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Abstract

Cancer-associated fibroblasts (CAFs) are present in many types of tumors and play a pivotal

role in tumor progression and immunosuppression. Fibroblast-activation protein (FAP), which is
overexpressed on CAFs, has been indicated as a universal tumor target. However, FAP expression
is not restricted to tumors, and systemic treatment against FAP often causes severe side effects.

To solve this problem, a photodynamic therapy (PDT) approach was developed based on ZnFqgPc
(a photosensitizer)-loaded and FAP-specific single chain variable fragment (scFv)-conjugated
apoferritin nanoparticles, or aFAP-Z@FRT. aFAP-Z@FRT PDT efficiently eradicates CAFs in
tumors without inducing systemic toxicity. When tested in murine 4T1 models, the PDT treatment
elicits anti-cancer immunity, causing suppression of both primary and distant tumors, i.e. abscopal
effect. Treatment efficacy is enhanced when aFAP-Z@FRT PDT is used in combination with
anti-PD1 antibodies. Interestingly, it is found that the PDT treatment not only elicits a cellular
immunity against cancer cells, but also stimulates an anti-CAFs immunity. This is supported by
an adoptive cell transfer study, where T cells taken from 4T1-tumor-bearing animals treated with
aFAP PDT retard the growth of A549 tumors established on nude mice. Overall, our approach is
unique for permitting site-specific eradication of CAFs and inducing a broad spectrum anti-cancer
immunity.

Graphical Abstract

Anti-FAP photodynamic therapy, mediated by ZnF;gPc-loaded and single-chain variable-fragment
(scFv)-conjugated ferritin nanoparticles, eliminates cancer associated fibroblasts (CAFs) in a
specific fashion. This results in destructed extracellular matrix and reduced recruitment of
regulatory T cells. In turn, the treatment enhances the expansion of anti-cancer and anti-CAF
cytotoxic T lymphocytes, eliciting an immunity that inhibits tumor growth.
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1.

Introduction

Cancer-associated fibroblasts (CAFs) are the most abundant cell type in the tumor stroma.
[1] Unlike normal fibroblasts that often inhibit tumor progression, CAFs are involved

in promoting tumor growth. Specifically, CAFs secrete growth factors such as VEGFA,
EGF, FGF, and HGF, which stimulate cancer cell proliferation and tumor angiogenesis.

[21 CAFs produce various types (1, 111, 1V, V) of collagens, fibronectin, and laminins, as
well as extracellular matrix (ECM)-degrading proteases such as matrix metalloproteinases
(MMPs) and urokinase-type plasminogen activator (uPA);[3] these molecules enhance
tumor ECM remodeling and as a result promote cancer cell migration and metastasis.
CAFs are also involved in tumor drug resistance through inducing epithelial-mesenchymal
transition (EMT), upregulating glutathione, or directly scavenging therapeutics.[3 41 Due
to widespread implications, there has been a great interest of developing CAF-targeted
therapies. One promising CAF target is fibroblast activation protein (FAP), a membrane-
bound glycoprotein that is upregulated in CAFs but not in normal fibroblasts.[30] In fact,
FAP is positive in over 90% of human cancers,®] making it a promising generic target

for solid tumors. Recently, FAP-targeted immunotoxins (FAP5-DM1[®! and aFAP-PE38[’]
conjugates), humanized monoclonal antibodies (F19[8]), DNA vaccines,®l and CAR T
therapy!1%] have been developed. However, the test results were mixed. One common
problem is that FAP is also expressed in normal tissues such as the placenta, uterus, embryo,
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and bone marrow.[1] Hence, a systemic FAP-targeted therapy may cause severe or even
lethal toxicities.[12]

To address the issue, we have proposed a PDT approach for targeted CAF elimination.

(131 pDT is a focal treatment modality, exploiting radicals generated from activated
photosensitizers to induce cell damage.[*4] In a typical PDT regimen, patients are
administered with photosensitizers and photo-irradiation is applied to the lesions after

a certain drug-light interval. This activates the photosensitizers, which transfer energy

to nearby O, to produce cytotoxic 10, among other reactive oxygen species.[15] Given

the short-lived nature of radicals, the impact of CAF-targeted PDT is confined to photo-
irradiated areas (e.g. tumors), thus minimizing side effects to FAP* cells in normal

tissues. Specifically, we have loaded ZnFqgPc (zinc hexadecafluorophthalocyanine), a potent
photosensitizer (Ajax = 671 nm; @, = 0.85),[16] onto apoferritins (FRTs), and conjugated
onto the FRTSs surface a single chain variable fragment (scFv) that is FAP-specific. FRTs

are compact drug carriers (~ 12 nm in diameter) and can efficiently diffuse through tumor
mass and bind to CAFs.[17] FRTs are efficient at photosensitizer encapsulating, loading up
to 200 ZnF41gPc molecules in its cavity (as a comparison, antibodies, which have similar
sizes to FRTS, can each be coupled with a 5-10 photosensitizers).[18] Our previous studies
showed that ZnF1gPc loaded anti-FAP FRTSs (abbreviated as a FAP-Z@FRTSs) can selectively
accumulate in tumors and, with photo-irradiation, efficiently eradicate CAFs.[13]

CAFs are also a major player in the often immunosuppressive tumor microenvironment
(TME).[29] CAFs achieve this by secreting pro-inflammatory cytokines and chemokines
including TGF-B, IL-6, CCL2, and CXCL12, which recruit immuno-suppressive cells such
as regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCSs) into the tumor
stroma.[20] Furthermore, CAFs prevent cytotoxic T cells (CTLs) from migrating into tumors
by depositing a dense layer of ECM and secreting CXCL12.[21] Last but not least, CAFs
express programmed cell death ligand 1/2 (PD-L1/2), which engage with PD-1 to cause T
cell anergy.[?2] Eliminating CAFs may boost the immune response to improve tumor control,
a notion that was supported by our previous studies.[*3] However, whether antigen specific
immunity is elicited by anti-FAP (aFAP) PDT and whether the treatment elicits sustained
tumor protection is unknown. Moreover, in addition to inducing a cancer-cell-targeted
immune response, aFAP PDT may also elicit an anti-CAF immunity. If so, anti-CAF PDT
may serve as a unique tumor vaccination approach, given that CAFs are present in almost
all solid tumors and are genetically more stable than cancer cells.[23] Herein we tested these
hypotheses in syngeneic mouse models established with 4T1 cells.

Results and Discussion

Preparation and characterization of ZnFigPc-loaded, anti-FAP-scFv-conjugated FRTs

(aFAP-Z@FRTs)

FRTSs consists of 24 subunits.[24] While natural FRTs contain both heavy and light subunits,
we used recombinant mouse FRTs made of heavy chains only. FRTs were expressed

following our published protocoll*3] and purified by size exclusion chromatography (SEC).
SDS-PAGE found a single band at ~21 kDa, which coincides with the molecular weight of
heavy chain FRTs (Figure S1, Supporting Information). Transmission electron microscopy
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(TEM, Figure 1a) showed that FRTs were ~12 nm in diameter, which corroborates with our
previous observation.[16]

We then loaded ZnF4gPc into FRTs by exploiting pH-dependent de-assembly and re-
assembly of the protein cages. Specifically, we decreased the pH of FRT solutions to 2.0,
which led to FRT dissociation.[2%] We then added ZnF1gPc in DMSO into the solution

and slowly adjusted the pH back to 7.4. This caused reconstitution of the protein cages

and encapsulation of ZnF4gPc into them. We passed the resulting, ZnF,gPc-loaded FRTs
through a NAP-10 column to remove excessive ZnF1gPc molecules. UV-vis spectroscopy
analysis determined that the ZnFgPc loading rate was ~12 wt% (Figure 1d). While ZnFgPc
is poorly water soluble, ZnFgPc-encapsulated FRTs (Z@FRTs) are well dispersed in PBS
(Figure S2, Supporting Information). Notably, there was ZnFgPc little release from FRTs
(Figure S3, Supporting Information), which was attributed to the relatively bulky molecule
size and its hydrophobicity. Despite high loading rate, minimal self-quenching was observed
with Z@FRTs (Figure S4, Supporting Information).

We then conjugated a FAP-specific scFv to FRT surface. The anti-FAP scFv was expressed
and purified following a published protocol with minor modifications.[*3] Briefly, the
anti-FAP scFv sequence (Vy and V| linked by a 4xGGGGS spacer) was inserted into a
pOPE101 plasmid to transduce E. coli. The polypeptide was collected by metal affinity
chromatography and its molecular weight (26 kDa) was confirmed by SDS-PAGE (Figure
S1, Supporting Information). The scFv was conjugated to Z@FRTs using a crosslinker,
bis(sulfosuccinimidyl)suberate or BS3.[13] The resulting nanoparticles, /.e. aFAP-Z@FRTs,
were collected on a centrifugal filter unit (MWCO = 100 KDa). On average, 6.3 £ 2.2 scFv
molecules were coupled to each FRT cage. The scFv coupling slightly increased the overall
nanoparticle size. This was observed by dynamic light scattering (DLS), which found that
the hydrodynamic size was increased from 13.3 £ 2.1 nm for Z@FRTs to 16.8 £ 2.1 nm for
aFAP-Z@FRTs (Figure 1b). SEC confirmed the size increase, finding that the retention time
(&r) was decreased from 29.6 min for FRTs to 28.1 min for aFAP-FRTSs (Figure 1c; note that
the fz of scFv was 46.6 min).

2.2. CAF targeting by aFAP-Z@FRTs

We then investigated CAF targeting of a FAP-Z@FRTSs. This was first studied /n vitro with
CAFs and 4T1 cells. CAFs were isolated from a 4T1 xenograft using a magnetic activated
cell sorting (MACS) kit. To keep track of the nanoparticles, a FAP-FRTs were labeled with
rhodamine before incubation (see Experimental section). CAFs are greater in size than

4T1 cells (Figure 1e), and unlike spindle-like normal fibroblasts, CAFs are stelliform in
shape (Figure 1e). Moreover, CAFs were stained positively for a-SMA and manifested
characteristic stress fiber structures of myofibroblasts (Figure 1e). These characteristics are
consistent with previous reports.[26] It was found that a FAP-FRTSs were efficiently taken up
by CAFs, but barely bound to 4T1 cells, which are FAP-negative (Figure 1e).

We next studied tumor targeting /n vivo. To this end, we labeled aFAP-Z@FRTs with either
64Cu-DOTA or IRDye 800, and intravenously (i.v.) injected the conjugates into 4T1 bearing
BALB/c mice (n = 3). Probe accumulation in tumors was assessed by positron emission
tomography (PET) and fluorescence imaging. PET scans found gradual increase of activity
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in tumors, with tumor uptake of 1.66 + 0.02, 3.41 + 0.24 and 3.14 = 0.25%ID/g at 1, 5, and
24 h, respectively. When free scFv (30 x) was co-injected, the tumor uptake was reduced

to 1.37, 1.65 and 1.47 %ID/g at 1, 5, and 24 h, respectively (Figure 2a). These results
suggest that a FAP-Z@FRTSs after i.v. injection accumulated in tumors through FAP-scFv
interaction. Similar results were observed with fluorescence imaging (Figure 2b). After 24 h,
we euthanized the animals, collected tumors and major organs, and performed ex vivo scans.
We found that tumor uptake of aFAP-Z@FRTs was decreased by 9.7 folds when free scFv
was co-injected. Meanwhile, comparable nanoparticle uptake was observed in major organs
such as the liver and kidneys (Figure 2c).

2.3. Therapy studies with aFAP-Z@FRTs-mediated PDT

We next studied the therapeutic effects of PDT in 4T1 tumor models. Briefly, we i.v. injected
aFAP-Z@FRTs (0.5 mg ZnF1gPc/kg) into the animals, and applied photo-irradiation (671
nm, 300 mW/cm? for 15 min) to tumors at 24 h (n = 5). We chose 24 h instead of an earlier
time point (e.g. 5 h) because FRTSs have relatively long blood circulation half-lives,[16]

hence early irradiation may induce vasculature damage, which is undesired in the current
application. For complete CAF elimination, we performed two PDT procedures that were
three days apart (Figure 3a). The treatment caused effective tumor suppression, leading to
tumor inhibition by 65.3% on Day 21 (Figure 3b).

In separate groups, we intraperitoneally (i.p.) injected anti-CD4 (aCD4) or anti-CD8
(a.CD8) antibodies into 4T1 tumor bearing BALB/c mice (200 pg per injection per mouse,
given on Day 5 and 10; n = 5; Figure 3a); these antibodies would eliminate CD4* or

CDS8™ T cells in the animals. For comparison, we also tested PDT in combination with
non-specific 1gG. 1gG and a.CD4 showed a minimal impact on the treatment outcome.

For both groups, there was no significant change in tumor volume (Day 21) compared

with the PDT-only control (P = 0.078 and 0.758, respectively). On the contrary, CD8* cell
depletion significantly accelerated tumor growth (2= 0.000905). These results suggest that
aFAP-PDT elicited a cellular immunity that was a major cause of the tumor suppression.

2.4. Abscopal effect induced by aFAP-Z@FRT PDT

We then tested the efficacy of aFAP PDT in bilateral 4T1 tumor models. Specifically,

we i.v. injected aFAP-Z@FRTSs (0.5 mg ZnFqgPc/kg) into animals on Day 4 and 7 post
tumor inoculation. We then applied photo-irradiation (671 nm laser, 300 mW/cm? for 15
min) 24 h post the particle injection onto the primary tumors, leaving the contra-lateral
tumors un-irradiated (Figure 4a). The growth of both primary and secondary tumors was
monitored. Similar to single-tumor model studies, PDT treatment effectively suppressed
primary tumors, causing tumor inhibition by 90.2% on Day 23. Meanwhile, the growth of
the secondary tumors was also retarded. On Day 23, the secondary tumors had a size of 88.8
+25.1 mm3, compared to 859.7 + 72.8 mm3 for the untreated animals (Figure 4b).

For better assessment, we repeated the study but euthanized the animals on Day 9 and 15,
and collected tumors for histopathology analysis (Figure 4c). In both primary and secondary
tumors, we observed a significantly reduced cancer cell population in the PDT group, along
with a decreased level of anti-Ki67 positive staining (for primary tumors, the positively
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stained area of untreated mice was 16.00 and 5.15 times as large as PDT-treated mice on
Day 9 and 15, respectively; for secondary tumors, the difference was 6.16- and 7.27-fold,
respectively, on Day 9 and 15; Figure S5). In addition, we performed Masson’s trichrome
staining, which examines the level of collagen in the ECM. Both primary and secondary
tumors showed a reduced level of positive staining (Figure 4c). This is because CAFs are
the main source of collagen in tumors, hence CAFs elimination leads to reduced collagen
deposition. Notably, more severely destructed ECM was observed on Day 15 than on Day 9,
indicating persisted CAF eradication. Overall, these results suggest that a FAP-Z@FRT PDT
can induce a cellular immunity that slows down the development of a secondary, distant
tumor, 7.e. abscopal effect.

2.5. Combination therapy with aFAP-Z@FRT PDT and immune checkpoint blockade

therapy

We next examined whether immune checkpoint inhibitors such as anti-PD-1 (a.PD1)
antibodies can be used along with aFAP PDT to improve tumor control. aPD1 antibodies
bind to PD-1 expressed on T cells and in doing so remove inhibitory signals of T cell
activation.[27] We expect this effect to synergize with a FAP PDT to enhance anti-tumor
immune response. This was tested in BALB/c mice bearing a single 4T1 xenograft.

The animals again received two sessions of aFAP PDT, which were applied on Day 5
and 8 after tumor inoculation. Meanwhile, three doses of aPD1 antibodies (10 mg/kg)
were i.p. administrated on Day 5, 8, and 11 (immediately after PDT on Day 5 and 8).
The combination of aFAP PDT and aPD1 outperformed either monotherapy, manifested
in significantly improved tumor suppression (Figure 5a&b). The mean animal survival
was 42.4 days for the combination group, compared to 19.8, 21.4, 29.2, and 29.4 days,
respectively, for the PBS, a FAP-Z@FRT, aFAP PDT, and aPD1 groups (Figure 5b).
Meanwhile, there was no sign of toxicity associated with the combination treatment.

The aFAP PDT and aPD1 combination also led to a strong abscopal effect. This was tested
in a separate study where live 4T1 cells were injected into the contralateral flank of animals
that had received combination treatment of aFAP PDT and aPD1. We found that 25% of
the animals completely rejected the secondary tumor (Figure 5d). The remainder animals
also manifested significantly retarded tumor progression, showing an average tumor growth
suppression of 90.6% on Day 16 (Figure 5d).

2.6. Anti-tumor and anti-CAF immunity induced by aFAP-Z@FRT PDT

To better understand the cellular immunity, we analyzed infiltrating lymphocytes in the
primary and secondary tumors as well as in the draining lymph nodes (DLN, tissues were
taken on Day 12, /.e. one week after the first PDT, Figure 6a). Relative to the PBS control,
the CD8*/Treg ratio in PDT treated animals was increased by ~1.6, 3.2, and 5.4-fold in
primary tumors, secondary tumors, and DLNs, respectively (Figure 6b). The increase was
even more prominent in the aFAP PDT and aPD1 combination group, where the CD8*/Treg
ratio was increased by 4.8 and 5.7-fold, respectively, in primary and secondary tumors. This
again is attributed to the synergy of the two components in the combination therapy: while
aFAP PDT depletes CAFs and inhibits the recruitment of Tregs to tumors,[131 aPD1 blocks
the regulating signal pathway thus improving effector T cells expansion.
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We also examined the specificity of the cellular immunity. We took splenocytes from both
treated and control mice on Day 12 and then stimulated the cells in7 vitro with 4T1 cell debris
in the presence of 1L-2 (30 ng/mL). The resulting splenocytes were then incubated with
carboxy-fluorescein succinimidyl ester (CFSE)-labeled 4T1 cells, followed by propidium
iodide (PI) staining and flow cytometry analysis. In both PDT and combination groups, we
observed an increased population of PITCFSE™* cells (/.e. cells killed by T cells), confirming
T cell toxicity against the cancer cells (Figure 6¢). We also tested T cell toxicity against
CAFs following stimulation with CAF debris. Interestingly, the frequency of PI*CFSE*
CAFs was also increased. In fact, CAFs seemed to be more susceptible to T cells than

4T1 cells (Figure 6¢), suggesting that the immunity elicited may contain an anti-CAF
component.

To validate, we analyzed the number of IFN-y producing T cells (/.e. effector T cells) that
are specific to 4T1 and CAFs by enzyme-linked immune absorbent spot (ELISpot, Figure
6d). Relative to the PBS control (on average 38.0 per million splenocytes), the frequency of
4T1-specific effector T cells was significantly increased in the a FAP PDT group (average
108.5 per million splenocytes) and aFAP-PDT-and-aPD1 combination group (185.0 per
million splenocytes). As for CAFs, the effector T cell frequency was 67.5 and 76.5,
respectively, for the PDT and combination groups, compared to 9.0 for the PBS control. It
is noted that there is a relatively large variance in anti-CAF response, possibly due to varied
immune response among individuals. Nonetheless, these results support the hypothesis that
aFAP PDT, while stimulating an immune response against cancer cells, also elicits an
anti-CAF immunity.

2.7. Adoptive cell transfer for cancer treatment

The presence of CAFs in solid tumors is almost universal.[!] While cancer cells are
associated with high levels of mutations, CAFs are much more stable genetically.[!] Hence,
we speculate that the cellular immunity induced by aFAP PDT may help the host to reject
or suppress a tumor that has a different origin. This hypothesis was assessed through an
adoptive cell transfer study, where T cells from 4T1-bearing BALB/c mice that had been
treated by a FAP PDT, aFAP PDT plus a-PD1, or PBS alone, were transferred to nude mice
that bore A549 (human lung cancer) xenografts. Because the recipient mice are immune-
deficient and lack indigenous T cells, they are unable to amount an anti-tumor immunity

on their own. For animals receiving T cells from PBS-treated donors, A549 tumors grew
rapidly, showing an average size of 542.1 mm3 on Day 43 (Figure 6e). Compared to the PBS
group, animals receiving T cells taken from donors treated by aFAP PDT or aFAP PDT

+ a-PD1 showed significantly retarded tumor growth (Figure 6f). The average tumor sizes
were 216.5 mm3 and 218.6 mm3, respectively, for the aFAP PDT group and combination
group on Day 43. Consistent with tumor suppression, histology examination revealed
extensive cell death in A549 tumors in the a FAP PDT and aFAP PDT + a-PD1 groups
(Figure 6g). H&E staining found nuclei generally appeared ongoing pyknosis, karyorrhexis,
or karyolysis in these tumors. TUNEL staining, which detects DNA fragmentation, also
confirmed extensive apoptosis in the aFAP PDT and aFAP PDT+a-PD1 groups (Figure
69). It is noted that ELISpot found few effector T cells when splenocytes from aFAP PDT
treated animals were incubated with A549 cells (Figure 6d), indicating that there is no
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common antigen between 4T1 and A549 cells. In other words, transferred T cells should
not directly kill A459 cells. Tumors in the recipient mice have human cancer cells but
murine stroma, which contain CAFs that can be recognized by T cells (Figure 6d). Overall,
the results support that anti-CAF immunity stimulated by aFAP PDT contributes to tumor
suppression.

2.8. Toxicity studies

One potential concern is that an anti-CAF immunity may cause systemic toxicity to normal
tissues. To investigate, we examined major organ tissues taken from 4T1 bearing BALB/c
animals treated with a.-FAP PDT. We also examined tissues from A549-bearing mice that
had received adoptive cell transfer. In both scenarios, histology analysis found no detectable
toxicity in major organs (Figure S6&8, Supporting Information). The low toxicity was also
supported by the observation that there was steady body weight gain in all treated animals
throughout the studies (Figure S7&9, Supporting Information).

3. Conclusion

While it is well documented that PDT can boost immune response, the type and

amplitude of the immunity can vary dramatically.[28] So far, most nanoparticle-based PDT
formulations deliver photosensitizers to tumors via intratumoral injection, or the EPR effect,
or targeting a receptor on cancer cells.[X> 291 Our approach is unique in that we target FAP,
which is overexpressed on CAFs (FAP is positive in 90% solid tumors[tl). In conventional
PDT, which often targets cancer cells, the goal is to induce immunogenic cell death and the
release of tumor associated antigens. Targeting CAFs is a fundamentally different approach,
and the consequences of CAF elimination could be complex given the wide implications

of CAFs in immunosuppressive TME. We previously reported that CAF-targeted PDT

can enhance T cell infiltration into tumors, and that was correlated with improved tumor
suppression.[13]1 However, enhanced T cell infiltration can be induced by conventional PDT,
and tumor suppression could be attributed to bystander effects of PDT. In the current study,
we confirmed that cytotoxic T cells are indeed a major player in the tumor suppression
(Figure 3). We also showed that combing with anti-PD1 antibodies can enhance anti-cancer
immunity induced by CAF elimination.

More excitingly, we found that a FAP-Z@FRT PDT can prime the host’s immune system
so that it can recognize and Kill not only cancer cells but also CAFs (Figure 6c&d). It

is believed that the anti-CAFs community has contributed to tumor suppression of both
primary and distant tumors (Figure 4c). This hypothesis is supported by an adoptive cell
transfer study, where we showed that T cells taken from 4T1 tumor bearing animals

that had been treated with aFAP-Z@FRT PDT can retard the growth of A549 tumors
established on nude mice. This finding is highly significant because CAFs are essential

to establishment of almost all solid tumors.[X] Hence, the treatment holds the potential to
protect hosts from future tumor challenges, including tumors carrying different mutations
or having different origins. It is worth mentioning that very recent clinical studies found
that FAP-targeted positron emission tomography (PET) tracers can selectively light up solid
tumors of various types.[3%] This is considered a major breakthrough, indicating that we have
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found a targetable, universal cancer biomarker. It is widely anticipated that there will be

a great expansion of diagnostic and therapeutic tools based on FAP targeting. The current
study is important and timely in this context for shedding some light on the impact of aFAP
PDT on TME.

In summary, we report that FAP-targeted PDT mediated by a FAP-Z@FRTSs can effectively
and safely deplete CAFs and by doing so, induce an anti-cancer immunity. This leads to
abscopal effects, which are enhanced when the aFAP PDT is used in combination with
aPD-1 antibodies. Interestingly, our results suggest that there is an anti-CAF component in
the cellular immunity induced by the PDT treatment. This is significant due to the universal
presence of CAFs in solid tumors. Overall, a FAP PDT represents a unique approach in
tumor control and holds great potential in clinical translation.

4. Experimental Section

Cell Lines:

Murine breast cancer cell, 4T1, and human lung cancer cell, A549, were purchased from
American Type Culture Collection (Rockville, MD, USA). 4T1 was cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium (Corning®, USA) supplemented with 10%
fetal bovine serum (FBS, Atlanta Biologicals, Cat. No. S11150H). A549 was cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Corning®, USA) supplemented with 10%
FBS and MEM nonessential amino acids (100x, MediaTech, USA). All medium was further
supplemented with 1% penicillin-streptomycin solution (100x, MediaTech, USA). Cells
were cultured in humidified 5% CO, at 37 °C.

Animal Models:

BALB/c mice (4 weeks) were obtained from Harlan-Envigo Laboratories Inc. (USA) and
BALB/c nude mice (4 weeks) from Charles River Laboratories, Inc. (USA). Bilateral 4T1
tumor model was established by subcutaneously (s.c.) injecting 1x10° 4T1 to the right flank
and 5x10° to the left flank of each BALB/c mouse. Single 4T1 tumor model was established
by s.c. injecting 1x108 4T1 to the right flank of each BALB/c mouse. A549 tumor model for
adoptive transfer studies was established by s.c. injecting 1x107 A549 to the right flank of
each BALB/c nude mouse. The studies were conducted following a protocol approved by the
University of Georgia Institutional Animal Care and Use Committee.

Expression and purification of ferritin and anti-FAP scFv:

FRTs were expressed and purified as previously reported.[31 In brief, PCR was used to
amplify FRT from cDNA using respective primers to introduce Ncol and Xhol restriction
sites flanking the normal start and stop codons. The double digested PCR product was
ligated to Ncol/Xhol digested plasmid pRSF when catalyzed by T4 DNA ligase. The
resulting pRSF/FRT plasmids were screened by appropriate restriction digests, verified by
DNA sequencing, and then used to transform the expression strain £. coliBL21 (DE3).
For expression, a 1 L LB-ampicillin (50 pg/mL) culture of £. coliBL21(DE3)/FRT was
grown at 37 °C until OD600 reached 0.8. Isopropy! p-D-1-thiogalactopyranoside (IPTG,
final concentration: 1 mM) was added to induce production of proteins and the culture was
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carried out at 37 °C for 4 h. The harvested bacteria were sonicated and then centrifuged

at 30,000 g for 30 min to remove cell debris. The supernatant was incubated at 60 °C for

10 min and centrifuged at 30,000 g for 30 min to remove precipitates. The raw product

was purified by HPLC on a Superose 6 size exclusion column (GE Healthcare, USA). The
concentration of FRTs was determined by Bradford protein assay. The purified FRTs were
stored at —80 °C. Size exclusion chromatography study was also performed on a Superose 6
column using PBS as the mobile phase.

The anti-FAP scFv was expressed and purified following a modified protocol published
before.[13] The anti-FAP scFv sequence was reported by Brocks B ef a/.[321 Ncol and
HindlI 11 restriction sites were introduced to the heavy chain, flanking the normal start and
stop codons. Mlul and Notl were introduced to the light chain. The resulting sequence
was inserted to a pOPE101 plasmid and transformed into £. co/i IM109 with ampicillin
resistance. A PelB signal peptide was added to the N-terminus of scFv, directing the
translated scFv to bacteria periplasm, where the scFv completed its folding into active
structure. To produce anti-FAP scFv, a 1 L LB-ampicillin (25 pg/mL) culture of E. coli
JM109 was grown at 37 °C until OD600 of 0.8 was reached. IPTG (final concentration:
0.1 mM) was added to induce the production of proteins and the bacteria were incubated
at 23 °C for 24 hours. The bacteria were harvested by centrifugation at 4,000 g. Cell lysis
took place via sonification. The cell lysate was then centrifuged at 30,0009 for 30 min

to remove cell debris and the supernatant was filtered through a 0.2 um filter. A Ni-NTA
cartridge (Qiagen Sciences Inc.) was connected to HPLC and rinsed with 10-fold column
volume (10 mL) of binding buffer, NPI-10. The filtered supernatant was then loaded onto
the Ni-NTA cartridge at 0.5 mL/min. The cartridge was subsequently washed with 10
mL NPI-20 washing buffer. Elution buffer of NPI1-250 was then applied to elute the scFv
from the column. The collections were dialyzed against 1x PBS (pH 7.4) at 4 °C. The
concentration of scFv was determined by Bradford protein assay. The purified scFv was
stored at —80°C until use. 12% SDS-PAGE was used to confirm the molecular weight of the
products.

ZnF,6Pc Loading and ScFv Conjugation:

ZnF1gPc was loaded to FRTs as we published before.[33] In brief, the pH of FRT solution
(PBS, pH 7.4) was reduced to 2.0 using 1 M HCI. And then ZnF4gPc (5 mg/mL in
DMSO) was dropwise added, reaching final w/w ratio (FRT/ZnFqgPc) of 5. After gentle
shaking at room temperature (r.t.) for 30 minutes, the pH of the mixture was slowly tuned
back to 7.4 using 1 M NaOH. The mixture was gently agitated for another 30 min to
ensure reassociation of FRT. The resulting product was purified by NAP-10 column (GE
Healthcare, USA) to remove the free ZnFygPc.

The anti-FAP scFv was coupled onto FRT using bis(sulfosuccinimidyl) suberate (BS®) as a
crosslinker. Firstly, ZnF1gPc loaded FRT (Z@FRT, 0.5 mg FRT/mL) was incubated in 4 mM
BS3/PBS (pH 7.4) at r.t. for 30 min. The mixture was subsequently subjected to purification
by NAP-10 column. The resulting intermediate was mixed with scFv at a molar ratio of 1:20
(FRT:scFv) for 30 min at r.t. A 100k centrifugal filter (Amicon) was used to purify the raw
product to yield Z@FRT-scFv.
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Isolation of Cancer Associated Fibroblasts (CAFs):

CAFs were isolated from 4T1 s.c. tumor grown on BALB/c mice by magnetic activated

cell sorting (MACS).I34] Specifically, fresh 4T1 tumor tissues were washed with ice-cold
PBS and minced into 2x2x2 mm? cubes after removing peripheral and necrotic tissues. A
5-min digestion with 0.25% Trypsin (Corning®, Cat. No. 25-053-Cl) was applied to minced
tissues at r.t. and then terminated by adding 10% FBS/DMEM. After PBS washing, tumor
tissues were subjected to Collagenase IV (0.5 mg/ml in 10% FBS/DMEM) treatment for 1 h
at 37 °C. Following PBS wash, tumor tissues were suspended in 10% FBS/DMEM, plated in
a petri dish, and cultured in humidified 5% CO, at 37 °C for 2 days. Fibroblasts would climb
out of the tissue block. These tissue blocks were digested and cultured in the same way as
CAF enrichment. Finally, remaining tissues were dissociated by Trypsin and all cells were
collected for MACS. MACS was performed following the vendor’s protocol, which includes
the first step non-CAF depletion and the second step CD90.2* cell enrichment.

Cell Uptake Studies:

CAF and 4T1 were seeded onto a chamber slide and cultured overnight before incubation
with rhodamine labeled a FAP-FRTS (40 pg/mL). After 12-h incubation, aFAP-FRT
containing medium was removed and the cells washed with PBS. Cells were further fixed
with 4% paraformaldehyde/PBS for 10 min and permeabilized with 0.1% Triton X 100/PBS
for 15 min at r.t. Cells were then incubated with FITC conjugated anti-a-SMA (Biolegend,
USA) overnight at 4 °C. After PBS wash, cells were mounted with DAPI containing
mounting medium (Mector, Cat. No. H-1500). Images were obtained under a Zeiss LSM
880 confocal microscope.

MicroPET Imaging:
aFAP-Z@FRTs were conjugated with 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) using a method published previously.[331 64Cu labeling and imaging was
performed based on reported procedures.[13] In brief, a FAP-Z@FRT-DOTA-%4Cu (1 mg
aFAP-FRT/kg) was i.v. injected into mice bearing s.c. 4T1 tumor followed by static scans
at 1, 5 and 24 h post injection. For the blocking group, 120 ug (6.15 mg/kg) of scFv was
injected 1 h prior to a FAP-Z@FRT-DOTA-54Cu administration. The radioactivity uptake
in tumors and major organs was calculated based on the PET images and converted to
percentage injected dose per gram (%ID/g).

In Vivo Fluorescence Imaging:

Imaging was performed on 4T1 tumor bearing nude mice when tumors reached a size of
~100 mm3. IRDye800-labeled a FAP-Z@FRTs (1 mg aFAP-FRT/kg) were i.v. injected (n =
5) and mice were imaged on Maestro system at 15 min, 1 h, 4 h, and 24 h post injection.
For the control group, scFv (6.15 mg/kg) was administrated 2 h prior to the aFAP-Z@FRT
injection (n = 5). 24 h later, the animals were euthanized. Tumors as well as major organs
were harvested for ex vivo scan.

Adv Funct Mater. Author manuscript; available in PMC 2022 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 13

In Vivo Therapy:

The therapy studies were performed on either single or bilateral 4T1 tumor model. In both
scenarios, only tumors on the right-hand side received irradiation. Each group had five
animals. For PDT group, animals received two doses of PDT. Specifically, animals were i.v.
injected with Z@FRT-scFv (0.5 mg ZnFygPc/kg) four days after tumor inoculation and the
tumors were irradiated at 24 h post injection by a 671 nm laser (300 mW/cm2, over a ~1
cm diameter beam that covered the tumor) for 15 min. The second dose of PDT was given
three days later (/.e. 8 days after tumor inoculation). For anti-PD1 group, anti-PD1 antibody
(BioXCell, USA) was given every 3 days by i.p. injection at a dose of 10 mg/Kg. A total

of three doses were administered on Day 5, 8, and 11 post tumor inoculation respectively.
The PDT+anti-PD1 group received the combination of both treatments. The PBS group as
control was injected with PBS and received laser irradiation the same way. Tumor volume
was measured every other day by a caliper and calculated following the formula: volume
(mm3) = length (mm) x width (mm)2/2.

T Cell Depletion:

T cell depletion studies were conducted on single 4T1 tumor model. Anti-CD4 (GK1.5,
BioXCell, USA), anti-CD8 (OKT-8, BioXCell, USA), or mouse IgG (C1.18.4, BioXCell,
USA) antibodies were i.p. injected into the mice (200 pg/mouse per injection) on Day 5 and
10 post tumor inoculation. Two doses of PDT were given as described above.

Lymphocyte Profiling:

Tumors and lymph nodes were harvested. Cell suspensions were generated through
mechanical tissue disruption and collagenase D digestion. Red blood cells were lysed, and
samples were filtered through 60 um nylon filters to obtain single cell suspensions. Cells
were stained in PBS with TruStain fcX (BioLegend, Cat. No. 101320) to reduce non-specific
antibody binding. Cell samples were then stained with anti-CD3-APC, CD4-FITC, and
CDB8-PECYy5 conjugated antibodies (BioLegend, Cat. No. 100311, 100406, and 100709).
After cell surface staining, cells were fixed and permeabilized (Invitrogen, eBioscience
Foxp3/Transcription Factor Staining Kit, Cat. No. 00-5523-00) according to vendor’s
protocol. Cells were then stained with anti-FoxP3-PE conjugated antibody. Samples were
washed and analyzed with flow cytometry (Beckman Coulter CytoFLEX). Isotype control
antibody-stained samples were used as negative staining controls. Flow cytometry data was
analyzed using FlowJo Single Cell Analysis Software (Treestar, Inc., Ashland, Oregon) with
gating strategies shown in Figure S10-12 (Supporting Information).

Isolation and Cryostorage of Splenocytes:

Freshly harvested spleens were mashed through a sterile cell strainer (Corning, 40 pum) in
PBS with a syringe plunger. After PBS wash, cells were pelleted and re-suspended in 1 mL
ACK lysis buffer (150 mM NH4CI, 10 mM KHCO3, 0.1 mM Na,-EDTA) per mouse spleen
to lyse red blood cells. After 2-min incubation at r.t., splenocytes were washed with PBS,
pelleted, and then subjected to IFN-gamma ELISpot assay or cryostorage in 90% FBS/10%
DMSO for other assays.
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In Vitro Cell-Specific Cytotoxicity Assay:

The cytotoxic T lymphocyte activity was investigated by a modified carboxy-fluorescein
succinimidyl ester/propidium iodide (CFSE/PI) cytotoxicity assay.[3¢] Splenocytes isolated
from treated or control mice on Day 12 post tumor inoculation (7.e. 1 week post first PDT
session) served as the effector cells after stimulation with CAF and 4T1 debris (CAF and
4T1 frozen and thawed for 5 cycles) in the presence of recombinant mouse IL-2 (rm-1L2,
Biolegend, Cat. No. 575402, 30 ng/mL). Specifically, 2.5 x 10° splenocytes in 100 pL
medium supplemented with 30 ng/mL rm-1L2 were plated in a low-attachment 96-well plate
per well and stimulated with CAF and 4T1 debris (splenocyte:CAF:4T1 = 80:1:1) for 4
days before co-culturing with 5x10% CFSE (Invitrogen, CellTrace, Cat. No. 34554) labeled
target cells (4T1 or CAF) for 6 h. PI (Invitrogen, Cat. No. P3566, 2 ug/mL) was added 5
min before analysis on a Beckman cytoflex cytometer. The result was analyzed by FlowJo
software. CFSE*PI* cells were defined as lysed target cells. The percentage of cell lysis
was calculated as %cytotoxicity = 100 x (Y%experimental sample lysis - %basal lysis)/(100 -
%basal lysis).

ELISpot Assay:

The number of IFN-vy producing cells in splenocytes was measured using a mouse interferon
gamma ELISpot Kit (Abcam, Cat. No. ab64029) following vendor’s protocol. Splenocytes
freshly isolated from animals 12 days post tumor inoculation were plated at a density of 2

x 10° per well onto an anti-mouse IFN-y pre-coated, PVDF bottomed 96-well plate. The
splenocytes were incubated with or without 5,000 irradiated (100 Gy) target cells (4T1,
CAF, or A549) for 3.5 days. After washing off the cells, biotinylated anti-mouse IFN-y
was added to the plate and was incubated at r.t. for 1.5 h. This was followed by 1-h
incubation with Streptavidin-AP conjugate at r.t. Finally, BCIP/NBT buffer was added for
spot development. Each purple spot corresponds to an IFN-y producing cell. The number
of spots was counted on a S6 macro ELISpot reader (CTL Analyzers, Shaker Heights, OH).
Each sample was tested in duplicates. The number of spots was calculated after subtracting
the reading from target cell-free control wells.

Adoptive Cell Transfer:

Non-adherent splenocytes were adoptive transferred to A549 tumor models established

on immuno-deficient mice. Cryo-stored splenocytes were thawed and rested for 18 h

in 10% FBS/RPMI 1640 in 6-well plates. This helped remove apoptotic cells resulting

from cryostorage.[37 Only non-adherent splenocytes were collected after overnight resting.
Splenocytes from 5 mice for each treatment group (7.e. PBS, PDT, and PDT+anti-PD1) were
pooled and the live cells counted. About 3x108 live splenocytes were intratumorally injected
into each A549 tumor-bearing mouse at 4 weeks post tumor inoculation (n = 5).

Histopathological Staining:

Hematoxylin and eosin (H&E) staining was performed according to a protocol provided
by the vendor (BBC Biochemical). Briefly, 5 um paraffin-embedded slides were prepared.
After being treated with 100% xylene for 3 times (3 min each), the slides were hydrated
with serial dilutions of ethanol (100%, 90%, 75%, 50% and 25%, each for 2 min). The
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hematoxylin staining was then performed for 3 min followed by wash in running water for 3
min. The eosin staining was performed for 1 min. The slides were then washed, dehydrated,
treated with xylene, and mounted with Canada balsam. The images were acquired on a
Nikon Eclipse 90i microscope.

Trichrome staining kit was purchased from Abcam (Cat. No. ab150686) and the staining was
conducted following the vendor’s protocol.

Anti-Ki67 staining was performed following a standard immuno-histochemical staining
protocol. After deparaffinization and rehydration, 5-um paraffin-embedded tumor sections
were incubated in 3%H,0,/PBS for 10 min at r.t. and then blocked with 10% normal goat
serum/1% BSA/PBS for 1 h at 37 °C. Sections were subsequently stained with anti-Ki67
antibody [SP6] (Abcam, Cat. No. ab16667) overnight at 4°C and goat anti-rabbit 1gG H&L
(HRP) (Abcam, Cat. No. ab205718) for 1 h at 37 °C. DAB staining was developed with
DAB Substrate Kit (Abcam, Cat. No. ab64238). The slides were finally counterstained with
hematoxylin before dehydration and mounted onto a glass slide with Permount Mounting
Medium (Electron Microscopy Science, Cat. No. 17986-01). The images were acquired on a
Nikon Eclipse 90i microscope. The area of positive staining was analyzed by Image J with
five images per tumor.

TUNEL staining was conducted with /n Situ Apoptosis Detection Kit (DAB) (Abcam, Cat.
No. ah206386).

Statistical Analysis:

Statistical analysis was performed with Origin software by one-way ANOVA. Statistical
significance is indicated as */< 0.05, **P< 0.01, and ***P< 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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— scFv
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30 35 40
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aFAP-FRT

Characterizations of aFAP-Z@FRT. (a) TEM image of ferritin (FRT), with uranium acetate
staining. Scale bar, 20 nm. (b) DLS analysis. The hydrodynamic sizes were 13.3 + 2.0,
13.3+£ 2.1, and 16.8 + 2.1 nm, respectively, for FRT, ZnFgPc-loaded FRT (Z@FRT),
anti-FAP-scFv-conjugated Z@FRT (aFAP-Z@FRT), in PBS (pH 7.4). (c) SEC analysis.
The retention times (Zg) were 28.1, 29.6, and 46.6 min, respectively, for a FAP-FRT, FRT,
and scFv. (d) UV-vis analysis. The absorbance spectra of aFAP-Z@FRT, aFAP-FRT, and
ZnFygPc in PBS. For ZnF1gPc, 1% Tween 20 was added to the solution to improve
solubility. (e) Confocal microscopy images. CAF and 4T1 cells were incubated with
rhodamine-conjugated a FAP-FRTSs for 12 h before taking images. Scale bar, 50 pm.
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Figure2.
In vivoimaging studies. (a) PET images, taken at 1, 5, and 24 h after i.v. injecting $4Cu-

labeled aFAP-FRTSs into 4T1 bearing mice. For blocking, 30x free scFv was co-injected
with the nanoparticles. (b) /n vivo fluorescence images, taken at 1, 5, and 24 h after

i.v. injecting IRDye800 labeled a FAP-FRTS into 4T1 bearing mice. The tumor area was
shaven before the imaging studies. For blocking, 30x free scFv was co-injected with the
nanoparticles. (¢) Ex vivo fluorescence images. After the 24-h imaging, animals from b)
were euthanized and the tumor and major organs were taken for ex vivo imaging. The major
organs, labeled 1-9, were heart, liver, spleen, skin, lung, kidney, intestine, muscle, and brain,
respectively.
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Figure 3.

T cell depletion studies. Two sessions of aFAP PDT were given to 4T1 bearing BALB/c
mice, along with anti-CD4, anti-CD8, or mouse IgG antibodies (n=5). (a) Schematic
illustration of the treatment protocol. (b) Tumor growth curves. ***, < 0.001. (c)

Individual tumor growth curves.
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Figure 4.
Abscopal effect by aFAP PDT. (a) Schematic for the treatment plan. The studies were

performed on a s.c. 4T1 bilateral tumor model. Two PDT treatments were applied to the
primary, but not the secondary, tumor. (b) Tumor growth curves. PDT treatment led to
suppression of both primary and secondary tumors. (c) Masson’s trichrome, hematoxylin
and eosin (H&E), and anti-Ki67 staining results. Primary and secondary tumors were taken
from animals euthanized on Day 9 and 15 (/.e. 1 day and 1 week after the second PDT).
Scale bar = 100 pym.
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Figureb.
Combining aFAP PDT with anti-PD1 antibodies improved tumor control. The studies were

performed on BALB/c mice that bore single 4T1 tumors. (a) Tumor growth curves and (b)
animal survival curves. **, £< 0.01. (c) Schematic for tumor challenge studies. A secondary
tumor was inoculated 22 days after the primary tumor inoculation. (d) Growth curves of the
secondary tumors.
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Days after tumor inoculation

Figure®6.
aFAP PDT induces anti-cancer and anti-CAF immunity. (a) Schematic showing the

treatment plan. Combination therapy with a FAP PDT and anti-PD1 was performed

on bilateral 4T1 tumor models. (b) CD3*CD8* to Treg (CD3*CD4*FOXP3™) ratios in
primary tumor, secondary tumor, and tumor-draining lymph node (DLN), based on flow
cytometry analysis. (c) Cell-specific cytotoxicity. Splenocytes were taken from animals
receiving PDT, PDT+aPD1 combination therapy, or PBS, and were incubated /7 vitro with
carboxy-fluorescein succinimidyl ester (CFSE)-labeled 4T1 and CAF cells. Cytotoxicity
was assessed by propidium iodide (PI) staining followed by flow cytometry analysis. (d)
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Enzyme-linked immune absorbent spot (ELISpot) analysis. Splenocytes were taken from
animals receiving PDT, PDT+aPD1 combination therapy, or PBS, and were incubated /in
vitrowith 4T1, CAF, or A549 cell debris. IFN-y producing cells were quantified. Cell debris
was obtained by treating cells with 100 Gy radiation. (€) Growth curves of A549 tumors
after adoptive cell transfer. 4T1 bearing BALB/c mice were treated with PDT, PDT+aPD1,
or PBS. Non-adherent splenocytes were isolated and injected into A549 bearing nude mice.
Significant difference was observed between PBS and PDT or PDT+aPD1 groups. (f)
Photograph of A549 tumors taken on 47 post A549 inoculation. (g) Photograph of A549
tumors taken on 47 post A549 inoculation. (h) H&E and TUNEL staining, performed with
Ab549 tumors taken on Day 47. *, P< 0.05; **, P<0.01; ***, P<0.001; **** P < 0.0001.
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