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Abstract

Background Immune checkpoint inhibitors such as anti-programmed cell death protein 1 (PD1) block tumor growth
by reinvigorating the immune system; however, determining their efficacy only by the changes in tumor size may
prove inaccurate. As the immune cells including macrophages in the tumor microenvironment (TME) are associ-

ated with the response to anti-PD1 therapy, tumor-associated macrophages (TAMs) imaging using nanoparticles can
noninvasively provide the immune enrichment status of TME. Herein, the mannosylated-serum albumin (MSA) nano-
particle was labeled with radioactive isotope ®Ga to target the mannose receptors on macrophages for noninvasive
monitoring of the TME according to anti-PD1 therapy.

Results B16F10-Luc and MC38-Luc tumor-bearing mice were treated with anti-PD1, and the response to anti-PD1
was determined by the tumor volume. According to the flow cytometry, the responders to anti-PD1 showed an
increased proportion of TAMs, as well as lymphocytes, and the most enriched immune cell population in the TME
was also TAMs. For noninvasive imaging of TAMs as a surrogate of immune cell augmentation in the TME via anti-PD1,
we acquired [®*Ga] Ga-MSA positron emission tomography. According to the imaging study, an increased number of
TAMs in responders at the early phase of anti-PD1 treatment was observed in both B16F10-Luc and MC38-Luc tumor-
bearing mice models.

Conclusion As representative immune cells in the TME, non-invasive imaging of TAMs using MSA nanoparticles can
reflect the immune cell enrichment status in the TME closely associated with the response to anti-PD1. As non-inva-

sive imaging using MSA nanoparticles, this approach shows a potential to monitor and evaluate anti-tumor response
to immune checkpoint inhibitors.
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Background

Antibodies against programmed cell death protein
1 (PD1) or programmed death-ligand 1 (PD-L1) are
immune checkpoint inhibitors (ICIs) that exert their
anti-tumor effects by reinvigorating T cells in the tumor
microenvironment (TME) [1]. Although treatments with
anti-PD1 can induce sustained responses by awakening
the immune system, tumor progression occurs in several
patients after treatment [2]. Therefore, early response
evaluation to determine the continuation of ICIs is an
essential aspect of therapeutic strategy design. How-
ever, response evaluation for ICIs is difficult because of
pseudo-progression and hyper-progression, which lim-
its early response evaluation using conventional imaging
methods [3, 4]. Therefore, determining the therapeutic
effects of ICIs using mechanism-based biomarkers such
as non-invasive visualization of immune cells is highly
desirable.

Most studies regarding responsiveness to anti-PD1
therapy using Immuno-PET imaging have focused
on CD8" T cells and NK cells, which can kill tumor
cells directly [5-8]. These studies examined numeri-
cal increases or changes in the distribution of T cells in
tumors to interpret the therapeutic response to treatment
in patients and confirmed the levels of T cell-secreted
cytokines IFNy and Granzyme B as non-invasive indica-
tors of immune response activation [9-13]. However, not
only the amount of labels at the site has appeared dispa-
rate from the actual cell numbers since the cell expansion
and loss of cytokine activity, but there are also problems
with the specific affinity to target, difficulties in conjuga-
tion, and in vivo tracer stability, as well as advanced tech-
nology to produce pure mAbs commercially [14].

Tumor-associated macrophages (TAMs) are the most
abundant immune cells of the tumor microenvironment
in solid tumors. They display remarkable heterogene-
ity and plasticity depending on the TME and are highly
correlated with therapeutic efficacy [15-20]. However,
non-invasive monitoring of TAMs after therapy has not
been investigated, despite their ability to modulate T
cell activation and control immune responses through
the production of various cytokines [21-24]. Therefore,
longitudinally monitoring the changes in TAMs during
anti-PD1 therapy could expand our understanding of the
therapeutic effects of ICIs and yield a more accurate pre-
diction of the therapy response.

In this study, we used ®®Ga-labeled mannosylated-
serum albumin (MSA) nanoparticle to trace TAMs after
anti-PD1 treatment non-invasively. MSA nanoparticle
was developed as a macrophage-specific tracer by bind-
ing to a mannose receptor (CD206) expressed by mac-
rophage [25]. In previous studies, [®*Ga]Ga-MSA PET
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imaging can help diagnose pulmonary artery hyperten-
sion and monitor the inflammatory status by imaging
the degree of mannose receptor-positive macrophage
infiltration into the lung [26]. In addition, [**Ga]Ga-MSA
PET imaging also visualizes the infiltration of mannose
receptor-positive macrophages in monitoring myocardi-
tis’s treatment response [27]. Through these studies, we
assumed that the [®*Ga]Ga-MSA PET imaging could be
a novel noninvasive diagnostic and monitoring tool for
mannose receptor-positive TAM after immunotherapy.

Based on the optimized MSA nanoparticle imaging,
our results showed that the TAMs moved into the core
of the tumor in responders and that the number of TAMs
increased significantly (Fig. 1). Through these results, we
suggest that non-invasive monitoring TAMs using MSA
nanoparticle imaging can help monitor and predict the
response to ICI therapy.

Materials and methods

Mice and tumor models

7-10 weeks-old wild-type (WT) C57BL/6 female mice
were used in all the experiments. B16F10-luciferase
expressing (B16F10-Luc) melanoma cells and MC38-
luciferase expressing (MC38-Luc) colon adenocarcinoma
cells were used in all experiments. B16F10-Luc cells
were cultured in vitro in RPMI-1640 with L-glutamine
medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (PS) at 37 °C in a
humidified incubator containing 5% CO,. MC38-Luc
cells were cultured in vitro in DMEM medium supple-
mented with 10% FBS and 1% PS at 37 °C in a humidified
incubator containing 5% CO,. Tumor volume was calcu-
lated using the formula (width?® x length)/2 every 3—4 d.
At 7 or 10 d after tumor implantation, 100 pg anti-PD1
(clone 29F.1A12, BioXcell, USA) was administered three
times via intraperitoneal injection. Animals that did not
grow tumors or had tumors smaller than 5 mm in diam-
eter on the 1 day of anti-PD1 treatment were excluded.
After the last imaging, the tumors were collected for his-
tology, flow cytometry, and PCR analysis.

Immunohistochemistry

Immunohistochemistry was performed according to the
manufacturer’s instructions. Briefly, paraffin-embed-
ded sections were deparaffinized, hydrated, and antigen
retrieved by steaming the slides in sodium citrate buffer
(10 mM sodium citrate, pH 6.0). The slides were then
treated with 3% H,0O, and blocked using a blocking solu-
tion. Primary antibodies were pre-diluted in blocking
solution at 1:200 for CD206 (R&D Systems) and applied
to tissue sections overnight at 4 °C in a humidified cham-
ber. Biotinylated secondary antibodies were then applied,
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Fig. 1 Schematic illustration of the [*®Ga]Ga-MSA nanoparticle imaging in monitoring tumor-associated macrophages of tumor microenvironment

followed by signal development using liquid DAB sub-
strate (Dako). Sections were counterstained with hema-
toxylin (Abcam). The slides were scanned using a digital
camera Aperio AT2 (Leica). Analysis of immunohisto-
chemistry staining intensity was performed using Image]
through the IHC profiler plugin.

Flow cytometry

The s.c. tumors were minced and then digested in
HBSS—10% FBS containing 2 mg/ml collagenase type I
(Sigma Aldrich) and 10 pug/ml DNase I (Sigma Aldrich)
at 37 °C for 30 min to digestion. Digested cells were
passed through a 70 pm pore-size cell strainer to prepare
single cell suspensions for flow cytometry. Anti-mouse
CD16/32 antibody (93, BioLegend) was pre-added to
block the non-specific binding of the immunoglobulin
to macrophage Fc receptors. For surface marker analy-
sis, live cells were re-suspended in FACS buffer (1% BSA,
0.1% sodium azide in PBS) and stained with anti-mouse
CD45 (30-F11), F4/80 (BMS), Ly6C (HK1.4), CD11b
(M1/70, eBioscience), Ly6G (RB6-8C5) (BioLegend),
CD206 (MR6F3), CD3 (145-2C11), CD8a (53-6.7), and
CD4 (RM4-5) (eBioscience) at 4 °C for 20 min. For intra-
cellular staining, cells were incubated for 2 h with Golgi-
Plug (BD Biosciences) and GolgiSTOP (BD Biosciences)
at 1 ul/ml of culture media. Cells were then surface
stained and then fixed and permeabilized using Foxp3/
Transcription factor staining Buffer (Invitrogen), labeled
with Granzyme B (NGZB, eBioscience) and IFN-y
(XMG1.2, BD Biosciences). Data were acquired using an

LSRFortessa system (BD Biosciences) and analyzed with
FlowJo software version 10.8.1. (BD Biosciences).

Quantitative real-time PCR

Total RNA was extracted from the tumor, and tumor
explant supernatant (TES) educated macrophages using
TRIzol reagent (Invitrogen) according to the manufac-
turer’s instructions. cDNA was reverse transcribed from
1 mg of total RNA, and the amount of mRNA was deter-
mined by real-time PCR using the SYBR Green qPCR
Pre-Mix (Enzynomics). All samples were normalized
to the 185 rRNA mRNA expression levels. The primer
sequences are listed in Additional file 3: Table S1.

Isolation of primary macrophage and preparation of tumor
explant supernatant (TES)

Primary macrophages were differentiated from mouse
bone marrow cells. Bone marrow cells were obtained
from 7-10 week-old C57BL/6 male mice and differenti-
ated into mature bone marrow-derived macrophages
(BMDMs) for 7 d in RPMI 1640 containing 10% FBS,
1% PS, and 2 mM L-glutamine (GIBCO), supplemented
with fresh recombinant murine macrophage-colony
stimulating factor (M-CSF) (50 ng/ml; Miltenyi Bio-
tec). The medium was replaced on days 3 and 5 with a
fresh medium containing M-CSF. For preparing TES,
tumors from B16F10-Luc-tumor bearing mice were dis-
sected and minced using a blade in a cell culture plate.
After chopping, tumors were incubated in a humidified
incubator at 37 °C with 5% CO, with RPMI media (1 g
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tumor/15 mL RPMI media). Supernatants were collected
after 24 h. To remove the debris, the supernatant was
centrifuged at 12,000 x g, 4 °C and filtered using a 0.2 pm
pore size syringe filter.

Synthesis of [.°8 Ga] Ga-mannosylated- serum albumin
(MSA)

For synthesizing [®*Ga]Ga-MSA using click chemis-
try, we used a modified method described in our previ-
ous report [28, 29]. Briefly, albumin (50 mg, 757 nmol)
in phosphate-buffered saline (PBS, 0.5 mL, pH 7.4) was
reacted with azadibenzocyclooctyne-PEG,-N-hydrox-
ysuccinimidyl ester (ADIBO-NHS, 4 mg, 8.4 pmol) in
DMSO (10 pL). The reaction mixture was kept at 4 °C for
4 h and purified using a centrifugal filter unit (30 kDa) to
form ADIBO-albumin (42 mg, 6.05 nmol). The number
of ADIBO groups on albumin was determined to be 9.3
by matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF). Mannosyl groups on albumin were
introduced by a click reaction with ADIBO-albumin and
azido-mannose (Man-N;). Man-N; (1.6 mg, 4.8 pmol)
in PBS (100 pL) was added to ADIBO-albumin (42 mg,
6.05 nmol) in PBS (100 pL), and the reaction mixture
was kept at 4 °C for 2 h and purified using a desalting
column (PD-10) with PBS as an eluent to yield man-
nosylated- serum albumin (MSA, 39.9 mg, 588 nmol).
The number of mannosyl groups on albumin was deter-
mined using MALDI-TOF to be 6.6. The size of ADIBO-
albumin and MSA was measured as 7.101+1.021 nm
and 8.534£1.224 nm, respectively, using dynamic light
scattering. MSA was then labeled with fluorescent dyes
(FL) and radioisotopes in the residual ADIBO groups.
For fluorescence labeling, MSA (588 nmol/0.5 mL
PBS) was reacted with FNR648-N; (44 pg, 58 nmol)
in DMSO (6 pL) for 30 min. The reaction mixture was
purified using a centrifugal filter (30 kDa) and concen-
trated to yield fluorescence-labeled MSA (MSA-FL,
500 nmol/0.5 mL in PBS). Lastly, MSA-FL was radiola-
beled with gallium-68 (®3Ga, half-life: 68 min). For radi-
olabeling, 3-azidopropyl-NOTA (NOTA-N,;, 10 pg,
18 nmol) in 0.1 M sodium acetate buffer (pH 5.5, 1 mL)
was mixed with freshly eluted ®® Ga (370 mBq) in 0.1 M
HCI solution (1 mL) to give [®*Ga]Ga-NOTA-N, with
quantitative yield. MSA-FL (7.1 mg, 100 nmol) was then
reacted with [®*Ga]Ga-NOTA-N; (37 MBq/200 L) to
yield radiolabeled MSA-FL ([*®Ga]Ga-MSA) with quanti-
tative yield. After radiolabeling, [**Ga]Ga-MSA was used
for PET imaging without further purification. The radio-
chemical purity of [®*Ga]Ga-MSA was>99%, and the R;
values of the free % Ga, [68Ga]Ga-NOTA-N3, and [®®Ga]
Ga-MSA were 0.9-1.0, 0.7-0.8, and 0.0-0.1, respectively,
in radio-TLC.

Page 4 of 11

PET image acquisition and analysis

A small animal PET system (Genisys PET box) was
used for PET acquisition for 5 min 2 h after intrave-
nous injection of [**Ga]Ga-MSA. The activity of the
injected [**Ga]Ga-MSA was 50 pCi/0.1 mL. Recon-
struction of the PET images was automatically per-
formed using vendor-provided software. The [*®Ga]
Ga-MSA of each tumor was assessed by a semi-quanti-
tative method using LifeX software version 7.0.15. The
maximum counts of tumors were measured using man-
ual volumes-of-interest placed on the tumor lesions.
For count normalization, another manual spherical
volume-of-interest was placed on the mediastinum to
reflect blood pool counts. To quantify [**Ga]Ga-MSA
uptake, we used LBP which is counts for MSA uptake
in the tumor normalized by counts of blood pool. This
approach is a semi-quantitative method for PET in
oncology for response and inter-subject comparison to
reduce variability due to technical factors [30].

Statistical analysis

All statistical analyses were conducted using Graph-
Pad Prism software (version 8.0) and are displayed as
the mean &+ S.E.M. Statistical significance was assessed
using Student’s t-test, and ANOVA with Tukey’s post-
test was performed for multiple comparisons.

Results

The effective anti-PD1 treatment induces increased
frequency and activity of CD8™ T cells

Effective anti-PD1 therapies induce the reactivation of
immune cells to inhibit tumor growth. To investigate
the effect of anti-PD1 in the immune cell compartment,
we established an experimental model that randomly
responds to anti-PD1 treatment. After inoculation with
B16F10-Luc melanoma cells (3 x 10°, s.c., upper left
and right flank), mice were treated with 100 ug of anti-
PD1 three times every 4 d. We first confirm that the
tumor size and weight were reduced in the responder
group (Fig. 2a, c). We compared the tumor volume at
d 18 baseline lesion volumes with d 28 post-therapy
lesion volumes (Fig. 2b) [31].

In this setting, the ratio of responders to non-
responders was approximately 4:6. As anti-PD1 directly
targets T cells, we also observed T cell activation
upon anti-PD1 treatment. As expected, infiltration
of cytotoxic CD8" T cells increased in the responder
group (Fig. 2d). Moreover, their anti-tumor activity
was further confirmed by the presence of granzyme
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Fig. 2 Increased frequency and activity of CD8 T cells in responders to anti-PD1 treatment. B16F10-Luc tumor-bearing mice were treated with

100 pg of anti-PD1 (black filled inverted triangle) on day 10, day 14, and day 18. Tumors were obtained 15 d after initiating the anti-PD1 treatment.

a Average (left) and individual (right) tumor volume following anti-PD1 treatment in B16F10-Luc tumor-bearing mice (non-responders, n=38;
responders, n=6). b Response assessed by % of tumor growth between d 18 and d 25 post-tumor inoculation. (non-responders, n =8; responders,
n=6). ¢ Tumor weight after anti-PD1 treatment. (non-responders, n =8; responders, n=6). d Frequency of cytotoxic CD8* T cells (gated on the
CD45% CD3* CD8™ population) (n=6/group). e Population percentages of Granzyme BT and IFNy* in tumor-infiltrating CD8™ T cells as determined
by flow cytometry (n=6/group). f Relative mRNA expression of Cxc/9 and Cxc/10 in tumors of non-responders and responders (n =6/group). Data
are presented as mean = SEM. Statistical significance was determined using a two-tailed Student’s t-test. Data shown are representative of three
independent experiments performed. *p < 0.05; **p < 0.01; ****p <0.0001
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Fig.3 Augmented frequency of tumor-associated macrophage in responders to anti-PD1 treatment. a Percentage of CD45% and CD45™ cells

in non-responder and responder tumors at day 15 after anti-PD1 treatment (non-responders, n = 6; responders, n=5). b The frequency of major
immune cell types in the tumor microenvironment was measured by flow cytometry (non-responders, n=6; responders, n =5). ¢ Relative mRNA
expression of Ccl2 and Ccl5 in tumors of non-responders and responders (n =3/group). Data are presented as mean 4= SEM. Statistical significance
was determined using a two-tailed Student’s t-test, and ANOVA with Tukey's post-test was performed for multiple comparisons. Data shown are
representative of three independent experiments performed. *p < 0.05; **p < 0.01; ***p < 0.001

Responders to anti-PD1 treatment show increased
tumor-associated macrophages

Next, we investigated the differences in myeloid cells
infiltrating the tumors between non-responders and
responders. Consistent with previous studies, infiltra-
tion of CD45% cells increased in response to anti-PD1

B and IFNy" staining in CD8" T cells from respond-
ers (Fig. 2e). To understand why T cell infiltration is
increased, we examined the expression of Cxc/9 and
Cxcl10, which are important chemoattractants of T
cells [32]. Cxcl9 and Cxcl10 expression was higher in
responder than in non-responder tumors (Fig. 2f).
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treatment (Fig. 3a). Further detailed analyses of infiltrated
CD45" cells revealed that, aside from lymphoid cells,
including CD8% T cells, the most significant increase
was observed in TAMs (Fig. 3b, Additional file 1: Fig. S1).
RT-PCR analysis showed a shift in chemokines related
to macrophage recruitment, including Cc/2 and Ccl5
(Fig. 3c), suggesting the enhanced recruitment of mac-
rophages. Thus, we aimed at the non-invasive imaging
of TAMs that could provide information on immune cell
changes in the TME during anti-PD1 treatment, which is
associated with treatment responsiveness.
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[¢8 Ga]Ga-MSA-PET imaging shows different
tumor-associated macrophage states in response

to anti-PD1 treatment

We developed albumin-based nanoplatform, MSA,
for targeting the mannose receptor (CD206) highly
expressed in TAMs (Fig. 4a) [25-27]. Interestingly,
tumors treated with anti-PD1 showed significantly
increased CD206 expression on TAMs, regardless of
reactivity. Only 65% of TAMs expressed CD206 in the
isotype control group, but most of the TAMs in the
anti-PD1 treatment group expressed CD206 (Additional
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Fig. 4 Different Imaging patterns of [®3Ga]Ga-MSA nanoparticle in responders and non-responders to anti-PD1 treatment. a Schematic illustration
of MSA. b Flow cytometry for the frequency of CD206™ cells in non-responder and responder tumors (n = 4/group). ¢ Quantification of CD206
immunohistochemistry-stained tumor tissues from non-responders and responders. d Overview of experimental representative PET images of
B16F10-Luc tumor-bearing mice according to the response to anti-PD1 treatment. Panels below the coronal whole-body PET images are cropped
sagittal sections of the tumors. The scale bar of the image was adjusted for the image of the tumor site. @ Measurement of Lesion to Blood pool
(LBP) ratio at day 15 in the anti-PD1 treated tumor (non-responders, n = 14; responders, n = 10). f Representative flow cytometric dot plot (left) and
percentages of MSA™ cells as determined by flow cytometry (right) (non-responders, n=9; responders, n=7). g [**GalGa-MSA uptake measured
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file 2: Fig. S2a-d). We also observed a significant
increase in the CD206-expressing cell population in the
tumor through flow cytometry (Fig. 4b). Additionally,
quantifying CD206 stained tumor tissue revealed that
the number of CD206% cells increased at the tumor
core in the responder compared to the non-responder
(Fig. 4c). Next, we investigated whether [*®Ga]Ga-MSA
nanoparticle could non-invasively detect the infiltra-
tion of CD206-expressing TAMs according to the
response to anti-PD1. Two hours after the administra-
tion of [®*Ga]Ga-MSA nanoparticle on days 15 and 24,
we conducted PET imaging. Furthermore, we examined
the location of these immune cells in the tumor. Inter-
estingly, we observed that the accumulation of [*®Ga]
Ga-MSA nanoparticle evenly throughout the tumor in
responders but only at the tumor margin in the non-
responders (Fig. 4d). Upon quantitative measurement,
the maximum LBP ratio of the responders was signifi-
cantly higher than that of non-responders (Fig. 4e). In
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line with [*®Ga]Ga-MSA nanoparticle imaging, fur-
ther analysis confirmed increased MSA uptake in the
responder tumors, albeit with a very small size (Fig. 4f).
We thus found that tumor size and the degree of [**Ga]
Ga-MSA nanoparticle uptake showed a negative corre-
lation (Fig. 4g).

Further imaging study was conducted in MC38-Luc
tumor-bearing mice to investigate if the same phe-
nomenon could be observed with [*®Ga]Ga-MSA nan-
oparticle imaging in tumors other than melanoma.
Consistent with the anti-PD1-response of B16F10,
higher frequencies of CD206" cells were observed in
responders of MC38-Luc models (Fig. 5a, b); further-
more, the accumulation of [*®Ga]Ga-MSA nanoparticle
of the responders was higher than non-responders and
appeared throughout the tumor (Fig. 5c, d). Collec-
tively, these findings demonstrate a significant differ-
ence in the frequency and location of TAMs within the
TME.
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Fig.5 Different Imaging patterns of [®3Ga]Ga-MSA nanoparticle in MC38-Luc tumor-bearing mouse model after anti-PD1 treatment. MC38-Luc
tumor-bearing mice were treated with 100 pg of anti-PD1 (black filled inverted triangle) on day 7, day 10, and day 13. Experiments were conducted
15 d after initiating the anti-PD1 treatment. a MC38-Luc tumor volumes in mice treated with anti-PD1 (non-responders, n=5; responders, n=4). b
Flow cytometry for the frequency of CD206" cells in non-responder and responder tumors (non-responders, n = 5; responders, n=4). ¢ Overview
of experimental representative PET images of MC38-Luc tumor-bearing mice that responded or failed to respond to anti-PD1 treatment. d
Measurement of LBP ratio at day 22 in the anti-PD1 treated tumor (non-responders, n =5; responders, n =4). Similar results were obtained from two

independent experiments. *p < 0.05; **p <0.01; ***p <0.001; ****p < 0.0001
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The tumor microenvironment altered by anti-PD1
treatment allows macrophages to induce infiltration

and activation of CD8* T cells

Given the well-described roles of TAMs in inducing T
cell activation [33-35], we investigated the effect of ICI-
induced TME alteration on TAMs, which in turn affected
T cells. To this end, we prepared tumor explant super-
natant (TES) from both responders and non-respond-
ers. Further, bone marrow-derived macrophages were
treated with TES for 24 h, and Cxcl9, Cxcl10, iNos, IL-1f5,
and TNFa mRNA expression was determined. A sim-
plified schematic of the experiment is shown in Fig. 6a.
As expected, the expression of Cxcl9 and CxcllI0 was
induced in macrophages exposed to responder-derived
TES. Similarly, iNos, IL-1b, and TNFa expression was
increased in responder-derived TES-treated mac-
rophages, indicating the enhanced anti-tumor activity of
macrophages for inducing T cell immunity (Fig. 6b). Col-
lectively, our observations suggested that increased infil-
tration of TAMs identified by MSA nanoparticles could
reflect TAM-mediated T-cell activation upon anti-PD1
treatment.

Discussion

In this study, we investigated the capability of non-
invasive imaging of TAMs using MSA nanoparticles to
evaluate responsiveness to anti-PD1 in animal models.
Previous studies have shown how ICI therapy affects
the dynamics of intratumoral CD11b* myeloid cells;
this population comprises various immune cell types,
including myeloid-derived suppressor cells (MDSCs),

Chopping ,‘g&}‘

Tumor extract
Responder or Non- solution (TES)

responder tumor reatment

‘&

Bone marrow derived
macrophages (BMDMs)

+M-CSF
(50ng/ml)
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Hematopoietic stem Real-time PCR

cells (HSCs)

Relative gene

Relative gene
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neutrophils, and natural killer cells (NK cells) [36]. As
MDSCs represent an immunosuppressive phenotype
and NK cells possess cytotoxic abilities similar to CD8"
T cells, it is difficult to discern responders from non-
responders to ICI treatment by monitoring the entire
CD11b" population [37]. Nonetheless, overall immune
cell infiltration in the tumor microenvironment is a
predictive factor for therapeutic efficacy [38, 39]. Fur-
thermore, our results showed increased overall immune
cells in the TME after anti-PD1 treatment and the most
frequent cell type was TAMs. Therefore, TAMs could
be used as a surrogate imaging target to assess immune
enrichment status of tumors. As a result, we showed
the first non-invasive observation of dynamic changes
in TAMs using MSA nanoparticles in response to ICI
therapy.

To investigate whether overall macrophage enrichment
could predict responsiveness to ICIs, we used MSA to
monitor macrophages by targeting the mannose receptor
(CD206) after anti-PD1 treatment. CD206 has generally
known as the M2 marker [40-42]. However, increasing
evidence suggests that this dualistic classification does
not address the complex heterogeneity of macrophages,
emphasizing the importance of unbiasedly describing the
functions instead of the putative M1/M2 phenotypes [43,
44]. From this viewpoint, targeting CD206" macrophages
was interpreted as TAMs in our experiment. Further, the
expression of MHCII and iNOS, which induce T cell acti-
vation, was increased in TAMs from responders, regard-
less of CD206 expression (Additional file 2: Fig. S2 E and
F). In summary, the expression of CD206 cannot explain
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S 3- 3
s
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X
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Fig. 6 Tumor explant supernatant induces functional remodeling of the macrophages. a Schematic overview of the experimental design. b
Relative mRNA expression of Cxcl9, Cxcl10, iNos, IL-163, and TNFa in bone marrow-derived macrophages (BMDMs) treated with tumor explant
supernatant (TES) obtained from tumors of non-responders or responders for 24 h (n=3/group). Data are presented as mean = SEM. Statistical
significance was determined using the two-tailed Student's t-test. Data shown are representative of three independent experiments conducted in

triplicate. *p <0.05; **p <0.01
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the functional state of TAMs; however, we only assessed
the progression of anti-tumor responses to anti-PD-1
treatment through MSA imaging.

Monitoring TAM enrichment using non-invasive imag-
ing could be used as a biomarker to evaluate the dynamic
immune status of tumors. As immune status changes
dynamically according to tumor progression and treat-
ment, monitoring the tumor immune microenvironment
could be important for the use of immune-oncology
drugs. Conventional imaging, including CT and fluoro-
deoxyglucose PET, cannot differentiate between can-
cer and immune cells in the tumor microenvironment.
Further, increased immune cells are a good predictive
dynamic biomarker considering the mechanism of action
of immuno-oncology drugs. Therefore, direct monitoring
of immune cells using non-invasive imaging is promis-
ing for evaluating the responsiveness of ICIs in the early
phase. These novel types of imaging methods, including
[®3Ga]Ga-MSA nanoparticle, could provide dynamic bio-
markers reflecting the mechanisms of immune-oncology
drugs.

TAMs exhibit distinct characteristics depending on
their localization within the tumor core [45, 46]. Periph-
eral TAMs showed a more mature suppressive phenotype
than those in the tumor core. Although the functional
characteristics of TAMs involved in response to anti-
PD1 remain to be elucidated, our finding implied that
TAMs moved to the tumor core in the responder group
after anti-PD1 treatment. This finding suggested the
importance of spatial patterns of immune cells in TME
in accordance with the response to treatment. As an
example, tumors with pre-existing and homogeneously
distributed CD8" T cells at diagnosis are more likely to
respond to ICI treatment, whereas tumors with a het-
erogeneous CD8' T cell distribution show a weaker
response [6]. This spatial pattern could be assessed by
MSA nanoparticle imaging considering it provides spa-
tial distribution of TAM infiltration, even though further
tissue-level imaging study is needed. More specifically, as
shown in previous research, TAMs induce impeding of T
cells to inhibit the response to anti-PD1, and the results
of TAM localization can be interpreted as induction of an
immune response to stimulate infiltration of T cells after
ICI treatment [16].

Overall, developing improved methods to noninvasively
monitor therapeutic responses can provide individual-
ized strategy for immune-oncology treatment. Because of
the spatial and temporal heterogeneity of tumor micro-
environment, biomarkers based on tissue samples have
limitations in the representativeness of whole metastatic
tumors [47]. For example, PD-L1 expression measured by
immunohistochemistry, the most commonly used bio-
marker for immune checkpoint inhibitors, is commonly
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assessed by archive tissue samples for patients with
metastatic tumors [48]. The temporal changes of tumor
immune status mediated by several treatment before the
immune-oncologic drugs is hard to be reflected by this
archived samples. Therefore, non-invasive monitoring of
tumor immune microenvironment is needed to evalu-
ate temporal and spatial heterogeneity according to the
treatment. Our approach aiming at the most frequent
immune cell types in the TME, MSA imaging targeting
TAMs, showed feasibility in monitoring the early change
in immune cells during anti-PD1 treatment. Considering
that 68 Ga-labeling for PET imaging and albumin-based
nanoparticles are already clinically used, our method has
the potential to be rapidly translated into the clinic.

Conclusion

This study presents a non-invasive imaging method using
MSA nanoparticles for monitoring TAMs as a factor in
confirming the change of immune cells after ICI treat-
ment. Monitoring of tumor immune status through
imaging is increasingly necessary for the clinical use of
immune checkpoint inhibitor therapy because of the het-
erogeneity of TME. Therefore, our approach that uses
MSA nanoparticles for imaging TAMs as representa-
tive cell types in enriched immune cells according to the
response to immune checkpoint inhibitors can be an
imaging-based biomarker for precision oncology.
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of anti-PD1 (black filled inverted triangle) on day 10, day 14, and day

18. Tumors were obtained 15 d after initiating the anti-PD-1 treatment
(non-responders, n = 6; responders, n = 4). a, b Average tumor volume in
B16F10-Luc tumor-bearing mice treated with anti-PD1. ¢, d Frequency of
CD206™ tumor-associated macrophage subsets after anti-PD1 treatment.
(Gated on the CD45" CD11b™ F4/80" population). e Flow cytometry for
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tumors (gated on the CD45% CD11b™* F4/80" population). f Flow cytom-
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are presented as mean =+ SEM. Statistical significance was determined
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independent experiments performed. *p < 0.05; **p < 0.01; ****p < 0.0001.
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