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Abstract

Immune checkpoint inhibitors provide considerable therapeutic benefit in a range of solid cancers as well as in a
subgroup of hematological malignancies. Response rates are however suboptimal, and despite considerable efforts,
predicting response to immune checkpoint inhibitors ahead of their administration in a given patient remains
elusive. The study of the dynamics of the immune system and of the tumor under immune checkpoint blockade
brought insight into the mechanisms of action of these therapeutic agents. Equally relevant are the mechanisms of
adaptive resistance to immune checkpoint inhibitors that have been uncovered through this approach. In this
review, we discuss the dynamics of the immune system and of the tumor under immune checkpoint blockade
emanating from recent studies on animal models and humans. We will focus on mechanisms of action and of
resistance conveying information predictive of therapeutic response.
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Background
Immune checkpoint inhibitors (ICIs) are at the forefront
of a therapeutic revolution in the treatment of cancer.
Acting by modifying the anti-tumoral immune response,
they offer the attractive prospect of long-lasting and self-
sustained responses, having proven their potential to
elicit considerable tumor control in a range of solid tu-
mors as well as in a subgroup of hematological malig-
nancies. Five year overall survival rates reaching 44 % in
stage IV melanoma patients treated with an anti-PD-1
monotherapy in first line is in bold contrast with the 8 %

5 year overall survival rates observed under chemother-
apy in the same pathology [1, 2], illustrating the consid-
erable potential of these therapeutic agents. Reported
response rates to ICIs are however limited, ranging from
10 to 40 % in monotherapy [3, 4]. Despite this large dis-
parity in patient outcome, ICIs are, with very few excep-
tions, administered on a one treatment fits all basis.
Moving towards a more potent and tailored approach to
ICI prescription calls for a better understanding of the
mechanisms underlying the action of these agents.
Several parameters influencing the probability of re-

sponse to ICIs have been identified and recently
reviewed elsewhere [5]. These can be subdivided into
features of the tumor genome [6, 7], host immune-
related traits [8] and the microbiota [9–11]. These mul-
tiple and diverse factors shape the complex interaction
of the tumor and the immune system. Furthermore,
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tumor evolution rests on somatic mutations, clonal se-
lection and random genetic drift [12, 13], making their
precise course of development difficult to predict. Sto-
chastic processes were also shown to determine the be-
havior of the immune system [14, 15]. As such, the
tumor, the immune system and their common inter-
action, have to be considered as a complex dynamic pro-
cesses, the behavior of which not being fully predictable
based on their state at a given point in time [16].
In this review, we intend to highlight the importance

of studying mechanisms influencing response to ICIs
under the scope of the dynamics of the immune system
and of the tumor under treatment. We will focus on the
multitude of immune cell subsets that were shown to be
impacted by ICIs. We will also discuss tumor-intrinsic
mechanisms of immune evasion in an effort to provide a
comprehensive review of identified dynamic mechanisms
leveraging or infringing the response to these agents.
Our discussion will emphasize on the two subclasses of
ICIs registered for use in a range of solid tumor types,
namely cytotoxic T-lymphocyte antigen 4 (CLTA-4) and
programmed cell death protein 1/ programmed death-
ligand 1 (PD-1/PD-L1) inhibitors, reporting on studies
conducted on both animal models and humans. The
large scope of research covered required a focus on the
results of a selected set of the most relevant studies in
the field.

Effector T cells under anti-CTLA-4
Following its upregulation on T cells upon T cell recep-
tor (TCR) engagement, CTLA-4 binds with its CD80
and CD86 ligands, thereby outcompeting the CD28 co-
stimulatory receptor [17]. The CTLA-4 checkpoint is
understood to mainly regulate T cell activation during
the priming phase, B7 ligands being constitutively, but
not exclusively, expressed by antigen presenting cells
(APC). By infringing on this mechanism of T cell intrin-
sic negative regulation, CTLA-4 blockade leads to en-
hanced T cell proliferation and activation, as illustrated
by the rapidly lethal lymphoproliferation displayed by
CTLA-4 deficient mouse [18]. In tumor bearing mouse
models, this action of CTLA-4 blockade translates into
the expansion of both CD4 + and CD8 + effector T cells
in the tumor microenvironment (TME)[19]. In these
models, the increase in CD4 + T cells in the tumor ap-
pears to be of a greater magnitude than that of CD8 + T
cells [19], both T cell subsets proving necessary in medi-
ating tumor immune control [20]. CD8 + T cells expand-
ing in the TME under anti-CTLA-4 express markers of
exhaustion (PD-1, T cell immunoglobulin and mucin
domain-containing protein 3 [Tim-3]), activation (gluco-
corticoid-induced tumor necrosis factor receptor
[GITR], CD38) and co-stimulation/development (CD27
and CD127) molecules [20, 21]. These reinvigorated

CD8 + T cells are, at least to some extent, tumor-antigen
specific [20, 22, 23] and their expansion in the TME
under anti-CTLA-4 correlates with response in a
number of human studies [24, 25]. In line with these
findings, Ji et al. reported that melanoma lesions
responding to ipilimumab (anti-CTLA-4) displayed a
greater on-treatment increase in transcripts consistent
with an interferon gamma (IFN-γ) induced T cell cyto-
toxic response compared to non-responding ones [26].
Enhanced memory CD8 + T cell expansion can also be
observed under CTLA-4 blockade [27]. This is expected
to be critical for long-term tumor control and is re-
ported to be predictive of treatment benefit in clinical
studies [28, 29]. Of note, a study on advanced melanoma
patients treated by the anti-CTLA-4 tremelimumab re-
ports no association between the on-treatment expan-
sion of CD8 + effector T cells observed in the TME
under treatment and response [30]. Interestingly, CD8 +
T cells of non-responding lesions showed similar activa-
tion profiles as those infiltrating responding ones [30].
Although the small sample size of the study, which had
only 3 objective responses, paired with the more limited
benefit observed under tremelimumab monotherapy as
compared to ipilimumab in clinical studies, has to be
taken into account, these findings suggest the
importance of counteracting immunosuppressive forces
in the TME [31, 32]. It also highlights the precept that
adequate CD8 + effector T cell function is necessary but
not sufficient for tumor growth suppression under im-
munotherapy [33].
The main CD4 + T cell subset expanding in tumors of

mouse models under CTLA-4 blockade displays a Th1-
like effector phenotype and distinctively expresses ICOS,
which is a marker of T follicular helper cells [19]. Sev-
eral observations account for the functional relevance of
this T cell subset in the mediation anti-CTLA-4 action
on the tumor. It has been shown that ICOS-deficient
mice displayed attenuated anti-tumor T cell responses to
anti-CTLA-4 therapy [34]. Also, a tumor microenviron-
ment skewed in favor of a CD4 + T helper 1 (Th1) ef-
fector T cell infiltration is conditional for the response
of castration resistant prostate cancer metastasis to anti-
CTLA-4 [35]. Similarly, the expression of Th1 associated
genes was reported to be higher in melanoma tumors of
patients responding to ipilimumab compared to non-
responders, and was documented to increase on-
treatment [26]. Conversely, a peripheral blood profile
skewed in favor of Th17 instead of Th1 cells was re-
ported to be predictive of autoimmune toxicity rather
than response to anti-CTLA-4 [36]. This is consistent
with the documented pathogenic role played by Th17
polarization in a range of auto-immune diseases [37]. In-
ducible T cell co-stimulator (ICOS+) CD4 + T cells were
shown to expand in the tumor and peripheral blood of
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anti-CTLA-4 treated patients in several clinical studies
covering a range of solid tumor types [38–44], although
their frequency in the periphery was not found to be im-
pacted by CTLA-4 blockade in 2 others [28, 29]. Two
clinical studies show the peripheral expansion of this T
cell subset to be positively associated with response and/
or overall survival following ipilimumab treatment [40,
41], although a third study reports no correlation of
ICOS + CD4 + T cell dynamics with survival [29].
A proliferative surge can be observed in CD4 + and

CD8 + T cells circulating in the peripheral blood of pa-
tients as early as 3 weeks after a first dose of anti-CTLA-
4 [45–47]. The expansion of CD4 + and CD8 + T cells in
the peripheral blood of patients under anti-CLTA-4
coincides with a shift towards a higher proportion of
activated human leukocyte antigen (HLA)-DR+ relative
to naïve C-C chemokine receptor type 7 (CCR7)+/
CD45RA+) cells, as well as in an increased representa-
tion of central memory (CCR7+/CD45RA−) and effector
memory (CCR7−/CD45RA−) cells [28, 42, 48–50]. En-
hanced T cell responses against known tumor antigens
observed in the periphery of anti-CTLA-4 treated pa-
tients suggests this systemic response to be at least in
part tumor specific [23, 51, 52]. This bulk lymphocyte
expansion in the periphery of anti-CTLA-4 treated pa-
tients translates in an on-treatment increase in absolute
lymphocyte count (ALC), which correlates with im-
proved overall survival and/or response to ipilimumab in
several studies [53–56], albeit not in another [57]. Mo-
lecular imagery allowing for the mapping of cell prolifer-
ation identified secondary lymphoid tissues as the main
site of lymphocyte proliferation following anti-CTLA-4
treatment, with no signals of significant proliferation in
melanoma lesions themselves [58]. This is in line with
the results of a study reporting on matched pre and on-
treatment tumor biopsies from patients under anti-
CTLA-4 revealing no change in Ki-67 expression in
post-treatment TILs having expanded under therapy
[30]. Effector T cells expanding in the TME under anti-
CTLA-4 are therefore proposed to consist mostly of
newly infiltrated clones issued from a proliferative
process taking place in the periphery. Collectively, these
observations highlight the importance of a systemic im-
mune reinvigoration in the mediation of anti-CTLA-4
action on the tumor.
Observations based on the changes in TCR repertoire

in the periphery under anti-CTLA-4 treatment provide
contrasting information with regards to the anti-tumoral
specificity of the systemic T cell reinvigoration induced
by these agents. The distribution of the TCR repertoire
can be described by different metrics. Its richness refers
to the number of unique T cell clones represented,
whereas its clonality or evenness defines the distribution
of their respective frequencies. Pre and on-therapy TCR

V-beta CDR3 sequencing of peripheral blood mono-
nuclear cells (PBMC) under anti-CTLA-4 reveals an in-
crease in richness of the TCR repertoire under therapy
[59, 60]. This increase in the number of unique T cell
clones under CTLA-4 blockade results from a substan-
tial remodeling process peaking at 2 weeks after treat-
ment start [61], involving both expansions and losses of
clonotypes [60]. The evenness of the TCR repertoire
under anti-CTLA-4 therapy is comparatively less af-
fected, appearing to be either non-impacted or mildly re-
duced by CTLA-4 blockade [59, 61, 62]. The increase in
richness of the TCR repertoire in the periphery of anti-
CTLA-4 treated patients, suggested to result from
unleashed T-cell priming, could be expected to enhance
immune control of the tumor through the generation of
new T cell responses covering a broader range of neoan-
tigens [63]. The observation of an on-treatment increase
in neoantigens detected by circulating CD8 + T cells
under ipilimumab in a cohort of melanoma patients is in
line with this hypothesis [64]. The polyclonal activation
of T cells in the periphery induced by anti-CTLA-4 was
however shown to correlate with treatment-related auto-
immune toxicity rather than with tumor response in
both preclinical models [33] and human studies [59, 61].
The on-treatment increase in TCR repertoire clonality
in the periphery of anti-CTLA-4 treated patients is simi-
larly biased towards immune-related adverse event
(irAE) as opposed to response [62, 65]. Postow et al. ob-
served the baseline peripheral blood TCR repertoire of
melanoma patients treated by ipilimumab to be more
diverse in responding patients compared to non-
responders [66]. Furthermore, Cha et al. found that the
maintenance of clones present in high frequency at base-
line and the low rate of clonotype loss under therapy
correlates with improved overall survival of a melanoma
patient cohort treated by anti-CTLA-4 [60]. Together,
these findings suggest the therapeutic action of anti-
CTLA-4 to rest mainly on pre-existing anti-tumor
reactivity and to occur despite the on-treatment remod-
eling of the peripheral TCR repertoire rather than as a
result of it. Moreover, in a study on a cohort of early
breast cancer patients treated in the neoadjuvant setting
with a single dose of ipilimumab, cryoablation or a com-
bination of both, intratumoral and peripheral T cell
clones expanding under therapy were found to be poorly
correlated [67]. The apparent uncoupling of the dynam-
ics of the peripheral TCR repertoire with tumor response
therefore questions the role of the T cell reinvigoration in-
duced by CTLA-4 blockade in the periphery in leveraging
the anti-tumoral action of the treatment.

Immune suppressive T cells under anti-CTLA-4
Regulatory T cells (Tregs) are an immunosuppressive
subset of forkhead box P3 (Foxp-3+) CD4+ CD25high T
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cells known to be determinant in the regulation of the
immune response to cancer [68–70]. Tregs are known
to constitutively express CTLA-4 [46, 71, 72], which is a
target gene of the Foxp3 transcription factor[73]. The
cell-extrinsic action exerted by CTLA-4 expressed on
Tregs is important to their function as mediators of per-
ipheral immune tolerance [74, 75]. Observations issued
from animal models suggest CTLA-4 could also act as a
negative regulator of Treg function in a cell-intrinsic
way [76]. In tumor bearing murine models exposed to
anti-CTLA-4, Tregs are found to expand in the periph-
ery [77–79], whilst simultaneously being depleted in the
TME. This anti-CTLA-4 induced Treg depletion in the
TME is suggested to be mediated by Fc-gamma-receptor
expressing macrophages via a mechanism of antibody
dependent cell-mediated cytotoxicity (ADCC) [78, 80–
83], the dual action of anti-CTLA-4 on intratumoral and
peripheral Tregs resting on the higher expression of
CTLA-4 on exhausted tumor-infiltrating Tregs [84].
Whilst the action of anti-CTLA-4 on effector T cells
(Teffs) appears to be mandatory for immune control of
the tumor, therapeutic leverage of CTLA-4 blockade on
TME Tregs allows for deeper responses than those ob-
served under blockade of CTLA-4 on Teffs alone [77].
In line with this, an on-treatment increase in intratu-
moral Teff:Treg ratio conditions optimal immune con-
trol of the tumor under anti-CTLA-4 in a number of
models [77, 78, 80, 85]. A recent study on different mur-
ine models however reports the therapeutic activity of
human IgG1 anti-CTLA-4 ipilimumab to rest predomin-
antly on Fc-dependent Tregs depletion and to be inde-
pendent of checkpoint blockade [86]. The existence and
relevance of this suggested mechanism of anti-CTLA-4
action remains unconfirmed in humans, where observa-
tions of on-treatment Tregs dynamics are marked by
discrepancy. The expansion of Tregs in the peripheral
blood of anti-CTLA-4 treated patients was documented
in a number of studies [46, 87–89]. Others have however
reported declining or unchanged levels of peripheral
Tregs under therapy [29, 44, 49]. The predictive insight
provided by the dynamics of peripheral Tregs under
CTLA-4 blockade is also unclear, their on-treatment
change in frequency correlating negatively [90], not at
all [53, 57, 91], or even surprisingly positively [88] with
anti-CTLA-4 treatment benefit in different clinical stud-
ies. More relevant to treatment outcome is the dynamics
of Tregs in the TME, where Fc-dependent depletion is
suggested to occur. Reports on the dynamics of intra-
tumoral Tregs under anti-CTLA-4 are here again dis-
cordant. In a cohort of regionally advanced melanoma
patients treated with 2 neoadjuvant doses of ipilimumab,
Tarhini et al. found a trend in an inverse association be-
tween the change in on-treatment intratumoral Tregs
frequency and clinical benefit [88]. Romano et al.

similarly found a significant decline in intratumoral
Tregs frequencies relative to total intratumoral T cells in
melanoma patients responding to ipilimumab, but not in
non-responding patients [92]. Two studies however re-
port increasing levels of Tregs in on-treatment biopsies
of patients treated by tremelimumab [25, 93]. Although
these results could be attributed to the poor binding of
this IgG2 anti-CTLA-4 subtype to the human Fc-gamma
receptor, accounting for its low predicted ADCC activity,
Sharma et al. also report increased frequencies of intra-
tumoral Tregs in on-treatment biopsies of melanoma,
bladder cancer and prostate cancer patients treated with
the IgG1 anti-CTLA-4 ipilimumab (known to bind to
most Fc human receptors), when compared to stage-
matched pre-treatment biopsy controls [93]. These
results do not allow to settle the debate on the impact of
ipilimumab on intratumoral Tregs dynamics in humans
[94]. Figure 1 illustrates T cell subsets whose dynamics
in the TME under treatment were shown to correlate
with anti-CTLA-4 treatment outcome. Identified dy-
namic biomarkers of anti-CTLA-4 treatment outcome
are listed in Table 1.

Effector T cells under anti-PD-1
When engaged to its PD-L1 and PD-L2, PD-1 inhibits
downstream signaling of the TCR, thereby negatively
regulating T cell activity [111]. PD-1 expression is in-
duced on T cells upon their activation, whilst its ligands
can be expressed by a range of cell types, including
tumor cells and other non-immune cell subsets, in re-
sponse to inflammatory cytokines [112]. PD-1/PD-L1 in-
hibitors are understood to act by interfering with this
negative feedback loop regulating T cell activation. In
line with this hypothesis, the upregulation of genes asso-
ciated with enhanced effector T cell activity stands as a
consistent correlate of response to these agents [24, 95,
106]. Matched pre and on-treatment biopsies issued
from clinical studies show the action of PD-1 blockade
on the tumor to translate into a marked intratumoral ex-
pansion of CD8 + effector T cells coinciding with a
change in gradient of CD8 + T cell density from the
tumor margins into its center [95–97]. This on-
treatment expansion in CD8 + T cells coincides with an
increase in CD8 + T cell clonality in the TME [96], sug-
gesting that the intratumoral CD8 + T cells expanded on
therapy are tumor-reactive.
There is considerable reported heterogeneity in pheno-

types and functional states amongst tumor-infiltrating
CD8 + T cells. A subset of interest expresses high levels
of PD-1 and co-express Tim-3, lymphocyte-activation
protein 3 (LAG3), T cell immunoreceptor with Ig and
ITIM domains (TIGIT) and CD39, defining a phenotype
of exhaustion (Tex) [113, 114]. Exhausted CD8 + T cells
in the TME have a higher potential for tumor antigen
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recognition and have a higher clonal distribution than
any other CD8 + T cell subsets represented in the TME
[115, 116], in line with the understanding that this dys-
functional cell state develops as a function of chronic
antigen exposition. The Tex phenotype translates func-
tionally into an impaired capacity in IL-2, tumor necro-
sis factor alpha (TNF-α) and IFN-γ effector cytokine
production [115]. PD-1 blockade has been suggested to
reinvigorate the immune response against the tumor by
reversing the state of terminally exhausted tumor-
antigen-experienced CD8 + T cells. This paradigm is
however challenged by the observation that the terminal
state of exhaustion is associated with a distinct epigen-
etic profile limiting cell-state reversibility [117–119].
Recent evidence suggests that anti-PD-1 engages pro-
genitor Tex subsets co-expressing PD-1 and tcf-1 rather
than terminally exhausted subsets [120, 121]. In animal
models, this engagement of anti-PD-1 on PD-1+/tcf-1 +
CD8 + T cells induces their self-regeneration or their
further differentiation into terminal effector cells, losing
T cell factor 1 (tcf-1) expression and developing func-
tional states of exhaustion in the process [122, 123]. This
is in line with the observation that anti-PD-1 associates
with an increase, rather than a decline, in intratumoral
CD8 + T cells displaying phenotypes of terminal exhaus-
tion [124, 125]. Of note, tumor infiltrating Tex subsets
preserve their capacity to proliferate until terminal ex-
haustion states [116, 126] and were shown to play an ac-
tive role in the recruitment of other immune subsets to
the TME through secretion of chemokine ligand 13

(CXCL13) in non-small cell lung carcinoma (NSCLC)
tumors [115]. This suggests that Tex may play an active
role in the anti-tumoral immune response. Anti-PD-1
was also shown to engage distinct memory-precursor
like CD8 + T cell subsets, leading to their accumulation
in the tumor [127]. The on-treatment intratumoral accu-
mulation of CD8 + T cells with memory-like features has
been associated with enhanced cytotoxicity [128] and
stands as a correlate of response to PD-1 blockade in
preclinical models as well as in clinical studies [97, 129],
suggesting this to be an important pathway mediating
anti-PD-1 tumor control. These observations collectively
show that PD-1 blockade promotes the anti-tumoral
CD8 + T cell response by engaging distinct Tex progeni-
tor subsets, rather than by reversing the state of termin-
ally exhausted T cells.
Genes related to antigen presentation, T cell activation

and T cell homing are amongst the most highly upregu-
lated in tumors responding to PD-1 blockade [24]. In
paired pre and on-treatment biopsies of basal cell carcin-
oma patients treated by nivolumab, a significant propor-
tion of specific TCR sequences of clonally expanded
tumor-infiltrating Tex post-treatment were not detected
in site-matched pre-treatment biopsies [124]. This cor-
roborates the documentation of new neoantigen-specific
T cell responses in the TME of matched pre and post-
treatment biopsies of melanoma tumors following 2
doses of neoadjuvant nivolumab [130]. Yost et al. report
that a significant fraction of the TCR sequences of clon-
ally expanded CD8 + T cells in post anti-PD-1 treatment

Fig. 1 Correlation of T cell subset dynamics with the anti-tumoral action of CTLA-4 blockade in the tumor microenvironment (TME). The action of
anti-CTLA-4 on the tumor has been associated with its ability to expand and activate intratumoral CD8+ effector T cells, broaden the range of
neo-antigens targeted and induce memory CD8+ T cell subsets. CD4+ effector T cell subsets may also markedly expand in the TME on therapy
and contribute to the modulation of the anti-tumoral immune response, a Th-1 response profile in the TME standing as a correlate of response
to anti-CTLA-4. Another proposed, yet still debated, mechanism of anti-CTLA-4 action on the tumor is the depletion of intratumoral Tregs via a
mechanism of antibody-dependent cell mediated cytotoxicity that is independent of immune checkpoint inhibition
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biopsies were absent in baseline tumors whilst present in
the peripheral blood of treated patients before and on-
treatment. The CD8 + effector T cell response induced
by anti-PD-1 may therefore in part rely on the influx of
new CD8 + T cell clones issued from the periphery, in
line with preclinical models showing impaired response
to anti-PD-1 when interfering with the migration of im-
mune cells into the tumor [129].
The systemic response to PD-1 blockade manifests as

an increase in the proliferation of peripheral CD8 + T
cells early into the course of anti-PD-1 therapy in treated
patients [100, 125]. It coincides with dynamic changes in

the distribution of the peripheral TCR repertoire, PD-1
blockade impacting on its evenness more than its rich-
ness [96, 106, 107]. This on-treatment increase in clonal-
ity of the peripheral TCR repertoire correlates with
treatment benefit in a number of studies [106–108], as
does a high frequency of shared clones between the per-
ipheral blood and the TME [124]. We have recently
observed the frequency of peripheral CD107+ CD8+

cytotoxic T cells directed against a known cancer testis
antigen in repeated longitudinal peripheral blood sam-
pling of a gastric cancer patient treated by an anti-PD-1
to closely correlate with different phases of disease

Table 1 Dynamic immune correlates of anti-CTLA-4 and anti-PD-1 treatment outcome in clinical studies

Dynamic biomarkers Associated
outcome

Cancer type ICI treatment References

Expansion and activation of CD8 + effector T cell in the tumor Clinical benefit Melanoma Anti-CTLA-4 monotherapy [24, 25]

Anti-PD-1 monotherapy [95–97]

Increase in absolute lymphocyte count in the periphery Clinical benefit Melanoma Anti-CTLA-4 monotherapy [53–56]

Expansion in CD8 +memory T cells in the periphery Clinical benefit Melanoma Anti-CTLA-4 monotherapy [28, 29]

High on-treatment CD38 + PD-1 + CD8 + T cell counts in tumor
and periphery

Progressive disease Melanoma Anti-PD-1 monotherapy [98]

Expansion in CD8 + T cells in the tumor Clinical benefit Melanoma Anti-PD-1 monotherapy [97]

Upregulation of genes associated with T cell activation & T cell
homing in the tumor

Clinical benefit Melanoma Anti-PD-1 monotherapy [24]

Increase in INF-gamma induced transcripts in the tumor Clinical benefit Melanoma Anti-CTLA-4 monotherapy [26]

Upregulation of genes involved in antigen presentation in
the tumor

Clinical benefit Melanoma Anti-PD-1 monotherapy [24, 99]

Proliferative response of PD-1+/CD8 + T cells in the periphery Clinical benefit Multiple cancer
types

Anti-PD-1 monotherapy [100–102]

Expansion of ICOS + CD4 + T cells with Th1 like effector
phenotype in the periphery

Clinical benefit Multiple cancer
types

Anti-CTLA-4 monotherapy [40, 41]

Expansion in Tregs in the tumor Hyperprogressive
disease

Gastric
adenocarcinoma

Anti-PD-1 monotherapy [103]

Depletion of Tregs in the tumor Clinical benefit Gastric
adenocarcinoma

Anti-PD-1 monotherapy [103]

Melanoma Anti-CTLA-4 monotherapy [88, 92]

Expansion of Tregs in the periphery Disease progression Melanoma Anti-CTLA-4 monotherapy [90]

Clinical benefit Melanoma Anti-CTLA-4 monotherapy [88]

Anti-PD-1 monotherapy [104]

None Multiple cancer
types

Anti-CTLA-4 monotherapy [53, 57, 91]

Decline in 4PD1Hi cells in the tumor or in the periphery Clinical benefit Melanoma Anti-PD-1 monotherapy [105]

Increased richness of the TCR repertoire in the periphery irAE Melanoma and
mCRPC

Anti-CTLA-4 monotherapy [59, 61]

Increased clonality of the TCR repertoire in the periphery irAE Melanoma and
mCRPC

Anti-CTLA-4 monotherapy [62, 65]

Clinical Benefit Multiple tumor
types

Anti-PD-1 monotherapy [106–108]

Depletion in specific MDSCs subsets in the periphery Clinical benefit Melanoma [88, 109]

Decline in bulk B cells coinciding with an increase in CD21lo

B cells or plasmablasts in the periphery
irAE Melanoma Combined anti-CTLA-4/

anti-PD-1
[110]

*Trend in association, not reaching statistical significance (P = 0.09)

Relecom et al. Journal of Experimental & Clinical Cancer Research           (2021) 40:74 Page 6 of 19



evolution under treatment [131]. These observations
suggest the systemic CD8 + effector T cell response to
be an important leverage of anti-PD-1 tumor control. A
number of studies have investigated the CD8 + T cell
proliferative response in the peripheral blood as a pre-
dictive biomarker of anti-PD-1 benefit. Analyzing pre
and on-treatment peripheral blood samples of stage IV
melanoma patients treated with pembrolizumab, Huang
et al. [100] report the on- treatment fold change in
Ki67+/PD-1+ CD8+ T cells by 6 weeks of first dose of
anti-PD-1 administration to correlate with objective re-
sponse rate, progression free survival and overall survival
after adjusting for a measure of tumor burden at base-
line. The timing of the proliferative response was shown
to impact on the predictive ability of this biomarker in a
study on NSCLC patients treated with pembrolizumab,
where the PD-1+ CD8+ T cell proliferative response after
a single dose of a PD-1 inhibitor was found to correlate
with response only if it occurred within 4 weeks of treat-
ment initiation [101]. Further study into the early dy-
namics of circulating PD-1+ CD8+ T cells revealed the
peak of the proliferative response to occur as early as 7
days following the first dose of anti-PD-1 [102, 125].
The fold increase in PD-1+/Ki67+ CD8+ T cells from
baseline to 7 days after the first pembrolizumab adminis-
tration predicted durable clinical benefit (DCB) with a
sensitivity and specificity of 90 % and 75 % respectively,
in thymic epithelial tumor patients [102].
In contrast with anti-CTLA-4, PD-1 blockade exerts a

limited impact on the on-treatment dynamics of tumor
infiltrating CD4 + effector T cells in murine models [19].
The study of matched pre/on-treatment biopsies of mel-
anoma patients having received an anti-PD-1 revealed a
decrease in frequency of effector memory CD4 + T cells
post-treatment, whilst an on-treatment increase in intra-
tumoral CD4 + effector T cells was found to be a nega-
tive correlate of response [97]. The role of CD4 +
effector T cells, if any, in mediating anti-PD-1 tumor
control, is to date therefore not established.

Immune suppressive T cells under anti-PD-1
Tregs can express varying levels of PD-1 and PD-L1, a
comparatively higher expression of PD-1 being found in
those infiltrating the tumor [132–134]. The PD-1/PD-L1
axis is an important pathway mediating the inhibition of
Teffs by Tregs in murine tumors, chronic infection or
autoimmunity models, where this inhibition is demon-
strated to be largely mediated by direct cell contact
[135–138]. PD-1 blockade could therefore contribute to
the anti-tumoral immune response by interfering with
this trans inhibitory mechanism of Teffs function. The
PD-1/PD-L1 axis however also modulates Tregs function
via cell-intrinsic pathways. PD-1 blockade translates into
a reduced immunosuppressive function of Tregs and

their decline in the TME in a number of preclinical
murine model studies [135, 139]. These results are cor-
roborated by an in vitro study based on PBMCs obtained
from advanced melanoma patients, where anti-PD-1 was
found to induce resistance of cytotoxic T cells to Tregs
inhibition, to reduce the immunosuppressive function of
Tregs and to result in their down-regulation of Foxp3
[140]. In murine models, it has been shown that the PD-
1/PD-L1 axis mediates the conversion of CD4 + Th1 ef-
fector T cells into induced Foxp3 + regulatory T cells
(iTregs) [141, 142] and sustains iTregs function by con-
tributing to maintain their Foxp3 expression [142–144].
Other preclinical studies however show PD-1 blockade
to correlate with an increase rather than a decline in
Tregs infiltration in the TME [145]. An increase in intra-
tumoral proliferation of Tregs observed after a single
dose of neoadjuvant pembrolizumab correlated inversely
with the recurrence-free survival of a melanoma patient
cohort [125]. Although the mechanism underlying such
a PD-1 induced proliferative surge in Tregs in the tumor
are not clearly established, the possible contribution of a
counter-regulatory feedback mechanism in response to a
re-invigorated CD8 T cell response is plausible. A direct
induction of Tregs proliferation by anti-PD-1/PD-L1
may however also come at play. PD-1-Hi Tregs resident
in human glioblastoma tumors were found to be dys-
functional and to express genes enriched in exhaustion
signatures [133]. Exhausted PD-1-Hi Tregs subsets ob-
tained from chronic infection contextures display en-
hanced proliferation under PD-L1 blockade both in vitro
[146] and in vivo [147], suggesting that anti-PD-L1 have
the capacity to rescue Tregs in the exhausted cell-state.
In a chronic lymphocytic choriomeningitis virus (LCMV)
model study, anti-PD-L1 allowed the rescue of
exhausted CD8 + T cells early into the course of infec-
tion but failed to do so in its later stages, where it re-
sulted instead in the substantial expansion of PD-1+

Tregs [147]. This paradoxal effect of PD-1/PD-L1 block-
ade is reminiscent of the marked infiltration by highly
proliferative Foxp-3Hi/CD45− CD4+ T cells (effector
Tregs) reported in biopsies of gastric adenocarcinoma
patients presenting with hyperprogressive disease under
anti-PD-1 treatment which contrasted with responders
who displayed a decline in intratumoral Tregs frequen-
cies upon treatment [103]. An expansion of Tregs can
be observed in the peripheral blood of patients early into
the course of anti-PD-1 therapy [104, 148]. This expan-
sion in circulating Tregs correlated with a reduction in
their immunosuppressive function as well as with disease
non-recurrence, when observed in the peripheral blood
of resected melanoma patients treated by adjuvant nivo-
lumab therapy [104]. Further study into the dynamics of
circulating Tregs under PD-1 blockade is necessary to
assess their functional relevance and predictive value.
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These observations collectively suggest the action of PD-
1 blockade on Tregs could have both positive and detri-
mental effects on the immune response to cancer. This
latter point serves as a rational for ongoing studies
into the benefit of combining PD-1/PD-L1 blockade
with agents impacting on the TGF-beta signaling
pathway [145, 149].
Another immunosuppressive CD4 + T cell subset

found to be regulated by anti-PD-1 has recently been
identified. These cells, referred to as 4PD1Hi, express
high levels of PD-1, lack Foxp-3 expression and are fur-
ther characterized by a T-Follicular Helper profile [105].
4PD1Hi cells were shown to accumulate in the tumor as
a function of tumor progression and were shown to
exert a direct inhibition on T cell effector function.
CTLA-4 inhibition was shown to induce tumor infiltrat-
ing and circulating 4PD1Hi cells, whereas anti-PD-1
treatment exerted an opposite effect on this cell subset.
Downregulation of tumor-infiltrating and circulating

4PD1Hi populations under anti-PD-1 treatment was fur-
ther documented as a correlate of response to pembroli-
zumab in a melanoma patient cohort. Specific subsets of
CD8 + T cells expanding under anti-PD-1 were also
found to correlate positively with tumor growth, sug-
gesting their immunosuppressive role [19]. An immuno-
suppressive CD8 + T cell subset coexpressing PD-1 and
CD38 expanding upon anti-PD-1 therapy under condi-
tions of suboptimal priming, has recently been identified
[98]. In post treatment biopsies of anti-PD-1 treated
melanoma patients, a percentage of PD-1+/CD38+ cells >
4 % amongst the total CD8 + T cell population predicted
treatment failure (p < 0.001). Furthermore, the on-
treatment dynamics of the PD-1+/CD38+ CD8 + T cell
population in the peripheral blood was also predictive of
therapeutic outcome. Identified T cell subsets mediating
anti-PD-1 action on the tumor are depicted in Fig. 2.
Identified dynamic biomarkers of anti-PD-1 treatment
outcomes are listed in Table 1.

Fig. 2 Identified T-cell subset pathways modulating the action of anti-PD-1 on the tumor. Anti-PD-1 antibodies are suggested to engage distinct
transcription factor T cell factor 1 (TCF-1) expressing precursor CD8+ T cell subsets, thereby inducing either their self-regeneration or their further
differentiation into terminal effector CD8+ T cells. Enhanced tumor infiltration by cytotoxic T cells and CD8+ memory T cells both stand as
correlates of an effective re-invigoration of the anti-tumoral immune response under PD-1 blockade. Anti-PD-1 can also directly engage an
immune suppressive Foxp3− CD4+ T cell subset expressing high levels of PD-1 and displaying a T follicular-helper profile (4PD1Hi) cells, inducing
their downregulation in the tumor microenvironment and in the periphery. Anti-PD-1 may also contribute to anti-tumoral immunity by infringing
the inhibition of effector T cells by PD-1+ Tregs in the TME mediated by direct cell contact (trans mechanism). PD-1 blockade also induces
potentially opposite cis-effects on PD-1+ Tregs, leading either to their downregulation (reduced immune suppressive function and
downregulating Foxp-3 expression) or to their expansion (through the reversal of a functional state of exhaustion). Anti-PD-1 antibodies may
induce the expansion of immune suppressive CD8 + T cell subsets, including that of a CD38+ PD-1+ CD8+ T cell subset suggested to result from
suboptimal priming, which will have an adverse influence on the anti-cancer immune response
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B cells under CTLA-4 and PD-1 blockade
The immune response to cancer has been mostly studied
under the scope of the T cell compartment. B cells,
which represent 25–33 % of the immune infiltrate of hu-
man melanoma tumors [150, 151], are however increas-
ingly recognized as important actors and regulators of
the anti-tumoral immune response. Tumor associated B
cells (TAB) display a wide range of phenotypes and
functions [152]. TAB may secrete pro-inflammatory cy-
tokines and may generate antibodies possibly mediating
antibody tagged tumor-cell death through complement
activation and opsonization. TAB may also contribute to
T cell mediated tumor death through their capacity to
function as potent antigen presenting cells [153, 154].
TAB may however also exert an immunosuppressive ef-
fect, as depicted by so-called B regulatory (Bregs) sub-
sets, notably through the production of cytokines such
as IL-10 and transforming growth factor beta (TGF-β)
[155]. Wang et al. notably identified a B-cell subset ex-
pressing PD-1 in differentiated thyroid tumors, capable
of functionally suppressing T cell activity [156]. This
duality in action may account for the conflicting results
of animal model studies with regards to the role of B
cells in the anti-tumoral immune response, as well as for
the divergence in the reported prognostic insight pro-
vided by the degree of B cell infiltration in different
tumor subtypes [157]. The intratumoral B cell infiltra-
tion nonetheless consistently correlates with prolonged
patient survival when associated with the presence of
tertiary lymphoid structures (TLS) within tumor tissue.
TLS have been documented in a range of solid tumor
types as well as in autoimmune disease and transplanted
organs, where they stand as surrogate markers of im-
mune activation [158, 159]. Several studies report TLS-
associated gene-expression signatures in tumors at base-
line to be predictive of longer overall survival in patients
treated with PD-1 and/or CTLA-4 blockade [150, 160,
161]. This prognostic ability could be independent of the
therapeutic impact of immune checkpoint therapy. The
presence of TLS within a tumor could also be the surro-
gate of an active and chronicized anti-tumoral immune
response, thereby signaling a potentially favorable terrain
for ICI action. There is however growing evidence sug-
gesting an active role of B cells and TLS in the anti-
tumoral immune response generated by anti-CTLA-4
and anti-PD-1 treatment.
Using murine models of triple negative breast cancer

treated by combined PD-1 and CTLA-4 blockade, Hol-
lern et al. found response to therapy to correlate with a
significant elevation in the intratumoral expression of a
B cell mRNA signature [162]. In these models, the on-
treatment expansion in tumor-infiltrating B cells coin-
cided with increased expression of markers associated
with B cell activation and proliferation in class-switched

B cells and increased expression of major histocompati-
bility complex (MHC) class II genes in non-classed
switched cells. Interestingly, the selective ablation of B
cells within the tumor abrogated therapy response and
resulted in lower on-treatment CD4 + and CD8 + T cell
tumor infiltration along with a lower representation of
effector memory CD8 + T cell subsets. Inversely, the
intratumoral presence of T cells was also conditional to
therapy induced B cell activation, which in this study
was found to rest on a CD4 + follicular helper T cell sub-
set induced under treatment. The importance of the co-
operation of follicular helper T cells with Th1 cells and
B cells in orchestrating the anti-cancer immune response
is corroborated by their association with a favorable
prognosis in breast and colon cancer [163, 164]. Add-
itional evidence issued from longitudinal sample collec-
tion issued from patients under ICI supports a role for B
cells in leveraging the anti-tumoral action of ICI treat-
ment. Cabrita et al. describe a gene expression signature
associated with the presence of TLS in melanoma tu-
mors to correlate with response to PD-1 blockade when
applied to on-treatment tumor biopsies of two inde-
pendent melanoma patient cohorts. Interestingly, this
TLS gene expression signature was in contrast not pre-
dictive of response in pre-treatment biopsies of the same
patients. In another study, post-treatment intratumoral
B cell counts and B cell associated gene signatures
strongly correlated with response to anti-PD-1 +/- anti-
CTLA-4 in locally advanced melanoma patients exposed
to neoadjuvant ICI therapy, whilst B cell counts at base-
line did not [165]. Preliminary evidence therefore sug-
gests a possible role of TAB in shaping T cell response
and mediating the anti-tumoral action of ICI therapy, al-
though much remains unknown in this emerging field of
research. It is also unclear whether this potential ICI-
induced effect on B cells could be registered in the per-
iphery. In a study reporting on B cell dynamics in the
peripheral blood of melanoma patients under anti-
CTLA-4, anti-PD-1 or their combination, Das et al. re-
ported that combined therapy correlated with a decline
in circulating B cells coinciding with an increase in
CD21lo B cells and plasmablasts detectable within a sin-
gle cycle of therapy [110]. Interestingly, these changes
did not correlate with treatment benefit, but were in-
stead found to be associated with increased rates of
grade III or higher irAE within 6 months of therapy.

Myeloid cell compartment under CTLA-4 and PD-1
blockade
Monocytes, macrophages and dendritic cells are involved
in antigen presentation and T-cell priming and are as
such key constituents of the cancer immunity cycle,
bridging the innate to the adaptive immune response.
Cancer related chronic inflammation however disturbs
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the myeloid cell line maturation process, leading to the
development of myeloid derived suppressor cells
(MDSCs) and tumor-associated macrophages (TAMs)
which are potent suppressors of the anti-tumoral im-
mune response [166]. Tumor associated monocytes and
macrophages display a wide range of phenotypes and
function, spanning across two ends of a spectrum repre-
sented by pro-inflammatory (M1) and immunosuppres-
sive (M2) extremes [167]. Several studies in animal
models suggest the possibility for ICI treatment to in-
duce a striking remodeling of the intratumoral myeloid
cell compartment from an immunosuppressive compos-
ition to a pro-inflammatory one [168, 169]. Post-
treatment TAMs display an increased expression of
MHC and of co-stimulatory molecules [169]. Such re-
programming of TAMs may contribute to anti-tumoral
T cell responses through in situ antigen presentation
[170], possibly accounting for the enhanced effector T
cell response this ICI induced myeloid remodeling was
shown to convey [169].
INF-gamma secreted by reinvigorated T cells is a pos-

sible indirect mediator of this ICI-induced myeloid cell
reprogramming in the TME [168]. In another preclinical
study, dual PD-1 and CTLA-4 blockade was found to in-
duce an increase in pro-inflammatory macrophages in
the TME of animal models via a mechanism involving a
specific subset of Foxp3− CD4+ T cells [171]. Direct
mechanisms of regulation of MDSCs by PD-1 or CTLA-
4 blockade were also identified. CTLA-4 is expressed on
human monocytes and can be induced on monocyte-
derived dendritic cells (mDC), where it acts as a negative
regulator of mDC cytokine secretion and of mDC-
associated antigen-specific CD4 + T cell proliferation
[172]. In mice, subsets of tumor-derived MDSCs ex-
pressing PD-1 and CTLA-4 display decreased arginase 1
expression and activity upon CTLA-4 or PD-1 blockade
in vitro [173]. This accounts for a possible mechanism
contributing to anti-CTLA-4 and anti-PD-1 anti-tumoral
action, arginase 1 activity impairing T cell function in
the TME of murine models, thereby contributing to im-
mune evasion [174]. Furthermore, PD-1 blockade was
recently shown to interfere with the maturation block of
cells of myeloid lineage resulting in the accumulation of
MDSCs under conditions of emergency myelopoiesis.
This allowed the maturation of myeloid precursors to
proceed into effector macrophages and dendritic cells,
thereby contributing to reorganize the myeloid compos-
ition of the TME into one contributing favorably to the
immune response [175]. Interestingly, myeloid-specific
PD-1 ablation lead to a greater impact on tumor control
than T cell-specific PD-1 ablation in this model. These
proposed mechanisms of ICI action on the myeloid cell
compartment are depicted in Fig. 3. These preclinical
observations suggest immune checkpoint inhibitors to

be capable of influencing the composition of the intratu-
moral myeloid cell compartment, whether in a direct or
in an indirect way. This may however be insufficient to
overcome the immunosuppressive action exerted by the
higher macrophage intratumoral densities found in late
stages of tumor evolution [169]. Several preclinical stud-
ies demonstrated improved tumor control through the
combination of ICI with agents depleting or functionally
impairing MDSCs (which include PI3K inhibitors and
entinostat amongst others) [176–180], setting the
ground for ongoing clinical trials testing such
combinations.
The on-treatment decline in bulk circulating MDSCs

levels in given specific MDSCs subsets have been docu-
mented under anti-CTLA-4 in a number of clinical tri-
als, where this parameter correlates, to some degree,
with patient outcome [29, 48, 88, 109]. This association
is however not universally reported [181]. Furthermore,
the dynamics and predictive value of the main MDSCs
subsets defined as monocytic MDSCs (mo-MDSCs) and
polymorphonuclear MDSCs (PMN-MDSCs) based on
distinct surface marker expression and function [182],
were highly discrepant in these studies. Similarly, whilst
the level of circulating mo-MDSC and PMN-MDSC sub-
sets were not shown to be affected by PD-1 blockade in
several clinical studies [97, 183, 184], high-dimensional
single-cell analysis applied to the peripheral blood of
metastatic melanoma patients treated with an anti-PD-1
revealed a striking remodeling of the myeloid compart-
ment 12 weeks after initiation of therapy [183]. The con-
siderable heterogeneity [167] and plasticity [185] of the
myeloid cell compartment points to the necessity to
study MDSCs dynamics under ICI using comprehensive
cellular and molecular profiling platforms. An enhanced
ability to monitor the evolution of myeloid cells under
immune checkpoint blockade is critical, provided the
considerable impact these may have in both facilitating,
or inhibiting the effector T cell response elicited by these
therapies.

Monotherapy versus multiple checkpoint
blockade
The upregulation of alternative immune checkpoints
stands as a pathway of immune escape to ICI monother-
apy. In murine models, blocking one immune check-
point induces the upregulation of alternative immune
checkpoints in tumor infiltrating T cells [186, 187]. The
observation of significant V-domain Ig suppressor of T
cell activation (VISTA) and PD-L1 upregulation in the
immune infiltrate of prostate tumors after two doses of
ipilimumab therapy suggests that such mechanisms of
adaptive immune resistance may be induced early into
therapy [188]. In this study, the increase in expression of
alternative immune checkpoint in post-treatment
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biopsies was more important in prostate cancer tumors
than in melanoma tumors exposed to the same therapy,
possibly accounting for the limited benefit offered by ipi-
limumab in prostate cancer patients [189, 190]. These
observations suggest the early upregulation of alternative
immune checkpoint in the tumor immune infiltrate
could convey information predictive of treatment out-
come. This information could in turn be leveraged into
guiding tailored therapeutic action aiming to overcome
such immune resistance pathways. In a study document-
ing the upregulation of TIM-3 on tumors of mice having
developed resistance to PD-1 blockade, the sequential
addition of a TIM-3 inhibitor was shown to recover im-
mune control of the tumor, suggesting the potential
benefit of such an approach [186]. Upfront multiple
checkpoint blockade stands as an alternative approach.
In advanced melanoma patients, combining ipilimumab
and nivolumab induces higher response rates as com-
pared to either agent in monotherapy and translates into
5-years overall survival of 52 %, compared to 44 % and
26 % in nivolumab and ipilimumab single treatment
groups, respectively[1]. Despite being associated with an
increased incidence of irAE, the therapeutic benefit con-
ferred by this combination led to the Food and Drug
Administration (FDA) to grant its further approval in
intermediate and poor risk advanced renal cell

carcinoma, metastatic NSCLC with > 1 % PD-L1 expres-
sion as well as in hepatocellular carcinoma [3, 191, 192].
In preclinical models, the higher potency of the anti-
CTLA-4/anti-PD-1 combination translates into markedly
increased CD8+ T cells/Tregs and CD8+ T cells/MDSCs
ratios in post-treatment biopsies compared to single
checkpoint blockade [187, 193]. In murine models, the
combination of anti-CTLA-4 and anti-PD-1 induces
changes in gene expression that are interestingly largely
non-overlapping with those observed under either agent
in monotherapy [194]. Similarly, in a human study,
CTLA-4 and PD-1 combined blockade was reported to
induce the expression of distinct sets of genes in T cells,
differing from those induced in patients under anti-PD-1
or anti-CTLA-4 alone [45]. These observations suggest
that combined immune checkpoint blockade induces a
pattern of immune modulation that differs from the sum
of its parts.
Interestingly, different classes of ICI may also influ-

ence one-another’s action when administered sequen-
tially, as exemplified by a prospective study on advanced
melanoma patients randomized to receive nivolumab
followed by ipilimumab or to these same drugs adminis-
tered in an inverse order, showing higher response rates
in the prior sequence as compared to the latter, along
with distinct irAE profiles [195]. These clinical

Fig. 3 Proposed mechanisms for the reconfiguration of tumor-associated macrophages under immune checkpoint blockade. Both CTLA-4 and
PD-1 blockade have shown to be capable of inducing a profound remodeling of the myeloid cell compartment in the tumor and in the
periphery, reconfiguring its immunosuppressive function into a pro-inflammatory one. This effect has been suggested to be mediated indirectly,
via the reinvigoration of T cells and the INF-gamma cytokine secretion allowing for the pro-inflammatory polarization of monocytes newly
infiltrating the tumor. A direct cis-action of anti-PD-1 and anti-CTLA-4 on tumor-associated macrophages expressing these receptors, resulting in
part in reduced arginase-1 expression, is also proposed. This reconfiguration of the intratumoral myeloid compartment may in turn contribute to
enhance the T cell response directed against the tumor notably through the capacity of tumor-associated macrophages to act as potent antigen-
presenting cells. PD-1 blockade was also shown to impact on the myeloid cell lineage maturation process, allowing myeloid precursor cells to
pursue their maturation into terminal effector macrophages, thereby overcoming the block in maturation leading to the generation of MDSCs
observed in cancer-associated emergency myelopoiesis
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observations echo results of studies reporting the im-
mune modulation exerted by ICI to be influenced by
prior treatment with another ICI subclass. The ex-
pression of genes induced in peripheral T cells by
PD-1 blockade is reported to be influenced by past
CTLA-4 exposition status in a number of studies [24,
45, 106]. Prior treatment with an anti-CTLA-4 was
also shown to impact on the predictive ability of TCR
repertoire dynamics in a cohort of melanoma patients
treated with an anti-PD-1 [106]. In this study, thera-
peutic response was shown to correlate with an in-
crease in clonality of the TCR repertoire in
ipilimumab naïve melanoma patients, whilst correlat-
ing instead with an increase in its richness in patients
pre-exposed to the anti-CTLA-4. The predictive po-
tential of CD8 + T cells expansion under PD-1 inhib-
ition was similarly impacted by prior anti-CTLA-4
exposition, correlating with response only in ipilimu-
mab naïve patients. CTLA-4 blockade therefore ap-
pears to leave a long-lasting print in the immune
system, which may impact the immunomodulation
exerted by future exposition to an anti-PD-1.

Immunoediting and other tumoral mechanisms of
immune escape
The indirect mode of action of ICI implies therapeutic
response to rest on their ability to reconfigure the anti-
tumoral immune response. This added immune pressure
has been shown to induce changes in tumor compos-
ition early into the course of therapy (Fig. 4). In paired
baseline and on-treatment biopsies issued from melan-
oma patients exposed to anti-PD-1 therapy, a high fre-
quency of clonal variants decreasing on treatment
correlates with a favorable treatment outcome [106]. In-
versely, the frequency of novel single nucleotide variants
(SNVs) appearing under treatment correlates with stable
or progressive disease. In this study, the authors also
measured changes in tumor mutational burden (TMB)
from baseline to week 4 of nivolumab treatment. Inter-
estingly, a reduction in TMB under nivolumab strongly
correlated with response and was more predictive of
treatment outcome than pre-treatment TMB alone.
Early on-treatment changes in tumor composition may
therefore serve as early signals of response. This illus-
trates the capacity of the immune system to infer on
tumor development and subsequently shape tumor com-
position as part of a process referred to as immunoedit-
ing. Conversely, a lack of immunoediting early into the
course of therapy may point to primary immune resist-
ance and serve as a negative correlate of ICI treatment
benefit. Theoretically, immunoediting will however in
time select for lesser immunogenic clones, thereby favor-
ing immune escape translating into secondary immune
resistance [196–198].

Immune resistance can be mediated by the engage-
ment of a number of identified pathways. Tumors
displaying signatures that reflect a cytotoxic response
were shown to harbor recurrent sets of specific loss
of function mutations in genes involved in antigen
surface expression and extrinsic apoptosis signaling
pathways (such as CASP-8), along with genetic ampli-
fications in genes involved in immune evasion (such
as PD-L1/2) [199]. Mutations impacting on the func-
tion of the antigen presentation machinery stand as
important determinants of tumor immunogenicity
suggesting their relevance with regards to ICI benefit.
Point mutations, deletions or loss of heterozygosity in
beta-2-microglobulin (β-2 M) were documented in
30 % of melanoma patients progressing under ICI
[200]. β-2 M is a key protein involved in the trans-
port of MHC class I to the cell surface, loss of func-
tion mutations of the β-2 M genes providing cells
with a means of escaping neoantigen recognition by
T cells in the TME. The selective expansion of β-2 M
mutated clones despite a successfully ICI-induced
reinvigorated CD8 + T cell response has been further
documented in a number of studies [106, 125, 201].
Tumor cell-intrinsic pathways suggested to actively
exclude T cells from the TME have also been identi-
fied. These include phosphoinositide 3-kinase (PI3K)
activation (through loss of PTEN), TP53 mutations,
MYC and WNT-B-catenin signaling pathways [202],
alterations in the latter notably correlating with re-
duced immune cell infiltration in melanoma and colo-
rectal cancer tumors [203, 204]. Whole exome
sequencing on paired baseline and progressing lesions
of melanoma patients having initially responded to
anti-PD-1 therapy, identified the loss of function mu-
tations in JAK1 and JAK2 genes, which are involved
in the IFN-γ signaling pathway, as mechanisms of ac-
quired resistance to PD-1 inhibitors [201]. Defects in
the INF-gamma signaling pathway were similarly
shown to confer resistance to anti-CTLA-4 therapy in
melanoma patients [205]. In a recent study on base-
line and on-treatment tumor biopsies of a melanoma
patient cohort, Grasso et al. observed the anti-
tumoral action of ICI to rest in part on INF-γ in-
duced changes in gene expression in melanoma tumor
cells resulting in their increased expression of surface
antigens and reduced expression of genes associated
with immune exclusion [99]. INF-γ issued from the T
cell response reinvigorated by ICI is therefore sug-
gested to mediate a cross-talk between immune cells
and tumor cells contributing to enhance the anti-
tumoral immune response. This highlights further the
need to consider ICI action under a system approach
whereby tumor cells and immune cells are constitu-
tive entities of the same system.
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Present and future perspectives on immune
monitoring under ICI
The study of immune dynamics within the TME
under ICI is critical to gain understanding into mech-
anisms mediating ICI treatment activity. However, the
immune contexture may differ in different metastatic
sites of the same patients, translating into distinct tra-
jectories of immune responses in individual lesions in
time [206, 207]. These observations challenge the

utility of single lesion biopsies to comprehensively as-
sess the anti-tumoral immune response against cancer
in a multi-metastatic patient. Furthermore, repeated
tumor tissue biopsies imply a considerable burden
and risk of complications for patients. Although the
extent to which immunological events occurring at
the level of the TME are represented in the periphery
remains to be further elucidated, preclinical and clin-
ical observations discussed in this review suggest the

Fig. 4 Dynamic interaction of the tumor with the anti-tumoral immune response induced by immune checkpoint blockade. The immune
response directed against the tumor may induce changes in tumor cells that will participate in the regulation of this response. As, such, tumor
cells are active regulators of the immune response directed against the TME. Tumor cells have the potential to both enhance or weaken the
immune system (e.g. through the upregulation of genes involved in the antigen-presentation machinery in response to INF-gamma), or (e.g.
through the expression of PD-L1 or the upregulation of pathways actively participating to the exclusion of T cells from the TME) respectively. The
resulting immune response will in turn contribute to dynamic changes in tumor clonal composition. An effective anti-tumoral immune response
will translate into the elimination of tumor cell clones as a function of their immunogenicity. This may in time select for pre-existing or de novo
immune resistant clones that have the capacity to thrive in spite of the immune pressure induced by ICI, leading to secondary
immune resistance
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therapeutic effect of ICI to be mediated, at least in
part, by the systemic response they generate. As such,
immune processes registered on circulating leukocyte
populations could be valid surrogates of the clinical
action of ICI. One must however acknowledge that
some of the evoked pathways of ICI action and resist-
ance rest on processes occurring within the TME. It
is plausible that such local mechanisms may not be
captured in the periphery. Although the perspective
of monitoring ICI action in the peripheral blood is
appealing in many regards, some information may be
restricted to the TME, possibly including that under-
lying dissociate metastatic site-specific disease evolu-
tions under treatment.
The findings presented in this review highlight the

potential for ICI to impact on a number of immune
pathways interfering with the complex and dynamic
interaction of the tumor with the immune system. A re-
strictive focus on a limited number of immune pro-
cesses is thereafter unlikely to capture the full scope of
ICI action. The advent of high throughput sequencing
paved the way of systems approaches, whereby all the
constitutive elements of a system present in a sample
are measured in a non-targeted and unbiased manner
[208]. The comprehensive molecular profiling offered
by such technologies is particularly appealing to the
field of immune monitoring, provided the large number
of cell protagonists and immune pathways that may
come into play in an immune response. Transcripto-
mics is the measure of the abundance of all transcripts
in a sample on a genome-wide scale [209]. When ap-
plied to the peripheral blood, transcriptomics provides
a systems approach to on-treatment monitoring with
barriers to clinical implementation that could arguably
be overcome in the near future, provided the relatively
simple platforms of sample acquisition and processing
on which this technology rests [210]. The challenge
with these high throughput technologies is our ability
to process the ever increasing amount of information
they yield [211]. The interpretation of dynamic changes
in bulk RNA transcripts in a non-closed system such as
the peripheral blood, where changes in transcript abun-
dance may in part be driven by timely changes in rela-
tive cell frequencies, is even more challenging.
Transcriptomics applied to longitudinally collected
blood samples could nonetheless be used for the identi-
fication of predictive dynamic biomarker signatures of
response or of irAE under ICI, the value of which rest-
ing in their performance in signaling or predicting out-
comes rather than on their interpretability. Changes in
blood transcriptomic have been described in several
conditions, including autoimmune and infectious dis-
eases, neurological disorders, cardiovascular diseases,
but also in both hematological and a wide range of solid

malignancies [209]. While the design of the majority of
blood transcriptomic studies published to date has been
cross-sectional [209], longitudinal studies are increas-
ingly implemented. This is notably illustrated by studies
documenting changes in blood transcriptome induced
by vaccines [212, 213]. In the context of cancer vac-
cines, a transcriptomic analysis of peripheral blood
mononuclear cells of melanoma patients treated with
an adjuvant anti-DEC-NYESO vaccine administered
with or without a dendritic cell stimulant fms-like
tyrosine kinase 3 ligand (Flt3L), defined the kinetic of
immune modulation induced by Flt3L administration
(Bhardwaj et al., Nature Cancer, in press). The study
described gene signatures associated with the Flt3L
induction of an early and sustained immune response,
with most dramatic changes occurring at days 8 and
15 of treatment introduction (Bhardwaj et al., Nature
Cancer, in press). Changes in blood transcriptome
were also described in cancer patients under radiation
therapy [214], as well as in melanoma patients under
systemic interleukin 2 (IL-2) therapy [215]. Longitu-
dinal blood transcriptomic profiling of patients treated
by the tyrosine-kinase inhibitor pazopanib similarly
allowed to register a transient but significant systemic
immune modulation peaking at the third month of treat-
ment under this a priori non-immunologic agent (Rinchai
et al., Clinical and Translational Medicine, under revision;
preprint in biorxive: https://www.biorxiv.org/content/1
0.1101/2020.05.01.071613v1). These studies collectively
illustrate the potential to register the systemic immu-
nomodulatory effects of a range of different thera-
peutic agents through the dynamic monitoring of the
blood transcriptome. Applying blood transcriptomics
to monitor the dynamic systemic immune perturba-
tions associated with anti-CTLA-4 monotherapy and
combined anti-CTLA-4 and anti-PD-1 therapy,
Rinchai et al. observed a peak of immune modulation
at day 8 and 15 with dramatically different transcrip-
tional upregulations of gene modules reflecting TGF-β
signaling and TNF-α between treatments (Rinchai
et al., SITC 2019, Abstract). The predictive and prog-
nostic value of these ICI treatment induced dynamic
changes in blood transcriptome remains to be
investigated.
The development of platforms allowing for the

comprehensive profiling of additional compartments
of a sample, including the proteome, the metabolome
and even possibly the microbiome, may, in time, con-
tribute complementary data of potential relevance to
patient monitoring under ICI, although the imple-
mentation of these technologies in the clinical prac-
tice lays most probably further down the road,
provided the comparative lag in maturity of the corre-
sponding platforms.
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Conclusions
A better grasp onto the pathways mediating the action
of PD-1 and CTLA-4 blockade on the tumor is import-
ant to enhance our ability to monitor for their effects in
patients in real time, thereby addressing the uncertainty
in treatment outcome following their introduction. As il-
lustrated in this review, preclinical studies based on ani-
mal models are an important source of progress in this
field. These models may however not always accurately
reflect human cancer immune biology [216]. The extent
to which the reported findings of such studies apply to
the clinical setting remains in some instances uncertain,
highlighting the importance of translational research
based on the immunomonitoring of ICI treated patients
in moving forward. In spite of these limitations, the
study of the dynamics of the immune system under ICI
reveals stark contrast in the way CTLA-4 and PD-1 in-
hibitors operate their effect on the anti-tumoral immune
response. It however appears that both anti-PD-1 and
anti-CTLA-4 are capable of inducing a profound
remodeling of the tumor microenvironment via their en-
gagement with different immune cell subsets. A compre-
hensive assessment of the pathways mediating ICI tumor
control through systems approaches, allowed for by
omics technologies, is likely to be key in the identifica-
tion of reliable dynamic biomarkers of ICI outcome as
well as in patient monitoring under treatment in the
near future. Studies based on such technologies have
yielded considerable gains in knowledge on mechanisms
involved in ICI anti-tumoral action but have also raised
in the process new questions stemming from unraveled
layers of complexity. Progress along this road is crucial
to build rationales for novel therapeutic combinations
and to pave the way towards a more personalized ap-
proach to immune cancer therapies.
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