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ISG15 is an ubiquitin-like protein induced by type |
interferon associated with antiviral activity. ISG15 is also
secreted and known to function as an immunomodula-
tory molecule. However, ISG15’s role in influencing the
adaptive CD8 T-cell responses has not been studied.
Here, we demonstrate the efficacy of ISG15 as a vac-
cine adjuvant, inducing human papilloma virus (HPV)
E7-specific IFNy responses as well as the percentage
of polyfunctional, cytolytic, and effector CD8 T-cell
responses. Vaccination with ISG15 conferred remarkable
control and/or regression of established HPV-associated
tumor-bearing mice. T-cell depletion coupled with
adoptive transfer experiments revealed that ISG15 pro-
tective efficacy was CD8 T-cell mediated. Importantly,
we demonstrate that ISG15 vaccine-induced responses
could be generated independent of ISGylation, suggest-
ing that responses were mostly influenced by free ISG15.
Our results provide more insight into the immunomodu-
latory properties of ISG15 and its potential to serve as
an effective immune adjuvant in a therapeutic tumor or
infectious disease setting.
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INTRODUCTION

The induction of cytotoxic CD8 T-cells is believed to be essential
in tumor control, and, thus, a necessary goal for any therapeu-
tic cancer vaccine. Nevertheless, insufficient generation of CD8
effector T-cells has led to the failure of several therapeutic cancer
vaccines to produce clinical regression of solid tumors.'~* For such
vaccines, the incorporation of adjuvants can assist in generating
potent and durable tumor immunity,** but most of the effects of
adjuvants have been limited to Thl CD4 expansion with poor
CD8 T-cell killing function induced. Thus identifying adjuvants
capable of amplifying CD8 T-cell antitumor immunity is very
important for therapeutic antitumor vaccines.

Interferon-stimulating gene 15 (ISG15) is one of the first and
most abundant proteins induced by type I interferon stimulation.®
ISG15 is an ubiquitin-like protein, which plays a major role in
antiviral defense.® Its ubiquitin-like C-terminal (LRLRGG) motif
is necessary for its conjugation to a variety of intracellular proteins
in a process known as ISGylation® producing “conjugated” ISG15.
When not in its conjugated form, free or “unconjugated” ISG15
can exist intracellularly or extracellularly. For decades, free ISG15
has been implicated in the production of IFNY.”? Recently, a new
study confirmed this cytokine-like (a molecule that can exert
cytokine activity) role for ISG15 by demonstrating that ISG15
deficiency was associated with a loss of IFNYy, which in turn led
to increased susceptibility to mycobacterial disease in both mice
and humans.'® Although these studies have established the ability
of ISG15 to function as an immunomodulatory molecule, its abil-
ity to influence CD8 T-cell immune responses and act as a vac-
cine adjuvant remains unknown. Here, we sought to investigate
the role of ISG15 as an adjuvant to enhance tumor-specific CD8
T-cell immunity using a human papilloma virus (HPV)-associated
tumor murine therapeutic model.

Here, we report that ISG15 can act as an effective CD8
T-cell-mediated adjuvant when codelivered with a HPV16 DNA
vaccine via in vivo electroporation (EP). The inclusion of ISG15
substantially increased E7-specific IFNY responses as well as
the percentage of polyfunctional, cytolytic, and effector CD8
T-cells. Importantly, we report that the augmentation of ISG15’
functional CD8-mediated tumor immunity achieved control
and/or regression of tumors in established HPV-associated
tumor-bearing mice. We also show that the therapeutic efficacy
of ISG15 correlates with the increase in magnitude and phenotype
of tetramer-specific, effector CD8 T-cells. Finally, we demonstrate
that ISG15 delivered as an immunoadjuvant generates responses
independent of conjugation as an LRLRGG-mutant ISG15 also
induced potent CD8 T-cell responses. We conclude that ISG15
may be a valuable tool to improve the immunogenicity of vaccines
against cancer as well as to treat persistent infections.

Précis: These results offer a preclinical proof of concept of the efficacy of ISG15 as an anti-infectious adjuvant, enhancing potent vaccine-induced CD8

T-cell responses and promoting remarkable tumor control.
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Figure 1 Generation and expression of ISG15 encoding DNA vaccine plasmids. (a) Schematic illustration of ISG15 protein and the amino acid
sequences of wild-type ISG15 (wtISG15) and mutated ISG15 (mutISG15). The IgE leader sequences are underlined. The C-terminal ubiquitin-like
conjugation site is bold and underlined. The mutation sites introduced into the conjugation motif for mutISG15 (unconjugated form) are in red. (b)
Map of ISG15 constructs. (c) Expression of ISG15 constructs examined by western blot analysis. The lowest band represents free ISG15. (d) Detection
of secreted wtISG15 and mutISG15 from transfected RD cells were confirmed via enzyme-linked immunosorbent assay. Data represent the means
with standard error of the mean for two replicate assays. RD, human rhabdomyosarcoma.

RESULTS

Design and expression of ISG15 constructs

The wild-type ISG15 (wtISG15) adjuvant construct was generated
using the mouse ISG15 sequence retrieved from GenBank (acces-
sion number: Q64339) with several modifications (Figure 1a).
ISG15 contains a C-terminal LRLRGG motif that is necessary for
its conjugation to a variety of target proteins in a process referred
to as ISGylation.""" In order to determine if conjugation was nec-
essary for ISG15-mediated immunomodulation, the ISG15 con-
jugation sequence site was mutated (LRLRGG to AAAAGG) to
generate the mutant ISG15 (mutISG15), incapable of conjugation
(Figure 1a). Both ISG15 constructs were genetically optimized
and subcloned into a modified pVAX1 mammalian expression
vector (Figure 1b).>'* To verify the expression of both ISG15
encoding constructs, human rhabdomyosarcoma (RD) cells were
transfected separately with each vector and examined by western
blot analysis. As shown in Figure 1c, an ~15kDa free ISG15 was
observed for each in cell lysates harvested 48 hours after trans-
fection using anti-ISG15 monoclonal antibody (mAb) for detec-
tion. ISG15 expression was not detected in the negative control
pVAXI1 group. Next, via an enzyme-linked immunosorbent assay,
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the secretion of free ISG15 was monitored from the cell superna-
tants that were obtained 48 hours after transfection of RD cells.
As projected, supernatants from mutISG15-transfected RD cells
exhibited a higher concentration of detectable secreted free ISG15
(7.2ng/ml), compared to wtISG15 (4.4ng/ml) (Figure 1d). This
supports the concept that through mutating ISG15’s conjugation
motif, more unconjugated ISG15 would be available and secreted
to the extracellular environment.

Immunization with 1ISG15 adjuvant induced strong
HPV E7-specific CD8 T-cell immune responses

To assess the immunogenic properties of ISG15, an quantitative
IFNY ELISpot assay was performed to determine the number of
vaccine-induced E7-specific IFN7 secreting cells in response to
E7 pooled peptides containing the immunodominant CTL epi-
tope H-2-D"E7,, . (E7) from adjuvanted or unadjuvanted vac-
cine groups. The immunization regimen is shown in Figure 2a.
Briefly, groups of B6 mice (n = 4-5/group) were vaccinated
twice at 2-week intervals as follows: (i) HPV16 DNA/EP; (ii)
HPV16/wtISG15 DNA/EP; (iii) HPV16/mutISG15 DNA/EP;
and (iv) pVAX1/EP (pVAXI1 copy plasmid was used to keep
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Figure 2 Codelivery of ISG15 DNA vaccination promoted E7-specific
CD8 T-cell immune responses secreting IFNy production. (a)
Immunization schedule for DNA vaccine adjuvant study. C57BL/6 mice
(n = 4-5/group) were immunized twice at 2-week intervals with HPV16
construct with or without wtISG15 or mutISG15 adjuvant constructs via
IM/EP delivery. One week after last vaccination, spleens were harvested
to analyze the Ag-specific CD8 T-cell responses. (b) The frequency of
E7-specific IFNy (spot forming cells/10¢ splenocytes) responses induced
after each vaccination was determined by IFNy ELISpot assay in response
to E7 pooled peptide containing the specific CD8 HPV16 E7 epitope
(RAHYNIVTF). Data represent two independent experiments with four to
five mice per group. *P < 0.05; **P < 0.01. Error bars indicate standard
error of the mean.

DNA mass consistent in each group). The co-administration
of HPV16 with wtISG15 resulted in a substantial 3.5-fold
increase in E7-specific IFNYy responses (~230 spot forming col-
ony (SFC)/million splenocytes) compared with HPV16 alone-
immunized group (~66 SFC/million splenocytes) (P = 0.0016).
ISG15 is a ubiquitin-like protein that conjugates to target pro-
teins and is critical for control of certain viral and bacterial
infections.® In addition to the conjugated form of ISG15, it is
known, that ISG15 is present in an unconjugated form (free
ISG15) and can also play an important role in immunomod-
ulation or during infection.® Thus, in the same experiment,
we examined if vaccine-induced responses were independent
of conjugation by immunizing mice with a mutated form of
ISG15 lacking a functional C-terminal LRLRGG conjugat-
ing motif. Interestingly, similar to wtISG15, the mutISG15
vaccinated-group demonstrated an increase (~4-fold) in total
E7-specific cells compared with HPV16-only group, suggest-
ing ISG15 can induce its effects (influencing T-cell immunity)
independent of conjugation. We did not find clear evidence of
higher induced levels of E6-specific vaccine-induced responses
(data not shown). Together, these data suggest that ISG15 can
act as an adjuvant to enhance and stimulate E7-specific CD8
T-cell responses. Moreover, these data demonstrated that the
elevated antigen (Ag)-specific responses maybe likely attrib-
uted to free ISG15.
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ISG15-mediated augmentation of polyfunctional HPV
E7-specific cell-mediated responses

Considering that CD8 T-cell immune responses are essential in
prevention of tumorigenesis and elimination of tumors,”'>'® we
further examined the functional profile of E7-specific CD8 T-cell
populations from vaccinated mice to secrete IFNy, TNFo., and
IL-2 in response to D'E7, _ peptide stimulation. Our gating
strategy for intracellular cytokine multiparametric flow cytom-
tery analysis is shown in Figure 3a. One week after final vacci-
nation all tested vaccination regimens induced detectable CD8
T-cell responses producing all three effector cytokines (Figure 3).
Compared to the antigen alone group, both ISG15 vaccine regi-
mens induced significant E7-specific CD8 T-cells producing total
IENY (wtISG15, 0.68%; mutISG15, 0.92%) (Figure 3b) and total
TNFo (wtISG15, 0.42%; mutISG15, 0.54%) (Figure 3c). However,
ISG15 only induced a minor increase of Ag-specific CD8 T-cells
secreting IL-2 (Figure 3d). Importantly, the ISG15-immunized
groups elicited significantly higher frequencies of E7-specific
CD8 T-cells producing either IFNY alone or dual IFNYy*TNFo*
in the spleens 7 days postvaccinations (Figure 3e), also a mod-
est increase in the triple-positive IFNY*TNFo'IL-2* CD8 secret-
ing cells in the ISG15-treated groups. Since ISG15 can have an
effect on NK cells, we monitored vaccine-induced NK responses,
but no significant changes were seen after vaccination with ISG15
(Supplementary Figure Sla).’ Furthermore, the administration
of ISG15 did not increase vaccine-induced CD4 T-cell responses
as measured by ex vivo E6 and E7 pooled peptide stimulation
(Supplementary Figure S1b).

Given that cytotoxic CD8 T-lymphocytes (CTL) are critical
components in protection,">'”'® we assessed the cytolytic proper-
ties of the adjuvant-induced CTL responses to undergo degranula-
tion and secrete effector cytokines simultaneously (Figure 4). The
groups vaccinated with immunoadjuvant ISG15 showed higher
percentages of the degranulation marker, CD107a (wtISG15, 2.4%;
mutISG15, 3.1%), compared with HPV16-alone group (Figure 4a).
More interestingly, the ISG15-adjuvanted vaccines elicited substan-
tially higher frequencies of polyfunctional CTLs, with a substantial
representation of cells showing one, two, and three immunological
functions (Figure 4b,c). Notably, compared to HPV16 adminis-
tered alone, the ISG15-treated groups showed significantly higher
frequencies of CD8 T-cells coexpressing CD107a*IFNy"TNFo*
(WtISG15, 0.35%; mutISG15, 0.43%) (Figure 4c). Collectively, the
high frequencies of effector cells secreting proinflammatory cyto-
kines are indicative of the ISG15 cytokine-like properties and its
adjuvant effects to enhance vaccine potency by diving potent func-
tional effector CTL immunity. Overall, an important observation
here was that a DNA plasmid expressing the mutISG15, incapable
of conjugation, maintained the adjuvant effects displayed by wild-
type form, suggesting that ISGylation is likely not required for
immunomodulation of CD8 T-cells.

ISG15 adjuvant amplifies robust Ag-specific effector
CD8 T-cell responses

Since it has been demonstrated that magnitude and quality of
E7-specific CD8 T-cell responses correlates with the therapeutic
efficacy of HPV vaccine against established tumors,'”!” we next
investigated tetramer-specific CD8 T-cell responses as a correlate
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Figure 3 1SG15 induces polyfunctional HPV16 E7-specific CD8 T-cells. (a) Schematic diagram of gating strategy used to identify Ag-specific CD8
T-cell populations. (b—-d) Column graphs show the percentages of HPV16 E7-specific CD8 T-cells releasing total cytokines IFNy (b), TNFa (c), and IL-2
(d) after stimulation with D°E7, . -specific peptide. (e) Column chart show polyfunctional subpopulations of single-, double-, or triple-positive CD8
T-cells releasing effector cytokines: IFNy, TNFo, and IL-2 to E7,,  -specific stimulation. Pie charts represent proportion of each cytokine population.
Experiments were performed at least two times with similar results with four to five mice per group. All cell counts are relative and not absolute.

*P < 0.05 compared with HPV16 group. Error bars indicate standard error of the mean.

with vaccine-induced HPV-associated tumor control. To this
end, nontumor-bearing B6 mice were immunized with the afore-
mentioned vaccination formulations and schedule in Figure 2a.
One week after final immunization, the magnitude and subset
differentiation of Ag-specific CD8 T-cell responses were exam-
ined using the CD8 epitope specificity of HPV16 E7,,  H2-D"-
RAHYNIVTF tetramer in the spleen and blood (Figure 5). Both
wtISG15 and mutISG15 constructs were able to significantly
increase the DPE7 tetramer-specific CD8 T-cell responses in
the spleen compared to HPV16 group alone (Figure 5a,b). In
addition, the delivery of both ISG15 plasmids also significantly
amplified the number of DE7 tetramer-specific CD8 T-cells
in the peripheral blood, suggesting trafficking of tumor target-
specific CTLs into the periphery (Figure 5e).”” The frequency of
E7-tetramer T-cells in the blood within the wtISG15 and mut-
ISG15 groups were 4- and 5.5-fold higher compared with the
nonadjuvanted group, respectively. These data confirmed that
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immunoadjuvant ISG15 could amplify the Ag-specific CD8
T-cells.

It has been suggested that effector CD8 T-cells are optimal
subsets for protective immunity and may predict therapeu-
tic efficacy against tumors.*>**?! Effector T-cells are the focus
of cancer vaccines as they can initiate rapid effector function
and migrate quickly to the infected- or tumor-site."?** In this
study, we measured the D’E7 MHC class I tetramer vaccine-
induced effector/effector-memory CD8 T-cell subset based on
expression marker of KLRG1 (effector—T )>**** (Figure 5).
The administration of wtISG15 resulted in a ~3-fold increase
in the percentages of T cells in the spleen, compared with
the HPV16-only vaccinated group (Figure 5c,d). Similarly,
the inclusion of mutISG15 also significantly enhanced the T,
responses in the spleen (Figure 5d). In addition, as shown in
Figure 5f, the percentages of T ; cells in the blood were sig-
nificantly higher in the adjuvant groups. These data suggest that

www.moleculartherapy.org vol. 23 no. 10 oct. 2015
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Figure 4 1SG15 induces HPV16 E7-specific CD8 T-cells undergoing cytotoxic degranulation following immunization. E7-specific CD8 T-cell
responses measured by intracellular cytokine and CD107a staining after stimulation of splenocytes with D°E7, , restricted (CD8) peptide were
examined in all groups of animals 1 week after final immunization. (a) Ag-specific cytolytic degranulation of CD8 T-cells measured by staining for
degranulation marker expression, CD107a. (b and ¢) Column graph shows the frequency of cytolytic CD8 T-cells simultaneously expressing only
IFNYy (b) or the frequency of polyfunctional cytokine producing and/or CD107a expressing CD8 T-cells (c). Experiments were performed at least twice
with similar results with four to five mice per group. All cell counts are relative and not absolute. *P < 0.05; **P < 0.01 compared with HPV16 group.
Error bars indicate standard error of the mean.

immunoadjuvant ISG15 can enhance the magnitude and qual-  (Figure 6b), likely due to greater induction of tumor-specific CTL

ity of E7-specific CD8 T-cell responses. responses. At day 42, post-tumor implantation, 6/10 mice in the
HPV16-mutISG15 were tumor free, compared with either HPV16

ISG15 acted as an effective CD8 T-cell (1/10) or HPV16-wtISG15 (2/10). Taken together, the adjuvant

immunoadjuvant inducing antitumor immunity properties of ISG15 demonstrated effective control and therapeu-

We next determined the therapeutic efficacy of ISG15 in a TC-1  tic cure of HPV-associated tumor-bearing mice.

tumor-bearing mice model. Naive recipient B6 mice (n = 10/ Given ISG15 adjuvant properties to enhance E7-specific-

group) were first inoculated subcutaneously with TC-1 tumor  CTL responses that are essential to target established pre-existing
(5x10%) cells followed by HPV16, HPV16/wtISG15, HPV16/ HPV infections,''* we investigated the role of ISG15-elicited
mutISG15, or pVAX1 vaccination 7 days after tumor implanta- ~ CD8 T-cells for HPV-associated tumor elimination. Therefore,
tion (tumors had reached an average size of 3mm), followed with  in a therapeutic setting, CD8 T-cells were depleted by intraperi-
three boosts at 1-week intervals (Figure 6a). Tumors in mice toneally injection of anti-CD8 antibody, beginning 1-day before
immunized with the mixture of HPV16/wtISG15 grew signifi-  tumor inoculation and repeated every 3 days post-tumor implan-
cantly slower than HPV16-vaccinated group alone (Figure 6b).  tation (Figure 6¢). Our results revealed that CD8 depletion sig-
In contrast, pVAX1 control group failed to show any therapeu-  nificantly abrogates the therapeutic effects of ISG15 adjuvancy
tic effect with all mice dying by day 35. Interestingly, mice given  as no mice survived to 30 days postimplantation (Figure 6d). To
the HPV16/mutISG15 had significantly better tumor control than  confirm these findings, we performed CD8 T-cell adoptive trans-
mice given HPV16/wtISG15 by day 42 post-tumor implantation  fer experiments in T-cell-immunodeficient B6 Ragl KO mice.*

Molecular Therapy vol. 23 no. 10 oct. 2015 1657
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Figure 5 1SG15 augments the formation of the E7-specific effector CD8 T-cell population. Groups B6 mice (n = 4-5) were immunized twice with
HPV16, HPV16/wtISG15 or HPV16/mutISG15 at two-week intervals. One week after last immunization, both splenocytes and peripheral blood mononu-

clear cells were strained for CD8, D°E7, .,

tetramer, and the effector KLRG1 marker. (a) Representative flow plot showing H2-D°-RAHYNIVTF-restrticted

HPV16 E7-specific CD8 T-cells in the spleen 1 week after final immunization, or (b) in data represented as a scatter plot graph. (c,d) Representative dot
plots (c) and compiled data of the percentages of E7 tetramer-specific KLRG1*CD8* effector phenotype population in the spleen (d). (e,f) The percen-

tages of total D°E7

49-57

tetramer-binding CD8 T-cells from the peripheral blood (e) and tetramer-specific effector CD8 T-cells (). Data are representative

of at least two experiments. All cell counts are relative and not absolute. *P < 0.05; **P < 0.01. Error bars indicate standard error of the mean.

4x10° CD8 T-cells purified from splenocytes of HPV16, HPV16/
wtISG15, and HPV16/mutISG15 immunized mice (Figure 2a)
were injected intravenously 4 days postinoculation of TC-1 cells
(Figure 6e). As compared to HPV16 and naive controls, mice
that received either wtISG15 or mutISG15 vaccine-induced CD8
T-cells had significantly slower tumor growth (Figure 6f), likely
owing to their functional CTL phenotype (Figures 3 and 4).
Taken together, the results suggest that ISG15-elicited CD8 T-cells
are essential to prolonging survival and controlling tumor growth
in the TC-1 therapeutic tumor model.

DISCUSSION

ISG15 is known to play a major role in antiviral defense. In addi-
tion, it has also been reported to function as an immunoregula-
tory molecule.® The existence of a secreted unconjugated form
of ISG15 has been reported to have cytokine-like activity, with
evidence supporting its ability to induce IFNY responses.”!®!427:2¢
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Thus, this study builds on these findings and extends ISG15
research in a therapeutic tumor model system.

Herein, we first report the therapeutic efficacy of ISG15
immunoadjuvant properties to augment Ag-specific CD8
T-cell tumor immunity. We used a well-established preclinical
HPV therapeutic challenge model to test the adjuvant effects of
ISG15 in a DNA vaccine setting. The main results of this study
are that inclusion of ISG15 can (i) increase the polyfunctional
Ag-specific CTL responses; (ii) induce effector CD8 T-cell sub-
set differentiation; (iii) have antitumor therapeutic effects; and
(iv) elicit vaccine-induced protective immunity independent of
conjugation, further establishing free ISG15 immunomodulatory
properties.

In this study, we report that the inclusion of ISG15-induced
robust Ag-specific IFN-y responses. We find this in accor-
dance with previous studies indicating that ISG15 can induce
IENY secretion by lymphocytes.””!° However, we include new
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Figure 6 The therapeutic effects induced by ISG15 in tumor-bearing mice. (a) Schematic representation for therapeutic study. (b) Tumor growth
measurement after therapeutic DNA/electroporation vaccination (n = 10). (c) Schematic representation for CD8 T-cell depletion with therapeutic
vaccination. (d) Tumor growth curve of vaccinated groups (n = 5) without CD8 T-cells. (e and f) Schematic representation for T-cell adoptive transfer
study (e). Approximately 4x10¢ CD8 T-cells from vaccinated mice were purified from splenocytes and adoptively transferred into tumor-bearing
T-cell immunodeficient B6 Rag1 KO mice (n = 5) and assessed for tumor growth (f). All tumor-bearing mice were injected subcutaneously with 5 x10*
TC-1 cells. *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate standard error of the mean.

evidence that ISG15 delivered as a separate molecule in an adju-
vant function, can drive CD8 T-cells to enhance their secretion
of IFNy and TNFa, further adding to the pool of information
regarding ISG15 immunomodulatory properties on T-cells. It
is noteworthy to report that in this model or approach, ISG15
was not involved in induction of NK cells, as previously shown.?
Furthermore, given that CTL functionality represents an impor-
tant correlate of protective capacity against HPV16 established
tumors,'”'®* we report that ISG15 promoted the expansion and
Ag-specific cytolytic function of CD8 T-cells by augmenting
the expression of IFNY, TNFo, and the degranulation maker
CD107a in various combinations. We also demonstrated that
ISG15 delivered as a vaccine adjuvant, amplified E7 tetramer-
specific CD8 vaccine-induced T-cell responses. The reasons
behind ISG15 ability to enhance the frequency of Ag-specific
CD8 T-cell responses are unknown. However, a study by
Casanova and colleagues have shown that ISG15 may work
in synergy with IL-12, suggesting that ISG15 likely promoted
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enhanced CD8 T-cells induction and expansion synergistically
with IL-12."° In addition, the ability of ISG15 to induce IFNy
secretion by lymphocytes, may also suggest that ISG15 might
bind to a cell surface receptor to modulate immune responses.®
The identity of a cell surface receptor for ISG15 has yet to be
discovered. In addition, ISG15 may also amplify cell-mediated
adaptive immunity by eliciting antigen-presenting cell number
and function. However, further studies will be needed to eluci-
date the mechanism(s) underlying the adjuvant effects of ISG15
including soluble ISG15.

The administration of immunoadjuvants in vaccines has
long been studied as an important method of improving their
efficacy, or potency. Here, we explored the antitumor role of
ISG15. Prior work in the TC-1 tumor challenge model, has dem-
onstrated that this model is CD8 T-cell dependent for protec-
tion.””?3! As expected, the results revealed that accordant with
the enhance polyfunctional CTL responses, administration of
ISG15 led to strong inhibition of tumor growth, regression, and

1659



ISG15 Acts as Novel CD8 T-cell Adjuvant

prolonged survival. Moreover, depletion of CD8 T-cells in mice
nullified the antitumor effects of ISG15 and supported the tumors
to grow larger compared to the nontreated CD8 mAb HPV16
group. These data support that the antitumor activity of ISG15
was dependent on CD8 T-cells. Subsequently, as demonstrated
in our adoptive transfer experiments, CD8 T-cells alone can
reduce tumor volume, suggesting that the ISG15 vaccine-induced
CD8 T-cell responses must be more functional at clearing HPV-
infected cells. In this experiment setting, the enhanced induc-
tion of E7-specific effector T-cells may have correlated with the
therapeutic efficacy of ISG15-treated groups against established
tumors. This notion is supported by the enhanced CTL activity
(Figure 4) and E7 tetramer-positive T . cells in both the spleen
and blood of mice vaccinated with ISG15 (Figure 5). Notably,
there were more detectable CD8 T . cells responses in the periph-
ery, suggesting trafficking of target specific CD8 T-cells to the site
of malignancy and initiating immediate effector function.”* Our
studies appear to be supportive of previous work demonstrating
that vaccines eliciting higher T . correlated with superior protec-
tive immunity against inhibiting tumor growth.»** Therefore, the
magnitude and quality of E7-specific CD8 T-cell memory popula-
tion correlated with the efficacy of ISG15-treated groups to con-
trol or resolve tumors during the first 3 weeks of treatment. These
potential correlates of immunity may represent a major tool for
continued development of future tumor vaccines. Consistent with
these are recent reports indicating that vaccine-induced effector
memory may be the best prognostic factor for therapeutic vac-
cines targeting established tumors or latently infected patho-
gens.»>2*?! Central memory CD8 T-cells elicited by ISG15 may
have also been important, as central memory T-cells are essential
features by which vaccines can mediate protective immunity.?-+*
This is an area of further investigation. Overall, on the basis of
these findings, the improved therapeutic effect by ISG15 is associ-
ated with Ag-specific CTL responses.

In the same experimental setting, a highlight of this study was
demonstrating that the protection afforded by ISG15 was most
likely not dependent on its conjugated form, but rather on free
ISG15. Our results indicated that mutISG15 was able to induce a
similar trend of robust Ag-specific antitumor T-cell responses com-
pared to wtISG15, suggesting that this activity was independent
of ISGylation. The immunomodulatory properties of soluble free
ISG15 is in agreement with several studies suggesting that ISG15
acts as an immune activating cytokine.” Both ISG15 constructs did
not differ enormously in their effectiveness at eliciting E7-specific
tumor immunity. Thus, given that both forms of the ISG15 con-
structs exerted similar immunostimulatory effects, the phenotypes
in CD8 T-cells were not dependent on the motif.** Interestingly,
mutISG15 was significantly better able to control the progression
of established tumors compared to wtISG15-adjuvanted treated
mice. As more mutISG15 is secreted from transfected cells in our
experiments (Figure 1d), it may orchestrate a more effective adap-
tive response; thus, leading to better control of tumor growth and
pathogen clearance. The modified ISG15 protein inducing slightly
more stimulatory properties than the wtISG15 reflects its dedica-
tion to secreted function or that its altered form is seen as foreign,
thus eliciting heightened immune responses. However, a recent
report by Zhang et al*® has demonstrated that a similar altered
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ISG15 can reverse IFNY production of patient’s cells with ISG15
deficiency. However, the manner in which unconjugated secreted
form of ISG15 (mutISGI15) is able to induce better antitumor
responses compared to wtISG15 is still not yet clear. Nevertheless,
the ability of the mutISG15 form to induce superior antitumor
responses highlights its potential to serve as an alternative potent
ISG15 adjuvant. In addition, it emphasizes that developing new
ways to increase the levels of free ISG15 may be a novel approach
to treat cancer and other infectious diseases.

In summary, the results of the current preclinical study pro-
vide more insight into the immunomodulatory properties of free
ISG15 and its potential to serve as a promising vaccine adjuvant in
cancer immunotherapy. The results also confirm the notion that
ISG15 can function as an immunomodulatory molecule. Overall,
these results highlight ISG15 as a new feasible CD8 T-cell-driven
adjuvant for therapeutic cancer vaccination, like other potential
effective tumor vaccine adjuvants such as poly IC, CpG-ODN
and other immunopotentiators.’**** Moreover, the evidence that
ISG15 can be an effective adjuvant to drive potent CD8 T-cell
responses, support future studies to evaluate its application in TB-
or HIV-infection models.

MATERIALS AND METHODS

DNA construction and expression. The GenBank accession no. Q64339 for
mouse ISG15 was used to synthesize the DNA construct encoding wild-type
ISG15 (wtISG15). Mutated ISG15 (mutISG15) is a variant of wtISG15 with
point mutations at its C-terminal conjugation site (LRLRGG to AAAAGG).
All constructs contained highly efficient immunoglobulin E (IgE) leader
sequence inserted at the 5’ end of the gene. The constructs were commercially
synthesized and optimized as described previously.>'* HPV16 plasmid con-
taining the E6 and E7 antigens was prepared as previously described.” In vitro
expression of both ISG15 constructs was confirmed by using western blot
analysis. Human RD cells were maintained in Dulbecco’s modified Eagle’s
medium (Life Technologies, Grand Island, NY) and supplemented with 10%
heat-inactivated fetal calf serum as well as penicillin and streptomycin. After
plating 3.0x10° cells per well, transfection was performed using Neofectin
(NeoBiolab, Cambridge, MA) following the manufacture’s protocol. Cell was
transfected with 2 pg of each DNA construct including pVAX1 empty vector
backbone as a negative control. Following 48-hour incubation, cell superna-
tants were collected and cells were washed with cold PBS. After centrifugation,
cells were lysed using cell lysing buffer (Cell Signaling Technology, Danvers,
MA) and ethylenediaminetetraacetic acid-free protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO). Cell lysate was run on a 10% Tris-Acetate gel
with MES buffer (Life Technologies) and transferred onto a polyvinylidene
fluoride membrane (Millipore, Darmstadt, Germany). The membrane was
blocked using Odyssey blocking buffer (Licor, Lincoln, Nebraska) for 3 hours
at room temperature followed by probing with rabbit anti-mouse ISG15
(Cell Signaling, Technology, Danvers, MA) and mouse anti-human B-actin
(Sigma-Aldrich) as a loading control at 4° overnight. After washing with PBS-
Tween, secondary goat anti-mouse IRDye 680RD and goat anti-rabbit IRDye
800 CW (Licor, Lincoln, NE) were added for 1 hour at room temperature.
The membrane was then washed and imaged on the Odyssey CLX (Licor). In
addition, supernatants were also collected at 48 hours after transfection and
cytokine secretion was examined by using a CircuLex mouse ISG15 ELISA
kit (MBL International, Woburn, MA), according to manufacturer’s protocol.
Optical density was measured at 450 nm using a Bioteck EL312e Bio-Kinetics
reader (Biotek US, Winooski, VT). All supernatants were tested in duplicate
with two separate supernatant samples per a plasmid.

Animals. All animals were conducted and maintained in accordance with
the NIH and the University of Pennsylvania Institutional Animal Care and
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Use Committee guidelines. Female C57BL/6 (H-2) 8-week-old mice and
H2° B6.129S7-Ragl™™m/] mice (Ragl KO) were purchased from Jackson
Laboratory.

Animal immunizations. All mice were immunized intramuscularly (i.m.) in
the tibialis anterior muscle. In vivo EP was delivered, with the CELLECTRA
adaptive constant current EP device (Inovio Pharmaceuticals), at the same
site immediately following immunization as previously described."* The
mice were immunized with either 5 ug pVAX1 and 5 pg of HPV16 con-
struct with or without 11 pg of wtISG15 and mutISG15. All studies were
performed at least twice. The pVAX1 empty plasmid was used to keep the
DNA vaccination amount consistent in each group.

ELISPOT assay. Spleens were harvested and processed 7 days following
the final immunization as previously described.>* After spleens were har-
vested and processed, an IFNy ELISpot assay was performed to determine
antigen-specific cytokine secretion from immunized mice as described
previously in detail.>'** HPV16 Ag-specific T-cell responses were mea-
sured by stimulating splenocytes with E6 or E7 pooled overlapping pep-
tides (2.5 pg/ml final concentration of peptide). The E7 overlapping pooled
peptides contained the CD8 T-cell immunodominant HPV16 D*E7
epitope (RAHYNIVTE).

49-57

Flow cytometry. Lymphocytes were isolated and processed from the spleen
and peripheral blood as previously described.>** 2 x 10° Lymphocytes
were stained with CD8, KLRG1, and MHC class I peptide tetramer to
HPV16 H-2D'E7,, .. (RAHYNIVTEF) (MBL International) as described
previously.>* Intracellular cytokine staining was performed after 5 hours
of ex vivo stimulation with the HPV16 E7 peptide D’E7 (RAHYNIVTF)
(2.5 pg/ml final concentration of peptide) or E7 pooled overlapping pep-
tides to assess CD4 T-cell responses.”” In cultures being used to mea-
sure degranulation, anti-CD107a (FITC; clone 1D4B; Biolegend) was
added during time of stimulation to capture the degranulation induced
by exposure to stimulation by Ag-specific cells.” The cells were then fixed
and stained as described elsewhere.>” The following antibodies were
used for surface staining: LIVE/DEAD Fixable Violet Dead Cell stain kit
(Invitrogen, Grand Island, NY), CD4 (FITC; clone RM4-5; eBioscience,
San Diego, CA), CD8 (APC-Cy7; clone 53-6.7; BD Biosciences), NK1.1
(FITGC; clone PK136; Biolegend); CD49b (FITC; clone DXS5; eBioscience).
For intracellular staining, the following antibodies were used: IFNy (APC;
clone XMG1.2; Biolegend, San Diego, CA), TNFo (PE; clone MP6-XT22;
eBioscience), CD3 (PerCP/Cy5.5; clone 145-2C11; Biolegend); IL-2
(PeCy7; clone JES6-SH4; eBioscience). All data were collected using a
LSRII flow cytometer (BD Biosciences, San Jose, CA) and analyzed using
Flow]Jo software (Tree Star, Ashland, OR) and SPICE v5.3 (free available
from http://exon.niaid.nih.gov/spice/). Boolean gating was performed
using Flowjo v9.7.7 software (Ashland, OR) to examine the polyfunction-
ality of the T-cells from vaccinated animals.

Tumor cell line. The TC-1 cell line was a graciously given gift from Dr.
Yvonne Paterson of the University of Pennsylvania, Philadelphia, PA. TC-1
cell line is a well-characterized lung epithelial immortalized cell line, con-
stitutively expresses E6 and E7, and is highly tumorigenic.***! The TC-1
cells were purchased from American Type Culture Collection and cultured
as previously described.”

In vivo therapeutic study. B6 mice were separated into four groups of
10 mice each and 5x10* TC-1 cells were subcutaneously implanted into
the right flank of each mouse. On day 7, after tumor implantation, each
group of mice was immunized by intramuscular EP with pVAX1, HPV1e,
HPV16/wtISG15, or HPV16/mutISG15 and boosted on days 14, 21, and
28. Tumor size was measured twice a week using electronic calipers and
tumor volume calculated as described previously (%2 (length x width?)).
Mice were monitored twice a week for tumor growth and were measured
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as described previously.>”” Under Penn Institutional Animal Care guide-
lines, mice were sacrificed when tumor size reached 18-20 mm.

In vivo CD8 T-cell depletion study. During therapeutic vaccination, B6
mice were injected intraperitoneally with 200 pg of anti-CD8 (53-6.72, Bio
X cell) 1 day before tumor inoculation and repeated every 3 days post-
tumor implantation. Successful T-cell depletion was confirmed by flow
cytometric analysis of peripheral blood mononuclear cells.

T-cell purification and adoptive transfer. CD8 T-cells were isolated
from splenocytes of vaccinated B6 mice 1 week after final immunization
in nonbearing tumor mice (Figure 2a). CD8 T-cells were purified from
splenocytes using negative selection to deplete CD4 T-cells, B-cells, and
myeloid cells. Briefly, following RBC lysis, splenocytes were incubated
with rat IgG anti-CD4 (GK1.5), anti-B220 (RA3), anti-CD11b (M170.13),
anti-MHC-II (M5/114), and anti-CD16/32 (2.4G2). Antibody-bound cells
were removed using anti-rat IgG magnetic beads.*? For adoptive transfer,
~4x10° CD8 T-cells in 200 pl PBS were injected intravenously via tail vein
into each H2" B6.129S7-Ragl1"™™*™/] mouse.

Statistical analysis. Group analyses were completed by matched,
two-tailed, unpaired student’s t-tests to analyze statistical significance of
all quantitative data produced in this study. A P value <0.05 was consid-
ered statistically significant. Error bars indicate standard error of the mean
and all tests were performed using the Prism 6 Software (La Jolla, CA)
(*P < 0.05; **P < 0.01; **P < 0.001 compared with HPV16 immunization)
(Supplementary Material).

SUPPLEMENTARY MATERIAL
Figure $1. ISG15 had no profound influence on the NK or CD4 T cells.
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