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Regulating innate immunity is an emerging approach to improve cancer

immunotherapy. Such regulation requires engaging myeloid cells by deliv-
eringimmunomodulatory compounds to hematopoietic organs, including
the spleen. Here we present a polymersome-based nanocarrier with splenic

avidity and propensity for red pulp myeloid cell uptake. We characterized
thein vivo behaviour of four chemically identical yet topologically
different polymersomes by in vivo positron emission tomography imaging
and innovative flow and mass cytometry techniques. Upon intravenous
administration, relatively large and spherical polymersomes accumulated
rapidly inthe spleen and efficiently targeted myeloid cells in the splenic
red pulp. When loaded with 3-glucan, intravenously administered
polymersomes significantly reduced tumour growth in amouse melanoma
model. We initiated our nanotherapeutic’s clinical translation with a
biodistribution study in non-human primates, which revealed that the
platform’s splenic avidity is preserved across species.

Immunotherapy using checkpoint inhibitor drugs to activate antitu-
mour T cells has rapidly matured into a strategy for treating various
cancer types'. However, therapeutic efficacy and applicability remain
limited as most patients do not respond well to checkpoint inhibition,
and life-threatening toxicities can occur?. Systemically released immu-
nosuppressive myeloid cells contribute to the impairment of check-
pointblockade therapy, by causing accumulation of tumour-associated
macrophages and myeloid-derived suppressor cells in the tumour

microenvironment that promote tumour progression®~. Myeloid
cell-directed strategies are therefore increasingly being considered
to turn a‘cold’ unresponsive tumour into a ‘hot’ immunogenic site®.

Myeloid cells, part of the innate immune system, include neu-
trophils, monocytes, macrophages and dendritic cells. These cells
are generated by myelopoiesis in the bone marrow medulla and
reside in many other tissues, including the lymph nodes and spleen’.
Althoughunderexplored, the spleen has emerged as the major site for
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@ Polymersomes as versatile nanocarriers
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Fig.1|Schematic overview of the study. a, Polymersomes consist of
biodegradable PEG-PDLLA block copolymers assembled into bilayered vesicles.
Polymersome topology can be precisely controlled to form spheres and tubes
of different sizes (SmS and LgS denote small and large spheres and SmT and LgT
denote small and large tubes, respectively). Furthermore, polymersomes are
labelled with radionuclides (*Zr), fluorescent dyes (BODIPY) or stable isotopes
(*’Gd). b, Polymersome in vivo biodistribution was assessed by PET/CT imaging
in B16F10 melanoma-bearing C57BL/6 mice upon polymersome administration
intravenously (i.v.) via lateral tail vein injection or subcutaneously (s.c.) via

footpad injection. Using flow and mass cytometry, we studied polymersome
uptake by specificimmune cells, including the different splenic compartments,
thatis, white pulp, red pulp and the marginal zone. ¢, We loaded polymersomes
with 3-glucan, applied either as amonotherapy or in combination with anti-PD-1
checkpointinhibition. d, To study the clinical potential of our nanotherapeutic,
we evaluated the biodistribution and biocompatibility of the large spherical
B-glucan-polymersomesin NHPs by PET/CT imaging. DC, dendritic cell; M®,
macrophage; Mo, monocyte. Schematic illustrations of mice, spleens, lymph
nodes, syringes, cells, antibodies and NHPs were created with BioRender.com.

extramedullary myelopoiesis and acts as a monocyte reservoir'®'2,

Emerging evidence demonstrates that tumours alter splenic mye-
lopoiesis and replenish immunosuppressive myeloid cells from the
splenic reservoir®?®, Therefore, targeting splenic myeloid cells to
reverse systemic and localimmunosuppression boosts and diversifies
cancer immunotherapy”.

Many biomolecules can stimulate myeloid cells in vitro's. How-
ever, the effects of these compounds are often not recapitulated
invivo owing to their poor bioavailability to myeloid cells. A specific
example are 3-glucans, a class of polysaccharides capable of effec-
tively inducing trained immunity in monocytes in vitro' %, Trained
immunity is a metabolically and epigenetically regulated functional
innateimmune state characterized by increased cellular responsive-
ness that can be leveraged to reduce tumour growth®*. In this regard,
B-glucans have recently been shown to prophylactically and thera-
peutically enhance resistance against cancer® ", However, the full
potential of these polysaccharides in cancer management has yet to
berealized. Optimally exploiting B-glucans forinnate immuneregula-
tioninvivorequires their direct engagement with the dectin-1recep-
tor expressed by myeloid cells?. This can be achieved by delivering

B-glucans to primary or secondary lymphoid organs, including the
spleen’®,

Nanomedicine is a promising and emerging approach for innate
immunotherapy®®, by utilizing nanocarriers?° that can effectively
target myeloid cellsin the bone marrow®”, lymph nodes*** or spleen®.
Traditionally, the nanomedicine field primarily focused on prolonging
nanocarrier circulation to take advantage of the enhanced permeabil-
ity and retention effect to accumulate chemotherapeutic agents in
tumours more safely. This was typically achieved by surface-modifying
the nanocarrier with hydrophilic polymers, reducing interactions
with phagocytes and preventing premature clearance. However, it
is becoming increasingly clear that nanocarriers’ inherent interac-
tion with phagocytes makes them exceptionally suitable for innate
immunotherapy”**>*,

Developing nanomedicine-based immunotherapies for targeting
specific tissues and cell types requires systematically optimizing the
administration route and physicochemical features of the nanocarrier,
such as size and shape. Furthermore, to facilitate clinical translation,
itis critical to ensure that nanocarrier properties observed in animal
studies are preserved in patients. Thisrequires thoroughinvivo studies
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of nanocarrier behaviour in both small lab animals, for example, mice,
and clinically more relevant animals, such as non-human primates
(NHPs)**,

In this Article, we report on the in vivo behaviour of polymeric
vesicles, or polymersomes™. Our nanosized polymersomes are com-
posed of biodegradable block copolymers and exhibit structural and
chemical versatility*>*°. Furthermore, the polymersomes’ bilayered
structure allows their aqueous core to be loaded with water-soluble
cargo*’. Although numerous reports describe polymersomes’ topo-
logical aspects in nanomedicine applications in vitro, their in vivo
behaviour remains poorly understood* **. We developed a library of
four polymersomes withidentical composition but varying topology,
namely small spheres (SmS), small tubes (SmT), large spheres (LgS)
andlarge tubes (LgT) (Fig. 1a). Following subcutaneous or intravenous
administration, we extensively profiled the polymersomes’ pharma-
cokinetics, biodistribution and immune cell engagement in BL6F10
melanoma-bearing C57BL/6 mice (Fig. 1b). Using a combination of
invivo positron emission tomography (PET) imaging and multi-organ
flow and mass cytometry protocols, we selected the optimal polymer-
some topology and administration route for rapid splenic accumula-
tion and efficient red pulp myeloid cell uptake. As a proof of concept,
weincorporated awater-soluble low-molecular-weight -glucan (lami-
narin) into this lead formulation toyield B-glucan-polymersomes. We
investigated B-glucan-loaded polymersomes asamonotherapy andin
combinationwith anti-PD-1checkpointinhibitionin the BL6F10 mouse
melanomamodel (Fig. 1c). Finally, we gauged the translational potential
of B-glucan-polymersomes using biodistribution and biocompatibility
studiesin NHPs (Fig.1d).

Establishing and labelling a polymersome library
Tosystematically assess the effects of nanocarrier topology on biodis-
tributionand immune cell affinity, we constructed four polymersomes
based on our previously reported poly(ethylene glycol)-block-
poly(b,L-lactide) (PEG-PDLLA) platform*”*°, We precisely regulated
polymersome topology by consecutive self-assembly, extrusion
and osmotically induced shape transformation processes, resulting
in spherical or tubular nanostructures with well-defined sizes and
aspect ratios. Specifically, we established a small library of four poly-
mersomes, namely SmS (ca.100 nm diameter), SmT (ca.200 x 80 nm
length x width), LgS (ca. 500 nm diameter) and LgT (ca.1pum x 60 nm
length x width) (Fig. 2a). Supplementary Figs. 1-3 and Supplemen-
tary Fig. 4 describe polymer synthesis and polymersome formulation,
respectively. Cryogenic transmission electron microscopy (cryo-TEM)
imaging corroborated polymersome topology (Fig. 2b and Supple-
mentary Fig. 5). Aspect ratios (AR; defined as polymersome length/
width) were obtained by analysing cryo-TEM micrographs and were
1.0 for SmS, 1.1 for LgS, 2.8 for SmT and 24 for LgT (Fig. 2c). Dynamic
light scattering (DLS), nanoparticle tracking analysis (NTA) and asym-
metric flow field-flow fractionation coupled with multi-angle static
and quasi-elasticlight scattering (AF4-MALS-QELS) corroborated the
polymersome topologies (Supplementary Table1and Supplementary
Fig.6). Acombination of DLS and cryo-TEM verified that the polymer-
somes’ tubular morphology is stable under physiological conditions
(Supplementary Fig. 7).

To study the polymersomes’ in vivo behaviour, we incorporated
5wt% of DFO-PEG,,-PDLLA,; to enable their labelling with the radio-
isotope zirconium-89 (*Zr, t,,, = 78 h; Fig. 2d). ¥Zr-polymersomes
canbe monitored by highly sensitive quantitative in vivo PET imaging
and ex vivo gamma counting®*, To investigate the polymersome
immune cell specificity by flow and mass cytometry techniques, we
incorporated the fluorescent polymer BODIPY-PEG,,-PDLLA,;into the
polymersomes (Fig.2e) or conjugated them to DO3A by click chemistry.
Thelatter allows labelling of the polymersomes with the stableisotope
gadolinium-157 (*’Gd; Fig. 2f) and therefore facilitates their tracking
by mass cytometry.

Polymersome topology dictates splenic myeloid
cell avidity
We evaluated our polymersome biodistribution (Fig. 3a) and immune
cell specificity (Fig. 3b) in C57BL/6 mice inoculated subcutaneously
with B16F10 melanoma tumoursin their left flanks. ¥Zr-polymersomes
were administered in the animals’ left hind footpad to reach the lym-
phatics and lymph nodes near their tumours. In vivo PET/computed
tomography (CT) imaging was performed two days after injection. We
found that the SmS and SmT efficiently accumulated in the popliteal
and iliac lymph nodes (Fig. 3¢). These results were corroborated by ex
vivogamma counting, which showed 740% of injected dose per gram of
tissue (%IDg™) and 997 %ID g™ of SmS and SmT in the iliac lymph nodes,
respectively (Fig.3d and Supplementary Fig. 8). By contrast, LgSand LgT
showed muchloweraccumulationinthe popliteal andiliaclymphnodes,
as confirmed by gamma counts of only 140 %ID g™ and 65 %ID g in the
iliaclymphnodes, respectively. Next, we used flow cytometry to evaluate
theimmune cell specificity of the polymersomesinthese draining lymph
nodes and found high myeloid cell avidity andlow B celland T cell uptake
for all four BODIPY-polymersomes (Fig. 3e and Supplementary Fig. 9).

Next, we investigated the in vivo behaviour of ¥Zr-polymersomes
afterintravenous administration. We observed blood half-lives of 10 min,
16 min, 30 min and 48 min for the SmS, SmT, LgS and LgT, respectively
(Supplementary Fig. 8). In vivo PET imaging 48 h after intravenous
injection revealed a drastically different polymersome biodistribu-
tion pattern compared with subcutaneous administration, with pro-
nounced polymersome accumulation in the spleen, liver and bone
marrow (Fig. 3f). TheLgSand LgT accumulatedinthe spleenat 143 %ID g™
and161%ID g™, while their uptakesin the liverwere 27 %ID g and 23 %ID
g, respectively (Fig. 3g and Supplementary Fig. 8). The SmS and SmT
alsoaccumulated in the spleen, butat muchlower levels (48 %ID g and
55%IDg™, respectively). Bone marrow uptake did not notably depend on
polymersome size and ranged from 21 %ID g™ (LgT) to 31 %ID g* (LgS).
We again evaluated the polymersomes’immune cell specificity by flow
cytometry, focusing on the spleen and bone marrow. After intravenous
administration of BODIPY-polymersomes, we observed a low BODIPY
signal in lymphocytes and short-lived myeloid cells (neutrophils and
Ly6C" monocytes), whereas macrophages showed the highest fluores-
cence intensity, indicating considerable polymersome uptake (Fig. 3h
and Supplementary Figs.10 and 11). We observed a similar cell specific-
ity pattern for all four polymersomes in the spleen and bone marrow.

To enhance our understanding of the polymersome cellular
distribution in the spleen, we used mass cytometry to investigate
their uptake in resident cells of different splenic compartments, that
is, the red pulp, marginal zone and white pulp (Fig. 3i). For all four
57Gd-polymersomes, we found substantial accumulation in red pulp
macrophages and red pulp-resident Ly6C'"° monocytes (Fig. 3j and
Supplementary Fig. 12). Red pulp macrophages showed significantly
higher uptake of large polymersomes compared with their smaller
counterparts (P=0.0035for spheres and P= 0.0059 for tubes; Fig. 3j).
Moreover, tubes showed significantly lower accumulationinred pulp
macrophages compared with spheres of similar size (P=0.0087 for
small and P=0.0009 for large polymersomes; Fig. 3j). Compared
with all other topologies, LgS showed higher accumulation in Ly6C"
monocytes (P=0.0007, P=0.0005 and P=0.0028 versus SmS, SmT
and LgT respectively; Fig. 3j). While the LgS primarily accumulated in
red pulp myeloid cells, their accumulation in marginal zone and white
pulp myeloid cells was higher than the other topologies (Fig. 3j).

On the basis of the LgS high uptake in the spleen and favourable
avidity for myeloid cells in the red pulp, we selected this nanocarrier
and administration route for therapeutic studies.

B-Glucan-polymersome immunotherapy reduces

tumour growth

Asaproof-of-concept innate immunotherapy strategy, we incorporated
laminarinin large, spherical polymersomes (Fig. 4a). Laminarinis a
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Fig.2|Characterizing and labelling polymersomes. a, Schematic
representation of the four different polymersome topologies used in this

study. b, Representative cryo-TEM micrographs of the four BODIPY-labelled
polymersome topologies in their respective dialysis fluids, thatis, SmS and LgS,
were measured in Milli-Q water and SmT and LgT in 50 mM NaCl. Scale bars,

500 nm. Similar results for polymersome topologies were obtained in three
independent experiments. ¢, Polymersome dimensions determined using the
cryo-TEM micrographs. The heatmap indicates the corresponding polymersome
aspectratios. d, Schematic representation of the polymersome radiolabelling
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strategy. DFO-functionalized polymersomes were formulated by incorporating
5wt% DFO-PEG,,-PDLLA,; followed by incubation with radioactive *Zr to

yield ®Zr-polymersomes. e, Schematic representation of the polymersome
fluorescent labelling strategy. BODIPY-polymersomes were formulated by
incorporating 5 wt% BODIPY-PEG,,-PDLLA ;. f, Schematic representation of the
polymersome stable isotype labelling strategy. N;-functionalized polymersomes
were formulated by incorporating 5 wt% N;-PEG,,-PDLLA,;. These polymersomes
were subsequently incubated with stable *’Gd complexed in DO3A-DBCO to yield
5’Gd-polymersomes. All data are represented as mean + s.d.

water-soluble low-molecular-weight 3-glucan known to inhibit tumour
growth". Laminarin was encapsulated in the polymersome aqueous
core during the formulation process and unincorporated 3-glucan
was removed by dialysis. After purification, -glucan concentration

was assessed using a validated colorimetric carbohydrate assay.
B-Glucan concentration was determined to be 0.9 mg ml™ (encap-
sulation efficiency ca. 1%) and block copolymer concentration was
40 mg ml™ (Supplementary Fig. 13). See Supplementary Table 2 and
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Supplementary Fig. 13 for further B-glucan-polymersome characteriza-
tionby DLS, NTAand cryo-TEM. Biodistribution studies of Zr-labelled
B-glucan-polymersomes (¥Zr-B-glucan-polymersomes) by positron
emission tomography/computed tomography (PET/CT) imaging and
gamma counting demonstrated that laminarinincorporation does not
affect the in vivo behaviour of the platform (Supplementary Fig. 14).

Subsequently, we evaluated (3-glucan-polymersomes’ thera-
peutic activity by treating B16F10 melanoma-bearing C57BL/6 mice.
The B16F10 melanoma model, like clinical melanomas in general, is
known for itsimmunogenicity and resistance to checkpoint inhibitor
therapy*®. In a previous study, we demonstrated that a nanobiologic
platform engaging myeloid progenitors and inducing trained immu-
nity in the bone marrow could sensitize BI6F10 tumours to check-
pointinhibitor drugs®. Motivated by these results, we aimed to study
B-glucan-polymersomes both as a monotherapy (intravenous injec-
tions of B-glucan-polymersomes every other day at 2.5 mg 3-glucan
per kg with a 5 mg kg™ induction dose at day 7) and in combination
with checkpoint inhibitor drugs (200 pg anti-PD-1 injected intra-
peritoneally at days 9, 12 and 15; Fig. 4a and Supplementary Fig. 15).
B-Glucan-polymersomes (P = 0.0385) and the combination therapy
(P=0.0035) significantly reduced tumour growth in mice, compared
with PBS treatment, without a strong synergistic effect (Fig. 4a). Nei-
ther free 3-glucan, unloaded polymersomes, anti-PD-1 monotherapy
nor prophylactic -glucan-polymersome administration significantly
changed tumour growth compared with the PBS control (Supplemen-
tary Fig.15).

The high accumulation of B-glucan-polymersomesin the splenic
myeloid cell compartment and relatively low tumour uptake enticed
us to hypothesize thatits antitumour effects stem predominantly from
myeloid cellimmunomodulationin the spleen. To investigate this, we
performed flow cytometry on splenocytes from mice treated either
with B-glucan-polymersomes or PBS control. We observed 2.2-fold
higher myeloid cell abundance in 3-glucan-polymersome-treated
mice compared with mice treated with PBS control (P<0.001), a
change driven by both neutrophil and monocyte population expan-
sions or influx (P < 0.001 and P = 0.0217, respectively; Fig. 4b and
Supplementary Fig. 15). This expansion is further supported by an
approximately 4-fold (P< 0.0001) increasein spleen weight that canbe
attributed toincreased counts of myeloid cells, including neutrophils,
monocytes but not lymphocytes (P < 0.01, P<0.0001 and P< 0.05,
respectively; Supplementary Fig.15). B-Glucan-polymersome-treated
mice had mainly pro-inflammatory, Ly6C" monocytes, whereas
anti-inflammatory, Ly6C'° monocytes were most abundant in the
spleen of PBS-treated mice, as demonstrated by both cell frequencies
and absolute cell counts (P < 0.0001 and P< 0.001; Fig. 4b and Sup-
plementary Fig. 15). These data indicate that the increase in Ly6C"
monocytes can be attributed to their expansion or influx into the
spleen. Furthermore, neutrophils from -glucan-polymersome-treated
mice expressed higher levels of activation markers MHCII and PD-L1,

compared with the PBS control (P=0.043 and P= 0.087, respectively;
Supplementary Fig.16).

To further unravel the mechanism behind the observed reduction
intumour growth, we studied the efficacy of -glucan-polymersomes
efficacy in BI6F10 melanoma-bearing lymphocyte-deficient Ragl™”~
mice (intravenous injections of 3-glucan-polymersomes every other
dayat2.5 mgp-glucan per kg; Fig. 4c). B-Glucan-polymersomes signifi-
cantly inhibited tumour growth in Ragl” mice compared with the PBS
controlgroup (P=0.0249; Fig. 4c), which suggest that the antitumour
response directly involves innateimmune cells. Furthermore, the anti-
tumour effect of splenic myeloid cells was assessed by adoptive transfer
experiments (Fig.4d and Supplementary Fig.15). Splenic myeloid cells
from mice pretreated with -glucan-polymersomes (intravenous injec-
tions of B-glucan-polymersomes every other day at 2.5 mg 3-glucan per
kg) tended to reduce tumour growth in naive mice when inoculated
together with BI6F10 melanoma cells, compared with the PBS control
(P=0.0691; Fig. 4d). However, intravenous administration of pre-
treated myeloid cells to B16F10 melanoma-bearing mice did not affect
tumour growth, probably owing to the poor tissue-homing capacity of
these cells (Supplementary Fig.15). Interestingly, myeloid cells (CD11b")
isolated fromthe spleen of mice treated with -glucan-polymersomes
suppressed the ex vivo expansion of CD8" T cells less strongly than
myeloid cells from mice that received PBS injections (P = 0.0322;
Supplementary Fig. 16). This suggests that myeloid cells may indi-
rectly potentiate an antitumour T cell response, which is in line with
the tumour growth reduction resulting from the combination with
anti-PD-1therapy (Fig. 4a). These results demonstrate substantial thera-
peuticefficacy of intravenously administered B-glucan-polymersomes
tothe B16F10 melanomamouse model andindicate that the antitumour
response is mainly driven by myeloid cells in the spleen.

Polymersome splenic avidity is preserved across
species

Weinvestigated the translational potential of -glucan-polymersomes
by studying their biodistribution and biocompatibility in two cyn-
omolgus monkeys (6.2 kg and 10.2 kg). These NHPs were injected
intravenouslywith ¥Zr-B-glucan-polymersomes and imaged with
whole-body PET/CT (Fig. 5a and Supplementary Video 1). Addition-
ally, blood was collected before and after treatment to assess toxicity.
Dynamicimages of the first hour after injection showed rapid polymer-
some clearance from the blood and high accumulation in the spleen
and liver (Fig. 5b,c). At 48 h after injection, we still observed notable
splenic uptake as well as high accumulationin the vertebral bone mar-
row (Fig.5d). B-Glucan-polymersome uptake in other organs, including
the kidneys, lungs, brain and heart, was negligible at all time points
(Fig. 5e and Supplementary Fig. 17). Blood chemistry revealed only
minor changesin alanine transaminase, aspartate transaminase, creati-
nine and blood ureanitrogen, indicating that 3-glucan-polymersome
treatment is well tolerated*’ (Fig. 5f). Overall, B-glucan-polymersomes’

Fig.3|Polymersome biodistribution and immune cell specificity in the
B16F10 melanoma mouse model. a,b, Schematic overview of Zr-polymersome
biodistribution studies by PET/CT imaging (a) and BODIPY-polymersome
immune cell specificity studies by flow cytometry (b). ¢, Representative
whole-body PET images taken 48 h after subcutaneous administration of
89Zr-polymersomes via footpad injection. d, Biodistribution of subcutaneously
administered ®°Zr-polymersomes, n = 4 per group. e, Uptake of subcutaneously
administered BODIPY-polymersomes in specificimmune cell types in the
popliteal and iliaclymph nodes, n = 4 per group. f, Representative whole-body
PET images taken 48 h after intravenous administration of *Zr-polymersomes
vialateral tail vein injection. g, Biodistribution of intravenously administered
89Zr-polymersomes, n =4 per group. h, Uptake of intravenously administered
BODIPY-polymersomes by immune cellsin the spleen and bone marrow,n=3
per group. Heatmaps of d and g show the average percentage injected dose

per gram of tissue (%ID g™) of the *Zr-polymersomes per tissue as measured

by ex vivo gamma counting. Heatmaps of e and h show the average BODIPY
mean fluorescence intensity (MFI) per cell type. i, Schematic overview of
¥’Gd-polymersome splenocyte specificity study by mass cytometry. j, Uptake
of intravenously administered *’Gd-polymersomes by red pulp, marginal
zone or white pulp-resident splenocytes. The average '’ Gd mean intensity

for each cell type, n =4 per group. BM, bone marrow; cDCs, classical DCs;
HSPCs, hematopoietic stem and progenitor cells; ILN, iliaclymph node; Lym,
lymphocytes; MZM®, marginal zone macrophages; MMM®, marginal
metallophilic macrophages; N, neutrophils; NK cells, natural killer cells;

PK, pharmacokinetics; PLN, popliteal lymph node; pDCs, plasmacytoid DCs;
RPM®, red pulp macrophages. Data are presented as mean + s.e.m. P values
were calculated using a two-way ANOVA to compare polymersome topology
per splenocyte subset. All Pvalues are two-tailed and P < 0.05 is considered
significant. Schematicillustrations of mice, syringes and spleens were created
with BioRender.com.
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a Biodistribution by PET/CT and gamma counting

b Immune cell specificity by flow cytometry
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a Cancer immunotherapy tumour growth profile

b Splenic immune cell profiles
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Fig.4|B-Glucan-loaded polymersomes modulate splenic myeloid cells and
reduce tumour growth in the BI6F10 melanoma mouse model. a, 3-Glucan-
polymersomes, as amonotherapy or combined with anti-PD-1 checkpoint
inhibition, were administered intravenously to BI6F10 melanoma-bearing
C57BL/6 mice and tumour growth was monitored for 8 days. The tumour growth
profiles show that B-glucan-polymersome immunotherapy effectively inhibited
tumour growth as amonotherapy and in combination with anti-PD-1 checkpoint
therapy, n =10 per group. b, Relative abundance of splenic myeloid cells,
lymphocytes, neutrophils, monocytes, Ly6C"° monocytes and Ly6C" monocytes
in B16F10 melanoma-bearing C57BL/6 mice treated with PBS and 3-glucan-
polymersomes. The abundance of splenic myeloid cells, including neutrophils
and monocytes, was significantly increased in mice treated with B-glucan-
polymersomes compared with PBS. The frequency of splenic Ly6C'° monocytes
was significantly lower, whereas splenic Ly6C" monocytes were significantly
more abundant in mice treated with B-glucan-polymersomes, n = 8-10 per

group. ¢, B-Glucan-polymersomes were administered intravenously to BI6F10
melanoma-bearing Ragl” mice and tumour growth was monitored for 8 days.
Tumour growth profiling revealed that B-glucan-polymersome immunotherapy
effectively inhibited tumour growth in lymphocyte-deficient Ragl”~ mice, n=10
per group. d, Healthy C57BL/6 mice were treated intravenously with 3-glucan-
polymersomes and splenic myeloid cells were isolated and co-inoculated with
B16F10 melanoma cells. Tumour growth was monitored for 8 days. Results show
that B-glucan-polymersome-treated myeloid cells inhibited tumour growth when
co-inoculated with B16F10 melanoma cells, n =10 per group. Tumour growth
dataare presented as mean + s.e.m. and flow cytometry data are presented as
mean +s.d. Pvalues were calculated using arepeated measures two-way ANOVA
to compare tumour growth or an unpaired Mann-Whitney test to compare
splenicimmune cells. All Pvalues are two-tailed and P < 0.05 is considered
significant.i.t., intratumoural. Schematicillustrations of mice, spleens, syringes
and cells were created with BioRender.com.

invivobehaviourin NHPs was similar to that in mice, showing that the
favourable biodistribution of this platformis preserved across species.

Conclusion

Inthe pastdecade, researchers have demonstrated that the spleenserves
as areservoir ofimmunosuppressive myeloid cells that are recruited
to the tumour microenvironment and promote tumour growth> ¢,

Therefore, therapeutic targeting of splenic myeloid cells for delivery
of immunomodulatory drugs holds unexplored potential for cancer
treatment. Designer nanomedicines with tunable properties are of par-
ticular interest forimmunotherapy purposes, especially when target-
ing innate immune cells is desired*®***, We present a comprehensive
workflow for multiparametric assessment of the in vivo behaviour of
a polymeric nanomedicine platform, facilitating the development of
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@ Overview of biodistribution and biocompatibility studies in NHPs
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Fig. 5| B-Glucan-polymersome biodistribution and biocompatibility studies
in NHPs confirm nanocarriers’ splenic avidity across different species.

a, Schematic representation of the study. *Zr-labelled B-glucan-polymersomes
were intravenously injected in two NHPs that then underwent dynamic and
static PET/CT imaging. b, Dynamic PET/CT images at 1 min, 5 min, 15 min, 30 min
and 60 min after injections, showing rapid accumulation of ¥Zr-f-glucan-
polymersomesin the spleen and liver. ¢, Quantified uptake of ¥Zr-B-glucan-
polymersomes in representative organs fromimages inb, indicating higher
accumulation in the spleen than other organs, n=1.d, PET/CT images at

48 h after injections reveal accumulationin the spleen, liver and bone marrow.
e, Quantified uptake of #Zr-B-glucan-polymersomes in representative organs at
48 hfromimagesind, n=2.f, Blood chemistry performed on NHP serum taken
before (Pre) and 48 hafter (Post) %°Zr-B-glucan-polymersome administration,
n=2.Thegrey boxesindicate reference values'. Alanine transaminase (ALT),
aspartate transaminase (AST), creatine and blood urea nitrogen (BUN) levels
show no signs of severe toxicity. Schematicillustrations of syringe and NHP were
created with BioRender.com.
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animmunotherapy targeting innate immunity. To efficiently target
innateimmune cellsin the spleen, we established asmall library of four
polymersome nanocarriers with comparable composition but diverse
topologies. Extensive studies in tumour-bearing mice revealed that
polymersome biodistribution and cellular specificity are dictated by
their size and administration route, but not shape. For all topologies,
polymersomes swiftly accumulated in the spleen, with circulation
half-lives of less than 50 min. Importantly, using acombination of flow
and mass cytometry, we found large, spherical polymersomes to most
prominently associate with red pulp myeloid cells in the spleen. On
the basis of these results, we loaded the B-glucan laminarin in these
large, spherical polymersomes and demonstrated their propensity
to efficiently target myeloid cells in the spleen and bone marrow. In a
proof-of-concept study, we demonstrated potent antitumour effects
of B-glucan-polymersomes in a BI6F10 melanoma mouse model. Using
87r-radiolabelling and in vivo PET/CT imaging ona clinical scanner, we
foundthe B-glucan-polymersomesto show asimilar splenic propensity
in NHPs.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods

Polymersome formulation

Preparing BODIPY-, DFO- or N;-labelled polymersomes. PEG,,-
PDLLA,; and 5 wt% BODIPY-PEG,,-PDLLA,;, DFO-PEG,,-PDLLA,; or N-
PEG,,-PDLLA,; were weighed in a glass vial (15 ml) and a dioxane/THF
mixture (4:1v/v) was added to obtain a total concentration of 10 mgmi™.
The resulting solution was stirred for approximately 30 min and then
transferred toaflow cabinet. The polymer solution wasfiltered (0.2 pm
PTFE filter) into 15 ml glass vials (2 ml per vial) containing stirring bars.
Subsequently, each vial was capped with a rubber septum and solu-
tions were stirred for approximately 5 min. Using a syringe pump,
Endotoxin-Free Ultra Pure Water (2 ml, 50 vol%, Chemicon, Merck)
was added at arate of 1 mlh™ to form large polymersomes. Small poly-
mersomes were formed by adding 1 ml (33 vol%) of Endotoxin-Free Ultra
Pure Water to the polymer solutionin dioxane/THF (4:1v/v) toincrease
membrane flexibility for extrusion (downsizing process). The polymer-
some solution was extruded 11 times through an Avanti Mini-Extruder,
containingal00 nm polycarbonate membrane filter (Whatman Nucle-
pore track-etched membranes, Merck) supported by two 10 mm filter
supports (Avanti Polar Lipids). All extrusion materials were extensively
washed with Endotoxin-Free Ultra Pure Water before use. For both large
(noextrusion) and small (extruded) polymersomes, the obtained cloudy
solutions were subsequently transferred to a pre-hydrated dialysis
membrane (molecular weight cut-off (MWCO) of 12,000-14,000 Da,
Spectra/Por) in a flow cabinet and dialysed against precooled Milli-Q
water (11, Merck Millipore Q-Pod system (18.2 MQ) with a 0.22 pm Mil-
lipore Express 40 filter) at 4 °C for 24 h, with a water change after the
firsthour, to formLgS or SmS. To form LgT and SmT, the polymersome
solutions were dialysed againsta 50 mM NaClsolutioninstead of Milli-Q
water. Finally, the spherical and tubular polymersomes were dialysed
against PBS (11, Gibco PBS Tablets, Thermo Fisher Scientific, dissolved
in Milli-Q water) at 4 °C for 24 h with a PBS change after1h,4 h,8 hand
20 h, using Endotoxin-Free Dulbecco’s PBS (Chemicon, Merck) at 8 hand
20 h. Theresulting polymersome solutions were concentrated to10 mg
ml™ using centrifugal filtration for approximately 10 min at4°Cata
speed 0f4,000 x g(10 kDaAmicon Ultra15 ml, Merck). The concentrated
polymersomes were resuspended and transferred to endotoxin-free
Eppendorfvialsinaflow cabinet, where they were stored at4 °Cuntil use.

89Zr-radiolabelling of DFO-polymersomes. A solution of %°Zr oxalate
in1M oxalic acid (3D Imaging) was diluted with PBS (100 pl) and neu-
tralized usingal M sodium carbonate solution untila pH between 6.8
and 7.4 was obtained. The Zr solution (typically <150 pl) was added to
the DFO-containing polymersomes (0.5-1.0 ml) and incubated at 37 °C
using athermomixer (600 rpm) for 45 min. The resulting solution was
purified using a PD-10 desalting column (GE) with PBS as the eluent. The
radiochemical purity of the radiolabelled polymersomes was typically
>95%, as assessed by radio-TLC, using iTLC-SG paper (Agilent) as the
stationary phase and EDTA (50 mM) as the eluent.

’Gd-isotope labelling of N;-polymersomes. ’Gd was com-
plexed to DO3A-DBCO as described in Supplementary Methods.
DO3A(*’Gd)-DBCO was added to the N;-containing polymersomes in
PBS andincubated at 30 °C using athermomixer (300 rpm) for 2 h fol-
lowed by overnightincubationat room temperature using a tube rota-
tor. Toremove uncoupled DO3A(*’Gd)-DBCO, the ¥’Gd-polymersomes
were transferred to pre-hydrated dialysis membranes (MWCO012,000-
14,000 Da, Spectra/Por) and dialysed against PBS (21) at 4 °C for 24 h
with a PBS change after the first hour.

Preparing B-glucan-polymersomes. To form [3-glucan-loaded poly-
mersomes, the preparation procedure for large spherical polymer-
somes was used with the following modifications: A solution of 20 mg
ml™ laminarin (Laminarin from Laminaria digitata, Sigma-Aldrich,
Merck), dissolved in Endotoxin-Free Ultra Pure Water, was sonicated

and vigorously vortexed for 5 min to ensure complete dissolution. In
aflow cabinet, the solution was filtered through a sterile 0.2 pm filter
(Pall Acrodisc Syringe Filters with Supor Membrane, Sterile, 0.2 pm,
25 mm). Using a syringe pump, the laminarinsolution (2 ml) was added
to the block copolymer solution (2 ml, 10 mg ml™ PEG,,-PDLLA 5 3 in
dioxane/THF, 4:1v/v) atarate of 1 mlh, thereby inducing self-assembly
of B-glucan-loaded polymersomes. The polymersomes were dialysed
at4 °Cagainst Milli-Q water as previously described. To remove unen-
capsulated laminarin, the dialysed polymersomes were subsequently
transferred to dialysis membranes with alarger cut-off value (MWCO
1,000,000 Da, Spectra/Por) and dialysed against Milli-Q (21) at 4 °C
for 24 hwith awater change after the first hour. Finally, polymersomes
were dialysed against PBS (2 1) at 4 °C for 24 hwitha PBS change after1h,
4 hand 8 h, with the final PBS being endotoxin-free. The resulting puri-
fied B-glucan-polymersome solutions were concentrated to 40 mgml™
using centrifugal filtration at 15 °C and a speed of 2,000 x g (MWCO
100,000 Da, Sartorius Vivaspin Turbo 15 PES Centrifugal Concentra-
tors). The concentrated polymersomes were resuspended and trans-
ferred to endotoxin-free tubes at 4 °C to be stored until use. -Glucan
encapsulation quantificationis described in Supplementary Methods.

Preparing unloaded polymersomes. Unloaded polymersomes were
formulated as controls using the same procedure as for preparing
B-glucan-polymersomes, using Endotoxin-Free Ultra Pure Water with-
out laminarin for polymersome self-assembly.

Preparing DFO-labelled B-glucan-polymersomes. DFO-labelled
B-glucan-polymersomes were formulated as described for
B-glucan-polymersomes but replacing 5 wt% of PEG,,-PDLLA,; with
DFO-PEG,,-PDLLA,s.

Animals

Female 8-week-old Ragl™”™ (B6.129S7-Ragi™™°™/]) and C57BL/6 mice
were purchased from The Jackson Laboratory. For NHP experiments,
two adult male 14- and 15-year-old cynomolgus monkeys (Macaca
fascicularis) were used. All animals had free access to food and water.
Mice were co-housed in climate-controlled rooms (ambient tempera-
ture and humidity) with 12 h light/dark cycles. The mice were allowed
toacclimate to the housing facility for atleast 1 week before they were
randomly assigned to experimental groups. NHPs were pair-housed,
when possible, in climate-controlled conditions with 12 h light/dark
cycles. All animal experiments were performed in accordance with
Icahn School of Medicine at Mount Sinai Institutional Animal Care and
Use Committee (IACUC) and VU University Medical Center Dierexperi-
mentencommissie (DEC) guidelines as well as Dutch requirements and
laws on animal experimentation.

B16F10 melanoma model

The B16F10 cancer cell line (B16-F10, ATCC, CRL-6475) was kindly pro-
vided by 1.]. Fidler (MD Anderson Cancer Center) and grownin Dulbec-
co’smodified Eagle’s medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 100 IU mlI™ penicillin and 100 pg ml™ strep-
tomycin. Eight-week-old female C57BL/6 mice were subcutaneously
injected with10° B16F10 cellsin PBS (100 pl), supplemented with 0.5%
FBS. Biodistribution and cellular specificity studies were performed 11
days after tumour inoculation. For therapeutic studies, tumour growth
was assessed daily by caliper measurement. The tumour volume was
calculated as (width x width x height) x 0.52. The maximal permit-
ted tumour size was 2,000 mm?, which was not exceeded. Mice were
euthanized when humane endpoints were reached.

89Zr-polymersome PET/CT imaging in mice

8Zr-polymersomes were administered to female C57BL/6 mice
bearing B16F10 tumours. Mice were either intravenously injected
with 2.14 + 0.54 MBq 3°Zr-polymersomes in PBS (200 pl) or injected
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subcutaneously in the footpad, ontheipsilateral side of the tumour, with
0.51+0.12 MBq ¥Zr-polymersomes in PBS (30 pl). Forty-eight hours
afterinjection, mice were anaesthetized with isoflurane (Baxter Health-
care)/oxygen gas mixture (2% for induction, 1% for maintenance) and
whole-body PET and CT scans were performed using a nanoScan PET/
CT system (Mediso Imaging Systems). CT imaging was conducted dur-
inginfusion of aniodine-based contrast agent (lopamidol, ISOVUE-M,
Bracco Diagnostics) to better visualize the vasculature and organs. CT
settings were voltage and current of 50 kVp and 600 pA, exposure time
of 300 ms per frame and 480 projections. PET scans were 25 min long.
The energy window applied was 400-600 keV and theimage datawere
normalized to correct for non-uniform PET response. Scans were recon-
structed into three-dimensional volumes with a voxel dimension of
0.4 x 0.4 x 0.4 mm?,with the Tera-Tomo 3D iterative reconstruction algo-
rithm, and theiteration and subset numberswere 4 and 6, respectively.

89Zr-polymersome PET/CT imaging in NHPs

After an overnight fast, monkeys were anaesthetized with ketamine
(5.0 mgkg™ and dexmedetomidine (0.0075-0.015 mgkg™), and blood
was collected from the femoral vein. The animals were injected with
8Zr-polymersomes (1mCiand 0.5 mCi dose, 1.7 and 0.9 ml 0.59 mCi
ml™, laminarin dose 0.07 and 0.06 mg kg™, for 10 and 6 kg animals,
respectively). Dynamic PET imaging was performed during the first
60 min after infusion. Additional PET/CT scans were performed at
1hand 48 h after injection. PET and CT images were acquired on a
combined PET/CT system (Biograph Vision, Siemens Healthineers).
CTimaging parameters were as follows: X-ray tube current of 61 mAs,
exposure of 38 mAs, exposure time of 500 msec and aspiral pitch fac-
tor of 0.8. After dynamic PET image acquisition, static whole-body PET
images were acquired from the craniumto the pelvis using 4 consecu-
tive bed positions of 15 min each. Before PET acquisition, whole-body
CT was acquired. After acquisition, PET raw data from each bed were
reconstructed and collated together offline using the Siemens pro-
prietary e7tools with an ordered subset expectation maximization
algorithm with point spread function correction. A dual-compartment
(soft tissue and air) attenuation map was used for attenuation.

Imaging-based analyses of ¥Zr-polymersome distribution in
NHPs

Image analyses were performed using Osirix MD version 12.0.
Whole-body CT images were fused with PET images and analysed ina
coronal plane. Regions of interest (ROIs) were drawn on various tissues.
The spleen, liver, bone marrow, gallbladder and kidneys were traced
intheir entirety, withbone marrow sampled from the femur and three
vertebrae. Mean standardized uptake values (SUVs) were calculated
for each ROLI. Subsequently, polymersome uptake in each organ was
expressed as the average of all mean SUVs per organ.

Gamma counting

To assess °Zr-polymersome pharmacokinetics, blood samples were
collected at 1 min, 5min, 15minand 30 minand1h,2h, 6 h,24 hand
48 hafter intravenous administration. To determine *°Zr-polymersome
biodistribution, mice were euthanized directly after PET imaging and
tissues were collected for ex vivo gamma counting. Blood and tissue
samples were weighed and counted on a Wizard? 2470 Automatic
Gamma Counter (PerkinElmer). The radioactivity content was decay
corrected and expressed as the percentage injected dose per gram of
tissue (%ID g™). Blood radioactivity content was fitted with a two-phase
decay function. The weighted blood half-life was calculated as
(¢, fast x % fast + t,, slow x % slow)/100.

B-Glucan-polymersome treatment in mice

Mice were treated intravenously through lateral tail vein injection with
B-glucan-polymersomes at either 5 mgkg™ or 2.5 mgkg'onday7and
at2.5mgkg?'ondays9,11,13 and 15 after tumour inoculation.

Checkpointinhibitor therapy

Ondays 9,12 and 15 after tumour inoculation, mice were intraperi-
toneally injected with anti-PD-1 (200 pg, clone RMP1-14, BioXcell) in
PBS (200 pl).

Adoptive transfer experiments

For intratumoural adoptive transfer, naive mice were treated with
either PBS or 2.5 mg kg™ for 5 injections in 8 days. The day after the
last treatment, spleens were collected from these mice and CD11b*
myeloid cells were sorted using CD11b magnetic beads according to
the manufacturer’s protocol. For one experiment, naive mice were
shaved and then subcutaneously inoculated with a mixture of 50,000
B16F10 melanoma cells and 50,000 CD11b* myeloid cells from mice
either treated with PBS or polymersomes. For another experiment,
mice were inoculated with 100,000 B16F10 melanoma cells until
palpable tumours formed. Then mice were randomized and intra-
venously injected with 500,000 CD11b-positive myeloid cells from
the PBS group or the polymersome group. For intravenous adoptive
transfer, mice were inoculated with BL6F10 melanoma cells and
500,000 splenic myeloid cells from pretreated mice were injected
intravenously through lateral tail vein injection.

Flow cytometry

To study cellular specificity, mice were injected with BODIPY-
polymersomes 48 h before flow cytometry analysis (intravenously
100 pl, or subcutaneously 25 pl, of 10 mg mI™ BODIPY-polymersomes).
Animals were euthanized and perfused with cold PBS (20 ml). Femurs,
lymphnodes and spleens were collected and stored onice. Bone mar-
row cells were flushed out of femurs and strained through a 70 um
strainer. Lymph nodes and spleens were fragmented and meshed
through a70 pmstrainer. Bone marrow and spleen samples were incu-
bated with lysis buffer and washed with FACS buffer (Dulbecco’s PBS
complemented with 1% FBS, 1 mM EDTA, 0.5% bovine serum albumin
and 0.1% NaN,). For 3-glucan-polymersome therapeutic studies, spleen
single-cell suspensions were incubated with anti-CD115 (clone AFS98),
anti-Ly6C (clone Al-21), anti-Ly6G (clone 1A8), anti-CD11b (clone M1/70),
anti-CD19 (clone 1D3) and anti-CD90.2 (clone 53-2.1). Single-cell sus-
pensions were incubated with anti-CD45 (clone 30-F11), anti-Ly6C
(clone AL-21), anti-CD11b (clone M1/70), anti-CD11c (clone N418),
anti-F4/80 (clone BM8), and a Lineage cocktail containing anti-CD90.2
(clone 53.2-1), anti-Ter119 (clone TER-119), anti-NK1.1 (clone PK136),
anti-CD49b (clone DX5), anti-CD45R (clone RA3-6B2) and anti-Ly6G
(clone1A8). Tostudy ex vivo marker expressionandinvitro T cell sup-
pression, single-cell suspensions were incubated with anti-CD45 (clone
30-F11), anti-CD11b (clone M1/70), anti-Ly6G (clone 1A8), anti-CD115
(clone AFS98), anti-I-A/I-E (MHCII; clone M5/114.15.2), anti-PD-L1 (clone
10F.9G2), anti-CD3 (clone17A2), anti-CD4 (clone RM4-4) and anti-CD8a
(clone 53-6.7). Datawere acquired on a LSRFortessa (BD Biosciences)
or a CytoFLEX LX (Beckmann Coulter), and the BODIPY signal was
detectedinthe FITC channel. Data were analysed using Flow)o v10.9.0
(Tree Star).

Mass cytometry

To study cellular specificity, mice were injected with *’Gd-
polymersomes 48 hbefore mass cytometry analysis (0.7 mg polymer
per mouse). Animals were euthanized and perfused with cold PBS
(20 ml). Spleens were collected and stored on ice, fragmented and
meshed through a 70 pm strainer. Spleen samples were incubated
with lysis buffer and washed with PBS. Spleen single-cell suspensions
were incubated with anti-CD45 (clone 30-F11), anti-CD3 (clone 145-
2C11), anti-CD11c (clone N418), anti-F4/80 (clone BM8), anti-Ly6C
(clone HK1.4), anti-CD19 (clone 6D5), anti-Ly6G (clone 1A8), anti-Ter119
(clone TER-119), anti-CD200R3 (clone Ba160), anti-CD49b (clone DX5),
anti-CD169 (clone 3D6.112), anti-CD115 (clone AFS98), anti-MARCO
(clone EPR24317-33), anti-CD117 (clone 2B8), anti-NK1.1(clone PK136),
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anti-CD172a (clone P84), anti-Sca-1 (clone D7) and anti-CD11b (clone
M1/70) inthe presence of Fc-blocker. Samples were fixed in paraform-
aldehyde, incubated withiridium (Ir) DNA intercalator to discriminate
between live and dead cells, and spiked with internal metal isotope
normalization beads before data acquisition on a Helios mass cytom-
etry (Standard BioTools). Acquired data were normalized using the
Helios Software (Standard BioTools, CyTOF Software version 7.0) and
uploadedinto the Cytobank web server (Cytobank) for further quality
control dataprocessing. Gaussian parameters of the Helios system were
used for quality control, and doublet, dead cell and normalization bead
exclusion. Data were transformed using an arcsinh(X/5) transforma-
tion. Single live intact cells were then further analysed using FlowJo
v10.9.0 (Tree Star).

Biochemistry of NHP serum

NHP blood samples were collected before and 48 h after
89Zr-B-glucan-polymersome administration. Blood chemistry analy-
sis was performed on serum by IDEXX BioAnalytics.

Statistical analysis

Data are presented as mean + s.e.m. or as mean = s.d., as specified
in the figure captions. Differences were evaluated using a two-way
analysis of variance (ANOVA) to compare immune cell specificity, a
repeated measures two-way ANOVA for tumour growth, or an unpaired
Mann-Whitney test (two-tailed) to compare splenicimmune cells. For
alltests, P< 0.05represents statistical significance. Statistical analyses
were performed with GraphPad Prism 10.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data and materials availability

Raw data of the cryo-TEM analysis are publicly available on the 4TU.
ResearchDatarepository and can be accessed through https://doi.org/
10.4121/4f8c02c7-9787-435c-a9b2-1adc3af5dd22. Other raw data are
available uponrequest. Other data are presented in the main text and
Supplementary Information.
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Antibodies

Antibodies used Flow cytometry:

anti-CD45 (clone 30-F11, BioLegend, 103138, 1:200),
anti-Ly6C (clone AL-21, BD Biosciences, 560592, 1:200),
anti-Ly6C (clone, HK1.4, BioLegend, 128006, 1:200),
anti-CD11b (clone M1/70, BioLegend, 101228, 1:200),
anti-CD11c (clone N418, BiolLegend, 117310, 1:200),
anti-F4/80 (clone BMS, BioLegend, 123114, 1:100),
anti-CD90.2 (clone 53-2.1, BD PharMingen, 553006, 1:200),
anti-Ter119 (clone TER119, BD Biosciences, 51-09082J, 1:200),
anti-NK1.1 (clone PK136, eBioscience, 48-5941-82, 1:200),
anti-CD49b (clone DXS5, eBioscience, 48-5971-82, 1:200),
anti-CD45R/B220 (clone RA3-6B2, eBioscience, 48-0452-82, 1:200),
anti-CD115 (clone AFS98, eBioscience, 17-1152-82, 1:200),
anti-Ly6G (clone 1A8, eBioscience, 48-9668-82, 1:100),
anti-Ly6G (clone 1A8, Biolegend, 127618, 1:100),

anti-CD19 (clone 1D3, BD PharMingen, 557399, 1:400).
anti-CD4 (clone RM4-4, BiolLegend, 116016, 1:300)

anti-CD3 (clone 17A2, BioLegend, 100206, 1:300)

anti-CD8a (clone 53-6.7, BioLegend, 100708, 1:300)
anti-I-A/I-E (MHCII; clone M5/114.15.2, BioLegend, 107616, 1:250)
anti-Ly6G (clone 1A8, Biolegend, 127624, 1:250)

anti-CD115 (clone AFS98, BiolLegend, 135517, 1:250)
anti-CD11b (clone M1/70, BioLegend, 101243, 1:200)
anti-PD-L1 (clone 10F.9G2, BioLegend, 124348, 1:100)
anti-CD45 (clone 30-F11, BioLegend, 103130, 1:100)

Mass cytometry:

anti-CD45 (clone 30-F11, BioLegend, 103102, 1:200)
anti-CD3 (clone 145-2C11, BiolLegend, 100345, 1:50)
anti-CD11c (clone N418, BioLegend, 117302, 1:50)
anti-F4/80 (clone BMS, BioLegend, 123102, 1:200)
anti-Ly6C (clone HK1.4, BioLegend, 117302, 1:50)
anti-CD19 (clone 6D5, BioLegend, 115502, 1:50)
anti-Ly6G (clone 1A8, BiolLegend, 127602, 1:200)
anti-Ter119 (clone TER-119, BioLegend, 116202, 1:200)
anti-CD200R3 (clone Bal60, BioLegend, 142302, 1:50)
anti-CD49b (clone DX5, BioLegend, 108902, 1:200)
anti-CD169 (clone 3D6.112, Biolegend, 142402, 1:100)
anti-CD115 (clone AFS98, BiolLegend, 135521, 1:200)
anti-MARCO (clone EPR24317-33, Abcam, ab271060, 1:500)
anti-CD117 (clone 2B8, BioLegend, 105802, 1:883)
anti-NK1.1 (clone PK136, BioLegend, 108702, 1:50)
anti-CD172a (clone P84, BioLegend, 144002, 1:50)
anti-Sca-1 (clone D7, BioLegend, 108102, 1:200)

Validation According to statements on the manufacturers websites, each antibody used in this study was validated for flow cytometry
applications, and the following primary antibodies were validated for mass cytometry (CyTOF) applications: anti-CD45, anti-CD3
(clone 145-2C11), anti-CD11c, anti-Ly6C, anti-CD19, anti-CD115, anti-NK1.1, and anti-CD11b.
As stated on manufacturers/suppliers websites, the following primary antibodies have been validated for reactivity in mouse: anti-
CD45, anti-Ly6C, anti-CD11c, anti-CD11b, anti-F4/80, anti-CD90.2, anti-Ter119, anti-NK1.1, anti-CD49b, anti-CD115, anti-Ly6G, anti-
CD19, anti-CD4, anti-CD3 (clone 17A2), anti-CD8a, anti-I-A/I-E, anti-Ly6G, anti-PD-L1, anti-CD3 (clone 145-2C11), anti-CD19, anti-
CD200R3, anti-CD169, anti-MARCO, anti-CD117, anti-CD172a, and anti-Sca-1.
As stated on manufacturers/suppliers websites, the following antibodies have been validated for reactivity in mouse and human:
anti-CD45R/B220 and anti-CD11b.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

B16-F10 (ATCC, CRL-6475 ™) cancer cell line provided by Dr. I.J. Fidler (MD Anderson Cancer Center, Houston, TX)

B16-F10, morphology check by microscope showed mixture of spindle-shaped and epithelial-like cells. Cell line has not been
authenticated after purchase.

Cell lines were negative for mycoplasma contamination.

Commonly misidentified lines  The study did not involve commonly misidentified cell lines.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Female C57BL/6 mice (The Jackson Laboratory, JAX: 000664) and female B6;12957-Ragltm1Mom/J mice (The Jackson Laboratory,
JAX:002096), all 8 weeks old. Two male adult cynomolgus monkeys (Macaca fascicularis) of 14 and 15 years old. All animals had free
access to food and water. Mice were co-housed in climate-controlled rooms (ambient temperature and humidity) with 12-hour light/
dark cycles. The mice were allowed to acclimate to the housing facility for at least 1 week before they were randomly assigned to
experimental groups. Non-human primates were pair-housed, when possible, in climate-controlled conditions with 12 h light/dark
cycles.

The study did not involve wild animals.

Female mice and male cynomolgus monkeys

The study did not involve samples collected from the field.

All animal experiments were performed in accordance with Icahn School of Medicine at Mount Sinai Institutional Animal Care and

Use Committee (IACUC), VU University Medical Center and Radboud University Dierexperimentencomissie (DEC) guidelines as well as
Dutch requirements and laws on animal experimentation.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

E] The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

E] A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Flow cytometry analyses were done on cells from C57BL/6 mice. Mice were euthanized and perfused with cold PBS (20 mL).
Femurs, lymph nodes, and spleens were collected and stored on ice. Bone marrow cells were flushed out of femurs and
strained through a 70-um strainer. Lymph nodes and spleens were fragmented and meshed through a 70-pum strainer. Bone
marrow and spleen samples were incubated with lysis buffer and washed with FACS buffer (Dulbecco’s PBS complemented
with 1% FBS, 1 mM EDTA, 0.5% bovine serum albumin, and 0.1% NaN3).

Data were acquired on a LSRFortessa (BD Bioscience) or a CytoFLEX LX (Beckmann Coulter).
Data were analyzed using FlowJo v10.9.0 (Tree Star).
Cells were not sorted for this study.

For all experiments, preliminary FSC-A/SSC-A gates were used to exclude debris. Subsequently, FSC-A/FSC-W and SSC-A/SSC-
W gates were used to select singlets.

For the immune cell specificity study, in the following plots DAPI-, and CD45+ cells were selected. Examples of the
subsequent plots are all shown in the or supplementary material.

Lymphocytes were identified as CD45+, CD11blow and Lin+.

Neutrophils were identified as CD45+, CD11bhigh and Lin+.
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Myeloid cells were identified as CD45+, CD11b+ and Lin-/low.

Dendritic cells were identified as CD45+, CD11b+, Lin-/low, CD11chigh and F4/80low.

Macrophages were identified as CD45+, CD11b+, Lin-/low, CD11clow and F4/80high.

Monocytes were identified as CD45+, CD11b+, Lin-/low, CD11clow, F4/80low, and Ly6Chigh/low.

For the immunotherapy study, in the following plot Zombie Aqua- cells were selected. Examples of the subsequent plots are
all shown in the supplementary material.

Lymphocytes were identified as CD11blow and Lin+ (CD19/CD90.2+) .

Myeloid cells were identified as CD11b+ and Lin-/low.

Neutrophils were identified as CD11b+, Lin-/low and, Ly6Ghigh and CD115low.

Monocytes were identified as CD11b+, Lin-/low, Ly6Glow and CD115high and Ly6Chigh/low.

For the marker expression and T cell suppression study, in the following plots CD45+ and ViaKrome808- cells were selected.
Examples of the subsequent plots are all shown in the supplementary material.

T cells were identified as CD45+, CD11blow and CD3+.

CD4+ T cells were identified as CD45+, CD11blow, CD3+ and CD4+.

CD8+ T cells were identified as CD45+, CD11blow, CD3+ and CD8a+.

Myeloid cells were identified as CD45+, CD11b+ and CD3-/low.

Neutrophils were identified as CD11b+, CD3-/low and, Ly6Ghigh and CD115low.

Monocytes were identified as CD11b+, CD3-/low, Ly6Glow and CD115high.
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