PhotoPhage: A Virus-based Photothermal Therapeutic Agent
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ABSTRACT: Virus like particles (VLPs) are non-infectious multifunctional nanocarriers with the pathogenic-like
architecture of viruses. They can serve as a safe platform for precise functionalization and immunization, which
provides benefits in a wide range of biomedical applications. In this work, we describe the development of novel
immunophotothermal agent for combinatorial photothermal ablation and immunotherapy based on VLP of bacteri-
ophage QB. The design was based on covalent conjugation of 212 water soluble near-infrared absorbing croconium
dyes to lysine residues located on the surface of QB, which turned it to a powerful NIR-absorber with photothermal
efficiencies exceeding that of gold nanostructures. This PhotoPhage system generates heat upon 808 nm NIR laser
radiation and causes significant cellular cytotoxicity that prevents the progression of primary tumors in mice. It is
found that PhotoPhage not only acts as a PTT agent that initiates anti-tumor immune response, but also simulta-
neously acts as an immunoadjuvant that promotes maturation of dendritic cells, triggers T lymphocyte cells (CD4+,
CD8+) and reduces suppressive T regulatory cells leading to effective suppression of primary tumors, reducing
lung metastases, and increasing survival time.

Introduction

Photothermal therapy (PTT) has emerged as a localized, noninvasive, and highly specific cancer
treatment strategy that takes advantage of the heat sensitivity of cells to induce cellular death in
tumors.'3 The cellular death and injury promote the formation of damage associated molecular
patterns (DAMPs) that aid in generating a systemic immune response against tumor sites.*5
Typically, to achieve an efficient thermal ablation in the tumor microenvironment (TME), heating
over 50 °C is required.” The induced inflammation kills cancer cells by impairing protein and
DNA function in addition to turning “cold” immune-dysfunctional TMEs into “hot” immunological
environments by stimulating the production and release of DAMPs that prime the formation of
activated dendritic cells and promote the production of cancer killing CD8+ T-cells.?® However,
there is accumulating evidence that not only the induced immunological response from thermal
ablation is not strong enough on its own to inhibit tumor growth at distant sites, but the release
of DAMPs followed by inflammation may actually promote development and progression of tu-
mors by inducing propagation of local immunosuppressive regulatory T (Treg) cells and myeloid
derived suppressor cells (MDSC).% 11" Therefore, PTT requires further strengthening of the
antitumor immune response in situ to polarize the immune system towards the tumor metastatic
cells and simultaneously decrease the immunosuppressive effect of the TMEs.

Another important factor in PTT treatment is using efficient photoabsorbers, particularly those
that absorb light in the near-infrared (NIR) region (700-1100 nm), where biological molecules
like hemoglobin and melanin are the most transparent.'? Organic-based photoabsorbing mole-
cules and inorganic nanomaterials are the most commonly employed preclinical photothermal
agents (PTAs) that absorb light in NIR region and facilitate efficient heat production.'-'* The



NIR region allows for deeper light penetration through skin and underlying tissue and photother-
mally active NIR organic molecules such as heptametine's-'¢ and phthalocyanine'’-'® — sys-
tems that show high biocompatibility and biodegradability — is an ongoing area of research.
Problematically, many of these dyes, including the clinically approved indocyanine green (ICG),
degrade rapidly from a self-inflicted generation of reactive oxygen species (ROS), which neces-
sitates repeated dosing for effective PTT treatment.'%-2° One approach to overcome these issues
is with the use of inorganic PTAs like gold nanostructures,?' carbon nanomaterials?? and iron
oxide nanoparticles,?® which have shown strong absorption cross sections and high photother-
mal stability; however, metal-nanoparticles, particularly those made from gold, are generally not
biodegradable and remain inside the body for long periods of time.?* Finding a balance between
high photothermal stability and pharmacokinetics is a key challenge in selecting suitable photo-
thermal materials to simultaneously improve therapeutic effect of PTT and fulfill its clinical effi-
ciency. Recently, croconium dyes have shown promise as they possess high NIR extinction
coefficients, low fluorescence quantum yields, and high photostability making them promising
candidates for photothermal therapy.?® Indeed, recent work has shown they have photothermal
efficiencies comparable or even surpassing gold nanostructures and ICG.?® However, their in
vivo performance is restricted by poor aqueous solubility, self-aggregation, short circulation half
time, quick diffusion from tumor tissue, and rapid clearance from the body.?’?® We wondered if
it were possible to combine the superior photophysical properties of the croconium system with
a biodegradable nanoparticle platform to produce a next-generation PTT agent that induces
specific tumor killing and immune activation.

Virus like particles (VLPs), noninfectious self-assembled protein-based nanoparticles derived
from the self-assembled coat proteins of viral capsids, are promising candidates for next gener-
ation bioorganic-based photothermal agents. VLPs are biocompatible, biodegradable, thermally
stable, monodisperse, and show polyvalent chemical modifiability, which all provide unique op-
portunities to design bespoke compositions with programmed function.2°-3¢ Their highly orga-
nized and symmetric nature and nanometer size (20—200 nm) allow them to be efficiently taken
up by toll-like receptors (TLRs) on antigen presenting cells (APCs) as a pathogen-associated
molecular patterns (PAMPs) and drained to local lymph nodes to interact with immune cells.
These properties have made VLPs attractive in a broad range of systems for drug delivery,
vaccination, gene therapy, and imaging with a significant impact on immunology, medicine, nan-
otechnology, and biology.3"-48

In this work, we take advantage of the immunogenicity and site specific functionalizability to
engineer a photothermal and immunogenic phage QB we call PhotoPhage. The formulation is
an effective photo-immunotherapy system in a triple negative breast cancer tumor model in
BALB/c mice with complicating lung metastasis. Specifically, we show VLP Q8 (Figure 1A), a
30 nm icosahedral nanoparticle that can be expressed in high yields, possesses exceptional
thermostability, and has multiple functional handles for bioconjugation,*®-53 serves as a good
PhotoPhage following functionalization with hundreds of croconium dyes. Not only can Pho-
toPhage sustain significant bulk photothermal heating in vitro and in vivo without denaturing, the
nanoparticle formulations show a significant enhancement in photothermal performance over
free dye and considerable improvements in solubility. Moreover, PhotoPhage partitions into cells
better than free croconium dye and achieves significantly greater heating in vivo compared to
equimolar concentrations of free dye. This contribution not only causes higher in vitro and in
vivo thermal cytotoxicity but also substantially improves T-cell and dendritic cell activation over
the well-known immunomodulatory features of VLP Q. 54-56



Result and Discussion:

Synthesis of PhotoPhage

60 B) ' ‘PhotoPhageﬁ

A
Intensity (a.u.)

. \ PhotoPhage
? 0O 1 10 10% 10® 104
- Size (nm)

Figure 1. A) The overall synthetic bioconjugation strategy involves synthesis of the croconium dye by @refluxing
commercially available starting materials methyl isonipecotate and thiophene-2-thiol. "The resulting ester was
deprotected under alkaline conditions and °the final dye Croc (thiophene-croconaine dye) was produced in the
condensation reaction between croconic acid. The free acids were “activated as n-hydroxylsuccinimide (NHS) es-
ters and ®added under dilute conditions to a solution of QB to prevent crosslinking. The functionalized Qf was
incubated briefly in water to hydrolyze the remaining NHS esters back to the free acid. B) Electrophoresis mobility
analysis of QB before and after conjugation on SDS-PAGE (left) and agarose (center and right) gels show success-
ful bioconjugation of dye to QB. Non-reducing SDS-PAGE shows an increase in molecular weight of Qf after bio-
conjugation. The unstained agarose (center) shows a green band in bright light in the same spot of Coomassie-
stained band (right) in agarose appears. The conjugate travels further toward the (+) electrode, which is anticipated
from the replacement of lysines with carboxyl functions. C) DLS and TEM (insert) of QB and PhotoPhage demon-
strate that the conjugation of croconium dye has no effect on size or polydispersity of the VLP.

As shown in Figure 1A, our approach for the covalent modification of bacteriophage Q8 begins
with the synthesis of a symmetric crocronium dye. QB VLP is composed of 180 identical capsid
proteins, each with four reactive primary amine groups (three lysines and N-terminus) exposed
to the outer surface, presenting a total of 720 potential sites for Croc dye labeling. Bioconjugation
was employed using N-hydroxysuccinimidyl (NHS) ester activated Croc (Croc-NHS) as a site-
specific and amine-reactive reagent. The resulting symmetric dye can potentially crosslink two
VLPs, which produces aggregates that precipitate out of solution. To avoid this, the ratio and
concentration of dye and Qf, incubation time, and purification procedures needed optimization.
We found that 1:4 mole ratio of QB to dye and 12 h incubation time produced the best colloidal
stability, particle size, and dye loading for our final product, PhotoPhage. Denaturing polyacryla-
mide gel electrophoresis (Fig 2B left) shows an upward shift of the subunit bands of PhotoPhage,
indicative of an increase in the molecular weight compared to QP. Native agarose
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electrophoresis of the conjugate, which is visually seen as the blue band in the bright field image
in Figure 1B center, shows greater migration toward the positive electrode compared to unfunc-
tionalized QB (Figure 1B, right), in line with the expected greater negative charge from the free
carboxylates. Product morphology was confirmed by transmission electron microscopy (TEM)
and dynamic light scattering (DLS) analysis (Figure 1C) at 25 °C, which shows a nearly un-
changed hydrodynamic radius from unfunctionalized Qf (32.95 + 0.12 nm) following attachment
of the Croc dye (33.10 £ 0.15 nm). The total number of dyes per capsid was determined to be
approximately 1.2 by UV-Vis analyses, giving an average of 212 dyes per VLP.
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Figure 2. UV-Vis Spectrographic analyses of equal Molar concentration chromophores of Croc and PhotoPhage
show A) a broadening of the NIR absorption of PhotoPhage (green line) compared to croconium dye (blue line). A
photograph of PhotoPhage is shown in the insert. B) a linear relationship between PhotoPhage (30 pg/ml) solution
temperature increases and laser power was observed after 3 min radiation (laser power was set 0.0015, 0.18,
0.604, 1.02 W-cm-2). C) Photothermal heating profile of PhotoPhage and Croc at the same concentration (30 pg/ml)
after 11 min laser irradiation (808 nm, 0.18 W-cm) shows a significant difference in temperature increase (40.1 °C
for PhotoPhage and 29.1°C for Croc). D) Temperature variations of PhotoPhage and PBS under laser irradiation
are mapped and quantified by thermal camera. No obvious temperature increase was observed in PBS under the
808 nm laser irradiation (0.18 W-cm) at different radiation time.

Spectral and photothermal analysis of Croc and PhotoPhage

Dyes used in PTT function by absorbing laser light and converting this energy into heat through
non-radiative (mostly vibrational) relaxation pathways. This is the most efficient when the dye is
intensely colored and cannot dissipate energy through other relaxation pathways, e.g. fluores-
cence, electron transfer, or intersystem crossing. Croc is well suited for this as it has strong NIR
absorption (Amax = 783 nm, €max = 2.0 x 10° mol~' cm™ in water),” negligible fluorescence, and
low oxygen photosensitization — which also improves its photostability — a known issue with
ICG and the extensively investigated heptamethine dyes. We were pleased to find that Pho-
toPhage exhibits a strong NIR absorption maximum (Amax 783 nm) identical to that for free
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croconium dye yet the spectra is significantly broadened (Figure 1A). This broadening is pro-
nounced in the NIR region, which helpfully promotes more efficient conversion of clinically used
lasers (emissions centered at 808 nm).This effect was made obvious when we compared the
bulk solution photothermal response of PhotoPhage and free dye. Both solutions containing
identical concentration of chromophore (30 ug/ml) were fitted with a thermocouple and placed
in front of a thermal camera. Temperature change in each solution was monitored over 11 min
of laser irradiation at 808 nm and 0.18 W-cm. As seen in Figure 2C, the solutions showed
marked difference in heating rates and maximum temperature with PhotoPhage showing a AT
of 40.1°C and a Tmax of 59.1°C compared to free dye (AT: 29.9°C Tmax = 48.5 °C). Additional
laser irradiation experiments have been done to fully investigate photothermal properties of Pho-
toPhage at different laser powers (0.0015, 0.18, 0.604, 1.02 W-cm?), times of radiation (1-10
min) and various concentrations (0.1-1 mg/ml of Photophage). For instance, we found a linear
increase in bulk temperature of solution that is linear with laser power. (Figure 2B, S3) Collec-
tively, PhotoPhage appears to have superior photothermal properties compared to free dye,
which allows for lower laser power density and dye concentration, potentially reducing side ef-
fects on normal tissue. To show that the 808 nm laser does not change the temperature of water
itself, we irradiated a solution of buffer and PhotoPhage (Figure 2D, S3) and observed no tem-
perature change in the PBS solution whereas we could heat a solution of PhotoPhage from
room temperature to 61 °C with an 808 nm laser at 0.18 W-cm™.
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Figure 3. A) Photothermal stability of PhotoPhage after 10 min laser irradiation (0.18 W-cm™) is shown by intact
HPLC profile of PhotoPhage before and after radiation. B) No significant change in absorption spectra of Pho-
toPhage after laser induced heating for 10 min. C) DLS and D) TEM data prove thermal stability of PhotoPhage in
physiological environment with no morphology change after 10 min laser irradiation. E) Thermal cycling of Pho-
toPhage shows no change in heating profile after three cycles.

The photothermal stability of the PhotoPhage complex was proven by comparing size distribu-
tion, absorption, and size exclusion chromatography before and after 10 min of continuous laser
irradiation (0.18 W-cm) as shown in Figure 3A-D. The results showed no photobleaching,
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aggregation, or structural change, which clearly indicate high photostability of the system. To
demonstrate the remarkable stability of PhotoPhage, we performed a thermal cycling experi-
ment. A PhotoPhage solution (30 pg/ml of Croc concentration) was irradiated repeatedly (808
nm, 0.18 W-cm), and the temperature was monitored over the heating and cooling cycles, as
shown in Figure 3E. PhotoPhage showed an impressive photothermal durability over at least 3
cycles with no obvious change in the maximum temperature. In line with strong absorbance in
NIR region and high photostability, we further determined the photothermal efficiency of Pho-
toPhage as compared with existing photothermal materials — free Croc dye and gold nanorod
(AuNR) —according to reported method.%® It was found Photophage has higher photothermal
conversion efficiency (77%) compared to Croc (70%) and AuNR (68%) which is in line with
literature (Figure S4). From these results, we believe that the high photostability, durability, and
remarkable photothermal conversion efficiency of PhotoPhage make it a good candidate for
PTT.5®

Cellular uptake and in vitro PTT cytotoxicity

Cellular uptake of both PhotoPhage and free Croc was assessed on 4T1 (murine breast cancer)
cells. Because Croc lacks fluorescence, we determined uptake by measuring the amount of
remaining dye in the supernatant after a 4 h incubation period. In a typical experiment, Pho-
toPhage and Croc were added to media in equal concentrations of chromophore. After 4 h the
cells were removed, the media filtered, and the total absorption at the Amax compared before and
after. All concentrations were within the linear range of Beer’s law, allowing direct calculation of
before and after concentrations. As shown in Figure S5, cellular uptake of PhotoPhage is about
twice that of croconium dye. Croc, being negatively charged, is very unlikely to partition into the
cell, and so these results were not surprising. Next, the in vitro phototoxicity in 4T1 cells, ablation
efficiency of PhotoPhage and Croc was determined by incubating identical concentrations (3.1
pug/ml) in cell culture. After 4 h incubation at 37 °C, cells were washed with PBS and fresh phenol
red-free media to remove any remaining dye. Before laser irradiation, the microwell plate was
equilibrated to 37°C, as it has been shown in previous studies that initial temperature (RT vs 37
°C) has significant effect in the in vitro PTT efficiency. All four experimental groups were exposed
to an 808 nm laser for 10 min (0.18 W-cm). The next day, cell viability in each well was deter-
mined by MTT assay. As shown in Figure S6, all formulations prior to laser radiation showed
low toxicity whereas the cell viability of PhotoPhage dropped dramatically to 17% while free Croc
dropped to only 65% after laser radiation. These results were further confirmed through visual
analyses of cell viability via a dead cell assay. Cells were stained with red fluorescent dead-cell
stain NucRed 647, incubated for 30 min, washed, and imaged by epifluorescence microscopy.
(Figure S6). A strong red fluorescence for the PhotoPhage radiated group demonstrated the
higher photothermal cytotoxicity compared to free Croc and PBS control groups.

In vitro and in vivo photoimmunotheraputic efficacy of PhotoPhage

In antitumor immunity, dendritic cells (DCs) are the most important and effective class of APCs
and play a pivotal role in initiating and regulating innate and adaptive immunities.®° Generally,
immature DCs ingest foreign materials through different surface receptors including pattern
recognition receptors (PRRs) that trigger their maturation.®’? PRRs detect PAMPs (derived
from microorganisms) and DAMPs (produced by the body’s dying cells). Mature DCs are capa-
ble of processing antigens into peptides for presenting on major histocompatibility complex class
I/l (MHC-I/11) molecules that coincide with increased expression of B7-1/CD80 and B7-2/CD86
costimulatory molecules. Following maturation and antigen exposure, DCs migrate into the
draining lymph node — where contact is mediated between DCs and T-cells — and promote
the differentiation and proliferation of naive T-cells into cytotoxic T lymphocytes (CTLs), which
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are key effector cells for anti-cancer immunity.% 6365 Only mature DCs have the capability to
elicit antitumor effector T-cell responses, which can be determined by assessing DC maturation
in vitro following exposure to an antigen. It is well-known that non-genetic VLPs mimic viruses
in terms of their size, structure, and antigenic epitopes.®-67 Their 20-200 nm size is in the opti-
mal diameter range that can directly drain to the lymph node. In addition, because of their regular
polyhedron structure and highly repetitive surface feature, VLPs are sensed as PAMPs by PRRs
on the surface of DCs, which promote DC maturation for priming CD4* T helper lymphocytes
and CD8"* cytotoxic T lymphocytes.>® These cytotoxic T-cells can then fight systemic cancer at
metastatic sites.
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Scheme 1. Schematic illustration of PhotoPhage-initiated photothermally-triggered antitumor immune response.
An initial photothermal excitation of the VLP causes an increase in temperature, which results in local tissue abla-
tion. This causes local apotosis/necrosis and the release of immune stimulating DAMPs. The presence of intact
VLP in the ablated tumor environment simulates a potential infection, which causes a down regulation of immuno-
suppressive response by suppressing Treg cell formation. These responses can be measured in the draining lymph
node. In this lymph node, cancer antigens collected by activated dendritic cells can present to naive T-cells, which
mature to cytogenic CD8+ cells. These cells can then attack metastatic lesions.

We first investigated whether Q3 stimulates the maturation of DCs. To do that, the cultured bone
marrow derived DCs (BMDCs) separated from BALB/c mice was incubated with different con-
centration of QB for 24 h. The expression of DCs maturation markers — proteins called CD80
and CD86 — were determined by staining them with anti-CD80 and anti-CD86 fluorescent anti-
bodies and quantified using flow cytometry (FCM). We found that QB could significantly upreg-
ulate the expression of CD86 & CD80 and enhance the percentage of matured DCs
(CD11c*CD80*CD86%) in BMDCs at all concentrations tested compared to PBS (Figure S7).
Next, we focused on evaluating the adaptive immunity triggered by QB at cellular levels after
incubation with splenocytes harvested from a naive mouse. Again, Q@ was able to promote the
CD4*T helper lymphocytes (CD4*CD3*CD44*CD62L") and CD8" cytotoxic T lympho-
cytes (CD8"CD3*CD44*CD62L") which show possible immunoadjuvant potential of QB in the
PhotoPhage system to stimulate antitumor immune responses (Figure S7). These results en-
couraged us to investigate the in vivo antitumor immune response of PhotoPhage-based PTT
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compared to free Croc at equal dye concentrations. PTT induces apoptosis and necrosis, effi-
ciently destroys tumor cells, subsequently releasing debris containing tumor-associated anti-
gens and chemokines.?8%° These antigens are subsequently taken up by DCs and trafficked to
the lymph node, triggering anti-tumor immune responses. Furthermore, DAMPs released from
necrotic cancer cells such as heat shock proteins, calreticulin, and ATP can also promote DC
maturation and assist in activating effector CD8" T cells that enter to the systemic circulation to
trigger the immunological responses for fighting against primary tumor and metastatic sites &
70(Scheme 1). Our data shows that QB can simultaneously act as an immunological agent to
promote DC activation and enhance infiltration of CTLs. Thus, we expect PhotoPhage to exhibit
a synergistic effect between photothermal therapy (Croc) and immunotherapy (QB) to enhance
the antitumor immunity and tumor rejection.
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Figure 4. In vivo immune responses after the photothermal stimulation. A) DC maturation induced by various
groups on mice bearing 4T1 tumors (gated on CD11c* DC cells) after PTT treatment (Tmax = 54.2°C). Cells in the
tumor draining lymph node were assessed by flow cytometry after staining for CD80, and CD86 expressions. B)
Quantification of CTLs (CD8") in isolated lymph nodes. C-D) Percentage of helper T-cells (CD4") and CTLs in
spleens. Single cell suspensions were processed from the spleen and analyzed by flow cytometry after anti-CD3,
-CD4, -CD8, -CD44 and -CD62L staining. E-F) Representative flow cytometry plots showing expression of CD86
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and CD80 on DC of draining lymph node at different groups (gated on CD11c*) after PTT treatment (Tmax = 44.0
°C). G-H) Representative flow cytometry plots of effector CD4" in spleen cells of different treatment groups analyzed
by flow cytometry (stained with anti- CD3, -CD4, -CD44 and -CD62L). I-J) Representative flow cytometry plots
showing percentages (gated on CD4" cells) of CD4*FoxP3*T cells in the spleen after various treatments.

As shown in Figure 2C, PhotoPhage and Croc both showed favorable photothermal effects in a
wide temperature range (40-60°C); thus, we set up our in vivo experiment to evaluate im-
munostimulatory activities of the combinational formulation compared to PTT alone. BALB/c
mice (n=20) were inoculated with 4T1 cells and grown until they had a primary tumor size of 100
mm?3. The mice were separated into four groups (n=5) and injected with PBS, Q, Croc, or Pho-
toPhage (same dye concentration as free Croc). Two hours post injection, they were irradiated
with 808 nm laser for 10 min (0.18 W-cm?). Even though the amount of NIR dye was the same
for Photophage and free Croc group, the temperature at the tumor surface was higher for Pho-
toPhage (54+2°C) compared to free Croc (40+£1°C), which can be ascribed to a more rapid
clearance of free Croc from the tumor as well as greater photothermal efficiency of Photophage
at 808 nm. Three days post treatment, the mice were sacrificed, and the spleen and draining
lymph node were collected to analyze the T lymphocytes and mature DCs by flow cytometry
after co-staining with various markers. Interestingly, the percentage of matured DCs (CD11c*
CD80* CD86™) in the draining lymph node from PhotoPhage 24% greater than the Croc group,
as shown by higher expression of costimulatory molecules CD80 and CD86 (Figure 4A), vali-
dating PhotoPhage’s in vitro behavior, and showing it can enhance the activation of APCs better
than each formulation alone. We also determined how PhotoPhage affects CD8* T lymphocyte
cells in the draining lymph node and found a significant number of activated (CD44* CD62L")
CD8* T cells in PhotoPhage group compared to other treated groups (Figure 4B).

We next identified whether PhotoPhage is able to stimulate a systemic immune response. The
population of activated CD8" cytotoxic T-cell (CD8*CD44* CD62L") and CD4" effector T-cell
(CD4*CD44* CD62°) were quantified in spleens by FCM after various treatments. Compared to
either Croc or QB alone, the combination treatment resulted in 2.10 fold increase in helper CD4*
T-cell and 2.12 fold increase in CTL CD8" T-cells compared to Croc. (p <0.05). Collectively these
results demonstrate clearly that PhotoPhage can act as a powerful photothermal agent along
with immunological behavior that significantly induces in vivo anti-tumor immune response.
Next, spleen single cell suspension of four different groups of mice were stained with anti-
CD11c, -CD4, -CD44 and -CD62L antibodies to measure how much effector memory T-cells
were expressed after each treatment. As displayed in Figure 4G-H significant
CD4*CD44*CD62L" cells appeared for mice treated with PhotoPhage.

A major issue for all forms of radiotherapy is that, following tissue damage, the tumor microen-
vironment can develop immunosuppressive cells, such as regulatory T-cells (Treg), myeloid-
derived suppressor cells (MDSCs), and tumor-associated macrophages, which creates an im-
munological “cold” tumor that restricts the therapeutic performance.? 7'-72 Several studies have
reported® 1" that the efficiency of PTT inversely correlates with Treg cells, an immunosuppres-
sive subset of CD4* T cells characterized by the expression of factor forkhead box protein P3
(FoxP3). Necrotic cell death induced by PTT causes an inflammatory response that promotes
expression of Treg immunosuppressive molecules as a protective measure since normally an
injury in a person such as a burn should not initiate a strong full-body immune response. We
expected that QB as an immunopotentiator would attract more APCs and amplify the immune
response and its presence as a foreign viral protein might “trick” the immune system into believ-
ing that the injury contains pathogens, which would turn off the immunosuppressive response.
Therefore, we assessed the presence of CD4*FoxP3* after different treatments by flow
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cytometry to investigate what the ratio of the effector CD4* T-cells vs Treg in the spleen—an
organ that serves as a systemic repository for the immune system. As expected — and shown
in Figure 41-J — PTT alone produces a high suppressive environment while PhotoPhage—a
combination of PTT and the immunoadjuvanting agent Q3—decreased the percentage of Tregs
(lower CD4*FoxP3™). This is significant because cancer therapeutic efficacy associated with tu-
mor suppression and higher survival time correlates with lower Tregs and higher effector T-cells.

In vivo antitumor effect of PhotoPhage
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Figure 5. A) Experiment design of synergistic immunophotothermal therapy. B) Representative IR thermal images
of tumor-bearing mice at different NIR radiation times (808 nm, 0.18 W-cm2, 10 min) after intratumoral (i.t.) injection.
C) Tumor growth curves of 4T1 tumor-bearing mice treated with PBS, QB, Croc and PhotoPhage with and without
laser radiation showing the most effective therapeutic approach is attributed to PhotoPhage, which exhibited the
greatest restriction to tumor growth. D) Tumor weight as a representative of tumor suppression verified high anti-
tumor performance of PhotoPhage compare to Croc, QB, and PBS groups E) Survival study of 4T1 tumor-bearing
BALB/c mice (n = 5). F) Number of lung nodules after India ink staining. G) Representative images of India-ink-
infused lungs of Croc, PhotoPhage and PBS mice that white spot clearly demonstrate number of metastatic nodules
per each group. ** P < 0.05.

Next, we assessed the anti-tumor effect of our system in the same murine mouse cancer model
discussed above. 4T1 cells (1x10°) were implanted into the abdominal mammary gland of 4-6
week old female BALB/c mice. Tumor development was allowed to proceed until the average
tumor size reached to 5-6 mm, after which mice were randomly divided into four groups with
radiation and four groups without radiation for various treatment: PBS (negative control), Qp,
and identical concentrations (by chromophore) of Croc and PhotoPhage. Following
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randomization, mice from each group (n=5) were injected intratumorally’® and 2 h later, laser
treatment was performed (808 nm, 0.18 W-cm?2,10 min) as schematically shown in Figure 5A.
The effect of treatment was evaluated by monitoring body weight of the mice and measuring
tumor volume over the course of 16 d. Tumor volumes were measured using calipers every
other day after treatment and calculated according to the equation: Vol =
(tumor length) x (tumor width) - 2/2. The tumors treated with PhotoPhage plus laser irradia-
tion developed a large black scab on the tumor site and showed slower tumor growth compared
all other experimental groups. The body weight of each groups was monitored over 16 d and we
found no significant change, which suggests PhotoPhage, Q3, and croc did not induce toxicity
(Figure S8). The irradiated Croc dye and Qp by itself slightly delayed the growth of the primary
tumor though nowhere near as much as the PhotoPhage formulation, which caused obvious
tumor ablation after NIR laser exposure. The degree of tumor ablation and recission induced by
different groups was further confirmed through tumor weight, as shown at Figure 5D, Pho-
toPhage again produced significant suppression on tumor growth compared to QB and Croc
alone. Survival of the different groups of treated tumor-bearing mice was studied over 38 days
following the initial tumor inoculation. As shown in the Kaplan—Meier survival curve, illustrated
in Figure 5E, only PhotoPhage prolonged survival time compared to other groups. Metastatic
burden was evaluated at day 16 post treatment by removing the lungs and staining them with
India ink, which preferentially blackens healthy tissue making the metastasis stand out. Control
groups (PBS) and unirradiated free Croc show statistically identical tumor burdens, as illustrated
in Figure 5F and 5G. The unaltered Qf and irradiated free Croc groups all produced a modest
and statistically significant decrease in metastatic burden, though none of these groups showed
improved survival.

Conclusion

In this work we took advantage of VLP Qf’s biocompatibility, functionalizability, and modest
immunogenicity to produce a new synthetic-biomaterial hybrid PTT “PhotoPhage.” This formu-
lation significantly improved the photophysical properties including photothermal conversion ef-
ficiency and water solubility as shown by an enhancement of cellular death upon 808 nm laser
exposure compared to free dye. In addition, this synergistic combination showed excellent NIR
light-induced tumor ablation by suppressing 70% of the primary breast cancer tumor in BALB/c
mice bearing a highly metastatic 4T1 tumor compared to 18% of Croc alone. PhotoPhage also
prolonged survival time and reduced lung metastasis by 85% compared to control. An equimolar
concentration of Croc managed to reduce metastatic tumor loading by 33%. We expect this
study to open up an exciting research direction for using VLP theragnostic platforms for precise
and efficient cancer therapy.
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