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ARTICLE INFO ABSTRACT
Keywords: A benefit of biomedical application of nanosystems is implementation of a precise effect at the level of an in-
Cancer dividual cell, and magnetic nanoparticles (MNPs) are some of the best candidates for the development of an
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Nano-bio interaction
Distribution

Single-cell sequencing

intelligent nanosystem with remote control. To develop a nanosystem for precise therapy, a deep understanding
of the nanosystem’s in vivo behavior is required. Here, we studied penetration and distribution of PEGylated iron
oxide MNPs unmodified or modified with the pH low insertion peptide (a ligand for smart targeting of the tumor

acidic microenvironment) in vivo in a 4T1 mouse tumor. We revealed that MNPs penetrate into the tumor via
both vascular burst and endothelial transcytosis. By implementing an approach based on single-cell high-
throughput RNA sequencing, we identified the populations of the cells that took up MNPs in the 4T1 tumor and
revealed preferential accumulation of MNPs in regulatory Trem2™ tumor-associated macrophages.

One of the most extensively studied applications is use of nano- probably only one strategy based on injection of a very high dose of
particles to treat cancer. Nanoparticles are extensively investigated as a nanoparticles allows to target an overwhelming majority of cells in a
vehicle for delivery of chemotherapeutics and as an agent for hyper- tumor [1]. In turn, the real advantage of introduction of nanosystems is
thermia or photodynamic or photothermal therapy; thus, most of pub- not just accumulation in a tumor but rather implementation of a precise
lished research is focused on improving delivery efficiency. Nonetheless, interaction at the level of individual cells. Thus, further progress is
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retention; FBS, fetal bovine serum; FDR, false discovery rate; FOVs, fields of view; GFP, green florescent protein; GSEA, gene set enrichment analysis; HBSS, Hanks’
Balanced Salt Solution; HO-1, heme oxygenase 1; L.v, intravenous; MNP, magnetic nanoparticle; MNPs-PEG, PEGylated MNPs based on Fe304; MNPs-pHLIP, MNPs-
PEG covalently conjugated with pH low insertion peptide; PBS, phosphate buffered saline; PHLIP, pH low insertion peptide; ROS, reactive oxygen species; SCRNAseq,

single-cell high-throughput RNA sequencing technique; TAMs, tumor-associated macrophages; TEM, transmission electron microscopy.
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directed toward the development of more sophisticated, intelligent, and
multifunctional nanosystems that move us forward to implementation of
the brilliant idea about nanorobots that work in vivo in terms of repair
and treatment [2]. At present, proposed intelligent nanoplatforms are
still at initial design and optimization stages [3,4].

Magnetic nanoparticles (MNPs) owing to their magnetic properties
can be heated by an alternating magnetic field (AMF) [5] or actuated by
a nonheating low-frequency magnetic field [6], thereby exerting an
intrinsic therapeutic effect or promoting a drug release, whereas MNP
accumulation at a site of interest can be monitored by magnetic reso-
nance imaging (MRI) [7] or magnetic particle imaging [8]. MNPs’
responsiveness to an external magnetic field opens up broad opportu-
nities for remote control and thus makes them some of the best candi-
dates for the development of an intelligent nanosystem.

Implementation of the approach involving a precise interaction of a
nanosystem with an individual cell shifts the research focus toward
identification of cells that interact with nanoparticles. Despite much
progress in the field [9-12], our current knowledge about interactions of
nanosystems with cells in the human body are indeed limited. For the
development of a nanosystem for precise therapy, a deep understanding
of the nanosystem’s behavior is necessary both along a journey through
the body and inside a tumor. The latter is especially important because a
tumor tissue is heterogeneous and, aside from cancerous cells, is
composed of multiple cell types embedded in a complex extracellular
matrix. The distribution of nanoparticles among (and their effect on)
these cells, which are engaged in intricate crosstalk between one
another, is an important topic because changes in intercellular in-
teractions strongly influence tumor progression [13].

To address this challenge, here, we proposed an approach based on
single-cell high-throughput RNA sequencing technique (scRNAseq) to
reveal cell populations that interact with MNPs in a tumor and to study
MNPs’ effect on these cells by taking into account their affiliation with a
certain cell type.

Previously, we have modified MNPs with the pH low insertion pep-
tide (pHLIP) to create an intelligent pH-responsive system of delivery to
a tumor [7]. The pHLIP acts as a smart tumor-targeting ligand owing to
its ability to get inserted into the cell membrane in the acidic microen-
vironment found in most of solid tumors [14]. A proof-of-concept study
has verified pH-dependent MNP-pHLIP accumulation in a tumor [15].
Besides, MNP-pHLIP has demonstrated biocompatibility, MRI contrast
properties [7], and an ability to be heated under an AMF (Figure S1). For
a comparative analysis of the behavior of the MNP-pHLIP in vivo, we also
used nontargeting (parental) MNP-PEG nanoparticles. This comparison
is relevant because the assessment of the impact of peptides (which are
often included in intelligent nanosystems as a tumor-targeting ligand or
as a therapeutic molecule) on in vivo behavior of nanomaterials con-
tributes to the global picture of nano-bio interaction. We synthetized
cyanine 5 (Cy5)-labeled PEGylated MNPs based on Fe304 (MNPs-PEG),
with average size 15-18 nm and a hydrodynamic diameter of ~158 nm
(Figure S2A, Table S1). The pHLIP was covalently conjugated to
MNPs-PEG by analogy with [7,16], resulting in MNPs-pHLIP
(Figure S2B, Table S1).

Application of scRNAseq in combination with flow cytometry,
intravital microscopy, and transmission electron microscopy (TEM)
made it possible to identify routes of MNPs’ entry into the tumor,
revealed cellular subpopulations that take up the MNPs within the
tumor, and pointed to avenues of future research aimed at obtaining an
effective therapeutic agent.

Results
Functionalization with peptide pHLIP affects MNP biodistribution
To understand how the MNP biodistribution changed during 48 h

after intravenous (i.v.) injection, MNPs-PEG or MNPs-pHLIP were
administered to mice, and 4, 24, and 48 h later, the tumor was dissected
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under isoflurane anesthesia, then blood, tumor, liver, lung, and spleen
samples were collected for preparation of a single-cell suspension. Ac-
cording to whole-body epi-fluorescent imaging, MNPs-PEG or MNPs-
pHLIP were already detectable in the tumor in 2h after i.v. injection
and showed a broad distribution in the body during the first 8 h; in 24 h,
the fluorescent signal from nontargeted organs diminished, and MNP
retention in the tumor became obvious (Fig. 1A).

According to preliminary experiments, blood circulation half-life of
MNPs as determined in healthy BALB/c mice is 61.6 and 60.8 min for
MNPs-PEG and MNPs-pHLIP, respectively, and fluorescence was not
detectable in mouse serum at 4 h after i.v. administration (Figure S3).
Nonetheless, according to flow-cytometric analysis at 4 h after the i.v.
administration to 4T1 tumor-bearing mice, MNPs remained in the cir-
culation and were associated with blood cells (Fig. 1B), mostly with
monocytes and neutrophils, whereas MNPs-pHLIP also bound to B cells
(Fig. 1C). Monocytes retained nanoparticles longer among other blood
cells, up to 48 h. We noted that at the 4 h time point MNPs-pHLIP had
approximately 4-fold higher probability of binding to blood cells than
MNPs-PEG, but at 24 h this difference practically disappeared.

When analyzing the single-cell suspensions of the organs that are
known to undergo well-pronounced nonspecific accumulation of MNPs,
we observed a gradual increase of the MNP(Cy5)" cell fraction in the
liver within 24 h with a slight decline until time point 48 h for both
MNP-PEG and MNP-pHLIP groups. (Fig. 1 B) In the spleen, the highest
percentage of MNP(Cy5) " cells was achieved already 4 h after injection.
Immunofluorescence microscopy of liver and spleen tissue sections
revealed that MNPs were colocalized with F4/80™ cells (macrophages),
and the observed increase in Cy5 signal intensity from time point 4 h to
24 h indicated concentration of MNPs by these cells (Fig. 1E, F). This is
due to direct contact of blood with Kupffer cells localized in the lumen of
liver sinusoids and splenic macrophages in the marginal zone. MNP
accumulation in these organs at 24 h was confirmed by measurements of
the specific magnetization (Figure S4C ).

MNP(Cy5)" cells were also detected in lung tissue. Four hours after
the injection, MNPs were mainly seen as colocalized with CD45"F4,/80~
(blood) cells near blood vessels (CD31" cells, Fig. 1G, H). In 24 h, the
percentage of MNP(Cy5) " cells decreased Fig. 1 B and MNPs were found
sporadically within CD457F4/80™" cells (macrophages) Fig. 1H. Appar-
ently, MNPs associated with blood cells entered lungs with blood flow,
but only a small proportion of MNPs extravasated in the lung tissue,
where they were taken up by macrophages. Presumably, MNPs can
penetrate into the lung tissue via microleakages; the formation of rare
microleakages in healthy tissues has previously been described for li-
posomes [17]. Unlike the liver and spleen, lungs did not retain sub-
stantial amounts of MNPs. In support of this assumption, we failed to
detect specific magnetization of lung tissue samples excised at 24 h after
MNP administration, at least within the limits of detection of the
method. Thus, the higher percentage of MNP(Cy5)™ in the liver, lungs,
and spleen of MNP-HLIP-treated mice in comparison to MNP-PEG—-
treated ones at 4 h after injection is presumably related to a higher
percentage of MNP-pHLIP-containing blood cells in the circulation.

The dynamics of MNP accumulation in the tumor tissue clearly
differed from such dynamics observed in normal organs; for instance,
according to flow cytometry of a single-cell suspension of tumors, the
percentage of MNP(CyS)+ cells increased for 48 h after MNPs-PEG
administration. The proportion of MNPs-pHLIP—containing cells in the
tumor did not change over time and was lower than that determined for
MNPs-PEG at 24 and 48 h after i.v. injection. Accumulation of MNPs-
PEG and MNPs-pHLIP in 4T1 tumor 24h after injection was
confirmed by measurements of specific magnetization in the tumor tis-
sue samples and through determination of the Fe content by atomic
emission spectroscopy (Figure S4B, D).

MNPs penetrate into a tumor in various ways

To study extravasation routes of MNPs in a tumor
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Fig. 1. Biodistribution of MNPs in 4T1 tumor-bearing BALB/c mice after i.v. injection of Cy5-labeled MNPs. (A) Whole-body epi-fluorescent imaging at the indicated
time points after i.v. injection of MNPs-PEG or MNPs-pHLIP. (B) Changes in the percentage of MNP(Cy5)™ cells in the tumor, blood and organs at 4, 24, and 48 h after
i.v. injection of either MNPs-PEG (pale pink, pink, and red bars, respectively) or MNPs-pHLIP (pale blue, blue, and deep-blue bars, respectively) according to flow-
cytometric data. (C) Changes in the percentage of MNP(Cy5)™" cells in the main population of blood cells in 4T1-bearing mice at 4, 24, and 48 h after i.v. injection of
MNPs-PEG (pale pink, pink, and red bars, respectively) or MNPs-pHLIP (pale blue, blue, and deep-blue bars, respectively) according to flow-cytometric data. Data are
presented as a median [interquartile range]. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, Kruskal-Wallis test followed by Dunn’s multiple-comparison test.
(D) Representative images of organs excised from PBS-injected mouse (control). (E) Representative images of MNP-PEG and MNP-pHLIP biodistribution in the liver,
(F) spleen, (G) and lungs of 4T1 tumor-bearing BALB/c mice 4 and 24 h after i.v. administration. The tissue sections are stained with Prussian blue (on the left) or
with antibodies (on the right) to CD31 (green) and F4/80 (red); MNPs are glowing. (H) Representative images of lung tissue sections excised from PBS-injected mouse
(Control) and from mice 4 and 24 h after i.v. injection of MNPs-pHLIP and stained with antibodies to CD45 (green) and F4/80 (red); MNPs are magenta, nuclei are
blue. Scale bars: 100 pm.

microenvironment, intravital microscopy was used. Immediately after i.
v. injection of MNPs-PEG or MNPs-pHLIP, tumor vessels were counter-
stained, and the fluorescent signal gradually decreased during the
observation time (40 min). Notably, within a few minutes upon injec-
tion, MNPs accumulated along vessel walls (Fig. 2A, Video S1). A few
spots of vascular bursts were spotted along with MNP diffusion deep into
tissues (Video S2); however, more often, MNPs were retained around the
vessels at least for 60—90 min without penetration into tissues (Fig. 2B).
These results suggested that MNPs accumulated in the perivascular area,
presumably in endothelial cells. We also observed neutrophil-associated
transport of MNPs to tumor tissues (Video S3). Presumably,

extravasating cells can take up MNPs from the perivascular area and
transfer them into the tumor core. It should be noted that there was no
obvious difference in microdistribution patterns between MNPs-PEG
and MNPs-pHLIP.

Supplementary material related to this article can be found online at
doi:10.1016/j.nantod.2024.102300.

Four hours after i.v. administration, more than 67% of MNPs were
still colocalized with blood vessels (inside or at distance <1 pm) (Fig. 3).
At 24 h, the proportion of MNPs localized near CD31" cells diminished
in MNP-PEG and MNP-pHLIP groups, and simultaneously, the propor-
tion of MNPs that migrated from a blood vessel by a distance of
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Fig. 2. In vivo tracking of MNPs in the tumor microenvironment. (A) Tumor blood vessels counterstained with dextran-FITC (blue) were imaged at the time and
within 40 min after MNP-PEG or MNP-pHLIP i.v. injection (red); neutrophils (Ly6G) are green. Scale bar, 50 pm. (B) Accumulation of MNPs along vessel walls at

80 min after administration of MNPs-PEG or MNPs-pHLIP. Scale bar, 100 pm.

20-50 um increased for both MNP types by more than twofold (Fig. 3,
Tables S2 and S3). For MNPs-pHLIP, the proportion of MNPs found at a
distance of 10-20 um also increased. These findings clearly pointed to
MNP migration from blood vessels deeper into tumor tissue during 24 h.
Nonetheless, MNP(CyS)*CDSl+ cells were observed at 24 h after the
injection, indicating that just under half of MNPs were still retained by
endothelial cells.

According to TEM ultrastructural analysis of the tumor tissue 4 h
after MNP administration, we concluded that MNPs penetrate into the
tumor through various routes. The MNPs were found in lysosomes of
endothelial cells of capillaries and inside lysosomes of tumor cells
(Fig. 4A, B) as well as in the extracellular space (Fig. 4C-E), occasion-
ally, in close proximity to capillaries. This finding may point to the two
possible routes of MNP transport through blood vessel walls. The first
one is transcytosis via capillary endothelial cells: MNPs can be captured
by endothelial cells and internalized via endocytosis, then the particles
undergo sorting and can be either sent to lysosomes of endothelial cells
for degradation or released to the extracellular space [18]. The second
route is through leaks in capillaries (Fig. 4A): MNPs may leak into the
extracellular space thereby avoiding endothelial cells completely. In
both cases, MNPs can then be internalized by tumor cells through
endocytosis [7,15] and end up in tumor cells’ lysosomes (Fig. 4B).

MNPs get redistributed within the tumor

The MNPs’ penetration into cells and distribution among different
cell populations in a tumor was a key question in this work. To identify
the population of cells that take up MNPs within the 4T1 tumor, a single-
cell suspension of a tumor was stained with a set of antibodies (Table S4)
and analyzed by flow cytometry. Four hours after MNP-pHLIP admin-
istration, the percentage of MNP(Cy5)" endothelial cells (identified as
CD45°CD90.2°CD317) reached its maximal value and was higher as
compared to the MNP-PEG-treated group (Fig. 5A); then, the percentage
of MNP-pHLIP(Cy5)* endothelial cells decreased, indicating migration
of MNPs into the tumor. At 48 h, there was no difference in the per-
centage of MNP(Cy5)™ endothelial cells within the tumor between MNP-
pHLIP-injected and MNP-PEG-injected mice. The percentage of MNP
(Cy5)" neutrophils (CD45"CD11b*F4/80Ly6G") and especially
monocytes (CD457CD11b"F4/80 Ly6G Ly6C™) in the tumors was also
relatively high during the first 24 h after MNP-pHLIP injection and
declined by time point 48 h.

The MNPs-PEG manifested a gradual increase in the percentage of
MNP(CyS)+ epithelial (cancerous) cells (CD45 CD90.2"CD31") during
the entire observation period and showed higher accumulation in these
cells in comparison with MNPs-pHLIP at 24 and 48 h after i.v.
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Fig. 3. Migration of MNPs from blood vessels into a 4T1 tumor. (A) Representative tumor sections excised from mice at 4 and 24 h after i.v. injection of MNPs-PEG,
(B) MNPs-pHLIP or (C) PBS (Control); staining with Prussian blue (left) or antibodies to CD31 (green) (right); MNPs are glowing. (D) Proportions of MNP(CyS)+ cells
migrating by a defined distance from the nearest blood vessel at 4 and 24 h after MNP-PEG or MNP-pHLIP i.v. injection according to measurements on the tumor
microsections (15 fields of view [FOVs] for each sample were analyzed, and each Cy5 signal was determined separately). Data are presented as a median, n = 4. *p <

0.05; ****p < 0.0001 (in comparison with time point 4 h), Mann-Whitney U test.

administration. In turn, the percentage of MNP(Cy5)" monocytes
declined from hour 4 to hour 48 in the MNP-PEG-treated group.

The presence of MNPs in CD31" endothelial cells (Fig. 5B),
CD45"F4/80™ blood cells (Fig. 5B), and F4/80" macrophages, which
were often replete with MNPs (Fig. 5B, C) was confirmed by fluores-
cence microscopy of freshly frozen tumor sections stained with a set of
antibodies (Table S5). MNP(Cy5)"CD140a" cells (fibroblasts) were
found to be relatively rare and almost exclusively were detected close to
blood vessels (Fig. 5D). Note that the observed colocalization of MNP
(Cy5)+ and CD31" signals (as calculated via the analysis of fluorescent
images) may be also attributed to MNPs located in close vicinity to
endothelial cells. Colocalization analysis showed that the number of
MNP(Cy5) " cells in the tumor rose from hour 4 to hour 24, especially the
numbers of MNP(Cy5)"CD45"F4/80" and MNP(Cy5)"CD45"F4/80"
cells (Fig. 5E). This finding indicated gradual accumulation of MNPs in
the tumor during 24 h, with preferential localization in macrophages
and blood cells. It is important to point out that the total number of
CD45"F4/80" cells detected in tumor sections at 24 h after MNP-PEG
and MNP-pHLIP injection became higher than this parameter at 4 h.

The increase in the percentage of MNP(CyS)+ epithelial (cancerous)
cells in the tumor of MNP-PEG-treated mice during 48 h presumably
was caused by the capture of MNPs from the extracellular space. In the
meantime, considering the decline of the percentage of Cy5™ monocytes,
we hypothesized a redistribution of MNPs between cells in the tumor. To
prove this hypothesis, we incubated primary human monocytes con-
taining MNPs (MNPs-PEG or MNPs-pHLIP) with MDA-MB-231-TagGFP
tumor spheroids expressing green florescent protein (GFP). After 24 h
of incubation, we detected TagGFPTCy5t MDA-MB-231 cells in

spheroids, thereby confirming the ability of monocytes to transfer MNPs
to cancer cells (Fig. 6B). We also demonstrated this phenomenon using
human-monocyte-derived tumor-associated macrophages (TAMs) and
murine RAW264.7 macrophages in vitro in the MDA-MB-231-TagGFP
and 4T1-TagGFP tumor spheroids, respectively (Fig. 6D, F). Flow-
cytometric analysis showed that 20.2% + 4.4% of 4T1-TagGFP cells in
spheroids were TagGFP"MNP(Cy5)" after incubation with MNP-
pHLIP-containing RAW264.7 cells.

MNPs disturb the expression profile of various types of cells in
the tumor

To determine the cell subsets that endocytosed MNPs in the 4T1
tumor and to elucidate the effect of MNPs on these cells, at 24 h after
MNP-PEG or MNP-pHLIP i.v. administration, tumors were dissected, and
each one was homogenized separately to prepare a single-cell suspen-
sion. Next, MNP-containing cells were separated from nonmagnetic cells
on a MACS magnetic column placed in a MACS Separator, and scRNAseq
was performed on the suspensions of MNP-containing cells; single-cell
suspensions of a 4T1 tumor excised from PBS-injected mice served as
a control. Graph-based analysis revealed 10 clusters, and nine of them
were annotated by means of the expression of canonical gene markers of
cell types (Fig. 7A, Table 1 ). Four major cell clusters were represented
by two macrophage clusters, epithelial cells, and fibroblasts [19]. Five
minor cell clusters included neutrophils, dendritic cells, endothelial
cells, and T and B lymphocytes [19,20]. Relative abundance of each cell
type in the 4T1 tumor samples is given in Fig. 7B.

Relative abundance of macrophages (the sum of cells in clusters 1
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Fig. 4. TEM images of MNPs in 4T1 tumors. (A) MNPs in lysosomes of capillary endothelial cells in 4T1 tumors 4 and 24 h after MNP-PEG or MNP-pHLIP injection.
The MNPs in lysosomes are shown in black rectangles, whose contents are magnified in the corners of the micrographs. The red rectangle denotes a microleak
between capillary endothelial cells. The dashed red line indicates an outline of the capillary; L: capillary lumen, Er: erythrocyte. (B) MNPs in lysosomes of 4T1 tumor
cells 4 and 24 h after MNP-PEG or MNP-pHLIP injection. MNPs in lysosomes are shown in black rectangles the contents of which are magnified in the corners of the
micrographs. (C) MNPs-pHLIP in the extracellular space near a capillary 4 h after the injection; the particles are shown in a black rectangle, whose contents are
magnified in the corner of the micrographs. The dashed red line indicates an outline of the capillary; L: capillary lumen. (D) MNPs-PEG and (E) MNPs-pHLIP in the

extracellular space of the tumor at 4 h after the injection. Scale bars: 1 um.

and 3) in groups MNP-PEG and MNP-pHLIP reached 87.95% and
72.40%, respectively, indicating preferential accumulation of MNPs in
macrophages. The proportion of endothelial cells was negligible in the
MNP-PEG group, but in the MNP-pHLIP group, this proportion reached
3.73% and exceeded this parameter of the control. In samples from the
MNP-pHLIP group, the percentage of neutrophils was also elevated in
comparison with the control. According to general clusterization, the
macrophage population was divided into two clusters, discriminated
based on expression of MHC II genes, Lyvel, and Cd206 and presumably
reflecting distinct functions of these subpopulations [21]. Table 1
Differentially expressed gene (DEG) analysis (Figure S5, S6, Sup-
plementary Excel File 1) revealed that both types of MNPs were endo-
cytosed by Trem2" macrophages (a subset of tumor-specific
immunosuppressive macrophages). To confirm this, MNP(Cy5)"F4/
80" Trem2" cells were detected by immunofluorescent analysis on a 4T1
tumor section (Fig. 7C); colocalization analysis showed that 36 + 9 and
36 + 3% of MNP(Cy5)"F4/80" macrophages were Trem2" for MNP-
PEG and MNP-pHLIP, respectively. The macrophages (cluster 1 and 3)
in both MNP-PEG and MNP-pHLIP groups differentially expressed genes
of lipid metabolism (Apoe, Pld3, Fabp5, and Lgals1/3) and of

complement components (C1qa/b/c) [25,26]. In MNP cells of cluster 1,
the expression of MHC class II genes (H2-Aa, H2-Ab1, and H2-Eb1)
decreased. In turn, MNP" cells of cluster 3 showed downregulation of
genes of chemokines (Ccrl, Ccl2/3/4/7, and Cxcll/12), interleukins
(ll1a and 1110), and H2-Aa. Nfkb1 was downregulated in MNP™ macro-
phages of both clusters.

Two macrophage clusters were extracted, and a second round of
dimension reduction and clustering was performed. The joint macro-
phage subset was further classified into M1-like, M2-like, immunoreg-
ulatory & proangiogenic, and proliferating TAMs (Fig. 7D, E, Table 1,
Supplementary Excel File 2). Cluster 4 m was identified as CD14 " tumor-
infiltrating monocytes. Cluster 6 m was almost exclusively found in
MNP-pHLIP" samples and included CD687CD14™" cells with upregulated
$100a8/9, which are known to be abundantly expressed in a subpopu-
lation of blood monocytes participating in the recruitment and trans-
endothelial migration [27]. MNP macrophages in all clusters were
Cregl™, Ctsd", and Cyba®. We believe that MNPs activated the Nrf2
pathway in TAMs (Supplementary discussion, Table S6).

MNP epithelial (cancer) cells (cluster 2) showed signs of oxidative
stress (upregulation of the Park7 gene, an oxidative-stress sensor). This
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Fig. 5. The distribution of MNPs within a 4T1 tumor after i.v. injection. (A) Flow-cytometric data on the percentage of MNP(Cy5)" cells in the main populations of
cells in 4T1 tumors at 4, 24, and 48 h after i.v. injection of MNPs-PEG (pale pink, pink, and red bars, respectively) or MNPs-pHLIP (pale blue, blue, and deep-blue
bars, respectively). Data are presented as a median [interquartile range], n = 4. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, Kruskal-Wallis test followed by
Dunn’s multiple-comparison test. (B) Representative images of tumor sections excised from mice after i.v. injection of MNPs and stained with antibodies to CD31
(green) and F4/80 (red); (C) CD45 (green) and F4/80 (red); (D) CD31 (green) and CD140a (red); MNPs are glowing. Scale bars: 100 um. (E) Colocalization analysis of
MNPs with CD31%, CD457F4/807, CD45"F4/80", or CD140a" cells on a tumor section obtained from mice 4 and 24 h after i.v. injection. (10 FOVs for each sample
were analyzed). Data are presented as a median [interquartile range], n = 3. **p < 0.01; ***p < 0.001, ****p < 0.0001 (in comparison with time point 4 h); % p <

0.01, Mann-Whitney U test.
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Fig. 6. Evaluation of the capacity for cell-to-cell transfer of MNPs in models of tumor spheroids. (A) Representative images of MDA-MB-231-TagGFP spheroids 24 h
after incubation with intact primary human monocytes (control) or (B) with human monocytes containing MNPs-PEG, (C) intact monocyte-derived human TAMs
(control), or (D) monocyte-derived human TAMs containing MNPs-pHLIP. (E) 4T1-TagGFP spheroids 24 h after incubation with intact RAW264.7 cells (control) or
(F) MNP-pHLIP-containing RAW264.7 cells. The tumor cells are green, MNPs are magenta, CD14" human monocytes stained with a PE-conjugated anti-human CD14

antibody are red, and nuclei are blue. Scale bars: 100 pm.

gene encodes a redox-sensitive chaperone and protease that plays an
important role in cell protection from oxidative stress and from cell
death. MNP uptake by cancer cells led to a 1.5-2.0-fold increase in
expression of ferritin-coding genes (Fthl and Ftl1), indicating a response
to iron overload. According to gene set enrichment analysis (GSEA),
MNP-pHLIP" cancer cells showed activation of the intracellular iron ion
homeostasis pathway (Figure S7). Furthermore, in these cells, the Lcn2
gene was overexpressed, which encodes the iron-trafficking protein that
has been shown to block cell proliferation, migration, and invasion and
to inhibit translocation of NF-kB into the nucleus [28].

MNP cancer cells also featured upregulation of the Hmox1 gene
(fold change > 2). Hmox1 expression is induced by a range of stimuli (e.
g., hypoxia, ROS, and interleukins), and the promoter region of Hmox1
contains binding elements for several key transcription factors (Hif-1,
Nrf2, Stat3, AP-1, and NF-kB). Heme oxygenase 1 (HO-1) activity,
cytoprotective in normal cells, has an antiproliferative and/or proapo-
ptotic effect in some contexts. When HO-1 is highly expressed, the level
of ferritin becomes insufficient to neutralize oxidative effects of reactive
iron.

Regarding MNPs’ influence on cancer cell fate, the ability to induce
ferroptosis is relevant [29]. The ferroptotic role of HO-1 has been
demonstrated in various tumor cell lines [30]. The Mapllc3a gene,
upregulated in MNP' cancer cells in our experiment, encodes
ubiquitin-like modifier microtubule associated protein 1 light chain 3
that is responsible for the formation of the autophagosome, activates
autophagy through the ATG5-ATG7-NCOA4 pathway, and leads to

ferritin degradation and thereby to intracellular unstable iron accumu-
lation, ultimately promoting ferroptosis in fibroblasts and cancer cells
[31]. In turn, upregulation of Gpx4, observed in MNP-pHLIP" cancer
cells, can negatively affect ferroptosis by reducing phospholipid hy-
droperoxide [32,33].

In the case of MNPs, we propose ROS as a more plausible trigger of
Hmox1 expression. To this end, we demonstrated the ability of MNPs to
induce ROS production in 4T1 cells and mouse RAW264.7 macrophages
in in vitro experiments (Figure S8).

Analyzing DEGs in cluster 4 (annotated as fibroblasts), from the
expression of genes Mfap2, Tgfblil, Dcn , and Pdgfra, we concluded
that at least MNPs-PEG are endocytosed by subsets of extracellular-
matrix-remodeling and/or myofibroblastic cancer-associated fibro-
blasts [34]. Of note, MNP-pHLIP" cells of cluster 4 featured upregulated
genes Abcc9 and Kcnj8, which are considered markers of pericytes
and/or vascular smooth muscle cells [35]. Thus, this finding is in good
agreement with the observed localization of MNP(Cy5)"CD140" cells in
close vicinity to blood vessels on the immunostained tumor sections.

MNP™ cells of cluster 6 (neutrophils) showed upregulation of genes
Ccl3, Ccrl2, Gad45b, 1l1b, Hcar2, and Nfkbia and were recognized as
activated polymorphonuclear neutrophils (myeloid-derived suppressor
cells). The cells also were CD14", which is a characteristic feature of
neutrophils of a tumor microenvironment [36]. Uptake of MNPs by the
neutrophils provoked upregulation of some genes involved in iron ion
homeostasis: Ftl1, Fth1, and Sod2; MNP-pHLIP™ neutrophils also showed
upregulation of Slc11al, Ttc7, and Hmox1. The p38 MAPK-dependent
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the groups of samples.
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Table 1
Annotation of 4T1 tumor cell clusters.
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Cluster ~ Annotation Marker genes

Clusterization of all cells in tumor samples

Argl, Msr1, Cd14, Ccr5, Cx3crl, Csflr, Fcgrl [Cd64], Ccrl, Clqa, Clgb, Clqc), Itgam [CD11b], MHC II genes (Cd74, H2-Aa, H2-

1 Macrophages / Monocytes*
Abl, H2-Eb1, H2-DMa, H2-DMb1)
2 Epithelial (cancerous) cells Epcam, Krt7, Krt8, Krt18, Cdhl
3 Macrophages (TAMs)** Cd68, Selenop, Lyvel, Gas6, Mafb, Stabl
4 Fibroblasts Col3al, Collal, Colla2
5 Lymphocytes, mainly T cells Gzma-f, Cd3d, Cd3e, Cd3g, Cd2
6 Neutrophils S$100a8, S100a9, Csf3r, Retnlg
7 Dendritic cells (antigen-presenting) Clec9a, Xcrl, Cd83, Cd80, Cd86, Cd209a
8 Endothelial cells Cdh5, Pecaml, Tiel
9 Other immune cells*** -
10 Lymphocytes, mainly B cells*** Ighm, Clec12a, Flt3, Pecaml

Sub-clusteriasation of macrophages (Cluster 1 & Cluster 3)

1m CD16" / antigen-presenting (M1-like) MHC II genes (H2-Eb1, H2-Aa, H2-Ab, H2-DMa, Cd74), Cd80 and Cd16
TAMs
2m M2-like TAMs Cd68, Adgrel, Siglecl, Cd163, Mrc1, Lyvel, 1110, Pf4, Hmox1, Ctsb/d/l, Folr2, Trem2, Ccl8
3m Angio TAM / Reg TAMs Cd68 / Mif, Argl, Bnip3, Adam8, Slc2al, Mmp 9, Mmp12 / Clec4d, Pf4, Hmox1, Cd274, Spp1
4 m CD14" monocytes / Inflam TAMs Cd14, Ly6cl, Ly6¢2, Inhba, 1l1b, 116, Cxcl1/2/3, Cd274, Fcgrl, Ccr2
5m Prolif TAMs Top2a, Pclaf, Hmgb2, Stmnl, Mki67, Tubb5, Cdk1, Rrm2
6 m $100a8/9" (predominantly MNPs- Cd68, Cd63, Cd14, S100a8/9, Ccl2/7/8, Ifitm1, Lgals1, Pf4, Lenl, Fill, Fthl, Hmox1, Lyz2
pHLIP)

TAM, tumor-associated macrophage; Angio, pro-angiogenic; Inflam, inflammation, Reg, immunoregulatory; Prolif, proliferating

*The cells manifested a mixed M1/M2 macrophage gene signature—we found both M2 (Gatm, Apoe, and Ccl24) and M1 (MHC II genes, Cxcl3, Fcgr3 [Cd16], and Fcgr4
[Cd16-2]) marker genes—had signs of macrophage activation (I11b, Tgfbi, Ctsc, Aifl, and PD-L1 [Cd274]) and reactive oxygen species (ROS) production (Ncf2, Ncf4,
Cyba, and Cybb) [22,23]; a tentatively included CD64*CD16.2" monocyte population arose from intravascular Ly-6 C'° patrolling monocytes that enter the tissue [21].
**The cells expressed classic TAM marker genes and had an M2-like anti-inflammatory phenotype (DC-SIGN* [CD209], CD163", Mrc1™ [CD206], Folr2™, Clec10a™,
and I14ra™) [23,24] and expressed a broad range of chemokines (Cxcl1, Cxcl2, Cxcl10, Ccl2, Ccl7, Ccl8, and Ccl9) and immunoregulatory cytokines (IL-10, IL1-Rn, Tnf,

and Vegf), and thus are involved in immune-cell recruitment and polarization.
***Clusters 9 and 10 had less than 100 cells each.

pathway, found to be activated in MNP neutrophils according to GSEA
(Figure S9), is critical for neutrophil chemotaxis regulation, although
the effects of Erk and Jnk have not been fully elucidated yet [37].

In cluster 8, referred to as endothelial cells, MNP-pHLIP' cells
differentially expressed the gene of a cytoskeletal GTP-binding protein
called septin (Sept4), which is predicted to be involved in endo-/
exocytotic processes and has been identified as an oxidative-stress factor
[38].

GSEA of biological processes for up- and downregulated genes be-
tween the experimental groups for clusters 1, 3, 4, 5, 7 are shown in
Figures S10-S14.

Discussion

Transport across the vascular endothelium and distribution of
nanoparticles among various populations of cells in a tumor remain
debatable topics [9,39]. In our study, after i.v. administration, MNPs
rapidly accumulated along blood vessel walls in a tumor presumably due
to the margination phenomenon [40,41]. The geometry of blood vessels,
an occlusion, and microvascular bifurcations can help MNPs to adhere at
certain sites more frequently [42,43], thus explaining the observed “hot
spots” of MNP accumulation in tumor vessels. Next MNPs start to
penetrate into the tumor.

Several mechanisms have been suggested to explain MNP penetra-
tion: the first one is entry through gaps of a leaky endothelium, allowing
MNPs to enter the extracellular matrix and to be endocytosed by tumor
cells within a short period after injection. In this context, the vascular
bursts proposed by Kataoka and coworkers [44] match the observed
macroleakages the best [17]. The second pathway is transcytosis by
endothelial cells [45]. In support of this notion, MNPs-PEG and
MNPs-pHLIP were found in endothelial cells by TEM and confirmed by
flow cytometry and fluorescence microscopy data.

The expected third pathway (MNP migration through an opening
intravascular barrier with assistance of blood cells [17])—which may be
classified as paracellular or transcellular transmigration usual for
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leukocytes—was not directly confirmed in our study. Our data allow us
to conclude only that MNPs travel in association with blood cells in the
bloodstream and that MNPs localize to CD45F4/80 cells in 4T1 tu-
mors. In this context, the subpopulation of cells of cluster 6 m, discov-
ered mainly in MNP-pHLIP" tumor samples, can be regarded as a
subpopulation of MNP' monocytes that are migrating into the tumor
and starting to polarize into TAMs.

After penetration, MNPs migrated away from the blood vessels;
anyway, 24 h after the injection, approximately half of the MNPs
remained in close vicinity to blood vessels: in endothelial cells or in the
perivascular area. Presumably, tumor extracellular-matrix stiffness can
hamper the MNP migration. From this point of view, application of an
AMF, which induces heating of iron oxide nanoparticles [5], might be
considered a feasible approach to improving MNPs’ penetration into a
tumor.

In turn, blood cells may be involved in MNPs’ migration from the
perivascular area. This idea is supported by the following observations:
(1) transfer of MNPs by neutrophils into the tumor as revealed by
intravital microscopy; (2) the presence of MNP' neutrophils and
monocytes in the tumor according to flow-cytometric data; (3) the in-
crease in the proportion of neutrophils in the MNP-pHLIP" fraction of
the tumor single-cell suspension; (4) the ability to pass MNPs from
monocytes to cancer cells in the model of tumor spheroids. The general
ability of monocytes to take up MNPs-PEG and MNPs-pHLIP by endo-
cytosis within no more than 1 h was demonstrated in our previous study
[16]. The observed accumulation of MNP(CyS)+ neutrophils and
monocytes in tumors during first 24 h with a simultaneous decrease in
the MNP(Cy5)" cell number in the bloodstream—more pronounced for
MNPs-pHLIP—may reflect their possible role in MNP penetration into
the tumor.

The major population of MNP cells in tumors was resident TAMs.
More specifically, MNPs prefer to accumulate in Trem2™ TAMs. Lately,
targeting of TREM2" TAMs has been proposed as a strategy to enhance
tumor immunotherapy [46]. Thus, further progress could be made
through conjugation of MNPs with, for example, therapeutic RNAs for
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reprogramming the TAMs by analogy with ref. [47].

Conjugation with the pHLIP affected MNP biodistribution in vivo and
increased chances to bind to blood cells, primarily neutrophils and
monocytes. Concerning the tumor tissue, MNPs-pHLIP more often and/
or rapidly entered into endothelial cells; however, this preference did
not give any benefit. The best explanation for this observation is that at
neutral pH, the pHLIP peptide is known to be located at the surface of
the cell membrane [48], and conjugation with MNPs may hamper
washing away from the membrane via the normal perfusion proposed
for the free peptide owing to the MNP-pHLIP margination effect.

The presence of the peptide on MNPs’ surface raises a legitimate
question about nonequivalence of the protein coronas formed on the
MNP-PEG and MNP-pHLIP surface after injection into the bloodstream
[49,50] as a cause of the observed discrepancy. In our previous paper,
we could not detect a clear difference between the repertoires of pro-
teins identified in MNPs-PEG and MNPs-pHLIP coronas arising in human
serum [16]. In the abovementioned experiment, taking into account
complicated architecture of a protein corona [51], we used magnetic
separation of MNPs during sample preparation in order to preserve
proteins of a soft corona [52]. Thus, the observed difference in bio-
distribution between MNP-PEG and MNP-pHLIP is likely explained by
an interaction of the pHLIP itself with the cells’ surface.

Conclusions

Concerning the MNPs’ in vivo behavior, we revealed that MNPs
penetrate into a tumor via various routs: at least through vascular burst
and endothelial transcytosis. Further migration of MNPs within the
tumor core may be assisted by blood cells, likely neutrophils and
monocytes. It was shown that monocytes are able to transfer MNPs to
cancer cells. The conjugation of MNPs with the pHLIP favored their
interaction with tumor endothelial cells and blood cells in the circula-
tion, thereby influencing MNP biodistribution, but did not improve
cancer cell targeting.

By implementing an approach based on scRNAseq, we determined
the cell populations that endocytosed MNPs in the 4T1 tumor and
revealed preferential accumulation of MNPs in regulatory Trem2"
TAMs. We also noticed that cells recognize MNPs as a stressor: MNPs
activated the Nrf2 pathway in TAMs and the intracellular iron ion ho-
meostasis pathway in cancerous cells as well as facilitated ROS pro-
duction in cells. Further research is proposed that is aimed at stimulating
MNPs’ penetration into a tumor by AMF and at designing an approach to
precise manipulation of Trem2" macrophages in order to promote
antitumor immunity.

A major advantage of the scRNAseq based approach (over antibody-
assisted techniques, such as flow cytometry and fluorescence micro-
scopy) is unbiased identification of populations of the cells that take up
nanoparticles, with simultaneous detection of an influence of nano-
particles on expression patterns that determine biological function of the
cells. The proposed approach can be also adapted to nonmagnetic
nanoparticles, for example, fluorescent nanoparticles could be separated
by fluorescence-activated cell sorting. Our results, focused on nano-
particle—cell interaction in tumor-bearing mice, should contribute to the
global picture of nano-bio interaction and to the development of engi-
neered nanoparticles for biomedicine.

Methods

MNP synthesis. Silica-coated iron oxide nanoparticles (Fe3O4)
modified with (3-aminopropyl)trimethoxysilane) (Sigma) were synthe-
tized according to procedure described earlier [53]. For preparing fluo-
rescent MNPs, 3-aminopropyl)trimethoxysilane was conjugated
beforehand with Cy5 NHS ester (Lumiprobe). Next, MNPs were covalently
modified with heterobifunctional O-[N-(6-maleimidohexanoyl) amino-
ethyl]-O'-[3-(N-succinimidyloxy)-3-oxopropyl]lpolyethylene glycol (mo-
lecular weight ~3000, Sigma-Aldrich) (PEG3000) to obtain MNPs-PEG.
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The pHLIP (ACEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT, Pepmic)
[7,16] was covalently attached to MNPs-PEG. Immobilization of
PEG3000 and pHLIP molecules on MNPs was confirmed by IR spectros-
copy data (Figure S2C, D). MNPs-PEG and MNPs-pHLIP possess high
saturation magnetization (M;) (Table S1). The characterization of MNPs is
given in Supplementary materials (Figure S2, Table S1).

The cell line. Mouse macrophages RAW264.7, mouse mammary
carcinoma 4T1 cells (ATCC), and MDA-MB-231 human adenocarcinoma
cells (ECACC) were grown at 5% CO5 and 37 °C in the complete DMEM/
F12 (Gibco) medium supplemented with 10% (v/v) of fetal bovine
serum (FBS) (Gibco), 1% of GlutaMax (Gibco), and 1% of PenStrep
(Gibco).

Human monocytes and monocyte-derived TAMs. Monocytes
were isolated from a leukocyte/thrombocyte concentrate purchased
from the Siberian Federal Research and Clinical Centre (Seversk, Russia)
according to a procedure described in ref. [16]. To obtain human
monocyte-derived TAMs, we used a published protocol [54] with a
minor modification. In brief, CD14" monocytes were incubated for 5
days in the serum-free X-VIVO medium (Lonza) supplemented with
10 ng/mL macrophage colony-stimulating factor (M-CSF, ProSpec,
USA), 10~® M dexamethasone (KRKA, Slovenia), and 10% of a culture
supernatant of MDA-MB-231 cells (cultivated for 36 h in DMEM/F12
with 2% of FBS and passed through a 0.22 ym Millex-GV Filter, Milli-
pore, France).

Animal experiments. These experiments were conducted in
compliance with the Guide for the Care and Use of Laboratory Animal
Resources (1996) and approved by the Bioethics Committee of the Si-
berian State Medical University (decision No. 5891 of 26 June 2018).

Five-week-old female BALB/c mice were purchased from the SPF
vivarium of the Institute of Cytology and Genetics, the Siberian Branch
of the Russian Academy of Sciences.

For tumor induction, 10° 4T1 cells in 50 pL of Phosphate Buffered
saline (PBS, Sigma) were injected into the right inguinal mammary
gland of the mice. The tumors were allowed to develop for 10 days. At
the beginning of the experiments, the tumor volume was 134 + 33 mm?.

MNPs resuspended in ~200 uL of PBS (2 mg/mL) were i.v. injected
(via a tail vein) into mice (20 (mg [Fe])/kg); the administration rate was
200 pL per minute. Mice in control groups were injected with PBS.

Intravital microscopy. Tumor intravital microscopy was performed
as described previously [17]. In brief, the tail vein of anesthetized mice
was cannulated, and fluorescently labeled antibodies Ly6G-BV421
(clone 1A8, 0.6 pg; Biolegend) and CD11b-PE (clone M1/70, 0.6 pg;
Biolegend) were injected to stain host cells in vivo. FITC-labeled 2MDa
dextran (100 pg, Sigma-Aldrich) was injected to counterstain the ves-
sels. Tumor vasculature was studied at the moment of and within
40-80 min after the injection of Cy5-labeled MNPs-PEG or MNPs-pHLIP
(54 pg per mouse in terms of iron concentration). Images were captured
at the acquisition rate of 1.5 frame/min using a Nikon A1R inverted
confocal microscope (Japan).

Blood and tissue sampling. For sample collection, the mice were
anesthetized with 2% isoflurane (EZ-7000-320, Braintree scientific),
and the anesthetic level was checked by foot pinch using forceps. After
tumor dissection, blood samples were collected via cardiac puncture
into EDTA-containing tubes. Next, the lungs, liver, and spleen were
dissected and weighed.

Pharmacokinetic analysis. For this analysis, healthy BALB/c mice
were i.v. injected with MNPs at a final dose of 4 (mg [Fe])/kg. Blood
samples were collected in 5, 30, 60, 120, and 240 min and 24 h after the
injection, the tubes with blood were kept at room temperature for
30 min to allow the blood to clot. Then, 200 pL of serum was placed in a
black 96-well plate, and fluorescence intensity was measured on a Cary
Eclipse Fluorescence Spectrometer (Agilent).

Immunofluorescence. For fluorescence microscopy, tumor samples
were fresh-frozen in Tissue-Tek® O.C.T. Compound (Sakura Finetek,
USA) in liquid-nitrogen—cooled isopentane immediately after dissection.
The frozen tumor samples were cryosectioned on an HM525 NX Cryostat
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(Thermo Fisher Scientific). The tissue sections were placed on poly-L-
lysine-coated slides (Menzel), fixed with 4% paraformaldehyde for
15 min, and stained using a set of antibodies. Briefly, slides were washed
3 times with PBS, then with PBS supplemented with 0.1% of Tween 20
for 30s, and blocked in 3% bovine serum albumin (BSA) in PBS for
60 min. The slides were stained with a solution of a primary antibody in
3% BSA in PBS at 4 °C overnight and with a secondary antibody at room
temperature for 45 min (Table S5). Nuclei were stained using Mounting
Medium With DAPI, Aqueous, Fluoroshield (Abcam).

Fluorescence microscopy images were captured with a Leica
DFC9000 GT sCMOS camera under a Leica DMi8 microscope (Germany).
In each sample, 10-15 FOVs were analyzed. The distance was measured
using Leica LasX software. For colocalization analysis, the multichannel
images were input into the Colocalization_Image_Creator plugin of the
ImageJ freeware (Fiji) [55].

Histology. Fresh-frozen tumor samples were sliced and stained with
the Prussian Iron Stain Kit (Abcam).

TEM analysis. This analysis of the tumor samples was carried out
according to the procedure reported in ref. [56].

Preparation of single-cell suspensions of organs. For preparation
of a liver cell suspension, liver samples were incubated with 120 U of
collagenase II (PanEco) in complete DMEM/F12 for 40 min, and cells
were filtered through 70 pm cell strainer (STEMCELL Technologies,
Inc.). For lung cell analysis, lung samples were digested with collagenase
I (255 U) for 2 h and then filtered through 40 pm cell strainer. To pro-
duce a spleen cell suspension, spleen samples were passed through 40
um cell strainer in complete DMEM/F12.

Preparation of tumor single-cell suspensions. After tumor
dissection, the tissue samples were immediately cut into small pieces
with a scalpel on ice and placed into 1.5 mL of the complete DMEM/F12
medium on ice. For dissociation of tumor cells, 600 U of collagenase
Type IV (Gibco) in 500 uL. of Hanks’ Balanced Salt Solution (HBSS,
Gibco) was added, and the samples were incubated at 137 rpm and 37
°C for 2 h. After that, 2 mL of cold PBS and 1 mL of Trypsin-EDTA
(PanEco, Russia) were introduced, and the samples were mixed and
incubated for 1 min. Next, 8 mL of cold PBS and 250 U of DNase I
(Roche) in 500 uL of HBSS were added into the tubes and incubated for
2 min, and the cell suspension was filtered through a 70 pm cell strainer
(STEMCELL Technologies Inc.). The cells were pelleted by centrifuga-
tion at 300 x g for 10 min at 4 °C and resuspended in FACS or MACS
buffer.

Flow cytometry. Before staining, tumor cells were incubated with
an Fc blocker (TruStain FcX™ anti-mouse CD16/32, Biolegend) for
10 min in FACS buffer (3% FBS with 1 mM EDTA in PBS). After staining
with an antibody cocktail, the cells were washed with PBS twice and
resuspended in 100 uL of PBS. The blood samples (100 uL) were lysed
with ACK buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH
7.2-7.4) after staining. The full list of antibodies used is given in
Tables S4 and S7.

Flow cytometer Cytoflex (Beckman Coulter) was used for analyses.
The gating strategy for flow cytometry data analysis was as follows: a
SSC vs FSC density plot gate was applied to identify a population of cells.
Then, doublet discrimination was performed by plotting FSC-H vs FSC-
A; for tumor samples, this step was followed by plotting SSC-H vs SSC-A.
Next, dead cells were excluded by means of a viability dye DAPI (4,6-
diamidino-2-phenylindole), propidium iodide or SYTOX Green. Single
staining was performed to set up compensation controls, and fluores-
cence minus one controls were employed to determine positive-negative
thresholds in multicolor immunofluorescent experiments. Representa-
tive gating strategies for a cell population in tumor samples are provided
in Figure S15 and for blood samples in Figure S16.

Representative gating strategies for the MNP(Cy5)" population in
liver, spleen, and lung samples are provided in Figure S17.

MNP™ cell sorting. The sorting strategy was based on magnetic
properties of the cells containing MNPs. A tumor single-cell suspension
(107 cells/mL) without any antibody addition was loaded onto an LS
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Column (Miltenyi Biotec) that was placed in a magnetic rack, then the
column was washed 3 times, and cells were eluted with 1 mL of MACS
buffer (0.5% BSA with 0.1 mM EDTA in PBS) (Figure S18). Finally, cells
were centrifuged and resuspended in PBS without Ca®* Mg?" with 5%
FBS.

Single-cell sequencing. A single-cell suspension was diluted in PBS
containing 0.04% of BSA by pipetting with wide-bore pipette tips, and
placed on the ice. Cell counting was carried out on a Countess II auto-
mated cell counter (Thermo Fisher Scientific, USA) with 0.4% trypan
blue (Thermo Fisher Scientific, USA). The concentration of cell stocks
was ~1000 cells/ul. Single-cell cDNA libraries were prepared using the
10x Genomics Chromium Controller (10x Genomics, USA) and the Sin-
gle Cell 3' Reagent Kit v3.1 (Dual Index) (10x Genomics, USA) following
the standard manufacturer’s protocol. Approximately 8300 cells from
each sample were loaded onto the Chromium Controller to recover 5000
cells for library preparation and sequencing. The concentration of cDNA
libraries was measured by means of the dsDNA High Sensitivity Kit on a
Qubit 4.0 fluorometer (Thermo Fisher Scientific, USA). The quality of
cDNA libraries was assessed using High Sensitivity D1000 ScreenTape
on a 4150 TapeStation (Agilent, USA). The resultant cDNA libraries were
pooled, denatured, and sequenced on Genolab M (GeneMind Bio-
sciences, China) using pair-end reads (28 cycles for read 1, 90 cycles for
read 2, 10 cycles for the i7 index, and 10 cycles for the i5 index).

Bioinformatic analysis. Samples were mapped to a reference
genome (mouse reference genome, mm10) in CellRanger v6.1.1 (10x
Genomics, Pleasanton, CA, USA). Parameter "-include-introns" was
used. The Seurat software package version 4.3.0 was employed for
quality control and analysis of the data from the single-cell high-
throughput RNA sequencing. We generated six Seurat objects and then
filtered these Seurat objects to exclude low-quality cells. The filtering
parameters are presented in Table S8. After that, we excluded mito-
chondrial genes from the analysis. Then, a list of Seurat objects was
created for integration, and normalization was performed using
SCTransform separately for each sample. We applied the RunPCA
function to conduct principal component analysis (PCA). After PCA, the
RunHarmony function of Harmony package version 0.1.1 was utilized to
integrate the Seurat object. PCA of integrated samples was performed,
and 20 principal components were used for cell clustering (resolution =
0.25). UMAP was then applied to visualize the cell atlas [57].

Cluster markers were found using the FindAllMarkers function. The
identification of cell types was performed manually and by means of
SingleR package version 2.0.0.

DEGs were next processed in RStudio (R version 4.1.0) [58]. The
Ggplot2 software package was used for visualization of DEGs [59]. The
genes with an adjusted p < 0.05 and logy fold change > 0.5 were
designated as DEGs. GSEA was performed with R package clusterProfiler
[60].

In total, we sequenced 36283 cells, with an average of 6047 cells per
sample, and detected an average of 18825 genes per cell.

For compositional single-cell data analysis, scCODA [61] was
applied. The scCODA assessment was conducted using the ‘Dendritic
cells’ category as the reference cell type (FDR < 0.1). Additionally, we
determined the significance of effects on cell types that were mostly
independent of the reference. By sequentially running scCODA and
selecting each cell type as a reference once, we next used a majority vote
to find cell types that significantly changed (FDR < 0.05) more than half
the cases.

The in vitro model of cell-to-cell transfer of MNPs. 4T1-TagGFP
and MDA-MB-231-TagGFP monoclonal cell lines expressing GFP were
obtained by lentivirus transduction using LVT-TagGFP2 (Evrogen,
Russia) according to a standard protocol. 4T1-TagGFP and MDA-MB-
231-TagGFP tumor spheroids were generated in a 2% agarose mold
cast using a silicon micro-mold (MicroTissues Inc., USA).

Pre-adhered cells (RAW 264.7 or monocyte-derived human TAMs)
were incubated with MNPs-PEG or MNPs-pHLIP (20 pg/mL) for4 hina
CO», incubator.
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Human monocytes were incubated with MNPs-PEG or MNPs-pHLIP
(20 pg/mL) on a rotator for 1 h at 37 °C, washed with PBS twice by
centrifugation, and placed on a tissue culture plate for adhesion for 24 h.
The cells in control samples were incubated without MNPs.

Next, MNPs were completely discarded, and the adherent cells were
vigorously washed with PBS. RAW 264.7 cells and monocytes were
detached from the culture plates using TrypLE (Gibco, UK); monocyte-
derived human TAMs were detached on ice. Two thousand MNP
RAW264.7 cells were added to 4T1-TagGFP spheroids (composed of
8000 cells), 30,000 MNP" human monocytes or monocyte-derived
human TAMs were added to MDA-MB-231-TagGFP spheroids (81
spheroids in a mold formed from 150,000 cells) and incubated for 24 h
in the CO5 incubator.

Finally, the spheroids were fixed with 4% paraformaldehyde,
embedded into OCT, frozen in liquid nitrogen, and next cryosectioned
and stained with DAPI. Monocytes were stained with a PE-conjugated
anti-human CD14 antibody (M5E2, Biolegend). Additionally, 4T1-
TagGFP spheroids were dissociated into a single-cell suspension and
analyzed by flow cytometry.

Statistical analyses. These analyses were performed in GraphPad
Prism (GraphPad Software). The data were evaluated for normality by
the Shapiro-Wilk test. Differences between continuous variables with a
normal distribution were assessed by two-way ANOVA followed by
Tukey’s multiple-comparison post hoc test. Differences between non-
normally distributed variables were assessed by unpaired Mann-
Whitney U test or by the Kruskal-Wallis test followed by Dunn’s
multiple-comparison test. Data with P values below 0.05 were consid-
ered statistically significant.
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