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Active recruitment of anti–PD-1–conjugated platelets
through tumor-selective thrombosis for enhanced
anticancer immunotherapy
Yixin Wang1,2,3, Wen Li1, Zhaoting Li1,2,3, Fanyi Mo1, Yu Chen1,2,3, Mari Iida4, Deric L Wheeler4,
Quanyin Hu1,2,3*

Immune checkpoint inhibitors (ICIs) can reinvigorate T cells to eradicate tumor cells, showing great potential in
combating various types of tumors. We propose a delivery strategy to enhance tumor-selective ICI accumula-
tion, which leverages the responsiveness of platelets and platelet-derivatives to coagulation cascade signals. A
fused protein tTF-RGD targets tumor angiogenic blood vessel endothelial cells and initiates the coagulation
locoregionally at the tumor site, forming a “cellular hive” to recruit anti–PD-1 antibody (aPD-1)–conjugated
platelets to the tumor site and subsequently activating platelets to release aPD-1 antibody to reactivate T
cells for improved immunotherapy. Moreover, on a patient-derived xenograft breast cancer model, the platelet
membrane–coated nanoparticles can also respond to the coagulation signals initiated by tTF-RGD, thus enhanc-
ing the accumulation and antitumor efficacy of the loaded chemotherapeutics. Our study illustrates a versatile
platform technology to enhance the local accumulation of ICIs and chemodrugs by taking advantage of the
responsiveness of platelets and platelet derivatives to thrombosis.
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INTRODUCTION
Immune checkpoint blockade (ICB)–based immunotherapy has
revolutionized the paradigm of tumor therapy (1, 2). Blocking the
interaction between checkpoint receptors on immune cells and
their ligands on tumor cells with immune checkpoint inhibitors
(ICIs) contributes to the restoration of T cell function for eradicat-
ing tumors. However, the clinical application of ICIs has been asso-
ciated with various immune-related adverse events (irAEs) and
varied objective response rates (3, 4). Moreover, although encour-
aging therapeutic outcomes have been achieved in the combination
ICB therapy with anti–programmed cell death 1/programmed cell
death ligand-1 (PD-1/PD-L1) and anti–cytotoxic T-lymphocyte–
associated protein 4 monoclonal antibodies, it is also reported to
induce more toxicity (5–7). The antibodies administered via con-
ventional systemic routes do not preferentially accumulate in the
tumor area, resulting in off-target binding to normal tissues,
which may cause severe irAEs and compromise the therapeutic ef-
ficacy. Besides, previous studies have validated that the therapeutic
efficacy of ICIs largely depends on how they are delivered, and lo-
coregional administration such as intratumoral injection contribut-
ed to longer tumor retention and robust systemic antitumoral
immunity compared to intraperitoneal injection (8). Moreover,
the reduction in the required dose by intratumoral injection will
minimize the potential off-target toxicities on normal tissues.

Although the intratumoral injection is a direct route that guar-
antees the access of drugs to tumor sites and is widely adopted in
animal-based studies, the difficulties in the implementation of in-
tratumoral injection to deep-seated tumors or tumors with small

volumes restrict its application in the clinic (9). Besides, this admin-
istration strategy relies on the skills of professionals and the guid-
ance of imaging techniques (10). Active targeting delivery systems,
most of which are designed on the basis of ligand-receptor interac-
tion, in which specific ligands are decorated on the delivery systems
to bind to the disease-overexpressing receptors, can achieve site-
specific ICI delivery and increase local ICI availability after being
administered systemically. However, many receptors are not
tumor exclusive and are also present on normal tissues, which
may lead to off-target effects and systemic toxicity. Besides, the con-
ventional active targeting strategy does not allow the subsequent ac-
cumulation of delivery systems after the saturation of target receptor
binding, which may dampen the efficiency of ligand-receptor–ori-
ented delivery systems even with repetitive dosing (11–13). There-
fore, there is a clear and urgent need for the development of
platforms that can overcome the limitations of current active target-
ing strategies for ICI delivery.

Here, we artificially create a “cellular hive” that can navigate
anti–PD-1 antibody–conjugated platelets (designated P-aPD-1)
homing to the tumor site and unload the therapeutic cargoes
locally. Tissue factor (TF), as one initiator of blood coagulation,
can activate the extrinsic coagulation pathway and induce the trans-
formation of prothrombin to thrombin, in which process substan-
tial amounts of platelets are recruited to form a thrombus (14). To
mimic the inherent coagulation process, we synthesized a fusion
protein truncated tissue factor–Arg-Gly-Asp (RGD) (tTF-RGD),
which is capable of initiating the coagulation cascade upon the in-
teraction between the RGD motif and integrins (such as αvβ3 integ-
rin) on endothelial cells of tumor neovasculature. RGD is an
extensively investigated motif that can bind to integrin αvβ3 over-
expressed on tumor cells and endothelial cells of tumor neovascu-
lature (15). In this design, RGD was leveraged to shuttle tTF to the
angiogenic tumor blood vessel to initiate the coagulation signaling
cascade, in which this strategy holds the potential to bypass the

1Pharmaceutical Sciences Division, School of Pharmacy, University of Wisconsin-
Madison, Madison, WI 53705, USA. 2Carbone Cancer Center, School of Medicine
and Public Health, University of Wisconsin-Madison, Madison, WI 53705, USA.
3Wisconsin Center for NanoBioSystems, School of Pharmacy, University of Wiscon-
sin-Madison, Madison, WI 53705, USA. 4Department of Human Oncology, Univer-
sity of Wisconsin, Madison, WI 53705, USA.
*Corresponding author. Email: qhu66@wisc.edu

Wang et al., Sci. Adv. 9, eadf6854 (2023) 29 March 2023 1 of 16

SC I ENCE ADVANCES | R E S EARCH ART I C L E



binding saturation, since it only serves as the trigger for thrombus
formation rather than achieving maximized therapeutic accumula-
tion in the conventional active targeting delivery system. The tTF-
RGD can be injected either by peritumoral (p.t.) or intravenous
route to trigger the coagulation cascade only in the tumor region,
amplifying the signals to recruit platelets to form a thrombus
(Fig. 1A). P-aPD-1 that are injected subsequently can respond to
this physiological coagulation signaling, actively participate in the
thrombosis, and enrich at the tumor site. The coagulation cascade
further triggers the activation of platelet to secrete platelet-derived
microparticles (PMPs) and release aPD-1 antibodies within the
tumor site to reinvigorate T cells for enhanced immune response.
To further extend our treatment strategy to other therapeutic mo-
dalities, we encapsulated chemotherapeutics paclitaxel (PTX) in
dextran nanoparticles (NPs) and coated them with platelet mem-
brane (PM) to form PM-NP/PTX. Cell membrane inherits many
surface receptors from its parent cells, and previous reports demon-
strated that cell membrane-cloaked NPs could migrate in response
to physiological signals (16, 17). Thus, PM-NP holds the potential
to migrate in response to platelet-attracting signals such as tTF-
RGD–mediated thrombosis. The enhanced tumor accumulation
and antitumoral efficacy were demonstrated on a patient-derived
xenograft (PDX) breast cancer model, which substantiated the clin-
ical treatment potential of our treatment approach. Our study pre-
sents a promising strategy to enhance the tumor-selective
accumulation of various platelet-based therapeutics by initiating
thrombosis within the tumor site and can be easily adapted to
other treatment modalities. Furthermore, this treatment approach
can mimic the physiological signaling cascade to artificially create
a tumor-targeting environment, which can enhance the tumor-se-
lective accumulation of therapeutics and bypass the limitations of
conventional active targeting strategy.

RESULTS
Synthesis and characterization of fusion protein tTF-RGD
Compared with TF, the factor X (FX) activation activity of tTF that
lacks a transmembrane domain is decreased by five orders of mag-
nitude as reported in the literature (18). To restore the coagulation-
initiating capability of tTF, RGD motif was here adopted as a trans-
membrane domain to redirect the tTF to tumor neovasculature,
which is expected to trigger tumor-selective thrombosis with an im-
proved in vivo biosafety profile compared to TF. The tumor-target-
ed chimeric protein tTF-RGD was generated by fusing the RGD
motif to the extracellular domain of TF. The purity of tTF and
tTF-RGD was verified by SDS–polyacrylamide gel electrophoresis
(SDS-PAGE; Fig. 1B), which showed more than 96% of purity for
both tTF and tTF-RGD. The activity of tTF and tTF-RGD was val-
idated by FX activation assay. As presented in Fig. 1C, both tTF and
tTF-RGD exhibited a dose-dependent FX activation activity in the
presence of factor VIIa (FVIIa) and Ca2+ ions. Moreover, the capa-
bility of tTF-RGD to initiate coagulation in vivo was first examined
by direct intratumoral injection (Fig. 1D). After 24 hours after in-
jection, the tumors were collected. Severe coagulation was observed
in tumors after tTF-RGD treatment, whereas minimal to modest co-
agulation was observed in tTF-treated tumors. Considering the
limited application of the intratumoral injection in the clinical treat-
ment of tumors, we planned to adopt two strategies for in vivo ap-
plication in which tTF-RGD will be administered via p.t. (local) or

intravenous (systemic) routes. As shown in fig. S1, there was an
obvious hemorrhage and thrombus formation in the tumors after
intratumoral injection of tTF-RGD with a relatively high concentra-
tion (1.25 mg/kg), which may impede the infiltration of immune
cells and permeation of therapeutic drugs. Thus, in the p.t. injec-
tion, we decreased the administration dose of tTF-RGD to 0.4
mg/kg, which effectively triggered obvious coagulation without
severe hemorrhage. We further tested whether the intravenous in-
jection of tTF-RGD will be effective in initiating tumor-selective
thrombus formation. As shown in fig. S1, tTF-RGD (1.25 mg/kg)
every other day for three times injected through intravenous
routes did not induce severe hemorrhage but could trigger throm-
bosis within the tumor. In addition, we compared the tumor-selec-
tive coagulation-initiating efficacy of tTF and tTF-RGD, with
bovine serum albumin (BSA) serving as the control group. As
shown in Fig. 1E, tTF-RGD triggered apparent coagulation, while
this phenomenon was not observed after both tTF and BSA treat-
ments. Besides, the hematoxylin and eosin (H&E) staining suggest-
ed that there was no obvious hemorrhage or thrombus in other
major organs after three doses of intravenously injected tTF-
RGD, demonstrating the tumor-selective thrombosis and great in
vivo biosafety profile of tTF-RGD (fig. S2). Both tTF and BSA did
not trigger coagulation in any organs, including tumor tissues, we
hypothesized that it was attributed to the lack of targeting ability
and the loss of the transmembrane domain in tTF.

Therefore, we examined the tumor-targeting ability of tTF-RGD.
Mice bearing subcutaneous CT26 tumors were injected with Cy5.5-
labeled tTF and tTF-RGD via intravenous route and visualized
using in vivo imaging systems (IVIS). As shown in Fig. 2A, tTF-
RGD group exhibited much stronger tumor targeting capability
than tTF, as evidenced by the brighter fluorescence signals at the
tumor site during the time course of the treatment. At 24 hours
after administration, the tumor tissues were collected and visualized
ex vivo, which showed an increased accumulation of tTF-RGD than
tTF (Fig. 2B) Quantitatively, the mean fluorescence intensity (MFI)
of tumor tissues in the tTF-RGD group was 1.62-fold higher than
that in the tTF group (Fig. 2C), substantiating the tumor-targeting
ability of tTF-RGD, which was attributed to the RGD binding affin-
ity toward the integrin receptors on the angiogenic blood vessels in
the tumor site (15). The major organs and tumors were collected at
24 hours after p.t. or intravenous injection of the proteins (fig. S3).
After p.t. injection, both tTF and tTF-RGD mainly accumulated in
tumor sites, and only limited signals can be observed in the major
organs. Although predominant signals were observed in the liver
after intravenous injection of the proteins, tTF-RGD showed
notably higher fluorescence in tumor tissues than tTF. Next, to in-
vestigate the capabilities of tTF-RGD in initiating coagulation, fi-
brinogen (the precursor of fibrin) was injected via intravenous
route right after intravenous injection of BSA or tTF or tTF-RGD
(Fig. 2D). TF naturally serves as an initiator of blood coagulation by
forming the TF:FVIIa complex, which drives the activation of FX
and the subsequent transformation of prothrombin to thrombin
(Fig. 2E). Thrombin then converts soluble fibrinogen to insoluble
fibrin, which can form clots together with the activated platelets
(19). We anticipate that the fusion protein tTF-RGD can also initi-
ate the coagulation cascade in a tumor-specific manner. Given that
tissue coagulation contributes to the conversion of fibrinogen to
fibrin and subsequent deposition of fibrinogen, we used Cy5.5-
labeled fibrinogen to characterize the coagulation process in
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Fig. 1. Characterization of the thrombosis-mediated navigation system. (A) Schematic of the thrombosis-mediated navigation system for P-aPD-1. Truncated tissue
factor–Arg-Gly-Asp (RGD) (tTF-RGD), administered either by intravenous (i.v.) or p.t. routes, targets tumor neovasculature endothelial cells and initiates coagulation
cascade to recruit anti–programmed cell death 1 (PD-1) antibody–conjugated platelets (P-aPD-1). P-aPD-1 is activated during the coagulation process to release aPD-
1 in the form of PMP-aPD-1. (B) SDS–polyacrylamide gel electrophoresis (SDS-PAGE) analysis of tTF and tTF-RGD. (C) Ability of tTF and tTF-RGD to promote the proteolytic
activation of factor X (FX) byFVIIa. Data are presented as means ± SEM. n = 3. (D) Ex vivo photographs of tumor tissues at 24 hours after intratumoral injection of bovine
serum albumin (BSA), tTF, and tTF-RGD (dose: 1.25 mg/kg). Scale bar, 5 mm. (E) Hematoxylin and eosin (H&E) staining of tumor tissues at 24 hours after three doses of
intravenous injection of BSA, tTF, and tTF-RGD (dose: 1.25 mg/kg). Arrow indicates coagulation.
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tumors. At 24 hours after injections of tTF-RGD and Cy5.5-fibrin-
ogen, strong signals were observed in tumors treated with tTF-
RGD + fibrinogen group, while fibrinogen did not preferentially ac-
cumulate in tumors after BSA or tTF treatment (Fig. 2, F and G).
Compared with tTF group, the MFI in tumors after tTF-RGD treat-
ment increased by 2.37-fold (Fig. 2H). The results substantiated that
tTF-RGD could effectively induce coagulation to attract fibrinogen
at tumor sites.

Recruitment of P-aPD-1 to the tumor site by tTF-RGD
After validating that tTF-RGD is capable of selectively triggering
coagulation at tumor sites, we investigated whether administrated
P-aPD-1 could take advantage of this process to be actively recruited
to the tumor site. Platelets are quick responders to vascular injury
and hemorrhage. Besides, after the initiation of the coagulation
cascade, the generated thrombin and other signal molecules can ac-
tivate platelets to aggregate with fibrin to form a platelet plug locally
and build up the thrombus (19, 20). Therefore, we anticipated that
P-aPD-1 could also selectively accumulate at tumor sites during the
tTF-RGD–initiated coagulation. The P-aPD-1 was prepared by con-
jugating amine groups on the aPD-1 antibodies to the thiol groups

on the platelet surface with sulfosuccinimidyl-4-(N-maleimidome-
thyl)cyclohexane-1-carboxylate (Sulfo-SMCC) linkers. The overlap
between the red signals from wheat germ agglutinin (WGA) 594–
labeled platelets and the green signals from fluorescein isothiocya-
nate (FITC)–labeled antibodies was observed under the confocal
microscope, demonstrating the successful modification of aPD-1
on the platelets (fig. S4). The biofunctionalities of P-aPD-1 were
studied by the thrombin-triggered platelet aggregation test and col-
lagen-binding assay. The thrombin-triggered activation of platelets
was not altered after aPD-1 decoration, as evidenced by the clot for-
mation in both P-aPD-1 and naïve platelets (fig. S5). In addition,
there was no significant difference in the collagen-binding capabil-
ity of P-aPD-1 in comparison with naïve platelets (fig. S6). Then, the
release profiles of the activated and nonactivated P-aPD-1 were
studied. We demonstrated that after the activation of platelets by
thrombin, about 63.47% of aPD-1 was released within 8 hours,
which was substantially higher than that of the nonactivated plate-
lets (16.71%) (fig. S7). These properties demonstrated that P-aPD-1
can still respond to coagulation-related biological signals and
release surface-conjugated aPD-1.

Fig. 2. Characterization of tumor targeting and coagulation initiation capabilities of tTF-RGD. (A) Fluorescence imaging of mice at different time points after
intravenous (i.v.) injection of Cy5.5-labeled tTF or tTF-RGD (n = 3 per group). tTF or tTF-RGD = 1.25mg/kg. The black circle indicates the tumor site. (B) Ex vivo fluorescence
imaging of tumor tissues at 24 hours after injection. (C) The mean fluorescence intensities (MFIs) of tumors shown in (B). *P < 0.05, unpaired Student’s t tests. (D) Sche-
matic illustration of the experimental design to examine the coagulation initiation capability of tTF-RGD. (E) The underlying mechanism of tTF-RGD to trigger the ac-
tivation of coagulation process and attract fibrinogen. (F) Representative fluorescence images showing the biodistribution of Cy5.5-labeled fibrinogen at 24 hours after
intravenous injections of BSA, tTF, and tTF-RGD (dose: 1.25 mg/kg, n = 3 per group). The black circle indicates the tumor site. (G) Ex vivo fluorescence imaging of tumor
tissues at 24 hours after injection. (H) The MFIs of tumors shown in (G). Data are presented as means ± SEM. **P < 0.01, one-way analysis of variance (ANOVA) followed by
multiple comparison test.
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Next, we examined whether the in vivo injection of tTF-RGD
can recruit P-aPD-1 to the tumor site. Mice bearing CT26 tumors
were injected with BSA or tTF or tTF-RGD via p.t. injection, fol-
lowed by intravenous injection of Cy5.5-labeled P-aPD-1
(Fig. 3A). In the tTF-RGD treatment group, P-aPD-1 showed a
strong tendency to accumulate at the tumor site from 4 hours
after injection (Fig. 3B). At 24 hours, there is an obvious higher ac-
cumulation of P-aPD-1 in the tTF-RGD treatment group than that
in either BSA or tTF treatment groups. The ex vivo quantification of
tumor tissues demonstrated a 1.87-fold increase in the fluorescence

signals of P-aPD-1 in the tTF-RGD group than that in the tTF
group, substantiating that p.t. injection of tTF-RGD can attract P-
aPD-1 to the tumor site by triggering tumor-selective thrombus for-
mation (Fig. 3, C and D).

Having verified that tTF-RGD can target tumor area and local
delivery of tTF-RGD can attract P-aPD-1 to the tumor area, we
further tested whether intravenous injection of tTF-RGD can also
recruit P-aPD-1 to the tumor site. Cy5.5-labeled P-aPD-1 was given
via intravenous route after the intravenous injection of tTF-RGD
(Fig. 3E). As consistent with the previous finding in p.t. injection

Fig. 3. Characterization of platelet recruitment capabilities of tTF-RGD. (A) Schematic illustration of the experimental design to examine the recruitment of P-aPD-1
to tumor areas after p.t. injection of tTF-RGD. (B) Fluorescence imaging of mice at different time points after p.t. injection of BSA, tTF, and tTF-RGD at the dose of 0.4 mg/
kg, followed by the intravenous injection of Cy5.5-labeled P-aPD-1 (platelet number: 1 × 108, n = 3 per group). The black circle indicates the tumor site. (C) Ex vivo
fluorescence imaging of tumor tissues at 24 hours after injection. (D) The MFIs of tumors shown in (C). *P < 0.05, one-way ANOVA, followed by multiple comparison
test. (E) Schematic illustration of the experimental design to examine the recruitment of P-aPD-1 to tumor areas after intravenous (i.v.) injection of tTF-RGD. (F) Fluores-
cence imaging of mice at different time points after intravenous injection of BSA, tTF, and tTF-RGD at the dose of 1.25 mg/kg, followed by the intravenous injection of
Cy5.5-P-aPD-1 (platelet number: 1 × 108, n = 3 per group). The black circle indicates the tumor site. (G) Ex vivo fluorescence imaging of tumor tissues at 24 hours after
injection. (H) The MFIs of tumors shown in (G). Data are presented as means ± SEM. *P < 0.05, one-way ANOVA followed by multiple comparison test. (I and J) Accu-
mulation of P-aPD-1 in tumors collected frommice treated with p.t. injected BSA/tTF/tTF-RGD + intravenously injected P-aPD-1 (I) or intravenously injected BSA/tTF/tTF-
RGD + intravenously injected P-aPD-1 (J).
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of tTF-RGD, the intravenous injection of tTF-RGD also induced an
increased distribution of P-aPD-1 at the tumor site compared to tTF
and BSA treatments during the time course of IVIS monitoring
(Fig. 3F), leading to a 1.89-fold increase in the accumulation of P-
aPD-1 in the tumor tissue in the tTF-RGD group than that in the
tTF group at 24 hours after administration (Fig. 3, G and H). We
further labeled P-aPD-1 with rhodamine B and examined the dis-
tribution of P-aPD-1 in tumors collected from mice that received
the treatment of the local and systemic strategies with tTF-RGD.
More fluorescence signals were observed in tumor tissues after
tTF-RGD treatments either through p.t. injection (Fig. 3I) or intra-
venous injection (Fig. 3J) compared to BSA and tTF treatments
(Fig. 3, I and J). The major organs and tumors were collected for
ex vivo imaging (fig. S8). A higher percentage of the signal was ob-
served in tumor tissues in tTF-RGD group than tTF group. Collec-
tively, these results substantiated that either p.t. or intravenous
injection of tTF-RGD can actively recruit P-aPD-1 to the tumor
site by selectively triggering thrombosis within tumor tissue.

In vivo antitumor efficacy of tTF-RGD + P-aPD-1 in a
CT26 model
To study the antitumor efficacy of tTF-RGD + P-aPD-1 in vivo, we
established a subcutaneous CT26 tumor model. When the tumor
volume reached 100 to 150 mm3, the mice were administered
with different treatments, including saline, tTF-RGD, aPD-1, P-
aPD-1, tTF + P-aPD-1, and tTF-RGD + P-aPD-1. First, we evaluat-
ed the therapeutic effect of the local treatment strategy, which lever-
aged p.t. injection of tTF-RGD to attract P-aPD-1 to the tumor site.
After 0.5 hours after p.t. injection of tTF-RGD at the dose of 0.4 mg/
kg, P-aPD-1 at the aPD-1 dose of 1 mg/kg was given by intravenous
injection (Fig. 4A). As shown in Fig. 4 (B and C), tTF-RGD only
showed negligible tumor-inhibiting activity against CT26 tumors.
In addition, aPD-1 treatment strategies, including free aPD-1, P-
aPD-1, and tTF + P-aPD-1, resulted in modest delayed tumor
growth inhibition efficacy, leading to slightly increased survival
time of CT26 tumor–bearing mice. As a comparison, tTF-
RGD + P-aPD-1 exhibited the best tumor inhibition efficacy
among all groups, which showed a significantly smaller tumor
size than that in other treatment groups at day 24 (Fig. 4, B and
C). Moreover, tTF-RGD + P-aPD-1 treatment notably prolonged
the survival time of the mice to a median survival time of 58 days
compared to saline (27 days), tTF-RGD (30 days), aPD-1 (31 days),
P-aPD-1 (30 days), and tTF + P-aPD-1 (32 days) (Fig. 4D). Besides,
the body weight of the mice were monitored throughout the time
course of treatment, and no decrease in body weight after the treat-
ment was observed, which demonstrated the in vivo biosafety
profile of the strategy (fig. S9A). Notably, three of nine mice in
the tTF-RGD + P-aPD-1 treatment group became tumor free. To
substantiate the immune memory response after tTF-RGD + P-
aPD-1 treatment, we rechallenged these tumor-free mice with
1 × 106 CT26-luc cells at day 70. Compared to the control naïve
mice with progressive tumor growth, the treated mice did not
develop visible tumors, and no obvious luciferase signal at the in-
jection site was observed in bioluminescence images on day 12 after
the rechallenge (Fig. 4, E and F) and later time point.

Next, we test the therapeutic effect of intravenously injected tTF-
RGD + intravenously injected P-aPD-1. Encouraged by the potent
treatment efficacy of p.t. tTF-RGD + intravenous P-aPD-1, we
reduced the dose of aPD-1 to 0.3 mg/kg, which is a very low dose

that systemically injected free antibodies almost show no effect.
After 1 hour after intravenous injection of tTF-RGD (1.25 mg/
kg), P-aPD-1 was administered by intravenous injection (Fig. 5A).
tTF-RGD + P-aPD-1 showed the best performance in inhibiting
tumor growth compared to all other treatment groups, in which
the average tumor sizes in tTF-RGD + P-aPD-1 treatment groups
are significantly smaller than those in other treatment groups on
day 24 (Fig. 5, B and C). Besides, tTF-RGD + P-aPD-1 treatment
prolonged the median survival time of the mice from 24 days
(saline group) to 42 days, which is remarkably better than other
groups (tTF-RGD: 27 days, aPD-1: 26 days, P-aPD-1: 30 days,
and tTF + P-aPD-1: 29 days) (Fig. 5D). In addition, no body
weight loss was observed after all treatments, evidencing the great
safety profiles (fig. S9B).

Enhanced T cell infiltration after tTF-RGD + P-aPD-1
treatment
To investigate the underlying mechanism of the enhanced immu-
notherapy efficacy of our tTF-RGD + P-aPD-1 treatment strategy,
the immune cell composition within the tumor tissue was profiled
with a focus on examining CD8+ effector T cell proportion. In the
CT26 tumor–bearing mice after treatment with p.t. injection of tTF-
RGD + intravenous injection of P-aPD-1 (aPD-1: 1 mg/kg), as
shown in Fig. 6A, all aPD-1–based treatments increased the per-
centages of CD8+ T cell population in CD3+ T cells. Furthermore,
the tTF-RGD + P-aPD-1 treatment showed the best efficacy in in-
creasing the proportion of CD3+ CD8+ T cells among all treatment
groups, which displayed a 1.33-fold increase compared to that in the
tTF + P-aPD-1 treatment group and a 1.69-fold increase compared
to that in the saline group (Fig. 6B). Quantitative immune cell anal-
ysis showed that the tTF-RGD + P-aPD-1 treatment induced a 1.89-
fold increase in the number of CD3+ CD8+ T cells compared to the
tTF + P-aPD-1 treatment and a 2.45-fold increase compared to the
saline group (fig. S10). Moreover, the proportion of interferon-γ+

(IFN-γ+) CD8+ T cells, which are recognized as effector CD8+ T
cells, was also remarkably increased after the treatment of tTF-
RGD + P-aPD-1, which displayed a 1.60-fold increase compared
to that in the tTF + P-aPD-1 treatment group and a 2.61-fold in-
crease compared to that in the saline group (Fig. 6C). We then ex-
amined cytokines in the tumor tissues and found a marked
elevation in antitumoral cytokines, such as tumor necrosis factor–
α (TNF-α) and IFN-γ, after tTF-RGD + P-aPD-1 treat-
ment (Fig. 6D).

We also examined the changes in T cell populations after intra-
venous injection of tTF-RGD + intravenous injection of P-aPD-1 in
the CT26 tumor–bearing mice. Because of the very low dose of aPD-
1 (0.3 mg/kg), treatment groups except for tTF-RGD + P-aPD-1
only showed negligible impact on CD3+ CD8+ T cell populations
(Fig. 6E). On the contrary, the tTF-RGD + P-aPD-1 treatment re-
markably increased CD3+ CD8+ T cell populations, which displayed
a 1.44-fold increase compared to that the in tTF + P-aPD-1 treat-
ment group and a 1.61-fold increase compared to that in the saline
group (Fig. 6F). Quantitative analysis showed that the tTF-
RGD + P-aPD-1 treatment contributed to a 2.04-fold increase in
the number of CD3+ CD8+ T cells compared to the tTF + P-aPD-
1 treatment and a 2.17-fold increase compared to the saline group
(fig. S11). Moreover, the proportions of IFN-γ+ CD8+ T cells were
remarkably increased after the treatment of tTF-RGD + P-aPD-1,
which displayed a 1.59-fold increase compared to that in the
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tTF + P-aPD-1 treatment group and a 1.98-fold increase compared
to that in the saline group (Fig. 6G). We then examined the levels of
IFN-γ (Fig. 6H) and TNF-α (Fig. 6I) by enzyme-linked immunosor-
bent assay (ELISA). The results demonstrated a 2.83-fold increase in
IFN-γ levels and a 2.04-fold increase in TNF-α levels in the tTF-
RGD + P-aPD-1 treatment group compared with the saline

group. The results suggested that the tTF-RGD + P-aPD-1 treat-
ment promoted the secretion of these antitumoral cytokines.

Fig. 4. Evaluation of therapeutic efficacy of p.t. injected tTF-RGD + intravenously injected P-aPD-1 in a CT26 subcutaneous tumor model. (A) Schematic illus-
tration of the timeline of the CT26 tumor model establishment and treatment plan. i.v., intravenous. (B) Tumor growth of individual mice in different treatment groups
(aPD-1 = 1 mg/kg and tTF or tTF-RGD = 0.4 mg/kg). Cure rate (CR) in the tTF-RGD + P-aPD-1 treatment group is 3/9. n = 6 to 9 per group. (C) Tumor volume changes after
different treatments. Data are presented as means ± SEM. ***P < 0.001, two-way ANOVA followed bymultiple comparison test. (D) Survival time of mice received different
treatments. **P < 0.01. Data were analyzed with log-rank test. (E) Bioluminescence images of naïve mice or tumor-free mice rechallenged with 1 × 106 of CT26-luc cells
(n = 3). (F) Quantitative region-of-interest analysis of bioluminescence intensities in (E). Data are presented as means ± SEM. ***P < 0.001, unpaired Student’s t tests.
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In vivo antitumor efficacy of tTF-RGD + P-aPD-1 in
orthotopic 4T1 breast cancer models
Next, we evaluated the treatment efficacy of our strategies on ortho-
topic tumor models, which can better recapitulate the tumor micro-
environment in real human tumor growth. Triple-negative breast
cancers are reported to have a poor response to ICB therapy (21).
Therefore, to further investigate the therapeutic potential of the
strategies on orthotopic and nonimmunogenic breast tumors, we
established 4T1 orthotopic breast cancer models by inoculating
4T1 cells into the mammary fat pad of the mice. When the tumor
volume reached 100 to 150 mm3, the mice were administered with
different treatments, including saline, tTF-RGD, aPD-1, P-aPD-1,
tTF + P-aPD-1, and tTF-RGD + P-aPD-1. First, we evaluated the
therapeutic effect of the local treatment strategy, where P-aPD-1
at the aPD-1 dose of 1 mg/kg was administered via intravenous in-
jection 0.5 hours after the p.t. injection of tTF-RGD (Fig. 7A). As
shown in Fig. 7 (B and C), tTF-RGD did not show substantial

tumor-inhibiting activity against 4T1 tumors. Treatment strategies
based on aPD-1 antibodies, including free aPD-1, P-aPD-1, and
tTF + P-aPD-1, slightly delayed tumor growth. Among all the treat-
ment groups, tTF-RGD + P-aPD-1 exhibited the best tumor inhibi-
tion efficacy, which showed a notably smaller tumor size than that
in other treatment groups on day 32 (Fig. 7B). Moreover, tTF-
RGD + P-aPD-1 treatment showed the best efficacy in prolonging
the survival time of the mice among all the treatment groups
(Fig. 7C). Similarly, the systemic strategy of tTF-RGD + P-aPD-1
treatment showed the best performance in inhibiting tumor
growth compared to all other treatment groups (Fig. 7, D and E).
Besides, tTF-RGD + P-aPD-1 treatment prolonged the median sur-
vival time of the mice from 32 days (saline group) to 41 days, which
is significantly better than other groups (tTF-RGD: 32 days, aPD-1:
34 days, P-aPD-1: 34 days, and tTF + P-aPD-1: 34 days) (Fig. 7F).
No decrease in body weight of mice after the treatment was

Fig. 5. Evaluation of therapeutic efficacy of intravenously injected tTF-RGD + intravenously injected P-aPD-1 in CT26 subcutaneous tumor model. (A) Schematic
illustration of the timeline of the CT26 tumormodel establishment and treatment plan. i.v., intravenous. (B) Tumor growth of individual mice in different treatment groups
(aPD-1 = 0.3 mg/kg and tTF or tTF-RGD = 1.25 mg/kg). n = 6 to 8 per group. (C) Tumor volume changes after different treatments. Data are presented as means ± SEM.
**P < 0.01, two-way ANOVA followed by multiple comparison test. (D) Survival time of mice received different treatments. **P < 0.01. Data were analyzed with log-
rank test.
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observed, demonstrating the good biosafety profile of the tTF-
RGD + P-aPD-1 strategy (fig. S12).

Recruitment of PM-NP to the tumor site by tTF-RGD in a
PDX model
PMs inherited many surface receptors from platelets, and previous
reports demonstrated that PM-cloaked NPs could migrate in re-
sponse to platelet-attracting signals (16, 17). Therefore, we

hypothesized that the tTF-RGD–mediated platelet-recruiting strat-
egy triggered by tumor-selective thrombosis could also be leveraged
to guide the migration and accumulation of PM-cloaked NPs. To
test this, modified dextran-based NPs were prepared using a
single-emulsion method and then camouflaged with PMs (desig-
nated PM-NPs) as reported before (Fig. 8A) (22). The sizes of the
NP and PM-NP were characterized by dynamic light scattering
(DLS), which showed average sizes of 170.1 and 178.8 nm in

Fig. 6. Evaluation of the immunocellular composition and cytokine secretion after different treatments. (A) Representative flow cytometry plots of CD8+ T cells
(gated on CD3+ T cells) in tumor tissues after the treatment of p.t. injected tTF-RGD (0.4 mg/kg) + intravenously injected P-aPD-1 (aPD-1: 1 mg/kg, platelet number:
1 × 108, n = 4). (B) Quantitative analysis of the percentage of CD3+ CD8+ T cells. (C) Percentage of interferon-γ+ (IFN-γ+) T cell populations in CD3+ CD8+ T cells. *P < 0.05;
***P < 0.001, one-way ANOVA followed bymultiple comparison test. (D) Quantification of cytokine levels in treated tumors (n = 4). (E) Representative flow cytometry plots
of CD8+ T cells (gated on CD3+ T cells) in tumor tissues after the treatment of intravenously injected tTF-RGD (1.25 mg/kg) + intravenously injected P-aPD-1 (aPD-1: 0.3
mg/kg, platelet number: 1 × 108, n = 4). (F) Quantitative analysis of the percentage of CD3+ CD8+ T cells. (G) Percentage of IFN-γ+ T cell populations in CD3+ CD8+ T cells. (H
and I) The levels of IFN-γ (H) and TNF-α (I) in tumor tissues (n = 4). Data are presented as means ± SEM. **P < 0.01; ***P < 0.001, one-way ANOVA followed by multiple
comparison test.
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Fig. 7. Evaluation of therapeutic efficacy of p.t. or intravenously injected tTF-RGD + intravenously injected P-aPD-1 in 4T1 orthotopic breast cancer models. (A)
Schematic illustration of the timeline of the 4T1 tumor model establishment and treatment plan with the local strategy. (B) Tumor volume changes after different treat-
ments (aPD-1 = 1 mg/kg and tTF or tTF-RGD = 0.4 mg/kg). n = 6 to 7 per group. Data are presented as means ± SEM. ***P < 0.001, two-way ANOVA followed by multiple
comparison test. (C) Survival time of mice received different treatments. ***P < 0.001, tTF-RGD + P-aPD-1 versus tTF + P-aPD-1 group. Data were analyzed with log-rank
test. (D) Schematic illustration of the timeline of the 4T1 tumor model establishment and treatment plan with the systemic strategy. (E) Tumor volume changes after
different treatments (aPD-1 = 1 mg/kg and tTF or tTF-RGD = 1.25 mg/kg). n = 6 per group. Data are presented as means ± SEM. *P < 0.05; ***P < 0.001, two-way ANOVA
followed by multiple comparison test. (F) Survival time of mice received different treatments. **P < 0.01, tTF-RGD + P-aPD-1 versus tTF + P-aPD-1 group. Data were
analyzed with log-rank test. i.v., intravenous.
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Fig. 8. Evaluation of therapeutic efficacy of intravenously injected tTF-RGD + intravenously injected PM-NP/PTX on a PDX breast cancer model. (A) Schematic
illustration of the structure of platelet membrane (PM) cloaked–nanoparticle (NP). (B) Transmission electron microscopy (TEM) images of NPs, PM, and PM-NPs. (C) The
establishment of the patient-derived xenograft (PDX) model on the immunodeficient mice and the tumor treatment plan. i.v., intravenous. (D) H&E staining of tumor
tissues after receiving PM-NP, tTF + PM-NP, and tTF-RGD + PM-NP. Arrow indicates coagulation. (E) Fluorescence imaging of mice at 24 hours after intravenous injection of
tTF/tTF-RGD + DiR-loaded PM-NP and the ex vivo images of tumors (n = 3). The white circle indicates the tumor site. (F) The MFIs of tumors shown in (E). **P < 0.01, one-
way ANOVA followed bymultiple comparison test. (G) Photographs of tumors after different treatments on day 38. Scale bar, 1 cm. PTX, paclitaxel. (H) Tumor growth curve
of mice received different treatments (n = 7 per group). Data are presented as means ± SEM. *P < 0.05; **P < 0.01, two-way ANOVA followed by multiple comparison test.
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diameter, respectively (fig. S13). There was a slight increase in the
size of NP after the decoration of PMs. Transmission electron mi-
croscopy (TEM) images showed a transparent layer outside the NPs,
suggesting the successful coating of the PM onto NPs (Fig. 8B).

Next, we investigated whether tTF-RGD could recruit PM-NP to
tumor sites. To validate the translational potential of our treatment
strategy, we established a clinical-relevant PDX mouse model
(Fig. 8C). We implanted TM00096 human breast tumor tissues
on the right flank of the immunodeficient mice. To affirm that sys-
temic injection of tTF-RGD can initiate the tumor-selective coagu-
lation on the PDX model, tTF + PM-NP or tTF-RGD + PM-NP
were administered to the mice via intravenous injection as described
in the CT26 tumor–bearing mice model. Twenty-four hours later,
the PDX tumors were collected and subjected to H&E staining. The
results demonstrated that tTF-RGD could induce coagulation in
PDX tumor tissues without severe hemorrhage, while no thrombo-
sis was found in PM-NP and tTF + PM-NP treatment groups
(Fig. 8D). To visualize the tumor-selective accumulation of PM-
NP, 1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine
Iodide (DiR) dyes were encapsulated into NPs, which were
further coated with PMs. The mice bearing PDX breast tumors re-
ceived intravenous injection of tTF or tTF-RGD. One hour later,
DiR-loaded PM-NP was injected via intravenous route. From the
IVIS images shown in Fig. 8E, mice treated with tTF-RGD + PM-
NP showed markedly enhanced accumulation of PM-NP at the
tumor site at 24 hours compared to tTF + PM-NP and PM-NP treat-
ment groups. Furthermore, the ex vivo quantification of MFI of
tumors showed a 5.05-fold increase in the accumulation of PM-
NP in mice treated with tTF-RGD than in those who received tTF
treatments (Fig. 8F). Collectively, these results demonstrated that
tTF-RGD that could induce tumor-specific coagulation was
capable of enhancing the accumulation of PM-NPs at the
tumor site.

In vivo antitumor efficacy of tTF-RGD+ PM-NP/PTX in a
PDX model
The encouraging results of the augmented accumulation of PM-NP
after the tTF-RGD treatment motivated us to examine its impact on
the antitumor effect of drug-loaded PM-NPs. To expand the appli-
cation of our treatment strategy to different therapeutical modali-
ties, we prepared chemotherapeutic PTX-loaded PM-NP
(designated PM-NP/PTX) and tested the therapeutic efficacy of
tTF-RGD + PM-NP/PTX in the PDX model. The TM00096
breast cancer PDX model was established on immunodeficient
mice. When the tumor volume reached 100 to 150 mm3, the mice
received different treatments, including saline, PM-NP/PTX,
tTF + PM-NP/PTX, and tTF-RGD + PM-NP/PTX (tTF and tTF-
RGD doses: 1.25 mg/kg and PTX dose: 2.5 mg/kg). As shown in
Fig. 8 (G and H), PDX tumor–bearing mice in the saline group
reached the maximized tumor burden allowed in our animal proto-
col (1500 mm3) around day 40, while all the treatment groups with
PM-NP/PTX suppressed tumor growth to various extents. Of note,
tTF-RGD + PM-NP/PTX exhibited markedly better inhibition of
tumor growth when compared to PM-NP/PTX and tTF + PM-
NP/PTX treatments. Notably, the average tumor sizes in tTF-
RGD + PM-NP/PTX on day 50 were 587.72 ± 135.29 mm3, which
was significantly smaller than those in tTF + PM-NP/PTX
(1202.27 ± 125.58 mm3) and PM-NP/PTX (1365.03 ± 120.06
mm3). Besides, as shown in fig. S14, no substantial weight loss in

the mice was observed after tTF-RGD + PM-NP/PTX treatments,
suggesting the good safety profile of this treatment strategy. Togeth-
er, the tTF-RGD–mediated coagulation facilitates the tumor accu-
mulation of PM-NP/PTX, contributing to potent antitumor
therapeutic efficacy.

DISCUSSION
In this work, we used tTF-RGD to initiate the coagulation cascade at
the tumor site, which can recruit P-aPD-1 and PM-coated NPs to
the tumor region. tTF-RGD targeted tumor neovasculature and ini-
tiated a coagulation cascade by mimicking the functionality of the
TF. The tTF-RGD injected either by peritumoral or intravenous
routes showed potent capability in triggering thrombus formation
within the tumor region. P-aPD-1 was thereby recruited to the
tumor area and subsequently activated to secrete PMPs and
release aPD-1 antibodies locally. The strategy remarkably sup-
pressed CT26 tumor growth and prolonged the survival time of
CT26 tumor–bearing mice. Flow cytometry analysis revealed that
the treatment increased CD3+ CD8+ T cell populations and the pro-
portions of IFN-γ+ CD8+ T cells. Besides, the strategy improved the
therapeutic efficacy of aPD-1 in 4T1 orthotopic breast cancer
models. We then moved forward to explore whether PM-coated
NPs could also migrate in response to tTF-RGD–mediated coagu-
lation signaling. We prepared PM-NP/PTX and tested the tumor
accumulation and antitumoral efficacy after tTF-RGD treatment
on a PDX breast cancer model. Our results demonstrated that
PM-NP/PTX could efficiently accumulate at the tumor site which
was attributed to the attraction of platelets and platelet derivatives
by tumor-selective thrombosis. Furthermore, this enhanced accu-
mulation led to increased drug availability at the tumor site,
thereby improving chemotherapy efficacy against PDX
breast cancer.

In comparison with conventional targeted strategies based on
ligand-receptor interaction, the tTF-RGD–mediated targeting strat-
egy is anticipated to be less restricted by receptor saturation. By oc-
cupying a portion of receptors on cells, tTF-RGD can amplify the
signals by inducing coagulation in the tumor area to attract substan-
tial platelet-based therapeutics to the tumor site. Besides, both the
dose and the administration intervals between tTF-RGD and plate-
let-based therapeutics can be adjusted, which provides flexible and
dynamic control over the migration of therapeutics.

Cells are naturally smart components that can recognize and
respond to physiological cues, which encourage the enthusiasm
for developing cell-based delivery systems (23–26). Various
surface receptors or other molecules enable cells to respond to phys-
iological stimuli, allowing them to spontaneously target disease
areas such as inflammatory or tumor sites (27–29). However,
these properties on the other hand also restrict the potential of
the cells, as their actions completely depend on the naturally existing
cues. As a result, it remains difficult to communicate with cells or
precisely manipulate their migration in vivo. For example, previous
studies on platelet-based delivery systems are focused on preventing
postsurgery tumor recurrence, because the formed inflammatory
environment secondary to the surgical resection is favorable for
platelet targeting and activation (30). Our study proposed a feasible
strategy to navigate the migration of platelet-based therapeutics by
inducing tumor-specific coagulation. The development of more ar-
tificially targeting environment for intelligent and controllable cell
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migration will enhance the therapeutic potential of cell-based ther-
apies (31, 32).

One limitation of this study is to determine the most suitable
amount of tTF-RGD theoretically. Direct intratumoral injection
of a high concentration of tTF-RGD could induce severe thrombus,
which may temporarily inhibit tumor growth by blocking tumor
vasculature. However, whether this would cause the exclusion of
immune cells such as T cells remains unknown. In addition, it is
hard to predict the long-term impact on the angiogenesis of the
tumor. We determined the experimental dose of tTF-RGD in this
study by assessing the severity of coagulation from H&E staining
and tumor morphology. However, more evaluation should be con-
ducted when applying this strategy to other tumor types and
species. Besides, further study may focus on mimicking the plate-
let-recruiting signals while only inducing modest coagulation,
which will further overcome the potential limitations.

For clinical translation, many cell-based therapies such as chi-
meric antigen receptor T therapy are under clinical trial or have
been approved for clinical use. Specifically, platelet infusion has
been tested for decades, and it can be anticipated that platelet-
based therapy may also exhibit a good biosafety profile. To test
whether tTF-RGD can enhance the treatment outcome, we loaded
a U.S. Food and Drug Administration–approved chemodrug PTX
into PM-NP and tested its therapeutic efficacy on a PDX model.
The results provide initial evidence that this strategy has potent ef-
ficacy and a good biosafety profile on a patient-related model. Fur-
thermore, the cargoes in this versatile system can be replaced with
other clinically available drugs, suggesting its promising wide appli-
cation. More research on the pharmacokinetics, the maximum tol-
erable dose, and the long-term safety of tTF-RGD may further
promote the translation of this platform. We hope that this work
creates a paradigm of targeted therapy and generates more inspira-
tion for developing locoregional treatment platforms to
combat tumors.

MATERIALS AND METHODS
Antibodies, cells, and mice
The antibodies, including GoInVivo Purified anti-mouse CD279
(PD-1) antibody (clone no.: RMP1-14, category no.: 114114), allo-
phycocyanin (APC)–anti-mouse CD3 (clone no.: 17A2, category
no.: 100236), phycoerythrin (PE)–anti-mouse CD8a (clone no.:
53-6.7, category no.: 100708), and FITC–anti-mouse IFN-γ (clone
no.: XMG1.2, category no.: 505806), were purchased from BioLe-
gend. All antibody dilutions were performed according to the man-
ufacturer’s guidance. The flow cytometry data were analyzed by
FlowJo v10 software.

The mouse CT26 colon cancer cells were obtained from the
American Type Culture Collection, and Luc-CT26 cells were pur-
chased from Imanis Life Sciences Inc. Luciferase-tagged CT26 cells
were used for in vivo bioluminescence imaging. TM00096 breast
cancer tissue was obtained from the Jackson Laboratory. The
Balb/c mice (female or male, aged 6 to 8 weeks) and nude mice
(female, aged 6 to 8 weeks) were purchased from the Jackson Lab-
oratory. The Rag2-Il2rg double-knockout mice (R2G2) mice
(female, aged 6 to 8 weeks) were obtained from Envigo. The
animal study protocol was approved by the Institutional Animal
Care and Use Committee at the University of Wisconsin-Madison.

Expression, purification, and characterization of tTF and
tTF-RGD
Full-length human TF amino acid sequence was obtained from
UniProt (P13726). The cDNA encoding tTF containing amino
acid 33 to 250 and the C-terminal extension (tTF-RGD) were syn-
thesized by GenScript and then inserted into pET30a (+) vector
using Bam HI and Nco I to generate tTF and tTF-RGD expression
vector pET30a (+)–tTF and pET30a (+)–tTF-RGD. The tTF and
tTF-RGD plasmids were introduced in Escherichia coli
BL21(DE3) (Invitrogen), and the protein was purified with
nickel–nitrilotriacetic acid (Ni-NTA) (QIAGEN).

tTF: Primer 1, 5′-CATGCCATGGGATCAGGCACTACAAA
TACTGTG-3′; primer 2, 5′-CGGGATCCTATTATCT
GAATTCCCCTTTC-3′.

tTF-RGD: Primer 1, 5′-CATGCCATGGGATCAGGCACTA
CAAATACTGTG-3′; primer 3, 5′-CGGGATCCTATTATGGA
GAATCACCTCTTCCTCTGAATTCCCC-3′.

A single colony of E. coli BL21(DE3) introduced with the vectors
was selected and cultivated in the liquid LB medium containing
kanamycin (50 μg/ml). When the optical density at 600 nm of bac-
teria solution reached ~0.6, 0.8 mM isopropyl-β-D-thiogalactopyr-
anoside was added to induce the overexpression of the fusion
protein. After ~6 hours, the cells were harvested and centrifuged
at 2000g for 30 min at 4°C. Cells were suspended in lysis buffer
and homogenized with a tissue grinder homogenizer. The cells
were then incubated for 30 min at room temperature and centri-
fuged at 12,000g for 30 min at 4°C. The obtained pellet was resus-
pended in the washing buffer, followed by homogenization with a
tissue grinder and sonication with the sonicate parameter (sonica-
tion time: 5 s, interval time: 5 s, 30 min in total). The mixture was
centrifuged at 12,000g for 30 min at 4°C, and the supernatant was
discarded. The procedure was repeated until the supernatant was
clean. tTF and tTF-RGD proteins were extracted from washed
pellets with a Ni-NTA column. The proteins in elution buffers
were refolded by gradient dialysis against guanidinium chloride
(GuCl) dialysis buffers containing a decreasing concentration of
GuCl. The purity of tTF and tTF-RGD was tested using SDS-
PAGE, and the concentration was determined with a bicinchoninic
acid assay kit. The final proteins (>96% purity) were stored
at −80°C.

The FX activation activity was tested using a modified procedure
based on the previous report (33). Briefly, to each well of a black 96-
well platewas added 100 μl of BSA, tTF, and tTF-RGD with different
concentrations in tris-buffered saline containing 0.1% BSA. Then,
10 μl of FVIIa solution (Haematologic Technologies Inc.) was
added, followed by the rapid addition of 10 μl of 50 nM CaCl2
and 500 μM phospholipids. After 5 min of incubation at room tem-
perature, FX (Haematologic Technologies Inc.) was added to reach a
final concentration of 30 nM and reacted for an additional 5 min.
The reaction was quenched by the addition of 20 μl of EDTA solu-
tion (100 mmol/liter) before 10 μl of 6-amino-1-naphthalenesulfo-
namide–based fluorogenic substrate (10 mM) (Haematologic
Technologies Inc.) was added to the mixture. Three minutes later,
the fluorescence intensities were measured with a microplate reader
(excitation wavelength = 352 nm and emission wave-
length = 470 nm).
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Tumor vasculature–targeting and coagulation-initiating
ability of tTF-RGD
The tumor vasculature–targeting ability of tTF-RGD was investigat-
ed using IVIS. Briefly, tTF and tTF-RGD were labeled with Sulfo-
Cy5.5 N-hydroxysuccinimide (NHS) ester and dialyzed against
phosphate-buffered saline (PBS) at 4°C to remove unreacted dyes.
Balb/c mice (male, aged 6 to 8 weeks) were inoculated with 1 × 106

CT26 cells. When the tumor volumes reached 100 to 150 mm3 (cal-
culated as length × width2 × 0.5), Cy5.5-labeled tTF or tTF-RGD
were injected at the dose of 1.25 mg/kg via intravenous route to
mice bearing CT26 tumors. The biodistribution of tTF or tTF-
RGD was observed at different time points. At 24 hours, the mice
were euthanized, and tumors were collected and visualized ex vivo.
The fluorescence was analyzed using Living Image Software v.4.3.1
(PerkinElmer).

To assess the tumor vasculature coagulation triggered by tTF-
RGD, fibrinogen was labeled with Sulfo-Cy5.5 NHS ester and dia-
lyzed against PBS to remove unreacted dyes. BSA, tTF, or tTF-RGD
were injected at the dose of 1.25 mg/kg via intravenous route to mice
bearing CT26 tumors, followed by intravenous injection of 1 nmol
of fibrinogen. The biodistribution of fibrinogen was observed at dif-
ferent time points. At 24 hours, the mice were euthanized, and
tumors and organs were collected and visualized ex vivo.

The coagulation initiation capability of tTF-RGD was investigat-
ed by treating CT26 tumor-bearing mice with BSA, tTF, and tTF-
RGD (1.25 mg/kg) via intratumoral injection. Twenty-four hours
later, the tumors were collected and subjected to H&E staining.
To characterize the coagulation triggered by a lower dose of tTF-
RGD, BSA, tTF, and tTF-RGD (0.4 mg/kg) were administered
into CT26 tumor–bearing mice via p.t. injection. Furthermore,
mice bearing CT26 tumors were also treated with BSA, tTF, and
tTF-RGD (1.25 mg/kg) via intravenous route every other day for
three times in total. Twenty-four hours after injection of the last
dose, the tumors and other major organs were collected and sub-
jected to H&E staining.

Preparation and characterization of P-aPD-1
The platelets were isolated from whole mouse blood by gradient
centrifugation. The collected blood was centrifuged for 20 min at
100g twice to remove red blood cells, followed by centrifugation
for 20 min at 1500g to isolate platelets. The platelets were resuspend-
ed in PBS containing 1 μM prostaglandin E1. To prepare P-aPD-1,
aPD-1 antibodies and Sulfo-SMCC linkers were mixed at a molar
ratio of 1:1.2 and stirred at 4°C. Two hours later, the solution was
centrifuged in ultrafiltration tubes (3000-kDa molecular weight
cutoff ) at 4°C to remove the unbound linkers. The SMCC–aPD-1
was reacted with Traut’s reagent–treated platelets at room temper-
ature for 1 hour, followed by removing the excess antibodies using
centrifugation at 1500g for 20 min. The amount of the conjugated
aPD-1 was measured using rat immunoglobulin G (IgG) total
ELISA kit after applying 0.1% Triton X-100 solution to release the
antibody under sonication.

To verify the conjugation of aPD-1 and platelets, aPD-1 stained
with FITC and platelets stained with WGA 594 were used to prepare
P-aPD-1 and were observed under the confocal microscope. To
study the thrombin-triggered aggregation of platelets, rhodamine
B–labeled P-aPD-1 or platelets were cultured in a complete
medium supplemented with thrombin (0.5 U/ml) and then visual-
ized using the confocal microscope. To study the collagen binding

capability, confocal dishes were coated with collagen (1.0 mg/ml;
Sigma-Aldrich) overnight at 4°C. BSA (2%) in PBS was used to
block the coated or uncoated confocal dishes. Platelets or P-aPD-
1 labeled with rhodamine B were then incubated in the dishes for
5 min. The dishes were washed with PBS to remove the unbound
platelets or P-aPD-1 and then visualized using the confocal
microscope.

To study the release of aPD-1, 1 × 108 of P-aPD-1 was suspended
in 500 μl of PBS before thrombin (0.5 U/ml) was added to activate
the platelets. The suspension was placed at 37°C, and 50 μl of
samples were collected at prearranged time intervals. The samples
were centrifuged at 1500g for 10 min, and the aPD-1 in the super-
natant was measured using rat IgG total ELISA kit. Nonactivated P-
aPD-1 was used as control.

Recruitment of P-aPD-1 by tTF-RGD treatment
The recruitment of P-aPD-1 to tumor sites by tTF-RGD–initiated
coagulation was studied using IVIS. P-aPD-1 was reacted with
Sulfo-Cy5.5 NHS ester at room temperature for 1 hour and
washed three times with PBS to remove unreacted dyes. For the
local treating strategy, BSA, tTF, and tTF-RGD were given at the
dose of 0.4 mg/kg via p.t. injection to mice bearing CT26 tumors,
followed by intravenous injection of P-aPD-1 (platelet number:
~1 × 108). For the systemic treatment strategy, BSA, tTF, and tTF-
RGD were given at the dose of 1.25 mg/kg via intravenous injection
to mice bearing CT26 tumors, followed by intravenous injection of
P-aPD-1 (platelet number: ~1 × 108). The biodistribution of P-aPD-
1 was observed at different time points. At 24 hours, the mice were
euthanized, and tumors were collected and visualized ex vivo.

To examine the distribution of P-aPD-1, P-aPD-1 was labeled
with rhodamine B and given by intravenous injection following
the p.t./intravenous injection of BSA, tTF, or tTF-RGD. At
24 hours, the tumors were collected from the mice and subjected
to frozen section. The cell nuclei were stained with Hoechst
33342, and the section slides were observed under the confocal
microscope.

Anti-tumor efficacy of tTF-RGD + P-aPD-1
To establish a subcutaneous CT26 colon cancer model, Balb/c mice
(male, aged 6 to 8 weeks) were subcutaneously inoculated with
1 × 106 CT26 cells on the right flank. When the tumor volume
reached 100 to 150 mm3, the mice received different treatments, in-
cluding saline, aPD-1, tTF-RGD, P-aPD-1, tTF + P-aPD-1, and
tTF-RGD + P-aPD-1. For the local treating strategy, tTF or tTF-
RGD (0.4 mg/kg) was first given by p.t. injection. Half an hour
later, P-aPD-1 was administered via intravenous injection at the
aPD-1 dose of 1 mg/kg. The treatment was conducted every other
day for three times in total. For the systemic treating strategy, tTF or
tTF-RGD (1.25 mg/kg) was first given by intravenous injection. One
hour later, P-aPD-1 was administered via intravenous injection at
the aPD-1 dose of 0.3 mg/kg. The treatment was conducted every
other day for three times in total. The antibodies used in other treat-
ment groups are also given at an equivalent dose. The tumor growth
(calculated as length × width2 × 0.5), and body weight was moni-
tored every other day. Mice were euthanized once the tumor volume
exceeded 2000 mm3.

The 4T1 orthotopic breast cancer model was established by in-
oculating with 1 × 106 4T1 cells into the mammary fat pad of Balb/c
mice (female, aged 6 to 8 weeks). When the tumor volume reached
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100 to 150 mm3, the mice received different treatments, including
saline, aPD-1, tTF-RGD, P-aPD-1, tTF + P-aPD-1, and tTF-
RGD + P-aPD-1. The treatment timeline and the doses of tTF-
RGD were consistent with those for the CT26 tumor treatment.
P-aPD-1 was administered via intravenous injection at the aPD-1
dose of 1 mg/kg. The tumor growth and body weight were moni-
tored every other day. Mice were euthanized once the tumor
volume exceeded 1500 mm3.

Tumor tissues were collected on day 12 after the first treatment,
digested with collagenase, and filtered through cell strainers with
pore sizes of 40 μm to obtain single-cell suspension. The cells
were collected by centrifugation, and the supernatant was used
for the detection of cytokines. The cells were resuspended in PBS,
stained with APC–anti-mouse CD3 and PE–anti-mouse CD8a, and
analyzed using flow cytometry. The staining of FITC–anti-mouse
IFN-γ was conducted according to the BioLegend intracellular
flow cytometry staining protocol. CD3+CD8+ cells were quantified
with precision count beads (BioLegend, 424902) according to the
manufacturer’s guidance.

The tumor tissue supernatant after centrifugation was used for
the detection of IFN-γ and TNF-α with the corresponding ELISA
kits. The fold change was calculated for cytokine levels after differ-
ent treatments relative to the saline group. Interleukin-1α (IL-1α),
IL-1β, IL-3, IL-27, IFN-β, and granulocyte-macrophage colony-
stimulating factor were tested using LEGENDplex Mouse Cytokine
Panel 2 (BioLegend, 740134) according to the guidance of
manufacturers.

Synthesis of dextran NP and preparation and
characterization of PM-NP
Modified dextran was synthesized according to our previous report
(34). Briefly, 1.0 g of dextran [number-average molecular weight
(Mn) ∼9 to 11 kDa] was dissolved in 10 ml of dimethyl sulfoxide.
Then, 15.6 mg of pyridinium p-toluenesulfonate and 4.16 ml of 2-
ethoxypropene were added to the solution and stirred for 30 min at
room temperature. Afterward, 1 ml of triethylamine was added to
quench the reaction. The precipitated mixture was washed in basic
water (pH ∼8) before lyophilization.

Dextran NPs were prepared using a single-emulsion method.
Briefly, 10 mg of modified dextran and 0.5 mg of PTX were dis-
solved in 2 ml of dichloromethane (DCM), followed by the addition
of 4 ml of 3% poly(vinyl alcohol) (PVA) solution. The mixture was
subjected to sonication for 2 min (percent amplification, 35%; 2 s on
and 2 s off circles) before being dispersed in 20 ml of 0.3% PVA sol-
ution. The solution was stirred to evaporate the DCM. NPs were
collected by centrifugation and washed twice to remove unencapsu-
lated drugs. To load the NIR dyes into NPs, 10 mg of modified
dextran and 0.1 mg of DiR were used to prepare DiR-loaded NPs
with the same procedures as described above.

To prepare PM-NPs, first, platelets isolated from whole mouse
blood were diluted with sterile ddH2O and disrupted with ultraso-
nication. The PMs were centrifuged at 4500g for 5 min and washed
twice with sterile ddH2O. The pH of the solution was adjusted to
7. The PMs and NPs were sonicated together for 30 s (percent am-
plification, 35%; 2 s on and 2 s off circles) before stirring for 3 hours
at room temperature. The formed PM-NP was centrifuged at
13,800g for 30 min and washed with ddH2O. The NPs were
diluted in sterile saline for in vivo study. The morphologies of
NPs and PM-NPs were observed under TEM, and their sizes were

tested by DLS. The drug encapsulation efficiency was determined by
high-performance liquid chromatography.

Establishment of the PDX model
To establish the PDX model, TM00096 tumor samples were first
propagated on R2G2 mice (female, aged 6 to 8 weeks) and then pas-
saged to nude mice (female, aged 6 to 8 weeks). Briefly, tumor
tissues from R2G2 mice with TM00096 tumors were cut into
small pieces and dispersed in the 1:1 mixture of Dulbecco’s modi-
fied Eagle’s medium and Matrigel supplemented with fetal bovine
serum and antibiotics. The tiny tumor tissues were mixed thor-
oughly and placed on ice packs before being injected into the
right flank of the nude mice using an 18-gauge needle (100 μl
per mouse).

Recruitment of PM-NP by tTF-RGD–triggered coagulation
The recruitment of PM-NPs to tumor sites by tTF-RGD–initiated
coagulation was studied using IVIS. NPs were loaded with DiR and
coated with PMs. The PM-NP was washed three times with PBS to
remove unreacted dyes. tTF or tTF-RGD was given at the dose of
1.25 mg/kg via intravenous injection to mice bearing PDX breast
tumors. One hour later, 2 mg of NPs and PM-NPs were adminis-
tered via intravenous injection. The biodistribution of NP and PM-
NP was observed at different time points. At 24 hours, the micewere
euthanized, and tumors were collected and visualized ex vivo.

Antitumor efficacy of tTF-RGD + PM-NP/PTX
The PDX breast tumor model was established as described before.
When the tumor volumes reached 100 to 150 mm3, the mice were
randomly grouped and received different treatments, including
saline, PM-NP/PTX, tTF + PM-NP/PTX, and tTF-RGD + PM-
NP/PTX. tTF or tTF-RGD (1.25 mg/kg) was first given by intrave-
nous injection. One hour later, PM-NP/PTX was administered via
intravenous injection at the PTX dose of 2.5 mg/kg. The treatment
was conducted every other day for three times in total. The tumor
volume (calculated as length × width2 × 0.5) and body weight
change were monitored. Mice were euthanized once the tumor
volume exceeded 1500 mm3.

Statistical analysis
All the results are shown as means ± SEM. Statistical analysis was
performed using GraphPad Prism (version 9), and analysis of var-
iance (ANOVA) was used to compare multiple groups statistically.
Survival studies were analyzed using log-rank test. A P value lower
than 0.05 (*P < 0.05) was defined as statistically significant;
*P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S14

View/request a protocol for this paper from Bio-protocol.
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