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Abstract

Limited treatment response and inadequate monitoring methods stand firmly before successful immunotherapy.
Recruiting and activating immune cells in the hypoxic tumor microenvironment is the key to reversing immune
suppression and improving immunotherapy efficacy. In this study, biomimetic oxygen-delivering nanoparticles
(CmPF) are engineered for homologous targeting and hypoxia alleviation within the tumor environment. CmPF
targets the tumor microenvironment and delivers oxygen to reduce hypoxia, thereby promoting immune

cell activity at the tumor site. In addition, granzyme B-targeted positron emission tomography (PET) imaging

is employed to monitor immune cell activity changes in response to immunotherapy efficacy in vivo. The
combination of CmPF with carboplatin and PD-1 inhibitors significantly suppresses tumor growth by 2.4-

fold, exhibiting the potential of CmPF to enhance the efficacy of immunotherapy. Immunohistochemistry
further confirms increased expression of key immune markers, highlighting the reprogramming of the tumor
microenvironment. This study demonstrates that hypoxia alleviation enhances tumor immunotherapy efficacy and
introduces a non-invasive PET imaging method for dynamic, real-time assessment of therapeutic response.
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Introduction
Immunotherapy with immune checkpoint inhibitors
(ICIs) has revolutionized cancer treatment [1]. Blocking
programmed cell death-1 (PD-1) and its ligand, PD-L1,
has led to significant improvements in overall survival
and progression-free survival among cancer patients
[2]. Several antibodies targeting PD-1 or PD-L1, such
as nivolumab and pembrolizumab, have been approved
for clinical use in a growing list of tumor types, includ-
ing non-small cell lung cancer (NSCLC) [3-5]. Despite
these advances, the clinical application of cancer immu-
notherapy still faces challenges related to both efficacy
and response prediction [6]. Patient responses to immu-
notherapy are highly variable [7, 8], with more than half
of patients treated with ICIs failing to respond [9], mak-
ing it difficult to predict therapeutic outcomes. There-
fore, novel combination treatments that can overcome
ICI resistance and accurately stratify tumor response to
immunotherapy are needed. ICIs activate cytotoxic lym-
phocytes, including T cells and natural killer (NK) cells,
to initiate an effective anti-tumor immune response
[10]. Activated tumor-infiltrating cytotoxic T cells and
NK cells release granzyme B, which induces apopto-
sis in tumor cells and provides information about T cell
localization and tumoricidal activity [11]. However, their
functions are often limited by the hypoxic tumor micro-
environment (TME), which hampers their priming and
activation, leading to a collapse of antitumor immunity.
Hypoxia is a hallmark of rapidly proliferating, aggres-
sive solid tumors and a common characteristic of TME
that adversely affects the efficacy of antitumor immuno-
therapy [12-15]. Hypoxia-driven metabolic alterations,
such as the accumulation of lactate [16] and the sup-
pressive metabolite adenosine [17], suppress the pro-
duction of proinflammatory cytokines [18] and promote
the generation and suppressive polarization of regula-
tory T cells (Treg cells) [19], myeloid-derived suppressor
cells (MDSCs) [20], and tumor-associated macrophages
(TAMs) [21]. These changes result in both direct and
indirect suppression of antitumor T cells and NK cells
[22-26]. Therefore, reversing hypoxia in the TME is
essential for reprogramming the immunosuppressive
TME and priming cytotoxic lymphocyte responses.
Perfluorotributylamine (PFTBA) has significant oxygen
solubility and high biocompatibility, making it an ideal
carrier for oxygen delivery [15, 27]. Thus, PFTBA has
the potential to enhance the efficacy of immunotherapy
by delivering oxygen. However, conventional PFTBA
nanoparticles lack effective tumor targeting capabilities
to alleviate tumor hypoxia. Our previous research has
shown that coating cancer cell membranes (CCm) onto
the oxygen carrier can significantly improve homolo-
gous targeting efficacy [15]. Building on this, CCm-
coated PFTBA nanoparticles (CmPF) were engineered
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for targeted hypoxia alleviation in the TME, successfully
enhancing the efficacy of photodynamic therapy. Con-
sidering the critical relationship between hypoxia and
immunotherapy, we employed these biomimetic oxygen
delivery nanoparticles CmPF to further investigate their
impact on immunotherapy. Traditional anatomical imag-
ing techniques do not accurately reflect the immunologi-
cal changes within the TME during immunotherapy [28],
highlighting the need for methods that quantitatively
assess tissue-level biological changes and predict patient-
specific responses. Positron emission tomography (PET)
imaging offers quantifiable, molecular-level insights into
underlying biological processes, enabling the early detec-
tion of cellular changes during anti-cancer treatments
[29]. Given that granzyme B, released by T cells and NK
cells, accumulates in tumor tissues following immuno-
therapy, a granzyme B-specific targeted PET imaging
agent (®*Ga-NOTA-GZP) was utilized to non-invasively
and dynamically evaluate both monotherapies and com-
bination therapies in xenograft models in vivo [30].

In this study, biomimetic oxygen-delivery nanoparticles
CmPF were employed to alleviate hypoxia in the TME,
followed by the administration of combined immuno-
therapy and chemotherapy in NSCLC xenograft models.
Additionally, non-invasive in vivo granzyme B-targeted
PET imaging and ex vivo immunohistochemical analysis
were conducted to quantitatively assess immune cell acti-
vation (Scheme 1).

Results

Preparation and characterization of CmPF

HSA was used as a carrier to stabilize PEFTBA, creating
the HSA-PFTBA (PF) complex through stirring and ultra-
sonication. CCm were processed from LLC cells accord-
ing to previously described procedures [20, 21], and
CmPF were formed by physical extrusion. DLS revealed
the hydrodynamic size of PF to be 262.18 + 6.39 nm, while
CmPF measured 150.17 +4.13 nm (Fig. 1a-b). Zeta poten-
tial measurements showed that the surface potential of
CmPF was similar to that of the CCm, indicating suc-
cessful coating of CCm onto PF (Fig. 1c). Both CmPF and
PF maintained stable hydrodynamic sizes when stored
in phosphate-buffered saline (PBS) for 5 days (Fig. 1d).
The structures of both CmPF and CCm were verified
by transmission electron microscopy (TEM) (Fig. le-f).
Cell viability assays using CCK-8 demonstrated minimal
cytotoxicity toward LLC cells for CmPF, PF, and CCm
at a concentration of 200 pg/mL for 6 h (Fig. 1g). West-
ern blot analysis further confirmed that CmPF success-
fully inherited membrane-specific markers such as Na*/
K*-ATPase from the LLC cells, while cell nucleic protein
marker histone H3 and the cytosol marker glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) were nearly
undetectable in CmPF (Fig. 1h).
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Scheme 1 lllustration of the biomimetic oxygen-delivery nanoparticles (CmPF) used for homologous targeting and improving oxygen concentration
within the tumor microenvironment, thereby enhancing the immunotherapy efficacy through improved activation of immune cells. %Ga-NOTA-GZP
PET/CT imaging was performed to evaluate the combination treatment response in vivo. CmPF was injected intravenously into LLC xenografts followed
by administration of the combination therapy. Tumor volume was measured to assess the therapeutic efficacy enhancement. PFTBA: perfluorotributyl-
amine, HSA: human serum albumin, PF: HSA-PFTBA, CmPF: cancer cell membrane-coated HSA-doped PFTBA, PET/CT: positron emission tomography/

computed tomography, Car: carboplatin, PD-1: anti-mouse PD-1

Ex vivo tumor oxygenation enhancement

Ex vivo tumor slices from each group were obtained to
validate the oxygen concentration using a hypoxia-probe
(pimonidazole hydrochloride) via immunofluorescence
staining (Fig. 2a). The hypoxia areas exhibited obvious
reduction in fluorescent signal, from 82.78% before injec-
tion to 8.38% at 24 h post-injection of CmPF (P<0.001,
Fig. 2b), representing a significant decrease. In con-
trast, less improvement in hypoxia was observed in the
PF and CCm group. Notably, no significant differences
in hypoxia relief were observed between groups treated

with or without the PD-1 inhibitor, nor were there dif-
ferences in the blood vessel positive area across treat-
ment groups (n=3, Supplementary Fig. 1). These above
results strongly suggested that CmPF could relieve tumor
hypoxia, making it an ideal strategy for enhancing immu-
notherapy efficacy.

In vivo assessment of activation of effector immune cells
using granzyme B-targeted PET/CT imaging

Having verified the oxygenation of CmPF on the cellu-
lar level, we set out to confirm whether the activation of
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Fig. 1 Characterization of CmPF. (a) Size intensity curves, (b) hydrodynamic size, (c) Zeta potential of CmPF, PF, and CCm. (d) Stability of CmPF and PF. e-f)
TEM images of CCm and CmPF. Scale bars=100 nm. g) In vitro cytotoxicity of CmPF, PF, and CCm. Data are represented as mean+SD (n=3). h) Western
blotting analysis. Samples were run at equal protein concentration and immunostained against membrane markers including Na*/K*-ATPase, histone H3
(a nuclear marker), and glyceraldehyde 3-phosphate dehydrogenase (a cytosolic marker)
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Fig. 2 Tumor oxygenation enhancement. (@) Immunofluorescence images of tumor slices stained by the hypoxyprobe. The blood vessels and hypoxia
areas were stained with anti-CD31 antibody (red) and antipimonidazole antibody (green), respectively.Scale bars=400 um. (b) Quantification of tumor

hypoxia densities for different treatment groups (n=3). *** indicate £ <0.001

the immune cell in the TME was improved. Granzyme
B-targeted ®®*Ga-NOTA-GZP PET imaging was reported
as a comprehensive method to assess effector immune
cell activation and to monitor the immune response in
the TME [30]. Higher uptake in ®®Ga-NOTA-GZP PET
imaging indicated enhanced immune cell activation. As
described in Fig. 3a, ®®Ga-NOTA-GZP PET/CT imaging

conducted on Day 1 prior to the PD-1 inhibitor treat-
ment showed low tumor uptake across all groups. Sub-
sequently, mice were intravenously administered with
CmPFE, PF, CCm, or saline. At 24 h post-injection, PD-1
inhibitor was administered, followed by a second round
of %Ga-NOTA-GZP PET/CT imaging after 3 days of
the immunotherapy. ®*Ga-NOTA-GZP PET/CT images
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Fig. 3 ®®Ga-NOTA-GZP PET/CT imaging and quantitative analysis in LLC tumors. (a) Scheme for PET/CT imaging and dosing schedule of hypoxia-im-
proved immunotherapy exploration study. Mice were treated with CmPF, PF, and saline on Day 0, followed by PD-1 inhibitor administration on Day 1 and
Day 4 (n=3). (b) Representative ®*Ga-NOTA-GZP PET/CT maximal intensity projection (MIP) and transverse section images in LLC tumor models at 1 h
post-radiotracer injection on Day 1 and Day 4. Tumors were indicated by white circles and arrows. (c) The quantitative analysis of tumor uptake at tumor
sites of CmPF, PF and saline groups in the %8Ga-NOTA-GZP PET/CT imaging on Day 4. (d) Tumor-to-blood (T/B) ratios and (e) tumor-to-muscle (T/M) ratios
of %Ga-NOTA-GZP in LLC xenografts. T/B and T/M was calculated by drawn ROl in the images of 3Ga-NOTA-GZP images. Values are the means+SD (n=3).

*and ** indicate P<0.05 and P<0.01, respectively

revealed enhanced effector immune cell activation in the
combination CmPF/PD-1 treated LLC tumors compared
to control and PD-1 inhibitor treated tumors by Day 4,
as indicated by increased tracer uptake in tumor sites
(Fig. 3b). PET images also revealed high renal uptake in
all groups (Supplementary Fig. 2), reflecting renal excre-
tion due to the small molecular size of GZP, as previously
reported [29]. Aside from the kidneys, the liver exhib-
ited the highest uptake among the organs, likely due to

its substantial blood flow and role as a major metabolic
organ.

ROI analysis revealed a 4.4-fold increase in tumor
uptake following the hypoxia-alleviating CmPF/PD-1
treatment compared to pre-treatment levels in NSCLC
xenografts (P<0.001, Fig. 3c and Supplementary Table 1),
indicating that the combination of CmPF and immuno-
therapy significantly enhanced effector cell activation in
LLC tumors. Conversely, no significant changes in tumor
uptake were observed by Day 4 following the injection
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Fig. 4 Therapeutic evaluation in NSCLC xenografts. a) Schematic representation of timeline showing dosing regimen and PET/CT imaging. Mice were
treated with CmPF/carboplatin/PD-1, CmPF/carboplatin, CmPF/PD-1, CmPF, combination carboplatin/PD-1, carboplatin, PD-1 inhibitor and saline on
Days 1,2, 3,4, 5,and 6 post tumor implantation (n=8). b-i) Representative PET/CT MIP images of %Ga-NOTA-GZP in LLC xenografts at 1 h post-radiotracer
injection on Days 1,3, 5 and 7. Tumors were indicated by white circles and arrows. j) The quantitative analysis of %Ga-NOTA-GZP PET/CT imaging on Day
7 in eight groups of tumor radio-uptake calculated by drawn ROl in the images of %Ga-NOTA-GZP images. Values are the means+SD (n=3). k-m) In vivo
comparison of therapeutic effect on tumor growth curves (k), tumor weight (I), and representative photographs of tumor tissues (m) from eight groups.
Data are represented as mean+SD (n=8). *, **, and *** indicate P < 0.05, P<0.01 and P <0.001, respectively

of CmPF, PF, or saline (P>0.1 for all matched groups),
whereas a slight increase in tumor uptake was noted in
the PF and saline groups after PD-1 inhibitor admin-
istration (Fig. 3c). Additionally, the CmPF/PD group
exhibited the highest tumor-to-blood (T/B) ratio and
tumor-to-muscle (T/M) ratio, with the T/B ratio exceed-
ing that of the saline group by more than 4-fold, and the
T/M ratio by over 7-fold (Fig. 3d and e). These findings
confirmed that oxygen-delivery nanoparticles can effec-
tively enhance the activation of effector immune cells by
alleviating hypoxia in the TME.

Therapeutic evaluation of immunotherapy combined

with chemotherapy in NSCLC xenografts after hypoxia
alleviation

It was reported that the efficacy of single ICIs ther-
apy was limited in suppressing tumor growth [31, 32],
whereas combining neoadjuvant chemotherapy with
immunotherapy had significantly improved the treat-
ment response rates and survival outcomes in patients
with NSCLC [33-35]. Here, we applied carboplatin, a
widely used second-generation platinum-based drug for
NSCLC [36] to evaluate the in vivo efficacy of combina-
tion chemo-immune therapy after hypoxia alleviation
in the TME. As shown in Fig. 4a, mice were randomly
divided into eight groups and injected with CmPF or
saline on Day 0 respectively, followed by treatment with
either combination chemo-immune therapy, carbopla-
tin alone, PD-1 inhibitor alone, or saline from Day 1 to
Day 6. Carboplatin (30 mg/kg) and anti-mPD-1 antibody
(200 pg) were administrated three times per week to
mice for one week. ®*Ga-NOTA-GZP PET/CT imaging
was performed to monitor tumor burden and immune
response on Days 1, 3, 5, and 7 (Fig. 4a).

On Day 7, the CmPF/carboplatin/PD-1 treatment
group exhibited a 2.4-fold increase in tumor uptake com-
pared to the carboplatin/PD-1 group (P<0.001, Fig. 4b, f,
j and Supplementary Table 2). Similarly, the CmPF/PD-1
group demonstrated a 1.7-fold higher tumor uptake than
the PD-1 inhibitor alone group (P<0.001, Fig. 4d, h, j and
Supplementary Table 2). No significant differences in
tumor uptake were observed in the CmPF or carbopla-
tin groups compared to the control (P>0.10, Fig. 4e, g, i, j
and Supplementary Table 2). Additionally, the CmPF/car-
boplatin/PD-1 treatment group showed a 2.0-fold higher
T/B ratio and 4.2-fold higher T/M ratio compared to the
carboplatin/PD-1 group (P<0.05 for all comparisons,

Supplementary Fig. 3a-b and Supplementary Table 2).
These results suggested that the hypoxia-alleviation strat-
egy effectively enhanced the efficacy of both combination
chemo-immune therapy and monotherapy by boosting
anti-cancer immunity.

As shown in Fig. 4k-m, the CmPF/carboplatin/PD-1,
CmPF/carboplatin and carboplatin alone groups all
exhibited significant anti-tumor effects. Specifically, the
relative tumor volume in the CmPF/carboplatin/PD-1
mAb group was reduced by 2.4-fold compared to the
carboplatin/PD-1 mAb group by Day 8 post-inoculation
(Fig. 4k, Supplementary Table 3). Notably, the combina-
tion therapy with CmPF exhibited significantly enhanced
therapeutic efficacy over monotherapies. On Day 8, the
relative tumor volume in the CmPF/carboplatin group
was reduced by 1.2-fold compared to the carbopla-
tin-alone group (P<0.05), and the CmPF/PD-1 group
showed a 1.3-fold reduction relative to the PD-1-alone
group (P<0.05), respectively (Fig. 4k, Supplementary
Table 3). No significant differences were observed among
other groups (Fig. 4m, Supplementary Table 3). Collec-
tively, these findings strongly supported the hypothesis
that alleviating hypoxia within the TME was critical for
enhancing anti-tumor efficacy, and that the oxygen-deliv-
ery nanoparticles developed in this study represented a
promising approach for overcoming this challenge.

On Day 8, all the mice were sacrificed and the tumors
were weighed. The mean tumor weight in the CmPF/
carboplatin/PD-1 group was 2.0-fold lower than in the
carboplatin/PD-1 group and 4.8-fold lower than in the
saline control (P<0.01 and P<0.001, respectively; Fig. 41
and Supplementary Table 3). Similarly, the CmPF/PD-1
group showed a 1.2-fold reduction in tumor weight com-
pared to the PD-1 inhibitor alone group (P<0.05, Fig. 41
and Supplementary Table 3), and the CmPF/carbopla-
tin group exhibited a 1.3-fold lower tumor weight com-
pared to the carboplatin-alone group (P<0.01, Fig. 41 and
Supplementary Table 3). No significant differences were
observed among the other groups (Fig. 41, Supplementary
Table 3). The photos of the tumors were shown in Fig. 4m
and Supplementary Fig. 4.

Additionally, neither significant decrease in body
weight nor animal death was observed in all groups dur-
ing the 8 days’ treatment (Fig. 5a). On Day 8, all mice
were euthanized, and their blood and major organs
were collected for blood tests and hematoxylin and
eosin (H&E) staining. Analysis showed no significant
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differences in blood parameters or chemistry indicators
between the treatment and saline control groups (Fig. 5b-
d). Moreover, H&E staining revealed no visible organ
damage. These findings indicated that CmPF exhibited
no detectable toxicity in vivo (Fig. 5e).

Correlation of cytokine expression and PET imaging

To quantify the biological changes in tumors in
response to therapy, we analyzed the distribution of
various immune cell markers. Significant differences
were observed, including the activated cytotoxic T-cell
(denoted as IFN-y/TNF-a and granzyme B) and immune
effector cells (namely with CD3*, CD4*, CD8" T cells
and NK cells). Variability in staining among the treat-
ment groups suggested heterogeneous responses to the
combination therapy. Figure 6a-h showed the differences
in the expression of these key markers within the TME
between control and treatment groups, correlating with
the therapeutic response in LLC tumors. Consistent with
the changes observed in the ®*Ga-NOTA-GZP PET/CT
imaging, quantitative analysis revealed a strong positive
correlation between granzyme B expression and tracer
tumor uptake on Day 8 (R*=0.9212, P<0.001, Fig. 6a).
Notably, significant positive correlations between CDS,
CD3, CD4, NK1.1, IFN-y, TNF-a cell markers expression
and tumor uptake, as well as T/M and T/B ratios on Day
8 (P<0.05 for all matched groups, Fig. 6b-g, Supplemen-
tary Fig. 5b-g and Supplementary Fig. 6b-g), which were
also related to the LLC tumor response (Fig. 4j, Supple-
mentary Fig. 3a-b). The expression of PD-1 showed a
positive trend but no statistical correlation with tumor
uptake (P>0.05, Fig. 6h). These results suggested that
%8Ga-NOTA-GZP PET/CT imaging provided clear visu-
alization of activated immune cells by reflecting gran-
zyme B expression after anti-tumor therapy, making it
a promising strategy for accurately stratifying tumor
responses to combination treatments.

Correlation of cytokine expression and hypoxia alleviation
To further validate the relationship between the hypoxia
alleviation and immune cell activation, in vitro cell mark-
ers expression level of CD8, CD3, CD4, NK1.1, IEN-y,
and TNF-a of tumor tissues were sampled for immuno-
histochemical analysis (Fig. 6i, Supplementary Fig. 7).
Hypoxia relief within the TME induced by CmPF led to
a relatively high expression of these immune cell markers,
indicating significant infiltration of antitumor cytotoxic
cells (Fig. 6j-q). Similarly, obvious anti-tumor effects
in response to combination therapy were observed in
groups with higher levels of cell markers expression,
suggesting enhanced activation of antitumor cytotoxic
cells, including CD3*/CD4*/CD8* T cells and NK cells
(Fig. 6k-n). As expected, these results aligned with above
findings that tumors treated with CmPF were generally
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more immunogenic and responded better to immuno-
therapy (Fig. 4k-m), indicating the hypoxia alleviation-
boosted anti-tumor immune response was mediated
through the enhancement of effector cell activation. Nev-
ertheless, the expression level of PD-1 showed no statisti-
cal differences after hypoxia alleviation among all groups.

Moreover, a statistically significant higher level of
immune cell marker expression was observed in LLC
tumors with the combination of carboplatin and PD-1
inhibitor compared to monotherapy (Fig. 6j-q). We
also observed intrinsic differences in anti-tumor effect
between monotherapy and combinations, with the lat-
ter demonstrating more effective tumor growth inhibi-
tion (Fig. 4k-m). Notably, the expression of CD8, CD4,
IEN-y, and TNF-a, which were associated with immuno-
genic cell death (ICD), were all significantly elevated in
LLC tumors treated with CmPF/carboplatin/PD-1 com-
pared to the CmPF/PD-1 group (P<0.05 for all matched
groups, Fig. 6b, d, f and g), indicating that chemotherapy-
induced ICD contributed to the enhanced anti-tumor
efficacy.

Discussion

In this study, we demonstrated that biomimetic cancer
cell membrane-coated oxygen delivery nanoparticles
CmPF effectively improved the hypoxic TME, thereby
enhancing the infiltration and activity of immune effector
cells within tumors and significantly boosting the efficacy
of immunotherapy. The unique combination of homolo-
gous targeting and immune evasion abilities derived from
the cancer cell membrane coating, along with the oxygen
delivery function of PFTBA, ensured precise and direct
oxygen delivery to the tumor site. Additionally, real-
time monitoring of treatment effectiveness using gran-
zyme B-targeted PET imaging (GZP) further confirmed
the enhanced immune response, validating CmPF as a
potential therapeutic enhancer in cancer immunotherapy
and providing insights into the therapeutic response of
tumors to the combined treatment.

Moreover, when anti-PD-1 antibodies were co-treated
with CmPF, the efficacy of combined immunotherapy
was considerably amplified due to improved oxygenation
and the enhanced infiltration and activity of cytotoxic
lymphocytes. However, the efficacy of immunotherapy
alone in inhibiting tumor growth was limited [37]. When
anti-PD-1 antibodies and carboplatin were cotreated
with CmPF, the combined chemo-immune therapy sig-
nificantly inhibited tumor growth. Chemotherapeutic
agents could modulate the local immune status in the
TME and boost anti-cancer immunity [38]. Carboplatin
triggered immunogenic apoptosis and induced ICD [39],
combining chemotherapy with ICIs could dramatically
improve the antitumor effect by promoting dendritic
cells (DCs) maturation and increasing tumor-infiltrating
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Fig. 6 Ex vivo immunohistochemistry and quantitatively analyzing. a-h) Correlation analysis of tumor uptakes and levels of the granzyme B, CD8, CD3,
CD4,NK1.1, INF-y, TNF-a and PD-1 in LLC xenografts. i) Immunohistochemistry staining of granzyme B, CD8, NK1.1, INF-y, TNF-a, CD3, CD4 and PD-1 in LLC
tumor sections after treated with CmPF/carboplatin/PD-1, combination carboplatin/PD-1, CmPF/PD-1 and PD-1. Scale bar =200 um. j-q) Quantitatively
analyzing of granzyme B, CD8, CD3, CD4, NK1.1, INF-y, TNF-g, and PD-1 in LLC tumor sections. Data are represented as mean+SD (n=3). *, **, and ***

indicate P<0.05, P<0.01 and P<0.001, respectively

lymphocytes, thereby creating a more immunorespon-
sive TME. In the ICD pathway, CD8" T cells, CD4* T
cells and INF-y mediated antigen presentation [40]. Our
results showed better tumor inhibition rates in the com-
bination therapy group compared to immunotherapy
alone, correlating with higher expression levels of CDS,
CD4, INF-y, and TNF-a, demonstrating the synergistic
promotion of immunotherapy by chemotherapy.

We further investigated the relationship between
hypoxia alleviation and enhanced immunotherapy effi-
cacy. Hypoxic TME hindered immune responses by pro-
moting immunosuppression, thereby diminishing the
effectiveness of immunotherapeutic approaches. Stud-
ies by Chen et al. revealed that hypoxia-induced HIF-1a
expression in the TME facilitated immune evasion by
recruiting Tregs and MDSCs, leading to the suppression
of anti-tumor immunity and supporting tumor progres-
sion [41]. Targeted oxygen delivery to alleviate hypoxia
could reverse these immunosuppressive effects, enhance
the infiltration and activity of immune effector cells
within tumors, and reduce the recruitment of regula-
tory T cells and myeloid-derived suppressor cells, both
of which were frequently associated with immune eva-
sion and tumor progression [42]. Our findings demon-
strated that the combination of targeted oxygen delivery
with immunotherapy significantly enhanced immune cell
function and improved the therapeutic efficacy of both
immunotherapy and chemo-immunotherapy in NSCLC
xenograft models. These results underscored that allevi-
ating hypoxia in the TME could enhance immunotherapy
efficacy, positioning CmPF as a potential contributor for
improving immunotherapeutic outcomes in various can-
cers, including NSCLC.

Notably, ®*Ga-NOTA-GZP tumor uptake exhibited
a strong correlation with effector immune cell markers,
particularly Granzyme B, along with CD8, CD3, CD4,
NK1.1, TNF-a, and IFN-y, underscoring its effectiveness
as a noninvasive, in vivo tool for visualizing immune cell
activity. Conversely, no significant correlation was found
between %Ga-NOTA-GZP tumor uptake and PD-1
expression levels, either in vivo or in vitro [43]. The con-
sistent association of Granzyme B, a key marker of cyto-
toxic T cell and NK cell activity, with immune activation
further suggested that PD-1 expression alone was not a
reliable indicator of immune response [30]. These find-
ings aligned with previous research showing that PD-1
expression in tumor tissues did not reliably reflect immu-
notherapy efficacy, as PD-1 levels were modulated by

various factors, including the immunosuppressive TME
[44]. While PD-1 was primarily expressed on tumor-infil-
trating lymphocytes such as activated T cells, B cells, and
monocytes, its expression varied widely among patients
and did not always correlate with T cell activation [45].
In an immunosuppressive TME, T cell activation can
induce PD-1 expression on T cells, further complicat-
ing its role as a biomarker [46]. Recent studies revealed
that tumor-intrinsic PD-1 was expressed in many tumor
types [47], and the multifaceted roles of PD-1 in tumor
cells extended beyond T cell receptor signaling, which
may explain the variable therapeutic effects of ICI drugs.
Moreover, extracellular vesicles (EVs) carrying PD-L1
have been implicated in resistance to anti-PD-1 therapy
by inhibiting T-cell function. These EVs suppress T-cell
activity, further diminishing the predictive value of PD-1/
PD-L1 expression levels in assessing treatment outcomes
[48, 49]. PD-1/PD-L1 expression alone is insufficient
to predict immunotherapy responses, as it represents
only one of several mechanisms regulating immune
responses [50]. Collectively, these findings highlighted
the importance of more comprehensive biomarkers, such
as Granzyme B, to better evaluate immune activity and
therapeutic efficacy.

Despite these promising results, this approach has
limitations. One significant limitation is the lack of long-
term clinical monitoring of cancer cell membrane-coated
nanoparticles [51]. The limited clinical data raises con-
cerns regarding the safety, efficacy, and potential immune
responses associated with the prolonged use of these bio-
mimetic nanoparticles. Additionally, our study was con-
ducted on a murine tumor model, which may not directly
correlate with the clinical monitoring timelines of GZP in
patients. This discrepancy highlights the need for further
validation in human trials to establish optimal monitor-
ing intervals and assess the long-term applicability of
GZP PET imaging for immunotherapy.

Conclusion

In conclusion, we engineered the oxygen-delivery
nanoparticles CmPF by exploiting the high oxygen solu-
bility of PFTBA and the homologous targeting ability
of cancer cell membranes. CmPF could target tumor
tissues, mitigate the hypoxia of the tumor microenvi-
ronment, and enhance the immunotherapy efficacy by
improving the effective activation of immune cells. The
significant correlation between tumor radio-uptake of
%8Ga-NOTA-GZP PET/CT imaging and effector immune
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cell marker expression highlights the efficacy of this
approach. These results identified a novel method to
alleviate tumor microenvironment hypoxia and visualize
immunotherapy response through in vivo, non-invasive,
quantitative PET imaging. Overall, this approach holds
promise for overcoming ICI resistance and accurately
stratifying tumor immunotherapy response for personal-
ized anti-cancer therapies.

Materials and methods

Experimental materials

Dulbecco’s modified Eagle medium (DMEM), phosphate
buffer saline (PBS), trypsin and ethylenediaminetetraace-
tic acid (EDTA), and penicillin—streptomycin were pur-
chased from Gibco Life Technologies (Gaithersburg, MD,
USA). Fetal bovine serum (FBS) was purchased from Sci-
enCell (Carlsbad, CA, USA). Paraformaldehyde, and Cell
Counting Kit-8 (CCK-8) were purchased from Boster
Biotechnology (Wuhan, China). Hypoxyprobe plus kit
were purchased from North Pacifc International Inc. The
HSA and perfluorotributylamine (PFTBA, 98%) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Car-
boplatin was purchased from MedChem Express (New
Jersey, USA). The anti-mouse PD-1 (CD279) was pur-
chased from Bioxcell (#BE0146, WestLebanon, USA). All
of the aqueous solutions were prepared using deionized
(DI) water purified with a purification system. The other
reagents used in this work were purchased from Aladdin-
Reagent (Shanghai, China)

Preparation and characterization of CmPF

Human serum albumin (HSA) (20 mg) was dissolved in
deionized water (1 mL) with stirring for 10 min. PFTBA
(0.1 mL) was added gradually under sonication at 300 W
in an ice bath for 8 min (ultrasonic for 7 s and rest for
3 s in every 10 s) to formulate HSA-PFTBA (PF). Cancer
cell membrane derivation could be achieved by emptying
harvested LLC cells of their intracellular contents using a
combination of hypotonic lysing, mechanical membrane
disruption, and differential centrifugation according
to the previous report. The CCm coated on the surface
of PF were fabricated by the approach used in our pre-
vious study as reported. PF solution (1 mL) mixed with
the prepared CCm-vesicles at different proportions. The
mixture was subsequently extruded 11 times through
400 nm and 200 nm porous polycarbonate membranes.
The resulting CmPF nanoparticles were kept in PBS at 4
C for further use.

Mouse Lewis lung cancer (LLC) cells were purchased
from Procell Life Science & Technology (Wuhan, China)
and were cultured with DMEM medium (Dulbecco’s
Modified Eagle Medium, Gibco, USA). All media were
supplemented with 10% fetal bovine serum (FBS, Gibco,
USA) and streptomycin (10 mg/mL) and penicillin G

Page 12 of 15

sodium salt (10 kU/mL, both Solarbio, Shanghai, China).
Cells were grown in a humidified incubator at 37 ‘C with
5% CO,. The mixture was subsequently extruded 11
times through 400 nm porous polycarbonate membrane.
The resulting CmPF were kept in PBS at 4 C for further
use.

The hydrodynamic diameter and zeta potential were
measured by dynamic light scattering (DLS; Brookhaven,
New York, USA). The morphology and structure of CmPF
and CCm-vesicles will be characterized by transmission
electron microscope (TEM; HT7800, HITACHI, Japan).
TEM samples were prepared by contacting the droplet
containing CmPF or CCm-vesicles with the copper grids
for 60 s, negatively stained with 1% phosphotungstic acid
for 30 s and dried with absorbent paper before the char-
acterization. The stability experiments were carried out
by measuring CmPF and PF in 1x PBS for 5 days using
DLS for monitoring dynamic diameter.

In vitro cytotoxicity

A cell counting kit-8 (CCK-8) assay was used to evaluate
the effects of CmPF, PF and CCm. LLC cells were seeded
in 96-well plates at a density of 5x 10? cells per well and
cultured for 12 h. CmPF, PF and CCm were added to
incubate with cells at concentrations of 200 pg/mL. The
saline group was used as control. After 6 h co-incubation,
cells were washed by PBS, and fresh culture medium was
added. After further 24 h incubation, the fresh culture
medium without serum (90 pL) mixed with CCK-8 (10
pL) was added into wells and the plates were incubated
for another 2 h. Finally, the absorbance values of the cells
per well were determined with a microplate reader (Bio-
rad, Hercules CA, USA) at 450 nm for analyzing the cell
viability. The background absorbance of the well plate
was measured and subtracted.

Animals and tumor models

All animal studies were conducted in accordance with
the guidelines of the Institutional Animal Care and Use
Committee of Tongji Medical College, Huazhong Uni-
versity of Science and Technology. C57BL/6] mice (male,
6—8 weeks old) were purchased from Vital River Labo-
ratory Animal Technology Co., Ltd (Beijing, China). To
obtain tumor-bearing mice, hairs on the upper limb were
removed. Then, 1x10” LLC cells were subcutaneously
injected into the right upper limb of each mouse. The
tumor bearing mice were used for further experiments
when the tumor volume reached 60—250 mm?.

%8Ga-NOTA-GZP PET/CT imaging and in vivo
biodistribution study
P-SCN-NOTA-b-Ala-Gly-Gly-Ile-Glu—Phe—Asp-
CHO (NOTA-GZP) were synthesized were synthesized
using standard FMOC chemistry [52]. PET/CT imaging



Wang et al. Journal of Nanobiotechnology (2025) 23:186

was performed on the InliView-3000B small animal PET/
SPECT/CT (Novel Medical, Beijing, China). ®*GaCl, was
obtained from ®®*Ge/*®*Ga radionuclide generator (ITM
Medical Isotopes GmbH, Germany) eluted with 0.05 M
HCI. In brief, 100 ug NOTA-GZP was mixed with 370
MBq of *GaCl, in sodium acetate buffer for 15 min at
95°C. The specific pH value of reaction solution was 3.5-
4.0. After cooling to room temperature, the product was
loaded onto a C18 light Sep-Pak cartridge and washed
with eluted with 200 pL of 70% ethanol. The final formu-
lation was adjusted to 10% ethanol in saline. The chemi-
cal and radiochemical purity of **Ga-NOTA-GZP was
measured through high performance liquid chroma-
tography (HPLC). On Day 0, mice were divided into six
groups and injected with CmPF, PF, and saline, respec-
tively, either with or without PD-1 inhibitor treatment.
Then on Day 1, each mouse received an injection of ~ 37
MBq of ®Ga-NOTA-GZP via the tail vein. 72 h later,
on Day 4, mice were again injected with ~37 MBq of
%8Ga-NOTA-GZP via the tail vein. Static scans of 10 min
duration were acquired starting at 1 h post injection with
%8Ga-NOTA-GZP, and the mice were anesthetized with
1.0-1.5% isoflurane mixed with 100% air during the PET/
CT scanning. For image analysis, regions of interests
(ROIs) were manually outlined to include tumor, mus-
cle, and blood in each image. All data were expressed as
the mean percentage of injected dose per gram (%ID/g).
The process repeated three times for statistical analysis.
Tracer uptake ratios between the tumor and the muscle
or the blood were defined as T/M or T/B, respectively.

After the end of PET/CT scanning, all mice were euth-
anized (n=3). The organs and tissues of interests, includ-
ing the blood, brain, heart, lung, liver, spleen, kidney,
stomach, small intestine, large intestine, muscle, bone,
and tumor, were harvested and weighted and then the
radioactivity of tissue samples was measured with the y
counter (2470 WIZARD; PerkinElmer, Waltham MA,
USA). The data of biodistribution were calculated by tis-
sue mass and corresponding radioactivity counts.

Ex vivo tumor hypoxia Immunofluorescence staining
Hypoxyprobe plus kit was used to stain tissues and detect
hypoxia. Tumor-bearing mice were divided into six
groups and injected with CmPF, PF, and saline, respec-
tively, either with or without PD-1 inhibitor treatment.
Then pimonidazole hydrochloride (60 mg/kg, Hypoxy-
probe plus kit) was then injected into the mice via tail
vein. After 90 min later, all mice were sacrificed to obtain
tumors for immunofluorescence staining following the
protocols. Hypoxia areas were stained with green fluo-
rescence, cell nuclei with DAPI (blue fluorescence), and
blood vessels with anti-CD31 (red fluorescence). All
slices were examined by confocal laser scanning micro-
scope (CLSM).
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Chemo- and immuno- combinational therapy of NSCLC
xenografts and toxicity evaluation

NSCLC tumor-bearing mice were randomly allocated
into eight treatment groups when tumor size reached ~ 60
mm? (1 =8 for each group). The treatment groups include
CmPF/carboplatin/PD-1, CmPF/carboplatin, CmPF/
PD-1, CmPF, carboplatin/PD-1, carboplatin, PD-1 inhibi-
tor, and saline. On Day 0, all animals were injected with
either CmPF or saline (200 pL) via tail veins, respec-
tively, followed by either a combination chemo-immune
regimen (consisted of carboplatin and PD-1 inhibitor at
doses of 30 mg/kg and 200 pg, respectively, administered
three times per week for one week), carboplatin alone
(30 mg/kg, three times per week, for one week), PD-1
inhibitor treatment alone (200 pg, three times per week,
for one week), or saline at 24, 48, 72, 96, 120, and 144 h
post-injection (Days 1, 2, 3, 4, 5, and 6). Considering
treatment intensity per week, PD-1 inhibitor was admin-
istered as separate injection, 24 h following the carbo-
platin injection. Both carboplatin and PD-1 inhibitor
were administered intraperitoneally. ®*Ga-NOTA-GZP
imaging and photograph taken was performed to moni-
tor tumor burden on Days 1, 3, 5 and 7. The length and
width of the tumor and mice body weight were recorded
every 2 days over 8 days. Tumor volumes were calcu-
lated according to this formula: V=D x d?/2 (D is the
longest diameter of tumor, and d is the shortest diameter
of tumor). On Day 8, mice were sacrificed and tumors
were weighted and photographed. For evaluating sys-
tematic toxicity, on Day 8, all mice were euthanized and
their blood and major organs (heart, lung, liver, spleen,
and kidney) were collected for blood biochemistry test
(red blood cells (RBC), hemoglobin (HGB), hematocrit
(HCT), mean corpuscular volume (MCV), mean corpus-
cular hemoglobin (MCH), mean corpuscular hemoglobin
concentration (MCHC), white blood cells (WBC), lym-
phocytes percentage (Lymph%), monocyte percentage
(Mon%), neutrophil percentage (Neu%), and platelets
(PLT)), hematology tests [alkaline phosphatase (ALP),
aspartate aminotransferase (AST), alanine transaminase
(ALT), creatinine (CRE) and blood urea nitrogen (BUN)],
and histology analysis (hematoxylin and eosin (H&E)-
stained slices).

After fixation and antigen retrieval, mouse tissue sec-
tions were incubated with anti-granzyme B (#13588-
1-AP; Proteintech, Wuhan, China), anti-CD8 antibody
(#29896-1-AP; Proteintech), anti-CD3 antibody (#16669-
1-AP; Proteintech), anti-CD4 antibody (ab183685;
Abcam, Cambridge, UK), rabbit anti-mouse NK1.1 anti-
body (ab289542, Abcam), PD-1 antibody (#18106-1-AP;
Proteintech), TNFa antibody (#26405-1-A, Proteintech),
INF2 antibody (#20466-1-A, Proteintech). Images were
observed under the optical microscope after being sealed
with neutral resin.
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Statistical analysis

All data were expressed as mean *standard deviation
(SD). Statistical analysis was performed using two-sided
t test with software (GraphPad Prism 10, GraphPad, Inc.,
San Diego CA, USA). P-value<0.05 was considered sta-
tistically significant.

Abbreviations

ICls Immune checkpoint inhibitors

NSCLC Non-small-cell lung cancer

TME Tumor microenvironment

PFTBA Perfluorotributylamine

CCm Cancer cell membranes

CmPF Cancer cell membrane-coated human serum albumin-doped
perfluorotributylamine

GzP Granzyme B targeted peptide

PET/CT Positron emission tomography/computed tomography

DLS Dynamic light scattering

PBS Phosphate-buffered saline

TEM Transmission electron microscopy

T/Mratios  Tumor-to-muscle ratios

H&E Hematoxylin and eosin
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