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Abstract: We describe an innovative approach for identification of tolerance breakage during immune
checkpoint inhibitor therapy in malignant melanoma. Checkpoint inhibitor therapy enhances the
immunologic clearance of cancer by suppressing pathways which induce immune suppression and
tolerance. We posit that by analyzing temporal correlations of key markers of immune activation
and tissue damage it would be possible to detect the onset of anticancer immune reaction as well
as of immunologic adverse effects which might become crucial for optimization as well as safety of
immune checkpoint inhibitor treatment. We analyzed time courses of routine laboratory values of
serum tumor markers as well as of markers of immune activation in 17 patients with metastasized
malignant melanoma receiving checkpoint inhibition and weekly laboratory controls. A parallel
serum level increase of interleukin-6 and the tumor marker S100B could be identified in 13 patients,
suggesting that the onset of tolerance breakage under checkpoint inhibition may be identified and
measured. Immune-related adverse events in the patients were also accompanied by a peak of IL-6.
In six patients, the onset of a putative anticancer immune reaction and the beginning of immunologic
adverse events occurred in the same treatment cycle; in six patients the immunologic adverse reactions
took place in separate cycles.

Keywords: treatment monitoring; tolerance breakage; checkpoint inhibitor therapy; temporal
correlation; malignant melanoma; interleukin 6; S100B; eosinophils; macrophages; irAE

1. Introduction

Checkpoint inhibitor therapy has been a major breakthrough in anticancer therapy leading to
durable responses in many cancer entities such as malignant melanoma, cutaneous squamous cell
carcinoma, Merkel cell carcinoma, lung cancer, classical Hodgkin lymphoma, squamous cell cancer of
the head and neck, renal cancer, bladder cancer, endometrial carcinoma, breast cancer, liver cancer,
gastric cancer and colorectal cancer [1,2]. Treatment is performed by administration of monoclonal
antibodies which block the coinhibitory surface receptors or their ligands: programmed cell death
1 (PD-1) and cytotoxic T-lymphocyte antigen 4 (CTLA4) on immune cells as well as programmed
cell death ligand 1 (PD-L1) on immune cells and tumor cells. The blockade of immunosuppressive
pathways results in an enhanced immune response against tumor antigens [1,3]. Nevertheless, not all

Int. J. Mol. Sci. 2020, 21, 2020; doi:10.3390/ijms21062020 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0002-2911-1025
https://orcid.org/0000-0002-2704-4754
http://www.mdpi.com/1422-0067/21/6/2020?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21062020
http://www.mdpi.com/journal/ijms


Int. J. Mol. Sci. 2020, 21, 2020 2 of 16

patients respond to checkpoint inhibitors and the treatment itself is associated with a high risk of
severe side effects due to therapy induced autoimmune inflammation in various tissues. Especially
combined checkpoint inhibition targeting CTLA4 as well as PD-1 is associated not only with the best
therapeutic response but also with a significantly increased rate of severe immune-related adverse
events (irAEs) [4]. Hence, research has focused on predictive biomarkers in order to determine prior to
therapy which patients and tumors might respond to checkpoint inhibitors and which patients might
develop severe side effects [5–18].

Table 1 provides an overview of predictive biomarkers in the strict sense that these biomarkers
have been determined prior to the start of therapy.

Table 1. Predictive biomarkers sensu stricto of checkpoint inhibitor therapy positively associated with
clinical response.

Biomarker Cancer Entity Reference

Enhanced programmed cell death ligand 1
(PD-L1) expression in the tumor

melanoma, non-small cell lung
cancer (NSCLC), renal-cell
carcinoma, prostate cancer,

colorectal cancer

[5–8]

Presence of CD8+tumor-infiltrating
lymphocytes

melanoma, NSCLC, renal-cell
carcinoma, colorectal cancer [5–7,9,10]

High tumor mutational burden or
neoantigen burden

melanoma, NSCLC, colorectal
cancer, urothelial carcinoma [5,11,12]

Presence of intratumoral major
histocompatibility complex (MHC)

class II expression
melanoma [5,13]

Presence of intratumoral interferon-γ-immune
gene signature melanoma, head and neck cancer [5,14]

Low interleukin (IL)-6 expression in the tumor colorectal cancer [15]

Peripheral blood count: low absolute
neutrophils, low absolute monocytes, low

myeloid-derived suppressor cells, high FoxP3+
regulatory T cells, high lymphocytes, high

eosinophils, high CD19−HLA-DR+ myeloid
cells, high CD14+CD16b−HLA-DRhi

monocytes

melanoma, NSCLC [5,16–18]

Low level of c-reactive protein (CRP) in the
serum, low relative eosinophil count uveal melanoma [19]

Serum proteome analysis: BDX008 melanoma [20]

An alternative approach to the search of predictive biomarkers sensu stricto is the identification of
predictive biomarkers which are determined under checkpoint inhibitor therapy but before evidence
by radiologic imaging of response to therapy [18,21,22]. Table 2 provides an overview of treatment
response monitoring biomarkers. Although this class of predictive biomarkers is not useful for a
preselection of patients receiving checkpoint inhibitor anticancer therapy, these biomarkers might
nevertheless help identify patients at an earlier time point who might benefit from therapy continuation
or therapy escalation, from dose reduction or interval prolongation of checkpoint inhibitor therapy, or
from an early switch to an alternative treatment. It has to be noted that the occurrence of immune-related
adverse events under checkpoint inhibition is, by itself, an indicator of a better anticancer response in
malignant melanoma [23]. Still, evidence is lacking as to whether checkpoint inhibitor treatment has to
be continued until the tolerable maximum of immune-related adverse events has been reached or if the
patient might profit from an earlier discontinuation or dose reduction considering that the treatment of
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severe immune-related adverse events consists of immunosuppression which in turn could jeopardize
the anticancer efficacy of checkpoint inhibition.

Table 2. Treatment response monitoring (predictive) biomarkers of checkpoint inhibitor therapy.

Biomarker Cancer Entity Reference

Peripheral blood count: decreasing FoxP3+ regulatory T
cells, increasing absolute lymphocytes, increasing

eosinophils, decrease of the neutrophil-to-lymphocyte
ratio, decrease of HLA-DR monocytes, increase of total

dendritic cells

melanoma, NSCLC [18,21,22]

We have developed this alternative approach further by searching for biomarkers in the blood
of patients which might allow for determining the point in time of tolerance breakage during
checkpoint-inhibitor therapy of cancer.

In analogy to autoimmune diseases, the presented approach relies on the premise that immune-
mediated tissue damage, as measured by the increase of proteins released in the blood from damaged
tissues, is a surrogate marker of immunologic activity within the tissue. Likewise, anticancer immune
responses should induce a release of cancer-derived proteins or DNA into the blood of the treated
patients due to destruction of the tumor.

Therapy induced tolerance breakage during checkpoint-inhibitor treatment might therefore be
assumed when an increase of DNA or protein release from cancer tissue coincides chronologically
with a measurable increase of biomarkers in the blood or serum which are associated with an immune
activation (Figure 1, timepoint t2). Likewise, tolerance breakage would also occur when the immune
activation coincides with the release of proteins from damaged tissue due to treatment-induced
autoimmunity (Figure 1, timepoint t3). A prerequisite for this assumed correlation is a non-continuous
phasic increase of the immune reaction (Figure 1, graph I2) at the time of immune-mediated tissue
damage as it has been postulated for interferon-γ (IFNγ) release and T-cell activation [24].
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Figure 1. Analysis of temporal correlation of immune activation and release of biomolecules into the
serum of cancer patients treated with checkpoint inhibition (CPI). t1: Start of CPI. CPIA: Administration
of checkpoint inhibitors. C1: release of cancer-derived proteins or DNA in the absence of a response to
CPI. C2: Release of cancer-derived proteins or DNA in response to CPI at time point t2. OTD1: Release
of organ tissue derived biomolecules without immune mediated tissue damage. OTD2: Increase of
organ tissue derived biomolecules due to treatment-induced and immune-mediated tissue damage
at time point t3. I1: Continuous increase of immune activity under CPI. I2: Non-continuous phasic
increase of immune activity under CPI.
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Therapy monitoring of human autoimmune diseases has identified several measurable blood
and serum biomarkers which correlate with immune activity (Table 3). In autoimmunity, the used
biomarkers vary depending on the kind of autoimmune disease reflecting different immunologic
response mechanisms [25–29]. Therefore, in the presented study a panel of different biomarkers
suggesting immune activation has been screened retrospectively for a temporal association with either
the release of cancer-derived proteins in the serum or the rise of proteins from tissues which have been
damaged by checkpoint inhibitor-induced inflammation. This approach has been tested for melanoma
checkpoint inhibitor treatment in order to provide proof of principle, but it could represent a universal
algorithm which might also be applicable to other cancer entities.

Table 3. Biomarkers for monitoring immune activation in inflammatory and autoimmune diseases.

Biomarker Autoimmune Disease Reference

Serum levels: elevated serum amyloid A,
Interleukin (IL)-6, IL-8, eotaxin-1 Inflammatory Bowel Disease [25]

Peripheral blood count: elevated monocytes Painless autoimmune thyroiditis [26]

Peripheral blood count: elevated eosinophils Grave’s disease [26]

Serum levels: IL-6, IL-8, IL-17, IL-21, tumor
necrosis factor (TNF)-α Autoimmune hepatitis [27,28]

Peripheral blood count: elevated eosinophils Autoimmune pneumonitis [29]

The next paragraph deals with theoretical considerations on the choice of biomarkers for detection
of immune activation as well as for monitoring tissue damage of cancer cells and of organs targeted by
immune-mediated side effects.

2. Theoretical Considerations

Besides the requisite of choosing biomarkers for monitoring the immune activation which display
a non-continuous and phasic activation time course, the choice of biomarkers and the optimal time
point for sampling is expected to be determined mainly by the presumed temporal dynamics of
the immune reaction. In experimental settings, immune cells release cytokines within hours and
subsequent activation of the respective immune function seems to last only several days [24]. Little
is known on the dynamics of immune activation in human patients, but levels of cytokines or acute
phase proteins seem to oscillate in the range of one day to one month, depending on the analyzed
biomarker [30]. In addition, the dynamics of release of cancer derived proteins and DNA have to
be considered as well. Cancers constantly release proteins and DNA due to continuous cell death
associated with tumor cell turnover. For malignant melanoma it has been estimated that the cell
loss fraction is up to 70% [31]. The release of cancer-associated proteins therefore depends on the
amount of proteins in the cancer cells, on the amount of secreted proteins, on the total tumor mass,
on the specific cell loss fraction of the tumor and on cancer cell cycle and cancer growth fraction
(Figure 2) [32]. An immune-mediated loss of tumor mass should result in a temporary increase in the
release of proteins or DNA in the serum followed by a reduction in biomarker release, which in the
case of successful treatment should be lower than the initial value due to reduced total cancer mass
(Figure 1, C2).
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3. Results

Time courses of routine laboratory values of 17 patients with metastasized malignant melanoma
receiving checkpoint inhibitor treatment and weekly laboratory controls were reviewed for a temporal
correlation between potential biomarkers of immune activation and routine laboratory values used
for detection of immune-related adverse events as well as release of tumor markers. Blood cell count
with white cell differentiation, c-reactive protein (CRP) and interleukin-6 (IL-6) in the serum were
examined as potential biomarkers of immune activation due to their association with autoimmune
and inflammatory diseases (Table 3). S100B and lactate dehydrogenase (LDH) served as serum tumor
markers for monitoring malignant melanoma [33,34]. Five patients received monotherapy with the
anti-CTLA4 antibody ipilimumab, 13 patients were treated with either nivolumab or pembrolizumab
which are anti-PD-1 antibodies and six patients were treated with a combination of ipilimumab with
nivolumab (Table 4).

The first patient treated with ipilimumab monotherapy had the longest follow-up dating from the
time of introduction of ipilimumab for malignant melanoma. Besides CRP, IL-6 was closely monitored
due to the association with inflammatory bowel disease [25]. Figure 3 displays the time course of CRP,
IL-6, LDH and S100B during treatment. All values were normalized with 100% indicating the upper
limit of normal (ULN). LDH did not change significantly during treatment but S100B demonstrated
a peak on day 62 after starting immunotherapy which coincided with an increase of CRP and IL-6.
In direct comparison, IL-6, although at levels below ULN, seemed to react earlier and with a greater
relative amplitude to ipilimumab administration than CRP and the impression was that IL-6 increased
with every ipilimumab infusion, which suggests a treatment-induced immunologic booster effect
resulting in immune oscillations as previously postulated for CRP in cancer patients [35]. A peak of
S100B which coincided with an IL-6 increase could be observed in three other patients treated with
ipilimumab monotherapy occurring between the first day after starting ipilimumab (=day 1) and day
81 (Table 4). This observation suggests that treatment and immune-induced destruction of cancer tissue
which should represent tolerance breakage by checkpoint inhibition might be visualized by a close
monitoring of IL-6 and S100 as postulated and described by Figure 1. In some patients, a slight increase
of the tumor marker LDH could be observed as well but changes in S100B were significantly more
distinct. Two of the five patients treated with ipilimumab monotherapy were long-term responders
and were treated subsequently with nivolumab or pembrolizumab (Table 4).
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Table 4. Tumor marker release, immunologic adverse effects and response to therapy in 14 patients treated with immune checkpoint inhibition.

no. TNM at TX TX (Cycles) TMR IM TMR Day irAE (IM) irAE. Day best resp. Survival from TX, Months

1 pT3a, N3c, M1a ipi. (4) IL-6
62

- PR
>89nivo. (11) - thyroiditis (mono.) 28 PR

2 pT1a, N3, M1c ipi. (4) IL-6 81
myositis

81 PD 8.5hepatitis
(IL-6, CRP, mono.)

3 pT4, N1b, M1c ipi. (3) - - thyroiditis 49 PD 19

4 pT3a, N3, M1c
ipi. (4) IL-6

16
hepatitis 77

PR 14(mono., eos.)
nivo. (7) paradox - -

5 pT3a, N3, M1c
ipi. (3) IL-6 1 colitis 70 PR

>6(eos.)
pemb. (33) IL-6 8, 141 myositis (IL-6) 148 CR

6 pTx, N3, M1c pemb. (7) paradox - - - PD 8

7 pT3b, N3, M1c pemb. (8) IL-6
5

pneumonitis
188 PR >11mono. (IL-6)

8 pT2a, N2b, M1c
nivo. (18) - - - - PR

>51nivo.+
ipi. ((2), 11) IL-6 40 hepatitis (IL-6, CRP) 40 CR

9 pT4a, N3, M0 pemb. (9) - - - - PD 8

10 pT4a, N1a pemb. (19) IL-6 71 - - PD >13

11 pTx, N0, M1c pemb. (28) IL-6 (21) 141 - - CR >41

12 pT3b, N1b, M1d nivo.+
IL-6 6 neuritis 6 CR 27ipi. (1)

13 pT4, N1c, M0 nivo. (3) - - - - PD 14

14 pTx, Nx, M1b
nivo.+ IL-6

28
thyroiditis, hepatitis 35 CR

>25ipi. (1) (IL-6, CRP)
nivo. (7) - Pneumonitis (IL-6, CRP, mono.) 182 CR

15 pT2b, N3c, M1c
nivo.+ IL-6

7 (112) *
thyroiditis, 21 CR

>35ipi. (2) (IL-6, mono.)
nivo. (8) IL-6 Myositis (IL-6) 98 CR

16 pTx, N2, M1a
nivo.+

IL-6 (4) 39
rash 4

CR >11ipi. (1) hypophysitis, pneumonitis 20
(IL-6, mono.) 20

17 pT3a, N1b, M1c nivo. (1) IL-6 *
28 *

vitiligo
70 PR >8nivo. + ipi ((4), 10) CRP (eos.)

TNM: AJCC 2017 TNM classification of malignant tumors; TX: checkpoint inhibitor treatment, TMR: tumor marker response, IM: immune marker associated with response or
immune-related adverse events. ipi. = ipilimumab; nivo. = nivolumab; pemb. = pembrolizumab; mono. = monocytes; eos. = eosinophiles. * S100B increase 14 days after IL-6 peak.
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Figure 3. Time course of immune markers c-reactive protein (CRP) and IL-6 and tumor markers S100B
and lactate dehydrogenase (LDH) during checkpoint inhibitor treatment starting at day 0. Patient no. 1,
four cycles of ipilimumab, delay in the administration of the fourth cycle was due to gastral bleeding.

Figure 4 shows the time course of IL-6, S100B and creatine kinase (CK) during treatment of patient
no. 5 with pembrolizumab which resulted in complete remission of the melanoma metastases. A strong
S100B tumor marker release in response to pembrolizumab treatment with concomitant IL-6 release
was observed at day 8. A second smaller oscillation of both S100B and IL-6 occurred in the following
cycle. S100B continued to decrease below pretreatment levels until the end of cycle 6. Using the tumor
marker model depicted by Figure 2, this decrease of S100B should reflect a slow reduction of total tumor
mass as hypothesized under efficient checkpoint inhibitor therapy by Figure 1, graph C2. Increase of
IL-6 in cycle 7 was associated with both an increase in S100B suggesting a second immunologic reaction
against melanoma metastases as well as an increase in creatine kinase (CK) which corresponded to
immune-mediated myositis in the patient and which had to be treated with corticosteroids.
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Figure 4. Time course of immune, tumor and cell damage (creatine kinase (CK)) markers during
checkpoint inhibitor treatment starting at day 0. Patient no. 5, 7 cycles of pembrolizumab.

Patient no. 6 did not respond to pembrolizumab treatment. Figure 5 denotes the temporal
behavior of S100B and IL-6 in this patient. Administration of checkpoint inhibitor resulted in a steep
and parallel decline of both S100B and IL-6, especially in the first cycle. This unexpected behavior
was observed in patient 4 under nivolumab treatment as well and was termed a “paradox” reaction
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in Table 4. Using the tumor marker model depicted by Figure 2, this decrease of S100B might be
explained by a yet not understood effect of PD-1 blockade on melanoma cell cycle resulting in partial
cell cycle arrest and reduced S100B release. It has been observed that melanoma cells may rely on
an autocrine secretion of IL-6 [36]. The parallel decrease of IL-6 might indicate that PD-1 blockade
interferes with this autocrine IL-6 loop. The increase of S100B in treatment cycle 5 corresponded
clinically to a massively progressive disease. Without this clinical information, rise of S100B and IL-6
would have been interpreted as immune activation against melanoma metastases.
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Combined immune checkpoint inhibitor therapy with nivolumab and ipilimumab was performed
in the patients either as first checkpoint inhibitor treatment or after a monotherapy which did not result
in sufficient clearance of the tumor. Patient no. 8 only demonstrated partial remission after 18 cycles of
nivolumab and was therefore switched to combination therapy. Figure 6 displays the last two cycles of
monotherapy and the first two cycles of combination therapy. Tolerance breakage was observed after
the second administration of combination therapy. A strong increase in IL-6 and CRP was paralleled
by a strong rise of S100B as well as of liver enzymes alanine aminotransferase (ALT) and aspartate
transaminase. Immune hepatitis in this patient necessitated prolonged oral glucocorticoid treatment
with prednisolone, still the patient demonstrated complete response of the melanoma metastases and
long-term remission. After two cycles of combination therapy, the treatment was continued with a
further eight cycles of nivolumab monotherapy (Table 4). Oscillations of CRP as well as IL-6 form a
double peak before intervention with corticosteroids (Figure 6).

Figure 7 shows the time courses in two other melanoma patients who responded with complete
regression of their metastases. Patient no. 15 had already responded to combination immunotherapy
with nivolumab and ipilimumab but developed a relapse one year later. Nivolumab monotherapy was
started and myositis with an increase of myoglobulin was observed at day 98 with a parallel increase
of IL6 as well as of S100B (Figure 7A).
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Figure 7B shows immune activation and parallel tumor marker release as well as the effect of
corticosteroid treatment in patient no. 16 after only one administration of combined immunotherapy
with nivolumab and ipilimumab. The patient first developed a skin rash and then hypohysitis and
pneumonitis requiring corticosteroid intervention. Interestingly, tumor marker release in this patient
continued despite suppression of IL-6 by prolonged corticosteroid treatment.

Figure 8 demonstrates immune activation and parallel tumor marker release in a melanoma patient
with high tumor burden under combination therapy with nivolumab and ipilimumab. Treatment led
to an increase of S100B which persisted during two cycles followed by a steep decreased to normal
values. As observed in other patients, LDH levels were not informative. The patient experienced
near total reduction of metastases. After four cycles of nivolumab and ipilimumab, the treatment was
continued with nivolumab monotherapy.
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In six patients, the onset of a putative anticancer immune reaction and the beginning of
immunologic adverse events occurred in the same treatment cycle; in six patients the immunologic
reactions took place in separate cycles. Nevertheless, temporal separation could be observed in some
patients even within one cycle (Table 4, Figure 5).

4. Discussion

The presented biomarker study analyzed the time courses of routine laboratory values and of
serum tumor markers as well as of markers of immune activation in 17 patients with metastasized
malignant melanoma receiving immune checkpoint inhibitor therapy and weekly laboratory controls.
In 13 patients we could observe a parallel increase of tumor marker S100B and of the immune activation
marker IL-6 in the serum. We hypothesize that this molecular signature indicates tolerance breakage
due to immune checkpoint inhibition leading to an enhanced anticancer activity.

The presented retrospective analysis may not provide definite proof of actual tolerance breakage
taking place at the supposed time point within the metastases. Definite proof would have required for
each patient sequential biopsies taken from one melanoma metastasis without removing the metastasis
at multiple time points during therapy, an approach which would have been technically difficult,
and which would have encountered severe ethical concerns. An alternative approach for future
studies could be sequential PET-imaging under therapy using the enhanced uptake of appropriate
marker molecules in the metastases as a surrogate for local immune activation [37]. Nevertheless, the
observation of similar serum kinetics of IL-6 during putative anticancer immune reaction as well as at
the time of severe immune-related adverse events in the analyzed patients suggests that concomitant
IL-6 and S100B release might indeed reflect a rise of anticancer immune activity and tolerance breakage.

Besides providing first evidence that tolerance breakage within the cancer tissue under immune
checkpoint inhibition treatment of human cancers might be identified, monitored and measured,
the presented study also contributes insight into the temporal dynamics of immune regulation under
checkpoint inhibition. In the analyzed patients, rise of cytokine IL-6 as well as release of tumor marker
S100B demonstrated oscillations with a frequency in the range of a few days, suggesting that weekly
monitoring of these markers constitutes a minimal requirement in order to identify the expected
effects. In future studies involving melanoma or other cancers, this time frame should be considered.
A recent publication analyzed CRP every day to every second day in a case of checkpoint inhibitor
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associated neutropenia and the published time course of CRP in Figure 1 of this publication resembles
our time courses of CRP in Figures 3 and 6 with regard to oscillation and response to corticosteroid
treatment [38].

The selection of serum markers analyzed in the presented study was dictated by availability
in routine diagnostic testing and the parameters represent common laboratory values which are
monitored during checkpoint inhibition therapy as well as in the treatment of autoimmune diseases.
Especially S100B has proven its usefulness in monitoring metastatic malignant melanoma [33,34]. LDH,
a common tumor marker used for many tumors, did not prove helpful in our patients. One reason
could be the limited dynamic range of LDH values in the serum of cancer patients which encompasses
approximately one order of magnitude whereas S100B in the serum of melanoma patients ranges from
below 0.11 µg/L to levels above 10.0 µg/L, suggesting a significantly greater sensitivity. Moreover, the
half-life of LDH lies in the range of 100 h whereas the half-life of S100B in the serum is about 2 h [39,40].
Shorter serum availability of a marker molecule is considered an advantage for serial sampling of
biomarkers [41].

Nevertheless, S100B as well as IL-6 might not represent the most sensitive and most useful serum
or blood markers for the detection of tolerance breakage in melanoma. A disadvantage of S100B as
a tumor marker of malignant melanoma is the possible loss of S100B expression during malignant
progression which would disrupt the dependency of measured serum S100B levels to the cell loss
fraction and immunologic cell death (see Figure 2) [42]. In the future, this limitation may be overcome
by measuring as tumor markers for malignant melanoma or for other cancers the amount of tumor
mutation-specific cell free DNA in the serum which has a short half-life and is independent of protein
expression [43].

A rise of serum IL-6 levels was associated with immune-related adverse events as well as with
release of tumor marker in the majority of the treated melanoma patients presented in this study.
A study from 2019 analyzed the correlation of different cytokines including IL-6 and irAE during
checkpoint inhibitor treatment of various cancers on a two to three weeks basis and identified that the
irAE group (n = 16) had significantly elevated levels of five cytokines (IL-6, CXCL2, CCL20, CXCL8
and CCL23) compared to healthy controls [44]. Moreover, the authors stated that the increase in
cytokines/chemokines at two–three weeks and at six weeks was significantly greater in the irAE group.
Our data is very compatible with their findings underlining the utility of IL-6 monitoring for detection
of irAEs under immune checkpoint inhibitor therapy.

Nevertheless, two patients in our study demonstrated an immediate and parallel decrease of IL-6
and S100B serum levels after administration of checkpoint inhibitor treatment which might result from
a direct suppressive effect of PD-1 blockade on melanoma cell cycle. Under the assumption that IL-6
can be excreted by melanoma cells and may stimulate autocrine growth [36], the parallel decrease of
IL-6 in these patients might suggest that blockade of PD-1 did interrupt this putative autocrine loop.
High levels of IL-6 secreted by melanoma metastases might mask the IL-6 protein signature deriving
from immune activation. Moreover, progression of melanoma metastases secreting IL-6 should result
in a parallel increase of both S100B and IL-6, thus imitating an immunologic response (Figure 5). On the
other hand, measuring IL-6 together with a tumor marker under checkpoint inhibitor treatment might
help to identify melanomas and other cancers depending on autocrine or paracrine IL-6 signaling [45].

Furthermore, it has to be considered that IL-6 might not be the decisive cytokine triggering an
anticancer immune response as anti-IL-6 treatment has been administered in order to treat checkpoint
inhibitor-associated adverse effects without overt loss of treatment efficacy [15,46]. In two patients
(Figures 7A and 8) the peak of S100B occurred 14 days after the observed peak of IL-6 which
might suggest that IL-6 reflects immune activation but may not be implicated in the local anticancer
immune reaction within the cancer tissue. Expanding the search for immune markers other than IL-6
which might correlate even more closely to anticancer immune activation and which might not be
biased by autocrine or paracrine IL-6 secretion seems mandatory for future research in the field of
immune monitoring.
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The study was not designed to evaluate sensitivity and specificity of a predictive biomarker
based on the identification of the concurrent release in the serum of tumor markers and of markers of
immune activation as its aim was to identify a putative molecular serum signature in the first place.
The number of analyzed patients is low, and the results must be considered preliminary evidence of an
exploratory research. A search for more specific markers of release of cancer derived biomolecules and
biomolecules reflecting immune activation as well as a prospective study using more patients under
more controlled conditions might be necessary to address this open question.

The presented algorithm which consists of measuring the time course of tumor marker release as
well as of a marker of immune activation in the serum of cancer patients in order to identify the time
point of parallel increase of both markers which would suggest tolerance breakage under immune
checkpoint inhibitor treatment should, in principle, be applicable to all cancer entities. A general
requirement would be a high sensitivity with a wide dynamic range in the serum of the chosen markers,
a short half-life of the markers in the serum, as well as a blood sampling which is frequent enough to
identify serum level oscillations of the markers and to allow area under the curve (AUC) quantification
of the released markers. A limitation to the described approach could stem from multi-organ metastases
demonstrating mixed response to treatment which would result in opposing trends of tumor marker
release masking an existing anticancer immunologic response.

Analyzing the kinetics of immunologic anticancer response during immune checkpoint inhibition
in patients might not only provide a predictive biomarker under therapy but it might also be used in
the future to optimize treatment efficacy. Advanced AI approaches for data extraction and analysis
could be implemented which might make it possible to identify patient-specific molecular signatures
of the immune system and of cancer cell cycle regulation [47]. Such molecular signatures could then be
used to calibrate treatment and possibly to quantify the optimal intervention timing and dosage to
maximize the benefit to each individual patient in immune checkpoint inhibitor therapy.

5. Materials and Methods

All patients described in the presented study were adults and were treated for metastasized
malignant melanoma at the Euregio Skin Cancer Center of the Department of Dermatology at the
University Hospital of the RWTH-Aachen according to German treatment guidelines. Routine blood
laboratory values which included interleukin 6 (IL-6), the tumor markers LDH and S100B as well as
blood cell count with white cell differentiation were analyzed retrospectively for a concurrent increase
in tumor marker release and immune activation. The investigation did not include any intervention in
the sense of an interventionary study. In most patients, blood was drawn every week between the first
five treatment administrations. Weekly clinical and laboratory controls were routinely performed in
order to detect severe and potentially lethal immune-mediated adverse effects at an early time point
allowing efficient treatment. Some patients consented to an additional blood sampling one day after
checkpoint inhibitor administration. Deviations from the recommended timing of checkpoint inhibitor
administration were dictated by the clinical occurrence of adverse effects. All patients provided their
written informed consent. This non-interventional study was approved by the local ethics committee
of the RWTH-Aachen University (approval code EK153/12, 12 December 2012).

Routine blood samples were processed within one day considering that S100B is sensitive to
delayed processing resulting in false positive values. Routine laboratory tests in melanoma patients
treated with immune checkpoint inhibitors comprised a blood cell count with white cell differentiation
as well as determination of serum levels of c-reactive protein and interleukin-6 as markers of infection
and autoimmunity. Serum levels of S100B and lactate dehydrogenase were routinely measured
as tumor markers for monitoring malignant melanoma. Serum levels of sodium and potassium
were assessed in order to detect hypophysitis. Free triiodothyronine (fT3), free thyroxine (fT4) and
thyroid-stimulating hormone (TSH) were quantified for detection of hypophysitis or hyperthyroiditis.
Immune-mediated liver damage was assessed by measuring gamma-glutamyl transferase (γ-GT),
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aspartate aminotransferase (AST), alanine aminotransferase (ALT) and bilirubin. Myositis was
evaluated by creatine kinase or myoglobin and renal disease was monitored by creatinine levels.

The search for a concurrent elevation of markers of immune activation and tumor marker
release as well as release of organ derived proteins indicating immune-mediated organ damage was
performed solely by graphic visualization of time courses of laboratory values during treatment cycles
as represented in Figures 1–8. Laboratory values were normalized with 100% indicating the upper limit
of normal (ULN) for visualization. ULN for displayed laboratory values were 0.6/nL for monocyte
count, 0.46/nL for eosinophil count, <5 mg/L for CRP, <7 pg/mL for IL-6, <250 U/L for LDH, <11 µg/L
for S100B, <190 U/L for creatine kinase, 72 µg/L for myoglobin and <50 U/L for ALT.

Treatment with immune checkpoint inhibitors was performed according to EU approval.
Ipilimumab monotherapy was performed at a dosage of 3 mg/kg every 3 weeks (patients no. 1–5).
Nivolumab was administered either at a dosage of 3 mg/kg every 2 weeks (patients no. 1 and 4) or
at a fixed dosage of 480 mg every four weeks (patients 8, 13–15 and 17). Pembrolizumab was given
either at a dosage of 2 mg/kg every three weeks (patients 5–7, 9 and 11) or at a fixed dosage of 200 mg
every three weeks (patient 10). Nivolumab plus ipilimumab combination treatment was performed
at a dosage of 1 mg/kg nivolumab and 3 mg/kg ipilimumab every three weeks during the first four
cycles (patients no. 12, 14–16). Patient no. 17 was treated with the dosage of 3 mg/kg nivolumab and
1 mg/kg ipilimumab every three weeks approved for renal cell cancer after multidisciplinary tumor
board discussion in order to reduce toxicity.

Anonymized clinical and laboratory data are provided in Supplementary Materials.
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S100B S100 calcium-binding protein B
TNF tumor necrosis factor
ULN upper limit of normal

References

1. Hodi, F.S.; O’Day, S.J.; McDermott, D.F.; Weber, R.W.; Sosman, J.A.; Haanen, J.B.; Gonzalez, R.; Robert, C.;
Schadendorf, D.; Hassel, J.C.; et al. Improved survival with ipilimumab in patients with metastatic melanoma.
N. Engl. J. Med. 2010, 363, 711–723. [CrossRef] [PubMed]

2. Hargadon, K.M.; Johnson, C.E.; Williams, C.J. Immunmoju8e checkpoint blockade therapy for cancer:
An overview of FDA-approved immune checkpoint inhibitors. Int. Immunopharmacol. 2018, 62, 29–39.
[CrossRef] [PubMed]

3. Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012, 12,
252–264. [CrossRef]

http://www.mdpi.com/1422-0067/21/6/2020/s1
http://www.mdpi.com/1422-0067/21/6/2020/s1
http://dx.doi.org/10.1056/NEJMoa1003466
http://www.ncbi.nlm.nih.gov/pubmed/20525992
http://dx.doi.org/10.1016/j.intimp.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29990692
http://dx.doi.org/10.1038/nrc3239


Int. J. Mol. Sci. 2020, 21, 2020 14 of 16

4. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.;
Smylie, M.; Rutkowski, P.; et al. Combined nivolumab and ipilimumab or monotherapy in untreated
melanoma. N. Engl. J. Med. 2015, 373, 23–34. [CrossRef]

5. Gibney, G.T.; Weiner, L.M.; Atkins, M.B. Predictive biomarkers for checkpoint inhibitor-based immunotherapy.
Lancet Oncol. 2016, 17, e542–e551. [CrossRef]

6. Stenzel, P.J.; Schindeldecker, M.; Tagscherer, K.E.; Foersch, S.; Herpel, E.; Hohenfellner, M.; Hatiboglu, G.;
Alt, J.; Thomas, C.; Haferkamp, A.; et al. Prognostic and predictive value of tumor-infiltrating leukocytes
and of immune checkpoint molecules PD1 and PDL1 in clear cell renal cell carcinoma [published online
ahead of print, 2019 Dec 24]. Transl. Oncol. 2019, 13, 336–345. [CrossRef]

7. Bastholt, L.; Schmidt, H.; Bjerregaard, J.K.; Herrstedt, J.; Svane, I.M. Age favoured overall survival in a large
population-based Danish patient cohort treated with anti-PD1 immune checkpoint inhibitor for metastatic
melanoma. Eur. J. Cancer 2019, 119, 122–131. [CrossRef]

8. Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, J.D.;
Carvajal, R.D.; Sosman, J.A.; Atkins, M.B.; et al. Safety, activity, and immune correlates of anti-PD-1 antibody
in cancer. N. Engl. J. Med. 2012, 366, 2443–2454. [CrossRef]

9. Huh, J.W.; Lee, J.H.; Kim, H.R. Prognostic significance of tumor-infiltrating lymphocytes for patients with
colorectal cancer. Arch. Surg. 2012, 147, 366–372.

10. Thomas, N.E.; Busam, K.J.; From, L.; Kricker, A.; Armstrong, B.K.; Anton-Culver, H.M.; Gruber, S.B.;
Gallagher, R.P.; Zanetti, R.; Rosso, S.; et al. Tumor-infiltrating lymphocyte grade in primary melanomas is
independently associated with melanoma-specific survival in the population-based genes, environment and
melanoma study. J. Clin. Oncol. 2013, 31, 4252–4259. [CrossRef]

11. Lee, M.; Samstein, R.M.; Valero, C.; Chan, T.A.; Morris, L.G.T. Tumor mutational burden as a predictive
biomarker for checkpoint inhibitor immunotherapy. Hum. Vaccin. Immunother. 2019, 30, 1–4. [CrossRef]

12. Schumacher, T.N.; Schreiber, R.D. Neoantigens in cancer immunotherapy. Science 2015, 348, 69–74. [CrossRef]
[PubMed]

13. Johnson, D.B.; Estrada, M.V.; Salgado, R.; Sanchez, V.; Doxie, D.B.; Opalenik, S.R.; Vilgelm, A.E.; Feld, E.;
Johnson, A.S.; Greenplate, A.R.; et al. Melanoma-specific MHC-II expression represents a tumour-autonomous
phenotype and predicts response to anti-PD-1/PD-L1 therapy. Nat. Commun. 2016, 7, 10582. [CrossRef]
[PubMed]

14. Ayers, M.; Lunceford, J.; Nebozhyn, M.; Murphy, E.; Loboda, A.; Kaufman, D.R.; Albright, A.; Cheng, J.D.;
Kang, S.P.; Shankaran, V.; et al. IFN-γ-related mRNA profile predicts clinical response to PD-1 blockade.
J. Clin. Investig. 2017, 127, 2930–2940. [CrossRef]

15. Li, J.; Xu, J.; Yan, X.; Jin, K.; Li, W.; Zhang, R. Targeting interleukin-6 (IL-6) sensitizes anti-PD-L1 treatment in
a colorectal cancer preclinical model. Med. Sci. Monit. 2018, 24, 5501–5508. [CrossRef] [PubMed]

16. Ferrucci, P.F.; Ascierto, P.A.; Pigozzo, J.; Del Vecchio, M.; Maio, M.; Antonini Cappellini, G.C.; Guidoboni, M.;
Queirolo, P.; Savoia, P.; Mandalà, M.; et al. Baseline neutrophils and derived neutrophil-to-lymphocyte ratio:
Prognostic relevance in metastatic melanoma patients receiving ipilimumab. Ann. Oncol. 2016, 27, 732–738.
[CrossRef] [PubMed]

17. Martens, A.; Wistuba-Hamprecht, K.; Geukes Foppen, M.; Yuan, J.; Postow, M.A.; Wong, P.; Romano, E.;
Khammari, A.; Dreno, B.; Capone, M.; et al. Baseline peripheral blood biomarkers associated with clinical
outcome of advanced melanoma patients treated with ipilimumab. Clin. Cancer Res. 2016, 22, 2908–2918.
[CrossRef]

18. Krieg, C.; Nowicka, M.; Guglietta, S.; Schindler, S.; Hartmann, F.J.; Weber, L.M.; Dummer, R.;
Robinson, M.D.; Levesque, M.P.; Becher, B. High-dimensional single-cell analysis predicts response to
anti-PD-1 immunotherapy. Nat. Med. 2018, 24, 144–153. [CrossRef] [PubMed]

19. Heppt, M.V.; Heinzerling, L.; Kähler, K.C.; Forschner, A.; Kirchberger, M.C.; Loquai, C.; Meissner, M.;
Meier, F.; Terheyden, P.; Schell, B.; et al. Prognostic factors and outcomes in metastatic uveal melanoma
treated with programmed cell death-1 or combined PD-1/cytotoxic T-lymphocyte antigen-4 inhibition. Eur. J.
Cancer 2017, 82, 56–65. [CrossRef]

20. Ascierto, P.A.; Capone, M.; Grimaldi, A.M.; Mallardo, D.; Simeone, E.; Madonna, G.; Roder, H.; Meyer, K.;
Asmellash, S.; Oliveira, C.; et al. Proteomic test for anti-PD-1 checkpoint blockade treatment of metastatic
melanoma with and without BRAF mutations. J. Immunother. Cancer 2019, 7, 91. [CrossRef]

http://dx.doi.org/10.1056/NEJMoa1504030
http://dx.doi.org/10.1016/S1470-2045(16)30406-5
http://dx.doi.org/10.1016/j.tranon.2019.11.002
http://dx.doi.org/10.1016/j.ejca.2019.06.022
http://dx.doi.org/10.1056/NEJMoa1200690
http://dx.doi.org/10.1200/JCO.2013.51.3002
http://dx.doi.org/10.1080/21645515.2019.1631136
http://dx.doi.org/10.1126/science.aaa4971
http://www.ncbi.nlm.nih.gov/pubmed/25838375
http://dx.doi.org/10.1038/ncomms10582
http://www.ncbi.nlm.nih.gov/pubmed/26822383
http://dx.doi.org/10.1172/JCI91190
http://dx.doi.org/10.12659/MSM.907439
http://www.ncbi.nlm.nih.gov/pubmed/30087314
http://dx.doi.org/10.1093/annonc/mdw016
http://www.ncbi.nlm.nih.gov/pubmed/26802161
http://dx.doi.org/10.1158/1078-0432.CCR-15-2412
http://dx.doi.org/10.1038/nm.4466
http://www.ncbi.nlm.nih.gov/pubmed/29309059
http://dx.doi.org/10.1016/j.ejca.2017.05.038
http://dx.doi.org/10.1186/s40425-019-0569-1


Int. J. Mol. Sci. 2020, 21, 2020 15 of 16

21. Delyon, J.; Mateus, C.; Lefeuvre, D.; Lanoy, E.; Zitvogel, L.; Chaput, N.; Roy, S.; Eggermont, A.M.; Routier, E.;
Robert, C. Experience in daily practice with ipilimumab for the treatment of patients with metastatic
melanoma: An early increase in lymphocyte and eosinophil counts is associated with improved survival.
Ann. Oncol. 2013, 24, 1697–1703. [CrossRef] [PubMed]

22. Möller, M.; Turzer, S.; Schütte, W.; Seliger, B.; Riemann, D. Blood immune cell biomarkers in patient with lung
cancer undergoing treatment with checkpoint blockade. J. Immunother. 2020, 43, 57–66. [CrossRef] [PubMed]

23. Indini, A.; Di Guardo, L.; Cimminiello, C.; Prisciandaro, M.; Randon, G.; De Braud, F.; Del Vecchio, M.
Immune-related adverse events correlate with improved survival in patients undergoing anti-PD1
immunotherapy for metastatic melanoma. J. Cancer Res. Clin. Oncol. 2019, 145, 511–521. [CrossRef]
[PubMed]

24. Oyler-Yaniv, J.; Oyler-Yaniv, A.; Shakiba, M.; Min, N.K.; Chen, Y.H.; Cheng, S.Y.; Krichevsky, O.;
Altan-Bonnet, N.; Altan-Bonnet, G. Catch and release of cytokines mediated by tumor phosphatidylserine
converts transient exposure into long-lived inflammation. Mol. Cell 2017, 66, 635–647. [CrossRef] [PubMed]

25. Bourgonje, A.R.; von Martels, J.Z.H.; Gabriëls, R.Y.; Blokzijl, T.; Buist-Homan, M.; Heegsma, J.; Jansen, B.H.;
van Dullemen, H.M.; Festen, E.A.M.; Ter Steege, R.W.F.; et al. A combined set of four serum inflammatory
biomarkers reliably predicts endoscopic disease activity in inflammatory bowel disease. Front. Med.
(Lausanne) 2019, 6, 251. [CrossRef]

26. Izumi, Y.; Hidaka, Y.; Tada, H.; Takano, T.; Kashiwai, T.; Tatsumi, K.I.; Ichihara, K.; Amino, N. Simple
and practical parameters for differentiation between destruction-induced thyrotoxicosis and Graves’
thyrotoxicosis. Clin. Endocrinol. (Oxf.) 2002, 57, 51–58. [CrossRef] [PubMed]

27. Akberova, D.; Kiassov, A.P.; Abdulganieva, D. Serum cytokine levels and their relation to clinical features in
patients with autoimmune liver diseases. J. Immunol. Res. 2017, 2017, 9829436. [CrossRef]

28. An, J. Expression and Significance of Th17 Cells and Related Factors in Patients with Autoimmune Hepatitis.
Comb. Chem. High Throughput Screen 2019, 22, 232–237. [CrossRef]

29. Allen, J.; Wert, M. Eosinophilic pneumonias. J. Allergy Clin. Immunol. Pract. 2018, 6, 1455–1461. [CrossRef]
30. Mitsuyama, K.; Tomiyasu, N.; Takaki, K.; Masuda, J.; Yamasaki, H.; Kuwaki, K.; Takeda, T.; Kitazaki, S.;

Tsuruta, O.; Sata, M. Interleukin-10 in the pathophysiology of inflammatory bowel disease: Increased serum
concentrations during the recovery phase. Mediators Inflamm. 2006, 2006, 1–7. [CrossRef]

31. Shirakawa, S.; Luce, J.K.; Tannock, I.; Frei, E. 3rd. Cell proliferation in human melanoma. J. Clin. Investig.
1970, 49, 1188–1199. [CrossRef] [PubMed]

32. Rübben, A. Monophasic, biphasic and complex serum protein S100beta responses to melanoma therapy:
Implications for targeted therapy, Joint meeting. In Proceedings of the 7th International Conference
of Adjuvant Therapy on Malignant Melanoma & 4th European Association of Dermato-Oncology
(ICATMM-EADO 2008), Marseille, France, 19–21 June 2008. Abstract N◦CO19.

33. Weide, B.; Richter, S.; Büttner, P.; Leiter, U.; Forschner, A.; Bauer, J.; Held, L.; Eigentler, T.K.; Meier, F.; Garbe, C.
Serum S100B, lactate dehydrogenase and brain metastasis are prognostic factors in patients with distant
melanoma metastasis and systemic therapy. PLoS ONE 2013, 8, e81624. [CrossRef] [PubMed]

34. Henze, G.; Dummer, R.; Joller-Jemelka, H.I.; Böni, R.; Burg, G. Serum S100—A marker for disease monitoring
in metastatic melanoma. Dermatology 1997, 194, 208–212. [CrossRef]

35. Coventry, B.J.; Ashdown, M.L.; Quinn, M.A.; Markovic, S.N.; Yatomi-Clarke, S.L.; Robinson, A.P. CRP
identifies homeostatic immune oscillations in cancer patients: A potential treatment targeting tool? J. Transl.
Med. 2009, 7, 102. [CrossRef]

36. Barbero, G.; Castro, M.V.; Villanueva, M.B.; Quezada, M.J.; Fernández, N.B.; De Morrow, S.; Lopez-Bergami, P.
An autocrine Wnt5a loop promotes NF-κB pathway activation and cytokine/chemokine secretion in melanoma.
Cells 2019, 8, 1060. [CrossRef] [PubMed]

37. Cao, Q.; Huang, Q.; Mohan, C.; Li, C. Small-animal PET/CT imaging of local and systemic immune response
using 64Cu-αCD11b. J. Nucl. Med. 2019, 60, 1317–1324. [CrossRef]

38. Naqash, A.R.; Appah, E.; Yang, L.V.; Muzaffar, M.; Marie, M.A.; Mccallen, J.D.; Macherla, S.; Liles, D.;
Walker, P.R. Isolated neutropenia as a rare but serious adverse event secondary to immune checkpoint
inhibition. J. Immunother. Cancer. 2019, 7, 169. [CrossRef] [PubMed]

39. Smith, D.A.; Leung, F.Y.; Jablonsky, G.; Henderson, A.R. Determination, by radioimmunoassay, of the mass of
lactate dehydrogenase isoenzyme 1 in human serum and of its rate of removal from serum after a myocardial
infarction. Clin. Chem. 1987, 33, 1863–1868. [CrossRef]

http://dx.doi.org/10.1093/annonc/mdt027
http://www.ncbi.nlm.nih.gov/pubmed/23439861
http://dx.doi.org/10.1097/CJI.0000000000000297
http://www.ncbi.nlm.nih.gov/pubmed/31592989
http://dx.doi.org/10.1007/s00432-018-2819-x
http://www.ncbi.nlm.nih.gov/pubmed/30539281
http://dx.doi.org/10.1016/j.molcel.2017.05.011
http://www.ncbi.nlm.nih.gov/pubmed/28575659
http://dx.doi.org/10.3389/fmed.2019.00251
http://dx.doi.org/10.1046/j.1365-2265.2002.01558.x
http://www.ncbi.nlm.nih.gov/pubmed/12100069
http://dx.doi.org/10.1155/2017/9829436
http://dx.doi.org/10.2174/1386207322666190402160455
http://dx.doi.org/10.1016/j.jaip.2018.03.011
http://dx.doi.org/10.1155/MI/2006/26875
http://dx.doi.org/10.1172/JCI106333
http://www.ncbi.nlm.nih.gov/pubmed/5422021
http://dx.doi.org/10.1371/journal.pone.0081624
http://www.ncbi.nlm.nih.gov/pubmed/24312329
http://dx.doi.org/10.1159/000246103
http://dx.doi.org/10.1186/1479-5876-7-102
http://dx.doi.org/10.3390/cells8091060
http://www.ncbi.nlm.nih.gov/pubmed/31510045
http://dx.doi.org/10.2967/jnumed.118.220350
http://dx.doi.org/10.1186/s40425-019-0648-3
http://www.ncbi.nlm.nih.gov/pubmed/31277704
http://dx.doi.org/10.1093/clinchem/33.10.1863


Int. J. Mol. Sci. 2020, 21, 2020 16 of 16

40. Ghanem, G.; Loir, B.; Morandini, R.; Sales, F.; Lienard, D.; Eggermont, A.; Lejeune, F. EORTC Melanoma
Group. On the release and half-life of S100B protein in the peripheral blood of melanoma patients. Int. J.
Cancer 2001, 94, 586–590. [CrossRef]

41. Thelin, E.P.; Zeiler, F.A.; Ercole, A.; Mondello, S.; Büki, A.; Bellander, B.M.; Helmy, A.; Menon, D.K.;
Nelson, D.W. Serial sampling of serum protein biomarkers for monitoring human traumatic brain injury
dynamics: A systematic review. Front. Neurol. 2017, 8, 300. [CrossRef]

42. Steppert, C.; Krugmann, J.; Sterlacci, W. Simultaneous endocrine expression and loss of melanoma markers
in malignant melanoma metastases, a retrospective analysis. Pathol. Oncol. Res. 2019. [CrossRef]

43. Underhill, H.R.; Kitzman, J.O.; Hellwig, S.; Welker, N.C.; Daza, R.; Baker, D.N.; Gligorich, K.M.;
Rostomily, R.C.; Bronner, M.P.; Shendure, J. Fragment length of circulating tumor DNA. PLoS Genet.
2016, 12, e1006162. [CrossRef] [PubMed]

44. Khan, S.; Khan, S.A.; Luo, X.; Fattah, F.J.; Saltarski, J.; Gloria-McCutchen, Y.; Lu, R.; Xie, Y.; Li, Q.; Wakeland, E.;
et al. Immune dysregulation in cancer patients developing immune-related adverse events. Br. J. Cancer
2019, 120, 63–68. [CrossRef] [PubMed]

45. Guo, Y.; Xu, F.; Lu, T.; Duan, Z.; Zhang, Z. Interleukin-6 signaling pathway in targeted therapy for cancer.
Cancer Treat. Rev. 2012, 38, 904–910. [CrossRef] [PubMed]

46. Stroud, C.R.; Hegde, A.; Cherry, C.; Naqash, A.R.; Sharma, N.; Addepalli, S.; Cherukuri, S.; Parent, T.;
Hardin, J.; Walker, P. Tocilizumab for the management of immune mediated adverse events secondary to
PD-1 blockade. J. Oncol. Pharm. Pract. 2019, 25, 551–557. [CrossRef]

47. Cosma, G.; McArdle, S.E.; Reeder, S.; Foulds, G.A.; Hood, S.; Khan, M.; Pockley, A.G. Identifying the presence
of prostate cancer in individuals with PSA levels<20 ng mL−1 using computational data extraction analysis
of high dimensional peripheral blood flow cytometric phenotyping data. Front. Immunol. 2017, 8, 1771.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/ijc.1504
http://dx.doi.org/10.3389/fneur.2017.00300
http://dx.doi.org/10.1007/s12253-019-00761-7
http://dx.doi.org/10.1371/journal.pgen.1006162
http://www.ncbi.nlm.nih.gov/pubmed/27428049
http://dx.doi.org/10.1038/s41416-018-0155-1
http://www.ncbi.nlm.nih.gov/pubmed/30377338
http://dx.doi.org/10.1016/j.ctrv.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22651903
http://dx.doi.org/10.1177/1078155217745144
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theoretical Considerations 
	Results 
	Discussion 
	Materials and Methods 
	References

