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Abstract

Background We assessed immunotherapy response in a murine melanoma model using multiparametric magnetic
resonance imaging (MpMRI) features with ex vivo immunohistochemical validation.

Methods Murine melanoma cells (B16-F10) were inoculated into the subcutaneous flank of n = 28 C57BL/6 mice
(n =14 therapy; n = 14 control). Baseline mpMRI was acquired on day 7 at 3 T. The immunotherapy group received
three intraperitoneal injections of anti-PD-L1 and anti-CTLA-4 antibodies on days 7, 9, and 11 after inoculation.
Controls received a volume equivalent placebo. Follow-up mpMRI was performed on day 12. We assessed tumor
volume, diffusion-weighted imaging parameters, including the apparent diffusion coefficient (ADC), and dynamic-
contrast-enhanced metrics, including plasma volume and plasma flow. Tumor-infiltrating lymphocytes (TIL; CD8+), cell
proliferation (Ki-67), apoptosis (terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling,
TUNEL), and microvascular density (CD31+) were assessed in a validation cohort of n = 24 animals for time-matched
ex vivo validation.

Results An increase in tumor volume was observed in both groups (p < 0.004) without difference at follow-up

(p =0.630). A lower ADC value was observed in the immunotherapy group at follow-up (p = 0.001).
Immunohistochemistry revealed higher TUNEL values (p < 0.001) and CD8+ TILs (p = 0.048) following immunother-
apy, as well as lower tumor cell Ki-67 values (p < 0.001) and microvascular density/CD314 (p < 0.001).

Conclusion Lower tumor ADC, paired with higher intratumoral expression of CD8+ TIL, was observed five days after
immunotherapy, suggestive of early immunological response. £x vivo immunohistochemistry confirmed the
antitumoral efficacy of immunotherapy.

Relevance statement Compared to tumor size, diffusion-weighted MRI demonstrated potential for early response
assessment to immunotherapy in a murine melanoma model, which could reflect changes in the tumor
microenvironment and immune cell infiltration.

Key Points

* No difference in tumor volume was observed between groups before and after therapy.

* Lower ADC values paired with increased CD8+ TILs were observed following immunotherapy.

* £x vivo immunohistochemistry confirmed antitumoral efficacy of anti-PD-L1 and anti-CTLA-4 immunotherapy.
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Graphical Abstract

* Immunohistochemistry confirmed anti-tumoral
efficacy of anti-PD-L1 and anti-CTLA-4
immunotherapy in a murine melanoma allograft
model

« No intergroup difference in tumor volume was
observed before and after therapy (p < 0.004)

« After immunotherapy, lower ADC values (p =
0.002) and increase in CD8+ tumor infiltrating
lymphocytes (p = 0.001) were observed

Baseline

DWI has a potential for assessing
early response to immunotherapy in
a murine melanoma model, possibly
reflecting changes in tumor
microenvironment and immune cell
infiltration.

Follow up

Background

As immunotherapy continues to expand as a pivotal
therapeutic option for melanoma and a wide range of
cancers, precise detection and comprehensive assessment
of tumor responses are essential for advancing efficacy
and personalization of cancer immunotherapy [1-3].
Significant challenges remain, particularly in identifying
predictive biomarkers for patient stratification before
therapy and optimizing response assessment methods
[4, 5]. Checkpoint inhibitors, such as PD-1 and CTLA-4
blockers, function by preventing interactions between PD-
1 and PD-L1 on tumor cells or between CTLA-4 and
CD80+ on antigen-presenting cells [2, 6-9]. This
mechanism enhances T cell activity and leads to increased
cytotoxic T cell infiltration into tumors, resulting in
transient tumor enlargement, followed by tumor shrink-
age or long-term stability [10, 11]. However, this transient
increase in tumor volume may be misinterpreted as dis-
ease progression under the standard response evaluation
criteria in solid tumors (RECIST vl1.1), which defines
tumor growth as disease progression [12].

Therapy

Control

This phenomenon, known as pseudoprogression, has
been documented in numerous studies and has been
reported to reach up to 6-10% in melanoma patients and
appears as a relevant challenge in early response assess-
ment [5, 12, 13]. Modified criteria, including iRECIST,
have aimed to address this phenomenon, however require
additional follow-up imaging and fail to assess early
response [4, 14, 15]. Beyond morphology, immune posi-
tron emission tomography response criteria in solid
tumors (iPERCIST) derived from [**F]-FDG positron
emission tomography/computed tomography have shown
value in immunotherapy response assessment but may
also require further validation [16, 17].

Currently, no routine clinical imaging biomarkers are
available to reliably distinguish between immunotherapy-
associated pseudoprogression and true progressive disease
during the early period after immunotherapy. The pre-
sence of tumor-infiltrating lymphocytes (TILs) has
emerged as a potential biomarker for predicting response
to PD-1 blockade, particularly in metastatic melanoma
[3, 18-20]. However, detecting TILs typically requires
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invasive biopsies, which are hindered by sampling errors,
tumor localization, and the static nature of ex vivo
assessments [21, 22].

To address these limitations, non-invasive, dynamic
imaging biomarkers are gaining traction for their ability to
monitor therapy responses longitudinally and assess
intratumoral and metastatic heterogeneity [23, 24]. Mul-
tiparametric magnetic resonance imaging (mpMRI) has
evolved as a versatile, widely available modality offering a
wealth of quantitative data by integrating high-resolution
morphological imaging with functional techniques
including diffusion-weighted imaging (DW1I) and dynamic
contrast-enhanced MRI (DCE-MRI) studies [25]. These
quantitative imaging biomarkers hold the potential to
non-invasively assess the molecular and cellular char-
acteristics of the tumor microenvironment in vivo,
including its spatial and temporal heterogeneity, ulti-
mately offering a powerful tool for monitoring immu-
notherapy response [26-29].

We hypothesized that quantitative mpMRI parameters
could non-invasively monitor immunotherapy and
potentially identify intratumoral immune infiltration. In
this study, we aimed to investigate quantitative mpMRI
biomarkers in reference to ex vivo immunohistochemistry
to assess early immunotherapy response in a murine
melanoma model.

Methods

Animal model and experimental protocol

All experiments were approved by local authorities (ROB-
55.2-2532.Vet_02-19-32) and conducted in compliance
with guidelines for the use of living animals in scientific
research. Female, 10—12-week-old C57BL/6 mice (Charles
River) were used in this experiment and housed under
species-specific husbandry conditions. After a one-week
acclimation period, B16-F10 cells (3 x 10°, ATCC CRL-
6475) were resuspended in a 1:1 mixture of Matrigel (BD
Biosciences, San Jose, CA, USA) and phosphate-buffered
saline (pH 7.4) and injected subcutaneously into the left
dorsal flank of C57BL/6 mice (n =28) under inhalative
isoflurane anesthesia (2.0 vol% isoflurane, 1.5 L/min oxy-
gen). Animals were randomly assigned to the therapy
group (n=14) or control group (n=14). The therapy
group received three intraperitoneal injections of anti-PD-
L1 and anti-CTLA-4 antibodies (20 pg/kg) on days 7, 9,
and 11 after tumor inoculation, following baseline ima-
ging. The control group received a volume-equivalent
intraperitoneal placebo. MRI was performed 7 days
(baseline) and 12 days (follow-up) after inoculation. In
compliance with regulations made by the local authority,
exclusion criteria were defined a priori, including > 20%
weight loss, tumor growth beyond 1.5 cm in longest dia-
meter, tumor exulceration, infections or bleeding from
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the tumor area, bloody diarrhea, apathy, ascites, or
acneiform dermatitis.

MRI protocol

MRI was performed on a clinical 3-T scanner (MAGNE-
TOM Skyra, Siemens Healthineers, Erlangen, Germany).
Under isoflurane anesthesia (2.0 vol% isoflurane, 1.0 L/min
oxygen), animals were placed in a dedicated animal bed
and a 16-channel wrist coil (Siemens Healthineers,
Erlangen, Germany) in the head-first prone position. The
animal bed was connected to a warming system to
maintain animal body temperature of 36 + 0.5 °C, which
was monitored by a rectal probe. Breathing rate was
monitored by a respiratory bellows. Sequences were
acquired without gating techniques. The detailed proto-
col is displayed in the Supplemental Materials. DCE-MRI
sequences were acquired following weight-adjusted
(4 mmol/kg bodyweight) intravenous administration of
saline-diluted (1:25) gadobutrol (0.1 mmol/mL, Gadovist,
Bayer, Berlin, Germany) using a tail vein catheter access.
The contrast agent was injected using a dedicated injec-
tion system (PHD2000 Series, Harvard Apparatus, Hol-
liston, MA, USA), ensuring equivalent injection rates
between scans and animals.

MRI data processing
Images were analyzed and segmented using a clinical
Picture Archiving and Communication System work-
station (Visage Imaging, San Diego, CA, USA). Volu-
metric handcrafted regions of interest were placed
individually in T1-weighted morphological, DWI- and
DCE-MRI data in a consensus reading of two readers
(M.M.H. and A.C.) with 8 years and 1 year of experience
in preclinical imaging, respectively. For DCE-MRI, an
additional volumetric region of interest was placed in the
abdominal aorta to generate an arterial input function.
Signal intensity versus time curves were extracted using
whole tumor volumes of interest and the arterial input
function. No measurements were reported when tumors
were too small for reliable segmentation and assessment.
All DWI data were in-plane motion corrected and
smoothed with a volumetric Gaussian filter (width
1.5 mm); data with signal dropout due to motion were
excluded. Signal drop out was defined as a mean fore-
ground signal intensity of an individual repetition being
lower than 2/3=67% of the mean foreground signal
intensity of the brightest 50% of all image repetitions of
the same slice and b-value. For DWI, apparent diffusion
coefficient (ADC) values (in mm?/s) were calculated
voxel-wise using nonlinear fitting to a monoexponential
signal model. Also, a non-monexponential intravoxel
incoherent motion (IVIM) model was evaluated; data was
fitted voxelwise using a triexponential model that
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included perfusion-related (microcapillary) pseudodiffu-
sion (D*) in mm?/s and perfusion fraction (f) in %, free
water diffusion Dyqer = 3.0 x 102 mm?%/s (fixed), fitted
water fraction fi.er in %, and tissue diffusion (D) in
mm?®/s. DCE-MRI data were three-dimensionally motion
corrected and smoothed with a volumetric Gaussian
filter (width 1.0 mm). The (absolute) signal enhancement
S() —So (S() is the signal intensity; Sp is signal
intensity prior to arrival of the contrast agent) was
used to approximate the contrast-agent concentration.
Then tracer-kinetic modeling with a two-compartment
exchange model was performed to determine voxel-wise
the plasma flow (PF) in mL/100 mL/min and the plasma
volume (PV) in mL/100 mL. Mean values were used for
further analysis.

Immunohistochemistry

A total of n =24 C57BL/6 mice were dedicated to ex vivo
immunohistochemistry following the aforementioned
experimental protocol. Seven days after tumor inocula-
tion, n =8 animals were sacrificed for baseline imaging
time point validation. Tumors were explanted, formalin-
fixed, and cryopreserved for multiparametric ex vivo
immunohistochemical analysis, including CD8+ cells
(TILs), tumor cell proliferation (Ki-67), apoptosis
(TUNEL, see below), and microvascular density (CD31+).
The remaining cohort was randomized into ex vivo vali-
dation therapy (n = 8) and control group (n = 8), receiv-
ing treatment as described above. Animals of this cohort
were sacrificed 12 days after inoculation for ex vivo tumor
analysis.

CD31

Deparaffinization, rehydration, and antigen retrieval were
performed using EDTA-Unmasking Solution (Signal-
Stain®, Cell Signaling Technology, Danvers, MA, USA).
For immunohistochemical assessment of tumor micro-
vascular density, non-specific binding sites were blocked
with 5% donkey serum in TBS-Tween 20. Tumor slices
were incubated overnight with a polyclonal rabbit anti-
CD31 primary antibody (1:50; Abcam ab28364, Abcam
Limited, Cambridge, UK). Secondary antibodies con-
jugated with Alexa Fluor 488 (1:200; Abcam ab150073,
Abcam Limited, Cambridge, UK) were applied for fluor-
escence detection. Counterstaining was performed with
4/,6-diamidino-2-phenylindole (DAPI) (Carl Roth, Karls-
ruhe, Germany), and slides were mounted with
Fluoromount-G (Thermo Fisher Scientific, Waltham,
MA, USA). Tumor microvessels were quantified as the
mean number of endothelial cells in ten random fields at
200x magnification.
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CD8 antigen staining

Tissue slides were deparaffinized and rehydrated, followed
by permeabilization with 1x phosphate-buffered saline
(Gibco, Waltham, MA, USA) and 0.25% Triton-X-100
(Merck KGaA, Darmstadt, Germany). Antigen retrieval
was performed by boiling slides in 10 mM Tris-EDTA
buffer (Thermo Fisher Scientific, Waltham, MA, USA) for
CD8. After antigen retrieval, slides were washed with 1x
phosphate-buffered saline to remove residual buffers.
Nonspecific binding was blocked using bovine serum
albumin, and primary antibodies against CD8 (1:50;
Abcam ab217344, Abcam Limited, Cambridge, UK) were
applied and incubated overnight. Following additional
washes, secondary antibodies conjugated with Alexa Fluor
488 (1:200; Abcam ab150073, Abcam Limited, Cam-
bridge, UK) were applied for fluorescence detection.
Counterstaining with DAPI enabled visualization of
nuclei. Slides were mounted with Fluoromount-G
(Thermo Fisher Scientific, Waltham, MA, USA) for
optimal preservation and visualization. CD8+ T-cells
were quantified as the mean percentage in ten randomly
selected fields at 200x magnification.

Ki-67 antigen staining

A Ki-67-specific monoclonal rabbit antihuman antibody
(1:50; SP6, Thermo Fisher MA5-14420, Thermo
Fisher Scientific, Waltham, MA, USA) was used to
quantify tumor cell proliferation. Antigen retrieval was
performed with Universal Antigen Retrieval Reagent
(ab208572, Abcam Limited, Cambridge, UK) using
microwave irradiation at 600 W. After washing with dis-
tilled water and TBS-Tween (0.05%), secondary antibodies
conjugated with Alexa Fluor 488 (1:200; ab150073,
Abcam Limited, Cambridge, UK) were applied for fluor-
escence detection. Counterstaining was carried out with
DAPI (Carl Roth, Karlsruhe, Germany), and slides were
mounted with Fluoromount-G (Thermo Fisher Scientific,
Waltham, MA, USA). Proliferating cells were quantified
as the mean percentage in ten randomly selected fields at
200x magnification.

Terminal deoxynucleotidyl transferase deoxyuridine tripho-
sphate (dUTP) nick-end labeling (TUNEL)

Tissue slides were deparaffinized and rehydrated, followed
by permeabilization with a solution containing Triton
X-100 (Merck KGaA, Darmstadt, Germany) and sodium
citrate (Sigma-Aldrich, St. Louis, MO, USA). Antigen
retrieval was performed using antigen retrieval reagent
(ab208572, Abcam Limited, Cambridge, UK) with
microwave treatment. Staining was carried out using a kit,
ensuring temperature control, and maintaining darkness
during the process. After thorough washing, slides were
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counterstained with DAPI to visualize nuclei. Finally,
slides were mounted with Fluoromount-G (Thermo
Fisher Scientific, Waltham, MA, USA) to preserve the
stained specimens for microscopic examination. Apop-
totic cells were quantified as the mean percentage in ten
randomly selected fields at 200x magnification.

Statistical analysis

Continuous variables are presented as mean * standard
deviation. Nonparametric testing was used for statistical
evaluation, due to small cohort sizes. Intergroup com-
parisons between control and therapy groups were con-
ducted for baseline and follow-up wusing the
Mann—Whitney U-test. The Wilcoxon test was used for
intragroup comparison after pairwise deletion for missing
values to ensure coherence between assessments. Also,
correlation was assessed for quantitative image para-
meters using Spearman correlation testing. All statistical
analyses and visualization were performed using R, ver-
sion 4.3.0 (R Core Team 2025). Statistical significance was
considered for p-values < 0.050. Due to the exploratory
study design, significance levels were not adjusted for
multiple comparisons.

Results

Protocol completion

Imaging was completed in » =27 animals of the experi-
mental cohort; one animal in the control group was ter-
minated before study completion due to previously
defined tumor volume-based exclusion criteria.

Tumor volume

At baseline, #n = 12 tumors of the therapy group and n =9
tumors of the control group were assessed, the remaining
tumors were too small for assessment. Tumor volume did

Tumor Volume Assessment

Baseline Follow Up
& 2000 .
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(] v
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?:; 1000 yol
>
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e == .
= 0 ==

Group E3 Control B8 Therapy

Fig. 1 Tumor volume assessment. Both control and therapy groups
displayed a significant increase in tumor volume at follow-up, five days
after baseline imaging (p < 0.004). No significant intergroup difference was
observed at follow-up (p = 0.630)
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not significantly differ between control and therapy group
at baseline (160 mm®+ 117 mm?® versus 121 mm? + 84
mm?; p=0.508) or follow-up (1,009 mm?+ 715 mm®
versus 781 mm? + 447 mm?; p =0.630; Fig. 1). Observed
tumor growth was significant in both the control
(p =0.004) and therapy group (p = 0.002). Representative
T1-weighted images are shown in Fig. 2.

Diffusion-weighted MRI

Monoexponential ADC model

At baseline, the tumor was detected in # =7 animals in
the control group and in #=28 animals in the therapy
group, with no significant intergroup difference in ADC
(0.759 £ 0.069 x 10™ mm?/s versus 0.786 + 0.077 x 10”° mm?’/s;
p=0.189). At follow-up, a significantly higher ADC was
observed in the control group compared to the therapy group
(0.833 + 0.054 x 10> mm?/s versus 0.754 + 0.051 x 10> mm?/s;
p = 0.001). In both control (0.759 + 0.069 x 10 mm?/s versus
0.814 + 0.067 x 10> mm?/s; p=0.297) and immunotherapy
group (0.759 +0.069 x 10° mm?/s versus 0.814 + 0.044 x
10 mm?/s; p=0.578), no significant differences were
observed between baseline and follow-up. Representative
ADC maps are shown in Fig. 3, data are shown in Fig. 4a.

Non-monexponential IVIM model

At baseline the tumor was detected in # =8 animals in the
control group and # = 9 animals in the therapy group, with no
significant intergroup difference of D (0.588 % 0.060 x
10 mm?/s versus 0.613 + 0.080 x 10 mm?/s; p = 0.673), D*
(523+227 x10° mm?*/s  versus 674+ 267 x 10> mm?/s;
p=0.139) and f(5.81 + 2.77% versus 4.86 + 2.14%; p = 0.541).
Also, no significant differences were observed at follow-up
between control and therapy group with regard to D (0.633 +
0.084 x 10> mm?/s versus 0.592 +0.067 x 10> mm?/s; p=
0.297), D* (61.0+202x 10> mm?%/s versus 709 +18.6 x
10° mm?/s; p=0322) and f (4.82+207% versus 517 +
1.20%; p = 0.321). A significant intragroup increase in D* was
seen in the control group (52.3 +22.7 x 10> mm?*/s versus
75.5 +15.5 x 10> mm?*/s; p =0.008), but not in the therapy
group (p = 0.078). Data are shown in Fig. 4b, d.

DCE-MRI

At baseline the tumor was detected #» =8 animals in the
control group and in # =9 animals in the therapy group
in DCE-MRI, with no significant intergroup difference of
PF (97.4 +167.9 mL/100 mL/min versus 54.5 + 35.6 mL/
100 mL/min; p=0.971) and PV (12.6 £ 5.8 mL/100 mL
versus 12.9+3.4mL/100 mL; p=0.280). Also, no sig-
nificant differences were observed at follow-up between
control and therapy group for PF (46.9 + 28.0 mL/100 mL/
min versus 63.6 +52.2mL/100 mL/min; p=0.631) and
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Baseline

Follow up

Fig. 2 Representative axial T1-weighted image for tumor volume assessment: Significant tumor growth was observed between baseline and follow-up
in both control (71 mm? to 1,033 mm?) and therapy group (107 mm® to 1,033 mm?) in the displayed images. No significant difference was observed
between groups

Control Therapy

Baseline

Follow up

Fig. 3 Representative monoexponential ADC maps: Note there was a significantly lower ADC in the immunotherapy group compared to the control
group at follow-up (0.759 x 10 mm?/s versus 0.808 x 10~ mm?/s) in displayed images, no difference was observed at baseline (0.727 x 10 mm?/s versus
0.723 %107 mm?/s). ADC, Apparent diffusion coefficient
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Fig. 4 mpMRI assessment: Note the significant differences in a demonstrating a significantly lower ADC at follow-up compared to baseline in the

control group (p =0.002) and in ¢ showing a significantly higher D* at follow-up compared to baseline in the control group (p = 0.008). All other intra-
and intergroup differences in IVIM MRI (b, d) and DCE-MRI (e, f) were not significant (all p > 0.139). ADC, Apparent diffusion coefficient; D, Free water
diffusion; D¥, Pseudodiffusion; DCE, dynamic contrast enhanced (MRI); f, Perfusion fraction; IVIM, Intravoxel incoherent motion; MRI, Magnetic resonance

imaging

PV (12.4 +5.6 mL/100 mL versus 13.6 + 3.7 mL/100 mL;
p = 0.280), with data shown in Fig. 4e, f.

Correlation analysis

A significant moderate correlation was found between the
parameters PF and PV (p=0.59; p<0.001), D and f
(p=10.56; p<0.001), as well as PV and f (p=0.53;
p <0.001). A weak correlation was found between D* and f
(p=-0.49; p<0.001), ADC and D (p=0.45; p=0.014),
D* and D (p=-0.31; p=0.041), ADC and PF (p=0.37;
p=0.032), PF and f (p=0.43; p=0.004), f and tumor
volume (p =-0.37; p=0.016), as well as D* and tumor
volume (p =0.44; p =0.003). All other values displayed
no significant correlation as demonstrated in Fig. 5.

Immunohistochemistry

The ex vivo analysis revealed significant differences
between the control and therapy group at follow-up;
tumors in the therapy group had significantly higher
percentage of apoptotic cells (TUNEL: 17.1 + 5.6% versus
52.3+17.2%; p =0.001), higher number of TILs (CD8+:
719+ 55.6 versus 395.4+5225 p=0.049) and sig-
nificantly lower tumor cell proliferation (Ki-67:
58.7 + 8.6% versus 27.2 + 9.7%; p = 0.001) than the control
group. In addition, significantly lower microvascular
density was observed following immunotherapy at follow-
up (CD31+: 286.3 +88.1 versus 142.1 +59.8; p =0.003)
compared to the control group. Following immunother-
apy, a significant increase of apoptotic cells (TUNEL:
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Fig. 5 Assessment of quantitative MRI parameters in a correlation matrix:
The correlation coefficient (p) is displayed in the individual data points,
with a data legend on the right. The magnitude of correlation is
proportional to the circle size and color intensity. Nonsignificant
correlation (p > 0.05) is indicated by a cross overlaying the data point.
ADC, Apparent diffusion coefficient; D, Free water diffusion; D¥,
Pseudodiffusion; DCE, Dynamic contrast enhanced (MRI): f, Perfusion
fraction; IVIM, intravoxel incoherent motion; MRI, Magnetic resonance
imaging; PF, Plasma flow; PV, Plasma volume

16.2 £ 6.9 versus 52.3 +17.2; p <0.001), and TIL (CD8+:
28.4 + 30.7 versus 395.4 +522.5; p=0.001) was observed
between baseline and follow-up, as well as significantly
lower microvascular density (CD31+: 304.7 + 173.7 versus
142.1 £59.8; p=0.030) and reduced tumor cell pro-
liferation (Ki-67: 56.1 + 14.6 versus 27.2 +9.7; p = 0.002).
The control group displayed no significant changes in any
of the immunohistochemical parameters (all p > 0.056).
Representative images are shown in Fig. 6.

Discussion
This study evaluated the potential of clinically available
quantitative mpMRI biomarkers for early, non-invasive
response assessment following a combined intraperitoneal
immunotherapy in a murine melanoma model. Five days
after therapy, the immunotherapy group demonstrated
significantly lower ADC values paired with a significant
increase in CD8+ lymphocytes compared to the control
group, reflecting therapeutic immune infiltration of
tumors. Ex vivo validation confirmed significant anti-
tumoral response on immunotherapy after five days of
treatment, characterized by anti-proliferative, anti-angio-
genic, pro-apoptotic effects, as well as pronounced lym-
phocytic immune infiltration into the tumor.

These findings align with prior studies demonstrating
early therapeutic responses in murine models, particularly
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the infiltration of CD8+ T cells, a key determinant of
immunotherapy success [30—34]. In a preclinical study of
colorectal adenocarcinoma, Jiang et al identified early
temporal changes in the mean cellular size of the tumor
microenvironment in a small animal model after immu-
notherapy [30]. However, in contrast to our study, they
found a significant decrease in ADC of the control group
as early as six days after therapy, but not between groups
[30]. This is in line with findings by Fliedner et al, who
have reported ADC as non-invasive, tissue cellularity
marker following radiotherapy [35]. Also, a decline in
ADC was observed following a seven-day treatment with
dabrafenib and ribociclib in an A375 experimental murine
melanoma, which may reflect different therapeutic
mechanisms [36]. Multiple cellular pathways and ther-
apeutic effects may coexist, contributing to differences
among tumor entities. Tumor immune infiltration, char-
acterized by the recruitment of immune cells to the tumor
site, may result in a transient increase in cellular density
within the tumor microenvironment [28]. A previous
preclinical study demonstrated that cytotoxic therapy-
induced necrosis, compared to apoptosis alone, was
associated with a more pronounced increase in ADC [37].
Also, marked tumor immune infiltration may lead to
significantly reduced extracellular volume and therefore
ADC during the initial phase of T cell migration [25].
Therefore, an increase in TIL and overall tumor cellularity
following immunotherapy may mask or counteract
potential increases in ADC that would otherwise result
from tumor necrosis or apoptosis. Further research is
warranted to investigate this observation.

The IVIM model has emerged as an advanced multi-
parametric DWI technique that enables the differentiation
of diffusion and perfusion components at the micro-
vascular level, accounting for capillary blood flow [38, 39];
the true diffusion coefficient (D) reflects the diffusion of
water molecules and is associated with cellular density,
whereas the pseudo-diffusion coefficient D* represents
microcirculation perfusion, with f denoting the perfusion
fraction of flowing blood [39].

While the first studies investigating IVIM demonstrated
promising results in oncology imaging [16, 39-42], evi-
dence for applications in melanoma and immunotherapy
assessment remains limited. While D, D*, and f failed to
distinguish between control and therapy groups, a sig-
nificant increase in D* was observed in the control group
between baseline and follow-up, which, however, only
showed a weak correlation to D and f, but not to ADC or
DCE perfusion metrics. Our study also demonstrated a
weak correlation between ADC and D, which is not sur-
prising as D is the predominant quantity determining the
ADC. In a preclinical glioblastoma study, Hu et al
reported a strong correlation between D* and CD31+
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Fig. 6 Representative fluorescence immunohistochemistry images. Results from the control group are displayed in the left column, from the therapy
group on the right; CD8+ (tumor infiltrating lymphocytes) (a, b), CD31+ (microvascular density) (c, d), Ki-67 (cell proliferation) (e, f), TUNEL (apoptosis)
(g, h). Note that the therapy group exhibited a significantly higher tumor immune infiltration and apoptosis rate, as well as a significantly lower
microvascular density and tumor cell proliferation. TUNEL, Terminal deoxynucleotidy! transferase deoxyuridine triphosphate (dUTP) nick-end labeling

expression, as well as D and TUNEL staining following
cyclophosphamide therapy, which may suggest their value
as imaging biomarkers [37]. Similarly, a preclinical study
on colon adenocarcinoma demonstrated a moderate
correlation between D* and f to immunohistochemistry
parameters of tumor angiogenesis and D demonstrating
strong correlation to tumor cell proliferation, apoptosis
and infiltration of lymphocytes, with significant

differences as early as 6 days after therapy, a time point
not assessed in our study [31].

Similarly, PV and PF assessed by DCE-MRI did not yield
significant results to help differentiate control and therapy
groups in our study, with moderate correlation between
the two parameters, a moderate correlation between PV
and f; as well as a weak correlation between PF and f, as
well as ADC, as shown before [31]. While DCE-MRI
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provides insights into tumor vascularity and perfusion,
and the IVIM model assesses microvascular perfusion and
diffusion characteristics, both methods may lack the
sensitivity to detect the nuanced cellular and molecular
changes induced by immunotherapy in this early interval.
Previous studies demonstrated that early response
assessment is feasible seven days after treatment following
non-immunotherapy treatment of colorectal and prostate
cancer [43, 44]. While mpMRI has not yet been fully
validated in large-scale human trials, it has demonstrated
potential for early assessment of response to immu-
notherapy in metastatic melanoma patients. In a pro-
spective trial of 15 treatment-naive metastatic melanoma
patients, Lau et al reported tumor regression and sig-
nificant alterations in tumor vascularity after 12 weeks of
immunotherapy [17]. However, they also found that DW1I
and heterogeneity metrics, including apparent diffusional
kurtosis, were unable to distinguish between true pro-
gression and pseudoprogression. This underscores the
potential differences in tumor evolution and dynamics
between animal models and humans. In a clinical study of
melanoma brain metastases, lesions exhibiting pseudo-
progression showed significantly lower median PV at the
90th percentile compared to true progression [45]. This
becomes particularly evident when considering the rapid
tumor growth observed in this study. Our findings are
consistent with prior studies that emphasize the limita-
tions of DWI- and DCE-MRI in capturing immune-
mediated alterations in the tumor microenvironment
during this early treatment interval [31], further under-
scoring the need for advanced imaging techniques to
monitor immunotherapy response.

Immunotherapy has transformed the treatment land-
scape of melanoma and improved the five-year overall
survival rates to over 50% in patients with advanced dis-
ease. However, not all patients respond to immunother-
apy, and most fail to achieve durable outcomes [46].
Primary and acquired resistance mechanisms remain
incompletely understood but include inadequate T-cell
tumor infiltration, immunosuppressive tumor micro-
environment factors, alternative immune checkpoint
expression, JAK1/2 mutations disrupting interferon-
gamma signaling, impaired antigen presentation, and
neoantigen loss [47-49]. In clinical oncology, size-based
criteria like iRECIST are used to evaluate response.
However, consistent with previous studies, our findings
showed no significant difference in tumor volume
between experimental groups five days after treatment,
highlighting the need for alternative non-invasive bio-
markers to monitor early tumor microenvironment
dynamics and detect immunotherapy response when
conventional size-based measures remain inconclusive
(30, 50].
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Our findings have potential implications for the timing
and interpretation of imaging studies, demonstrating that
the tumor microenvironment displays anti-tumoral
changes as early as five days after therapy. While early
imaging biomarkers of immunotherapy response are cri-
tical for guiding treatment decisions, particularly given
the variable response rates to immunotherapy, additional
and especially later follow-up timepoints may yield valu-
able insights, given the stability of quantitative MR values
in our study. While quantitative mpMRI promises to
provide valuable insights into the tumor microenviron-
ment and dynamics [25, 28], its ability to capture the
complex, oftentimes non-linear biological changes over
time induced by immunotherapy may be limited and
explain why quantitative mpMRI has not entered the
clinical arena [51-53]. Nonetheless, with further
advancements in MRI and sequence developments such
as “IMPULSED” to assess mean cell size, early response
assessment may become feasible [30].

Our study has several limitations that should be con-
sidered when interpreting the results. First, the sample
size was relatively small, underscoring the need for larger
cohorts to confirm and generalize our findings. Due to the
exploratory study design, significance levels were not
adjusted for multiple testing, which, however, would not
affect the significance of the difference in ADC between
groups at follow-up (p =0.001) or the increase in tumor
volume observed in both groups (both p < 0.004). Second,
a clinical 3-T scanner was used with limited spatial
resolution compared to dedicated small animal scanners.
This may have influenced the accuracy of perfusion
measurements, which depend on assessment of the small
mouse abdominal aorta (< 1 mm). However, our findings
may therefore be more reflective of true clinical cap-
abilities and constraints, enhancing the translational
relevance of our work. Third, the experimental design and
observation period were restricted by the rapid tumor
growth observed, particularly following twelve days after
tumor inoculation, preventing longer observational peri-
ods. With accelerated tumor evolution and murine
response in this experimental study, clinical translation is
restricted. Also, a control group was used to assess non-
response, while true nonresponse following immu-
notherapy may show different patterns. Fourth, the F16-
B10 murine melanoma model, while well-established and
standardized, exhibited variability in observed growth
patterns as shown by our data. This variability reflects the
inherent microscopic and macroscopic heterogeneity of
melanoma. To mitigate segmentation bias and address
potential central necrosis, a volumetric analysis and two
reader consensus readings were employed. Finally, tumor
biology in animals and humans may diverge substantially
following immunotherapy, with potential impact on the



Heimer et al. European Radiology Experimental (2025)9:59

concept and timing of early response assessment, as well
as the evaluation of therapeutic efficacy.

In conclusion, we report the efficacy of a combined
intraperitoneal anti-PD-L1 and anti-CTLA-4 immu-
notherapy in a F16-B10 murine melanoma model by DW1I
MRI and ex vivo fluorescence immunohistochemistry.
Our findings highlight the complex interplay between
immune infiltration, dynamic changes in the tumor
microenvironment, and quantitative imaging findings
following immunotherapy. The immunotherapy group
displayed significantly lower ADC values five days after
therapy compared to the control group, most likely
reflecting the increased immune infiltration by CD8-+
lymphocytes. In this small cohort, the mono-exponential
IVIM model and DCE-MRI did not yield quantitative
imaging parameters capable of distinguishing between
experimental groups at follow-up. These findings under-
score the importance of developing robust, multi-
parametric imaging strategies to accurately assess early
immunotherapy response and guide clinical decision-
making in oncology.

Abbreviations

ADC Apparent diffusion coefficient
D Free water diffusion

D* Pseudodiffusion

DAPI 4’ 6-Diamidino-2-phenylindole
DCE-MRI Dynamic contrast-enhanced MRI
DWI Diffusion-weighted imaging

f Perfusion fraction

VIM Intravoxel incoherent motion
mpMRI Multiparametric MRI

MRI Magnetic resonance imaging
PF Plasma flow

PV Plasma volume

TILs Tumor infiltrating lymphocytes

TUNEL Terminal deoxynucleotidyl transferase deoxyuridine  tripho-

sphate (dUTP) nick-end labeling

Supplementary information
The online version contains supplementary material available at https://doi.
0rg/10.1186/541747-025-00597-8.

[ ELECTRONIC SUPPLEMENTARY MATERIAL J

Acknowledgements
No large language models were used in the preparation of this manuscript.

Author contributions

MMH: conceptualization, software, validation, formal analysis, investigation,
resources, data curation, writing—original draft, visualization, project
administration, and funding acquisition. AC: investigation, data curation, and
writing—review and editing. SKL: investigation and writing—review and
editing. MJA: investigation, writing—review and editing, and supervision. JS:
investigation and writing—review and editing. HHE: conceptualization,
methodology, validation, formal analysis, investigation, data curation, writing
—review and editing, visualization, supervision, and project administration.
WGK: writing—review and editing. OD: software, validation, formal analysis,

Page 11 of 13

data curation, and writing—review and editing. JR: supervision and writing—
review and editing. FH: validation, formal analysis, investigation, data curation,
and writing—review and editing. CCC: conceptualization, software, resources,
writing—original draft, visualization, supervision, project administration, and
funding acquisition.

Funding
This research received support from the Kleist Foundation (Berlin, Germany).
Open Access funding enabled and organized by Projekt DEAL.

Data availability
The data that support the findings of this study are available on reasonable
request from the corresponding author.

Declarations

Ethical statement

The study was approved by the government of Upper Bavaria (ROB-55.2-
2532.Vet_02-19-32, February 2019) and carried out in accordance to the EU
Directive 2010/63 for the protection of animals used for scientific purposes and
was reported in compliance to ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines.

Consent for publication

All experiments were approved by local authorities (ROB-55.2-2532.Vet_02-19-
32) and conducted in compliance with guidelines for the use of living animals
in scientific research.

Competing Interest
C.CC. is on the speaker’s bureau for Brainlab AG and is on the advisory board
of Siemens Healthineers. All other authors have no conflicts of interest.

Received: 30 January 2025 Accepted: 19 May 2025
Published online: 14 June 2025

References

1. Larkin J, Chiarion-Sileni V, Gonzalez R et al (2015) Combined nivolumab
and ipilimumab or monotherapy in untreated melanoma. N Engl J Med
373:23-34. https://doi.org/10.1056/NEJMoa1504030

2. Hodi FS, O'Day SJ, McDermott DF et al (2010) Improved survival with
ipilimumab in patients with metastatic melanoma. N Engl J Med
363:711-723. https://doi.org/10.1056/NEJMoa 1003466

3. Hamid O, Robert C, Daud A et al (2013) Safety and tumor responses with
lambrolizumab (anti-PD-1) in melanoma. N Engl J Med 369:134-144.
https://doi.org/10.1056/NEJMoa1305133

4. Wolchok JD, Hoos A, O'Day S et al (2009) Guidelines for the evaluation of
immune therapy activity in solid tumors: immune-related response cri-
teria. Clin Cancer Res 15:7412-7420. https://doi.org/10.1158/1078-0432.
CCR-09-1624

5. Emens LA, Romero PJ, Anderson AC et al (2024) Challenges and oppor-
tunities in cancer immunotherapy: a Society for Immunotherapy of
Cancer (SITQ) strategic vision. J Immunother Cancer 12:¢009063. https://
doi.org/10.1136/jitc-2024-009063

6. Mellman I, Coukos G, Dranoff G (2011) Cancer immunotherapy comes of
age. Nature 480:480-489. https://doi.org/10.1038/nature 10673

7. Topalian SL, Hodi FS, Brahmer JR et al (2012) Safety, activity, and immune
correlates of anti-PD-1 antibody in cancer. N Engl J Med 366:2443-2454.
https://doi.org/10.1056/NEJMoa1200690

8. Ansell SM, Lesokhin AM, Borrello | et al (2015) PD-1 blockade with
nivolumab in relapsed or refractory Hodgkin’s lymphoma. N Engl J Med
372:311-319. https://doi.org/10.1056/NEJMoa 1411087

9. Braunlein E, Krackhardt AM (2017) Identification and characterization of
neoantigens as well as respective immune responses in cancer patients.
Front Immunol 8:1702. https://doi.org/10.3389/fimmu.2017.01702


https://doi.org/10.1186/s41747-025-00597-8
https://doi.org/10.1186/s41747-025-00597-8
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1305133
https://doi.org/10.1158/1078-0432.CCR-09-1624
https://doi.org/10.1158/1078-0432.CCR-09-1624
https://doi.org/10.1136/jitc-2024-009063
https://doi.org/10.1136/jitc-2024-009063
https://doi.org/10.1038/nature10673
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1056/NEJMoa1411087
https://doi.org/10.3389/fimmu.2017.01702

Heimer et al. European Radiology Experimental (2025)9:59

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Diederich S (2012) Imaging beyond RECIST: CT and MRI in molecular
therapies. Cancer Imaging 12:347-350. https://doi.org/10.1102/1470-
733020129013

Ratain MJ, Eckhardt SG (2004) Phase Il studies of modern drugs directed
against new targets: if you are fazed, too, then resist RECIST. J Clin Oncol
22:4442-4445. https://doi.org/10.1200/JC0.2004.07.960

Borcoman E, Nandikolla A, Long G, Goel S, Le Tourneau C (2018) Patterns
of response and progression to immunotherapy. Am Soc Clin Oncol Educ
Book 38:169-178. https://doi.org/10.1200/EDBK_200643

Park HJ, Kim KW, Pyo J et al (2020) Incidence of pseudoprogression
during immune checkpoint inhibitor therapy for solid tumors: a sys-
tematic review and meta-analysis. Radiology 297:87-96. https://doi.org/
10.1148/radiol.2020200443

Seymour L, Bogaerts J, Perrone A et al (2017) iRECIST: guidelines for
response criteria for use in trials testing immunotherapeutics. Lancet
Oncol 18e143-e152. https://doi.org/10.1016/51470-2045(17)30074-8
Nishino M, Giobbie-Hurder A, Gargano M, Suda M, Ramaiya NH, Hodi FS
(2013) Developing a common language for tumor response to immu-
notherapy: immune-related response criteria using unidimensional
measurements. Clin Cancer Res 19:3936-3943. https.//doi.org/10.1158/
1078-0432.CCR-13-0895

Andersson M, Jalnefjord O, Montelius M, Rizell M, Sternby Eilard M,
Ljungberg M (2023) Evaluation of response in patients with hepatocel-
lular carcinoma treated with intratumoral dendritic cell vaccination using
intravoxel incoherent motion (IVIM) MRI and histogram analysis. Acta
Radiol 64:32-41. https://doi.org/10.1177/02841851211065935

Lau D, McLean MA, Priest AN et al (2021) Multiparametric MRI of early
tumor response to immune checkpoint blockade in metastatic mela-
noma. J Immunother Cancer 9:2003125

Brahmer JR, Drake CG, Wollner | et al (2010) Phase | study of single-agent
anti-programmed death-1 (MDX-1106) in refractory solid tumors: safety,
clinical activity, pharmacodynamics, and immunologic correlates. J Clin
Oncol 28:3167-3175. https://doi.org/10.1200/JC0O.2009.26.7609

Tumeh PC, Harview CL, Yearley JH et al (2014) PD-1 blockade induces
responses by inhibiting adaptive immune resistance. Nature 515:568-571.
https://doi.org/10.1038/nature 13954

Galon J, Costes A, Sanchez-Cabo F et al (2006) Type, density, and location
of immune cells within human colorectal tumors predict clinical out-
come. Science 313:1960-1964. https://doi.org/10.1126/science.1129139
Broos K, Keyaerts M, Lecocq Q et al (2017) Non-invasive assessment of
murine PD-L1 levels in syngeneic tumor models by nuclear imaging with
nanobody tracers. Oncotarget 8:41932-41946. https://doi.org/10.18632/
oncotarget.16708

Teng MW, Ngiow SF, Ribas A, Smyth MJ (2015) Classifying cancers based
on T-cell infiltration and PD-L1. Cancer Res 75:2139-2145. https.//doi.org/
10.1158/0008-5472.CAN-15-0255

O'Connor JP, Aboagye EO, Adams JE et al (2017) Imaging biomarker
roadmap for cancer studies. Nat Rev Clin Oncol 14:169-186. https://doi.
0rg/10.1038/nrclinonc.2016.162

Juergens RA, Zukotynski KA, Singnurkar A, Snider DP, Valliant JF,
Gulenchyn KY (2016) Imaging biomarkers in immunotherapy. Biomark
Cancer 8:1-13. https://doi.org/10.4137/BIC.S31805

Lau D, Corrie PG, Gallagher FA (2022) MRI techniques for immunotherapy
monitoring. J Immunother Cancer 10:e004708

Workman P, Aboagye EO, Chung YL et al (2006) Minimally invasive
pharmacokinetic and pharmacodynamic technologies in hypothesis-
testing clinical trials of innovative therapies. J Natl Cancer Inst 98:580-598.
https://doi.org/10.1093/jnci/djj162

Ahrens ET, Bulte JW (2013) Tracking immune cells in vivo using magnetic
resonance imaging. Nat Rev Immunol 13:755-763. https://doi.org/10.
1038/nri3531

Hoffmann E, Masthoff M, Kunz WG et al (2024) Multiparametric MRI for
characterization of the tumour microenvironment. Nat Rev Clin Oncol
21:428-448. https;//doi.org/10.1038/541571-024-00891-1

Murciano-Goroff YR, Warner AB, Wolchok JD (2020) The future of cancer
immunotherapy: microenvironment-targeting combinations. Cell Res
30:507-519. https://doi.org/10.1038/541422-020-0337-2

Jiang X, Dudzinski S, Beckermann KE et al (2020) MRI of tumor T cell
infiltration in response to checkpoint inhibitor therapy. J Immunother
Cancer. https://doi.org/10.1136/jitc-2019-000328

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 12 of 13

Xu X, Ma M, Ye K et al (2024) Magnetic resonance imaging-based
approaches for detecting the efficacy of combining therapy following
VEGFR-2 and PD-1 blockade in a colon cancer model. J Transl Med 22:198.
https://doi.org/10.1186/512967-024-04975-5

Zhang J, Du B, Wang Y et al (2024) The role of CD8 PET imaging in
guiding cancer immunotherapy. Front Immunol 15:1428541. https://doi.
0rg/10.3389/fimmu.2024.1428541

Raskov H, Orhan A, Christensen JP, Gogenur | (2021) Cytotoxic CD8(+)
T cells in cancer and cancer immunotherapy. Br J Cancer 124:359-367.
https://doi.org/10.1038/s41416-020-01048-4

Farhood B, Najafi M, Mortezaee K (2019) CD8(+) cytotoxic T lymphocytes
in cancer immunotherapy: a review. J Cell Physiol 234:8509-8521. https.//
doi.org/10.1002/jcp.27782

Fliedner FP, Engel TB, EI-Ali HH, Hansen AE, Kjaer A (2020) Diffusion
weighted magnetic resonance imaging (DW-MRI) as a non-invasive, tis-
sue cellularity marker to monitor cancer treatment response. BMC Cancer
20:134. https://doi.org/10.1186/512885-020-6617-x

Eschbach RS, Kazmierczak PM, Heimer MM et al (2018) '8F-FDG-PET/CT
and diffusion-weighted MRI for monitoring a BRAF and CDK 4/6 inhibitor
combination therapy in a murine model of human melanoma. Cancer
Imaging 18:2

Hu J, Yu X, Yin P, Du B, Cai X (2022) Intravoxel incoherent motion
diffusion-weighted MR imaging for monitoring the immune response of
immunogenic chemotherapy. Front Oncol 12:796936. https://doi.org/10.
3389/fonc.2022.796936

lima M, Le Bihan D (2016) Clinical intravoxel incoherent motion and
diffusion MR imaging: past, present, and future. Radiology 278:13-32.
https://doi.org/10.1148/radiol 2015150244

Le Bihan D (2019) What can we see with IVIM MRI? Neuroimage
187:56-67. https://doi.org/10.1016/j.neuroimage.2017.12.062

Zhang Y, Zou J, Li L, Han M, Dong J, Wang X (2024) Comprehensive
assessment of postoperative recurrence and survival in patients with
cervical cancer. Eur J Surg Oncol 50:108583. https://doi.org/10.1016/j.ejso.
2024108583

Kooreman ES, van Pelt V, Nowee ME, Pos F, van der Heide UA, van Houdt
PJ (2022) Longitudinal correlations between intravoxel incoherent
motion (IVIM) and dynamic contrast-enhanced (DCE) MRI during radio-
therapy in prostate cancer patients. Front Oncol 12:897130. https://doi.
0rg/10.3389/fonc.2022.897130

Someya Y, lima M, Imai H et al (2024) In vivo and post-mortem com-
parisons of IVIM/time-dependent diffusion MR imaging parameters in
melanoma and breast cancer xenograft models. Magn Reson Med Sci.
https://doi.org/10.2463/mrms.mp.2023-007810.2463/mrms.mp.2023-
0078

Eschbach RS, Clevert DA, Hirer-Eppeneder H et al (2017) Contrast-
enhanced ultrasound with VEGFR2-targeted microbubbles for monitoring
regorafenib therapy effects in experimental colorectal adenocarcinomas
in rats with DCE-MRI and immunohistochemical validation. PLoS One
12:¢0169323. https://doi.org/10.1371/journal.pone.0169323

Cyran CC, Paprottka PM, Schwarz B et al (2012) Perfusion MRI for mon-
itoring the effect of sorafenib on experimental prostate carcinoma: a
validation study. AJR Am J Roentgenol 198:384-391. https://doi.org/10.
2214/AJR.11.6951

Umemura Y, Wang D, Peck KK et al (2020) DCE-MRI perfusion predicts
pseudoprogression in metastatic melanoma treated with immunotherapy.
J Neurooncol 146:339-346. https://doi.org/10.1007/511060-019-03379-6
Mooradian MJ, Sullivan RJ (2023) Immunotherapy in melanoma: recent
advancements and future directions. Cancers (Basel) 15:4176

Hugo W, Zaretsky JM, Sun L et al (2016) Genomic and transcriptomic
features of response to anti-PD-1 therapy in metastatic melanoma. Cell
165:35-44. https;//doi.org/10.1016/j.cell.2016.02.065

Spranger S, Spaapen RM, Zha Y et al (2013) Up-regulation of PD-L1, IDO,
and T(regs) in the melanoma tumor microenvironment is driven by
CD8(+) T cells. Sci Transl Med 5:2200ral16. https;//doi.org/10.1126/
scitransimed.3006504

Zaretsky JM, Garcia-Diaz A, Shin DS et al (2016) Mutations associated with
acquired resistance to PD-1 blockade in melanoma. N Engl J Med
375:819-829. https://doi.org/10.1056/NEJMoa 1604958

Rupp T, Genest L, Babin D et al (2022) Anti-CTLA-4 and anti-PD-1
immunotherapies repress tumor progression in preclinical breast and


https://doi.org/10.1102/1470-7330.2012.9013
https://doi.org/10.1102/1470-7330.2012.9013
https://doi.org/10.1200/JCO.2004.07.960
https://doi.org/10.1200/EDBK_200643
https://doi.org/10.1148/radiol.2020200443
https://doi.org/10.1148/radiol.2020200443
https://doi.org/10.1016/S1470-2045(17)30074-8
https://doi.org/10.1158/1078-0432.CCR-13-0895
https://doi.org/10.1158/1078-0432.CCR-13-0895
https://doi.org/10.1177/02841851211065935
https://doi.org/10.1200/JCO.2009.26.7609
https://doi.org/10.1038/nature13954
https://doi.org/10.1126/science.1129139
https://doi.org/10.18632/oncotarget.16708
https://doi.org/10.18632/oncotarget.16708
https://doi.org/10.1158/0008-5472.CAN-15-0255
https://doi.org/10.1158/0008-5472.CAN-15-0255
https://doi.org/10.1038/nrclinonc.2016.162
https://doi.org/10.1038/nrclinonc.2016.162
https://doi.org/10.4137/BIC.S31805
https://doi.org/10.1093/jnci/djj162
https://doi.org/10.1038/nri3531
https://doi.org/10.1038/nri3531
https://doi.org/10.1038/s41571-024-00891-1
https://doi.org/10.1038/s41422-020-0337-2
https://doi.org/10.1136/jitc-2019-000328
https://doi.org/10.1186/s12967-024-04975-5
https://doi.org/10.3389/fimmu.2024.1428541
https://doi.org/10.3389/fimmu.2024.1428541
https://doi.org/10.1038/s41416-020-01048-4
https://doi.org/10.1002/jcp.27782
https://doi.org/10.1002/jcp.27782
https://doi.org/10.1186/s12885-020-6617-x
https://doi.org/10.3389/fonc.2022.796936
https://doi.org/10.3389/fonc.2022.796936
https://doi.org/10.1148/radiol.2015150244
https://doi.org/10.1016/j.neuroimage.2017.12.062
https://doi.org/10.1016/j.ejso.2024.108583
https://doi.org/10.1016/j.ejso.2024.108583
https://doi.org/10.3389/fonc.2022.897130
https://doi.org/10.3389/fonc.2022.897130
https://doi.org/10.2463/mrms.mp.2023-007810.2463/mrms.mp.2023-0078
https://doi.org/10.2463/mrms.mp.2023-007810.2463/mrms.mp.2023-0078
https://doi.org/10.1371/journal.pone.0169323
https://doi.org/10.2214/AJR.11.6951
https://doi.org/10.2214/AJR.11.6951
https://doi.org/10.1007/s11060-019-03379-6
https://doi.org/10.1016/j.cell.2016.02.065
https://doi.org/10.1126/scitranslmed.3006504
https://doi.org/10.1126/scitranslmed.3006504
https://doi.org/10.1056/NEJMoa1604958

Heimer et al. European Radiology Experimental (2025)9:59

51

52.

colon model with independent regulatory T cells response. Transl Oncol
20:101405. https;//doi.org/10.1016/j.tranon.2022.101405

Ruan S (2021) Nonlinear dynamics in tumor-immune system interaction
models with delays. Discret Contin Dyn Syst B 26:541-602. https://doi.
0rg/10.3934/dcdsb.2020282

Ng MF, Simmons JL, Boyle GM (2022) Heterogeneity in melanoma.
Cancers (Basel) 14:3030

Page 13 of 13

53.  Zemek RM, Anagnostou V, Pires da Silva |, Long GV, Lesterhuis WJ (2024)
Exploiting temporal aspects of cancer immunotherapy. Nat Rev Cancer
24:480-497. https://doi.org/10.1038/541568-024-00699-2

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1016/j.tranon.2022.101405
https://doi.org/10.3934/dcdsb.2020282
https://doi.org/10.3934/dcdsb.2020282
https://doi.org/10.1038/s41568-024-00699-2

	Quantitative response assessment of combined immunotherapy in a murine melanoma model using multiparametric MRI
	Background
	Methods
	Animal model and experimental protocol
	MRI protocol
	MRI data processing
	Immunohistochemistry
	CD31
	CD8 antigen staining
	Ki-67 antigen staining
	Terminal deoxynucleotidyl transferase deoxyuridine triphosphate (dUTP) nick-end labeling (TUNEL)

	Statistical analysis

	Results
	Protocol completion
	Tumor volume
	Diffusion-weighted MRI
	Monoexponential ADC model
	Non-monexponential IVIM model

	DCE-MRI
	Correlation analysis
	Immunohistochemistry

	Discussion
	Supplementary information
	Acknowledgements




