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Abstract
In sunitinib-treated renal cancer, tumor-associated macrophages (TAMs) can support tumor
survival while suppressing antitumor immunity, but whether both effects can be reversed
simultaneously is unclear. We identify phosphoinositide 3-kinase y (PI3Ky) as a macrophage-
associated target and develop a protease-responsive, macrophage-directed nanocarrier
(IMNMP) delivering the PI3Ky inhibitor eganelisib (IPI-549). Sunitinib-conditioned renal
cancer cells induced a tumor-supportive macrophage state with increased PI3Ky and enhanced
tumor cell protection. Genetic PI3Ky silencing or IMNMP attenuated this protection, promoted
macrophage costimulatory/inflammatory programs and enhanced CD8" T-cell responses. In
vivo, IMNMP plus sunitinib improved tumor control and produced an immunostimulatory
microenvironment with increased macrophage costimulation and CD8* T-cell infiltration. Bulk
and single-cell transcriptomics linked treatment to antigen-presentation, interferon-response
and effector immune programs in tumor-associated myeloid cells. Together, PI3Ky-dependent
macrophage function is an actionable component of sunitinib-treated renal cancer, and
macrophage-directed PI3Ky inhibition may simultaneously reduce microenvironmental tumor
protection and strengthen antitumor immunity.

INTRODUCTION

Combining immune checkpoint therapy with inhibitors of vascular endothelial growth factor
signaling has reshaped systemic treatment of renal cell carcinoma (RCC). Long-term follow-
up of pembrolizumab-axitinib, lenvatinib-pembrolizumab and nivolumab-cabozantinib has
demonstrated durable clinical benefit over sunitinib (7-3). Sustained responses to nivolumab-
ipilimumab and biomarker analyses of kinase-inhibitor-containing combinations further
underscore the importance of the immune microenvironment in treatment response (4, 3).
These observations indicate that therapeutic efficacy in RCC is determined not only by direct
effects on malignant cells but also by the functional state and organization of tumor-infiltrating
immune populations.

Nature Communication 1
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Tumor-associated macrophages (TAMs) are a prominent component of the RCC immune
microenvironment. Single-cell and spatial studies have identified recurrence-associated
macrophage states, macrophage populations that coexist with exhausted T cells, and marked
intratumoral heterogeneity in macrophage organization and function (6-8). Tissue-resolved and
multimodal analyses further link these populations to intratumoral location, antigen-
presentation-associated architecture and treatment-induced reprogramming (9-7/2). Immune-
network organization and chemokine-defined macrophage—T-cell neighborhoods have also
been associated with checkpoint sensitivity (13, 14). Specific APOE-, SPP1- and MARCO-
associated macrophage programs have been linked to immune suppression and CD8* T-cell
dysfunction (15-17). Together, these findings suggest that macrophages may influence both
tumor cell fitness and local immune competence during therapy. Whether macrophage-directed
intervention can simultaneously reduce tumor-protective support and restore antitumor
immune activity under sunitinib treatment pressure remains unclear.

PI3Ky provides a tractable molecular entry point for macrophage-directed intervention.
Myeloid PI3Ky sustains immunosuppressive transcriptional programs, and its inhibition
enhances antitumor T-cell responses and the activity of immune checkpoint therapy in
experimental models (78, 19). Eganelisib (IP1-549), a selective PI3Ky inhibitor developed for
immuno-oncology, has been evaluated clinically both as monotherapy and in combination with
checkpoint blockade (20-22). Paired biopsy analyses from eganelisib-containing regimens
have further associated PI3Ky inhibition with macrophage reprogramming and immune
activation. However, whether PI3Ky-dependent macrophage functions contribute to tumor
protection under sustained kinase-inhibitor pressure, and whether this compartment can be
selectively targeted to improve therapy, remain incompletely defined.

Selective modulation of tumor-associated macrophages requires both access to the tumor
microenvironment and preferential exposure of the intended myeloid compartment (23). The
M2 macrophage-targeting peptide (M2pep) provides a sequence-dependent recognition motif
for selected murine macrophage populations and has been incorporated into nucleic-acid
carriers and exosome-based systems for TAM-directed delivery (24-27). Related macrophage-
directed formulations have been evaluated in RCC and in strategies targeting M2-like
populations (28, 29). In parallel, protease-cleavable polyethylene glycol (PEG) architectures
can modulate particle shielding, structural organization, and cargo availability within protease-
rich tumor environments (28-32). We therefore integrated a long matrix metalloproteinase-9
(MMP-9)-cleavable PEG component with a shorter M2pep-bearing PEG component to
construct IMNMP, a nanocarrier that couples IPI-549 delivery with MMP-9 responsiveness
and macrophage-associated uptake.

Here, we examined whether PI3Ky-associated macrophage function contributes to tumor
protection during sunitinib treatment and whether macrophage-directed PI3Ky inhibition can
simultaneously enhance local antitumor immunity. Using macrophage-conditioning models,
genetic and pharmacological PI3Ky perturbation, renal tumor models, and complementary bulk
and single-cell transcriptomics, we show that prolonged exposure to sunitinib-conditioned
tumor cells promotes a tumor-supportive macrophage state associated with increased PI3Ky
expression. PI3Ky-directed macrophage modulation reduces macrophage-mediated tumor
protection, promotes immunostimulatory myeloid programs, and improves the response to
sunitinib. These findings identify PI3Ky-associated macrophage function as a therapeutically
actionable component of the renal cancer microenvironment under targeted-therapy pressure
(Scheme 1).
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RESULTS

PIK3CG expression is associated with macrophage populations in renal cancer

Analysis of public RCC datasets revealed elevated PIK3CG expression in renal tumors relative
to normal kidney tissues and variable correlations with macrophage-associated transcriptional
features. In the initial comparison of 538 renal tumors and 72 normal kidney samples, tumor
tissues showed higher PIK3CG expression (Fig. 1A—C). Across six RCC cohorts, Spearman
correlations between PIK3CG expression and macrophage-associated transcriptional
signatures ranged from 0.09 to 0.86, with four cohorts showing coefficients of 0.70 or higher
(Fig. 1B). Positive correlation estimates with CD163 across all six cohorts further highlighted
a recurring association with CD163-associated macrophage features, ranging from 0.26 to 0.72
(Fig. 1C). Single-cell RNA sequencing further showed that PIK3CG expression was more
prominent in immune cell populations, including macrophages, than in annotated tumor cells
(Fig. 1D-G). In the bulk tumor analysis, PIK3CG correlated with both the macrophage
signature score (r = 0.592, P =4.99 x 107°2) and CD163 expression (r = 0.679, P =7.69 x 10

~7%. Fig. 1H, I). These associations provided a rationale to investigate whether PI3Ky
influences macrophage function in RCC.

Multiplex immunofluorescence of paired renal tumor and peritumoral tissues quantified CD68*
and CD68"CD163" cell populations and PI3KYy positivity within the latter population (Fig. 1J—
P). The detection of PI3Ky in CD68"CD163* cells complemented the transcriptomic findings
by providing protein-level evidence of its expression in CD163* macrophages. Together, these
observations supported further functional investigation of macrophage PI3Ky in the context of
renal cancer treatment. We next examined how prolonged coculture with sunitinib-exposed
renal cancer cells affected macrophage function and whether PI3Ky inhibition could modulate
the resulting changes.

Prolonged tumor conditioning establishes macrophage-mediated protection during sunitinib
exposure

Repeated sunitinib exposure generated a sunitinib-stressed Renca cell population (Renca-s;
Fig. 2A). The half-maximal inhibitory concentration (ICso) of sunitinib increased from 3.35
uM in parental Renca cells to 6.304 uM in Renca-s cells, representing a 1.88-fold increase (Fig.
2B). Compared with the parental cells, Renca-s cells exhibited a significantly lower apoptosis
rate following sunitinib treatment, the representative apoptosis rates for the parental cells and
Renca-s cells were 52.0% and 20.9%, respectively. The apoptosis rate in Renca-s cells
decreased by 31.1 percentage points, suggesting that Renca-s cells are resistant to sunitinib, (P
=0.0084; Fig. 2C, D; fig. S1). Given the consistency between the dose-response relationship
and the apoptosis assay results, Renca-s is defined as a drug-treated tumor population for
studying macrophage-mediated regulation.

We next conditioned RAW264.7 macrophages through noncontact coculture with parental
Renca or Renca-s cells for 12 h or 7 days (Fig. 2E). In representative flow cytometry plots, the
CD206-positive fraction increased from 0.8% to 15.4% after parental Renca conditioning and
from 2.3% to 20.2% after Renca-s conditioning when exposure was extended from 12 h to 7
days (Fig. 2F, G). After 7 days of coculture, supernatant concentrations of MMP-9, interleukin-
10 (IL-10), and transforming growth factor-f3 (TGF-p) were higher in the Renca-s conditioning
group than in the parental Renca conditioning group (P <0.0001, P =0.0477, and P < 0.0001,
respectively; Fig. 2H-J). We designated macrophages conditioned for 7 days with parental
Renca cells as TAM-trend macrophages and those conditioned with Renca-s cells as TAM-like
macrophages (Fig. 2P). The increased CD206-positive fraction and immunoregulatory
secretory output defined the TAM-like state and prompted a direct test of its ability to protect
tumor cells.



139
140
141
142
143
144
145
146
147
148

149

150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181

182
183

184
185
186
187

During sunitinib treatment, coculture with TAM-like macrophages retained 1.29 fold the
viability of cells cocultured with unconditioned macrophages (P < 0.0001; Fig. 2K, L).
Compared with unconditioned macrophages, TAM-like macrophages exhibited higher
arginase 1 (Argl) and Mrc1 transcript levels, lower Nos2 transcript levels (Fig. 2M-0), linking
tumor protection to an M2-like transcriptional program. PI3Ky protein abundance, normalized
to GAPDH, was 6.64 times that in unconditioned macrophages (P = 0.0134; Fig. 2Q, R).
Prolonged conditioning therefore coupled an immunoregulatory macrophage phenotype to
tumor protection and increased PI3Ky abundance, identifying a functional state to target
through macrophage-directed inhibitor delivery.

IMNMP exhibits MMP-9 responsiveness and enhanced macrophage uptake

IMNMP was formulated with the PI3Ky inhibitor IPI-549, the MMP-9-responsive lipid
conjugate DSPE-GPLGVRG-mPEGiok, and the M2pep-functionalized lipid conjugate
DSPE-mPEGs00—M2pep (Fig. 3A). Supplier-provided synthesis records and proton nuclear
magnetic resonance (‘"H NMR) were consistent with the expected structures of both polymer
conjugates (Fig. S2, S3). Formulations with different component ratios exhibited distinct
hydrodynamic diameters and polydispersity indices, guiding formulation selection based on
particle size and dispersity (Fig. 3B). The selected formulation exhibited a hydrodynamic
diameter of 211.9 nm and a polydispersity index (PDI) of 0.113 in a representative dynamic
light scattering (DLS) measurement (Fig. 3C). The selected formulation also showed an
encapsulation efficiency (EE) of 84.2% and a drug loading (DL) of 2.8% for IPI-549, indicating
efficient retention of the drug within the nanoparticles at a defined drug-to-carrier ratio.
Additional characterization assessed the zeta potential and monitored changes in hydrodynamic
diameter and PDI during storage (Fig. S4). IMNMP exhibited a weakly negative zeta potential,
which typically helps reduce nonspecific adsorption and particle aggregation and thus
contributes to colloidal dispersion stability. After 18 days of storage, neither the hydrodynamic
diameter nor the PDI of IMNMP changed significantly, suggesting that the formulation
exhibits good storage stability over the test period and provides a stable formulation basis for
subsequent in vitro and in vivo evaluations.

Treatment with 20 nM MMP-9 altered the chromatographic profile of IMNMP, reducing the
signal at a retention time of approximately 14—15 min, and decreased its representative
hydrodynamic diameter from 211.9 to 127.4 nm (Fig. 3D, E, H). These changes supported
MMP-9-responsive remodeling of IMNMP, consistent with the PEG-layer remodeling
illustrated in the formulation design. We next examined MMP-9 abundance in paired human
renal tumor and peritumoral tissues. After normalization to tissue mass, MMP-9 levels were
approximately fivefold higher in tumors than in matched peritumoral tissues (P = 0.0407; Fig.
3F). This tumor-associated enrichment provided a tissue-level rationale for using MMP-9 as
an environmental trigger for carrier remodeling. After 72 h, cumulative IP1-549 release reached
approximately 42% under the high-MMP-9 condition and 32% under the low—MMP-9
condition (Fig. 3G). The greater cumulative release under high—-MMP-9 conditions connected
the structural response to enhanced drug release, supporting an enzyme-responsive delivery
strategy.

IMNMP enhances macrophage-associated fluorescence and promotes an immunostimulatory
phenotype

To evaluate the contributions of M2pep functionalization and MMP-9 responsiveness, we
compared IMNMP with three control formulations: INP, lacking both functional elements;
IMNP, retaining M2pep but lacking the MMP-9-responsive component; and INMP, retaining
the MMP-9—responsive component but lacking M2pep (Fig. 4A). Among the tested
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formulations, fluorescently labeled IMNMP exhibited the highest early macrophage-associated
fluorescence signal (Fig. 4B, C). To test whether this advantage depended on MMP-9
responsiveness, an additional IMNMP group was evaluated in the presence of the matrix
metalloproteinase (MMP) inhibitor Galardin. Representative histograms of the IMNMP-plus-
Galardin group showed a rightward shift in the fluorescein isothiocyanate (FITC) fluorescence
peak relative to INP at both 0.5 and 2 h (Fig. 4B), consistent with a retained M2pep-associated
contribution to macrophage fluorescence when MMP-9 responsiveness was inhibited. To
assess cell-associated fluorescence in a mixed-cell system, cyanine 5 (Cy5)-prelabeled TAM-
like macrophages were cocultured with unlabeled Renca-s cells at a 1:1 ratio and exposed to
FITC-labeled INP or IMNMP. Flow cytometry distinguished the two cell populations, and
representative histograms showed differences in FITC fluorescence distributions between the
formulations at 0.5 and 2 h (Fig. S5). Collectively, these results support that both M2pep
functionalization and MMP-9 responsiveness contribute to enhanced early macrophage-
associated fluorescence and that the mixed-cell system enables population-resolved detection
under identical exposure conditions.

IMNMP treatment increased the proportion of CD86" cells among F4/80" RAW264.7-derived
TAM-like macrophages compared with INP treatment. Representative flow cytometry plots
showed CD86 positivity of 57.0% after INP treatment and 88.6% after IMNMP treatment,
consistent with the difference observed across independent preparations (P < 0.0001; Fig. 4D,
E). To examine this response in primary macrophages, bone marrow-derived macrophages
(BMDMs) were differentiated in macrophage colony-stimulating factor-containing medium
and subsequently conditioned through noncontact Transwell coculture with Renca-s cells for 7
days (Fig. S6). IMNMP treatment also increased the proportion of CD86" cells among
CD45*CD11b* BMDMs compared with INP treatment (P = 0.0074; Fig. 4F, G). The consistent
increase in CD86" cells across RAW264.7-derived TAM-like macrophages and BMDMs
suggests that IMNMP promotes an M1-associated phenotypic shift in both cell line-derived
and primary macrophage models.

Compared with INP, IMNMP treatment increased 7nf, Cxcl9, and Nos2 transcript levels while
reducing Mrcl and Argl expression. Cxcll( expression was also numerically higher, although
the difference between IMNMP and INP did not reach statistical significance (P =0.0841; Fig.
4H-M; Table S1). These transcriptional changes are consistent with a shift toward an M1-like
program and away from an M2-like program, reinforcing the phenotypic findings.

Immunoblot analysis showed no significant difference in PI3Ky protein abundance between
INP- and IMNMP-treated macrophages (P =0.7791; Fig. 4N, O), whereas the phosphorylated-
to-total nuclear factor kB (NF-Kb) p65 ratio was was 1.43 times that in IMNMP-treated cells
(Fig. 4N, P), suggesting enhanced NF-kB-associated signaling and providing a potential
regulatory basis for the increased expression of inflammatory genes. Further protein analysis
showed increased CCAAT/enhancer-binding protein B (C/EBPP) and inducible nitric oxide
synthase (iNOS) abundance, accompanied by reduced arginase 1 abundance (Fig. 4Q-T). The
changes in C/EBPB and NF-«kB-associated signaling linked the IMNMP response to
transcriptional regulation, while the changes in iNOS and Argl supported a shift in macrophage
effector-protein expression.

The reprogrammed macrophages released more inflammatory cytokines and T-cell-associated
chemokines. Compared with INP treatment, IMNMP increased supernatant concentrations of
CXCL9, CXCL10, tumor necrosis factor-o. (TNF-a) and IL-12p70 (all P < 0.0001; Fig. 4U—
X). CXCL9 and IL-12p70 concentrations were 1.61 fold and 2.03 fold the corresponding INP
values, respectively. These outputs linked macrophage reprogramming to chemokine signals
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associated with T-cell recruitment and cytokines associated with effector activation. The
combined phenotypic, transcriptional and secretory changes therefore motivated functional
tests of tumor protection and CD8" T-cell responses.

IMNMP treatment attenuates macrophage-mediated tumor protection and enhances CD8*
T-cell responses

In noncontact Transwell cocultures, TAM-like macrophages treated with PIK3CG-targeting
small interfering RNA (siRNA) or pretreated with IMNMP reduced Renca-s cell viability
compared with untreated TAM-like macrophages, both with and without sunitinib treatment
(Fig. 5A). Pik3cg-targeting small interfering RNA and IMNMP pretreatment each lowered
Renca-s viability relative to coculture with untreated TAM-like macrophages under both drug
conditions (Fig. 5B, S7). With sunitinib, IMNMP-pretreated macrophages produced the lowest
tumor-cell viability, reducing the normalized CCK-8 viability signal by 50.7% relative to
untreated TAM-like macrophages. These results indicate that inhibiting PI3Ky in TAM-like
macrophages enhances their ability to suppress tumor cell activity and cooperates with
sunitinib. The association between genetic disruption and IMNMP treatment suggests that
PI3Ky in macrophages plays a role in tumor protection, prompting researchers to conduct
complementary assays on tumor cell apoptosis and proliferation.

Live/dead imaging showed increased propidium iodide (PI) fluorescence in Renca-s cells
cocultured with IMNMP-pretreated macrophages compared with Renca-s cells cultured alone
or with untreated TAM-like macrophages (P = 0.0004 and P < 0.0001, respectively; Fig. 5C,
D), indicating increased tumor cell death under macrophage coculture. Crystal violet staining
further revealed reduced stained-area coverage following coculture with IMNMP-pretreated
macrophages (Fig. 5E), consistent with impaired tumor cell survival and proliferation. In
direct-contact cocultures, IMNMP pretreatment reduced the overall viability signal of the
mixed macrophage—tumor cell population (Fig. 5F, G), showing that the suppressive effect
persisted when macrophages and tumor cells were in direct contact rather than separated by a
membrane. Imaging of three-dimensional Renca-s spheroids over 3 days revealed a less
compact appearance and irregular boundaries in the presence of IMNMP-pretreated
macrophages, with CMFDA-labeled macrophages visible in association with the spheroids
(Fig. 5H), suggesting that IMNMP-pretreated macrophages can infiltrate spheroids and disrupt
their structural integrity. Collectively, these results show that IMNMP-pretreated TAM-like
macrophages suppress Renca-s tumor cells across noncontact coculture, direct-contact
coculture, and three-dimensional spheroid models, consistent with enhanced macrophage-
mediated tumor cell killing.

IMNMP-pretreated macrophages enhanced the expansion and effector output of activated
CDS8* T cells. After 72 h of coculture at a macrophage:T-cell ratio of 1:2 under anti-CD3/CD28
stimulation, the CFSE-negative fraction of CD8" T cells increased from 0.6% with untreated
TAM-like macrophages to 72.6% with IMNMP-pretreated macrophages (P < 0.0001; Fig. 5I-
K). This dilution-based proliferation readout was accompanied by increased granzyme B
(GZMB) and interferon-y (IFN-y) concentrations in the culture supernatant (both P < 0.0001;
Fig. S, M). GZMB and IFN-y concentrations reached 9.22 fold and 2.45 fold the levels in
untreated-macrophage cocultures, respectively. Macrophage PI3Ky modulation therefore
combined reduced tumor protection with enhanced T-cell proliferation and effector output,
supporting evaluation of IMNMP alongside sunitinib in vivo.

IMNMP enhances sunitinib-mediated tumor control in treatment-selected renal tumors

Repeated sunitinib treatment of Renca-s-derived tumors was used to establish the treatment-
selected Renca-ris model, with serial bioluminescence imaging showing increased tumor-
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associated signals at later treatment stages (Fig. 6A, B), indicating that repeated exposure
selected for a tumor population with sustained growth under treatment. Upon subsequent
sunitinib challenge, Renca-s-derived tumors continued to grow, whereas tumors derived from
parental Renca cells showed reduced growth (Fig. 6C), confirming that the Renca-ris model
had acquired a treatment-selected growth advantage rather than merely reflecting residual
tumor burden. Multiplex immunofluorescence revealed a higher proportion of CD68"CD163*
cells among CD68" macrophages in Renca-ris tumors than in parental Renca tumors (16.05%
vs 0.76%; P = 0.0155), together with greater PI3Ky positivity within this CD68"CD163*
population (70.26% vs 6.67%; P = 0.0286), whereas the overall CD68" cell fraction did not
differ significantly (P = 0.0984; Fig. 6D—G), showing that the treatment-selected model is
characterized by a shift toward CD163* M2-like macrophages with elevated PI3KYy, rather than
by a change in total macrophage abundance.

Formulation delivery improved the activity of IPI-549 and strengthened the response to
sunitinib. In the initial comparison with free IPI-549, IMNMP produced greater tumor-
associated fluorescence during the 48-h imaging period and smaller, lighter excised tumors
(Fig. S8, S9). We then compared untreated controls, sunitinib alone, IMNMP alone and their
combination in subcutaneous Renca-ris tumors (n = 5 mice per group; Fig. 6H). Sunitinib was
given at 20 mg/kg and IMNMP at 10 mg/kg IPI-549 equivalent. The combination produced the
greatest suppression of tumor growth, with a day-15 mean tumor volume of 114.1 mm?,
corresponding to reductions of 92.6%, 91.3% and 72.7% relative to the untreated (1533.7 mm?),
sunitinib-alone (1318.8 mm?®) and IMNMP-alone (417.6 mm?) groups, respectively (Fig. 61).
(Fig. 6I). Notably, the combination was also markedly more effective than IMNMP alone
(114.1 vs 417.6 mm3; 72.7% reduction), the most active single agent. Endpoint tumor mass
was lower than with either sunitinib (P < 0.0001) or IMNMP (P = 0.0196), matching the
excised-tumor images (Fig. 6J, K). The improvement over both monotherapies established the
therapeutic benefit of the combination and directed attention to the accompanying immune
changes.

Combination therapy increased costimulatory and antigen-presentation-associated macrophage
phenotypes together with intratumoral CD8" cells. Relative to either monotherapy, sunitinib
plus IMNMP increased the fractions of CD86* and major histocompatibility complex class II
(MHC-II)* cells among F4/80" tumor macrophages (Fig. 6L—O and Supplementary Fig. 10).
Specifically, the CD86" fraction reached 67.87% with the combination, compared with 54.23%
with sunitinib alone and 54.03% with IMNMP alone (33.43% in untreated tumors), whereas
the MHC-II* fraction reached 78.67%, compared with 68.53% and 69.23% for the respective
monotherapies (51.00% in untreated tumors). Immunofluorescence staining further showed an
increased CD8* cell fraction in the combination group, whereas the corresponding forkhead
box P3 (FOXP3) * cell fractions did not differ significantly in the indicated comparisons (Fig.
6P—R), consistent with enhanced CD8" T-cell infiltration without a proportional increase in
regulatory T cells. Representative hematoxylin and eosin (H&E) staining of major organs was
also performed to assess tissue morphology across treatment groups (Fig. S11). These results
indicate that, in the treatment-selected Renca-ris model, combination therapy with sunitinib
and IMNMP is superior to either monotherapy. This therapeutic advantage is accompanied by
a shift of tumor macrophages toward an M1-like, MHC-II-high phenotype and by increased
CD8" T-cell infiltration, whereas the FOXP3* cell fraction remained unchanged. These findings
link in vivo efficacy to remodeling of the tumor immune microenvironment.

Sunitinib plus IMNMP is associated with antigen-presentation and effector immune
transcriptional programs
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Bulk tumor RNA sequencing identified coordinated immune transcriptional changes following
combination treatment. Compared with untreated subcutaneous tumors, sunitinib plus IMNMP
altered 50 genes at the stated nominal P-value and fold-change thresholds, comprising 39
upregulated and 11 downregulated genes (n = 3 tumors per group; Fig. 7A). Pathway analysis
highlighted antigen processing and presentation, cytokine—chemokine signaling and
lymphocyte-associated responses (Fig. 7B). The heatmap showed higher relative expression of
effector-associated genes including Cd8a, Prfl and Nkg7, alongside antigen-processing genes
including Psmb8, Psmb9, Tapl and Tap?2 (Fig. 7C). Cxcl9 and Cd86 linked this response to
macrophage activation, while the functional-module map connected selected genes to T-cell
activation, MHC-II presentation and chemokine signaling (Fig. 7C, D). This organization of
the response around immune functions complemented the cellular phenotypes and led us to
quantify enrichment of macrophage and T-cell gene sets.

Gene set enrichment analysis revealed positive enrichment of pro-inflammatory macrophage
and effector T-cell signatures in tumors treated with sunitinib plus IMNMP relative to untreated
controls (normalized enrichment score (NES) = 1.994, false discovery rate (FDR) = 6.3 x 107
and NES =2.191, FDR = 6.6 x 1078, respectively; Fig. 7E, F). Toll-like receptor signaling was
also positively enriched (NES = 1.649, FDR = 0.029; Fig. 7G). These transcriptional patterns
were consistent with the increased macrophage CD86 and MHC-II positivity and intratumoral
CDS8" cell proportions observed following combination treatment (Fig. 6L—Q).

Collectively, these transcriptomic data show that sunitinib plus IMNMP induces a defined
transcriptional response in Renca-ris tumors, characterized by the enrichment of antigen
processing/presentation, cytokine—chemokine signaling, pro-inflammatory macrophage,
effector T-cell, and Toll-like receptor pathways, and that this transcriptional shift is consistent
with the M 1-like macrophage and CD8* T-cell changes observed at the cellular level.

An IMNMP-containing triplet enhances local effector responses in orthotopic renal tumors

We compared sunitinib alone, sunitinib plus BMS-202, sunitinib plus IMNMP and the triplet
regimen in orthotopic Renca-ris tumors over 15 days (n = 4 mice per group; Fig. 8A). In a
separate distribution experiment, 1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine
iodide (DiR)-labeled IMNMP produced persistent abdominal fluorescence through 72 h, with
a distribution distinct from that of DiR-labeled INP at matched tracer doses (Fig. 8B). Serial
bioluminescence imaging showed lower tumor-associated signals in the IMNMP-containing
groups at later time points, with the triplet group generally showing the weakest signals (Fig.
8C). This imaging response extended the antitumor activity of IMNMP-containing treatment
to the renal implantation site and prompted analysis of the local immune response.

The triplet increased intratumoral CD8" T-cell abundance and effector activity alongside
macrophage reprogramming. Tumor macrophages showed higher CD86" and MHC-IT*
fractions and a lower CD206" fraction in the triplet group than in the other groups (Fig. S12).
The intratumoral CD8" T-cell fraction was higher in the triplet group than in mice receiving
sunitinib alone (P = 0.0235) or sunitinib plus BMS-202 (P = 0.0204; Fig. 8D, F, S13), showing
that the triplet increased CD8" T-cell infiltration beyond these comparator regimens. Compared
with sunitinib plus IMNMP, addition of BMS-202 increased the GZMB-positive fraction
within CD3*CD8" T cells from 33.0% to 46.3% (P = 0.0081) and raised soluble IFN-y
concentrations in tumor-derived samples to 1.2 times the level with sunitinib plus IMNMP (P
=0.0014; Fig. 8E, G, I). The IFN-y-positive CD8" fraction was also higher than with sunitinib
alone (P=0.0007; Fig. 8H). The triplet therefore increased both local CD8" T-cell accumulation
and effector output, linking the tumor imaging response to a more active immune compartment.
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Serum biochemical measurements showed no statistically significant differences in the
indicated comparisons (Fig. 8J-0), indicating that the triplet regimen did not produce
detectable systemic biochemical toxicity in these readouts. Representative H&E staining of
major organs provided an additional assessment of tissue morphology across treatment groups
(Fig. S14). Together with the tumor and immune measurements, these findings characterized
the activity and biochemical tolerability of the triplet over the treatment period. We next used
single-cell profiling to identify the myeloid transcriptional programs associated with this local
immune response.

Single-cell profiling reveals treatment-associated antigen-presentation and interferon-
response programs in tumor-associated myeloid cells

Single-cell RNA sequencing of orthotopic tumors from mice treated with sunitinib alone or the
triplet regimen (n = 3 mice per group) yielded 41,693 cells after quality control and identified
immune, stromal, and renal epithelial populations (Fig. 9A), showing that the dataset captured
the major cellular compartments of the orthotopic tumor microenvironment and provided a
basis for resolving treatment-associated immune states. Reclustering of the TAM-enriched
myeloid compartment (4,115 cells) resolved seven transcriptional states, including macrophage
populations characterized by Mrcl/Cdi163, Lyvel/Ccl8, or Nos2/Cxcl3 expression;
Chil3/Ly6c2-associated monocytes; and Dcstamp-positive, interferon/B-cell activating factor
(BAFF)-like, and cycling myeloid populations (Fig. 9B, C), indicating that the myeloid
compartment comprised transcriptionally distinct macrophage, monocyte, and cycling states
rather than a single uniform population. The interferon/BAFF-like population exhibited
expression of Stat] alongside the antigen-presentation-associated genes H2-Ab1 and Cd74 (Fig.
9C), suggesting that this state combines interferon signaling with an antigen-presentation
program.

Mouse-level pseudobulk analysis of the TAM-enriched myeloid compartment revealed positive
enrichment of antigen processing and presentation in the triplet group compared with sunitinib
alone (NES =2.053, FDR =5.17 x 107%; Fig. 9D), indicating that the triplet regimen enhanced
the antigen-presentation program of tumor-associated myeloid cells. Hallmark gene set
analysis further showed positive enrichment of IFN-y and interferon-o (IFN-a)) response
signatures (NES = 1.862 and 2.065; FDR = 3.84 x 10°° and 1.01 x 107°, respectively). In
contrast, mechanistic target of rapamycin complex 1 (mTORC1) signaling and interleukin-6
(IL-6)-Janus kinase (JAK)-signal transducer and activator of transcription 3 (STAT3)
signaling were negatively enriched (NES =—1.888 and —1.563; FDR =3.13 x 10¢ and 0.0234,
respectively). TNF-a signaling via NF-kB also showed positive enrichment (Fig. 9E), further
supporting a pro-inflammatory, NF-kB—associated program in the triplet group. These single-
cell data show that the triplet regimen reshapes the TAM-enriched myeloid compartment
toward transcriptionally distinct states marked by antigen presentation, interferon signaling,
and NF-kB-associated pro-inflammatory programs, while mTORC]1 and IL-6—JAK-STAT3
signaling are reduced, providing a cellular and pathway-level basis for the immune-
microenvironment changes observed in the triplet-treated tumors.

DISCUSSION

Our findings identify PI3Ky-associated macrophage function as a therapeutically actionable
component of the renal cancer microenvironment under sunitinib pressure. Prolonged
conditioning by sunitinib-challenged tumor cells generated macrophages that supported tumor
cell survival during subsequent drug exposure, whereas genetic PI3Ky silencing or
pharmacological modulation with IMNMP attenuated this protective effect. In vivo, IMNMP
combined with sunitinib improved tumor control and was accompanied by increased
macrophage costimulatory features and enhanced CD8" T-cell infiltration. Together, these
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observations support a model in which macrophages contribute not only to local immune
suppression but also to microenvironmental protection of tumor cells during targeted therapy.

PI3Ky provides a mechanistic link between these two functions. Previous studies established
myeloid PI3Ky as a regulator of immunosuppressive programs and showed that its inhibition
enhances antitumor immunity (18, 7/9). Our study extends this framework to sunitinib-
challenged renal cancer. PI3Ky-directed macrophage modulation reduced tumor-supportive
markers while increasing CD86, iNOS, CXCL9, CXCL10, TNF-a, and IL-12p70, and these
changes were accompanied by reduced macrophage-mediated tumor protection and enhanced
CD8* T-cell responses. Increased NF-kB p65 phosphorylation was consistent with this
functional shift. By contrast, the role of C/EBPJ remains uncertain because only total protein
abundance, rather than transcriptional activity, was measured.

IMNMP was designed to combine PI3Ky inhibition with protease-responsive and macrophage-
associated delivery. Higher MMP-9 abundance in paired renal tumor tissues, MMP-9-induced
particle restructuring, increased drug release, and enhanced early macrophage-associated
uptake together support the rationale for this design. However, the clinical tissue analysis was
limited to three paired specimens, and MMP-9 abundance does not necessarily reflect
enzymatic activity. Larger patient cohorts and direct measurements of intratumoral protease
activity will be required to determine the translational relevance of this trigger.

Transcriptomic analyses further revealed that macrophage reprogramming extended beyond
conventional polarization markers. Bulk profiling showed enrichment of antigen-processing
and effector immune programs, whereas single-cell analysis localized prominent antigen-
presentation and interferon-response programs to tumor-associated myeloid cells. These
findings are consistent with the increased macrophage CD86 and MHC-II expression and
enhanced T-cell responses observed experimentally. However, the current data do not establish
that macrophage antigen presentation directly drives CD8* T-cell activation. Antigen-specific
presentation assays and functional blockade studies will be needed to test this relationship
causally.

Several mechanistic questions remain. Macrophage-specific PI3Ky perturbation will be
required to establish whether macrophages are necessary for the in vivo therapeutic effect,
whereas dose-matched free IP1-549 comparisons and cell-resolved biodistribution studies will
help define the contribution of the nanocarrier. The BMS-202-containing experiments should
also be interpreted cautiously because species-dependent differences in programmed death
ligand 1 (PD-L1) binding complicate target attribution in murine tumors.

Overall, our results support a dual therapeutic rationale for macrophage-directed PI3Ky
inhibition in sunitinib-challenged renal cancer. By reducing macrophage-mediated support of
tumor cell survival while promoting an immune environment associated with improved T-cell
activity, this approach targets two complementary functions of the tumor microenvironment.
IMNMP provides a protease-responsive delivery strategy for implementing this intervention
and improves tumor control when combined with sunitinib. This work provides a framework
for targeting treatment-conditioned macrophage states to reinforce targeted therapy while
defining key mechanistic questions for further investigation.

MATERIALS AND METHODS

Study design and experimental units

This study integrated analyses of publicly available datasets and paired human renal tumor and
adjacent-tissue specimens with macrophage conditioning, nanocarrier characterization, genetic
perturbation, functional coculture assays, and mouse tumor models. The experiments were
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designed to investigate whether tumor-conditioned macrophages support tumor cell survival
during sunitinib exposure and whether macrophage PIK3CG silencing or IMNMP treatment
attenuates this protection and alters macrophage-associated immune responses. Separate
coculture systems were used to assess macrophage-mediated tumor cell protection and CD8*
T-cell proliferation and effector responses. Subcutaneous and orthotopic renal tumor models
were used to evaluate treatment responses and intratumoral immune phenotypes, whereas an
experimental pulmonary colonization model assessed tumor growth and survival following
intravenous tumor cell inoculation. Bulk tumor RNA sequencing and single-cell RNA
sequencing provided complementary analyses of treatment-associated transcriptional changes
at the tissue and myeloid-compartment levels, respectively. The experimental units were
individual patients for clinical specimens, individual mice for in vivo studies, and
independently prepared cell cultures or formulation batches for in vitro experiments. Unless
otherwise specified, cell-based and formulation experiments included three independent
preparations, and cell viability assays used six technical replicate wells per condition.
Measurements from technical wells and microscopic fields were summarized within each
independent preparation rather than treated as separate biological replicates. Subcutaneous
tumor efficacy experiments included five mice per group, whereas tissue and immune analyses
involved three mice per group. Orthotopic efficacy experiments included four mice per group,
with three mice per group contributing to immune profiling; single-cell RNA sequencing was
performed using three mice per group from the sunitinib-alone and triplet-treated cohorts. In
the experimental pulmonary colonization model, lung histology and survival were evaluated in
separate cohorts of three and four mice per group, respectively. Following tumor-model
establishment, mice were allocated to treatment groups and housing cages. Sample sizes and
denominators are reported alongside the corresponding measurements.

Clinical specimens and animals

Between July 3 and July 28, 2026, paired renal tumor and peritumoral tissue samples were
collected from three patients undergoing surgery at the Fourth Affiliated Hospital of Soochow
University. All patients had previously untreated, histologically confirmed stage I clear-cell
RCC, including two T1aNOMO cases and one TIbNOMO case. Peritumoral tissues were
obtained at least 1 cm from the tumor margin and confirmed to be tumor-free by
histopathological examination. Tissue samples were either fixed in 4% paraformaldehyde or
stored at —80°C. The study was approved by the institutional ethics committee and conducted
in accordance with the Declaration of Helsinki.

Female BALB/c mice aged 6—8 weeks were used for tumor experiments and maintained under
specific pathogen-free conditions with unrestricted access to food and water. All animal
procedures were approved by the Animal Ethics Committee of the Fourth Affiliated Hospital
of Soochow University. Surgical procedures and in vivo imaging were performed under
isoflurane anesthesia. Body weight, general health, and tumor burden were monitored
throughout the treatment period, and mice reaching predefined humane endpoints were
euthanized. Experimental units, group allocation, treatment schedules, and survival follow-up
and censoring procedures are described in the corresponding model-specific sections (33).

Cell culture and primary macrophage differentiation

Parental Renca cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin—streptomycin. RAW264.7 macrophages were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS. All cells were
cultured at 37°C in a humidified atmosphere containing 5% CO.. BMDMs were generated from
femoral bone marrow isolated from male C57BL/6J mice aged 6—8 weeks. Following
erythrocyte lysis, bone marrow cells were seeded at a density of approximately 1 x 1052 x 10°
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cells/mL in complete medium supplemented with 20 ng/mL macrophage colony-stimulating
factor (M-CSF). Half of the culture medium was replaced on day 3 and every 2-3 days
thereafter with fresh M-CSF-supplemented medium. After 6—7 days of differentiation,
macrophage enrichment was assessed by F4/80 and CDI11b staining. For experiments
evaluating formulation responses in primary macrophages, differentiated BMDMs were
subsequently conditioned by non-contact coculture with Renca-s cells in a Transwell system
for an additional 7 days.

Synthesis and structural characterization of the amphiphiles

The MMP-9-responsive conjugate mPEG1oxk—GPLGVRG-DSPE was synthesized through
sequential amide-coupling reactions. N-Hydroxysuccinimide (NHS)-activated mPEGiox (50
mg) was dissolved in 2 mL of chloroform. GPLGVRG peptide (0.9 equivalents), dissolved in
ethanol, and triethylamine (3.0 equivalents) were added, and the reaction mixture was stirred
at room temperature for 1 h. Subsequently, DSPE-NH: (0.9 equivalents) and benzotriazol-1-
yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP; 1.5 equivalents), each
separately dissolved in chloroform, were added, and the reaction was continued for an
additional 2 h. The solvent was removed under reduced pressure, and the crude product was
subjected to three successive purification steps using acetone. The resulting material was
dissolved in dimethyl sulfoxide (DMSO), dialyzed against purified water for 12 h using a
dialysis membrane with a molecular weight cutoff (MWCO) of 12 kDa, and subsequently
lyophilized. The supplier-reported nominal molecular mass of the conjugate was 11,450 200
Da. DSPE-mPEGso—M2pep was synthesized via thiol-maleimide conjugation between
cysteine-modified M2pep and maleimide-functionalized DSPE-mPEGso. Briefly, DSPE—
mPEGsoo—maleimide (100 mg) was dissolved in 3 mL of DMSO, followed by the addition of
cysteine-modified M2pep (1.1 equivalents) and triethylamine (3.0 equivalents). The reaction
mixture was incubated at room temperature for 12 h, dialyzed against purified water for 24 h
using a membrane with a MWCO of 2 kDa, and subsequently lyophilized. The M2pep
recognition sequence was YEQDPWGVKWWY, with an additional cysteine residue
introduced to enable thiol-maleimide conjugation. The peptide precursors and corresponding
conjugates were characterized by '"H NMR spectroscopy at 400 MHz in deuterated DMSO-ds,
according to supplier-provided characterization reports. For mPEG1ok—GPLGVRG-DSPE, the
supplier specified a Bruker AVANCE III spectrometer equipped with an autosampler, using 5
mg of sample dissolved in 0.5 mL of solvent. The spectra were examined for peptide-associated
downfield resonances, the characteristic PEG methylene signals near 6 3.5 ppm, and lipid-
chain resonances near 6 1.2 and 0.85 ppm. Supplier-provided synthetic schemes, individual 'H
NMR spectra, and spectral overlays are presented in figs. S2 and S3.

Nanocarrier assembly and component controls

IMNMP was assembled from IPI-549, the MMP-9-responsive conjugate mMPEGok—
GPLGVRG-DSPE (designated shell 1), and the M2pep-functionalized conjugate DSPE—
mPEGso0—M2pep (designated shell 2). Separate stock solutions of the components in DMSO
were combined and introduced into water to induce nanoparticle self-assembly. The resulting
dispersion was dialyzed overnight to remove DMSO, and the nanoparticles were recovered
using centrifugal ultrafiltration devices with a MWCO of 10 kDa. The purified formulations
were stored at 4°C protected from light. To optimize the formulation, shell 1 : shell 2 : IPI-549
proportions of 8.89:1.11:1, 8:2:1, 6.67:3.33:1, and 5:5:1 were evaluated, corresponding to shell
1: shell 2 ratios of approximately 8:1, 4:1, 2:1, and 1:1, respectively. Hydrodynamic diameter
and PDI were measured to compare the physicochemical characteristics of the formulations.
To distinguish the contributions of the macrophage-recognition and protease-responsive
components, three comparator formulations were prepared. IMNP contained the M2pep-
functionalized conjugate but lacked the protease-responsive conjugate, whereas INMP retained
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the protease-responsive conjugate but lacked the M2pep-functionalized component. INP
contained neither functional conjugate and served as the nonfunctionalized nanoparticle control.
In the comparator formulations, the omitted functional conjugates were replaced with methoxy-
terminated DSPE-mPEGsp0. All formulations were prepared and purified using otherwise
identical procedures. IPI-549 content was quantified to match nominal drug concentrations
across nanoparticle formulations in cell-based experiments. Fluorescently labeled formulations
were purified to remove unincorporated dye and compared under matched tracer-exposure
conditions. Three independently prepared formulation batches were analyzed.

For encapsulation efficiency, 10 puL purified suspension was extracted with 490 puL anhydrous
methanol. Encapsulation efficiency was calculated as follow:

V.
Mene = Cg X Vextrace X ﬁ (1)
aliquot
m
EE (%) = —= x 100 (2)
mfeed

Cgis the HPLC-measured IPI-549 concentration in the extract (ug/mL), Vexirac: = 0.5 mL, Vaiiguor
=0.010 mL, V=1 mL (final suspension volume), and myeq is the IP1-549 input (ng).

For drug loading, 1 mL purified suspension was lyophilized, weighed (ma4,) and extracted with
100 pL anhydrous methanol. Drug loading was calculated as follow:

Menc,dry = Cp X Vextract,dry (3)
m
DL (%) = —222¥ » 100 (4)
dary

Cp denote the respective HPLC-measured extract concentrations, Vexiacrarny = 0.1 mL, and may,
is the mass of lyophilized solids from 1 mL purified suspension (png).

Physicochemical characterization and enzyme responsiveness

Hydrodynamic diameter and PDI were determined by dynamic light scattering, particle
morphology was examined by transmission electron microscopy, and zeta potential was
measured by electrophoretic light scattering. Hydrodynamic size measurements reflected the
properties of nanoparticles in dispersion, whereas electron microscopy provided morphological
information from the imaged particles. The colloidal stability of IMNMP was evaluated by
monitoring hydrodynamic diameter and PDI on days 0, 3, 6, 9, 12, 15, and 18 using three
independently prepared formulation batches. IPI-549 content was quantified by high-
performance liquid chromatography (HPLC). Encapsulation efficiency (%) was calculated as
the mass of encapsulated IPI-549 divided by the initial mass of IPI-549 added, multiplied by
100. Drug loading (%) was calculated as the mass of encapsulated IPI-549 divided by the mass
of recovered nanoparticles, multiplied by 100. For enzyme-responsiveness assessment,
IMNMP suspensions (approximately 0.5 mg/mL total lipid) were incubated with 20 nM MMP-
9 in 500 pL of phosphate-buffered saline (PBS, pH 7.4) at 37°C for 2 h. Chromatographic
profiles and hydrodynamic size distributions were compared between MMP-9-treated and
untreated IMNMP samples to evaluate enzyme-associated changes in formulation properties.

Drug release and chromatographic quantification

For in vitro drug release studies, 500 puL of nanoparticle suspension in PBS was loaded into a
dialysis-based release device with 5 mL of external PBS supplemented with 0.1% polysorbate
80. Release experiments were conducted at 37°C in the presence of 1 or 5 nM MMP-9,
representing the low- and high-enzyme conditions, respectively. Samples were collected at
predetermined time points over 72 h and analyzed by HPLC to quantify released IPI-549.
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Chromatographic analysis was performed using a methanol-water mobile phase, a column
temperature of 25°C, a flow rate of 1.0 mL/min, an injection volume of 10 pL, and ultraviolet
detection at 250 nm. Cumulative IPI-549 release was calculated relative to the amount of drug
initially encapsulated in the nanoparticle sample, with correction for drug removed during
serial sampling and replacement of the release medium. Assuming a constant external medium
volume (¥) and equal sampling volumes (v), the cumulative released mass at sampling time n
was calculated as:

n-1

M, = VCn+vZ C; (5)
i=1

C, represents the IPI-549 concentration measured at time n and C; denotes the concentrations

measured at preceding sampling points.

Cumulative release (%) was calculated as:
M,
Release (%) = — % 100 (6)
M,

M, represents the amount of encapsulated IPI-549 initially loaded into the release device. M,
represents the amount of IPI-549 on the outside of the dialysis bag at the nth time point. MMP-
9 measurements in paired tumor and peritumoral tissues provided biological context for the
release experiments. Tissue-normalized MMP-9 content (pg/mg) and the enzyme
concentrations used in vitro (nM) were treated as distinct quantities (34, 35).

Generation of Renca-s cells and macrophage conditioning

Renca-s cells were established by repeated exposure of parental Renca cells to 3 uM sunitinib.
Following each exposure, the sunitinib-containing medium was removed, and surviving cells
were allowed to recover and expand in complete medium before reseeding for the subsequent
treatment cycle. Selection was continued until cell viability following exposure to 3 pM
sunitinib exceeded 75%, after which the selected cells were maintained in medium containing
3 uM sunitinib. Dose-response curves were fitted using a four-parameter logistic model to
determine 1Cso values. The resistance index was calculated as the ratio of the ICso of Renca-s
cells to that of parental Renca cells. Macrophage conditioning was performed using 12-well
Transwell inserts with 0.4-um pores, with equal numbers of tumor cells and RAW264.7
macrophages seeded initially. Tumor cells were placed in the upper inserts, whereas
macrophages were cultured in the lower wells. For Renca-s-mediated conditioning, culture
supernatant collected after sunitinib withdrawal was introduced into the coculture system,
without additional sunitinib during the conditioning period. Experimental conditions included
unconditioned RAW264.7 macrophages and macrophages cocultured with either parental
Renca or Renca-s cells for 12 h or 7 days. Macrophages conditioned with parental Renca cells
for 7 days were designated TAM-trend macrophages, whereas those conditioned with Renca-s
cells for 7 days were designated TAM-like macrophages. Macrophage phenotypes were
assessed by F4/80/CD206 flow cytometry, analysis of Argl, Mrcl, and Nos2 transcript levels,
PI3KYy protein expression, and measurement of MMP-9, IL-10, and TGF- concentrations in
culture supernatants. For the tumor-support assay, the compartment arrangement was reversed:
parental Renca cells were cultured in the lower wells, whereas unconditioned or TAM-like
macrophages were placed in the upper inserts, with or without sunitinib treatment.

Formulation uptake and macrophage perturbation

FITC-labeled INP, IMNP, INMP, and IMNMP were incubated with TAM-like macrophages
in the Renca-s coculture system. Following incubation, cells were washed and analyzed by
flow cytometry to quantify cell-associated FITC fluorescence, with an early assessment
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performed at 0.5 h. To evaluate the effect of MMP inhibition, cells were pretreated with 10 uM
galardin for 30 min before nanoparticle exposure, and galardin was maintained throughout the
incubation period. For cell-selectivity analysis, TAM-like macrophages prelabeled with Cy5
were mixed with unlabeled Renca-s cells at a 1:1 ratio and exposed to FITC-labeled INP or
IMNMP for 0.5 or 2 h. Following gating of live singlets, Cy5-prelabeled macrophages were
distinguished from unlabeled Renca-s cells, and cell-associated FITC fluorescence was
evaluated in each population using unlabeled and single-stained controls. TAM-like
macrophages and BMDMs were treated with INP, IMNP, INMP, or IMNMP at matched IPI-
549-equivalent concentrations, with untreated cells serving as controls. For subsequent
functional coculture assays, macrophages were exposed to the respective formulations for 2 h,
washed to remove extracellular formulations, and transferred to fresh medium. For Pik3cg-
silencing experiments, cells were transfected with siPik3cg or siNC at a final concentration of
20 nM. Lipid-mediated transfection was performed for 6 h in reduced-serum medium, followed
by replacement with complete medium and an additional 48 h of culture. Pik3cg transcript
levels were subsequently assessed by quantitative polymerase chain reaction (QPCR). For the
analysis of formulation-associated soluble factors, culture supernatants were collected at 48 h.

Viability, apoptosis and short-term outgrowth assays

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8) colorimetric assay.
Absorbance was measured at 450 nm, and background-corrected values were normalized to
the corresponding vehicle-treated or drug-free controls. The same normalization procedure was
applied to concentration-response analyses of parental Renca and Renca-s cells. For apoptosis
analysis, cells were stained with Annexin V- phycoerythrin (PE) and 7-aminoactinomycin D
(7-AAD) and analyzed by flow cytometry. Annexin V-PE-positive/7-AAD-negative events
were classified as early apoptotic cells, while double-positive events were classified as cells
with impaired membrane function, including those in the late stages of apoptosis. Fluorescence
gating and population classification were guided by unstained and single-stained controls (36).

For non-contact functional coculture assays, untreated, Pik3cg siRNA-transfected, or IMNMP-
pretreated TAM-like macrophages were placed in the upper Transwell inserts (0.4-pum pore
size), with Renca-s cells cultured in the lower wells at an initial macrophage-to-tumor cell ratio
of 1:1. Cocultures were maintained for 48 h in the presence or absence of 5 uM sunitinib, after
which cell viability was assessed in the tumor cell-containing lower compartment. For direct-
contact coculture assays, TAM-like macrophages and Renca-s cells were seeded together in
24-well plates at 2 x 10° cells per population (4 x 10° total cells per well) and cultured for 48
h with or without 5 pM sunitinib. Because both cell populations contributed to the colorimetric
signal, the CCK-8 readout from direct-contact cocultures represented the combined metabolic
activity of macrophages and tumor cells rather than tumor cell-specific viability. Live/dead cell
imaging was performed using calcein acetoxymethyl ester (calcein-AM) and propidium iodide,
with consistent image acquisition settings across experimental groups. Propidium iodide
fluorescence was quantified after background subtraction. For short-term outgrowth assays,
cells were harvested using 0.25% trypsin—ethylenediaminetetraacetic acid (EDTA) at 37°C for
2-3 min, collected by centrifugation at 300 x g for 5 min, and reseeded at a density of 500 cells
per well. After 48 h of culture, cells were fixed and stained with crystal violet. Short-term
outgrowth was quantified as the crystal violet-stained area normalized to the total well area.

Spheroid and CD8" T-cell cocultures

Renca-s spheroids were generated by seeding 1 x 10° cells per well into low-attachment, round-
bottom 96-well plates containing 100 pL of complete medium supplemented with 2% basement
membrane matrix. After 3—5 days of spheroid formation, 1 x 10* untreated or IMNMP-
pretreated macrophages, prelabeled with 5 uM chloromethylfluorescein diacetate (CMFDA),
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were added to each spheroid. The day of macrophage addition was designated day 0. Spheroid
morphology and macrophage-associated CMFDA fluorescence were monitored on days 0, 1,
2, and 3. Splenic CD8" T cells were isolated from BALB/c mice by magnetic separation and
labeled with 5 uM CFSE for 10 min at 37°C. CFSE-labeled CD8* T cells (2 x 10° cells per
well) were cocultured with untreated or IMNMP-pretreated TAM-like macrophages (1 x 10°
cells per well) for 72 h. T-cell activation was induced using plate-bound anti-CD3 antibodies
(5 ng/mL) and soluble anti-CD28 antibodies (2 pg/mL). T-cell proliferation was assessed by
CFSE dilution relative to the undivided cell population, while GZMB and IFN-y concentrations
were measured in coculture supernatants. These assays evaluated the effects of macrophage
pretreatment on CDS8* T-cell proliferative and effector responses under anti-CD3/CD28
stimulation, independently of tumor cell viability assays.

Flow cytometry and tumor immune profiling

Cells were resuspended in PBS containing 2% FBS and 2 mM EDTA. Following Fc receptor
blocking, surface staining was performed for 30 min at 4°C. For intracellular staining, cells
were fixed and permeabilized before incubation with the corresponding antibodies. Flow
cytometric analysis of immune-cell populations was performed after exclusion of debris,
doublets, and nonviable cells. Single-stained controls were used for fluorescence compensation.
The percentage of marker-positive cells was calculated relative to the corresponding parent
population, with consistent gating denominators across treatment groups for each comparison

(36).

CD206 expression in conditioned RAW264.7 macrophages was assessed by flow cytometry.
Following nanoparticle treatment, CD86 positivity was evaluated within F4/80* RAW264.7
macrophages and CD45*CD11b* BMDMs. Tumor tissues were enzymatically dissociated with
1 mg/mL collagenase IV and 100 pg/mL deoxyribonuclease I (DNase I) at 37°C for 30 min,
and the resulting cell suspensions were passed through a 70-pum cell strainer. Tumor-associated
macrophages were identified as CD11b*F4/80" cells within viable CD45" singlets, and CD86
and MHC-II positivity were quantified within this population. CD3*CD8" T cells were
quantified as a fraction of CD45" cells, whereas GZMB and IFN-y positivity were assessed
within the CD3*CD8* T-cell population. For intracellular cytokine staining, cells were
restimulated for 4 h with 50 ng/mL phorbol ester, 500 ng/mL ionomycin, and 10 pg/mL
brefeldin A. CD206 positivity was additionally assessed within the tumor-associated
macrophage population in orthotopic tumors. Samples from individual mice were processed
and analyzed separately, without inter-animal pooling.

qPCR and immunoblotting

RNA was extracted from harvested macrophages, and 1 pg of RNA was reverse-transcribed
into complementary DNA (cDNA). The expression levels of Argl, Mrcl, Nos2, Tnf, Cxcl9,
Cxcl10, and Pik3cg were quantified by qPCR, with each sample analyzed in technical triplicate.
Technical replicates were summarized within each independent macrophage culture before
statistical analysis. The comparative Ct method was applied under the assumption of
comparable amplification efficiencies between the target and reference genes (37, 38).

Proteins were extracted using lysis buffer supplemented with protease and phosphatase
inhibitors. Equal amounts of protein were separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis, transferred onto membranes, and detected by chemiluminescence. The
proteins analyzed included PI3KYy, total NF-kB p65, NF-«xB p65 phosphorylated at Ser536,
C/EBP, Argl, and iNOS. Immunoblot bands were quantified by densitometric analysis after
background subtraction. Target protein levels were normalized to the corresponding loading
control, either GAPDH or B-tubulin, whereas phosphorylated p65 was normalized to total p65.



766
767

768

769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792

793

794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812

813

Normalized band intensities were expressed relative to the corresponding control group, with
consistent normalization procedures applied across samples within each comparison.

Soluble mediators and tissue analysis

Clarified culture supernatants were analyzed using sandwich enzyme-linked immunosorbent
assays (ELISAs). MMP-9, IL-10, and TGF-B concentrations were measured following
macrophage conditioning; CXCL9, CXCL10, TNF-a, and IL-12p70 concentrations were
measured after nanoparticle treatment; and GZMB and IFN-y concentrations were measured
after 72 h of T-cell coculture. Analyte concentrations were determined from the corresponding
standard curves, corrected for sample dilution where applicable, and expressed in pg/mL.
Soluble IFN-y concentrations were also quantified in tumor-derived samples collected from
the orthotopic tumor experiments. For tissue MMP-9 quantification, clinical specimens were
weighed and homogenized in ice-cold PBS at a tissue-to-buffer ratio of 1:9. The homogenates
were centrifuged at 10,000 % g for 10 min at 4°C, and the resulting supernatants were analyzed
for MMP-9 by ELISA in duplicate. Tissue-normalized MMP-9 content was calculated as C x
D x V/m, where C represents the measured MMP-9 concentration (pg/mL), D is the sample
dilution factor, V is the total homogenate volume (mL), and m is the tissue wet mass (mg).
Results were expressed as picograms of MMP-9 per milligram of wet tissue (pg/mg). Fixed
tissue specimens were paraffin-embedded and sectioned at a thickness of 4 pm by a commercial
histology service. Multiplex immunofluorescence staining was performed to assess CDG68,
CDI163, and PI3Ky expression for macrophage characterization, as well as CD8 or FOXP3
expression for immune-cell infiltration analysis. Colocalization was assessed within the
relevant cell populations, and marker-positive fractions were calculated using the
corresponding reference populations. Specifically, the proportions of CD68*, CD8*, and
FOXP3* cells were calculated relative to the total number of nucleated cells. Measurements
from multiple microscopic fields were aggregated to obtain a single value for each patient or
mouse. H&E staining was performed to evaluate tissue morphology. Pulmonary tumor area
was quantified as a percentage of the total analyzed lung-tissue area.

Renca-ris induction and subcutaneous treatment

To establish the Renca-ris model, 2 x 10¢ Renca-s cells suspended in 100 uL PBS were injected
subcutaneously into the right flank of mice. When tumors reached approximately 100 mm?,
sunitinib treatment was initiated by oral gavage at 20 mg/kg in repeated cycles of three
consecutive dosing days followed by two treatment-free days, continuing through day 28 of
the induction period. Tumor bioluminescence was monitored longitudinally during induction.
Tumor-derived material collected after the induction period was designated Renca-ris. Tumor
fragments of approximately 2 mm? were subsequently reimplanted subcutaneously, and tumors
derived from parental Renca cells served as comparators for evaluating tumor growth during
sunitinib exposure. For the subcutaneous efficacy study, mice bearing Renca-ris tumors were
assigned to four groups: untreated control, sunitinib, IMNMP, and sunitinib plus IMNMP (n =
5 per group). Treatment was initiated when tumor volumes reached approximately 100 mm?,
designated as day 0. Sunitinib was administered by oral gavage at 20 mg/kg on days 0-2, 5-7,
and 10-12. IMNMP was administered intravenously at an [PI-549-equivalent dose of 10 mg/kg
once daily from day 0O through day 14. Tumor dimensions were measured on days 0, 3, 6, 9,
12, and 15, and tumor volume was calculated as length x width?/2. At the experimental
endpoint, tumors were excised and weighed, and tissue specimens were collected for immune
phenotyping, tissue analysis, and bulk RNA sequencing. A separate efficacy comparison
between free IP1-549 and IMNMP evaluated endpoint tumor weights, with five excised tumors
reported for each group.

Orthotopic tumors and fluorescence imaging
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Renca-ris-derived tumor material was implanted into the left renal cortex of anesthetized mice
to establish orthotopic tumors. Following tumor establishment, mice were assigned to four
treatment groups (n =4 per group): sunitinib, sunitinib plus BMS-202, sunitinib plus IMNMP,
and sunitinib plus IMNMP plus BMS-202. Sunitinib was administered by oral gavage at 20
mg/kg, IMNMP intravenously at an IPI-549-equivalent dose of 10 mg/kg, and BMS-202
intraperitoneally at 20 mg/kg. Pretreatment measurements on day 0 served as the baseline.
Sunitinib was administered on days 0-2, 5-7, and 10-12, consistent with the subcutaneous
treatment schedule, whereas IMNMP and BMS-202 were administered once daily on days 0—
14 in their respective treatment groups. Tumor bioluminescence was monitored on days 0, 3,
6, 9, 12, and 15. Three mice per group were included in tumor immune profiling, and three
mice from each of the sunitinib and triple-combination groups were included in single-cell
RNA sequencing. In vivo fluorescence distribution was evaluated in a separate cohort of five
mice per group. DiR-labeled IMNMP or INP was administered intravenously at matched
fluorescent tracer doses, and fluorescence images were acquired at 0, 3, 6, 12, 24, 48, and 72
h. Fluorescence signals within defined tumor regions of interest were quantified after
background subtraction using consistent image acquisition settings. For bioluminescence
imaging, mice bearing luciferase-expressing Renca-derived tumors received intraperitoneal D-
luciferin (150 mg/kg), and images were acquired 10 min after administration. Bioluminescence
was quantified as total photon flux within defined regions of interest, with longitudinal
measurements normalized to each animal's baseline where applicable. Missing longitudinal
observations were not imputed. In a separate fluorescence distribution experiment involving
subcutaneous tumor-bearing mice, groups designated IMNMP and IP1-549 were imaged at 0,
3,6, 12, 24, and 48 h. Ex vivo fluorescence imaging was also performed on excised hearts,
livers, spleens, lungs, kidneys, and tumors to evaluate the anatomical distribution of fluorescent
signals.

Pulmonary colonization, survival and safety

To establish an experimental pulmonary colonization model, Renca-ris tumors were
dissociated into viable single-cell suspensions, and 5 x 10° cells suspended in 100 uL. PBS were
injected intravenously via the tail vein. Treatment was initiated 10 days after tumor cell
inoculation, designated as treatment day 0, and continued through the treatment period ending
on day 15. Mice received either sunitinib alone (20 mg/kg, oral gavage) or sunitinib combined
with IMNMP (10 mg/kg, IPI-549 equivalent, intravenously) and BMS-202 (20 mg/kg,
intraperitoneally). Separate animal cohorts were used for lung histopathological analysis (n =
3 per group) and survival assessment (n = 4 per group). Survival time was calculated from the
date of tumor cell inoculation, and mice were followed until death, euthanasia at a humane
endpoint, or study completion on post-inoculation day 60. Animals alive at study completion
were right-censored at their last follow-up. At the experimental endpoint, serum biochemical
parameters, including alanine aminotransferase (ALT), aspartate aminotransferase (AST),
albumin (ALB), blood urea nitrogen (BUN), creatine kinase (CK), and total protein (TP), were
measured. Histopathological examination was performed on the heart, liver, spleen, lungs, and
non-tumor-bearing right kidney. The tumor-bearing left kidney was collected separately for
tumor-related analyses.

Public datasets and bulk transcriptomic analysis

Publicly available RCC transcriptomic datasets included GSE65615, GSE68629, GSE281304,
GSE273886, E-MTAB-3267, and GSE212525. These datasets encompassed sunitinib-
associated cohorts and studies involving neoadjuvant axitinib, neoadjuvant cabozantinib, and
sitravatinib with or without nivolumab; dataset provenance and cohort characteristics are
summarized in table S2 (39-43). Gene expression data were normalized using platform-
appropriate procedures and summarized at the gene level. PIK3CG expression was examined
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across tissue samples and annotated cell populations, and its associations with macrophage-
related expression signatures were assessed using Spearman's rank correlation. Single-sample
gene-set enrichment analysis was used to characterize macrophage-associated transcriptional
signatures. For patient-level comparisons, repeated specimens were summarized within
individual patients to avoid treating multiple samples from the same patient as independent
observations. Cell populations in publicly available single-cell datasets were annotated based
on normalized expression of established marker genes. Bulk RNA sequencing was performed
on subcutaneous tumors from untreated mice and mice treated with sunitinib plus IMNMP,
with three independent tumors analyzed per group. Sample-level gene expression matrices
were subjected to principal component analysis, differential expression analysis, and gene-set
enrichment analysis. Log: fold changes were calculated relative to the untreated group, such
that positive values indicated higher gene expression in the combination-treatment group.
Gene-set enrichment analysis assessed whether genes belonging to predefined pathways were
preferentially concentrated toward either end of the treatment-associated ranked gene list (44,
45). Nominal pathway P values were reported separately from multiple-testing-adjusted
significance measures.

Single-cell and mouse-level myeloid analyses

Single-cell RNA sequencing was performed on orthotopic tumors from three mice treated with
sunitinib alone and three mice receiving the triple combination of sunitinib, IMNMP, and
BMS-202. After data processing, 41,693 cells were retained, comprising 10,635, 7,012, and
5,141 cells from the three sunitinib-treated mice and 8,132, 4,420, and 6,353 cells from the
three triple-combination-treated mice, respectively. Major cell populations were annotated
based on marker-gene expression and visualized using uniform manifold approximation and
projection (UMAP). A TAM-enriched myeloid compartment was extracted from global
clusters 2 and 9 by retaining cells expressing at least two of the following markers: Lyz2,
Adgrel, Csflr, Cd68, Fcgrl, Tyrobp, Lstl, and Aifl. The selected cells were reclustered using
the SCTransform (SCT) assay, with 2,000 variable features and 30 principal components. The
first 25 principal components were used for neighbor identification and visualization, with a
clustering resolution of 0.45 (46). The TAM-enriched myeloid compartment comprised 4,115
cells and was resolved into seven transcriptional states: Mrc1/Cd163 TAMs, Lyvel/Ccl8 TAMs,
Nos2/Cxcl3 TAMs, Chil3/Ly6c2 monocytes, Dcstamp-positive myeloid cells,
interferon/BAFF-like myeloid cells, and cycling myeloid cells. Differential expression and
pathway enrichment analyses were performed using mouse-level pseudobulk profiles
generated from the combined myeloid compartment, with each mouse treated as an
independent biological replicate (47). For pseudobulk aggregation, gene counts from the
retained cells were summed within each mouse before between-group comparisons. The triple-
combination group was compared with the sunitinib-alone group, with positive NES values
indicating enrichment in the triple-combination group. Hallmark and Kyoto Encyclopedia of
Genes and Genomes (KEGG) gene sets were evaluated (44, 45), and nominal and multiple-
testing-adjusted P values were reported separately.

Statistical analysis

Technical replicates were summarized within independent experimental units before statistical
testing. Data are presented as mean + standard deviation unless otherwise indicated. Two-group
comparisons were performed using two-sided paired or unpaired Student's t tests, as
appropriate. Comparisons involving multiple groups were conducted using one-way or two-
way analysis of variance, followed by Tukey's or Bonferroni-adjusted multiple comparisons,
respectively. Nonparametric comparisons were performed using the Wilcoxon signed-rank,
Mann—Whitney U, or Kruskal-Wallis test, as appropriate, with Dunn's correction for multiple
comparisons following the Kruskal-Wallis test. Longitudinal data were analyzed by evaluating
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treatment and time while accounting for repeated measurements within individual animals.
Missing observations were not imputed. Survival was analyzed using the Kaplan—Meier
method, and survival distributions were compared using the log-rank test. A two-sided P value
< 0.05 was considered nominally significant. For transcriptomic analyses, multiple-testing
correction was performed using the Benjamini—Hochberg procedure, and adjusted P values
were distinguished from nominal P values.
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Scheme 1. PI3Ky Inhibition Reprograms Tumor-Associated Macrophages in Renal Cell
Carcinoma

(A) PI3Ky is highly expressed in patient renal tumor tissue. (B) Schematic diagram of IMNMP
nano-self-assembly. (C) Mechanism by which IMNMP reprograms tumor-associated
macrophages in renal cell carcinoma in vivo.
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Fig. 1. PIK3CG expression associates with immune and macrophage features in renal

cancer

(A) PIK3CG expression in normal kidney (n = 72) and renal tumor (n = 538) transcriptomes.
(B) Spearman correlations between PIK3CG expression and macrophage-associated gene
signatures across six RCC cohorts. Points indicate correlation coefficients, with 95%
confidence intervals shown where available. Cohort sample sizes are indicated. (C)
Correlations of PIK3CG expression with CD163, MRC1, TREM2, APOE, and SPP1 across
the six datasets. (D) Uniform Manifold Approximation and Projection (UMAP) of cells from

the public single-cell RN A-sequencing dataset, colored
of PIK3CG expression across the UMAP embedding.

by annotated cell type. (E) Distribution
(F and G) Mean normalized PIK3CG

expression (F) and the percentage of cells with detectable PIK3CG expression (G) across
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annotated cell populations. Individual sample measurements and sample numbers are shown.
(H) Spearman correlation between PIK3CG expression and the macrophage signature score (r
=0.592, P =4.99 x 107%?). (I) Spearman correlation between PIK3CG and CD163 expression
(r=0.679,P=7.69 x 107*). (J) Representative multiplex immunofluorescence images of CD68,
CD163, and PI3KYy in paired peritumoral kidney (G1) and renal tumor (G2) tissues (Bar = 100
um), with nuclear counterstaining. (K to M) Quantification of CD68* cells (K), CD68*CD163*
cells (L), and PI3Ky* cells within the CD68*CD163* population (M). (N to P) Corresponding
percentages of CD68" cells among nucleated cells (N), CD163* cells among CD68* cells (O),
and PI3Ky* cells among CD68"CD163* cells (P). Tissue analyses included three paired
specimens (n = 3 patients), with one data point per patient in each group. Lines in (K) to (M)
connect paired specimens. Exact P values for the comparisons in (N) to (P) are indicated in the
corresponding panels.
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Fig. 2. Prolonged exposure to sunitinib-conditioned renal cancer cells generates tumor-
supportive macrophages

(A) Schematic illustration of the generation of sunitinib-selected Renca cells (Renca-s) through
repeated sunitinib exposure. (B) Sunitinib dose—response curves for parental Renca and Renca-
s cells. (C and D) Representative flow cytometry plots (C) and quantification (D) of apoptosis
in parental Renca and Renca-s cells following sunitinib treatment. (E) Schematic of the
noncontact coculture model used for macrophage conditioning: G1, unconditioned RAW264.7
macrophages; G2, macrophages cocultured with parental Renca cells for 12 h; G3,
macrophages cocultured with Renca-s cells for 12 h; G4, macrophages cocultured with parental
Renca cells for 7 days; and G5, macrophages cocultured with Renca-s cells for 7 days. (F and
G) Representative flow cytometry plots of F4/80 and CD206 staining (F) and quantification of
CD206" cell proportions (G) across the five conditioning groups. (H to J) Concentrations of
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MMP-9 (H), interleukin-10 (IL-10; I), and transforming growth factor-p (TGF-f3; J) in culture
supernatants. (K and L) Schematic of the macrophage-mediated tumor protection assay (K)
and Renca cell viability (L) under the indicated coculture conditions, with or without sunitinib
treatment. (M to O) Relative mRNA levels of Argl (M), Mrcl (N), and Nos2 (O) in
unconditioned macrophages (G1), macrophages conditioned with parental Renca cells for 7
days (G2, TAM-trend), and macrophages conditioned with Renca-s cells for 7 days (G3, TAM-
like). (P) Schematic illustrating the generation of TAM-trend and TAM-like macrophages
through 7-day coculture with parental Renca and Renca-s cells, respectively. (Q and R)
Representative immunoblot analysis of PI3Ky and GAPDH (Q) and quantification of PI3Ky
protein abundance normalized to GAPDH (R) in unconditioned and TAM-like macrophages.
Cell-based experiments included three independent preparations, and viability assays included
six technical replicate wells per condition, as detailed in Materials and Methods. Data are
presented as mean + SD with individual measurements where applicable. P values are indicated
for the corresponding comparisons.
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1279 Fig. 3. Design, physicochemical characterization, and MMP-9 responsiveness of IMNMP
1280 (A) Schematic illustration of IMNMP self-assembly from the PI3Ky inhibitor IPI-549, the
1281 MMP-9-responsive lipid conjugate mPEGIOK-GPLGVRG-DSPE, and the M2pep-
1282 functionalized lipid conjugate DSPE-PEG500-M2pep. (B) Hydrodynamic diameters and
1283 polydispersity indices (PDIs) of formulations prepared at the four indicated component ratios.
1284 (C) Representative dynamic light scattering (DLS) size distribution and transmission electron
1285 microscopy (TEM) image of the selected IMNMP formulation. (Bar =200 nm). (D) Schematic
1286 illustration of the proposed MMP-9—mediated cleavage of the responsive linker, resulting in
1287 shedding of the long PEG chains and increased exposure of M2pep. (E) Chromatographic
1288 profiles of IMNMP before and after incubation with 20 nM MMP-9. (F) MMP-9 levels in
1289 paired peritumoral kidney (P) and renal tumor (T) tissues from three patients, normalized to
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tissue mass. Lines connect matched specimens from the same patient (n = 3 pairs). (G)
Cumulative IP1-549 release from IMNMP over 72 h under low (1 nM) and high (5 nM) MMP-
9 conditions. (H) Representative DLS size distribution and TEM image of IMNMP following
MMP-9 treatment. (Bar = 50 nm). Formulation measurements were obtained from three
independent preparations. Data in (B) are presented as mean £ SD.
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Fig. 4. IMNMP enhances macrophage-associated fluorescence and promotes an
immunostimulatory phenotype
(A) Schematic illustration of the formulation controls and macrophage treatment. INP lacks
both functional components, IMNP contains M2pep but lacks the MMP-9—responsive
component, INMP contains the MMP-9—responsive component but lacks M2pep, and IMNMP
contains both functional components. (B) Representative flow cytometry histograms showing
cell-associated FITC fluorescence after exposure to the indicated formulations, including
IMNMP in the presence of the matrix metalloproteinase inhibitor galardin. (C) Quantification
of FITC-positive TAM-like macrophages after 0.5 h of formulation exposure. (D and E)
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Representative flow cytometry plots of F4/80 and CD86 expression (D) and quantification of
CD86" cells among F4/80" RAW264.7-derived TAM-like macrophages (E). (F and G)
Representative flow cytometry plots (F) and quantification of CD86" cells among
CD45*CD11b* bone marrow-derived macrophages (BMDMs) (G). (H to M) Relative mRNA
expression of Tnf (H), Cxcl9 (I), Cxcl10 (J), Mrcl (K), Nos2 (L), and Argl (M). (N to P)
Representative immunoblots of PI3Ky, total nuclear factor kB (NF-kB) p65, phosphorylated
NF-xB p65, and GAPDH (N); quantification of PI3Ky protein abundance normalized to
GAPDH (0O); and a heatmap of the phosphorylated-to-total NF-kB p65 ratio (P). (Q to T)
Representative immunoblots of inducible nitric oxide synthase (iNOS), CCAAT/enhancer-
binding protein  (C/EBPp), and arginase 1 (Argl), with B-tubulin as the loading control (Q),
and corresponding quantification of C/EBPJ (R), Argl (S), and iNOS (T) protein abundance.
(U to X) Concentrations of C-X-C motif chemokine ligand 9 (CXCL9; U), CXCL10 (V), tumor
necrosis factor-a (TNF-a; W), and interleukin-12 (IL-12; X) in culture supernatants. For panels
(D) to (X), G1 represents untreated macrophages, G2 represents INP treatment, G3 represents
IMNP treatment, G4 represents INMP treatment, and G5 represents IMNMP treatment. Data
were obtained from three independent preparations. Individual measurements and SD are
shown where applicable. P values are indicated for the corresponding comparisons.
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Fig. 5. PI3Ky-directed macrophage modulation attenuates tumor support and enhances
CDS8 T-cell responses
(A) Schematic illustration of the noncontact Transwell coculture assay used to evaluate the
effects of untreated, Pik3cg siRNA—treated, or IMNMP-pretreated TAM-like macrophages on
Renca-s cells. (B) Renca-s cell viability following coculture with the indicated macrophage

groups, with or without sunitinib treatment. (C and D) Representative calcein-AM/propidium

G1 G2 G3
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iodide (PI) live/dead fluorescence images (C) and quantification of PI mean fluorescence
intensity (MFI) (D) in Renca-s cultures under the indicated conditions. (Bar = 100 um). (E)
Representative crystal violet staining and quantification of stained-area coverage following
coculture. For panels (C) to (E), G1 represents Renca-s cells cultured alone, G2 represents
Renca-s cells cocultured with untreated TAM-like macrophages, and G3 represents Renca-s
cells cocultured with IMNMP-pretreated macrophages. Representative wells in (E) are
arranged in this order from top to bottom. (F and G) Schematic illustration of the direct-contact
macrophage—tumor cell coculture assay (F) and measurement of overall viability in the mixed-
cell population, with or without sunitinib treatment (G). (H) Representative images of three-
dimensional Renca-s spheroids acquired from day 0 to day 3. G1 represents spheroids cultured
alone, G2 represents spheroids cocultured with untreated TAM-like macrophages, and G3
represents spheroids cocultured with IMNMP-pretreated macrophages. Macrophages were
labeled with chloromethylfluorescein diacetate (CMFDA). (I) Schematic illustration of the
coculture assay involving IMNMP-pretreated TAM-like macrophages and anti-CD3/CD28—
stimulated CD8" T cells. (J and K) Representative carboxyfluorescein succinimidyl ester
(CFSE) dilution profiles (J) and quantification of the CFSE-negative CD8* T-cell fraction (K).
GZMB (L) and IFN-y (M) concentrations in coculture supernatants. For panels (J) to (M), G1
represents activated CD8" T cells cultured alone, G2 represents activated CD8" T cells
cocultured with untreated TAM-like macrophages, and G3 represents activated CD8" T cells
cocultured with IMNMP-pretreated macrophages. Experiments included three independent
preparations, with six technical replicate wells per condition for viability assays. Data are
presented as mean + SD with individual measurements where applicable. P values are indicated
for the corresponding comparisons.
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Fig. 6. IMNMP enhances sunitinib-mediated tumor control in treatment-selected
subcutaneous renal tumors

(A) Schematic illustration of the establishment of the treatment-selected Renca-ris tumor
model through repeated sunitinib administration to mice bearing Renca-s-derived tumors. (B)
Representative serial bioluminescence images acquired during Renca-ris model establishment.
(C) Tumor growth curves of the indicated Renca-derived groups during subsequent sunitinib
treatment. (D) Representative multiplex immunofluorescence images of CD68, CD163, and
PI3KYy in parental Renca and Renca-ris tumor tissues, with nuclear counterstaining (Bar = 100
um). (E to G) Quantification of CD68* cell proportions (E), CD68*CD163* cell proportions
(F), and PI3KYy positivity within the CD68*CD163" population (G). (H) Schematic illustration
of the subcutaneous tumor treatment protocol and administration schedule. (I to K) Tumor
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growth curves (I), endpoint tumor weights (J), and representative images of excised tumors (K)
following the indicated treatments. (L and M) Representative flow cytometry plots of F4/80
and CD86 expression (L) and quantification of CD86" cells among F4/80* tumor macrophages
(M). (N and O) Representative flow cytometry plots of F4/80 and major histocompatibility
complex class II (MHC-II) expression (N) and quantification of MHC-II* cells among F4/80*
tumor macrophages (O). (P to R) Representative immunofluorescence images of CD8 and
FOXP3 staining in tumor tissues (P), with quantification of CD8* (Q) and FOXP3* (R) cell
proportions (Bar = 100 um). For panels (I) to (R), G1 represents untreated controls, G2
represents sunitinib treatment, G3 represents IMNMP treatment, and G4 represents combined
sunitinib and IMNMP treatment. Sunitinib was administered orally at 20 mg/kg, and IMNMP
was administered intravenously at 10 mg/kg, expressed as the IPI-549-equivalent dose.
Efficacy experiments included five mice per group, whereas tissue and immune analyses
included three mice per group. Data are presented as mean + SD with individual measurements
where applicable. P values are indicated for the corresponding comparisons.
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Fig. 7. Bulk tumor transcriptomics reveals antigen-presentation and effector immune

signatures associated with sunitinib plus IMNMP treatment

(A) Volcano plot showing log. fold changes (G2 versus G1) and —logio nominal P values. The

indicated thresholds identified 39 upregulated and 11 downregulated genes. (B) Pathway

enrichment analysis showing normalized enrichment scores (NES) on the horizontal axis. Point

size represents gene-set size, and color indicates —logic nominal P values. Filled and open

circles denote nominal P < (.05 and P > 0.05, respectively. (C) Row-scaled heatmap of selected

genes associated with T-cell effector responses, antigen processing and presentation,

macrophage-related programs, proliferation, and stress responses. (D) Chord diagram
illustrating associations between selected genes and annotated functional modules. (E to G)
Gene set enrichment analysis (GSEA) plots for pro-inflammatory macrophage (E; NES = 1.994,
false discovery rate (FDR) = 6.3 x 107*), effector T-cell (F; NES =2.191, FDR = 6.6 x 10°®),
and Toll-like receptor signaling (G; NES = 1.649, FDR = 0.029) gene sets. Positive enrichment



1400 indicates enrichment toward the combination-treatment group (G2). G1 represents untreated
1401 controls, G2 represents combined sunitinib and IMNMP treatment.
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Fig. 8. An IMNMP-containing triplet enhances intratumoral CD8" T-cell effector
responses in orthotopic renal tumors

(A) Schematic illustration of Renca-ris tumor implantation into the renal cortex and the
treatment schedule. The four treatment groups were G1, sunitinib; G2, sunitinib plus BMS-202;
G3, sunitinib plus IMNMP; and G4, sunitinib plus IMNMP and BMS-202. Sunitinib was
administered orally at 20 mg/kg, IMNMP intravenously at 10 mg/kg (IP1-549 equivalent), and
BMS-202 intraperitoneally at 20 mg/kg. (B) Representative whole-body near-infrared
fluorescence images of orthotopic tumor-bearing mice following administration of DiR-labeled
IMNMP or INP at matched tracer doses, acquired at 0, 3, 6, 12, 24, 48, and 72 h. (C) Serial
bioluminescence images of orthotopic tumors during the 15-day treatment period. Crossed
boxes indicate unavailable images. (D and E) Representative flow cytometry plots showing
CD3 and CD8 expression (D) and granzyme B (GZMB) expression within the CD8" T-cell
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population (E). (F) Quantification of intratumoral CD3"CD8" T cells as a proportion of CD45*
leukocytes. (G and H) Quantification of GZMB* (G) and interferon-y (IFN-y)* (H) cells within
the intratumoral CD3*CD8" T-cell population. (I) Soluble IFN-y concentrations in tumor-
derived samples. (J to O) Serum biochemical measurements of alanine aminotransferase (ALT;
J), aspartate aminotransferase (AST; K), albumin (ALB; L), blood urea nitrogen (BUN; M),
creatine kinase (CK; N), and total protein (TP; O). The longitudinal tumor experiment included
four mice per group. Immune phenotyping and serum biochemical analyses included three
independent mice per group, whereas the separate fluorescence-distribution experiment
included five mice per group. Individual measurements are shown where applicable. P values
indicate the corresponding comparisons; ns denotes a nonsignificant comparison.



1427

':i‘:‘-‘1 Antigen processing and presentation : ®
NES
Toll-like receptor signaling pathway 5
Ll
N B 1
~ Cytokine-cytokine receptor interaction{ @
Qo ~ 0
< o
% § NF-kappa B signaling pathway : w1
5
. . : -log, (raw P,
Chemokine signaling pathway 3"‘(1 )
. [ 4
PI3K-Akt signaling pathway{ @ @®:
o i ®:
. TNF signaling pathway ®:s
UMAP 1
JAK-STAT signaling pathway
® MrcliCd163 TAM ® Dcstamp myeloid L
. @ Lyvet/Cels TAM ® IFN/BAFF-like myeloid -1 0 1
2 Normalised enrichment score
. ® Nos2/Cxcl3 TAM ® Cycling myeloid
.
Chil3/Ly6c2 monocytes
.
’ ; '
g i e ® Wtorc1 Signaling { @ !
|
Percent expression ~logss(raw P’
L Interferon Gamma Response ! ® logis(raw P)
IFN/BAFF-like myeloid L X [ X} 5 1 L
2 ! [ ¢
® 25 Interferon Alpha Response ' [ ] ®:
Dcstamp myeloid { @ @ 50 ) ®:
® !
@ o0 116 Jak Stat3 Signaling [ ] 1 [ B
Chil3/Ly6c2 monocytes ° 5 ° 1 ®:
Average expression " '
= Inflammatory Response ® 1 —
Nos2/Cxcl3 TAM . N @ 1 w2
0 Tnta Signaling via Ntkb : 1
Lyve1/Ccl8 TAM N ) 8 ™ - : 0
Pidk Akt Mtor Signaling | -1
| —
Mrc1/Cd163 TAM XX K |
Apoplosis !
PN A DANS DD NAN LGNS MR ASA }
FESEFEL T F L LT TP P A k2 A o 7 3
Normalised enrichment score
»
1Y
we
>
»

: IMNMP 10mg/kg i.v. BMS-202 20mg/Kg i.p.
Renca-ris single-cell ==l e e e e e e e ]

g o rrrrrrrl
suspension L.v. Sunitinib 20mg/kg p.o.

day -10 day 0 day 15
Lung metastasis establishment Drug treatment Tumor analysis

244 P=01776 1207 — Gt

S o s — e

\‘;";‘, 16 ?’ 80

e

G1 G2 GO 1‘5 3‘0 4‘5 6‘0
Days (d)

1428
1429 Fig. 9. Triplet-associated myeloid transcriptional signatures in orthotopic renal tumors
1430 and treatment outcomes in a pulmonary colonization model
1431 (A) Uniform manifold approximation and projection (UMAP) of 41,693 quality-filtered cells
1432 from orthotopic renal tumors treated with sunitinib alone or the triplet regimen, with three
1433 independent mice per group. (B) UMAP visualization of the tumor-associated macrophage
1434 (TAM)-enriched myeloid compartment (4,115 cells), reclustered into seven transcriptional
1435 states. (C) Dot plot showing marker gene expression across the seven myeloid states. Point size
1436 represents the proportion of cells expressing each gene, and color indicates average expression.
1437 (D and E) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment (D) and
1438 Hallmark gene set enrichment (E) based on mouse-level pseudobulk comparisons between the
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triplet and sunitinib-alone groups. The horizontal axis and point color represent normalized
enrichment scores (NES), whereas point size indicates —logio nominal P values. Positive NES
values indicate enrichment in the triplet-treated group. (F) Schematic illustration of the
experimental pulmonary colonization model established by intravenous injection of Renca-ris-
derived cells, followed by treatment initiation 10 days after inoculation. G1 received sunitinib
alone, and G2 received sunitinib plus IMNMP and BMS-202. (G) Representative gross lung
images and hematoxylin and eosin (H&E)-stained lung sections from the two treatment groups.
(H) Quantification of pulmonary tumor area as a proportion of the analyzed lung tissue area (n
= 3 mice per group; P =0.1776). (I) Kaplan—Meier survival curves from a separate cohort (n =
4 mice per group), with survival monitored from tumor-cell inoculation through day 60.
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