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Supervised clustering of peripheral immune cells associated with clinical
response to checkpoint inhibitor therapy in patients with advanced
melanoma
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Background and purpose: Immune therapy with checkpoint inhibitors (CPIs) is a highly successful therapy in many
cancers including metastatic melanoma. Still, many patients do not respond well to therapy and there are no blood-
borne biomarkers available to assess the clinical outcome.
Materials and methods: To investigate cellular changes after CPI therapy, we carried out flow cytometry-based immune
monitoring in a cohort of 90 metastatic melanoma patients before and after CPI therapy using the FlowSOM algorithm.
To evaluate associations to the clinical outcome with therapy, we divided the patients based on progression-free
survival.
Results: We found significant associations with CPI therapy in both peripheral blood mononuclear cell and T-cell
subsets, but with the most pronounced effects in the latter. Particularly CD4þ effector memory T-cell subsets were
associated with response with a positive correlation between CD27þHLA-DRþCD4þ effector memory T cells in a
univariate (odds ratio: 1.07 [95% confidence interval 1.02-1.12]) and multivariate regression model (odds ratio: 1.08
[95% confidence interval 1.03-1.14]). We also found a trend towards stronger accumulation of CD57þCD8þ T cells
in non-responding patients.
Conclusion: Our results show significant associations between immune monitoring and clinical outcome of therapy that
could be evaluated as biomarkers in a clinical setting.
Key words: checkpoint inhibitors, immune monitoring, biomarkers, metastatic melanoma, immune therapy, supervised
clustering
INTRODUCTION

Checkpoint inhibitors (CPIs) have drastically improved the
prognosis of several solid cancer types, most prominently
metastatic melanoma (MM).1 CPIs target immune regulatory
pathwayswithin the immune systemand block immunological
regulation to overcome cancer immune evasion. Targets used
for standard CPI therapy are currently programmed cell death
protein 1 (PD-1) receptor, programmeddeath-ligand 1 (PD-L1),
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), and the
more recent addition lymphocyte antigen-3 (LAG-3).2,3
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Despite their dramatic success, only about half of pa-
tients respond to therapy.4 Predictive biomarkers are
important as they help clinicians select the appropriate
therapy for individual patients, allowing the risk of toxicity
to be weighed against the chance of response. For CPI
therapy, only a few biomarkers are available to predict
therapy outcome, and currently, they can only be assessed
through tumor biopsies including PD-L1 expression, tumor
mutational burden (TMB), and microsatellite instability
(MSI).5 And still they are only able to predict outcomes in
certain subgroups of patients with advanced cancer.4,6,7

Contrary to predictive biomarkers, biomarkers correlative
to biological processes, provide dynamic information about
a response to ongoing therapy. Besides radiological and
metabolic tumor evaluation, no correlative biomarkers are
used in CPI therapy. Correlative biomarkers could be of
specific value in CPI therapy as the clinical outcome is often
difficult to assess radiologically. The immunological pro-
cesses required for radiological tumor shrinkage are longer
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and more unpredictable than with targeted therapy or
chemotherapy. For that reason, traditional Response Eval-
uation Criteria in Solid Tumors (RECIST) may overlook or
falsely categorize a clinical response to immunotherapy,
which has led to the implementation of the term
‘pseudoprogression’.8 Separate immune-related RECIST (ir-
RECIST) criteria9 and more recently immune-modified
RECIST (imRECIST)10 have been formulated to help accom-
modate for the biological differences in response patterns,
but radiological evaluation of clinical responses to CPI
therapy remains a challenge.

Correlative biomarkers based on tumor samples after
therapy have previously been investigated and led to
important discoveries regarding antitumor immunity
mechanisms. Biopsies, however, remain an impractical and
often impossible option to implement as a standard oper-
ating procedure.11-15 Thus, blood biomarkers correlative to
response are an attractive alternative to radiological eval-
uation or tumor biopsies as they are much more accessible.
Blood biomarkers are also not affected by site-specific
heterogeneity seen within a tumor. Many efforts are
made to find ‘liquid biomarkers’ such as of circulating tumor
cells, circulating tumor DNA (ctDNA), or mass spectrometry-
based proteomics. These are all under investigation as
possible substitutes for tumor biopsies.16-18

A complementary approach to intratumoral treatment-
related changes is to investigate changes in peripheral im-
mune cell subsets in response to therapy. Many studies
phenotyping peripheral immune cells have focused on
finding cellular biomarkers able to predict clinical response
to immune therapy,19-21 but other studies indicate that a
correlative approach, where dynamic changes to therapy
are taken into account, would be more informative.22-27

In this study, we perform supervised clustering of flow
cytometric data to collectively and comprehensively char-
acterize the peripheral immune cells before and after CPI
therapy. The primary aims were to examine how the im-
mune cell subsets change in response to CPI therapy and if
specific changes correlate with clinical response of therapy.

MATERIALS AND METHODS

Patients and blood samples

Patients were recruited at the Department of Oncology at a
University Hospital. Inclusion criteria included MM and
treatment with standard immune therapy with CPIs,
whereas exclusion criteria were concomitant immune sup-
pressive therapy at the start of CPI therapy. Only patients
with disseminated disease were included, although
measurable disease at baseline was not an inclusion crite-
rion. All enrolled patients provided oral and written
informed consent before blood sampling. The study was
approved by the local Ethics Committee. Blood samples
were collected at baseline before therapy (0w) and after
w3 months of therapy (12w) at the same time as radio-
logical examination was carried out. Peripheral blood
mononuclear cells (PBMCs) were isolated with density
gradient isolation using LymphoprepTM (STEMCELL
2 https://doi.org/10.1016/j.iotech.2023.100396
Technologies, Cambridge, UK) with heparinized blood
within 2-4 h of blood collection. Isolated PBMCs were
frozen and stored in human AB serum with 10% dimethyl
sulfoxide (DMSO) at �140�C using controlled rate freezing.

Clinical data

The clinical information regarding patient baseline charac-
teristics and therapyoutcomewas collected from the hospital
medical charts. The best overall response was determined
according to the RECIST v1.1 response criteria. Response to
therapy was defined as having a ‘long’ progression-free sur-
vival (PFS) of>180 days, whereas ‘short’ PFS<180 days was
categorized as non-responders. This interval was selected to
allow radiological confirmation of a response and to differ-
entiate patients with stable disease into a binary category.
PFS, in contrast to overall survival, is also not affected by
subsequent therapy options e.g. enzyme inhibitors or other
immune therapy. Immune-related adverse events were
graded according to the Common Terminology Criteria for
Adverse Events (CTCAE) version 5. All immune-related
adverse events occurring between the time points of blood
sampling were included (Table 1).

The absolute numbers of PBMCs and T cells were esti-
mated by alignment to the hematologic blood cell counts
from the Department of Biochemistry at the Hospital. The
number of PBMCs were calculated by subtracting the
number of granulocytes from the total number of white
blood cells. The number of T cells were determined by the
number of CD3þ cells within the PBMCs. The addition of
absolute cell counts was used to compare proportional
changes within a parent cell subset with absolute changes.

Sample preparation and staining

Patient PBMCs were thawed on the day of staining in a 37�C
water bath and then transferred to preheated 15 ml tubes
containing washing buffer (WB) with phosphate-buffered
saline (PBS), bovine serum albumin (BSA), EDTA, and
0.005% NaN3. The PBMCs were washed twice in WB and
approximately 1 � 10e6 cells were incubated for 2 min with
near-infrared (NIR) viability marker and FC-block (0.2 mg/ml
human immunoglobulin G). Each sample was incubated for
20 min with one of two antibody panels listed in
Supplementary Table S1, available at https://doi.org/10.
1016/j.iotech.2023.100396, containing 10% Brilliant Violet
Staining Buffer Plus (BD Biosciences, San Jose, CA). Samples
were then washed once and acquired on a Novocyte
Quanteon Flow Cytometer (Agilent Technologies, Santa
Clara, CA).

Analysis of flow cytometric data

PBMC were manually gated and the live singlet population
was exported using FlowJo� Software v10 (BD Life Sci-
ences, Ashland, OR). For the T-cell analysis, the cells were
additionally gated for CD3þ and CD4þCD8� or
CD8þCD4�. The exported subsets were uploaded to
Cytobank (Beckman Coulter, Indianapolis, IN) for supervised
clustering analysis28 with dimensionality reduction analysis
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Table 1. Patient characteristics

Total Short PFS
Non-responder

Long PFS
Responder

Number of patients, n (%) 90 (100) 41 (46) 49 (54)
Age, median (min-max) 66 (26-84) 66 (26-83) 67 (39-84)
Sex (male/female) 51/39 22/19 29/20

Melanoma type, n (%)
Skin or unknown origin 75 (83) 30 (73) 45 (92)
Ocular 11 (12) 9 (22) 2 (4)
Mucosal 4 (4) 2 (4) 2 (4)

PD-L1 status, n (%)
Positive (>1%) 31 (34) 13 (32) 18 (37)
Negative 54 (60) 27 (66) 27 (55)
n/a 5 (6) 1 (2) 4 (8)

LDH, median (min-max), U/L 188 (102-714) 193 (138-503) 185 (102-714)
Melanoma stage, n (%)
IV (ocular) 11 (12) 9 (22) 2 (4)
IV M1a 15 (17) 4 (10) 8 (16)
IV M1b 11 (12) 3 (7) 18 (37)
IV M1c 38 (42) 20 (49) 10 (20)
IV M1d 15 (17) 5 (12) 10 (20)

Treatment, n (%)
Anti-CTLA-4 2 (2) 2 (5) 0
Anti-PD-1 53 (59) 21 (51) 32 (65)
Anti-CTLA-4/Anti-PD-1 35 (29) 18 (44) 17 (35)

Previous therapy, n (%)
No previous therapy 77 (86) 33 (80) 44 (90)
BRAF inhibitor 13 (14) 8 (20) 5 (10)

Best overall response (RECIST 1.1), n (%)
Complete response (CR) 19 (21) 0 19 (39)
Partial response (PR) 19 (21) 0 16 (32)
Stable disease (SD) 23 (26) 12 (29) 14 (29)
Progressive disease (PD) 29 (32) 29 (71) 0

Immune-related adverse event, n (%)
None 28 (31) 12 (39) 16 (24)
Grade 1-2 35 (39) 21 (34) 14 (43)
Grade 3-4 27 (30) 16 (27) 11 (33)

Follow-up, median (min-max), days
Progression-free survival (PFS) 233 (2-1227) 78 (2-175) 688 (206-1227)
Overall survival (OS) 592 (30-1236) 281 (30-1229) 826 (359-1236)

Characteristics of patients enrolled in the clinical study divided into a responding subgroup and a non-responding subgroup based on a progression-free survival (PFS) duration
above or below 180 days respectively.
CTLA-4, cytotoxic T-lymphocyte-associated protein 4; LDH, lactate dehydrogenase; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1.
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based on Uniform Manifold Approximation and Projection
for Dimension Reduction (UMAP) and FlowSOM clus-
tering.29,30 Arcsinh scales with an argument of 4000-10 000
were used for dimensionality reduction and clustering. In
the FlowSOM analysis, an equal sampling of 10 000 events/
sample and hierarchal consensus clustering with 10 itera-
tions and 100 clusters were used after scale normalization.
For the PBMC panel CD3, CD11c, CD14, CD16, CD19, CD56,
CD123, and HLA-DR were used for clustering. In the T-cell
panel CD4, CD8, CD25, CD27, CD45RA, CD57, CD127, CD197
(CCR7), and HLA-DR were used for clustering. The optimal
number of metaclusters was found by a review of 15-20
metaclusters. The UMAP analysis was carried out using
equal sampling of 10 000 events and standard settings:
number of neighbors 15, minimum distance 0.01, collapsed
outliers (Z-score >3) with normalized scales.
Statistical approach

Wilcoxon signed-rank test was used to compare immune
subsets identified at baseline (0w) and after 12 weeks of CPI
Volume 20 - Issue C - 2023
therapy (12w). Multivariable logistic regression was used to
examine the odds of clinical response at day 180 after CPI
therapy initiation for selected immune cell subsets using the
proportional increase from baseline with (0w-12w)/0w ratio
in relative cell subset size as exposure. The following vari-
ables were selected a priori to be included in the models
based on the literature: sex (male/female), age (contin-
uous), lactate dehydrogenase (continuous), and PD-L1 sta-
tus (>1% positive/<1% positive). CPI type and melanoma
stage were tested as covariates but had no influence on the
results and were omitted from the final analysis.

All P values were evaluated two-sided and at a 5% sig-
nificance level and adjusted family-wise using the
BenjaminieHochberg method.31 The odds ratios from the
logistic regression modelling are accompanied with 95%
confidence intervals to allow for result interpretation.32,33

All analyses were made using the statistical software
package R, version 4.2.2 (the R Foundation for Statistical
Computing, Vienna, Austria) and the graphical plots were
created with Graphpad Prism version 9.5.0 for Windows
(GraphPad Software, San Diego, CA).
https://doi.org/10.1016/j.iotech.2023.100396 3
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RESULTS

In the current study, we investigated systemic immune cellular
changes to CPI therapy in a cohort of 90 patientswithMM.The
patients were recruited between October 2017 and January
2020. The majority (83%) of the patients presented with
cutaneous melanoma, whereas 12% and 4% presented with
ocular and mucosal melanoma, respectively. The patient
characteristics are listed in Table 1. Forty-nine patients (54%)
were categorized as responders to CPI therapy, while 41 (46%)
were non-responders. No patients had received CPI therapy
before enrolment (CPI naive) but 14% of the patients had
received prior therapy with a BRAF inhibitor. Samples for im-
mune monitoring were available from 89 patients at baseline
(0w) and 74 patients after 12 weeks of therapy (12w). At 12w
there were notably more samples available in the responding
patients than in non-responding patients [49 (100%)
compared with 25 (61%)]. The patients lost to follow-up all
suffered early clinical progression and were unavailable for
blood sampling as they had either changed therapy or clinically
deteriorated. Hematological blood counts were used for ab-
solute counts andwere available forall patients at 0wand from
73 out of 74 patients at 12w.

FlowSOM clustering can differentiate distinct immune cells

The metaclusters with corresponding heatmaps are shown on
a UMAP projection in Figure 1A and B. The individual marker
expression on the UMAP projection can be seen in
Supplementary Figure S1, available at https://doi.org/10.
1016/j.iotech.2023.100396. The individual metaclusters
were characterized after review of their surface marker ex-
pressions. To assess the most relevant immunological
changes, some metaclusters were combined in the analysis
based on the expression of lineage markers (CD3 or CD14) or
well-established subsets such as CD4þ T cells, CD8þ T cells,
effector memory (EM; CD45RA-CCR7-) and terminally differ-
entiated effector memory (TEMRA; CD45RAþCCR7�).34

In the PBMC analysis, we were able to identify all ex-
pected immune subsets. Three subsets did not express any
lineage markers (p5, p7, and p10) and were characterized as
non-lineage. The sum of non-lineage clusters had a median
of 2.8% at 0w and 2.9% at 12w. The two largest PBMC
metaclusters were the CD56� T cells (p6) and CD16�
classical monocytes (p1).

In the T-cell clustering analysis, we identified eight CD4þ
metaclusters and eight CD8þ metaclusters (Figure 1C and
D). The CD4þ cell subset was dominated by a large single
metacluster of central memory (CM; CD45RA�CCR7þ) cells
(t12). In contrast, we identified six CD4þ EM metaclusters
based on differential expression of activation and exhaustion
markers. The CD8þ cells were dominated by EMs and we
identified five EM metaclusters. Contrary to CD4þ cells, we
found no CM cell subset but instead two CD45RAþCCR7�
TEMRA subsets distinguished by the expression of CD57.

CPI therapy induces T-cell differentiation

To investigate immunological changes after CPI therapy, we
compared the sizes of the clustered subsets at the two time
4 https://doi.org/10.1016/j.iotech.2023.100396
points 0w and 12w in relative (Figure 2, Supplementary
Figure S3A and Supplementary Table S2, available at
https://doi.org/10.1016/j.iotech.2023.100396) and absolute
numbers (Supplementary Figures S2 and S3B,
Supplementary Table S2, available at https://doi.org/10.
1016/j.iotech.2023.100396).

Based on the hospital hematologic blood counts, we
observed a significant absolute increase in the median
number of leucocytes from 6.6 to 7.1 � 109 cells/L and
PBMCs (Figure 2A). Within the PMBC subsets (Figure 2B),
we observed significant relative decreases in B cells (from a
median of 6.6% to 5.8%), in the small CD16þCD56high

natural killer (NK) cell subset (p14), and in the dendritic cells
(p2þp12). The relative change in B cells and dendritic cells
was not confirmed in absolute cell numbers.

The T-cell subset differences before and after therapy
were more pronounced with an overall shift from CD4þ to
CD8þ cells from a median of 63% CD4þ T cells and 37%
CD8þ T cells to 61% and 40%, respectively (Figure 2C). The
shift could be attributed to an increase in CD8þ T cells as
only the CD8þ T cells increased significantly in absolute cell
counts. Within the CD4þ subsets, we saw significant rela-
tive decreases in naive, CM, and CD127þ EM cells (CD4þ
EM2; t4) whereas significant relative increases were seen in
two CD4þ EM subsets expressing CD27þ (EM3; t7),
CD27þHLA-DRþ (EM4; t11). The increase in the two CD4þ
EM subsets was also seen in absolute cell counts. The
overall increase in CD8þ cells was primarily caused by
accumulation of CD57þ EM cells (CD8þ EM1 and EM2; t2
and t5) and CD57þ TEMRA cells (CD8þ TEMRA1; t1) in both
relative and absolute cell numbers. We also observed a
significant relative increase in CD27þ CD8þ EM cells (CD8þ
EM4; t9) and decrease in CD27þCD127low EM cells (CD8þ
EM5; t10) although only the former could be confirmed in
absolute counts.
Increase in CD27þHLA-DRþCD4þ EM T cells correlated to
the outcome of CPI therapy

To evaluate immunological changes related to clinical
outcome of CPI therapy, we stratified the patients by
responder status and compared the relative (Figure 3A,
Supplementary Table S3, available at https://doi.org/10.
1016/j.iotech.2023.100396) and the absolute (Figure 3B,
Supplementary Table S3, available at https://doi.org/10.
1016/j.iotech.2023.100396) changes from 0w to 12w be-
tween the two groups focusing on different tendencies
between the two groups.

The comparison showed thatmost immunological changes
were seen in the responders where we also had more sam-
ples available for comparison (Figure 3A and B). In relative
numbers, the trends of the PBMC subsets were comparable,
although the effects were stronger in the responding group.
The comparison also revealed that the significant decrease in
B cells from 0w to 12w was only seen in responding patients.
The decrease could not be observed in absolute numbers
indicating that the B-cell relative decrease was secondary to
increases in other PBMC subsets.
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Figure 1. Supervised cluster analysis of PBMC and T-cell subsets. The flow cytometric data was clustered using clustering algorithm (FlowSOM) and plotted on a
Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP). (A) UMAP of the PBMC analysis and the 14 FlowSOM clusters. (B) Heatmap
showing the relative expression of the panel parameters within the individual FlowSOM cluster. (C) UMAP of the T-cell analysis and the 16 FlowSOM clusters. (B)
Heatmap showing the relative expression of the panel parameters within the individual FlowSOM cluster.
CM, central memory; DC, dendritic cells; EM, effector memory; N, naive; NK, natural killer; PBMC, peripheral blood mononuclear cell; TEMRA, terminally differentiated
effector memory.

A. H. Kverneland et al. Immuno-Oncology and Technology
In both responding and non-responding patients, the
shift from CD4þ to CD8þ T-cell subsets was observed, but
only with significant differences in the responding group.
Again, the shift was primarily caused by an absolute in-
crease in CD8 T cells. The most striking difference between
the two groups was the highly significant relative and ab-
solute increase in CD4þ EM T-cell subsets, specifically the
EM3, EM4, and EM6 subsets, which was only seen in re-
sponders. The increasing CD4þ EM subsets were charac-
terized by CD27 expression, while EM4 and EM6 also
expressed by HLA-DR as seen in activated T cells.

In the CD8þ T cells, the direction of the relative changes of
the cell subsets were comparable between the two groups
Volume 20 - Issue C - 2023
and consistent with the overall changes induced by CPI
therapy from 0w to 12w. Notably, a significant relative in-
crease in CD27þCD57þCD8þ T cells (EM2) was seen only in
non-responding patients, although it could be not confirmed
in absolute numbers. The other large CD57þ T-cell subset
(TEMRA1) increased significantly in responding patients with
the same trend in non-responding patients. CD57 expression
is associated with end-stage differentiation and associated
with immune dysfunction.35 When combining the CD57þ T-
cell subsets (EM1, EM2, and TEMRA2), a significant increase
was seen in both responding (P< 0.001) and non-responding
patients (P ¼ 0.005). Interestingly, the baseline (0w) level of
CD57þ T cells, particularly the CD57þ TEMRA CD8þ T cells
https://doi.org/10.1016/j.iotech.2023.100396 5
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Figure 2. Immune subset changes after cancer immune therapy. Comparison of immune cell subsets identified by FlowSOM clustering before (0w) and after (12w)
therapy with checkpoint inhibitors. (A) Major leucocyte subset in absolute counts derived from blood cells counts available at the hospital laboratory as part of the
clinical care of patients. (B) Immune cell subsets identified in the PBMC panel. (C) T-cells subsets identified the T-cell panel. The time points are compared with
Wilcoxon signed-rank test and P values are corrected for multiple comparisons.
CM, central memory; DC, dendritic cells; EM, effector memory; N, naive; NK, natural killer; PBMC, peripheral blood mononuclear cell; TEMRA, terminally differentiated
effector memory.
*P < 0.05.
**P < 0.01.
***P < 0.001.

Immuno-Oncology and Technology A. H. Kverneland et al.
(median of 7.5% versus 5.9%), were already higher in the
non-responding patients indicating a preexisting unfavorable
disposition towards CPI therapy.

To illustrate these differences between responder and non-
responders in the T-cell subsets, we encircled the CD27þHLA-
DRþCD4þ EM subsets and CD57þCD8þT cells on a
normalized contour plot of the UMAPanalysis (Figure 4A) and
plotted (the individual summarized CD27þHLA-DRþCD4þ
EM subsets (Figure 4B; EM4 and EM6) and CD57þCD8þcell
subsets (Figure 4C; EM1, EM2, TEMRA1).

To evaluate the association of specific T-cell changes
adjusted for clinically relevant parameters, we investigated
the T-cell subsets with logistical regression where the odds
ratio reflected the chance of being a responder for every
6 https://doi.org/10.1016/j.iotech.2023.100396
10% increase in relative subset size from baseline (0w) to
after therapy (12w). We choose to include the CD4 EM T-
cell subsets with significant increases in the responding
group (CD4þ EM3, EM4 and EM6) and the CD57þCD8þ
subsets that show pronounced effects in the non-
responding patients (CD8þ EM1, EM2, TEMRA1). The
CD27þHLA-DRþCD4þ T-cell subsets (EM4 and EM6) were
significantly associated with responder status in the uni-
variate model with odds ratios of 1.09 (95% CI 1.02-1.16)
and 1.12 (95% CI 1.04-1.21), respectively (Table 2). The
significant association was also observed after inclusion of
covariates in the multivariate model. To explore the full
extent of the association, we also combined the two
CD27þHLA-DRþCD4þ subsets and found similar results
Volume 20 - Issue C - 2023
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Figure 3. Relative cell subset changes after cancer immune therapy stratified by clinical response to therapy. Median relative change with interquartile range in cell
subset size from before (0w) to after (12w) checkpoint inhibitor therapy in responders (progression-free survival >180 days) and non-responders (progression-free
survival <180 days). (A) Relative changes in relative subset sizes. (B) Changes in absolute cell counts. The statistical comparisons are done with Wilcoxon signed-rank
test and P values corrected for multiple comparisons.
CM, central memory; DCs, dendritic cells; EM, effector memory; N, naive; TEMRA, terminally differentiated effector memory.
*P < 0.05.
**P < 0.01.
***P < 0.001.
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with an odds ratio of 1.07 (95% CI 1.02-1.12 [P ¼ 0.003]) in
the univariate and 1.08 (95% CI 1.03-1.14 [P ¼ 0.002] in the
multivariate model. The CD57þCD8þ T-cell subsets were
not statistically significantly associated with response sta-
tus, but there was a trend towards a negative association in
both the univariate and multivariate model.
DISCUSSION

In this study, we show that clinical response to CPI therapy
is correlated to specific T-cell changes in peripheral blood.
Our results show a correlation between an increase of
CD25�CD27þCD4þ EM T cells and long PFS after CPI
Volume 20 - Issue C - 2023
therapy. Our results also show that accumulation of
CD57þCD8þ T cells is generally correlated to the CPI
therapy, but indicate that the effect may be more pro-
nounced in patients with short PFS.

CD4þ T cells are important for activating CD8þ cytotoxic
T cells and for induction and maintenance of T-cell memory
function.36,37 CD27 is lost during T-cell differentiation and
the increased expression of CD27 on EM cells could indicate
a subset that has recently been activated and therefore not
yet lost CD27 expression.

In contrast, we saw a trend in non-responding patients to
accumulate late-differentiated CD57þCD8þ T cells at a
higher rate than responding patients. This cell type is linked to
https://doi.org/10.1016/j.iotech.2023.100396 7
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Figure 4. Comparison of selected T-cell subsets correlated to clinical outcome of therapy. (A) Normalized contour plot of the T-cell clusters on a UMAP projection in
all patients before (0w) and after (12w) checkpoint inhibitor therapy stratified on responding and non-responding patients. Manual gates around the CD27þHLA-
DRþCD4þ EM T cells and CD57þCD8þ T cells are shown. (B) Comparison of CD27þHLA-DRþCD4þ EM cell subsets (CD4þ EM4 and EM6) sizes before (0w) and
after (12w) therapy in responder and non-responder patients. (C) Comparison of CD57þCD8þ cell subsets (CD8þ EM1, EM2 and TEMRA1) sizes before (0w) and after
(12w) therapy in responder and non-responder patients. The statistical comparisons are done with Wilcoxon signed-rank test and P values are corrected for multiple
comparisons.
EM, effector memory; TEMRA, terminally differentiated effector memory; UMAP, Uniform Manifold Approximation and Projection for Dimension Reduction.
**P < 0.01.
***P < 0.001.
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immunological senescence and exhaustion and is known to
increase with age,35,38 but the trend towards a negative effect
was still seen after correction for age in the multivariate
model. The accumulation of these cells may reflect an inability
to mount a successful immune response despite a stimulatory
pressure from the CPI therapy leading to T-cell exhaustion.

Many studies have described general T-cell differentiation
following CPI therapy.19,22,23,26,39,40 Which specific T-cell
subset(s) that correlate with clinical response to therapy,
however, is still debated; candidates suggested by others
include CD4þ CM T cells,41 CD27�CD8þ EM T cells,22 and
CD4þ EM T cells.19 HLA-DR and CD27 expression on T cells
has also been linked to a favorable clinical outcome.15,19,23

Importantly, studies evaluating peripheral blood cells in
response to CPI therapy vary significantly in cell quantifi-
cation strategy, criteria for clinical responsiveness, and
timing of evaluation, making direct comparisons difficult.
We found that PFS >180 days is the best and most practical
Table 2. Logistical regression model for prediction of response

Univariable logist
regression OR [95

CD4þ EM3 (CD27þ) (t7) 1.07 [0.97-1.18]
CD4þ EM4 (CD27þHLA-DRþ) (t11) 1.09 [1.02-1.16]
CD4þ EM6 (Treg; CD25þ CD127-CD27þHLA-DRþ) (t14) 1.12 [1.04-1.21]
CD8þ EM1 (CD57þ) (t2) 1.01 [0.98-1.05]
CD8þ EM2 (CD27þCD57þ) (t5) 0.96 [0.92-1.01]
CD8þ TEMRA1 (CD57þ) (t1) 0.96 [0.88-1.04]

Univariable and multivariable logistic regression of changes in selected T-cell subsets and the
180 days. Significant P values are marked in bold. The odds ratio reflects the odds of respo
between baseline (0w) and after therapy (12w). Covariates included in the multivariable an
ligand 1 (PD-L1) status. The P values in the multivariable analyses were adjusted for multip
CI, confidence interval; OR, odds ratio
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way to discriminate responders from non-responders
particularly in patients with unmeasurable or radiologi-
cally stable disease.

Our study has several limitations. The results are not
validated in a separate cohort and should as such be
considered hypothesis generating. Immune monitoring is
prone to inter-patient and inter-assay variation, and it is
probable that patient-related factors such as immune-
related toxicity, concomitant infections, or medication
would have a substantial impact on the peripheral immune
system. It is also possible the different CPI treatment regi-
mens would affect different immunological response pat-
terns, although they did not have a significant impact on the
correlation between the immunological correlates and the
clinical outcome when included in the logistical regression
model.

Our study included a relatively large number of patients
but could still be affected by immunological events
ic
% CI]

Non-adjusted
P value

Multivariable logistic
regression OR [95% CI]

Adjusted
P value

0.175 1.08 [0.97-1.20] 0.271
0.014 1.11 [1.03-1.20] 0.023
0.004 1.12 [1.04-1.21] 0.026
0.517 1.01 [0.98-1.05] 0.421
0.101 0.97 [0.93-1.01] 0.271
0.300 0.96 [0.88-1.05] 0.421

odds of clinical response status defined as progression-free survival (PFS) longer than
nse compared with non-response for each 10% proportional change (in % of T cells)
alysis: age at inclusion, sex, lactate dehydrogenase, and tumor programmed death-
le comparisons using false discovery rate (FDR) Benjamini-Hochberg method.
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unrelated to cancer immunity. Still, monitoring at the
cellular level, compared with standalone cytokine or
protein-based monitoring, could be considered relatively
stable over time. Our results are likely to be affected by the
skewed sample availability at the follow-up time point,
where many non-responding patients were lost. The
ensuing loss of power might have led us to underestimate
correlations to CPI therapy in this group. The addition of
absolute cell counts strengthened the analysis as it allowed
differentiating proportional changes caused directly by
changes in the investigated subset from indirect changes
caused by other subsets with the same parent population.

Flow cytometry using fluorochrome-labelled antibodies is
widely available and a robust technology that is already
applied in clinical practice. Immune monitoring by flow
cytometrydas a supplement to radiological asses-
smentsdis currently and in the foreseeable future closer to
clinical implementation compared with tumor-based stra-
tegies or advanced monitoring by mass cytometry, single-
cell transcriptomics, or ctDNA measurements. Our results
show a correlation between specific T-cell dynamics and
clinical outcome of therapy. T cells are the target of CPI
therapy and important mediators of anticancer immunity
and future studies should determine and validate whether
the results from this study can be validated and their po-
tential value in critical clinical decision making such as
‘pseudoprogression’ or immune-related toxicity where
relevant biomarkers are still needed.
Conclusion

CPI therapy correlate to several immune cell changes in
peripheral blood in metastatic melanoma patients. The
correlations are seen in major leucocyte subsets but are
particularly pronounced with the T-cell subset. An increase
in HLA-DRþCD27þCD4þ EM T cells correlated positively
with longer PFS. In contrast, we saw a trend towards
increased accumulation of late-stage differentiated
CD57þCD8þ T cells in patients with short PFS. Our results
demonstrate that significant association can be found be-
tween immune monitoring with flow cytometry and the
clinical outcome in CPI therapy but more studies are needed
to determine their potential use as biomarkers in clinical
patient care.
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