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Despite encouraging results with immune checkpoint inhibition (ICI), a large fraction of
cancer patients still does not achieve clinical benefit. Finding predictive markers in the
complexity of the tumor microenvironment is a challenging task and often requires
invasive procedures. In our study, we looked for putative variables related to treatment
benefit among immune cells in peripheral blood across different tumor types treated with
ICIs. For that, we included 33 patients with different solid tumors referred to our clinical
unit for ICI. Peripheral blood mononuclear cells were isolated at baseline, 6 and 20
weeks after treatment start. Characterization of immune cells was carried out by multi-
color flow cytometry. Response to treatment was assessed radiologically by RECIST
1.1. Clinical outcome correlated with a shift towards an effector-like T cell phenotype,
PD-1 expression by CD8+T cells, low levels of myeloid-derived suppressor cells and
classical monocytes. Dendritic cells seemed also to play a role in terms of survival. From
these findings, we hypothesized that patients responding to ICI had already at baseline
an immune profile, here called ‘favorable immune periphery’, providing a higher chance
of benefitting from ICI. We elaborated an index comprising cell types mentioned above.
This signature correlated positively with the likelihood of benefiting from the treatment
and ultimately with longer survival. Our study illustrates that patients responding to ICI
seem to have a pre-existing immune profile in peripheral blood that favors good
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outcome. Exploring this signature can help to identify patients likely to achieve benefit
from ICI.
Keywords: immune checkpoint inhibition, PBMCs, immune signature, prediction, clinical outcome
INTRODUCTION

The advent of immune checkpoint inhibitors (ICI) as an effective
therapeutic modality in oncology has come under spotlight
during the last decades, mainly after the first clinical trial
showing positive impact of ipilimumab for treatment of
patients with metastatic melanoma (1).

Despite encouraging results (2–4), a considerable fraction of
patients undergoing ICI still do not benefit from the treatment
(5) and primary or acquired ICI resistance is a significant
problem that patients and clinicians face on a daily basis. In
this context, the field of biomarkers has gained a lot of attention
as tool to guide treatment indications and to promote
understanding of the biological events taking place in the tumor.

Efforts trying to predict patients likely to respond to ICI are
numerous andcomprise amyriadof variables spanning fromisolated
genetic features (e.g. tumor mutational burden, neoepitope load,
transcriptomic signatures) (6–9) to multiparametric approaches
looking into the tumor microenvironment (TME)’s cellular
composition (e.g. immunoscore (10)). Common ground for these
methods is the fact that they are tumor tissue-centered, which is
reasonable since tumor site harbors the ‘battlefield’ where
interactions between cancer and immune system unfold. However,
these approaches are limited by the fact that they offer a glimpse of a
very dynamic cellmilieu and do not take into consideration the effect
of non-cellular (11, 12) and extrinsic features (13) that equally can
affect T cell function. Another disadvantage is that invasive
procedures are required to keep track of changes happening during
ICI, which is not always feasible.

Analyses of peripheral blood offer, on the other hand, a non-
invasive and simpler alternative to monitor not only biochemical
changes (e.g. lactate dehydrogenase, cytokines) but also
variations along the treatment in frequencies of immune cells
(peripheral blood mononuclear cells - PBMCs) that ultimately
can infiltrate the TME and therefore add valuable information in
the context of ICI. In this regard, there is evidence supporting
that counts of lymphocytes and myeloid subsets in the peripheral
blood (14–16), and phenotypical features of circulating T cells
[e.g. regulatory T cells (17), CD8+effector-like (18)] seem to
correlate with clinical outcome. These analyses, however, have
focused on the impact of isolated cell populations on reactivity
against neoantigens and/or clinical outcome upon treatment
with ICI. Efforts to obtain a more comprehensive knowledge of
how different cell types interact with each other during ICI and
ultimately affect response patterns is still an ongoing task.

Since most studies addressing the use of PBMCs as predictive
tools are restricted to specific tumor types (mainly melanoma) or
assess few cell subpopulations at a time, the use of PBMCs requires
further investigation prior to implementation in a clinical setting
(19–22). Furthermore, predictive power can potentially be
2

increased by involving multiple variables, bearing in mind the
multitudeoffactors preceding andperpetuating immune responses.

In this study, we took a different approach and investigated the
immune cell repertoire from peripheral blood (including the
influence of both lymphoid and myeloid subsets) of patients with
different metastatic solid tumors, in order to gain insight into the
impact of differences in distribution of T cells and myeloid cells
prior to treatment start andwhether changes in these subsets during
ICI can shed light on the clinical outcome. We present data
indicating that despite possible differences in the PBMC’s
composition across patients with different tumor types, there is
an underlying preexisting immune signature (here called ‘favorable
immune periphery’) among patients likely to benefit from ICI.

As novelty, our study takes into consideration the
simultaneous effect of lymphoid and myeloid cells showing
that information regarding how peripheral blood is populated
may provide patients undergoing ICI with a better starting point.
MATERIALS AND METHODS

Study Design
In order to investigate common immunological features across
different tumor types, we designed a basket study.

The protocol was approved by The Danish National
Committee on Health Research Ethics (H-16046968) and the
Danish Data Protection Agency (RH-2018-44). Informed
consent was obtained from all individual participants included
in the study prior to collection of biological material. This study
was conducted in accordance to 1964 Declaration of Helsinki
and its later amendments.

Cohort
Patients with histologically confirmed metastatic solid tumors
referred to our department for ICI treatment were considered as
potential candidates for inclusion. Other inclusion criteria were
ECOG performance status 0 to 1, age above 18 years, at least one
measurable lesion according to response evaluation criteria in
solid tumors version 1.1 (RECIST 1.1).

Response Assessment
Response to the treatment was assessed both clinically and
radiologically. Computed Tomography (CT) scan was
performed during treatment and assessed with RECIST 1.1.
Patients were pooled in two groups referred as ‘benefit’ and ‘no
benefit’. The first group comprised individuals who achieved, as
best response, either complete response (CR), partial response
(PR) or stable disease (SD) with progression free survival (PFS)
larger than the median value for the whole cohort (i.e. above than
3 months as described in the result section).
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Blood Samples PBMCs
Immune monitoring was carried out by collection of heparinized
blood up to three times over treatment period, i.e. baseline, 6
weeks after treatment start (called ‘T1’) and approximately 20
weeks after treatment initiation(‘T2’). Blood samples were
transported in room temperature from ambulatory to our
laboratory (elapsed time approximately 2 hours), where they
were diluted with phosphate-buffered saline (PBS) (Lonza, Basel,
Frontiers in Oncology | www.frontiersin.org 3
Switzerland), facilitating PBMCs’ by means of centrifugation. Cell
count was carried out automatically by Sysmex-XP 300 (Kobe,
Japan). Aliquots containing between 2.5x106 to 15x106 cells were
cryopreserved in 90% Human AB serum and 10% DMSO. To
control the freezing process during the first 24 hours at -80˚C,
alcohol-free freezing containers (Cool cell, Biocision) were used.
Samples were stored at -140˚C until further use. Overview of
biological material is displayed on Supplementary Table 1.
TABLE 1 | Cohort characteristics.

Patient
no.

General features Treatment characteristics Response pattern

Gender Diagnosis No. of previous
treatment lines

PS Age Checkpoint
inhibition
target

No. of
immunotherapy

cycles

Best achieved
RECIST response

OS
(months)

PFS
(months)

Clinical
Benefit

PB2 M CRCa 2 1 71 PD-1 4 PD 3.3 1.8 No benefit
PB6 F Pancreas

adenocarcinoma
3 0 75 PD-L1 1 PD 3.1 1.4 No benefit

PB10 M HCCb 2 0 43 PD-1+LAG-3 2 SD 4.7 4.0 Benefit
PB12 M CRCa 5 1 72 PD-1 7 PD 16.9 6.3 No benefit
PB16 F Upper GI

adenocarcinomac
2 1 68 PD-1+LAG-3 4 PD 12.5 1.9 No benefit

PB18 M Upper GI
adenocarcinomac

3 1 53 PD-1+LAG-3 1 PD 1.4 0.9 No benefit

PB20 M HCCb 2 0 75 PD-1+LAG-3 13 CR 10.8 10.8 Benefit
PB22 M Urothelial

Carcinoma
1 0 62 PD-1 20 PR 15.5 15.5 Benefit

PB24 M Urothelial
Carcinoma

1 0 56 PD-1 22 PR 14.8 14.8 Benefit

PB26 M CRCa 3 0 73 PD-L1 6 PD 7.5 4.2 No benefit
PB28 M NECd+NSCLCe 0 1 68 PD-1 1 PD 6.1 0.7 No benefit
PB30 F Ovarian cancer 6 0 64 PD-L1 4 SD 7.1 2.1 No benefit
PB32 F IDCf 3 0 40 PD-1 11 PR 12.5 12.2 Benefit
PB34 F IDCf 1 0 42 PD-1 6 PR 8.6 2.7 Benefit
PB36 F CRCa 2 1 57 PD-L1 2 PD 6.3 3.1 No benefit
PB38 F Ovarian cancer 3 1 49 PD-L1 8 SD 8.7 5.6 Benefit
PB40 F Head and Neck 0 1 64 PD-1 4 PD 6.3 4.5 No benefit
PB42 M CRCa 4 1 66 PD-L1 4 PD 4.0 2.9 No benefit
PB44 F HCCb 4 0 58 PD-1+LAG-3 16 CR 24.9 24.9 Benefit
PB46 F Urothelial

Carcinoma
2 1 43 PD-1 1 PD 2.4 0.7 No benefit

PB48 M Upper GI
adenocarcinomac

2 0 70 PD-L1 4 PD 6.8 0.6 No benefit

PB50 M UPTg 1 1 59 PD-L1 12 SD 9.6 9.6 Benefit
PB54 F IDCf 2 0 36 PD-L1 3 PD 4.7 1.5 No benefit
PB56 F UPTg 2 1 50 PD-1 1 PD 0.7 0.4 No benefit
PB58 F Ovarian cancer 3 0 52 PD-L1 3 SD 5.5 4.5 Benefit
PB60 F MPMh 3 0 58 PD-1 1 PD 3.3 2.1 No benefit
PB62 F NSCLCe 2 1 72 PD-1 4 PD 0.5 2.7 No benefit
PB64 F Ovarian cancer 7 0 65 PD-L1 1 PD 14.5 1.2 No benefit
PB66 M NSCLCe 0 0 60 PD-1 3 PD 4.8 1.8 No benefit
PB68 M MPMh 3 0 56 PD-L1 7 SD 4.0 4.0 Benefit
PB70 F NSCLCe 2 1 62 PD-1 2 PD 3.3 1.9 No benefit
PB72 F NSCLCe 4 0 53 PD-1+CTLA-4 6 PD 2.6 3.7 No benefit
PB74 F NSCLCe 5 1 68 PD-1+CTLA-4 4 PD 4.2 1.9 No benefit
March 2
021 | Volum
e 11 | Art
aColorectal adenocarcinoma.
bHepatocellular carcinoma.
cUpper gastrointestinal adenocarcinoma.
dNeuroendocrine carcinoma.
eNon-small cell lung cancer-adenocarcinoma.
fInvasive ductal carcinoma.
gUnknown primary tumor.
hMalignant peritoneal mesothelioma.
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In this paper, we focused our flowcytometry analyses on the
characterization of subsets of T cells (i.e. CD4+ and CD8+), since
they are known to be the final target of checkpoint inhibition. We
investigated also the impact of myeloid cell populations known
to affect antigen presentation (dendritic cells) and modulate T
cell response such as monocytic populations such as classic/non-
classic and myeloid derived suppressor cells (MDSCs).

Phenotyping of PBMCs by Flowcytometry
Cryopreserved PBMCs were thawed in wash buffer (0.5% BSA,
2mM EDTA in PBS) at 37˚C and Fc-receptors blocked by
incubation with human IgG (20 µg/mL).

PBMCs were stained in three panels with pre-titrated
amounts of premixed reagents: CD3 FITC, CD56 PE, CD11c
PE, CD8 PerCP, HLA-DR PerCP, CD27 BV421, CD25 BV421,
CD4 BV510, CD28 PE-Cy7, CD3 PE-Cy7, CD19 PE-Cy7, CD127
PE-Cy7, CD45RA APC, CD56 BV510 (all from BD Bioscience,
New Jersey, United States), CCR7 PE, PD-1 APC, CD14 BV421
(all from Biolegend, California, United States), CD16 FITC
(Dako, Glostrup, Denmark) and NiR live-dead reagent for
APC-Cy7 channel (Invitrogen- Thermo Fischer, United States).

Samples were incubated 20 minutes in the dark at 4˚C and
then washed prior to acquiring on a FACS Canto II flow
cytometer (BD). Data was analyzed on FACSDiva Software
version 8.0.1 (BD).

Characterization of CD3+ T cells in both CD4 and CD8
compartments was done by looking at the live singlet events in
the PBMC(lymphocyte andmonocyte) gate in the forward and side
scatter plot. Naïve T cells were further characterized as CCR7+
CD45RA+, central memory (CM) as CCR7+CD45RA-, effector
memory as CCR7-CD45RA-, and effector memory RA+ (EMRA)
as CCR7-CD45RA+. Exhaustionmarker programmed cell death-1
(PD-1) was gated on live CD3+CD8+ cells. Gating strategy for
lymphoid cells are displayed on Supplementary Figure 1. Myeloid
populationsweredefinedas fractionof live singlet cells in thePBMC
gate (forward and side scatterplot). Representative gating strategy is
displayed on Supplementary Figure 2.

Statistical Analysis
Due to non-normality in flow cytometric data, Mann-Whitney
test was used for assessing differences in distributions of cell
subpopulations among group of patients according to response
pattern. For paired sample analysis, stepwise Wilcoxon test was
chosen in order to find whether significant changes occurred and
at which timepoint they took place (i.e. from baseline to T1, from
T1 to T2 and from baseline to T2). Survival analysis and Cox
regression models were done using median value of cell
population of interest as threshold for stratification of patients.

All analyses are done using IBM SPSS version 25. Tests were
two-sided and p values ≤ 0.05 were considered as significant.
RESULTS

Cohort Characteristics
From February 2017 to September 2018, 37 patients with
metastatic solid tumors referred to treatment with ICI, either
Frontiers in Oncology | www.frontiersin.org 4
as standard treatment or in a protocol, were screened for
inclusion in this study. Four patients were excluded due to
withdrawal of informed consent or worsening of performance
status (PS) prior to treatment initiation. All patients received
ICIs targeting either PD-1 or PD-L1, some in combination with
novel therapies targeting potential synergistic targets (Table 1).
Thirteen different diagnosis were included. The median age at
inclusion was 60 years (range 36 to 75) with all patients having
PS 0 or 1 by the time of treatment initiation. Prior to inclusion,
patients had on average undergone three previous treatment
lines. Two patients (no. PB72 and PB74) had previously failed to
other ICIs with an interval between failure and inclusion in this
study of 12 and 9 months, respectively.

Response to the Treatment
Median follow-up period was 7.4 months. The overall median
PFS was 81 days (95%CI 46-116) and the median OS was 188
days (95%CI 148-227). We did not observe any statistically
significant correlation between the number of treatments
received prior to initiation of ICI and clinical outcome (Mann-
Whitney test, p= 0.15; Fisher exact test assuming cut-off of three
treatments with p=0.69). Neither did we observe any difference
in benefit between the group receiving combination therapy and
the group receiving monotherapy (Fischer exact test p=0.29).
Best tumor size variation during therapy for each patient can be
seen on waterfall plot - Supplementary Figure 3.

Exploring the T Cell Phenotype
in Peripheral Blood
In order to get insight into how treatment impacted the
functional repertoire of T cells, we performed phenotyping of
cryopreserved PBMCs collected at 3 time points, i.e. baseline, T1
and T2. Differences in distribution of several subsets of T cells
were investigated at each time point. Stepwise changes from
baseline to T1, from T1 to T2 and baseline to T2 were based on
paired samples available for 26 patients (9 presenting treatment
benefit), 12 patients (7 with benefit) and 11 patients (6 with
benefit), respectively.

In the current study, we hypothesized that patients likely to
respond to ICI have a peripheral lymphoid and myeloid cell
signature characterized by high cytotoxic activity, presence of
treatment target on T cells (i.e. expression of PD-1), high antigen
presentation, and low counts of immunosuppressive cells.

To address the first premise of our hypothesis, we investigated
the functional subsets of circulating CD4+ and CD8+ T cells by
looking into expression of CD45RA, CCR7, CD25 and
expression of PD-1.

In the CD4 compartment, T cells were mainly represented
by naïve and central memory (CM) phenotypes at all time
points, regardless of response pattern. We also observed that
percentages of different CD4+ subsets at each time point were
similar between patients that benefited from the treatment and
those that did not (p>0.05 - Supplementary Figure 4A). Paired
samples analysis revealed among the patients benefiting
from ICI a statistically significant decrease of CD4+ effector
memory (EM) from baseline to T1(median 21.7% vs 19.6%,
March 2021 | Volume 11 | Article 558248
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p=0.008) whereas CD4+ effector memory RA+ (EMRA)
increase from baseline to T1, and overall from baseline to
T2 (Wilcoxon test p=0.024 and p=0.043, respectively-
Supplementary Figure 4B).
Frontiers in Oncology | www.frontiersin.org 5
Unlike CD4 compartment, CD8+ T cells had a predominant
effector/cytotoxic phenotype (i.e. EM and EMRA) at all time
points (Supplementary Figure 5A). Paired analysis comprising
baseline and T1 samples revealed a slight but non-significant
A B

C

FIGURE 1 | Levels of functional subsets of CD8+T cells as fraction of live PBMCs at all three time-points (unpaired samples). Baseline analysis are carried out on 32
samples (10 deriving from patients benefiting from treatment), T1 comprises 27 samples (10 presenting benefit) and T2 comprises 12 samples (7 with treatment
benefit). Section (A) shows an association with benefit during ICI treatment and levels of CD8+EM T cells at baseline and increased levels of EMRA in the group
benefiting from treatment at late follow-up, with marginal p value. Effect of CD8+EM T cells on survival is displayed on (B) for PFS and (C) for OS.
A B

C

FIGURE 2 | Percentage of CD8+T cells expressing PD-1 at all time-points (unpaired samples) and correlation with outcome. Levels of CD8+PD-1+ T cells are higher
at baseline in the group benefiting from the treatment (A) and correlates positively with longer PFS (B) and OS (C).
March 2021 | Volume 11 | Article 558248
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increase of the effector subset (i.e. sum of EM and EMRA) from
70.4% to 72.6% during treatment (p=0.052). Variations in levels
of EMRA CD8+ T cells in the benefit and no benefit group were
not statistically significant - Supplementary Figure 5B.

Next, we proceeded to investigate to which extent lymphocyte
subsets as a fraction of the PBMC gate are associated with clinical
outcome. Patients with clinical benefit presented higher
percentage of CD8+ EM T cells at baseline (5.7% vs 3.3%,
p=0.023). In the same group of patients, we found that, over
time, the phenotype became more effector-like with increasing
numbers of circulating CD8+EMRA at T1 which, despite a
decrease at T2, still seemed to be higher when compared to
patients not benefiting from ICI (5.8% vs. 2.9%; p=0.08,
Figure 1A).

In terms of survival, patients with high numbers of circulating
CD8+EM T cells at baseline(i.e. above median value), did not
have longer median PFS (121days vs. 57 days, Log rank p=0.12
Figure 1B), but the observed median OS was longer (259 days
vs.120 days, Log Rank p= 0.04, Figure 1C).

Since all patients in our cohort received treatment blocking
the PD-1/PD-L1 axis, we then proceeded to investigate whether
the expression of PD-1 by circulating CD8+T cells correlated
with outcome. Results for baseline samples demonstrated that
patients with relatively high values of CD8+PD-1+T cells in the
peripheral blood (i.e. above median value) benefited most from
the treatment (p=0.023, Figure 2A) presenting extended PFS
(135 days vs. 57 days; LogRank p=0.004, Figure 2B) and OS (203
days vs 188 days; Log Rank p=0.042, Figure 2C). In univariate
Cox regression, baseline high counts of CD8+PD-1+T cells
correlated significantly to longer PFS (HR=0.31, p=0.006; 95%
CI 0.12-0.71) but no solid trend regarding longer OS was verified
Frontiers in Oncology | www.frontiersin.org 6
(HR 0.4, p=0.051; 95%CI 0.16-1.0). No difference in CD8+PD-1+

T cell levels was observed for follow-up samples.
It has also been reported that expression of PD-1 and effects

deriving from blockade of this axis are tightly related to
expression of CD28 by CD8+ T cells. In our data, we observed
that the number of CD8+ T cells expressing this molecule
increased significantly upon treatment initiation, regardless of
clinical outcome (Supplementary Figure 6).

Further, we investigated the impact of regulatory T cells
(CD3+CD4+CD25+CD127low). Even though, this cell subset is
known for damping immune responses, levels of Tregs have not
served as a unifying marker for response to therapy. In our study,
we found that, at all timepoints, T regs were elevated among
patients benefiting from treatment, reaching statistical
significance level at T2 (p=0.045; Supplementary Figure 7).
Longitudinal measurements showed in benefiting patients a
gradual and statistically significant increase in the levels of the
T reg population, especially from baseline to T2 (median 7.7% to
11.6%, p= 0.046; Supplementary Figure 7).
Role of Myeloid Cells
The association of myeloid cell levels and clinical outcome and
survival was addressed by investigating dendritic cells (DC),
monocytic MDSC (mMDSCs) and monocyte subpopulations.
DCs were chosen due to the important role they play in terms of
antigen presentation. This cell subset was gated as the fraction of
PBMCs co-expressing CD11c and HLA-DR, and lacking CD14,
CD16 and CD56. We found a trend between treatment benefit
and abundance of DCs at baseline, however not statistically
significant (1.15% vs. 0.8%, p=0.074, Figure 3A). Over time,
A B

C

FIGURE 3 | Percentage of dendritic cells (DCs) all time-points (unpaired samples) and correlation with outcome. Levels of DCs seem to be elevated at baseline in
the group benefiting from the treatment, but not at longitudinal measurements (A). High levels of DCs seem to affect PFS (B) and OS (C).
March 2021 | Volume 11 | Article 558248
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variations in percentage of this cell type were small and not
significant. Yet, survival analysis appeared to show impact of DC
levels at baseline on PFS (Log Rank p= 0.062, Figure 3B) and OS
(p=0.029, Figure 3C). High counts of DCs (i.e. above median
value) also correlated with longer PFS (HR=0.14, p=0.03 95%CI
0.026-0.83) but not OS (HR=0.18, p=0.087 95%CI 0.026-1.28).

Other cell types of myeloid lineage have been reported as
immune suppressive elements in TME. To investigate whether this
applies for the periphery we explored the impact of mMDSC and
monocyte populations. In this regard, we found that high baseline
levels (i.e. superior to the median value) of mMDSCs (CD14+

CD3- CD19- HLA-DRlow, CD56-), classical (CD14+CD16-HLA-
DR+), and non-classical (CD14+CD16+ HLA-DR+) monocytes
were associated with poorer outcome (p= 0.036, 0.006, 0.042,
respectively - Figures 4A, D andG). Changes of these populations
during therapy did not reach statistically significant levels
(Wilcoxon test p>0.05).

Longer PFS and OS were associated with low baseline levels
of mMDSC (LogRank p=0.005 and 0.019, Figures 4B, C)
and classical monocytes (Log Rank p=0.007 and 0.018, Figures
4E, F). Non-classical monocytes did not seem to have any impact
on survival (Figures 4H, I).

Univariate Cox regression models were then used to
investigate the effects of mMDSC and classical monocytes on
survival. We found that high baseline counts of circulating
Frontiers in Oncology | www.frontiersin.org 7
mMDSC were associated with shorter PFS (p= 0.008, HR=
3.15, 95%CI 1.35-7.35) and OS (p=0.025, HR=2.78, 95%CI
1.13-6.8). For classical monocytes, we also found a similar
trend both in terms of PFS (p=0.01, HR= 2.7, 95%CI 1.2-6.0)
and OS (p=0.024, HR= 2.85, 95%CI 1.14-7.1).

The ‘Favorable Immune Periphery’
Concept
The previous analysis showed that several immune cell types in
peripheral blood have the potential to affect how patients
undergoing ICI benefit from the treatment in terms of clinical
response and survival.

Overall, we noted that baseline counts of CD8+ T cells with
effector memory phenotype, CD8+T cells expressing PD-1 and DC
cells as a fraction of total live PBMCs seemed to correlate positively to
response and survival, whereas mMDSCs and classical monocytes as
a fraction of total live PBMCs seemed to be associated with poor
clinical outcome. Based on these results, we hypothesized that patients
benefitting from checkpoint inhibition have already at baseline a
favorable immune signature that upon ICI could lead to improved
clinical outcome. Bearing this in mind, we elaborated a numerical
index where relative counts (i.e. percentage of live PBMCs) of
CD8+PD1+, CD8+effector memory cells and DCs were entered as
numerator and mMDSCs and classical monocytes were entered as
denominator (Equation 1 - SupplementaryMaterial). The geometric
A B C

D E F

G H I

FIGURE 4 | Frequency of CD14+ myeloid populations is inversely associated with benefit and survival. Percentages of mMDSCs (A), classical monocytes (D) and
non-classical monocytes (G) out of alive PBMCs (y-axis) are, already at baseline, elevated in the group of patients that did not achieve benefit during ICI treatment.
Effects on survival for the respective myeloid subsets are displayed on (B, E, H) for PFS and (C, F, I) for OS. Overall, classical monocytes and mMDSCs affected
negatively survival times. No effect on PFS nor OS was observed for non-classical monocytes.
March 2021 | Volume 11 | Article 558248
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mean values for both parts of the fraction where used to minimize
the effect of outliers. Patients achieving clinical benefit had a
significantly higher index, suggesting a prevalence of factors
promoting immune antitumor activity, p=0.002 (Figure 5A).
Reiterating this, we noted that our index significantly correlated
with treatment related change in tumor size (Spearman’s rho:
-0.40, p=0.043, Figure 5E).

Sensitivity and specificity of the index were tested by looking
at receiver operational characteristic curve (ROC). A cut off for
the index was determined where sensitivity and specificity were
equally as high as possible (dashed lines on Figure 5B).

Patients were subsequently pooled in two groups, namely
high (i.e. favorable immune periphery; n=11) and low ‘favorable
immune periphery’-index (i.e. non-favorable immune periphery,
n=21). The high favorable-index patients presented longer PFS
(288 days vs 62 days; p= 0.001, Figure 5C) and OS (p=0.013,
median survival not reached, Figure 5D), and equally exhibited
reduced risk of progression (HR=0.18, p=0.002, 95%CI 0.065-
0.52) and death (HR=0.27, p=0.021, 95%CI 0.09-0.82).
DISCUSSION

Immunotherapy with checkpoint blockade is a fast-growing field
in the landscape of cancer treatment. However, despite
documented benefit in terms of survival, the effect is only seen
in a smaller fraction of patients which most likely reflects the
multiple features that directly and indirectly affect T cell reactivity
(23). Studies trying to find predictive biomarkers for response have
broadly focused on variables spanning from genetic determinants,
cell composition in the tumor microenvironment to markers in
Frontiers in Oncology | www.frontiersin.org 8
the peripheral blood and microbiome (22, 24). Majority of these
approaches have focused on specific tumor types and have taken
into consideration few factors at a time. With the increasing
number of basket trials trying to find best therapeutic options
and which patients are likely to benefit from ICI, there is an
imperative need of multiparametric biomarker models capable of
assessing broader and more heterogenous cohort of patients.
Studies conducted so far using circulating immune cells have
mainly investigated role played by T cells upon ICI, despite the
growing evidence that other cell types might equally influence how
patients respond to immunotherapy.

Bearing this in mind, we investigated by means of conventional
flow cytometry and across tumor types, the peripheral immune
cell repertoire (both lymphoid and myeloid subsets) of patients
undergoing ICI, how the treatment affects this immune profile and
whether these changes can possibly impact clinical outcome.

Our results suggest that patients benefiting from ICI seem to have
a pre-treatment immunological profile (here called ‘favorable
immune periphery’) entailing: high levels of T cells carrying
treatment target (i.e. PD-1) and with cytotoxic potential; moreover,
a periphery where cells involved in antigen processing/presentation
(DCs)werepresent andwhere immunosuppressive effects (mMDSC,
CD14+CD16-monocytes) were not prominent. Such changes were
not observed to be reliant of tumor type. By pooling patients
according to the two possible scenarios (favorable versus non-
favorable immune periphery), we could distinguish patients with
high chance of achieving benefit from those where treatment did not
improve outcome.

In the lymphoid lineage, we focused our analysis on T cells,
since they are the ultimate target of ICI. For the CD4+

compartment we observed that, T cells mainly expressed a naïve
A

B

C E

D

FIGURE 5 | The favorable immune periphery index and its impact on clinical outcome. Patients benefiting from ICI treatment presented a higher index (A). Threshold
for favorable immune periphery index was determined by ROC, assuming the highest sensitivity and specificity as possible (B) represented by the point where
dashed lines cross each other. Patients with a favorable immune periphery had longer PFS (C) and OS (D). On (E), the scatter plot depicts correlation between best
tumor variation and immune index based on baseline samples. Two parameters are inversely correlated (Spearman’s r= -0.40; p=0.043). Vertical dashed line
represents the threshold for immune index determined by ROC. Horizontal dashed line represents 20% limit for tumor growth and distinguishes patients who
progressed (zone above 20%) from those that did not (area bellow below 20%). Patients that did not benefit from the treatment tend to cluster below the threshold
for favorable periphery index.
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or central memory phenotype. Percentages of these functional
subsets remained stable over time, while a decrease in EM and an
increase in EMRA+ CD4+ was seen in patients responding to the
treatment. CD4+T cells play a role not well-explored in checkpoint
inhibition as cellular cytotoxic activity usually is attributed to
CD8+ T cells. However, there is growing evidence supporting the
role played by CD4+T cells in cancer immunology. Active
circulating CD4+Th cells (i.e. expressing PD-1 and TIM-3 or
CD62Llow) have, for instance, been shown to correlate with a
better outcome in cohorts of breast (25) and lung cancer (26).

Intriguingly, we found an increased level of T regs in patients
benefiting from ICI at late follow-up as well as expansion of T regs
during treatment, possibly as an attempt to keep homeostasis
upon the successful activation of T cells during ICI among patients
responding to the treatment Proliferation of CD4+CD25+T regs
following treatment with checkpoint inhibition has been
previously observed mainly in patients treated with anti-CTLA-4
(27–29), with some data showing that T regs expanded upon ICI
targeting CTLA-4 expressed FoxP3 but did not release IL-2,
inferring that they were in fact ‘bona fide’-T regs (30). On the
other hand, studies assessing T regs under PD-1/PD-L1 blockade
show a distinct downregulation of FoxP3 for melanoma (31) while
in gliomas exhausted T regs with high expression of PD-1 failing
to suppress effector T cell proliferation accumulated (32). These
diverse results demonstrate the heterogeneity of T regs and that
further studies are needed to get a clearer picture of their role in
immune activation during ICI.

Contrarily to the observations for CD4+T cells, a large
fraction of CD8+ T cells exhibited a more effector-like
phenotype and clinical benefit was associated with higher
baseline levels of EM and, at late follow-up, with increased
levels of CD8+EMRA, a functional subset known to produce
granzymes, perforin and INF-gamma (33). The correlation
between a shift towards a more effector-like phenotype and
positive outcome has also been demonstrated by Kamphorst et
al (18). in a NSCLC cohort undergoing PD-1 targeted therapy
where efficacy was associated with an increase in CD8+ effector T
cells in peripheral blood within the first 4 weeks. Positive effects
of CD8+EM T cells on survival during treatment with ICI have
also been shown in patients with metastatic melanoma (34).

Although outcome seemed to be linked to a more cytotoxic
CD8 phenotype, we did not note any significant correlation to
progression-free survival. A possible explanation is that, even
though, phenotypically, these T cells have cytolytic activity, that
does not necessarily imply that the circulating CD8+T cells in
question are indeed only tumor specific. As a matter of fact,
Kamphorst et al (18). highlights that the tumor reactive CD8+T
cells expanding in peripheral blood expressed Ki67 and were
positive for PD-1+. Also, Gros et al. find that expression of PD-1
could be used to determinate tumor specific reactive CD8+T cells
in the tumor (35) as well as in peripheral blood in melanoma
patients (36). In line with these findings our results suggest that
patients benefiting from ICI have high counts of CD8+T cells
expressing PD-1 at baseline. Thus, expression of PD-1 indicates
tumor reactive T cells and by blocking PD-1/PD-L1, specific
antitumor activity is unleashed initially at periphery and later in
Frontiers in Oncology | www.frontiersin.org 9
the tumor as CTLs move from blood stream into the TME. As a
matter of fact, a recent work by Yost and colleagues has shown
that T cells responses arising upon PD-1 blockade are mainly due
to new T cell clones entering the tumor rather than the already
existing T cells in TME (37).

Follow-up measurements indicated a reduction of the PD-1
positive CD8 population during therapy which could be
explained by the fact that PD-1 staining was affected by the
therapeutic antibody given during ICI treatment, as previously
demonstrated by Zelba et al. (38). Another reason could also be
that our second blood collection (approximately 6 weeks after
treatment start) does not time with the moment when expansion
in relative numbers of this cell population took place or due to
migration of these tumor specific T cells to TME.

Reactivity of T cells is also reliant on the crosstalk between
lymphoid and non-lymphoid cell types. An important part of
cytotoxicity lies on antigen presentation and activation provided
by APCs, which in the peripheral blood, are represented by a
broader class of myeloid cells. We covered the role of antigen
presentation by looking into myeloid DCs as they are capable of
antigen uptake/processing/presentation and thereby promote
priming of naïve T cells (39). In line with other studies (40, 41),
DCs were scarcely represented at the periphery. Circulating
myeloid DCs tended already at baseline to be slightly more
abundant among patients experiencing treatment benefit,
however, not reaching statistical significance. The lack of impact
on response, when employing DCs as a single parameter, could
likely be attributed to their paucity in peripheral blood

The relevance of the myeloid lineage in the context of ICI is still
noteworthy. Several studies have provided strong evidence that
these cells, although not directly involved in the immunological
synapse, can still influence processes triggered upon antigen
recognition (20, 42, 43). Sun et al. has recently demonstrated
that abrogation of mMDSCs’ trafficking into the TME using
chemokine receptor inhibitors led to improved T cell infiltration
and subsequent tumor cell killing (44). In our study, high counts of
mMDSCs prior to treatment culminated with shortened PFS and
OS. Our analyses corroborate the immunosuppression associated
with this myeloid fraction (20, 44, 45) and similar trend for
classical monocytes. Several studies have shown that the
presence of macrophages in the tumor is, in general, associated
with a poor prognosis (46). A recent work by Krieg et al. showed,
however, that the circulating counterpart of classical monocytes
(CD14+CD16-HLA-DR+) actually seem to be associated with
better response in melanoma patients undergoing anti-PD-1
therapy (16), which is in contrast to our findings. Reasons for
these divergent results could be difference in patient cohort
composition (several histologies versus one single immunogenic
tumor type) and the method used of characterizing cell phenotype
(conventional Flow cytometry versus Mass Cytometry - CyTOF).

Overall, we did not find any statistically significant increase of
specific myeloid and lymphoid subsets (except for T regs, as
previously discussed) from baseline to later time-points. Even
though, we could not see clear expansion of certain cell subsets
among patients benefitting ICI, we did find that the effect on
clinical outcome of the cells populations we looked into was also
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quite similar to what has been previously described, which is
noteworthy considering the heterogeneous cohort composition.
Moreover, we found a persistent pattern showing that patients
who benefitted from the treatment seem to have at baseline a
preexisting immune signature in peripheral blood which makes
the basis for our predictive index.

Even though our study has the clear limitation of sample size,
the exploratory character, cohort’s heterogenicity and need of
validation in bigger cohorts it brings as novelty the fact that
compiling the activity of lymphoid and myeloid subsets suggests
that, also across tumor types, patients benefiting from ICI seem
to have a pre-existing favorable immune signature in peripheral
blood that provides a better biological starting point and
ultimately better outcome. Furthermore, different cell types
taken as explanatory variables cannot stand alone when
predicting response to ICI, which underscores the complexity
of mechanisms preceding and sustaining T cell activation.
Therefore, designing multiparametric peripheral immunity
models like ours and validating them in a bigger scale of
patients is important to enable more precise predictive tools
for clinical decision making.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
AUTHORS CONTRIBUTIONS

VL: study design, idea development, inclusion of patients,
collection of biological material and clinical data, flow cytometry
panel design(secondary), statistical analysis and data visualization,
manuscript writing. MH: Primarily flow cytometry panel design,
gating and export of flow cytometry data. Review of manuscript.
IS: facilitating patient recruitment, review of manuscript. KR:
facilitating patient recruitment, review of manuscript. SH: study
Frontiers in Oncology | www.frontiersin.org 10
design, review of manuscript. UL: study design, patient
recruitment and logistics related to transport of biological
material, review of manuscript I-MS: study design, laboratory
facilities, review of manuscript. All authors contributed to the
article and approved the submitted version.
ETHICS STATEMENT

The protocol was approved by The Danish National Committee
on Health Research Ethics (H-16046968) and the Danish Data
Protection Agency (RH-2018-44). Informed consent was
obtained from all individual participants included in the study
prior to collection of biological material. This study was
conducted in accordance to 1964 Declaration of Helsinki and
its later amendments.
FUNDING

This study was only possible due to financial support granted by
The Danish Cancer Society (R149-A10123) and Preben & Anna
Simonsens Fond (Grant number 021892-0009).
ACKNOWLEDGMENTS

We thank biotechnicians Susanne Wendt, Sandra Ullitz and
Bettina Johansen for great laboratory assistance, and Kirsten
Nikolajsen for staining and acquiring PBMC samples by
flow cytometer.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.558248/
full#supplementary-material
REFERENCES
1. Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al.

Improved survival with ipilimumab in patients with metastatic melanoma.
N Engl J Med (2010) 363(8):711–23. doi: 10.1056/NEJMoa1003466

2. Schadendorf D, Hodi FS, Robert C, Weber JS, Margolin K, Hamid O, et al.
Pooled Analysis of Long-Term Survival Data From Phase II and Phase III
Trials of Ipilimumab in Unresectable or Metastatic Melanoma. J Clin Oncol
(2015) 33(17):1889–94. doi: 10.1200/JCO.2014.56.2736

3. Rizvi NA, Mazieres J, Planchard D, Stinchcombe TE, Dy GK, Antonia SJ,
et al. Activity and safety of nivolumab, an anti-PD-1 immune checkpoint
inhibitor, for patients with advanced, refractory squamous non-small-cell
lung cancer (CheckMate 063): a phase 2, single-arm trial. Lancet Oncol
(2015) 16(3):257–65. doi: 10.1016/S1470-2045(15)70054-9

4. Hodi FS, Chesney J, Pavlick AC, Robert C, Grossmann KF, McDermott DF,
et al. Combined nivolumab and ipilimumab versus ipilimumab alone in
patients with advanced melanoma: 2-year overall survival outcomes in a
multicentre, randomised, controlled, phase 2 trial. Lancet Oncol (2016) 17
(11):1558–68. doi: 10.1016/S1470-2045(16)30366-7
5. Yarchoan M, Hopkins A, Jaffee EM. Tumor Mutational Burden and Response
Rate to PD-1 Inhibition. N Engl J Med (2017) 377(25):2500–1. doi: 10.1056/
NEJMc1713444

6. Van Allen EM, Miao D, Schilling B, Shukla SA, Blank C, Zimmer L, et al.
Genomic correlates of response to CTLA-4 blockade in metastatic melanoma.
Science (2015) 350(6257):207–11. doi: 10.1126/science.aad0095

7. Rooney MS, Shukla SA, Wu CJ, Getz G, Hacohen N. Molecular and genetic
properties of tumors associated with local immune cytolytic activity. Cell
(2015) 160(1-2):48–61. doi: 10.1016/j.cell.2014.12.033

8. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al.
Cancer immunology. Mutational landscape determines sensitivity to PD-1
blockade in non-small cell lung cancer. Science (2015) 348(6230):124–8. doi:
10.1126/science.aaa1348

9. Riaz N, Havel JJ, Makarov V, Desrichard A, Urba WJ, Sims JS, et al. Tumor
and Microenvironment Evolution during Immunotherapy with Nivolumab.
Cell (2017) 171(4):934–49 e16. doi: 10.1016/j.cell.2017.09.028

10. Galon J, Pagès F, Marincola FM, Angell HK, Thurin M, Lugli A, et al. Cancer
classification using the Immunoscore: a worldwide task force. J Trans Med
(2012) 10:205–. doi: 10.1186/1479-5876-10-205
March 2021 | Volume 11 | Article 558248

https://www.frontiersin.org/articles/10.3389/fonc.2021.558248/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.558248/full#supplementary-material
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1200/JCO.2014.56.2736
https://doi.org/10.1016/S1470-2045(15)70054-9
https://doi.org/10.1016/S1470-2045(16)30366-7
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1126/science.aad0095
https://doi.org/10.1016/j.cell.2014.12.033
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1016/j.cell.2017.09.028
https://doi.org/10.1186/1479-5876-10-205
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Araujo B. de Lima et al. Immune Signature in Peripheral Blood
11. Eil RL, Roychoudhuri R, Clever D, Patel S, Sukumar M, Pan JH, et al. Elevated
potassium levels suppress T cell activation within tumors. J Immunother
Cancer (2015) 3(Suppl 2):P403–P. doi: 10.1186/2051-1426-3-S2-P403

12. Chouaib S, Messai Y, Couve S, Escudier B, Hasmim M, Noman MZ. Hypoxia
promotes tumor growth in linking angiogenesis to immune escape. Front
Immunol (2012) 3:21. doi: 10.3389/fimmu.2012.00021

13. Yi M, Qin S, Chu Q, Wu K. The role of gut microbiota in immune checkpoint
inhibitor therapy. Hepatobiliary Surg Nutr (2018) 7(6):481–3. doi: 10.21037/
hbsn.2018.11.12

14. Pages F, Berger A, Camus M, Sanchez-Cabo F, Costes A, Molidor R, et al.
Effector memory T cells, early metastasis, and survival in colorectal cancer.
N Engl J Med (2005) 353(25):2654–66. doi: 10.1056/NEJMoa051424

15. De Angulo G, Yuen C, Palla SL, Anderson PM, Zweidler-McKay PA. Absolute
lymphocyte count is a novel prognostic indicator in ALL and AML. Cancer
(2008) 112(2):407–15. doi: 10.1002/cncr.23168

16. Krieg C, Nowicka M, Guglietta S, Schindler S, Hartmann FJ, Weber LM, et al.
High-dimensional single-cell analysis predicts response to anti-PD-1
immunotherapy. Nat Med (2018) 24(2):144–53. doi: 10.1038/nm.4466

17. Saleh R, Elkord E. Treg-mediated acquired resistance to immune checkpoint
inhibitors. Cancer Lett (2019) 457:168–79. doi: 10.1016/j.canlet.2019.05.003

18. Kamphorst AO, Pillai RN, Yang S, Nasti TH, Akondy RS, Wieland A, et al.
Proliferation of PD-1+ CD8 T cells in peripheral blood after PD-1-targeted
therapy in lung cancer patients. Proc Natl Acad Sci USA (2017) 114(19):4993–
8. doi: 10.1073/pnas.1705327114

19. Retseck J, VanderWeele R, Lin HM, Lin Y, Butterfield LH, Tarhini AA.
Phenotypic and functional testing of circulating regulatory T cells in advanced
melanoma patients treated with neoadjuvant ipilimumab. J Immunother
Cancer. (2016) 4:38. doi: 10.1186/s40425-016-0141-1

20. Meyer C, Cagnon L, Costa-Nunes CM, Baumgaertner P, Montandon N,
Leyvraz L, et al. Frequencies of circulating MDSC correlate with clinical
outcome of melanoma patients treated with ipilimumab. Cancer Immunol
Immunother (2014) 63(3):247–57. doi: 10.1007/s00262-013-1508-5

21. Takeuchi Y, Tanemura A, Tada Y, Katayama I, Kumanogoh A, Nishikawa H.
Clinical response to PD-1 blockade correlates with a sub-fraction of peripheral
central memory CD4+ T cells in patients with malignant melanoma. Int
Immunol (2018) 30(1):13–22. doi: 10.1093/intimm/dxx073

22. Kitano S, Nakayama T, Yamashita M. Biomarkers for Immune Checkpoint
Inhibitors in Melanoma. Front Oncol (2018) 8:270. doi: 10.3389/
fonc.2018.00270

23. Blank CU, Haanen JB, Ribas A, Schumacher TN. CANCER IMMUNOLOGY.
The “cancer immunogram”. Science (2016) 352(6286):658–60. doi: 10.1126/
science.aaf2834

24. Gibney GT, Weiner LM, Atkins MB. Predictive biomarkers for checkpoint
inhibitor-based immunotherapy. Lancet Oncol (2016) 17(12):e542–e51. doi:
10.1016/S1470-2045(16)30406-5

25. Yuan Y, Hou W, Padam S, Frankel P, Sedrak MS, Portnow J, et al.
297PPeripheral blood mononuclear cell biomarkers predict response to
immune checkpoint inhibitor therapy in metastatic breast cancer. Ann
Oncol (2018) 29(suppl_8). doi: 10.1093/annonc/mdy272.287

26. Kagamu H, Yamaguchi O, Shiono A, Mouri A, Miyauchi S, Utsugi H, et al.
CD4+ T cells in PBMC to predict the outcome of anti-PD-1 therapy. J Clin
Oncol (2017) 35(15_suppl):11525–. doi: 10.1200/JCO.2017.35.15_suppl.11525

27. Maker AV, Attia P, Rosenberg SA. Analysis of the cellular mechanism of
antitumor responses and autoimmunity in patients treated with CTLA-4
blockade. J Immunol (2005) 175(11):7746–54. doi: 10.4049/jimmunol.175.11.7746

28. Menard C, Ghiringhelli F, Roux S, Chaput N, Mateus C, Grohmann U, et al.
Ctla-4 blockade confers lymphocyte resistance to regulatory T-cells in
advanced melanoma: surrogate marker of efficacy of tremelimumab? Clin
Cancer Res (2008) 14(16):5242–9. doi: 10.1158/1078-0432.CCR-07-4797

29. Tarhini AA, Butterfield LH, Shuai Y, Gooding WE, Kalinski P, Kirkwood JM.
Differing patterns of circulating regulatory T cells and myeloid-derived suppressor
cells in metastatic melanoma patients receiving anti-CTLA4 antibody and
interferon-alpha or TLR-9 agonist and GM-CSF with peptide vaccination.
J Immunother. (2012) 35(9):702–10. doi: 10.1097/CJI.0b013e318272569b

30. Khan S, Burt DJ, Ralph C, Thistlethwaite FC, Hawkins RE, Elkord E.
Tremelimumab (anti-CTLA4) mediates immune responses mainly by direct
activation of T effector cells rather than by affecting T regulatory cells. Clin
Immunol (2011) 138(1):85–96. doi: 10.1016/j.clim.2010.09.011
Frontiers in Oncology | www.frontiersin.org 11
31. Wang W, Lau R, Yu D, Zhu W, Korman A, Weber J. PD1 blockade reverses
the suppression of melanoma antigen-specific CTL by CD4+ CD25(Hi)
regulatory T cells. Int Immunol (2009) 21(9):1065–77. doi: 10.1093/intimm/
dxp072

32. Lowther DE, Goods BA, Lucca LE, Lerner BA, Raddassi K, van Dijk D, et al.
PD-1 marks dysfunctional regulatory T cells in malignant gliomas. JCI Insight
(2016) 1(5):1–15. doi: 10.1172/jci.insight.85935

33. Hamann D, Baars PA, Rep MH, Hooibrink B, Kerkhof-Garde SR, Klein MR,
et al. Phenotypic and functional separation of memory and effector human
CD8+ T cells. J Exp Med (1997) 186(9):1407–18. doi: 10.1084/jem.186.9.1407

34. Wistuba-Hamprecht K, Martens A, Heubach F, Romano E, Geukes Foppen
M, Yuan J, et al. Peripheral CD8 effector-memory type 1 T-cells correlate with
outcome in ipilimumab-treated stage IV melanoma patients. Eur J Cancer
(2017) 73:61–70. doi: 10.1016/j.ejca.2016.12.011

35. Gros A, Robbins PF, Yao X, Li YF, Turcotte S, Tran E, et al. PD-1 identifies the
patient-specific CD8(+) tumor-reactive repertoire infiltrating human tumors.
J Clin Invest (2014) 124(5):2246–59. doi: 10.1172/JCI73639

36. Gros A, Parkhurst MR, Tran E, Pasetto A, Robbins PF, Ilyas S, et al. Prospective
identification of neoantigen-specific lymphocytes in the peripheral blood of
melanoma patients. Nat Med (2016) 22(4):433–8. doi: 10.1038/nm.4051

37. Yost KE, Satpathy AT, Wells DK, Qi Y, Wang C, Kageyama R, et al. Clonal
replacement of tumor-specific T cells following PD-1 blockade. Nat Med
(2019) 25(8):1251–9. doi: 10.1038/s41591-019-0522-3

38. Zelba H, Bochem J, Pawelec G, Garbe C, Wistuba-Hamprecht K, Weide B.
Accurate quantification of T-cells expressing PD-1 in patients on anti-PD-1
immunotherapy. Cancer Immunol Immunother (2018) 67(12):1845–51. doi:
10.1007/s00262-018-2244-7

39. Robinson SP, Patterson S, English N, Davies D, Knight SC, Reid CDL. Human
peripheral blood contains two distinct lineages of dendritic cells. Eur J
Immunol (1999) 29(9):2769–78. doi: 10.1002/(SICI)1521-4141(199909)
29:09<2769::AID-IMMU2769>3.0.CO;2-2

40. Ho CS, Lopez JA, Vuckovic S, Pyke CM, Hockey RL, Hart DN. Surgical and
physical stress increases circulating blood dendritic cell counts independently
of monocyte counts. Blood (2001) 98(1):140–5. doi: 10.1182/blood.V98.1.
140.h8000140_140_145

41. Knight SC, Farrant J, Bryant A, Edwards AJ, Burman S, Lever A, et al. Non-
adherent, low-density cells from human peripheral blood contain dendritic
cells and monocytes, both with veiled morphology. Immunology (1986) 57
(4):595–603.

42. Gebhardt C, Sevko A, Jiang H, Lichtenberger R, Reith M, Tarnanidis K, et al.
Myeloid Cells and Related Chronic Inflammatory Factors as Novel Predictive
Markers in Melanoma Treatment with Ipilimumab. Clin Cancer Res (2015) 21
(24):5453–9. doi: 10.1158/1078-0432.CCR-15-0676

43. Kitano S, Postow MA, Ziegler CG, Kuk D, Panageas KS, Cortez C, et al.
Computational algorithm-driven evaluation of monocytic myeloid-derived
suppressor cell frequency for prediction of clinical outcomes. Cancer Immunol
Res (2014) 2(8):812–21. doi: 10.1158/2326-6066.CIR-14-0013

44. Sun L, Clavijo PE, Robbins Y, Patel P, Friedman J, Greene S, et al. Inhibiting
myeloid-derived suppressor cell trafficking enhances T cell immunotherapy.
JCI Insight (2019) 4(7):1–12. doi: 10.1172/jci.insight.126853

45. Parker KH, Beury DW, Ostrand-Rosenberg S. Myeloid-Derived Suppressor Cells:
Critical Cells Driving Immune Suppression in the Tumor Microenvironment.
Adv Cancer Res (2015) 128:95–139. doi: 10.1016/bs.acr.2015.04.002

46. Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng W, Kim D, et al. The
prognostic landscape of genes and infiltrating immune cells across human
cancers. Nat Med (2015) 21(8):938–45. doi: 10.1038/nm.3909

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Araujo B. de Lima, Hansen, Spanggaard, Rohrberg, Reker Hadrup,
Lassen and Svane. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
March 2021 | Volume 11 | Article 558248

https://doi.org/10.1186/2051-1426-3-S2-P403
https://doi.org/10.3389/fimmu.2012.00021
https://doi.org/10.21037/hbsn.2018.11.12
https://doi.org/10.21037/hbsn.2018.11.12
https://doi.org/10.1056/NEJMoa051424
https://doi.org/10.1002/cncr.23168
https://doi.org/10.1038/nm.4466
https://doi.org/10.1016/j.canlet.2019.05.003
https://doi.org/10.1073/pnas.1705327114
https://doi.org/10.1186/s40425-016-0141-1
https://doi.org/10.1007/s00262-013-1508-5
https://doi.org/10.1093/intimm/dxx073
https://doi.org/10.3389/fonc.2018.00270
https://doi.org/10.3389/fonc.2018.00270
https://doi.org/10.1126/science.aaf2834
https://doi.org/10.1126/science.aaf2834
https://doi.org/10.1016/S1470-2045(16)30406-5
https://doi.org/10.1093/annonc/mdy272.287
https://doi.org/10.1200/JCO.2017.35.15_suppl.11525
https://doi.org/10.4049/jimmunol.175.11.7746
https://doi.org/10.1158/1078-0432.CCR-07-4797
https://doi.org/10.1097/CJI.0b013e318272569b
https://doi.org/10.1016/j.clim.2010.09.011
https://doi.org/10.1093/intimm/dxp072
https://doi.org/10.1093/intimm/dxp072
https://doi.org/10.1172/jci.insight.85935
https://doi.org/10.1084/jem.186.9.1407
https://doi.org/10.1016/j.ejca.2016.12.011
https://doi.org/10.1172/JCI73639
https://doi.org/10.1038/nm.4051
https://doi.org/10.1038/s41591-019-0522-3
https://doi.org/10.1007/s00262-018-2244-7
https://doi.org/10.1002/(SICI)1521-4141(199909)29:093.0.CO;2-2
https://doi.org/10.1002/(SICI)1521-4141(199909)29:093.0.CO;2-2
https://doi.org/10.1182/blood.V98.1.140.h8000140_140_145
https://doi.org/10.1182/blood.V98.1.140.h8000140_140_145
https://doi.org/10.1158/1078-0432.CCR-15-0676
https://doi.org/10.1158/2326-6066.CIR-14-0013
https://doi.org/10.1172/jci.insight.126853
https://doi.org/10.1016/bs.acr.2015.04.002
https://doi.org/10.1038/nm.3909
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Immune Cell Profiling of Peripheral Blood as Signature for Response During Checkpoint Inhibition Across Cancer Types
	Introduction
	Materials and Methods
	Study Design
	Cohort
	Response Assessment
	Blood Samples PBMCs
	Phenotyping of PBMCs by Flowcytometry
	Statistical Analysis

	Results
	Cohort Characteristics
	Response to the Treatment
	Exploring the T Cell Phenotype in Peripheral Blood
	Role of Myeloid Cells
	The ‘Favorable Immune Periphery’ Concept

	Discussion
	Data Availability Statement
	Authors Contributions
	Ethics Statement
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


