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Immunotherapy targeting the Programmed Death (PD-1) receptor/ligand (L) “checkpoint”
rapidly gains ground in the treatment of many cancer types. To increase treatment scope
and efficacy, predictive biomarkers and rational selection of co-treatments are required. To
meet these demands, we must understand PD-1 function in detail.We here outline recent
insights into the regulation of the CD8+ T cell response by PD-1. The prevailing view has
been that blockade of PD-1/ligand (L) interaction “reinvigorates” cytotoxic T lymphocytes
(CTL) that were rendered dysfunctional in the tumor microenvironment (TME). However,
this review stresses that tumors continuously communicate with adjacent draining lymph
nodes (LNs) and that the PD-1 checkpoint also operates during T cell priming. We clarify
the role of the PD-(L)1 system at the T cell/DC interface, where it regulates T cell recep-
tor (TCR) signaling and CD28 costimulation and thus controls activation of tumor-specific
T cells.We also highlight the importance of CD4+ T cell help during priming,which allows
DCs to provide other costimulatory and cytokine signals required for optimal CTL differ-
entiation and likely avoidance of a dysfunctional state. Therefore, we pose that PD-(L)1
blockade should exploit LN function and be combined with “help” signals to optimize
CTL efficacy.
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Introduction

Immunotherapy is becoming the fourth pillar in cancer treatment
next to surgery, chemotherapy and radiotherapy. Its aim is to acti-
vate a tumor-specific cytotoxic T lymphocyte (CTL) response that
eradicates all tumor mass, regardless of metastatic spread. CTL
responses generally are polyclonal, harboring T cells with dif-
ferent antigenic specificities. Therefore, immunotherapy can be
effective against genetically heterogeneous, disseminated tumors,
where (targeted) chemotherapies fail. Nevertheless, tumors can
display inherent or acquired resistance to immunotherapy [1].

This review focuses on the current mainstay of cancer
immunotherapy in the clinic: monoclonal antibodies (mAbs) that
block the co-inhibitory receptor PD-1 or its ligand PD-L1 [1,2].
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This therapy proved to evoke durable responses in a proportion
of patients with stage IV melanoma, non-small cell lung cancer
(NSCLC), and mismatch repair-deficient colon cancer [2]. These
cancer types all have a high tumor mutational burden (TMB) and
consequently express neoantigens [3]. Such cancers potentially
evoke a T cell response and then present as “T cell inflamed”
or “hot” tumors with a T cell-rich TME with an IFN-driven sig-
nature [4]. The dramatic and long-lasting responses observed
in previously untreatable cancer patients have led to applica-
tion of PD-L1-targeted therapy in earlier disease stages. In recent
years, neo-adjuvant immunotherapy, prior to surgical resection
of the primary tumor has produced remarkable responses, also
in cancers that were previously not recognized as antigenic
[5]. In neo-adjuvant treatment, the untouched tumor serves as
a reservoir of tumor antigens, that can apparently be tapped
into to generate systemic, anti-tumor CTL responses by PD-(L)1
blockade.
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Since PD-L1-targeted immunotherapy is successful in only
a fraction of patients, is costly and may be accompanied by
immune-related adverse events [6], predictive biomarkers are
urgently needed. At present, key potential biomarkers are
neoantigen load, T cell infiltrate, PD-L1 expression, and/or an
IFN-γ signature in the TME [3,7]. A recent meta-analysis indicates
that high TMB only predicts responsiveness to PD-L1 blockade in
about 25% of all cancers types where high TMB correlates with
CD8+ T cell infiltration of the tumor. In a wide variety of other
cancer types including triple negative breast cancer and prostate
cancer, high TMB did not correlate with CD8+ T cell infiltration
and overall response rates to PD-L1 blockade [8]. These data
clearly indicate that presence of recognizable antigens in the
tumor does not equate immunogenicity and point to important
additional requirements for evoking an effective anti-tumor CD8+

T cell response, such as DC activation and CTL functionality in
terms of tumor penetration, as well as undefined requirements
for CD8+ T cells to respond to PD-L1-targeted therapy.

In addition, PD-L1 targeting needs to be combined with
other approaches to increase efficacy. There are hundreds of
clinical trials ongoing that test combinations with radiotherapy,
conventional or targeted anticancer drugs, or antibodies to other
co-inhibitory or costimulatory receptors. To select the most
promising combination therapies, we need maximal information
on the mechanism of action of PD-L1 targeted therapy. Recently,
several discoveries have been made regarding molecular and
cellular mechanisms underlying the response to PD-L1 checkpoint
blockade, which are very important for research into biomarkers
and candidate targets for combination therapy. We will present
this new information and combine it with new data on the mech-
anism of CTL priming into a comprehensive model of anti-PD-L1
action that can help guide further translational research and
clinical decision making.

The CD8+ T cell population that is targeted
by PD-L1 inhibition

In chronic infection and cancer, CD8+ T cell populations have
been defined that express PD-1 and other co-inhibitory receptors
and display impaired proliferative and cytotoxic capacities. Clas-
sically, cells with this phenotype have been termed “exhausted”
and PD-L1 targeted immunotherapy was thought to help “reinvig-
orate” these exhausted cells [9,10]. However, the view on T cell
exhaustion has dramatically changed in recent years, based on
transcriptome data and lineage tracing that makes use of TCR
sequences as clonal markers. It is now established that exhausted
CD8+ T cells are not derived from previously active effector cells.
Rather, CD8+ T cells can attain a reversible, “predysfunctional”
state early after infection or tumorigenesis that may progress into
an irreversible, terminally exhausted state [10,11] (Fig. 1). There
are different types of nomenclature for the predysfunctional state
of CD8+ T cells and different markers, as outlined in, e.g., [12].
The common features of this state are deficient effector function-
ality, expression of PD-1 and other co-inhibitory receptors and, as

Figure 1. Predysfunctional PD-1+ CD8+ T cells in the TME. In the TME, a
pool of PD-1+ predysfunctional CD8+ T cells exists that undergoes self-
renewal. PD-1 on the predysfunctional CD8+ T cells can interact with
PD-L1 on tumor cells or on cDCs. These interactions impair tumor cell
killing, limiting tumor clearance and antigen availability. Furthermore,
these interactions help drive the cells into an irreversibly exhausted
state. Color codes: grey = tumor cell; blue = cDC; orange = predysfunc-
tional CD8+ T cell; red = exhausted CD8+ T cell.

recently recognized, expression of the transcription factor TCF-1
[11,12].

In chronic infection with lymphocytic choriomeningitis
virus (LCMV), the predysfunctional pool of virus-specific CD8+

T cells proved to rely on TCF-1 and to co-express PD-1, CXCR5,
and SLAMF6 [13,14]. This population proliferates and con-
stantly replenishes a short-lived pool of CD8+ T cells that
are truly exhausted, i.e., irreversibly, epigenetically fixed in a
non-functional state [15–17]. Also in mouse models of cancer,
predysfunctional CD8+ T cells were found in the TME that could
become irreversibly exhausted [16,18,19]. Likewise, in the TME
of various human cancers, TCR tracing argues for progressive dif-
ferentiation of predysfunctional into terminally exhausted CD8+

T cells [20–25]. In human kidney, prostate and bladder tumors,
TCF-1+ predysfunctional CD8+ T cells were found in proximity of
MHC class II+, CD11c+ cells, most likely DCs, denoting cellular
niches that resembled T cell zones in secondary lymphoid organs.
The presence of such niches in the TME positively correlated with
long-term patient survival after surgery [24].

Importantly, PD-L1 blockade was recently found to reinvigo-
rate predysfunctional, but not terminally exhausted CD8+ T cells.
Predysfunctional cells respond to PD-L1 blockade by proliferation.
This was demonstrated in mouse models of chronic LCMV infec-
tion [13,26,27] and cancer [16,28,29]. Moreover, in melanoma
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patients, an increased fraction of TCF-1+ predysfunctional CD8+

tumor-infiltrating lymphocytes is a positive predictor for a clini-
cal response to PD-1 targeted therapy [16,30]. It is now clear that
predysfunctional CD8+ T cells are in an early stage of CTL effector
differentiation and still have the ability to proliferate and further
differentiate. They do this to a certain extent upon PD-1 blockade
[11,12].

PD-L1 on DCs is important for the response
to PD-L1-targeted therapy

Initially, a reductionist model was prevalent in the cancer
immunotherapy field, in which PD-1 on the CTL finds its ligand
on tumor cells and thus imposes a brake on tumor cell killing
in the TME (Fig. 1). This view was likely inspired by the land-
mark study of Iwai et al. who discovered that deliberate PD-L1
expression in tumor cells inhibits anti-tumor immunity [31]. PD-1
has two ligands, PD-L1 and PD-L2, with distinct expression pat-
terns. PD-L1 is expressed on lymphocytes and myeloid cells and
is upregulated under conditions of immune activation, e.g., by
type I and type II IFN. In addition, PD-L1 is expressed on non-
hematopoietic cells, such as vascular endothelium and pancreatic
islands. PD-L2 expression is more restricted and found on acti-
vated DCs, macrophages, mast cells, and peritoneal B1 cells [32].
Furthermore, both PD-L1 and PD-L2 are expressed on placental
trophoblasts, indicating an important role in fetal tolerance [33].
PD-1 sets signaling thresholds during T cell selection in the thy-
mus and plays a role in peripheral tolerance, as judged by the
auto-immune phenotypes of genetically deficient mice [32].

Due to the reductionist model, clinical studies initially focused
on PD-L1 expression on tumor cells as biomarker for PD-L1
targeted therapy. However, in early phase I studies with anti-
PD-L1 mAb Atezolizumab (MPDL3280A), it was already noted
that clinical responses in multiple cancer types correlated with
expression of PD-L1 on either tumor cells, or tumor-infiltrating
immune cells [34]. Immunohistochemistry identified three typical
expression patterns of PD-L1 in human cancer with expression
on either tumor cells or immune cells, or both [35]. Mechanistic
studies were performed in mouse models to assess the relative
importance of PD-L1 expression on either cell type. For this
purpose, predominant tumor models are s.c. implanted MC38
or CT26 colon carcinoma cells that have a high mutational load,
are “hot” and responsive to PD-L1-targeted therapy. Genetic
deletion of PD-L1 in tumor cells and/or in the background of the
host proved that spontaneous tumor rejection was suppressed
by PD-L1 in both compartments [35]. Strikingly, the response
to PD-L1 targeted therapy was not affected by genetic deletion
of PD-L1 in MC38 tumor cells, while it was abolished by PD-L1
deletion in the hematopoietic compartment of the host [36,37].
In agreement, another group found that effective anti-PD-L1
therapy required PD-L1 expression by the host in MC38, 1D8, and
B16-F10 tumor models [38]. Genetic deletion identified PD-L1 on
DCs (CD11c+ cells) as critical for the response of MC38 to anti-
PD-L1 therapy [39]. These findings were refined by comparing

the therapeutic response to PD-L1-deficient MC38 cells in mice
that were PD-L1 deficient in either conventional (c)DCs (Clec9a+

cells) or macrophages (LysM+ cells). PD-L1 on cDCs proved most
important for the response to anti-PD-L1 therapy, even though
MC38 tumors harbor large amounts of PD-L1+ macrophages [40].
In human melanoma, a correlation was suggested between PD-L1
expression on DCs and the response to PD-L1 targeted therapy
[38].

The importance of cDCs, particularly cDC1s, in the response to
PD-L1 targeting therapy is supported by distinct lines of investiga-
tion. In the MC38 tumor model, response to anti-PD-1 treatment
was lost upon genetic elimination of cDC1s, i.e., in a Batf3−/−

background [41]. In B16 mouse melanoma, the modest therapeu-
tic effect of anti-PD-L1 mAb also depended on Batf3 proficiency.
Promoting the generation of DCs from progenitors by Flt3 ligand
together with DC-activating compound poly-IC, synergized with
anti-PD-L1 therapy [42]. Moreover, anti-PD-1 treatment was
found to induce IL-12b production by tumor-resident cDC1s,
which proved important for tumor regression [43]. The cDC1s
made IL-12b in response to IFN-γ that was produced by other cells
in the TME upon anti-PD-1 therapy. Direct application of IL-12
into the tumor increased IFN-γ production, suggesting effector
T cell and/or NK cell activation. The authors also present data
from melanoma patients that were treated with ImmunoPulse
tavokinogene telseplasmid, an IL-12 encoding plasmid that was
electroporated into melanoma lesions on the skin. IL-12 delivery
upregulated multiple genes encoding CTL effector molecules,
supporting the idea that this important DC-derived cytokine can
promote CTL function in the TME [43]. CXCL9 production by
intratumoral cDC1s has also been implicated in the response to
anti-PD-1 therapy in the MC38 model, with the data supporting a
model in which CXCL9 facilitates communication of these cDC1s
with CD8+ T cells in the tumor. CXCL9 levels in blood positively
correlated with the response to anti-PD-1 in a small cohort of
melanoma patients [44]. In renal cell carcinoma and NSCLC
patients treated with Atezolizumab, a cumulative expression
score based on cDC1 signature genes XCR1, BATF3, IRF8, FLT3 in
the tumor was associated with improved survival, also arguing
in favor of a role for cDC1s in the response to PD-L1-targeted
therapy [45]. The cumulative data change the reductionist
model, highlighting that the response to PD-L1-targeted therapy
primarily depends on altered T cell/cDC communication (Fig.
1). The special role of the cDC1 in invigorating the anti-tumor
CD8+ T cell response upon anti-PD-L1 treatment ties in with
its well-documented specialization in antigen cross-presentation
and cross-priming of CD8+ T cells, which is key for anti-tumor
immunity [46].

PD-L1-targeted therapy impacts T cell
priming

In the cancer immunotherapy field, the prevailing view has been
that PD-L1 blockade acts within the TME. However, it has long
been known that PD-1 regulates CD8+ T cell priming [47]. Earlier
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Figure 2. The PD-1 checkpoint in T cell priming
and effector stages. Upon killing of tumor cells,
antigen can be taken up by cDCs and subse-
quently be transported via the lymph to tdLNs.
Here, the cDCs prime naive T cells which leave
the tdLN via the blood and enter the tumor.
If these cells are properly differentiated into
effector CTLs, they can kill more tumor cells,
increasing antigen availability. However, inter-
actions between PD-1 and its ligands may limit
efficacy of CTLs by limiting their priming and
activity in the TME. Color codes: beige = naive
CD8+ T cell; blue = cDC; orange = predysfunc-
tional CD8+ T cell; grey = tumor cell.

studies showed that PD-1 is upregulated on T cells within 24 h
after initial activation [48] and that PD-1 ligands are expressed
on activated DCs [32]. In fact, the original study that defined PD-
1 function already demonstrated that PD-L1 is expressed on APCs
and that PD-1 inhibits both TCR- and CD28 signals [49]. PD-1 sig-
naling was shown to limit the TCR-driven motility arrest of CD4+

T cells on cognate DC [50], which can be attributed to a later
demonstrated negative impact on the formation of stable synaptic
contacts needed for effector T cell differentiation [51]. In agree-
ment, in a mouse model of acute virus infection PD-1 constrained
effector differentiation of CD8+ T cells during priming [52]. Clini-
cal data pointed out that PD-L1 targeted immunotherapy can also
be effective in patients that do not express PD-L1 in the TME [53].
Collectively, these data illuminate that PD-L1 blockade may facil-
itate de novo priming of (tumor-specific) CTLs in tumor-draining
lymph nodes (tdLNs).

Indeed, in the MC38 tumor model, newly primed CD8+ T cells
were found to contribute to the treatment response. Tang et al.
established that s.c. implantation of MC38 cells raises an IFN-
γ-producing T cell response in the tdLNs. Entrapment of newly
primed T cells in the tdLN with the drug FTY720 prohibited the
response to anti-PD-L1 therapy [36]. Extending these findings,
Fransen et al. showed that s.c. implantation of MC38 cells leads
to increased PD-L1 expression on myeloid cells in tdLNs, but not
in non-tdLNs. It also leads to CD8+ T cell priming in the tdLNs,
which is increased by PD-1 blockade. Either FTY720 treatment,
or surgical resection of the tdLNs abrogated tumor infiltration by
newly primed CD8+ T cells and anti-PD-1 mediated tumor con-
trol [54]. These studies clarify that T-cell inflamed tumors com-
municate with their tdLNs to invite new T cell priming, which
is constrained by the PD-L1 checkpoint. The link between these
compartments is formed by migratory cDCs that deliver tumor
antigen and signals that dictate the T cell response. Participation
of the tdLNs in the response to PD-L1 blockade was also demon-
strated in a mouse model with mesothelioma tumor cell lines
that were implanted intrapleurally. This tumor type was shown to
raise predysfunctional (“progenitor exhausted”) PD-1+ CD4+ and

CD8+ T cells in mediastinal tdLNs. Selective inhibition of PD-L1
in tdLNs by low dose, intrapleural injection of the mAb increased
the frequency and proliferation of intratumoral CD8+ T cells and
mediated tumor control, which relied on PD-L1 expression in the
tdLN by cDC1s and cDC2s, but not macrophages. Thereby, this
study supports the concept that PD-L1 blockade promotes prim-
ing of tumor-specific T cells (Fig. 2). The authors furthermore sug-
gest that in human stage II melanoma, PD-1/PD-L1 proximity in
tdLNs, rather than in the tumor, is a prognosticator for early dis-
tant recurrence following surgery [55].

These findings imply that the clinical response to PD-L1
targeted therapy may be visualized in the peripheral blood,
where after therapy certain newly primed T cell clones should
be expanded. Indeed, in a cohort of 29 advanced stage NSCLC
patients, 70% responded by an increase in dividing (Ki-67+) PD-
1+ CD8+ T cells in the blood upon PD-1-targeted therapy [56].
More detailed information has recently come from TCR-based
tracing of T cell clones. In a neo-adjuvant trial with anti-PD-1
treatment of stage II NSCLC patients, TCR sequencing was per-
formed on serial samples of peripheral blood, as well on tumor
and normal lung samples at the endpoint. Interestingly, high
intratumoral TCR clonality was associated with reduced residual
tumor mass at time of surgery and tumor responsiveness was
correlated to high TCR clonality, with clonotypes shared between
tumor and peripheral blood [57]. In basal cell carcinoma, single
cell transcriptomics coupled to TCR sequencing revealed that
particularly in the intratumoral CD8+ T cell population, changes
in TCR repertoire took place upon PD-1 targeted therapy. T cell
clones that were present in the TME pre-treatment and displayed
a terminally exhausted phenotype did not contribute to the
response. Also, the main responders were not TCF-1+ predys-
functional CD8+ T cells that were present pretreatment, but new
clonotypes with an exhausted phenotype that were found in the
tumor posttreatment. These data suggest that upon PD-1 targeted
therapy, newly primed CD8+ T cells entered into the tumor and
turned into exhausted cells in the TME [58]. An independent
analysis of the same data lent support to this conclusion and
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emphasized the sharing of T cell clones between tumor and blood
[59]. Together, these data change the view on the mode of action
of PD-(L)1 targeted therapy: Rather than acting exclusively in the
TME by “reinvigorating” tumor-resident predysfunctional CD8+

T cells, it can instead or in addition, promote CD8+ T cell priming
in tdLNs [60].

PD-1 checkpoint controls TCR and CD28
signaling during T cell-DC communication

CTLA-4 and PD-1 are both termed “checkpoints” for T cell activa-
tion and considered co-inhibitory receptors, but their mechanisms
of action are distinct. CTLA-4’s function is to inhibit CD28 co-
stimulation of conventional T cells (Tconvs). CTLA-4 is constitu-
tively expressed on regulatory CD4+ T cells (Tregs) and inducibly
expressed on activated CD4+ and CD8+ Tconvs. CTLA-4 inhibits
CD28 co-stimulation of Tconvs by binding and downregulating
the CD28 ligands CD80 and/or CD86 from the plasma membrane
of DCs by transendocytosis [61]. Tregs attenuate in this way the
costimulatory state of migratory DCs that present autoantigens.
CTLA-4-deficient mice develop dramatic auto-immune symptoms,
even under germ-free conditions, supporting that CTLA-4 is essen-
tial to maintain peripheral tolerance to self-antigen. Deletion
of CTLA-4 from Tregs likewise precipitates autoimmunity [62].
Autoimmune symptoms resulting from PD-1 deficiency are much
milder, alluding to the distinct functions of CTLA-4 and PD-1 [32].

In terms of signal transduction, CTLA-4 and PD-1 are very dif-
ferent. CTLA-4 has tyrosines in its cytoplasmic tail that were long
thought to represent immunoreceptor tyrosine-based inhibitory
motifs (ITIMs). However, CTLA-4 does not have bona fide ITIMs,
but internalization motifs that allow rapid endocytosis from the
plasma membrane. CTLA-4 is constitutively recycled from the
plasma membrane, befitting its role in transendocytosis of CD80
and CD86 [61]. The cytoplasmic tail of PD-1 on the other hand,
contains two well-defined ITIMs that upon tyrosine phosphoryla-
tion by Src family kinases recruit the tyrosine phosphatase SHP-2
[51,63–66]. Both the TCR/CD3 complex and CD28 activate the
T cell by virtue of tyrosine kinases that phosphorylate many sig-
nal transduction molecules. By bringing SHP-2 in proximity, PD-1
negates these signals [51]. In the cancer immunotherapy field,
PD-1 was largely viewed as an inhibitor of the TCR/CD3 signal,
but reinvigoration of dysfunctional CD8+ T cells by PD-1 block-
ade proved to critically depend on CD28 [67]. In the same year,
a biochemical study using reconstituted lipid vesicles revealed
that the PD-1/SHP-2 complex dephosphorylates CD28 with pref-
erence over CD3 components [63]. Subsequently, knowledge was
advanced by mass spectrometry studies showing that in the cellu-
lar context, PD-1 prefers SHP-2 over SHP-1 but can function with
either and dephosphorylates CD28, and the LAT and SLP72 sig-
naling adaptors [64]. In conclusion, CTLA-4 exclusively inhibits
CD28 co-stimulation, while PD-1 inhibits both TCR/CD3 signaling
and CD28 co-stimulation (Fig. 3A). It follows from these findings
that both “checkpoints” can act in priming and effector phases
of the T cell response, particularly at the T cell/DC interface. It

Figure 3. Impact of PD-L1 on TCR/CD28 signaling at the T cell/DC inter-
face. (A) PD-L1 expressed on activatedDCs binds to PD-1 onCD8+ T cells,
thereby inhibiting the TCR/CD28 signal during priming. Co-stimulation
via CD28 is also impaired by the CTLA-4 mediated downregulation of
its ligand CD80. (B) When PD-L1 forms a heterodimer with CD80 on the
cell surface of the DC, signaling through PD-1 is abrogated, but signal-
ing through CD28 can still take place. Moreover, the CD80;PD-L1 dimer
can no longer be downregulated by CTLA-4, resulting in an increase of
CD28 co-stimulation.

still needs to be resolved how combined inhibition of both “check-
points” can synergize in stimulating the T cell response [68].

Recent data add another layer of complexity on the mode of
action of PD-L1 inhibition. It turns out that PD-L1 can bind CD80
on the membrane of the same cell (in cis) [69]. This ability to
heterodimerize is unique to the CD80;PD-L1 pair and not shared
with CD86 and/or PD-L2 [70,71]. The CD80;PD-L1 dimer cannot
bind to PD-1, nor can it be downregulated by CTLA-4 [70,71].
Strikingly, the CD80;PD-L1 heterodimer can bind to CD28 and
as a consequence, it induces T cell co-stimulation while negating
co-inhibition (Fig. 3B). Primary CD4+ and CD8+ T cells were
shown to escape from PD-1-mediated inhibition by virtue of
CD80;PD-L1 interactions in a study comparing wild-type DCs
and those with mutations disrupting the CD80;PD-L1 interaction.
Accordingly, mice with the same mutations had an attenuated
anti-tumor response upon therapeutic vaccination [71]. Report-
edly, activated cDC1s and cDC2s express PD-L1 [39,45,71]. At
first glance, this contradicts the role of activated cDCs in T cell
priming, but co-expression of PD-L1 with CD80 will allow their
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heterodimerization, which favors CD28 co-stimulation. These
new insights emphasize that we need to pay more attention to the
expression patterns of CD80, CD86, PD-L1, and PD-L2 on cDC1s
and cDC2s, since these dictate the ability of cDCs to co-stimulate
Tconvs via CD28 and to relieve CTLA-4-based suppression by
Tregs. We also need to reconsider the potential mechanisms
underlying synergistic effects of combined CTLA-4 and PD-L1
blockade in the clinic [68] and be aware that clinical targeting
of PD-1 or PD-L1 may not have the same effects on the T cell
response.

It is also very important to consider the effects of checkpoint
inhibition on Treg responses. It is well established that PD-1
engagement on Tconvs can drive their conversion into peripher-
ally induced (p)Tregs [72] and in this context, PD-1 blockade is
expected to promote Tconv responses. However, it has recently
been established in mice genetically deficient for PD-1 in Foxp3-
expressing cells, that PD-1 constrains Treg activation, prolifera-
tion and suppressive activity, at least in part via the PKB/AKT
pathway [73]. This finding indicates that clinical PD-1 block-
ade may lead to increased Treg-mediated suppression of Tconv
responses. Accordingly, a pioneering study in human NSCLC and
gastric cancer combined with work in the MC-38 mouse model
confirms these findings and provides evidence that it is the ratio of
PD-1+ Tconvs versus PD-1+ Tregs in the TME that predicts respon-
siveness to PD-(L)1 blockade rather than the frequency of PD-1+

Tconvs as such [74].

The PD-1 checkpoint in two-step priming

In this section, we would like to present a model that clarifies how
reinvigoration of predysfunctional tumor-specific CD8+ T cells by
PD-L1 blockade links to PD-L1 checkpoint function in T cell prim-
ing. We have recently provided evidence that predysfunctional
CD8+ T cells likely have been primed in absence of CD4+ T cell
help [12]. CD4+ T cell help is essential for full differentiation
of CD8+ T cells into short-lived effector and effector/memory
cells [75–77]. We discovered that predysfunctional CD8+ T cells
in mouse models of chronic LCMV infection and cancer have a
“helpless” gene expression signature [12], as we defined in CD8+

T cells that were primed by vaccination in absence of CD4+ T cell
help [75]. An independent study supports this notion [78]. In
our vaccination model, helpless CD8+ T cells displayed the typ-
ical predysfunctional phenotype and had limited efficacy against
a s.c. implanted tumor, due to reduced cytotoxic and migratory
potential and expression of PD-1, BTLA and other co-inhibitory
receptors. Our hypothesis based on these data is that CD8+ T cells
primed in absence of CD4+ T cell help have not yet completed
their effector differentiation pathway and therefore present as
“predysfunctional.” However, they are not exhausted and can still
complete their effector differentiation pathway, provided that they
receive the stimuli that equate “help” [12] (Fig. 4).

To explain how helpless/predysfunctional CD8+ T cells may
emerge from the priming process in LNs, we refer to recent
insights from intravital imaging. In secondary lymphoid organs,

Figure 4. Proposed connection between help, optimal CTL priming and
the PD-1 checkpoint. Naive CD8+ T cells are activated by (migratory)
cDC1s during the first step of priming. The PD-1 axis inhibits TCR/CD28
signaling and thereby prevents clonal expansion. CD8+ T cells may
leave the LN at this point, but are in an early stage of effector differ-
entiation with limited cytotoxic and migratory abilities and expression
of PD-1 and other co-inhibitory receptors. We propose that this “help-
less” state equals the “predysfunctional” state identified in many stud-
ies. When appropriate activating signals are available, such as type I
IFN, the CD8+ T cells undergo a second step of priming wherein help
is delivered by activated CD4+ T cells via LN-resident cDC1s. This leads
to optimal effector differentiation of CD8+ T cells into potent CTLs that
lack PD-1 expression. Color codes: beige = naive CD8+ T cell; blue =
cDC; orange = unhelped/predysfunctional CD8+ T cell; brown = CD4+

T helper cell; green = optimally primed/helped CTL.

individual T cells move from one DC to the other, until they are
arrested by a TCR-mediated “stop” signal on the DC that presents
their cognate antigen. Among DC subsets, migratory cDCs deliver
self-antigens at steady state and may deliver foreign antigen from
infected or transformed tissue, while LN-resident cDCs pick up
antigen locally. Data argue that CD4+ and CD8+ T cells are ini-
tially activated independent from each other by migratory cDC1
and cDC2 subsets. After this first step of priming, a second step
of priming takes place on LN-resident cDC1s [79–81]. In this
interaction, CD4+ T cell help for CD8+ T cells is delivered [77].
Upon cognate contact with the CD4+ T cell, the LN-resident cDC1
gains the ability to optimize the CD8+ T cell response, in terms
of clonal expansion, effector and effector/memory differentiation.
Key signals include interaction between CD40 ligand on the CD4+

T cell and CD40 on the cDC1, which promotes its expression of IL-
12, CD80/CD86 and CD70. CD27 co-stimulation of CD8+ T cells
via CD70 is a very important effector pathway of CD4+ T cell
help [75,77]. Whether CD4+ T cell help is delivered depends
on chemokines such as XCL-1 that bring the cells together and
on type I IFN that is likely delivered by plasmacytoid DCs [82].
Type I IFN has long been known to promote CTL responses and
optimizes the cross-presentation and costimulatory ability of
cDC1s [83].
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Figure 5. Proposed effects of PD-L1 targeted
therapy in tdLNs and tumor. The effects of PD-
L1 blockade are threefold: (1) TCR/CD28 signal-
ing is enabled during priming of naive (tumor-
specific) T cells, inducing proliferation of these
cells. However, PD-L1 blockade alone is not
sufficient to allow the second step of prim-
ing in which help signals are delivered (dotted
lines). Therefore, (2) PD-L1 blockade in the tdLN
increases the pool of (tumor-specific) predys-
functional T cells. These cells will exit the
tdLN and potentially reach the tumor, even
though they have limited migratory ability. (3)
In the TME, PD-L1 blockade will also allow
predysfunctional T cells to proliferate and tran-
siently improve their cytotoxic capacities. How-
ever, ultimately these “reinvigorated” T cells
will become exhausted. When “help mimick-
ing” signals such as CD40 or CD27 agonism
are added to PD-L1 blockade, the second step
of priming will be recapitulated and helped
effector CTLs will be generated that lack PD-
1 expression and can more effectively kill the
tumor cells. CD4+ T cell help (or its replacing
signals) also allows for generation of CTLmem-
ory. Color codes: beige = naive CD8+ T cell; blue
= cDC; orange = unhelped/predysfunctional
CD8+ T cell; brown = CD4+ T helper cell;
green = optimally primed/helped CTL; red =
exhausted CD8+ T cell; grey = tumor cell.

We have found that CD8+ T cells primed in absence of CD4+

T cell help can go from the LN into the circulation, but then dis-
play the helpless/predysfunctional phenotype that includes PD-1
cell surface expression. In contrast, cells that have received help
have downregulated PD-1 [75]. Thus, we propose a model in
which the PD-1 axis operates transiently during T cell priming
to inhibit CD28 co-stimulation and resulting T cell clonal expan-
sion, likely at the first step of priming. It is intuitive that clonal
expansion should only take place optimally after the second step
of priming, since in this way, only a limited number of LN-resident
cDC1s are needed to relay CD4+ T cell help. In tumor settings,
PD-1 expression on CD8+ T cells in the blood enriches for tumor-
specificity [84], in line with the idea that tumors likely prime help-
less CTLs, because essential signals such as activated CD4+ T cells
and/or type I IFN may be lacking [83].

Several preclinical studies in chronic LCMV infection and
tumor models have shown that helpless/predysfunctional PD1+

CD8+ T cells are the population that is reinvigorated by PD-(L)1
blockade [13,16,26]. In line with the idea that they receive CD28
co-stimulation, reinvigorated cells undergo proliferation and tran-
siently gain effector functions that can contribute to tumor con-
trol, but they do not undergo full CTL effector differentiation.
Instead, they retain expression of inhibitory receptors and even-
tually turn into terminally exhausted cells [16,85]. At present,
there are no data that argue in favor of a transition of predys-
functional CD8+ T cells into terminally differentiated, short-lived
effector CTL upon PD-L1-targeting therapy [11]. Reinvigoration
likely takes place on migratory cDC1s that present antigen from
the tumor. The interaction can take place within the TME, and/or
in the tdLN (Fig. 5).

Conclusions and future perspectives

The remarkable effects of PD-L1 checkpoint blockade have put
immunotherapy firmly on the map as a treatment modality for
cancers that cannot be controlled by surgery or radiotherapy
alone. As we reviewed here, PD-L1 blockade transiently activates
predysfunctional CD8+ T cells by enabling TCR signaling and
CD28 co-stimulation at the interface with cDCs, either in the
tumor or in the tdLNs. These new insights argue that sparing
tdLNs during surgery is important in adjuvant immunotherapy.
The recent finding that PD-L1 blockade can likewise promote
Treg responses, brings Tregs into the equation when considering
effects of PD-1 blockade on T cell priming and effector stages.
Furthermore, we propose that the restoration of CTL function
by PD-L1 blockade is temporary and incomplete, because other
essential costimulatory and cytokine signals are still lacking.
For adequate display of CTL effector function and generation of
memory, the full spectrum of CD4+ T cell help signals should be
provided to predysfunctional CD8+ T cells (Fig. 5). CD4+ T cell
help signals can be replaced by combining PD-L1 blockade with
CD27 agonism [77,86–88]. Alternatively, CD40 agonism will
instruct cDCs to provide all required costimulatory signals and
cytokines [77]. In addition, enlarging the pool of cDC1s by the
differentiation factor Flt3L, in combination with DC activation
signals can be a powerful approach to break anti-PD-1 resistance
[89]. A constraint in all of these approaches may be that tumors
prime strong Treg responses, which reduce the ability of tdLN
to prime tumor-specific conventional T cells [90,91]. Detailed
knowledge on the division of labor between CD80, CD86, PD-L1,
and PD-L2 and their impact on Treg versus Tconv priming should

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu



1918 Jannie Borst et al. Eur. J. Immunol. 2021. 51: 1911–1920

help to allow for new interventions that do not break tolerance to
self-antigen but do overrule Treg activity and promote responses
to tumor antigens.
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