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Abstract

Introduction The human papillomavirus (HPV) encoded oncoproteins E6 and E7 are constitutively expressed in HPV-
associated cancers, making them logical therapeutic targets. Intramuscular immunization of patients with HPV16 L2E7E6
fusion protein vaccine (TA-CIN) is well tolerated and induces HPV-specific cellular immune responses. Efficacy of PD-1
immune checkpoint blockade correlates with the level of tumor-infiltrating CD8 + T cells, yet most patients lack significant
tumor infiltration of immune cells making immune checkpoint blockade suboptimal. We hypothesized that intratumoral
vaccination with TA-CIN could increase the number of tumor-infiltrating CD8 + T cells, synergize with PD-1 blockade and
result in better control of tumors compared with either PD-1 blockade or vaccination alone.

Methods We examined the immunogenicity and antitumor effects of intratumoral vaccination with TA-CIN alone or in
combination with PD-1 blockade in the TC-1 syngeneic murine tumor model expressing HPV16 E6/E7.

Results Intratumoral vaccination with TA-CIN induced stronger antigen-specific CD8 + T cell responses and antitumor
effects. Intratumoral TA-CIN vaccination generated a systemic immune response that was able to control distal TC-1 tumors.
Furthermore, intratumoral TA-CIN vaccination induced tumor infiltration of antigen-specific CD8 4T cells. Knockout of
Batf3 abolished antigen-specific CD8 + T cell responses and antitumor effects of intratumoral TA-CIN vaccination. Finally,
PD-1 blockade synergizes with intratumoral TA-CIN vaccination resulting in significantly enhanced antigen-specific CD8+T
cell responses and complete regression of tumors, whereas either alone failed to control established TC-1 tumor.
Conclusions Our results provide rationale for future clinical testing of intratumoral TA-CIN vaccination in combination with
PD-1 blockade for the control of HPV16-associated tumors.
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responsible for 5% of all cancer cases globally [1], including
99% of all cervical cancers [2]. Approximately 50% of cervi-
cal cancer is related to HPV16 and about 20% with HPV18
[2]. In addition, a subset of anogenital and oropharyngeal
malignancies in men and women is also associated with
hrHPV, and these cancers are predominantly driven by
HPV16. As persistent hrHPV infection is necessary for
cancer development, cytologic screening and HPV testing
have diminished the burden of cervical cancer in developed
countries by approximately 80% [3]. The efficacy and safety
of HPV L1 VLP immunization to prevent new HPV16 and
HPV18 infections are well-proven [4]. However, for patients
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with persistent HPV infection or established HPV-associated
cervical dysplasia, these preventive vaccines do not cause
clearance [5]. Furthermore, conventional chemoradiation
therapy for invasive HPV-associated cancers provides only
limited benefit to patients, with a 30% five-year survival rate
for patients with advanced cervical cancer [6]. As a result,
there is a clear need for targeted treatment strategies, such
as a therapeutic HPV vaccination, to clear HPV16 and other
hrHPV infections and their associated diseases.

There are several types of therapeutic HPV vaccines that
are currently under development [7]. Among these therapeu-
tic vaccines is a protein based vaccine called Tissue Anti-
gen—Cervical Intraepithelial Neoplasia (TA-CIN), which
is a recombinant fusion protein consisting of two HPV16
oncoproteins, E6 and E7, as well as the minor capsid protein
L2 [8]. TA-CIN is purified from E. coli and is administered
in the form of a filterable aggregate, a form that potentially
reduces its diffusion beyond the injection site and increases
its uptake by phagocytes, such as antigen-presenting cells for
cross-presentation. HPV encoded oncoproteins E6 and E7
are potential targets for immunotherapy against HPV-asso-
ciated malignancies because they are constantly expressed
in all HPV-associated cancer cells, are functionally required
for the initiation and maintenance of disease, and, as foreign
antigens, they are not subject to central immune tolerance
[9]. The minor capsid protein L2 is a potential prophylactic
antigen for HPV-associated precursor lesions and contains
neutralizing epitopes to induce antibody response against
a wide range of papillomavirus types [10, 11]. A phase I
trial has demonstrated that serial intramuscular vaccina-
tions with TA-CIN in the absence of adjuvant can generate
HPYV antigen-specific antibody and T-cell responses with-
out any significant adverse effects [12]. Two phase II trials
have investigated TA-CIN; one trial investigated TA-CIN
protein as a booster vaccine administered after either recom-
binant HPV16/18 E6/E7 vaccinia virus (TA-HPV) or topical
imiquimod administration, and the other trial used TA-CIN
as a priming vaccination prior to the administration of TA-
HPV [13, 14]. In the current study, we use TA-CIN.

Several therapeutic HPV vaccines have been used with
immune checkpoint blockade to enhance the beneficial
effects of the vaccine [15, 16]. Immune checkpoint block-
ades are a form of immunotherapy that targets immune
checkpoint molecules such as PD-1/PD-L1 and CTLA-4 (for
review see [17]). There are already commercially available
checkpoint inhibitors, such as nivolumab, pembrolizumab,
and atezolizumab (fda.gov). However, checkpoint inhibitors
do not always elicit strong responses, which has generated
further interest in boosting the effectiveness of this treat-
ment by using combination therapies. For instance, there
have been studies regarding combination of different PD-1
and PD-L1 inhibitors with chemotherapy, radiotherapy, and
other immunotargeting therapies. At the time of writing this
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article, clinicaltrials.gov contains over 800 clinical studies
investigating combination therapies of a PD-1/PD-L1 block-
ade and other cancer treatments for conditions ranging from
esophageal cancer, gastric cancer, lung cancer, brain metas-
tasis, and more (clinicaltrials.gov). Several possibilities exist
to explain why PD-1 and PD-L1 blockades lack efficacy
without combination treatment. Notably, the efficacies of
these PD-1/PD-L1 antibody immunotherapies correlate with
the level of tumor-infiltrating CD8 + T cells [18]. However,
most cancer patients do not have significant tumor infiltra-
tion of immune cells, especially CD8 + T cells [19]. There-
fore, the antitumor response of immune checkpoint block-
ade may be suboptimal in the tumors of cancer patients that
lack immune cell infiltration. Induction of tumor-infiltrating
CD8+T cells is likely critical for the efficacy of immune
checkpoint blockade. One approach to induce immune cell
tumor infiltration in patients with HPV-associated malignan-
cies is vaccinating patients with a therapeutic HPV protein-
based vaccine, TA-CIN, which may induce CD8 + tumor
infiltration.

Therapeutic HPV vaccines potentially can be used in
combination therapies with PD-1/PD-L1 blockade since
the treatments generate therapeutic antitumor effects
through different mechanisms. In 2018, pembrolizumab was
approved for the treatment of recurrent or metastatic cervical
cancers expressing PD-L1 [20]. HPV vaccines and immune
checkpoint blockade have been tested preclinically by using
a PD-1 blockade and a Listeria-based vaccine. After observ-
ing that an E6/E7-expressing preclinical tumor model, TC-1,
upregulates PD-L1 upon Listeria-based vaccination, one
study combined HPV vaccination with a PD-1 blocking
antibody and found that the combination led to reduction in
or complete regression of tumor growth [16]. One of the first
clinical trials to test combination therapy (NCT02426892)
in HPV-associated cancers used subcutaneously admin-
istered HPV 16 peptide-based vaccine and nivolumab, a
PD-1 checkpoint inhibitor [15]. Although the study showed
encouraging results, the trial was overall inconclusive [15].
Our presented research builds upon these prior studies by
exploring the potential of intratumoral injection rather than
using subcutaneous or intramuscular administration.

In order to investigate possible techniques to maximize
immune cell tumor infiltration, we included intratumoral
injection as a potential injection method. Intratumoral injec-
tion of immunostimulatory or immunotherapeutic treatments
is a fledgling approach that seeks to improve the efficacy
of immunotherapeutic cancer methods while minimizing
systemic harm by administering the vaccine locally. There
has been some success with intratumoral injection of media
such as PD-1 antibodies, plasmid DNA vaccines, viruses,
and cytokines [21, 22]. Enhanced antitumor immune stim-
ulatory responses have been observed after intratumoral
peptide injection when compared to other potential routes,
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additionally noting that intratumoral injection may also
promote cytotoxic T lymphocytes to better infiltrate solid
tumors [23]. Intratumoral vaccination administration is a
promising approach as it permits a strong immune response
with minimal systemic toxicity, and the local administration
builds an immune response that may even effect on distal
tumors that were not injected directly [21].

In this study, we hypothesized that intratumoral vaccina-
tion with therapeutic HPV protein vaccine TA-CIN could
significantly increase the number of tumor-infiltrating
CD8+ T cells in mice injected with HPV16 E6/E7 expres-
sion murine tumor TC-1 cells [24] and thereby synergize
with PD-1 blockade. By combining intratumoral injection,
immune checkpoint blockade, and TA-CIN vaccination,
we aim to elicit a significant immune response. Studying
immune responses elicited by intratumoral versus intramus-
cular vaccination alongside checkpoint blockade inhibition
will provide insights on the potential effects of intratumoral
vaccination on HPV-malignancies that are currently under-
studied. We compared the T cell responses and antitumor
effects between different antigens and vaccination routes,
and we characterized the mechanistic basis of intratumoral
TA-CIN vaccination. Finally, we demonstrated that admin-
istering intratumoral TA-CIN vaccination in combination
with anti-PD-1 antibody resulted in better control of tumors
compared with either PD-1 blockade or vaccination alone.

Materials and Methods
Mice

5-8-week-old female C57BL/6 mice were purchased from
Taconic Biosciences (Germantown, NY). Batf3 knockout
mice of the C57BL/6 background were purchased from Jack-
son Laboratories (Farmington, CT). All mice were main-
tained at the Johns Hopkins University School of Medicine
(Baltimore, MD) animal facility under specific pathogen-
free conditions. All procedures were performed under a
prior-approved protocol of the Johns Hopkins Animal Care
and Use Committee, and in accordance with recommenda-
tions for the proper use and care of laboratory animals.

Peptides, antibodies, and regents

HPV 16 E7a2a49-57 peptide, RAHYNIVTF, and HPV 16
E7aa43-62 peptide, GQAEPDRAHYNIVTFCCKCD,
were synthesized by GenScript (Piscataway, NJ). FITC-
conjugated anti-mouse CD4 (clone RM4-5), FITC- and
PerCP-conjugated anti-mouse CD8a (clone 53.6.7), APC-
conjugated anti-mouse CD3 (clone 17A2), and PE- and
APC-conjugated anti-mouse CD45 (clone 30-F11) antibod-
ies were purchased from BD Pharmingen (San Diego, CA).

FITC-conjugated anti-mouse Gr-1 (clone RB6-8C5), PE-
conjugated anti-mouse CD11b (clone M1/70), anti-Foxp3
(clone FJK-16 s) were purchased from eBioscience (San
Diego, CA). FITC-conjugated anti-gp38, APC-conjugated
anti-mouse PD-1 (clone RMP1-30), and anti-mouse PD-L1
(clone 10F-9G2) antibodies were purchased from Bioleg-
end (San Diego, CA). PE-conjugated, HPV 16 E7aa49-57
peptide-loaded H-2D" tetramers were purchased from MBL
International (Japan). Recombinant mouse IFN-y was pur-
chased from eBioscience. Purified anti-mouse PD-1 mono-
clonal antibodies (clone 29F.1A12) were purchased from
Bio X Cell (West Lebanon, NH).

Cell line

The establishment of HPV16 E6- and E7-expressing TC-1
cell line has been described previously [24]. The cells
were maintained in RPMI-1640 media supplemented with
2 mM of glutamine, 1 mM of sodium pyruvate, 100 nM of
non-essential amino acids, 100 IU/mL penicillin, 100 pg/
mL streptomycin (all from gibco of Life Technologies,
Grand Island, NY), and 10% fetal bovine serum (FBS, from
HyClone, Logan, UT).

Vaccine and vaccination

The production of TA-CIN has been described previously
[8]. TA-CIN is a fusion protein vaccine comprised of HPV16
viral proteins L2, E6, and E7 for the treatment of HPV16-
associated cervical cancer [8]. For vaccination, TA-CIN
and peptide were diluted in PBS as indicated concentration.
20 pL were injected either intratumorally or intramuscularly
(biceps femoris muscle), as indicated.

In vitro IFN-y treatment of TC-1 tumor cells
and detection of PD-L1 expression

2% 10° of TC-1 tumor cells were plated in 6-well plates.
The cells were treated with 10 ng/mL of recombinant mouse
IFN-y overnight. PD-L1 expression was detected by stain-
ing the cells with APC-conjugated anti-mouse PD-L1 anti-
body followed by the acquisition with FACSCalibur flow
cytometer and analyzed with CellQuest Pro software (BD
biosciences, Mountain View, CA).

In vivo tumor treatment experiment

For in vivo tumor treatment experiments, female C57BL/6
mice (5 mice per group) were injected with 2 x 10° of TC-1
tumor cells subcutaneously. The tumor-bearing mice were
vaccinated as indicated. As for treatment with anti-mouse
PD-1 monoclonal antibodies, the mice were injected with
purified anti-mouse PD-1 antibody at a dose of 200 pg/
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mouse in 100 pL in PBS via intraperitoneal injection three
times per week. Tumor growth was monitored twice a week
by palpation and digital caliper measurement. Tumor volume
was calculated with the formula [largest diameter X (perpen-
dicular diameter)?] x 3.14/6. Either a tumor diameter greater
than 2 cm or a natural death were recorded as death to cal-
culate the survival of the tumor-bearing mice.

Preparation of tumor-infiltrating immune cells
from TC-1 tumors

TC-1 tumors were surgically resected and placed in RPMI-
1640 media containing 100 U/mL penicillin and 100 pg/
mL streptomycin, then washed with PBS to remove blood
contamination. The tumors were then cut into small pieces
and digested with serum-free RPMI-1640 media contain-
ing 0.05 mg/mL collagenase I, 0.05 mg/mL collagenase
1V, 0.025 mg/mL hyaluronidase IV, 0.25 mg/mL DNase I,
100 U/mL penicillin, and 100 pg/mL streptomycin. The tis-
sues were incubated at 37 °C for 1 h with periodic agitation.
The digested tissues were then filtered through a 70-pM
nylon cell strainer. The resultant tumor-infiltrating immune
cells were washed twice in Hank’s buffered salt solution
(HBSS) (400 g for 10 min), and viable cells were counted
using trypan blue dye exclusion.

Flow cytometric analysis

For tetramer staining, cells were stained with 0.5 pg (1 pL)
of purified anti-mouse CD16/32 (Fc block, BD Pharmin-
gen, San Diego, CA) at room temperature for 5 min. The
cells were subsequently stained with anti-mouse CD8-FITC
and PE-conjugated H-2DP tetramers loaded with HPV 16
E7aa49-57 peptide at 4 °C or anti-mouse PD-1-APC, as indi-
cated. Following washing, the cells were stained with 3 pL/
sample of 7-Aminoactinomycin D (7-AAD) immediately
before undergoing flow cytometry analysis to distinguish
dead cells. For the detection of Tregs, cells were incubated
with anti-CD4-FITC, anti-CD8-PerCP and CD3-APC anti-
bodies for 30 min at 4 °C. The cells were then permeabi-
lized and fixed as per manufacturer’s instructions (eBiosci-
ence, San Diego, CA). The cells were further stained with
anti-FoxP3-PE antibody for 30 min at 4 °C. For detection,
CD11b*Gr-1* myeloid-derived suppressor cells (MDSCs)
were stained with FITC-conjugated anti-mouse Gr-1, PE-
conjugated anti-mouse CD11b antibodies and APC-con-
jugated anti-mouse CD45. To detect PD-L1 expression by
TC-1 tumor cells harvested from in vivo tumors, the cells
were stained with FITC-conjugated anti-gp38, PE-conju-
gated anti-mouse CD45, and APC-conjugated anti-mouse
PD-L1 antibodies. Cells were acquired with a FACSCali-
bur flow cytometer (BD Biosciences, Mountain View, CA)
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and analyzed with CellQuest Pro software (BD Biosciences,
Mountain View, CA).

Statistical analysis

Data were expressed as means + standard deviations (SD).
Comparisons between individual data points were analyzed
by two-tailed Student’s ¢ test with Prism software from
GraphPad (San Diego, CA). Survival of the tumor-bearing
mice was analyzed by Kaplan—Meier analysis with Prism
software. A p value of <0.05 was considered statistically
significant.

Results

Intratumoral vaccination with TA-CIN generated
significantly better HPV16 E7-specific CD8 + T
cell responses and antitumor effects compared
to intramuscular vaccination of mice bearing
established TC-1 tumor

We aimed to determine whether the route of TA-CIN vac-
cination impacts the generation of antigen-specific CD8+T
cell responses and antitumor effects. To address this ques-
tion, C57BL/6 mice (5 mice/group) were first challenged
with 2x 103 TC-1 cells subcutaneously, and subsequently
vaccinated with TA-CIN (25 pg/mouse) via either intra-
muscular or intratumoral injection (Fig. 1a). One week
after the final vaccination, peripheral blood mononuclear
cells (PBMC) were collected and E7-specific CD8+T cells
responses were compared. Tumor volumes were meas-
ured twice a week and survival of tumor-bearing mice was
recorded. As shown in Fig. 1b, mice vaccinated with TA-
CIN via the intratumoral route displayed the highest per-
centage of E7-specific CD8 +T cells in peripheral blood.
Furthermore, mice vaccinated with TA-CIN intratumorally
exhibited significantly reduced tumor growth and extended
survival when compared to either untreated mice or mice
vaccinated intramuscularly (Fig. lc, d). These results sug-
gest that intratumoral vaccination generates comparatively
better therapeutic antitumor immunity in mice.

Intratumoral vaccination of TA-CIN generated
significantly better HPV16 E7-specific CD8 +T cell
responses and antitumor effects in the TC-1 tumor
model compared to intratumoral vaccination

with either HPV16 E7 short or long peptides

We tested whether the TA-CIN vaccine generates stronger
E7-specific antitumor immunity compared to either the E7
short or long peptide vaccines alone [18]. C57BL/6 mice (5
mice/group) were first challenged with 2x 10° TC-1 cells



Cancer Immunology, Immunotherapy (2021) 70:1049-1062 1053
b
2
a 3 p = 0.0044
'—
+
2x 105 -4
TC-1s.c. TA-CIN (LM.orl.T.) PBMC (E7 tetramer) o E
+
byl { 5% o
0 3 6 10 17 )
O 29
~ 8
w o
55"
g o
L
[
o
0’0
c d
20001 100 =~ Untreated
E e~ Untreated —— TA-CIN (LM.)
— 80-
£ 15001 == TA-ORR(IM,) s — TACIN(LT)
e - TA-CIN (I.T)) 2 o
_§ 1000 Z 5
] o 40 =
£ L o
2 5004 g 20 E
.9 od p =0.0085 -
7 14 21 v

Days after TC-1 tumor challenge

Fig. 1 Intratumoral vaccination of TA-CIN generated significantly
better HPV 16 E7-specific CD8+T cell responses and antitumor
effects in the TC-1 tumor model. a Schematic illustration of the
experiment. Briefly, 5-8-week-old female C57BL/6 mice (5 mice/
group) were injected with 2% 10° TC-1 cells subcutaneously on Day
0. Three days later, the TC-1 tumor-bearing mice were vaccinated
with 25 pg/mouse of TA-CIN vaccine in 20 pL via either intramus-
cular or intratumoral injection. The mice were boosted twice with the
same regimen in 3—4-day intervals. One week after the last vaccina-
tion, PBMCs were prepared and stained with anti-mouse CDS8 and
HPV 16 E7 tetramer. The data were acquired with FACSCalibur flow

subcutaneously and subsequently intratumorally vacci-
nated with one of the following reagents: TA-CIN (6.25 pg/
mouse), HPV16 E7 aa49-57 peptide (0.088 pg/mouse), or
HPV16 E7 aa43-62 peptide (0.184 pg/mouse) (Fig. 2a).
One week after the last vaccination, PBMCs were collected
and E7-specific CD8+T cells responses were compared.
Tumor volumes were measured twice a week and mice were
monitored for survival. As shown in Fig. 2b, mice vacci-
nated with TA-CIN protein elicited the highest percentage of
E7-specific CD8+T cells compared to E7 short or long pep-
tides. Both E7aa49-57 (short peptide) and E7aa43-62 (long
peptide) inhibited TC-1 tumor growth significantly and pro-
longed the survival of TC-1 tumor-bearing mice compared
to untreated mice. However, intratumoral TA-CIN vaccina-
tion induced a significantly stronger anti-tumor effect and
improved the survival duration of TC-1 tumor-bearing mice
when compared to E7 short or long peptides (Fig. 2c, d).
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cytometer and analyzed with CellQuest. Tumors were measured twice
a week and survival of the tumor-bearing mice was recorded. b Sum-
mary of the flow cytometry data. ¢ Summary of TC-1 tumor volume.
Statistical significance between TA-CIN (I.M.) and TA-CIN (I.T.)
had a p value of 0.0085. Statistical significance between untreated
and TA-CIN (L.T.) had a p value of <0.0001. d Kaplan—-Meier sur-
vival analysis of TC-1 tumor-bearing mice treated with the different
regimens. Statistical significance between TA-CIN (I.M.) and TA-
CIN (I.T.) had a p value of 0.0114. Statistical significance between
untreated and TA-CIN (I.T.) had a p value of 0.0003

Intratumoral vaccination of TA-CIN generated
systemic antitumor responses that control
the growth of distant tumors

Intratumoral immune therapies can potentially elicit thera-
peutic antitumor immunity not only in the injected tumor
site but also in distant noninjected tumor lesions, termed an
abscopal effect [25]. To test whether the intratumoral vac-
cination of TA-CIN is also able to generate distal antitumor
immune responses, we subcutaneously challenged C57BL/6
mice (5 mice/group) with 2 10°> TC-1 cells on both sides
of the mouse abdomen. Once the tumor was established,
mice received an intratumoral injection of TA-CIN (6.25 pg/
mouse) on only one side (Fig. 3a). To monitor the antitu-
mor responses, tumors on both the ipsilateral and con-
tralateral sides were measured twice a week. We found that
robust regression was observed on both the ipsilateral and
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Fig. 2 Intratumoral vaccination of TA-CIN, but not HPV 16 E7 short
or long peptide, generated significantly better HPV 16 E7-specific
CD8+T cell responses and antitumor effects in the TC-1 tumor
model. a Schematic illustration of the experiment. Briefly, 5-8-week-
old female C57BL/6 mice (5 mice/group) were injected with 2x 107
TC-1 cells subcutaneously on Day 0. Four days later, the TC-1
tumor-bearing mice were vaccinated with equal amounts of 6.25 pg/
mouse of TA-CIN, 0.088 pg/mouse of HPV 16 E7aa49-57 peptide,
or 0.184 pg/mouse of HPV16 E7aa43-62 peptide in 20 pL via intra-
tumoral injection. The mice were boosted twice with the same regi-
men in 3-day intervals. One week after the final vaccination, PBMCs
were prepared and stained with anti-mouse CD8 and HPV 16 E7
tetramer. The data were acquired with FACSCalibur flow cytometer
and analyzed with CellQuest. Tumors were measured twice a week
and survival of the tumor-bearing mice was recorded. b Summary of

contralateral tumors (Fig. 3b, c). These results suggest that
intratumoral vaccination of TA-CIN is able to generate sys-
temic antitumor responses to control distant tumor growth.
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the flow cytometry data. ¢ Summary of TC-1 tumor volume. Statis-
tical significance between E7aa49-57 peptide and untreated had a p
value of 0.0004. Statistical significance between E7aa43-62 peptide
and untreated had a p value of 0.0002 for the tumor volume at day 28.
Statistical significance between TA-CIN and E7aa49-57 peptide had a
p value of 0.0004 for the tumor volume at day 28. Statistical signifi-
cance of TA-CIN and E7aa43-62 peptide had a p value of <0.0001
for the tumor volume at day 28. d Kaplan—Meier survival analysis of
TC-1 tumor-bearing mice treated with the different regimens. Statisti-
cal significance between both E7aa49-57 peptide and E7aa43-62 pep-
tide treatment groups compared to untreated had p values of 0.0011.
Statistical significance for both E7aa49-57 peptide and E7aa43-62
peptide treatment groups compared to TA-CIN had P values of
0.0002 p =0.0002

Intratumoral injection of TA-CIN vaccination

led to higher levels of E7-specific CD8 +T cells,
and lower levels of regulatory T cells and MDSCs
than intramuscular injections in both peripheral
blood and local tumors

We have demonstrated that intratumoral injection of the
TA-CIN vaccine induced stronger antitumor immunity
than either intramuscular injection or untreated controls
(Fig. 1), and is able to generate systemic antitumor effects
(Fig. 3). To test whether the systemic and local immune
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Fig.3 Intratumoral vaccination of TA-CIN generated systemic
E7-specific CD8+T cell responses that are able to control the growth
of distant tumors. a Schematic illustration of the experiment. Briefly,
groups of 5-8-week-old female C57BL/6 mice (5 mice/group) were
injected with 2x 10> TC-1 tumor cells were subcutaneously injected
on both sides of the mouse abdomen. A total of 6.25 pg/mouse of
TA-CIN was injected intratumorally into the tumor of one side (ipsi-

profiles are consistent with the difference in antitumor
effects, we compared the systemic and tumor-infiltrating
E7-specific CD8 + T cells, regulatory T cells, and MDSCs
after either intramuscular or intratumoral TA-CIN vaccina-
tion. C57BL/6 mice (5 mice/group) were first subcutane-
ously challenged with TC-1 tumor cells and subsequently
vaccinated with the TA-CIN vaccine (6.25 pg/mouse)
via either intramuscular or intratumoral injection on day
7. The mice were boosted twice with the same regimen
at 3-day intervals. One week after the final vaccination,
PBMCs and tumor-infiltrating immune cells were prepared
in order to compare levels of E7-specific CD8 + T cells,
regulatory T cells, and MDSCs. As shown in Fig. 4a—c,
mice intratumorally vaccinated with TA-CIN generated the
highest levels of E7-specific CD8 + T cells and the low-
est levels of regulatory T cells and MDSCs in peripheral
blood compared to either intramuscularly vaccinated mice
or untreated controls. Furthermore, intratumoral TA-CIN
vaccination also led to the highest levels of total CD8 + T
cells and E7-specific CD8 + T cells, and the lowest levels
of regulatory T cells in local tumors (Fig. 4d—f). Taken
together, our data suggest that the local and systemic
immune profiles of intratumoral TA-CIN vaccination are
consistent with stronger local and distant antitumor immu-
nity, as indicated by higher levels of E7-specific CD8+ T
cells and lower levels of suppressive immune cells in the
local tumors and peripheral blood.
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lateral) three times in 3-4-day intervals. TC-1 tumor growth was
monitored on both the ipsilateral and contralateral sides. b Tumor
growth curve of ipsilateral TC-1 tumors. ¢ Tumor growth curve of
contralateral TC-1 tumors. p <0.0001 for both ipsilateral and con-
tralateral tumor treated with TA-CIN when compared to untreated on
day 25

Robust E7-specific CD8 +T cell induction

and antitumor immunity after intratumoral TA-CIN
vaccination is dependent on a Batf3-regulated
pathway

Batf3 is an important pathway for the cross-presentation
of tumor antigens to dendritic cells (DCs) and is required
for T cell dependent immune therapies [26]. To examine
whether the induction of E7-specific CD8 + T cells and
antitumor immunity after intratumoral TA-CIN vaccina-
tion is dependent on the Batf3 pathway, we subcutane-
ously injected wild-type and Batf3 knockout C57BL/6
mice (5 mice/group) with 2x 10° TC-1 cells and subse-
quently vaccinated them with TA-CIN (6.25 pg/mouse)
via intratumoral injection (Fig. 5a). One week after the
final vaccination, PBMCs were prepared and E7-specific
CDS8 T +cell responses were compared. The tumors were
measured twice a week and survival of tumor-bearing
mice was recorded. As shown in Fig. 5b, wild-type mice
injected intratumorally with the TA-CIN vaccine gen-
erated a significant E7-specific CD8 + T cell response,
while Batf3 knockout mice showed a significant decrease
in T cell response. Moreover, Batf3 knockout completely
abolished the antitumor effects in mice intratumorally
vaccinated with TA-CIN, resulting in decreased survival
(Fig. 5c, d). These results suggest that the Batf3-regulated
pathway is required for E7-specific CD8 + T cell induction
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Fig.4 Comparison of systemic and tumor-infiltrating E7-specific
CD8+T cells, regulatory T cells, and myeloid-derived suppressor
cells after either intramuscular or intratumoral TA-CIN vaccina-
tion Groups of 5-8-week-old female C57BL/6 mice (5 mice/group)
were vaccinated with 6.25 pg/mouse of TA-CIN via either intra-
muscular or intratumoral injection on Day 7 after TC-1 tumor cells
were subcutaneously injected. The mice were boosted twice with the
same regimen in 3-day intervals. One week after the final vaccina-
tion, PBMCs and tumor-infiltrating immune cells were prepared, and

and generation of antitumor immunity after intratumoral
TA-CIN vaccination.

Intratumoral TA-CIN vaccination increased
expression of PD-L1 by TC-1 tumor cells

and expression of PD-1 by TC-1 tumor-infiltrating
E7-specific CD8 +T cells

Many studies have shown that the PD-1/PD-L1 axis is the
major mechanism for the functional inhibition of T cells at
the site of tumors [27]. We wanted to determine why intra-
tumoral injection of TA-CIN did not completely eliminate
the tumors [28]. Previous study has demonstrated that vac-
cination can upregulate PD-L1 expression in the tumor
microenvironment [29]. Therefore, we examined whether
after intratumoral TA-CIN vaccination the tumor cells and
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E7-specific CD8+T cells, regulatory T cells, and myeloid-derived
suppressor cells were analyzed by flow cytometry analysis. The data
were acquired with FACSCalibur flow cytometer and analyzed with
CellQuest. a E7-specific CD8+T cells in peripheral blood. b Regula-
tory T cells in peripheral blood. ¢ Myeloid-derived suppressor cells in
peripheral blood. d Total number of tumor-infiltrating CD8 +T cells.
e Number of tumor-infiltrating E7-specific CD8 + T cells. f Frequency
of tumor-infiltrating regulatory T cells

tumor-infiltrating E7-specific CD8 + T cells expressed
higher levels of PD-L1 and PD-1. C57BL/6 mice were first
subcutaneously challenged with 2 x 103 TC-1 cells, and
subsequently vaccinated with TA-CIN (6.25 pg/mouse)
via intratumoral injection or left untreated. The mice in
the vaccinated group were boosted with the same regimen
twice in 3-day intervals. One week after the final vaccina-
tion, single cells were prepared from the excised TC-1
tumors for comparison of PD-1 and PD-L1 expression.
As shown in Fig. 6b, TC-1 tumor cells from TA-CIN-
vaccinated mice, which were determined as CD45— and
gp38+, expressed higher levels of PD-L1 when com-
pared to TC-1 cells from either the untreated mice or
isotype control. This increased PD-L1 expression after
in vivo intratumoral TA-CIN vaccination was comparable
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Fig.5 Robust E7-specific CD8+T cell induction and antitumor
immunity after intratumoral TA-CIN vaccination is dependent on
the Batf3-regulated pathway. a Schematic illustration of the experi-
ment. Groups of 5-8-week-old female wild type and Batf3-knockout
C57BL/6 mice (5 mice/group) were injected with 2x10° TC-1 cells
subcutaneously on Day 0. Seven days later, the TC-1 tumor-bearing
mice were vaccinated with 6.25 pg/mouse of TA-CIN vaccine in 20
pL via intratumoral injection. The mice were boosted twice with the
same regimen in 3-day intervals. One week after the final vaccina-
tion, PBMCs were prepared and stained with anti-mouse CDS8 and
HPV 16 E7 tetramer. The data were acquired with FACSCalibur flow

to IFNy treatment of TC-1 tumor cells in vitro (Fig. 6a,
b). Staining of the tumor cells indicated that vaccination
up-regulated PD-L1 expression by the tumor cells. Fur-
thermore, the tumor-infiltrating CD8 + T cells from mice
intratumorally vaccinated with TA-CIN, which were over
50% E7-positive (Fig. 6¢), expressed higher PD-1 levels
than tumor-infiltrating CD8 + T cells from untreated mice
(Fig. 6d). Collectively, our data indicate that intratumoral
TA-CIN vaccination increases PD-L1 expressions by TC-1
tumor cells and PD-1 expression by TC-1 tumor-infiltrat-
ing E7-specific CD8 + T cells. These results are likely to
be a strategy for local tumors to counter the induction of
tumor-infiltrating CD8 4+ T cells induced by intratumoral
TA-CIN vaccination.
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cytometer and analyzed with CellQuest. Tumors were measured twice
a week and survival of the tumor-bearing mice was recorded. b Sum-
mary of the flow cytometry data. ¢ Summary of TC-1 tumor volume.
Statistical significance between treated and untreated Batf3 knockout
mice had a p value of 0.7313. Statistical significance between treated
Batf3 knockout and treated wild-type mice had a p value of <0.0001
on day 28). d Kaplan—Meier survival analysis of TC-1 tumor-bear-
ing mice treated with the different regimens. Statistical significance
between TA-CIN treated and untreated knockout mice had a p value
of 0.5485. Statistical significance between treated Baft3 knockout and
treated wild-type mice had a p value of 0.0002

Anti-PD-1 antibodies synergize with intratumoral
TA-CIN vaccination to elicit complete regression
of TC-1 tumors

Since TC-1 tumor cells and tumor-infiltrating CD8 + T
cells expressed higher levels of PD-L1 and PD-1 after
intratumoral TA-CIN vaccination, we hypothesized that
the addition of anti-mouse PD-1 treatment would enhance
the immunogenicity and antitumor effects of intratumoral
TA-CIN vaccine. To test this hypothesis, we subcutane-
ously injected C57BL/6 mice (5 mice/group) with 2 x 10°
TC-1 cells and subsequently treated them with either
anti-mouse PD-1 antibodies (200 pg/mouse) through
intraperitoneal injection alone, TA-CIN (6.25 pg/mouse)
through intratumoral injection alone, or administered both
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Fig.6 Analysis of PD-L1 expression by TC-1 cells cultured in vitro
or isolated from tumors in vivo and PD-1 expression by TC-1 tumor-
infiltrating HPV 16 E7-specific CD8+T cells. a Flow cytometry
analysis of PD-L1 expression by TC-1 cells cultured in vitro. Briefly,
1x10° TC-1 cells were plated in each well of a 6-well plate, then
treated with 2.5 ng/mL of recombinant mouse IFN-y for 48 h or left
untreated. The cells were then stained with PE-conjugated anti-mouse
PD-L1 (clone 10F.9G2) antibody or isotype control. The cells were
acquired with FACSCalibur and analyzed with CellQuest Pro soft-
ware. b PD-L1 expression by TC-1 cells from transplanted tumor.
6-8-week-old female C57BL/6 mice were injected with 2x 10° TC-1
cells subcutaneously on Day 0. On Day 7, one group of tumor-bear-
ing mice were vaccinated with 6.25 pg/mouse of TA-CIN (in 20 pL)
through intratumoral injection. The mice were boosted with the same
regimen twice in 3-day intervals. Another group of TC-1 tumor-bear-
ing mice was left untreated. 7 days after the final vaccination, TC-1

treatments. Anti-mouse PD-1 antibodies were given three
times a week, and TA-CIN was boosted twice (Fig. 7a).
One week after the final vaccination, PBMCs were pre-
pared and E7-specific CD8 + T cell responses were com-
pared. The tumors were measured twice a week and sur-
vival of the tumor-bearing mice was recorded. As shown
in Fig. 7b, mice injected intratumorally with TA-CIN and
anti-mouse PD-1 antibodies generated the highest E7-spe-
cific CD8 + T cell response, compared to either treatment
alone. Furthermore, co-treatment of intratumoral TA-CIN
vaccination together with anti-mouse PD-1 antibodies
led to the complete inhibition of tumor growth as well
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tumors were excised, minced, and enzymatically digested. The result-
ing single-cell preparation was stained with either FITC-conjugated
anti-gp38, PE-conjugated anti-mouse CD45, or APC-conjugated anti-
mouse PD-L1 antibodies, as well as isotype controls. The cells were
acquired with FACSCalibur and analyzed with CellQuest Pro soft-
ware. TC-1 tumor cells were determined as CD45-negative and gp38-
positive. Detection of frequency of (¢) HPV 16 E7-specific CD8+T
cells from TC-1 tumor-infiltrating lymphocytes and (d) expression
of PD-1 by HPV 16 E7-specific CD8+T cells from TC-1 tumor-
infiltrating lymphocytes. As described in (b), the resulting single-cell
preparation from TC-1 tumors was stained with either FITC-conju-
gated anti-mouse CD8a, PE-conjugated HPV 16 E7aa49-57 peptide
loaded H-2DP tetramer, or APC-conjugated anti-mouse PD-1 antibod-
ies, as well as isotype controls. The cells were acquired with FACS-
Calibur and analyzed with CellQuest Pro software

as a 100% survival rate in TC-1 tumor-challenged mice,
while either intratumoral TA-CIN vaccination or anti-
mouse PD-1 antibody administration alone could only
generate partial antitumor effects and resulted in only
20% and 0% survival of TC-1 tumor-challenged mice at
day 120, respectively (Fig. 7c, d). Taken together, these
results demonstrate that anti-PD-1 antibodies synergize
with intratumoral vaccination of TA-CIN, resulting in
significantly enhanced E7-specific CD8 + T cell responses
and the complete regression of TC-1 tumors compared to
either anti-PD-1 antibody administration or TA-CIN vac-
cination alone.
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Fig.7 Comparison of HPV 16 E7-specific CD8+T cell responses
and anti-tumor effects of the TC-1 tumor-bearing mice after vaccina-
tion with TA-CIN through intratumoral injection with or without anti-
mouse PD-1 treatment. a Schematic illustration of the experiment.
Briefly, 6-8-week-old female C57BL/6 mice (5 mice/group) were
injected with 2x 10> TC-1 cells subcutaneously on Day 0. On Day
3, tumor-bearing mice were treated with either anti-mouse PD-1 anti-
body (200 pg/mouse) through intraperitoneal injection alone, vacci-
nated with 6.25 pg/mouse of TA-CIN (in 20 pL) through intratumoral
injection alone, or treated with both. Anti-mouse PD-1 antibody was
given three times a week, and TA-CIN was boosted twice as indi-

Discussion

In this study, we found that intratumoral vaccination with
TA-CIN generated potent antitumor immunity. Mice receiv-
ing this treatment had significantly higher levels of E7-spe-
cific CD8+T cells, inhibited tumor growth, and increased
rate of survival during the study period compared to the
mice who received TA-CIN intramuscularly. This pattern
of higher E7-specific CD8 + T cells, inhibited tumor growth,
and increased survival was reflected in intratumoral vac-
cination with TA-CIN when compared to intratumoral vac-
cination with E7 short or E7 long peptides. These results
are likely due to the structure of TA-CIN protein that can
facilitate internalization by antigen-presenting cells, such
as dendritic cells. The additional immunogenicity from L2
of TA-CIN may also contribute to the improved E7-spe-
cific CD8 + T cell responses and antitumor effects [8, 10].
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cated. 7 days after the final vaccination, PBMCs were prepared from
the mice, and stained with purified anti-mouse CD16/32 antibody
first. The cells were then stained with FITC-conjugated anti-mouse
CD8a antibody and PE-conjugated HPV 16 E7aa49-57 peptide-
loaded H-2D" tetramer. The cells were acquired with FACSCalibur
and analyzed with CellQuest Pro software. The tumor growth was
monitored twice a week with a digital caliper. The death of the mouse
was recorded as either natural death or when tumor size exceeded
2 cm in diameter. b Summary of the flow cytometry analysis of HPV
16 E7-specific CD8+T cells. ¢ Tumor growth curve. d Kaplan—
Meier survival analysis of TC-1 tumor-bearing mice

Therefore, intratumoral injection of TA-CIN may signifi-
cantly boost antitumor immunity. Moreover, intratumoral
TA-CIN vaccination generated systemic immune responses
that could significantly reduce tumor volume of distant TC-1
tumors. We also observed that intratumoral TA-CIN vac-
cination induced significantly more systemic and tumor-
infiltrating antigen-specific CD8 + T cells while reducing
the number of regulatory T cells and MDSCs in local tumor
and peripheral blood. Mechanistically, we found that the
potent immunogenicity and antitumor effects of intratumoral
TA-CIN vaccination are governed by the Batf3 pathway, as
knocking out Batf3 abolished antigen-specific CD8 + T cell
responses and antitumor effects. We discovered that intratu-
moral vaccination with TA-CIN increased PD-L1 expression
by TC-1 tumor cells and PD-1 expression by TC-1 tumor-
infiltrating CD8 + T cells. Finally, we have demonstrated
that PD-1 blockade synergized with intratumoral TA-CIN
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vaccination resulting in significantly enhanced antigen-
specific CD8 + T cell responses, a complete regression of
tumors, and a 100% survival rate at day 120 when compared
to either PD-1 administration or intratumoral vaccination
alone.

Our approach to combining intratumoral TA-CIN vacci-
nation with PD-L1 blockade to increase anti-tumor immu-
nogenicity is a potentially promising strategy for future
clinical translation, and this approach may be applicable to
many HPV-associated malignancies. Our use of a subcuta-
neous TC-1 tumor model results in murine tumors that are
close to body surfaces and readily available to intratumoral
vaccination, similarly to several HPV-associated cancers.
Many HPV-associated cancers, such as cancers of the cer-
vix, head and neck, and anogenital tract, are accessible to
intratumoral injection compared to tumors buried deeper in
the body such as pancreatic cancer or lung cancer. Therefore,
our finding that intratumoral vaccine administration may be
more effective than intramuscular administration creates the
distinct clinical opportunity to treat HPV-associated can-
cers via intratumoral injection. Because TA-CIN has been
shown to be safe through intramuscular injection [12], the
intratumoral injection of TA-CIN in these HPV-associated
malignancies is also likely to be safe. In the current studies,
we also demonstrated that intratumoral TA-CIN vaccination
can generate systemic antitumor immunity to control dis-
tant tumor. Taken together, our results indicate that intratu-
moral TA-CIN vaccination may be an attractive therapeutic
approach for HPV-associated diseases and malignancies.

In the current studies, we have observed that intratumoral
injection of TA-CIN was able to generate potent antitumor
effects, resulting in a better survival of treated mice (see
Fig. 5). The impressive therapeutic antitumor effects are
unlikely due to the needle trauma alone. It is conceivable
that the damage to the tumor caused by the insertion and
removal of the syringe needle may result in damage asso-
ciated signals, contributing to the anti-tumor immunologi-
cal response. However, findings by other groups with other
antigenic system suggest that immunological responses to
intratumoral vaccination is dependent on the vaccine rather
than the needle trauma alone, as intratumorally injection of
placebos failed to generate the therapeutic antitumor effects
comparable to their therapeutic vaccine when injected intra-
tumorally [30-32]. Thus, it is unlikely that the immunologi-
cal enhancements and antitumor effects gained from intratu-
moral injection of TA-CIN are due to needle damage alone.

In the current study, our data indicate that cross presenta-
tion of the HPV antigen is necessary to observe the antitu-
mor effects of the TA-CIN vaccine (Fig. 5). As the major
antigen-presenting cells for the induction of T cell adaptive
responses, DCs induce cancer immunity by presenting tumor
antigens to major histocompatibility complex classes I and
II and by expressing costimulatory molecules [26]. Among
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all kinds of DCs, Batf3-dependent conventional DC type
1 (cDC1) cross-presents tumor-associated antigens excep-
tionally well [26]. Several studies have shown that Batf3-
dependent DCs are required for different cancer immuno-
therapies, such as checkpoint inhibitors and adoptive T cell
transfer therapy [33, 34]. We therefore hypothesized that the
antitumor immunity induced by intratumoral TA-CIN vac-
cination is dependent on Batf3 signaling of cDCls. Indeed,
Batf3 knockout mice completely reversed tumor-specific
CD8+T cell response and antitumor effects of intratumoral
TA-CIN vaccination.

We also demonstrated that intratumoral TA-CIN vac-
cination induces powerful antigen-specific CD8 + T cell
responses. To further enhance its therapeutic potency, we
sought to combine it with other immunotherapeutic strat-
egies. This is not a novel approach; others have reported
increased anti-tumor immune responses when a therapeutic
HPV vaccine is intramuscularly injected in combination with
PD-L1 checkpoint blockade [35]. Immune checkpoint block-
ade is a great candidate for combination treatments because
the inhibitory immune signaling is a common mechanism
for tumor cells to fight back against T-cell mediated immu-
notherapy [27]. Indeed, our results have shown that intra-
tumoral TA-CIN vaccination increases PD-L1 expression
by TC-1 tumor cells and PD-1 expression by TC-1 tumor-
infiltrating E7-specific CD8 + T cells. The addition of check-
point blockades enhanced the vaccine’s anti-tumor immuno-
genicity by reversing the effects of vaccine-initiated PD-L1/
PD-1 increase on CD8+T cells. Our data have shown that
the combination elicits much stronger antitumor immu-
nity compared to either anti-PD-1 antibodies or TA-CIN
vaccination alone. Given the promising trend of immune
checkpoint blockade in cancer treatment, our combination
strategy of intratumoral injection of a cancer vaccine with
checkpoint inhibitors may be effective for the treatment of
cancer patients who are refractory to checkpoint inhibitors
alone as a result of low CD8 +T cell infiltration.

In summary, our results show that intratumoral injection
of TA-CIN vaccine can induce a strong E7-specific CD8 +T
cell response both locally and systemically. When combining
the intratumoral TA-CIN vaccine with PD-1 blockade, we
show that combination therapy has much stronger antitumor
effects compared to either TA-CIN vaccination or anti-PD-1
antibody administration alone. Our results provide a founda-
tion for future clinical testing of intratumoral TA-CIN vac-
cination in combination with PD-1 blockade for the control
of HPV-associated tumors.
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