after antigen exposure, following
engagement between the T-cell receptor (TCR) and its cognate
epitope-loaded MHC molecule in the draining lymph nodes.5 PD-1
RNA is detectable in T-cells as rapidly as 2 h post TCR-specific
stimulation.6 In addition to TCR-dependence, the presence of
interleukin 2 (IL-2), IL-7, IL-15, vascular endothelial growth factor
(VEGF), IL-6, and transforming growth factor beta (TGF-b) in the
local cytokine milieu in lymph nodes and diseased tissue
additionally contribute to PD-1 up-regulation on T-cells.7–10 PD-
1 interacts with its ligands, namely PD-L1 (B7-H1/CD274) and PD-
L2 (B7-DC/CD273). The PD-1 ligands are expressed on transformed
cells, professional antigen-presenting cells (pAPCs), and epithelial
cells, as well as T-cells.11 This interaction provides signals that
tolerize T-cells to their antigenic targets, disarming their effector
functions.1,7 Type 1 interferons (IFN-a/b) and tumour necrosis
factor alpha (TNF-a) can up-regulate PD-L1 expression on T-cells,
B-cells, natural killer (NK) cells, myeloid cells, and epithelial
Figure 1. Factors that induce PD-1, PD-L1, and PD-L2 expression in host cells. Although t
loaded MHC molecule on transformed cells (infected or cancerous cells), a cytokine mili
VEGF, and IL-2 augment the activation of this immune checkpoint pathway. In addition, c
1 expression during chronic disease. TGF-b is another physiologically important cytokin
molecules such as Mycobacterium tuberculosis LAM can activate the PD-1 pathway in T-ce
exposure to IFN-g, type 1 interferons, TNF-a, and GM-CSF � thus indicative of intense infl
NF-kB activation. The anti-inflammatory cytokine IL-4 can also trigger PD-L2 ex
lipopolysaccharide; TLR, toll-like receptor; NF-kB, nuclear factor kappa B.
cells,5,7 while PD-L2 expression is inducible via interferon gamma
(IFN-g), granulocyte-macrophage colony-stimulating factor (GM-
CSF), and IL-4 signalling.7 Figure 1 is a schematic representation of
the factors driving PD-1 and PD-L1/2 expression by T-cells and
transformed cells, respectively.

A summary of PD-1 expression by various human cell types is
presented in Table 1.88–99 Biologically, PD-1 expression may play a
beneficial role in ameliorating and curbing the development of
autoimmune disease � although this is not true for cancer and
infections.12 PD-1 expression on T-cells identifies immune cells
that specifically recognize and react to transformed as well as to
pathogen-derived antigens. More recent studies have shown that
PD-1+ tumour-infiltrating T-cells (TIL) contain a distinct repertoire
of tumour-reactive CD8 T-cells that express oligoclonal TCRs,
specific for mutated tumour epitopes, termed neoantigens.13 PD-1
+ CD8 T-cells recognizing the patient’s cancer cells are also found in
peripheral blood mononuclear cells (PBMCs), albeit in significantly
lower numbers compared to the tumour microenvironment.13

PBMC-derived neoantigen-specific CD8 T-cells can also be
expanded ex vivo for cellular therapy.14 These PD-1+ CD8 TILs
co-express additional surface markers associated with activation
and potential tolerance, such as TIM-3, LAG-3, and the cytotoxic
lymphocyte (CTL) activation marker 4-1BB.13

The biological significance of PD-1+ T-cells co-expressing other
exhaustion/activation markers needs to be addressed, although
analysis of PD1+ and 4-1BB+ T-cells, also associated with antigen-
specificity, does not suggest that a distinct pattern of activation/
exhaustion markers leads to a finer resolution of identifying
antigen-specific immune cells.13 Early results of phase 1 trials
using activation/exhaustion marker-positive T-cells (e.g., 41-BB+
selected immune cells) showed potentiation of complete regres-
sion of the malignant disease (melanoma) in patients (Steven A.
Rosenberg, personal communication). This offers clinical evidence
that exhaustion/activation marker-selected immune cells are
clinically relevant, warranting use for targeted adoptive cellular
therapy (clinical trials identifier: NCT02111863).
he major trigger for PD-1 expression on T-cells is TCR engagement with the epitope-
eu consisting of proinflammatory mediators such as IFN-g, type 1 interferons, IL-6,
ytokines important for T-cell maintenance, i.e., IL-7 and IL-15, also contribute to PD-
e that induces PD-1 expression and potentiates regulatory T-cell activity. Antigenic
lls via TLR2 signalling. PD-L1/2 expression on transformed host cells is inducible by
ammation. Bacterial LPS can also induce PD-L1 expression, via TLR4 involvement and
pression. Abbreviations: TCR, T-cell receptor; LAM, lipoarabinomannan; LPS,



Table 1
Summary of PD-1, PD-L1, and PD-L2 in a variety of human cell types.

Cell type PD-1 expression level PD-L1 expression level PD-L2 expression level Ref.

Constitutive Cytokine-induced Constitutive Cytokine-induced Constitutive Cytokine-induced

Naive T-cells Nil Yes Nil Yes Nil Yes 5,7,18,31,

Activated T-cells Yes Increased Yes Increased Nil Yes 61,88–99

Exhausted T-cells Yes Increased Yes Increased Nil Yes
Regulatory T-cells Yes Increased Yes Increased Nil Yes
NK cells Nil Yes Nil Yes Nil Yes
Naive B-cells Yes Increased Yes Increased Yes Increased
Plasma cells Yes Increased Yes Increased Yes Increased
Plasmacytoid DCs Nil Nil Yes Increased Yes Increased
Myeloid DCs Nil Yes Yes Increased Yes Increased
Macrophages Nil Yes Yes Increased Yes Increased
Monocytes Nil Yes Yes Increased Nil Yes
Airway and lung epithelia Nil Nil Nil Yes Nil Yes
Liver non-parenchymal cells Nil Yes Yes Increased Yes Increased
Mesenchymal stromal cells Nil Nil Yes Increased Yes Increased
Pancreatic islets Nil Nil Yes Increased Yes Increased
Fibroblasts Nil Nil Yes Increased Yes Increased
HUVEC Nil Nil Nil Yes Yes Increased

PD-1, programmed cell death 1; PD-L1, programmed cell death 1 ligand 1; PD-L2, programmed cell death 1 ligand 2; NK, natural killer; DC, dendritic cell; HUVEC, Human
umbilical vein endothelial cells.
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Similar to long exposure to mutant neoantigens in cancer, the
immune system in patients with tuberculosis (TB) is exposed to
new Mycobacterium tuberculosis antigens for an extended period.
Elevated PD-1 expression has been reported on CD4 and CD8 T-
cells,15–19 neutrophils,20 NK T-cells,21,22 and regulatory T-cells
(Tregs)23,24 isolated from patients with drug-susceptible as well as
drug-resistant TB. Furthermore, M. tuberculosis infection of PBMCs
can up-regulate PD-1, PD-L1, and PD-L2 expression on T-cells,15,19

NK cells,25 and monocytes19 therein. Individuals with latent TB
infection (LTBI) also have high levels of PD-1-expressing circulat-
ing CD4 T-cells, which can produce IFN-g (mean frequency of
29.0 � 2.6%), although T-cells negative for PD-1 expression are
twice as likely to respond to antigenic stimulation via IFN-g, IL-2,
and TNF-a production.26 This observation highlights the need to
identify which PD1+ T-cell subset would indicate ‘exhausted’ and
the antigen-experienced T-cells that can be rescued from activa-
tion-induced cell death or ‘anergy’, and PD1+ T-cells that cannot be
reverted to functional immune cells27 for target identification in
infectious diseases.

Thus, the identification of PD1+ T-cells and their nominal
targets does not reflect merely an academic exercise, but rather a
clinical reality to use these T-cells for targeted cellular therapy. The
analysis of T-cells from lung granulomas of M. tuberculosis-infected
cynomolgus macaques, which very closely mimic the dynamics of
human TB, revealed that approximately 8% of all granuloma-
derived CD3 cells (CD4 and CD8 T subsets) were found to express
PD-1.28 The functional impact of these T-cells (exhausted and non-
functional, or exhausted and antigen-experienced defining clini-
cally relevant target epitopes) is, however, yet to be addressed.

CD8 T-cell exhaustion, mediated by PD-1 expression in HIV
infection, is an important cause of weakened immune clearance of
virus-infected host cells.29,30 Increased PD-1+ CD8 T-cell numbers
in PBMCs of patients with HIV infection correlate positively with
impaired immune effector functions, disease progression, and
declining CD4 T-cell counts.29,31 Similar to TB, Tregs from patients
with HIV infection also express high levels of PD-1.32 Mucosal-
associated invariant T-cells (MAITs) highly expressing CD161 have
also been shown to up-regulate their surface expression of PD-1
protein in HIV-positive as well as HIV–TB co-infected patients; this
is reversible with antiretroviral therapy.33

Effector memory CD8 T-cells isolated from Kenyan children
with persistent exposure to Plasmodium falciparum were also
found to strongly express PD-1 on their surface.34 Although PD-1
expression on CD8 T-cells is implicated in the chronicity of
malaria,35 PD-1 expression on T follicular helper cells (TFH) seems
to correlate with protection in children.36 TFH cells are a subset of
antigen-experienced (thus, antigen-specific) CD4 T-cells resident
in the B-cell follicle of germinal centres within secondary
lymphoid organs such as the tonsils and spleen, and play an
important role in promoting B-cell activation and antibody
production.37 Another important attribute of TFH cells is their
ability to abundantly produce IL-21 (important for T-cell differen-
tiation) and CXCL13, an important B-cell chemoattractant.37 As
such, the functionality of TFH cells can activate antigen-specific
effector T-cell responses while priming B-cells to strengthen
pathogen-directed humoral immune responses.

In patients with chronic hepatitis B virus (HBV) infection, PD-1+
CD8 T-cells have been found to be impaired in their antiviral
effector functions, and these cells are likely to be targeted for
apoptotic depletion in vivo38,39 – a scenario also true for NK T-cells
in TB.17,22 High levels of PD-1+ CD4 and CD8 T-cells have been
observed among liver-infiltrating T-cells in tissue biopsies as well
as explants from patients with hepatitis C virus (HCV) infection.40

Cytomegalovirus (CMV) viraemia in renal transplant recipients
also appears to up-regulate PD-1 expression on CD4 T-cells.41 PD-1
+ CD8 T-cells with antigen-specific TCRs may also reside in the
bone marrow. IFN-g-producing T-cells derived from bone marrow
of patients with pancreatic cancer have been reported to exhibit
pronounced reactivity to pancreatic tumour cell lysate in an MHC-
I-dependent manner.42 PD-1+ CD8 TILs have been found in brain
metastases in patients with renal cell carcinoma,43 while increased
numbers of HIV-specific PD-1+ CD8 T-cells in cerebrospinal fluid
have been reported for patients with HIV infection.44

The expression of PD-1 on T-cells circulating in PBMCs is
gaining momentum as a marker of disease progression. In patients
with non-small cell lung cancer (NSCLC), a dramatic decrease in
circulation of CD8 T-cells expressing PD-1 appeared to be
concomitant with overall survival after vaccination with a peptide
vaccine candidate.45 In contrast, an increase in circulating PD-1+
CD4 T-cells also correlated with overall survival, suggesting a
greater degree of epitope spreading recognized by CD4 T-cells.
Circulating CD8 T-cells from patients with RCC who underwent
surgical resection displayed a higher degree of activation,
concomitant with reduced PD-1 expression and increased
CD69 expression on the cell surface.46 The prognostic value of
PD-1 expression on immune cells may also apply to malaria,34,47
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TB,17,20,22 and chronic viral infections.29,39,48 These studies indicate
that the dynamics of T-cell populations in peripheral blood of
patients with cancer and infectious disease are, to some extent,
representative of the changes occurring in the microenvironment
of affected tissues.

PD-1:PD-L1 blockade as host-directed therapy

Cancer

Immune checkpoint blockade using monoclonal antibodies
(mAbs) now constitutes an integral component of host-directed
therapy (HDT). HDTs exploit aberrant host biological pathways
that can be corrected by interfering with the respective ligands.
The most clinically successful HDT has been the immunological
blockade of PD-1 in cancer. The United States Food and Drug
Administration (FDA)-approved anti-PD-1 mAbs, e.g. nivolumab
and pembrolizumab, successfully disrupt contact with PD-L1/2 to
reverse T-cell exhaustion (CD8 and CD4) and restore their anti-
tumour potential, combining minimal off-target toxicity with high
efficacy (Figure 2).49 The induction of this specific tumouricidal
activity by anti-PD-1 therapy correlates with increased propor-
tions of neoantigen-specific CD8 TCRs in the peripheral blood of
patients.50 Thus, anti-PD-1 therapy is able to mobilize and to
activate a subpopulation of specialized CD8 TILs to improve patient
survival.

Tregs express exceptionally high levels of PD-1 on their surface;
this is necessary for the maintenance of immunological balance to
avoid overt inflammation and tissue destruction.5 By targeting PD-
1, Treg populations are as likely to be blocked from dampening
host-protective effector T-cell responses, in addition to the direct
Figure 2. Blockade of the PD-1/PD-L1/2 pathway potentiates productive immune respo
mediated signalling pathway (initiated upon interaction between PD-1 and PD-L1/2) usin
cancer. The same is envisaged for pathogen-specific T-cells in infectious diseases � as 

unleashes their ability to produce proinflammatory cytokines, i.e., IFN-g and TNF-a, as w
lyse and kill transformed cells in the host to control the spread and burden of disease
effect on the latter. PD-1 blockade with pembrolizumab has also
shown superiority over monotherapy with ipilimumab (anti-
CTLA4) in patients with advanced melanoma.51In a prospective
study, 23 of 53 advanced patients with melanoma treated with a
combination of ipilimumab and nivolumab displayed an objective
response, some with over 80% tumour regression.52 Thus,
compared to CTLA-4, PD-1 appears to a have a greater impact
on establishing T-cell tolerance due to the magnitude of the clinical
effect of its blockade.

At least two other anti-PD-1 mAbs (PDR001 and REGN2810) are
in clinical trials for advanced cancers. The combinatorial effect of
anti-CTLA4 and anti-PD-1 treatment imparts an additive effect of a
two-pronged tumour reduction, should patients not respond to
anti-CTLA-4 monotherapy. For patients with tumours expressing
more PD-L1 and PD-L2 molecules than B7.1 (CD80) and B7.2
(CD86), the ligands for CTLA-4 may not respond as effectively to
anti-CTLA-4 therapy. The same is true for the number of PD-1+ and
CTLA-4+ tumour-specific TILs and circulating T-cells in the patient.
A useful selection criterion prior to initiation of anti-PD-1 therapy
would be to perform cellular analysis of the proportion of T-cells
and tumour cells expressing PD-1/PD-L1/2 as opposed to CTLA-4/
B7.1/2 in the tumour biopsy (microenvironment) as well as PBMCs
of the patient. Several biopsies from the same patient, to account
for tumour heterogeneity in the same individual, will further
facilitate clinical decision-making to initiate combination therapy
with immune checkpoint inhibitors.

To the best of the authors’ knowledge, four monoclonal
antibodies targeting PD-L1 have entered clinical trials for cancer.53

The first of these to be tested was BMS-936559; treatment resulted
in disease stabilization up to 24 weeks in patients with metastatic
melanoma (27%), NSCLC (12%), ovarian cancer (18%), and RCC
nses in cancer and infectious diseases. Immune checkpoint inhibition of the PD-1-
g monoclonal antibodies leads to activation of exhausted antigen-specific T-cells in
seen in TB and chronic viral infections. Activation of these antigen-specific T-cells
ell as cytolytic molecules such as perforin, granzyme B, and granulysin � which can
.
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(41%).54 Similar if not better responses were observed with
MPDL3280A treatment,55,56 while trials for two other anti-PD-L1
antibodies, namely MEDI4736 and MSB0010718C, are underway.

Relying on a single therapeutic agent to obtain long-term and
stable disease remission may not be viable. Topalian et al. recently
published the long-term survival of patients with metastatic
melanoma who received nivolumab at different doses: the mean
overall survival reported was a little over 2 years (approximately
25 months).57 Given that anti-PD-1 therapy mobilizes the
repertoire of neoantigen-specific TILs into circulation,50 adoptive
T-cell therapy covering the epitopes recognized by the patient’s
immune system would serve as an excellent adjunct to chemo-
therapy, as well as immune checkpoint inhibition.58 The same
applies to the chronic infectious diseases such as TB, HIV, hepatitis,
and malaria discussed in this review.

Infectious diseases

The phenomenon of T-cell exhaustion in chronic infections and
its similarity to cancer has been reviewed elsewhere.1 In light of its
success in cancer therapy, anti-PD-1/PD-L1 therapy has adequate
precedent to be trialled in the treatment of severe chronic
infectious diseases. Immune checkpoint inhibition in infectious
disease therapy may be administered adjunctively to standard
drug treatment � akin to cancer chemotherapy.

Exaggerated proinflammatory cytokine responses and subopti-
mal antigen-specific T-cell activity are equally responsible for
severe tissue damage in human TB and poor clearance of M.
tuberculosis infection.21,22,26,59 There is some evidence in the
literature to support the potential benefit of anti-PD-1 therapy in
TB. In vitro blockade of PD-1 with monoclonal antibodies has been
shown to restore TB antigen responsiveness, cytokine secretion,
and proliferation and cytolytic activity of circulating T-cells and NK
cells from TB patients. More recently, anti-TB therapy was reported
to promote reduced expression of PD-1 and its ligands,18,60 as well
as increased expression of the anti-apoptotic protein B-cell
lymphoma 2 in T-cells.17 The same has been observed for PD-
L1 expressed on neutrophils. Using anti-PD-1 therapy in adjunct to
standard anti-TB treatment may, therefore, potentiate a two-
pronged (antibiotics and T-cell-driven) antimycobacterial effect,
offering an overall clinical benefit to patients.

Preclinical evaluation of anti-PD-1 therapy for HIV infection has
been evaluated using the non-human primate model of simian
immunodeficiency virus infection.61 PD-1 blockade reversed T-cell
exhaustion while reducing viral load as well as various opportu-
nistic infections in non-human primates. More recently, ex vivo
blockade of PD-L1 on PB Tregs from HIV-positive individuals
independent of viraemia was shown to trigger expansion and
potentiate effector functions of virus-specific CD8 T-cells.32 In
addition to this effect, the proliferative capacity of Tregs, although
increased by PD-L1 inhibition, did not influence the ability of the
cells to induce immunosuppression. PD-1 blockade appears to
augment reduced hyper-activation of type 1 IFN responses, which
in part translates to a lower incidence of systemic cytokine storms
and immune dysregulation in HIV infection,61 which can reduce
tissue pathology in patients. In pulmonary TB, an exaggerated type
1 interferon response in the lung markedly promotes M.
tuberculosis replication and extensive tissue destruction.62 Accord-
ingly, pre-antiretroviral therapy IFN-a levels were shown to be up-
regulated by at least 10-fold in HIV–TB patients who went on to
develop immune reconstitution inflammatory syndrome (IRIS), as
well as those who died within 6 months of antiretroviral therapy
initiation.63

In chronic human HBV infection, in vitro blockade of PD-L1 on
CD8 and CD4 T-cells from PB and liver biopsies of patients resulted
in enhanced IFN-g and IL-2 production.64 Patients with chronic
HCV infection treated with nivolumab were reported to respond
well, some achieving more than a 4-log reduction in viral load after
treatment.65 The analysis of sera from healthy individuals as well
as haematopoietic stem cell transplantation (HSCT) recipients with
transient or persistent CMV infection revealed that the latter group
had the highest amount of IL-6 produced by CD33 + PD-L1+
adherent cells, which in turn induced PD-1 expression on virus-
specific CD8 T-cells.10 In vitro blockade of PD-L1 in PBMCs isolated
from these patients led to significant expansion of tetramer-
positive virus-specific CD8 T-cells, indicating that PD-L1 blockade
may be clinically favourable in managing chronic CMV disease.10

Blockade of PD-L1 in a murine model of cerebral malaria
exacerbated inflammation and haemorrhage in the brain com-
pared to untreated controls.66 However, blocking PD-1 as well as
LAG-3 in the blood stage of murine malaria (which resembles the
erythrocyte stage in human malaria) proved beneficial, manifest-
ing in dramatic parasitaemia reduction and improved antibody as
well as CD4 (also TFH) and CD8 T-cell responses, associated with
elimination of chronic infection as well as extended survival.67

Anti-PD-1:PD-L1/2 therapy: improved efficacy with acceptable
toxicity

Generally mild to moderate immune-related adverse effects
(irAEs) have been reported in patients with anti-PD-1:PD-L1
therapy.68 Three out of 296 patients with advanced solid tumours
(two patients with NSCLC, one patient with CRC (colorectal
cancer)) who received nivolumab treatment in the first anti-PD-
1 clinical study were reported to have died due to treatment-
induced pneumonitis (inflammation of the alveolar wall, grade 3 or
4 irAE), nevertheless accounting for only 1% of total mortality (21%)
in the cohort.69 A clinical trial of nivolumab therapy in patients
with advanced NSCLC (n = 129) also reported three deaths (2% of
patients) due to treatment-induced pneumonitis, although objec-
tive responses were seen in 22 patients (17%).70 A more recent
phase 2 evaluation of nivolumab in patients with metastatic RCC
reported that only eight patients who received treatment
subsequently developed pneumonitis, with no treatment-related
deaths occurring over the duration of the trial.71 Thus, the fatality
rate due to anti-PD-1:PD-L1 therapy is significantly low compared
to the clinical benefits gained by the patients with advanced cancer
undergoing immune checkpoint inhibition treatment.

Sporadic cases of the development of anti-PD-1 therapy-
associated type 1 diabetes mellitus (autoimmune insulin-depen-
dent diabetes mellitus, T1DM) in patients have also been
reported.72,73 In general, high titres of autoantibodies against
glutamate decarboxylase (GAD), and in some patients with an
HLA-A2+ background, CD8 T-cells recognizing epitopes from
insulin alpha and beta chains, preproinsulin, GAD65, and islet-
specific glucose-6-phosphatase catalytic subunit-related protein
(IGRP) (0.2% to 2% tetramer-specific cells of total PBMCs) were
detected in peripheral blood. Autoimmune myocarditis, concomi-
tant with increased CD8 T-cells and reduced Tregs (in a myocardial
biopsy) has been reported in one patient with metastatic
melanoma who received pembrolizumab.74 These case reports
contribute to a better understanding of irAEs that may be valuable
for the clinical immune-monitoring of patients undergoing anti-
PD-1:PD-L1 therapy, rather than to discourage their use altogether.

Essentially, the adverse effects reported for patients with
metastatic cancer receiving anti PD-1 therapy may be far less
harmful than the off-target toxicities of standard chemotherapy,
which also impairs the patient’s quality of life.53,75 In addition, the
inflammatory side effects associated with anti-PD-1:PD-L1 thera-
py, i.e., pneumonitis and gastrointestinal inflammation, are
clinically manageable with immunosuppressive corticoste-
roids.53,69,70 Weber et al. reported 38% objective responses in
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patients with advanced melanoma treated with nivolumab
(n = 268) versus a meagre 5% of patients who underwent the
investigators’ choice of chemotherapy or ICC (n = 102).76 Further-
more, more patients who were treated with ICC (32 patients, 32%)
exhibited grade 3 or 4 AEs as compared to patients treated with
nivolumab (24 patients, 9%). In a more recent retrospective report
of a European multicenter clinical trial assessing the efficacy and
safety of nivolumab or pembrolizumab therapy for advanced
melanoma, 138 of 496 treated patients exhibited grade 1 or 2 irAEs,
conditions that are either treatable with steroids or even
negligible.68 Thus, the proven clinical efficacy of anti-PD-1:PD-
L1 therapy against melanoma and other solids tumours compen-
sates for acceptable and manageable side effects observed in a
small fraction of patients.

Anti-PD-1 versus anti-PD-L1/2 therapy and opportunities for
combination with other immunotherapies

Due to its robustness, blocking PD-1 delivers the probable risk
of activating subpopulations of autoreactive and pathogenic T-cell
subsets in the patient, as seen with the onset of inflammatory
conditions in individuals receiving anti-PD-1 therapy without a
previous history of the disease. In contrast, blockade of PD-L1 alone
would elicit less prominent T-cell responses compared to blocking
PD-1, since it can still interact with PD-L2, although expression of
the latter is more restricted than PD-L1.5 This, however, comes
with the advantage of reduced toxicity.77 Nevertheless, the relative
efficacy and toxicity of anti-PD-1 and anti-PD-L1 agents at present
appear to be quite similar, and further work is necessary to
delineate the potential differences in efficacy and toxicities of
these agents.

In addition to using monoclonal antibodies targeting the PD-1/
PD-L1 pathway, cytokine therapy, antibodies targeting cytokines
and other cell-surface markers, as well as cellular therapy are
potentially powerful interventional tools. Given that the local and
systemic cytokine milieu in patients with chronic infection and
cancer contributes to T-cell exhaustion and tolerance, timely
delivery of cytokines that can reverse exhaustion could augment
the therapeutic activity of anti-PD-1/PD-L1 antibodies. Alterna-
tively, antibodies that neutralize TNF-a, IL-6, TGF-b, and/or VEGF
in combination with anti-PD-1/PD-L1 antibodies could be as
clinically beneficial, in terms of reducing unwanted and destruc-
tive inflammation. Using the example of 3/15 patients with
advanced melanoma who had disease progression after at least 6
months of remission, Zaretsky et al. recently reported that the
outgrowth of metastatic tumours with mutations in the Janus
kinase 1 or 2 genes (JAK1 or 2), which disrupts IFN-g-induced cell
growth arrest as well as mutations in the b2-microglobulin gene
(which is involved in MHC-1 antigen presentation), might promote
late acquired resistance to anti-PD-1 therapy.78 JAK1 mutations
could, therefore, serve as a biomarker for the efficacy of anti-PD-1:
PD-L1 therapy, and could be tested for prior to initiating treatment.

Another interesting host target is CD70, a surface receptor
expressed on lymphocytes and myeloid cells associated with T-cell
activation and memory formation, albeit with a poor prognosis in
cancer and infection.79–82 CD70 expression inhibits the function-
ality of effector memory TILs in RCC and melanoma,79,80 while
viraemic and lymphopenic HIV-infected individuals have high
frequencies of CD70-expressing PB CD4 T-cells.81 Anti-
CD70 treatment has been shown to reduce Treg proliferation,
activate TILs, potentiate antibody-mediated cellular cytotoxicity to
kill human tumour cells, and also to extend the survival of Burkitt’s
lymphoma-bearing mice.83 There are at least two anti-CD70 mAbs
in clinical trials for RCC and non-Hodgkin’s lymphoma at present
(ARGX-110 and MDX-1203).
The clinical effect of anti-PD-1/PD-L1 therapy is very pro-
nounced in tumour-reactive TILs since PD-1 expression is
significantly higher on TILs than circulating T-cells from cancer
patients.13 It has also been learned that most anti-cancer T-cell
responses potentiated by PD-1 therapy target mutated epitopes.50

This may also resonate in infectious diseases, especially those
perpetrated by drug-resistant pathogens. While subdued CD8 T-
cell responses to viral escape neoantigens has been shown to
facilitate viral persistence and disease progression in the host,84,85

host-protective T-cell responses to M. tuberculosis mutated
antigens is not known but warrants formal testing using clinical
material from patients with drug-sensitive and drug-resistant
TB.86,87

Conclusions

The therapeutic efficacy of monoclonal antibodies against PD-1
and PD-L1 in patients with cancer prompts extensive clinical
evaluation in patients with chronic infectious diseases, especially
in light of increasing drug resistance. Regardless of the short-
comings reported in patients receiving anti-PD-1/PD-L1 therapy,
the proven clinical success of blocking this immune checkpoint
pathway certainly encourages its further use � particularly if
clinically meaningful inclusion criteria and markers of responses
can be identified (thus, precision medicine). Taking TB as a
paradigm, the high expression of PD-1 in patients with drug-
refractory disease as well as those with HIV-related IRIS is
targetable for anti-PD-1 therapy. Clinical studies involving
metastatic melanoma patients have revealed that doses up to
3 mg/kg are well tolerated by patients (in terms of acceptable
irAEs), and produce highly encouraging treatment out-
comes.52,68,69 Designing clinical trials to test the efficacy of PD-l
blockade in TB should therefore consider involving patients with
extensive chest radiographic findings and blood inflammatory
markers (including cytokines such as IL-6, IFN-g, TNF-a, IFN-a/b
etc.), as well as poor responsiveness to drug therapy. Patients with
multidrug-resistant or extensively drug-resistant (MDR/XDR) TB
would represent an excellent cohort for intervention. The
adjunctive administration of anti-PD-1 antibodies to TB patients
undergoing anti-TB drug therapy � for drug-susceptible or drug-
resistant TB disease � could potentially eradicate M. tuberculosis
reservoirs in organs inaccessible to chemotherapeutic agents but
not immune cells. Anti-PD-1 treatment, after the intensive phase of
anti-TB therapy, may activate anergic and exhausted M. tuberculo-
sis-specific T-cells in the patient. In addition to offering an
improved point-of-care intervention for otherwise helpless
patients, immune checkpoint inhibition has also shed new light
on the pathobiology of disease. This opens up new and exciting
avenues of basic and clinical research that may materialize in
hitherto unknown therapeutic strategies. Borrowing this knowl-
edge should lead to revised regimens of combination therapy
incorporating immune checkpoint inhibitors and antibiotics, as
well as repurposed drugs for the effective management of chronic
diseases.

Funding

This work has been supported by grants to MM (Swedish Heart
and Lung Foundation (Hjärtlungfonden), Swedish Research Coun-
cil (Vetenskapsrådet) and Söderberg Foundation).

Conflict of interest

The authors declare no conflicts of interest.



M. Rao et al. / International Journal of Infectious Diseases 56 (2017) 221–228 227
References

1. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion.
Nat Rev Immunol 2015;15:486–99.

2. Karwacz K, Bricogne C, MacDonald D, Arce F, Bennett CL, Collins M, Escors D.
PD-L1 co-stimulation contributes to ligand-induced T cell receptor down-
modulation on CD8+ T cells. EMBO Mol Med 2011;3:581–92.

3. Gorman JV, Colgan JD. Regulation of T cell responses by the receptor molecule
Tim-3. Immunol Res 2014;59:56–65.

4. Huard B, Prigent P, Tournier M, Bruniquel D, Triebel F. CD4/major
histocompatibility complex class II interaction analyzed with CD4- and
lymphocyte activation gene-3 (LAG-3)-Ig fusion proteins. Eur J Immunol
1995;25:2718–21.

5. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance
and immunity. Ann Rev Immunol 2008;26:677–704.

6. Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL. SHP-1 and SHP-
2 associate with immunoreceptor tyrosine-based switch motif of programmed
death 1 upon primary human T cell stimulation, but only receptor ligation
prevents T cell activation. J Immunol 2004;173:945–54.

7. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in tolerance and
autoimmunity. Immunol Rev 2010;236:219–42.

8. Voron T, Colussi O, Marcheteau E, Pernot S, Nizard M, Pointet AL, et al. VEGF-A
modulates expression of inhibitory checkpoints on CD8+ T cells in tumors. J
Exp Med 2015;212:139–48.

9. Wei S, Shreiner AB, Takeshita N, Chen L, Zou W, Chang AE. Tumor-induced
immune suppression of in vivo effector T-cell priming is mediated by the B7-
H1/PD-1 axis and transforming growth factor beta. Cancer Res 2008;68:5432–
8.

10. Kato T, Nishida T, Ito Y, Murase M, Murata M, Naoe T. Correlations of
programmed death 1 expression and serum IL-6 level with exhaustion of
cytomegalovirus-specific T cells after allogeneic hematopoietic stem cell
transplantation. Cell Immunol 2014;288:53–9.

11. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy.
Nat Rev Cancer 2012;12:252–64.

12. McKinney EF, Lee JC, Jayne DR, Lyons PA, Smith KG. T-cell exhaustion, co-
stimulation and clinical outcome in autoimmunity and infection. Nature
2015;523:612–6.

13. Gros A, Robbins PF, Yao X, Li YF, Turcotte S, Tran E, et al. PD-1 identifies the
patient-specific CD8(+) tumor-reactive repertoire infiltrating human tumors. J
Clin Invest 2014;124:2246–59.

14. Gros A, Parkhurst MR, Tran E, Pasetto A, Robbins PF, Ilyas S, et al. Prospective
identification of neoantigen-specific lymphocytes in the peripheral blood of
melanoma patients. Nat Med 2016;22(8):433–8.

15. 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;181:116–
25.

16. Sada-Ovalle I, Ocana-Guzman R, Perez-Patrigeon S, Chavez-Galan L, Sierra-
Madero J, Torre-Bouscoulet L, Addo MM. Tim-3 blocking rescue macrophage
and T cell function against Mycobacterium tuberculosis infection in HIV+
patients. J Int AIDS Soc 2015;18:20078.

17. Elliott TO, Owolabi O, Donkor S, Kampmann B, Hill PC, Ottenhoff TH, et al.
Dysregulation of apoptosis is a risk factor for tuberculosis disease progression.
J Infect Dis 2015;212(9):1469–79.

18. Hassan SS, Akram M, King EC, Dockrell HM, Cliff JM. 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 2015;10:e0137646.

19. Singh A, Mohan A, Dey AB, Mitra DK. Inhibiting the programmed death 1
pathway rescues Mycobacterium tuberculosis-specific interferon gamma-
producing T cells from apoptosis in patients with pulmonary tuberculosis. J
Infect Dis 2013;208:603–15.

20. McNab FW, Berry MP, Graham CM, Bloch SA, Oni T, Wilkinson KA, et al.
Programmed death ligand 1 is over-expressed by neutrophils in the blood of
patients with active tuberculosis. Eur J Immunol 2011;41:1941–7.

21. Kee SJ, Kwon YS, Park YW, Cho YN, Lee SJ, Kim TJ, et al. Dysfunction of natural
killer T cells in patients with active Mycobacterium tuberculosis infection.
Infection Immun 2012;80:2100–8.

22. Singh A, Dey AB, Mohan A, Mitra DK. Programmed death-1 receptor
suppresses gamma-IFN producing NKT cells in human tuberculosis. Tubercu-
losis 2014;94:197–206.

23. Singh A, Dey AB, Mohan A, Sharma PK, Mitra DK. Foxp3+ regulatory T cells
among tuberculosis patients: impact on prognosis and restoration of antigen
specific IFN-gamma producing T cells. PLoS One 2012;7:e44728.

24. Li N, Xie WP, Kong H, Min R, Hu CM, Zhou XB, et al. Enrichment of regulatory T-
cells in blood of patients with multidrug-resistant tuberculosis. Int J Tuberc
Lung Dis 2015;19:1230–8.

25. Alvarez IB, Pasquinelli V, Jurado JO, Abbate E, Musella RM, de la Barrera SS,
Garcia VE. Role played by the programmed death-1-programmed death ligand
pathway during innate immunity against Mycobacterium tuberculosis. J Infect
Dis 2010;202:524–32.

26. Adekambi T, Ibegbu CC, Kalokhe AS, Yu T, Ray SM, Rengarajan J. Distinct
effector memory CD4+ T cell signatures in latent Mycobacterium tuberculosis
infection, BCG vaccination and clinically resolved tuberculosis. PLoS One
2012;7:e36046.
27. Haymaker C, Wu R, Bernatchez C, Radvanyi L. PD-1 and BTLA and CD8(+) T-cell
exhaustion “in cancer”: “exercising” an alternative viewpoint. Oncoimmunol-
ogy 2012;1:735–8.

28. Gideon HP, Phuah J, Myers AJ, Bryson BD, Rodgers MA, Coleman MT, et al.
Variability in tuberculosis granuloma T cell responses exists, but a balance of
pro- and anti-inflammatory cytokines is associated with sterilization. PLoS
Pathog 2015;11:e1004603.

29. 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;443:350–4.

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

31. 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;12:1198–202.

32. Peligero C, Argilaguet J, Guerri-Fernandez R, Torres B, Ligero C, Colomer P, et al.
PD-L1 blockade differentially impacts regulatory T cells from HIV-infected
individuals depending on plasma viremia. PLoS Pathog 2015;11:e1005270.

33. Saeidi A, Tien Tien VL, Al-Batran R, Al-Darraji HA, Tan HY, Yong YK, et al.
Attrition of TCR Valpha7.2+ CD161+ + MAIT cells in HIV—tuberculosis co-
infection is associated with elevated levels of PD-1 expression. PLoS One
2015;10:e0124659.

34. Illingworth J, Butler NS, Roetynck S, Mwacharo J, Pierce SK, Bejon P, et al.
Chronic exposure to Plasmodium falciparum is associated with phenotypic
evidence of B and T cell exhaustion. J Immunol 2013;190:1038–47.

35. Horne-Debets JM, Faleiro R, Karunarathne DS, Liu XQ, Lineburg KE, Poh CM,
et al. PD-1 dependent exhaustion of CD8+ T cells drives chronic malaria. Cell
Rep 2013;5:1204–13.

36. Obeng-Adjei N, Portugal S, Tran TM, Yazew TB, Skinner J, Li S, Jain A, et al.
Circulating Th1-cell-type Tfh cells that exhibit impaired B cell help are
preferentially activated during acute malaria in children. Cell Rep
2015;13:425–39.

37. Fazilleau N, Mark L, McHeyzer-Williams LJ, McHeyzer-Williams MG. Follicular
helper T cells: lineage and location. Immunity 2009;30:324–35.

38. Lopes AR, Kellam P, Das A, Dunn C, Kwan A, Turner J, et al. Bim-mediated
deletion of antigen-specific CD8 T cells in patients unable to control HBV
infection. J Clin Invest 2008;118:1835–45.

39. Ye B, Liu X, Li X, Kong H, Tian L, Chen Y. T-cell exhaustion in chronic hepatitis B
infection: current knowledge and clinical significance. Cell Death Dis 2015;6:
e1694.

40. Kasprowicz V, Schulze Zur Wiesch J, Kuntzen T, Nolan BE, Longworth S, Berical
A, et al. High level of PD-1 expression on hepatitis C virus (HCV)-specific CD8+
and CD4+ T cells during acute HCV infection, irrespective of clinical outcome. J
Virol 2008;82:3154–60.

41. Dirks J, Tas H, Schmidt T, Kirsch S, Gartner BC, Sester U, Sester M. PD-1 analysis
on CD28(�) CD27(�) CD4 T cells allows stimulation-independent assessment
of CMV viremic episodes in transplant recipients. Am J Transplant
2013;13:3132–41.

42. Schmitz-Winnenthal FH, Volk C, Z’Graggen K, Galindo L, Nummer D, Ziouta Y,
et al. High frequencies of functional tumor-reactive T cells in bone marrow
and blood of pancreatic cancer patients. Cancer Res 2005;65:10079–87.

43. Harter PN, Bernatz S, Scholz A, Zeiner PS, Zinke J, Kiyose M, et al. Distribution
and prognostic relevance of tumor-infiltrating lymphocytes (TILs) and PD-1/
PD-L1 immune checkpoints in human brain metastases. Oncotarget
2015;6:40836–49.

44. Sadagopal S, Lorey SL, Barnett L, Sutherland D, Basham R, Erdem H, et al.
Enhanced PD-1 expression by T cells in cerebrospinal fluid does not reflect
functional exhaustion during chronic human immunodeficiency virus type
1 infection. J Virol 2010;84:131–40.

45. Waki K, Yamada T, Yoshiyama K, Terazaki Y, Sakamoto S, Matsueda S, et al. PD-
1 expression on peripheral blood T-cell subsets correlates with prognosis in
non-small cell lung cancer. Cancer Sci 2014;105:1229–35.

46. MacFarlane AW, Jillab M, Plimack ER, Hudes GR, Uzzo RG, Litwin S, et al. PD-
1 expression on peripheral blood cells increases with stage in renal cell
carcinoma patients and is rapidly reduced after surgical tumor resection.
Cancer Immunol Res 2014;2:320–31.

47. Zander RA, Obeng-Adjei N, Guthmiller JJ, Kulu DI, Li J, Ongoiba A, et al. PD-1 co-
inhibitory and OX40 co-stimulatory crosstalk regulates helper T cell
differentiation and anti-Plasmodium humoral immunity. Cell Host Microbe
2015;17:628–41.

48. Hofmeyer KA, Jeon H, Zang X. The PD-1/PD-L1 (B7-H1) pathway in chronic
infection-induced cytotoxic T lymphocyte exhaustion. J Biomed Biotechnol
2011;2011:451694.

49. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al. PD-
1 blockade induces responses by inhibiting adaptive immune resistance.
Nature 2014;515:568–71.

50. Gubin MM, Zhang X, Schuster H, Caron E, Ward JP, Noguchi T, et al. Checkpoint
blockade cancer immunotherapy targets tumour-specific mutant antigens.
Nature 2014;515:577–81.

51. Nicodemus CF. Antibody-based immunotherapy of solid cancers: progress and
possibilities. Immunotherapy 2015;7(8):923–39.

52. Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin AM, et al.
Nivolumab plus ipilimumab in advanced melanoma. N Engl J Med
2013;369:122–33.

http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0005
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0005
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0010
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0010
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0010
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0015
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0015
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0020
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0020
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0020
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0020
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0025
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0025
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0030
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0030
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0030
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0030
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0035
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0035
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0040
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0040
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0040
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0045
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0045
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0045
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0045
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0050
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0050
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0050
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0050
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0055
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0055
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0060
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0060
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0060
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0065
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0065
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0065
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0070
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0070
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0070
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0075
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0075
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0075
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0075
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0080
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0080
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0080
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0080
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0085
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0085
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0085
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0090
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0090
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0090
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0090
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0095
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0095
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0095
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0095
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0100
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0100
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0100
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0105
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0105
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0105
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0110
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0110
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0110
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0115
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0115
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0115
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0120
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0120
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0120
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0125
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0125
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0125
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0125
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0130
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0130
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0130
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0130
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0135
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0135
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0135
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0140
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0140
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0140
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0140
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0145
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0145
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0145
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0150
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0150
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0150
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0155
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0155
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0155
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0160
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0160
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0160
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0165
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0165
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0165
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0165
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0170
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0170
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0170
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0175
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0175
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0175
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0180
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0180
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0180
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0180
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0185
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0185
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0190
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0190
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0190
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0195
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0195
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0195
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0200
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0200
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0200
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0200
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0205
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0205
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0205
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0205
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0210
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0210
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0210
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0215
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0215
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0215
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0215
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0220
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0220
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0220
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0220
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0225
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0225
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0225
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0230
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0230
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0230
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0230
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0235
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0235
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0235
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0235
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0240
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0240
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0240
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0245
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0245
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0245
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0250
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0250
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0250
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0255
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0255
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0260
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0260
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0260


228 M. Rao et al. / International Journal of Infectious Diseases 56 (2017) 221–228
53. Borch TH, Donia M, Andersen MH, Svane IM. Reorienting the immune system
in the treatment of cancer by using anti-PD-1 and anti-PD-L1 antibodies. Drug
Discov Today 2015;20(9):1127–34.

54. Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, et al. Safety and
activity of anti-PD-L1 antibody in patients with advanced cancer. N Engl J Med
2012;366:2455–65.

55. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al.
Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in
cancer patients. Nature 2014;515:563–7.

56. Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, Cruz C, et al. MPDL3280A (anti-
PD-L1) treatment leads to clinical activity in metastatic bladder cancer. Nature
2014;515:558–62.

57. Topalian SL, Sznol M, McDermott DF, Kluger HM, Carvajal RD, Sharfman WH,
et al. Survival, durable tumor remission, and long-term safety in patients with
advanced melanoma receiving nivolumab. J Clin Oncol 2014;32:1020–30.

58. Rosenberg SA, Restifo NP. Adoptive cell transfer as personalized immunother-
apy for human cancer. Science 2015;348:62–8.

59. Zumla A, Rao M, Parida SK, Keshavjee S, Cassell G, Wallis R, et al. Inflammation
and tuberculosis: host-directed therapies. J Intern Med 2015;277:373–87.

60. Bandaru A, Devalraju KP, Paidipally P, Dhiman R, Venkatasubramanian S,
Barnes PF, et al. Phosphorylated STAT3 and PD-1 regulate IL-17 production and
IL-23 receptor expression in Mycobacterium tuberculosis infection. Eur J
Immunol 2014;44:2013–24.

61. Velu V, Shetty RD, Larsson M, Shankar EM. Role of PD-1 co-inhibitory
pathway in HIV infection and potential therapeutic options. Retrovirology
2015;12:14.

62. Dorhoi A, Kaufmann SH. Pathology and immune reactivity: understanding
multidimensionality in pulmonary tuberculosis. Semin Immunopathol 2015;38
(2):153–66.

63. Ravimohan S, Tamuhla N, Steenhoff AP, Letlhogile R, Nfanyana K, Bellamy SL,
et al. Immunological profiling of tuberculosis-associated immune reconstitu-
tion inflammatory syndrome and non-immune reconstitution inflammatory
syndrome death in HIV-infected adults with pulmonary tuberculosis starting
antiretroviral therapy: a prospective observational cohort study. Lancet Infect
Dis 2015;15(4):429–38.

64. Fisicaro P, Valdatta C, Massari M, Loggi E, Biasini E, Sacchelli L, et al. Antiviral
intrahepatic T-cell responses can be restored by blocking programmed death-
1 pathway in chronic hepatitis B. Gastroenterology 2010138: 682–93, 693. e1–
4.

65. Gardiner D, Lalezari J, Lawitz E, DiMicco M, Ghalib R, Reddy KR, et al. A
randomized, double-blind, placebo-controlled assessment of BMS-936558, a
fully human monoclonal antibody to programmed death-1 (PD-1), in patients
with chronic hepatitis C virus infection. PLoS One 2013;8:e63818.

66. Hafalla JC, Claser C, Couper KN, Grau GE, Renia L, de Souza JB, Riley EM. The
CTLA-4 and PD-1/PD-L1 inhibitory pathways independently regulate host
resistance to Plasmodium-induced acute immune pathology. PLoS Pathog
2012;8:e1002504.

67. Butler NS, Moebius J, Pewe LL, Traore B, Doumbo OK, Tygrett LT, et al.
Therapeutic blockade of PD-L1 and LAG-3 rapidly clears established blood-
stage Plasmodium infection. Nat Immunol 2012;13:188–95.

68. Hofmann L, Forschner A, Loquai C, Goldinger SM, Zimmer L, Ugurel S, et al.
Cutaneous, gastrointestinal, hepatic, endocrine, and renal side-effects of anti-
PD-1 therapy. Eur J Cancer 2016;60:190–209.

69. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al.
Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl J
Med 2012;366:2443–54.

70. Gettinger SN, Horn L, Gandhi L, Spigel DR, Antonia SJ, Rizvi NA, et al. Overall
survival and long-term safety of nivolumab (anti-programmed death 1
antibody, BMS-936558, ONO-4538) in patients with previously treated
advanced non-small-cell lung cancer. J Clin Oncol 2015;33:2004–12.

71. Motzer RJ, Rini BI, McDermott DF, Redman BG, Kuzel TM, Harrison MR, et al.
Nivolumab for metastatic renal cell carcinoma: results of a randomized phase
II trial. J Clin Oncol 2015;33:1430–7.

72. Martin-Liberal J, Furness AJ, Joshi K, Peggs KS, Quezada SA, Larkin J. Anti-
programmed cell death-1 therapy and insulin-dependent diabetes: a case
report. Cancer Immunol Immunother 2015;64:765–7.

73. Hughes J, Vudattu N, Sznol M, Gettinger S, Kluger H, Lupsa B, Herold KC.
Precipitation of autoimmune diabetes with anti-PD-1 immunotherapy.
Diabetes Care 2015;38:e55–7.

74. Laubli H, Balmelli C, Bossard M, Pfister O, Glatz K, Zippelius A. Acute heart
failure due to autoimmune myocarditis under pembrolizumab treatment for
metastatic melanoma. J Immunother Cancer 2015;3:11.
75. Prigerson HG, Bao Y, Shah MA, Paulk ME, LeBlanc TW, Schneider BJ, et al.
Chemotherapy use, performance status, and quality of life at the end of life.
JAMA Oncol 2015;1:778–84.

76. Weber JS, D’Angelo SP, Minor D, Hodi FS, Gutzmer R, Neyns B, et al. Nivolumab
versus chemotherapy in patients with advanced melanoma who progressed
after anti-CTLA-4 treatment (CheckMate 037): a randomised, controlled,
open-label, phase 3 trial. Lancet Oncol 2015;16:375–84.

77. Swaika A, Hammond WA, Joseph RW. Current state of anti-PD-L1 and anti-PD-
1 agents in cancer therapy. Mol Immunol 2015;67:4–17.

78. Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W, Hu-Lieskovan
S, et al. Mutations associated with acquired resistance to PD-1 blockade in
melanoma. N Engl J Med 2016;375:819–29.

79. Jilaveanu LB, Sznol J, Aziz SA, Duchen D, Kluger HM, Camp RL. CD70 expression
patterns in renal cell carcinoma. Hum Pathol 2012;43:1394–9.

80. Pich C, Sarrabayrouse G, Teiti I, Mariame B, Rochaix P, Lamant L, et al.
Melanoma-expressed CD70 is involved in invasion and metastasis. Br J Cancer
2015;114(1):63–70.

81. Lantto R, Nasi A, Sammicheli S, Amu S, Fievez V, Moutschen M, et al. Increased
extrafollicular expression of the B-cell stimulatory molecule CD70 in HIV-1-
infected individuals. AIDS 2015;29:1757–66.

82. Yang ZZ, Grote DM, Xiu B, Ziesmer SC, Price-Troska TL, Hodge LS, et al. TGF-beta
upregulates CD70 expression and induces exhaustion of effector memory T
cells in B-cell non-Hodgkin’s lymphoma. Leukemia 2014;28:1872–84.

83. Silence K, Dreier T, Moshir M, Ulrichts P, Gabriels SM, Saunders M, et al. ARGX-
110, a highly potent antibody targeting CD70, eliminates tumors via both
enhanced ADCC and immune checkpoint blockade. mAbs 2014;6:523–32.

84. Cox AL, Mosbruger T, Mao Q, Liu Z, Wang XH, Yang HC, et al. Cellular immune
selection with hepatitis C virus persistence in humans. J Exp Med
2005;201:1741–52.

85. Mlotshwa M, Riou C, Chopera D, de Assis Rosa D, Ntale R, Treunicht F, et al.
CAPRISA study team. Fluidity of HIV-1-specific T-cell responses during acute
and early subtype C HIV-1 infection and associations with early disease
progression. J Virol 2010;84:12018–29.

86. Parida SK, Poiret T, Zhenjiang L, Meng Q, Heyckendorf J, Lange C, et al. T-cell
therapy: options for infectious diseases. Clin Infect Dis 2015;61:S217–24.

87. Parida SK, Madansein R, Singh N, Padayatchi N, Master I, Naidu K, et al. Cellular
therapy in tuberculosis. Int J Infect Dis 2015;32:32–8.

88. Riella LV, Paterson AM, Sharpe AH, Chandraker A. Role of the PD-1 pathway in
the immune response. Am J Transplant 2012;12:2575–87.

89. Rozali EN, Hato SV, Robinson BW, Lake RA, Lesterhuis WJ. Programmed death
ligand 2 in cancer-induced immune suppression. Clin Dev Immunol
2012;2012:656340.

90. Rodig N, Ryan T, Allen JA, Pang H, Grabie N, Chernova T, et al. Endothelial
expression of PD-L1 and PD-L2 down-regulates CD8+ T cell activation and
cytolysis. Eur J Immunol 2003;33:3117–26.

91. Messal N, Serriari NE, Pastor S, Nunes JA, Olive D. PD-L2 is expressed on
activated human T cells and regulates their function. Mol Immunol
2011;48:2214–9.

92. Zhang JY, Zhang Z, Wang X, Fu JL, Yao J, Jiao Y, et al. PD-1 up-regulation is
correlated with HIV-specific memory CD8+ T-cell exhaustion in typical
progressors but not in long-term nonprogressors. Blood 2007;109:4671–8.

93. Mataki N, Kikuchi K, Kawai T, Higashiyama M, Okada Y, Kurihara C, et al.
Expression of PD-1, PD-L1, and PD-L2 in the liver in autoimmune liver diseases.
Am J Gastroenterol 2007;102:302–12.

94. Pinchuk IV, Saada JI, Beswick EJ, Boya G, Qiu SM, Mifflin RC, et al. PD-1 ligand
expression by human colonic myofibroblasts/fibroblasts regulates CD4+ T-cell
activity. Gastroenterology 2008135: 1228–37, 1237. e1–2.

95. McDermott DF, Atkins MB. PD-1 as a potential target in cancer therapy. Cancer
Med 2013;2:662–73.

96. Shi L, Chen S, Yang L, Li Y. The role of PD-1 and PD-L1 in T-cell immune
suppression in patients with hematological malignancies. J Hematol Oncol
2013;6:74.

97. D’Incecco A, Andreozzi M, Ludovini V, Rossi E, Capodanno A, Landi L, et al. PD-
1 and PD-L1 expression in molecularly selected non-small-cell lung cancer
patients. Br J Cancer 2015;112:95–102.

98. Yousef S, Marvin J, Steinbach M, Langemo A, Kovacsovics T, Binder M, et al.
Immunomodulatory molecule PD-L1 is expressed on malignant plasma cells
and myeloma-propagating pre-plasma cells in the bone marrow of multiple
myeloma patients. Blood Cancer J 2015;5:e285.

99. Ritprajak P, Azuma M. Intrinsic and extrinsic control of expression of the
immunoregulatory molecule PD-L1 in epithelial cells and squamous cell
carcinoma. Oral Oncol 2015;51:221–8.

http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0265
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0265
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0265
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0270
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0270
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0270
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0275
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0275
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0275
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0280
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0280
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0280
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0285
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0285
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0285
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0290
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0290
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0295
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0295
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0300
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0300
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0300
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0300
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0305
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0305
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0305
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0310
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0310
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0310
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0315
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0315
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0315
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0315
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0315
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0315
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0320
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0320
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0320
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0320
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0325
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0325
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0325
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0325
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0330
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0330
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0330
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0330
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0335
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0335
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0335
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0340
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0340
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0340
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0345
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0345
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0345
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0350
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0350
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0350
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0350
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0355
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0355
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0355
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0360
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0360
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0360
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0365
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0365
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0365
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0370
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0370
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0370
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0375
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0375
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0375
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0380
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0380
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0380
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0380
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0385
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0385
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0390
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0390
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0390
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0395
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0395
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0400
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0400
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0400
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0405
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0405
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0405
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0410
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0410
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0410
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0415
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0415
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0415
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0420
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0420
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0420
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0425
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0425
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0425
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0425
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0430
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0430
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0435
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0435
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0440
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0440
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0445
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0445
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0445
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0450
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0450
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0450
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0455
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0455
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0455
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0460
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0460
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0460
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0465
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0465
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0465
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0470
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0470
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0470
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0475
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0475
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0480
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0480
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0480
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0485
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0485
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0485
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0490
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0490
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0490
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0490
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0495
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0495
http://refhub.elsevier.com/S1201-9712(17)30031-0/sbref0495

	Anti-PD-1/PD-L1 therapy for infectious diseases: learning from the cancer paradigm
	Programmed death 1 expression in cancer and infection: tissue versus periphery
	PD-1:PD-L1 blockade as host-directed therapy
	Cancer
	Infectious diseases

	Anti-PD-1:PD-L1/2 therapy: improved efficacy with acceptable toxicity
	Anti-PD-1 versus anti-PD-L1/2 therapy and opportunities for combination with other immunotherapies
	Conclusions
	Funding
	Conflict of interest
	References


