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Programmed cell death-1 (PD-1; CD279) is a cell surface receptor that is expressed in both innate and adaptive
immune cells. The role of PD-1 in adaptive immune cells, specifically in CD8+ T cells, has been thoroughly
investigated but its significance in other immune cells is yet to be well established. This review will address the
role of PD-1 based therapies in enhancing non-CD8+ T cell immune responses within cancer. Specifically, the
expression and function of PD-1 in non-CD8+ immune cell compartments such as CD4+ T helper cell subsets,
myeloid cells and innate lymphoid cells (ILCs) will be discussed. By understanding the immune cell specific
function of PD-1 within tissue resident innate and adaptive immune cells, it will be possible to stratify patients
for PD-1 based therapies for both immunogeneic and non-immunogeneic neoplastic disorders. With this
knowledge from fundamental and translational studies, PD-1 based therapies can be utilized to enhance T cell
independent immune responses in cancers.

1. Introduction
Programmed death-1 (PD-1) is an inhibitory co-receptor expressed
on innate and adaptive immune cells that is critical for the regulation of
inflammation and self-reactivity. It is well documented that cancers,
through expression of Programmed death-ligand 1 (PDL1) [1], are able
to exploit PD-1 activation on immune cells to mediate immune escape.
As a result, immune checkpoint inhibitors such as anti-PD-1 therapy
have been developed, approved and demonstrated to reinvigorate
antitumor immunity and improve patient outcome [2,3]. Studies into
the mechanisms of PD-1 blockade on cancer initially focussed upon the
recovery of CD8+ T cell cytotoxicity and antitumor function, however
mounting evidence indicates that the efficacy of anti-PD-1 therapies may
in fact be significantly attributable to non-CD8+ cells of both the innate
and adaptive immune system. Further investigation and understanding
of immune cell-specific role and function of PD-1 could open up the
opportunity for novel cancer-specific immunotherapy strategies based
on immune cell populations within the tumor.
2. Programmed cell death-1 receptor (PD-1)
PD-1 is an inhibitory co-receptor expressed on various innate and

adaptive immune cells. PD-1 is a 50− 55 kDa type I transmembrane
glycoprotein comprised of an IgV domain which shares between 21–33
% sequence identity with CD28, Cytotoxic T-Lymphocyte-associated
protein-4 (CTLA4) and inducible co-stimulatory molecule (ICOS) [4].
PD-1 is not expressed on resting naïve T cells but can be induced within
24 h post-T cell antigen receptor (TCR) stimulation [5]; a similar pattern
occurs in antigen presenting cells [6] and Natural Killer (NK) cells [7].
PD-1 has been shown to bind to two known ligands Programmed
death-ligand 1 (PDL1; B7-H1; CD274) [8] and Programmed
death-ligand 2 (PDL2; B7-DC; CD273) [9]. PDL1 is constitutively
expressed on T and B cells, dendritic cells (DCs), macrophages and in
non-haematopoietic cells including keratinocytes and non-parenchymal
cells [10–13] (reviewed in [4]). The expression pattern of PD-1 and
PDL1 within various immune cells and tumor tissues has been demon
strated to be critical for regulating the tumor immune response and is an
attractive target for cancer immunotherapeutics (Reviewed in [14]).
2.1. Regulation of PD-1 expression
T cell receptor (TCR) activation by the presence of cognate antigen
along with cytokine stimulation in T cells results in the upregulation of
PD-1 through activation of transcription factors, namely Nuclear factor
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[25]).
The E3 ubiquitin ligases F-box only protein 38 (FBXO38) and Casitas
B lymphoma (c-Cbl) have both been shown to mediate poly
ubiquitination of PD-1 [26,27]. Disruption of these Ub ligases in mice
significantly increased tumor growth in mice in a PD-1 dependent
mechanism [26,27] with loss of c-Cbl activity in mice leading to
increased expression of PD-1 on tumor infiltrating cells, corresponding
to decreased cellular function [27]. Moreover the Cul3-based E3 ligase
adaptor Kelch-like protein 22 (KLHL22) was shown to specifically
degrade incompletely glycosylated PD-1 [28], and inhibition of KLHL22
transcription led to overexpression of PD-1 (Fig. 1). Notably, tran
scription of all three proteins has been demonstrated to be significantly
downregulated in tumor infiltrating T cells [26,28,29], suggesting that
investigation into the mechanisms of PD-1 degradation could indeed
reveal further potential therapeutic targets.
Whether these signals in different cell types result in the expression
of PD-1 receptor at different time points in different immune cells within
pathogenic microenvironments or whether PD-1 expression is signifi
cantly enhanced at the same time on all immune cells is not known.
Within the tumor microenvironment (TME) it could be hypothesized
that PD-1 may be induced on myeloid cells initially which in turn then
regulate T cell and ILC function or vice versa. A summary of PD-1
expression kinetics in various immune cells in outlined in Fig. 2.
2.2. PD-1 signaling
The inhibitory function of PD-1 is dependent upon its immunor
eceptor tyrosine-based switch motif (ITSM) [30] which then preferen
tially recruits and activates the Src homology region 2
domain-containing phosphatase-2 (SHP2) [31], consequently leading
to the dephosphorylation and inactivation of downstream signaling
pathways (Fig. 3A; Reviewed in [32]). It has been demonstrated that
SHP2 is dispensable for PD-1 mediated regulation, therefore PD-1 must
be able to use other signaling mediators [33,34].
The essential role of the cytoplasmic ITSM for the inhibitory function
of PD-1 was first demonstrated in B cells [30]. SHP2 dephosphorylates B
cell receptor (BCR)-proximal signaling molecules including Igα/β and
Spleen tyrosine kinase (Syk) which inhibits downstream activation of
Phospholipase C gamma 1 (PLCγ), Phosphatidylinositol-3-kinase (PI3K),
Vav and Extracellular signal-regulated kinase 1/2 (ERK1/2). This
PD-1/SHP2 activation has also been shown to inhibit the TCR response,
proliferation and TCR-dependent PI3K/Protein kinase B (PKB; Akt)/
mammalian target of rapamycin (mTOR) signaling [35–38], although it
has also been reported that PD-1 preferentially targets CD28 in com
parison to TCR [39,40]. Lymphocyte-specific protein tyrosine kinase
(Lck) has recently been identified as a mediator for TCR and CD28 in
hibition [39,41] and SH2 domain-containing protein 1A (SH2D1A; SAP)
is demonstrated to be a checkpoint inhibitor of PD-1 regulation through
interaction with CD28 and inhibition of SHP2 (Fig. 3A and B [42,43]).
Downregulation of PI3K/Akt/mTOR signaling by PD-1 regulation in
CD4+ T cells has been shown to downregulate T-cell proliferation and
induce Foxp3+ regulatory T cell (Treg) differentiation [44,45]. In
contrast with these findings in mice, Franceschini et al [46], demon
strated that PD-1 inhibited STAT5 signaling, which resulted in Foxp3
destabilization and thus downregulation of induced Treg (iTreg) pop
ulations. This study is the first to identify that PD-1 may regulate STAT
signaling in addition to inhibiting PI3K/AKT/mTOR pathway in T cells.
PD-1 activation can inhibit interleukin (IL-) 2 production, a key T cell
growth cytokine and inducer of STAT5 phosphorylation, but the precise
signaling mechanism is not clear. Indeed within our group, we found
that inhibition of STAT1/4 signaling by PD-1 can maintain Foxp3
signaling. Although this seems counterintuitive, there are many mem
bers of the STAT family that act antagonistically in general and at the
Foxp3 gene locus in particular [47]. Most recently PD-1 has notably been
shown to restrain Treg function through increased activation of
PI3K/Akt/mTOR signaling [48], suggesting that PD-1 is an unbiased

Fig. 1. Transcriptional and Post-Translational Regulation of PD-1.
Transcriptional regulation of PD-1: In T cells, upon TCR activation, PD-1 tran
scription is induced by transcription factors namely AP-1 and NFATc1. In the
presence of cytokines, STAT activation or IRF9 activation can induce PD-1
transcription in T cells. In macrophages, STAT1/2 and/or ISRE activation can
induce PD-1 transcription. Transcription factors such as Tbx21 (T-bet) can
inhibit PD-1 transcription in T cells. Next, microRNAs such as miR-28, miR-138
and miR-4717 can inhibit PD-1expression.
Post-translational regulation of PD-1: In T cells, PD-1 stabilization on the cell
surface is controlled by glycosylation, followed by fucosylation by Fut8.
FBXO38, c-Cbl and KLHL22 promote the ubiquitination of PD-1, thereby tar
geting PD-1 for internalization and subsequent proteasomal degradation.
AP-1: Activator protein 1. c-Cbl: Casitas B lymphoma. FBXO38: F-box only protein
38. IRF9: Interferon regulatory factor 9. ISRE: Interferon sensitive responsive
element. KLHL22: Kelch like protein 22. miR: microRNA. NFATc1: Nuclear factor of
activated T-cells. PD-1/Pdcd1: Programmed cell death protein 1. STAT: Signal
transducer and activation of transcription. TCR: T cell receptor. Ub: Ubiquitin.

of activated T-cells (NFATc1), Activator protein 1 (AP-1), Signal trans
ducer and activation of transcription (STAT) family members and
Interferon regulatory factor 9 (IRF9). In macrophages, cytokines that
drive STAT1/2 and Interferon sensitive responsive element (ISRE)
activation induce PD-1 expression [15–19]. Following transcription
PD-1 mRNA is regulated by microRNAs [20–22]. In recent studies, the
importance of post-translational modification and regulation of PD-1,
including glycosylation and ubiquitination has also been reported
(Fig. 1; [23]).
PD-1 is highly glycosylated in human T cells, with glycosylation at its
N58 residue critical for PD-1 expression and ligation with PDL1 [24].
Blockade of this PD-1 glycosylation increased ubiquitination of PD-1 and
abrogated binding of PD-1 to PDL1, ultimately leading to increased
cytotoxic activity in T cells and a greater antitumor response in mice
[24]. Furthermore, fucosylation of PD-1 by the core fucosyl transferase
Fut8 at two residues, proposedly N47 and N49, has been shown to be
crucial for PD-1 stability, with deletion or blockade of Fut8 leading to
lowered PD-1 expression and enhanced T cell antitumor activity (Fig. 1;
2
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Fig. 2. The kinetics of PD-1-dependent immune cell modulation within TME.
Proposed timeline of PD-1 modulation on various immune cell subsets following cancer recognition: The TME induces expression of both PD-1 and PDL1 on various immune
cells such as tissue resident ILCs, tissue resident myeloid cells or patrolling monocytes that can recognize tumor cells. PDL1 expressed on tumor cells and immune
cells binds to PD-1 on these innate immune cells and ultimately modulates their function. Tumor recognition by ILCs and/or myeloid cells leads to the recruitment
and priming of additional innate cells and T and B cells. Breg: Regulatory B cell. DC: Dendritic cell. ILC: Innate lymphoid cell. MDSC: Myeloid derived suppressor cell. NK:
Natural Killer. PD-1: Programmed cell death protein 1. PDL: Programmed death ligand. Th: T helper. Treg: Regulatory T cell. TFH: Follicular T helper. TFR: Follicular Treg.
iTreg: Induced Treg. nTreg: Natural Treg.
Fig. 3. PD-1 recruitment of SHP2 and the sub
sequent signaling cascades within innate and
adaptive immune cells.
A) PD-1 recruitment of SHP2: In the two-step
binding model, following PD-1 ligation to its
ligand (PDL1/2), SHP2 is recruited to the
phosphorylated ITSM of PD-1 which induces a
conformational change enabling it to bind to
the phosphorylated ITIM domain of PD-1 lead
ing to the full activation of SHP2. In the
dimerization model, following PD-1 ligation,
SHP2 binds to two phosphorylated ITSMs via its
two domains, forming a PD-1 dimer and leading
to the activation of SHP2. Lck has been shown
to be required for PD-1 phosphorylation, and
SAP has been shown to directly interact with
CD28 and block SHP2-dependent inhibition of
CD28.
Lck: Lymphocyte-specific protein tyrosine kinase.
PD-1: Programmed cell death protein 1. PDL1:
Programmed death ligand 1. SAP: SH2 domaincontaining protein 1A. SHP2: Src homology re
gion 2 domain-containing phosphatase-2. ITIM:
Immunoreceptor tyrosine-based inhibitory motif.
ITSM: Immunoreceptor tyrosine-based switch
motif.
B) Downstream regulation by PD-1: PD-1,
following the recruitment and activation of
the phosphatase SHP2, has been shown to
inhibit BCR, CD28 and TCR activation and the
subsequent BCR-, CD28- and TCR-dependent
signaling cascades as shown. PD-1 also in
hibits NFκB pathway, effector cytokine pro
duction as well as endolysosomal proteases
such as AEP which leads to upregulation of
Foxp3. PD-1 also regulates the metabolism of
cells, shifting cellular metabolism from glycol

ysis to fatty acid oxidation.
AEP: Asparagine endopeptidase. Akt: Protein kinase B. BCR: B cell receptor. ERK1/2: Extracellular signal-regulated kinase 1/2. Foxp3: Forkhead box P3. mTOR: Mammalian
target of rapamycin. PD-1: Programmed cell death protein 1. PDL1: Programmed death ligand 1. PI3K: Phosphatidylinositol-3-kinase. PLCγ Phospholipase C gamma 1. TCR: T
cell receptor.

inhibitor of T cell activities, suppressing both effector and regulatory
functions depending on cell type. Together these studies all implicate
dephosphorylation of signaling molecules as a primary mechanism by
which PD-1 disturbs cellular activation thus dampening proliferation
and cellular function. A review of the function of PD-1 within the
adaptive and innate immune cells is summarized below and in Fig. 4.

3. PD-1 function in the adaptive immune system
The function of PD-1 in CD8+ T cells has been well established [49]
and thus will not be discussed within this review. The expression pattern
and function of PD-1 in the other adaptive immune cells including CD4+
T cells, B cells and unconventional T cells has been reported but spe
cifically how PD-1 regulates adaptive immune cell function is an
3
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Fig. 4. PD-1 mediated regulation of Innate and Adaptive Immune Cells.
Schematic representation of PD-1 mediated regulation of various immune cell subsets within the TME: Known PD-1 cellular expression and the downstream function of PD-1
activation in each immune cell subset is shown with consequential effect of PD-1 activation on the antitumor response. AEP: Asparagine endopeptidase. Akt: Protein
kinase Breg: Regulatory B cell. DC: Dendritic Cell. Foxp3: Forkhead box P3. IFN: Interferon. IL: Interleukin. ILC: Innate Lymphoid Cell. Mθ: Macrophage. MDSC: Myeloid
Derived Suppressor Cell. mTOR: Mammalian target of rapamycin. NK: Natural Killer. PD-1: Programmed cell death protein 1. PDL: Programmed death ligand. Th: T helper.
Treg: Regulatory T cell. iTreg: Induced Treg. nTreg: Natural Treg.

ongoing area of investigation. Given that PD-1 expression does not occur
on naïve CD4+ T cells but is noted in effector and memory cells suggests
that PD-1 has a functional role within these T helper subsets.

The cytokine profile of the TME commonly favors the recruitment
and expansion of Tregs and high numbers of Tregs are found in a variety
of different cancers. Moreover it has been shown through different
cancer therapeutics that a decrease in the number of infiltrating Tregs
correlates with a decrease in tumor growth [61–63]. Although in some
types of gastric cancer, CRC and lymphoma a higher proportion of Tregs
has been associated with better outcomes for patients [64–66]. Thus
suggesting that the role of Tregs must be multifaceted and vary in
response to the specificity and TME of the cancer.

3.1. T Helper (Th) cell lineages within cancer
After TCR activation, naïve CD4+ T helper (Th) cells both expand and
differentiate into a number of functionally distinct lineages (Reviewed
in [50]). This is determined by the inflammatory cytokine environment
present at the time of activation and the profile of co-receptors that are
engaged. The principal lineages include: Th1 cells, characterized by the
expression of Interferon (IFN-) γ, the transcription factor T-bet and are
vital for immunity against intracellular pathogens; Th2 cells that express
IL-4, the transcription factor GATA3 and are key for anti-helminth im
munity; The IL-17 expressing Th17 cells, associated with the transcrip
tion factor retinoic acid receptor-related orphan nuclear receptor
gamma t (RORγt) and are key to combat extracellular bacterial and
fungal infections; T follicular helper cells (TFH) that express the tran
scription factor BCL6 and play a role in orchestrating B cell class switch
recombination and antibody maturation; and limiting the action of these
T cell lineages are T regulatory cells (Tregs) that are characterized by the
expression of Foxp3 [51].
The balance of CD4+ helper versus Tregs play a vital role in anti
tumor responses [52]. Prognosis of many cancers correlate strongly to
the balance of Tregs and other T cell subsets within the TME, with a
higher prevalence of tumor infiltrating Tregs associated with poor
prognosis in many cancers [53–57]. Conversely, an increased frequency
of tumor infiltrating TFH cells or their follicular structures correlating
with better prognosis in colorectal cancer (CRC) and breast cancer pa
tients [58–60].

3.2. PD-1 and Th lineage cells
PD-1 expression is not observed in naïve CD4+ T cells however PD-1
expression within Treg and TFH population has been observed at steady
state, whilst PD-1 expression in Th1 and Th2 cells is driven by a per
turbed immune microenvironment. In tumor biology, PD-1 expression
has been extensively documented in tumor infiltrating CD4+ T cells, in
both Tregs and TFH cells. This suggests that PD-1 plays an important
functional role within these CD4+ T cell populations and thereby
influencing CD4+ dependent tumor response. This vital role for
CD4+PD-1+ cells during anti-PD-1 blockade therapy was demonstrated
by Nagasaki et al. [67]. Whereby major histocompatibility complex
(MHC) Class II expressing Hodgkin’s Lymphoma tumors, which are
devoid of MHC Class I, potently responded to anti-PD-1 therapy in a
cytotoxic CD4+ T cell dependent manner. Of note, this observed PD-1
mediated antitumor activity was completely abrogated in CD4+ defi
cient mice [67].
In other studies, PD-1 expression in circulating CD4+ T cells was
found to be significantly higher in gastric cancer patients than healthy
controls [68], with an increase in the number of intratumoral
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CD4+PD-1+ T cells in comparison to circulating CD4+ T cells [68] which
was also consistent within CRC tumors [69] and glioma [70]. Intra
tumoral CD4+PD-1+ T cells correlated with disease progression in
chronic leukemia lymphoma and non-small cell lung carcinoma patients
[71,72]. Ex vivo PD-1 blockade of CD4+PD-1+ T cells significantly
increased IFNγ production; an effect that was also enhanced upon
combination with T-cell immunoglobulin and mucin domain containing
protein 3 (Tim-3) blockade [68]. Most recently, high PD-1 expression
has been found on tumor infiltrating CD4+CD39+ T cells [73], with
these cells thought to represent the exhausted tumor antigen-specific
CD4 helper subset [74]. Upon PD-1 blockade with anti-PD-1 mAbs
these CD4+PD-1hiCD39+ T cells had enhanced cytokine production,
elevated levels of CD40 L, induced higher levels of DC maturation and
indirectly induced CD8+ T-cell proliferation [73]. Further studies have
shown the crucial non-redundant role CD4+PD-1+ T cells play in PD-1
blockade or in PD-1 combination therapies [75,76]. These studies
demonstrate the significance of PD-1 expression in tumor infiltrating
CD4+PD-1+ T cells in the tumor immune response.
As stated previously, a better prognosis for a number of cancers
correlates with lower prevalence of Tregs within tumor sites. Of note,
Tregs that express PD-1 have been shown to directly interact with PDL1
on CD8+ T cells to suppress their antitumor activity [77]. In accordance
with this, PD-1 therapies that have been shown to lower Treg numbers,
thus leading to increased infiltration and enhanced activity of
non-regulatory T cells [78–81]. DC expression of PDL1 has been shown
to induce CD4+CD25+Foxp3+ Treg cell expansion and function [44,82],
thus further sustaining Treg cell numbers and an immunosuppressive
state within the TME.
Within Th1 cells, PD-1 expression is strictly restricted to those pop
ulations that have a low or intermediate expression of T-bet, with the
highest T-bet expressing cells devoid of PD-1 (personal observation in Tbet ZSGreen mice) and indeed T-bet has been shown to inhibit the
expression of PD-1 in CD4+ T cells [83]. However, in the presence of
cytokines such as IL-2 and TGF-β, T-bet+Th1 cells can upregulate PD-1
with a concomitant decrease in T-bet expression [45]. Moreover, PD-1
ligation through PDL1 is also capable of converting both Th0 and Th1
cells into Tregs, with abrogation of this PD-1 activation inhibiting the
conversion of both cell types [44,82,84]. Insights from our laboratory
demonstrated that in the presence of IL-2 and TGF-β, PD-1 can maintain
Foxp3 expression in T-bet+Th1 cells (known as T-bet+iTregs). PD-1
specifically inhibited the novel protease asparaginyl endopeptidase
(AEP) in T-bet+iTregs and induced Tregs (iTregs). Further study sug
gested that AEP was capable of cleaving and degrading Foxp3 in these
cells, thus upon PD-1 activation, AEP was inhibited and Foxp3 protein
was stabilized resulting in a Treg phenotype. This critical role for PD-1 in
T-bet+iTregs and peripheral Tregs (pTregs) within the TME highlights a
mechanism by which intratumoral Tregs are generated and maintained
as observed in a number of cancer. This fundamental mechanism of PD-1
function in Tregs could open up new therapeutic opportunities, whereby
patients who are inherently capable of generating significant amounts of
AEP (and hence drive Treg-Th1 differentiation) within their immune
cells may be more amenable to PD-1 based blocking therapies.
PD-1 expression on both TFH and T follicular regulatory (TFR) cells
is well established, with PD-1 ligation limiting both TFH and TFR dif
ferentiation. Of note is the recent study by Zappasodi et al [72], whereby
the authors identify a subset of intratumoral CD4+PD-1+Foxp3− cells
that resemble TFH and have enhanced function after anti-PD-1 therapy
in melanoma [72]. A lower number of TFH cells correlates with CRC
progression, with TFH cells in CRC patients possessing increased PD-1
expression, correlating significantly with the CRC severity [85]. These
PD-1+ TFH cells had significantly decreased IL-21 production, which
was further exacerbated upon PDL1 ligation [85]. In contrast the num
ber of PD-1+ TFH cells was higher in both ovarian and lung cancer pa
tients [86,87], and these TFHs from ovarian cancer patients had
impaired IL-21 production [86]. It has been demonstrated that PD-1
ligation suppressed TFH recruitment to germinal centres [88] and that

PD-1 blockade increased the effector function of TFH cells to produce
increased levels of cytokines, chemokines and tertiary lymphoid struc
tures thereby inducing CD8+ T cell and B cell antitumor responses [85,
89]. Taken altogether, these studies show that PD-1 can enhance anti
tumor responses through a number of CD4+ T helper cell subsets.
Contradictory to this notion is the clinical data that demonstrate how
blocking PD-1 can enhance proliferation of Tregs within certain cancers
[90]. This observation provides an insight into the function of PD-1 in
regulating TCR function whereby blocking PD-1 allows for uncontrolled
TCR function resulting in hyperproliferative Tregs. It is interesting to
note that this hyperproliferation does not induce functional plasticity
within these Tregs, which might be due to the enhanced
immune-suppressive cytokine milieu within the TME. Furthermore,
most recently PD-1 was shown to suppress the regulatory function of
Tregs through activation of PI3K/Akt/mTOR signaling [48]. However,
the same group has shown that PD-1 can inhibit the Akt/mTOR pathway
in order to maintain Foxp3 in iTregs [44], thus demonstrating PD-1
induces its regulatory effects through distinct and specific mechanisms
depending upon cell type. These studies together suggest that PD-1
activation can play both positive and negative regulatory roles in con
trolling iTregs and TFRs. Fine tuning PD-1 signaling can hence enhance
or suppress these regulatory populations within the microenvironment.
Within Th17 cells, IL-17 production levels and a resistance to PD-1
based therapies has been demonstrated [91–93]. High levels of IL-17
within murine lung cancer model were first linked to resistance to
PD-1 therapy [91]. Whilst Li et al. [92] further demonstrated, that in
mice where anti-PD-1 therapy failed, the activity in tumor infiltrating
Th17 cells was significantly increased. Notably, Li et al. demonstrated
that addition of IL-17 neutralization alongside anti-PD-1 therapy
recovered sensitivity to PD-1 blockade in mice and led to tumor size
reduction with increased CD8+ T cell activation. Accordingly in lung
cancer patients, higher levels of IL-6 which is produced in response to
IL-17 following anti-PD-1 treatment is associated with poor response to
anti-PD-1 therapy and poor prognosis [94]. Taken together, these data
demonstrate the importance of CD4+ T cell populations in the success or
failure of anti-PD-1 therapy. Therefore, the type of infiltration of T
helper subsets within tumor sites should be considered prior to strati
fying patients on PD-1 based therapies.
3.3. PD-1 and B cells
The initial studies on PD-1 were conducted in B cells where its role in
BCR signaling was elucidated [17,95] and it was demonstrated that PD-1
regulated B cell proliferative responses to anti-IgM antibodies. In addi
tion, increased serum levels of IgG2b, IgA and IgG3 were found in the
PD-1 knock out mice [95]. Recently, a novel subset of PD-1+ B cells with
regulatory function (Bregs) has been reported within the TME of hepa
toma, squamous cell carcinoma (SCC) and thyroid tumors [96–99]. Such
PD-1+ Bregs were functionally distinct from conventional Bregs that
produce IL-10 and instead inhibited T cell responses by binding to PDL1
on CD4+ and CD8+ T cells [98,100]. How PD-1 regulates B cell function,
proliferation, cytokine function is yet to be fully resolved. Whether PD-1
marks a novel regulatory B cell population is not known but the study by
Wang et al., suggests there may be a population of Bregs marked by PD-1
and might possess unique function. As the number of tumor infiltrating
Bregs is associated with cancer progression and poor prognosis, further
investigation into PD-1 in Breg populations may indeed identify addi
tional targets of PD-1-based therapies.
In addition to PD-1, B cells express PDL1 and PDL2, which can
control the function of TFH cells [101] and can mark memory B cell
populations [102]. Therefore, given the promiscuity of PDL expression
on T cells and B cells, it is clear that the PD-1/PDL expression on B cells
can activate multiple regulatory pathways within the microenvironment
through T cell crosstalk and result in immune suppression. Thus, further
delineation of these B cell populations within the TME or in normal
immune system may indicate the regulatory checkpoints that are
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controlled by PD-1 in B cell biology.

thioglycolate-elicited peritoneal macrophages. This observation was not
further explored until the report by Huang et al. [116], which demon
strated that PD-1 can be expressed and impart a function within peri
toneal macrophages. PD-1 expression can be induced in macrophages
following stimulation with a variety of Toll-like receptor (TLR) ligands
[117] and this TLR-driven PD-1 expression has been shown to be
dependent upon Nuclear Factor Kappa B (NFκB) activation, and is not
induced through Nuclear factor of activated T-cells (NFAT) activation in
contrast to B and T cells [118]. Specifically, this TLR-driven PD-1
expression requires p65-dependent transcription [118]. In addition,
PD-1 expression can be augmented by a number of cytokines including
IFNα, TNFα, IL-1β and IL-6.
PD-1 expression modulates the differentiation of macrophages,
skewing polarization towards the more anti-inflammatory M2 pheno
type in both mice and humans [119,120]. Using a PDL1 conditional
knockout mice, it has been reported that PDL1 on T cells can activate
PD-1 on macrophages thus promoting an M2 phenotype with a decrease
in pro-inflammatory cytokines. This occurs through modulation of
STAT6 and Akt signaling, which in turn dampens the adaptive antitumor
immune responses [120]. PD-1 deletion promotes M1 polarization of
macrophages with increased inflammatory cytokine production [119,
121] and blockade of PD-1 significantly enhances macrophage phago
cytosis and intracellular killing ability [119,122]. Accordingly,
anti-PD-1 therapy induces a shift in macrophage polarization and in
creases infiltration of antitumor M1 macrophages in a number of cancer
models [123–125].
Macrophages found in the gastric cancer and esophageal SCC (ESCC)
TME express a significantly higher level of PD-1 in comparison to nontumor macrophages [126,127]; PD-1+ macrophages selectively accu
mulate within tumor tissue and are associated with poor prognosis,
disease progression and recurrence of gastric cancer and ESCC
[126–128]. These PD-1+ macrophages exhibit M2-associated cell
markers, anti-inflammatory cytokine signatures and lowered phagocytic
function. PD-1+ TAMs reduced the proliferation and function of CD8+ T
cells, and these suppressive effects were significantly enhanced upon
PD-1 ligation of the macrophages [126–128].
In confirmation of the above observational reports, Gordon et al.
[129] has demonstrated how PD-1 blockade can enhance TAM phago
cytosis and reduce tumor burden in murine models in a
macrophage-dependent fashion.
Through utilization of a myeloid-specific PD-1 knockout murine
model, Strauss et al. [130] elegantly deciphered the role of PD-1 within
the macrophage compartment in the TME. The authors demonstrate that
abolishing PD-1 expression selectively on macrophages was sufficient to
prevent tumor growth. Moreover, myeloid-specific PD-1 deletion dras
tically altered emergency myelopoiesis of progenitor cells, consequently
improving the antitumor function of myeloid cells and augmenting the
recruitment and function of T cells recruited to the TME. Similarly, in a
glioma murine model, anti-PD-1 treatment was shown to be as equally
effective in either the presence or absence of CD8+ T cells, due to a
marked reduction in the number of PD-1+ macrophages found within
TME and an increase in the presence of M1 macrophages [125].
Taken together, these data suggest that PD-1 expression on macro
phages is a critical checkpoint in tumor growth. These studies cumula
tively also indicate that PD-1 immunotherapies may have direct effects
on PD-1+ TAMs and identifies PD-1 as an immune checkpoint in
macrophage mediated immunity in cancer.

3.4. PD-1 and unconventional T cells
Unconventional T cells are defined as those that can target mono
morphic antigen presenting molecules and other ligands. These include
the MHC class Ib-restricted T cells, mucosal-associated invariant T cells
(MAIT cells), γδ T cells, invariant natural killer T cells (iNKT) and Group
1 CD1(a,b,c)-restricted T cells. While there is some evidence that un
conventional T cells contribute to antitumor responses, the immune
response elicited by these cells within the immunotherapeutic scenario
is yet to be fully deciphered. A comprehensive literature review of un
conventional T cells has been summarized by Godfrey et al. [103] and
within this review the authors suggest that PD-1 expression on these
unconventional T cell could create a niche for these immune cells in
tumor immunity.
The expression of PD-1 and PDL1 in iNKT cells, γδ T cells and MAIT
cells has been noted. In all of these immune cells, PD-1 activation can
inhibit functional cytokine production [104–106]. These studies pri
marily define PD-1 as a cytokine regulator in unconventional T cells but
whether PD-1 affects the proliferation in this population is not known.
These observations allow for the speculation that PD-1 therapies can
enhance functional cytokines within unconventional T cells in the TME
which in turn could drive Th cell differentiation into either Tregs or
effector T cells.
4. PD-1 function within the innate immune system
The PD-1/PDL axis within the innate immune cell compartment
plays an important role in not only boosting antitumor responses in
immunogenic cancers but can also play a role in those tumors that are
low expressors of Class II antigens. In recent studies, PD-1 has been
shown to regulate their immune responses independent of the T cell
compartment. This function of PD-1 receptor in innate immune cells
suggest that modulating the PD-1 pathway can boost immune responses
in the absence of the adaptive immune cells. The specific studies are
highlighted and discussed below.
4.1. Myeloid cells within cancer
Myeloid cells represent a vital component of tumor-infiltrating cells.
Macrophages and dendritic cells (DCs) are able to phagocytose and
destroy cancer cells but also initiate inflammation and an appropriate
adaptive immune response through the presentation of antigens to T
cells and the production of cytokines. The TME drives tumor associated
macrophages (TAMs) toward an M2-like phenotype and skews tumor
infiltrating DCs towards immune tolerance rather than inflammation
(Reviewed in [107,108]). However these TAMs and tumor infiltrating
DCs have been shown to exhibit plasticity and are still capable of antigen
presentation and engagement of T cells.
Presence of M2-polarized TAMs is strongly associated with poor
prognosis in a number of human cancers, driving tumor angiogenesis,
metastasis and negatively modulating T cell function within the TME
(Reviewed in [109]. Presence of mature conventional type 1 DCs
(cDC1s) in the TME correlates with better patient prognosis and
increased T cell infiltration (Reviewed in [110]). These cDC1s are able to
orchestrate the recruitment, priming and expansion of T cells in the TME
[111–113]. This crucial function of cDC1s in the TME is shown in mice
lacking cDC1s that have no response to immune checkpoint therapy
[114].

4.3. PD-1 and dendritic cells (DCs)
DCs can express both PD-1 and PDL1 [131], thus play an important
role in the PD-1/PDL1 axis of antitumor immunity. PD-1 expression can
be induced by IL-10 and PD-1 activation in DCs has been shown to
regulate cytokine production [121,132], cellular maturation [133] and
survival [134].
Tumor infiltrating PD-1+ DCs have been identified in ovarian cancer

4.2. PD-1 and macrophages
Initial studies to elucidate the expression pattern of PD-1 were first
performed by Yamazaki et al. [115] whereby PD-1 expression was
abundantly increased in CD4+ T cells and B cells, but not in
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and hepatocellular carcinoma and actively suppress CD8+ T cell func
tion [131,132,135]. Murine DCs possess low PD-1 expression in early
stages of tumor development with PD-1 expression increasing expo
nentially on DCs as tumor growth increases [131,136]. Activation of
PD-1 on these tumor infiltrating DCs is negatively correlated with their
function, namely through dampening of DC NFκB activation, cytokine
production and antigen presentation, resulting in dampened T cell
priming [131,132,135–137].
In accordance with these findings tumor infiltrating DCs have been
shown to play a non-redundant role in anti- PD-1 therapies [135,138]
and mice with a selective deletion of DCs were not able to reject tumors
following anti-PD-1 antibody treatment in comparison to WT mice
[139]. Finally the number of cDC1s in the TME strongly correlates with
positive outcome from anti-PD-1 therapies for melanoma patients and
increased patient survival across many different cancers [140], thus
underscoring the need to expand our understanding of the role and
function of DCs during anti-PD-1 therapy.
Hence, whether DC expression of PD-1 plays a primary focus in PD-1
based therapies is yet to be resolved. Murine models that are deficient in
DC expression of PD-1 are required prior to understanding the crucial
role of PD-1 expression in DCs and their relative importance in anti
tumor responses.

5.2. Group 1 ILCs and PD-1
Studies show that PD-1 is only expressed at a minimal level in NK
cells in a multitude of both human and murine models investigated
[145,146], however a large number of other studies have indeed shown
PD-1 expression on NK cells [147–150], and subsequently successfully
investigated the function of these PD-1+ NK cells in cancers [150–158].
Increased PD-1 expression in NK cells is correlated to tumor pro
gression and worse patient prognosis in ESCC and renal cell carcinoma
[152,157], though notably this PD-1 expression was significantly
reduced in RCC following tumor resection [152]. PD-1 expression is
upregulated in murine tumor infiltrating NK cells and studies have
shown PD-1+ NK cells to be dysfunctional with lowered expansion,
degranulation, cytotoxic function and cytokine production [150,
155–157].
The meticulous cross-examination of murine, human and canine NK
cell types by Judge et al. [145] seems to contradict many papers that
claim abundant PD-1 expression in NK cells (Commentary by [159]).
However a report by Mariotti et al. [160] revealed that NK cells possess
abundant PD-1 mRNA and a cytoplasmic pool of PD-1 protein, indi
cating that a rapid and robust PD-1 expression in NK cells is inducible,
perhaps by IL-18 or glucocorticoids [161–163]. Another possibility is
the acquisition of exogenous PD-1 from tumor cells or induction via
tumor exosomes as seen in other cell types [99,126] which could also
coordinate with Judge’s findings. However the mechanisms leading to
NK cell PD-1 expression are still to be defined and agreed upon with
PD-1 expression within NK cell subsets appearing to be cancer specific
(MacFarlane 2013, Pesce 2017).
PD-1+ NK cells co-express more inhibitory receptors and are
dysfunctional [154], with PD-1 ligation inducing NK cell apoptosis
[157]. It was further shown that glucocorticoid-induced PD-1+ NK cells
acquired an immature CD56hi phenotype, with defects in cytotoxic
killing, similar to NK cells identified in mesothelioma and metastatic
tumor pleural effusions [162]. Anti-PD-1 therapy activates the PI3K/Akt
pathway in NK cells, a pathway which is vital for driving NK cell cyto
toxic function and antitumor effects [157]. Accordingly, anti-PD-1
therapy has been shown to drive activation of NK cells in non-small
cell lung cancer [154], head and neck cancer [151] and restore activ
ity of NK cells expanded from Hodgkin’s Lymphoma and B cell lym
phoma patients [155]. Furthermore, it is well documented that in vivo
PD-1 blockade can suppress murine tumor engraftment in an NK
cell-dependent manner [153,156,157,164].
There is no doubt that more investigation into the relationship be
tween NK cells, PD-1 and antitumor function is needed. Whilst the
therapeutic potential of NK cells in cancer treatment cannot be ignored
with the revelation of chimeric antigen receptor (CAR-) NK cell therapy
[165], the significance of NK cells during anti-PD-1 therapies is yet to be
fully elucidated. Indeed, the importance of NK cells during PD-1
blockade following the establishment of cancer should be investigated
fully and may reveal further anticancer roles for the different ILC groups,
either during the establishment of cancer or during tumor progression
and treatment. Nonetheless NK cells, with cytotoxic function indepen
dent of MHC recognition, do appear to be an attractive therapeutic
target and should be manipulated within anti-PD-1 therapies for patients
with low tumor MHC levels and that do not show robust CD8+ T cell
activity.

4.4. PD-1 and MDSCs
The expression of PD-1 on myeloid derived suppressor cells (MDSC)
has been reported during infection [141,142]. A similar PD-1 expression
pattern in breast tumor infiltrating MDSCs has also been reported [143]
and in a mouse melanoma model [130]. PD-1 deletion skews the dif
ferentiation of myeloid progenitor cells away from MDSCs and promotes
the differentiation of functional macrophages and DCs, indicating an
important role for PD-1 in the maintenance and expansion of immuno
suppressive MDSCs [130]. Furthermore, anti-PD-1 treatment reduced
the number of MDSCs found in the TME of liver metastatic tumors [123].
Taken together, similar to DCs and macrophages, PD-1 can regulate the
function and proliferation of MDSCs.
There remains a substantial lack of knowledge in the role of PD-1 in
regulating the neutrophil, eosinophils, basophils and mast cell com
partments, although the expression of PDL-1 has been reported. It would
be important to decipher whether PD-1 is expressed and can regulate
these cell populations in a disease specific manner.
5. Innate lymphoid cells
5.1. Innate lymphoid cells within cancer
Innate lymphoid cells (ILCs) are lymphocytes that lack antigen re
ceptors, lacking the ability to differentiate self from non-self. Despite
this, ILCs play a major role in immune defence and tissue homeostasis.
ILCs are classified into three groups named Group 1 ILCs (including NK
cells and ILC1s), Group 2 ILCs (ILC2s) and Group 3 ILCs (including ILC3s
and lymphoid tissue inducers (LTi)) (as described in [144]). ILCs mirror
the different T lymphocyte subsets: NK cells mirror the CD8+ cytotoxic T
cells and the ILC1s, ILC2s and ILC3s, mirror the CD4+ Th1, Th2 and
Th17 cell subsets respectively. Both NK cells and LTi cells are well
defined members of ILCs.
While the antitumor potential of NK cells has been well established in
tumor immunity the involvement of ILCs in tumors is still under inves
tigation. Strong evidence points towards a role of ILCs in antitumor
immunity due to their role in tissue homeostasis and ability to induce
rapid and robust cytokine production in response to tissue damage,
producing cytokines that are characteristic of the TME cytokine profile.
In recent years, the function of co-receptors on ILCs has been elucidated
by numerous groups. Specifically, the function of PD-1 in both ILC
precursors and mature ILC subsets is summarized below.

5.3. Group 2 ILCs and PD-1
PD-1 expression in ILC2 precursors was first reported by Yu et al.
[166] and confirmed by Seillet et al. [167]. It was shown that PD-1+ ILC
precursors were capable of differentiating into mature ILCs but deletion
of PD-1 did not abrogate this ILC differentiation. Taylor et al. also
confirmed that PD-1 deletion did not affect ILC2 differentiation, rather
PD-1 ablation led to significantly increased numbers of ILC2s [168].
PD-1 expression has since been shown to be significantly increased in
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Fig. 5. Spectrum of PD-1 function in immune cell subsets excluding CD8+ T cells.
The spectrum of PD-1 function in various immune cells: PD-1 is able to modulate the proliferation, cellular function and survival in T cells, B cells and ILCs while it is
predominantly associated with regulation of cytokine production, differentiation and phagocytosis in innate immune cells. Breg: Regulatory B cell. DC: Dendritic cell.
ILC: Innate lymphoid cell. iNKT: Invariant Natural Killer T cells. MAIT: Mucosal-associated invariant T cells. MDSC: Myeloid derived suppressor cell. NK: Natural Killer. PD-1:
Programmed cell death protein 1. PDL: Programmed death ligand. Th: T helper. Treg: Regulatory T cell. TFH: Follicular T helper. TFR: Follicular Treg. iTreg: Induced Treg.
nTreg: Natural Treg.

tumor infilitrating ILC2s (TILC2s) in pancreatic cancer [169], breast
cancer and in gastrointestinal (GI) tumors [148].
PD-1 expression in ILC2s has been shown to be induced by TNFα and
IL-33, and is associated with dysfunctional IL-5 and IL-13 production
and ILC2 survival [168–171], which could be recovered by PD-1
blockade [172]. PDL1+ M1 macrophages were shown to inhibit ILC2
function [172] and it has further been shown that PD-1 plays a role in
ILC2 metabolism, with PD-1 deletion shifting metabolism towards
glycolysis away from FAO [170].
Most recently blocking PD-1 in IL-33 sensitive tumors has shown to
enhance antitumor responses in murine models of pancreatic cancer.
PD-1 blockade in IL-33 sensitive pancreatic tumors was demonstrated to
drive the expansion and antitumor priming of TILC2s, subsequently
driving DC recruitment to the TME and subsequently enhancing CD8+ T
cell function within the tumor [169]. This function of PD-1 in enhancing
DC recruitment and T cell function through ILC2s unravels a new
mechanistic role for PD-1 in regulating innate immune cell responses
within the TME. Therefore further investigation into therapies to target
ILC2s and T cells could prove useful within the realm of cancer immu
notherapy research.

therapies and for modulating tissue mediated immunity.
6. Summary
In summary, there is ample emerging evidence that PD-1 does not
selectively regulate CD8+ T cell immune responses but has a vital
functional role in a range of immune cells as outlined in Figs. 2, 4 and 5.
It is worth considering a scenario whereby the expression pattern of PD1 within immune cells might occur sequentially, first on innate immune
cells such as ILCs, potentially dampening their intrinsic IFNγ production.
This intrinsic regulation of effector ILC function could have a knock-on
effect on myeloid cell function and ultimately T cell function. Alterna
tively, PD-1 may be induced on myeloid cells initially which in turn then
regulate T cell and ILC responses.
Two messages can be distilled from the many studies discussed
within this article. First, these studies unravel a specific PD-1 expression
pattern within the innate immune cells that can be harnessed for strat
ifying patients with specific cancers. Within the ILC and myeloid pop
ulation, one can envision early PD-1 blockade can drive ILC responses
whilst late PD-1 blockade can enhance myeloid derived antitumor re
sponses. Between these two windows of immunotherapy lies the op
portunity to modulate PD-1 mediated T cell responses.
Second, the function of PD-1 in classical T cells may be different from
its function in other immune cell populations. PD-1 primarily regulates
both proliferation and cytokine production of T cells whereas its primary
function in unconventional T cells, macrophages and DCs includes
regulating cytokine secretion and cellular function. A functional map of
PD-1 activation in the different immune cells, highlighting these dif
ferences can be derived and is summarized in Fig. 5.
The future of immunotherapeutic research relies on collating data
from the clinical experiences of PD-1 based trials. Generating a critical
map of PD-1 function on immune cells that occupy the microenviron
ment will enable better stratification of PD-1 based immunotherapies.

5.4. Group 3 ILCs and PD-1
PD-1+ ILC3s (both NCR− and NCR+) have been identified in human
decidua where they play a role in balancing immune tolerance and
inflammation [147]. PD-1 expression is higher in ILC3s found in GI tu
mors compared to ILC3s from surrounding tissues [148], though no
difference was seen in the PD-1 expression of ILC3s in breast tumors
compared to non-tumor samples. ILC3s were the prevalent ILC subset in
mesothelioma and adenocarcinoma pleural effusions and strongly
expressed PD-1 [158], suggesting that the TME favoured PD-1 expres
sion in ILC3s. Moreover PD-1 ligation was shown to inhibit cytokine
production in these ILC3s suggesting that PD-1 modulates the ILC3
antitumor response, particularly when presented with a PDL1+ tumor.
The precise function of PD-1 in various ILC subsets is not clear. It is
reasonable to expect that PD-1 expression is significantly enhanced in
the immune cell population that is highly activated by the tumor
secretome. This model is similar to T cell studies where PD-1 may be an
activation marker. Therefore, by studying PD-1 expression on ILCs, one
could determine the predominant tissue-mediated immunity that is
occurring within specific TMEs. Such understanding could lead to the
use of targeted immunotherapies that elicit the best possible outcome for
patients. For instance, PD-1 blocking therapies in a TME enriched with
ILC3s can result in a substantial increase in IL-22 production which may
further support tumor growth whereas in ILC2 rich tumors, PD-1 can
enhance antitumor function. Therefore, determining PD-1 expression on
ILCs within tumor tissue can serve as a biomarker for PD-1 based
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