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Figure 5. Immunomodulatory effects of pIL-12 GET in B16F10 melanoma model. pIL-12 GET induced 
an immune response and enhanced percentage of effector CD4+, CD8+ cells and memory CD4+, CD8+ 

cells percentage at different time points. Blood was collected at pre-treatment, and at 9, 17, 27, 37, 49 

and 60 days post treatment. Fresh whole blood was used for staining and flow cytometry at each time 
point. After staining with antibo dies, immune cell subsets were detected with flow cytometry. ( A–E) 

Flow cytometry gating strategy used for defining immune cell subsets. ( F–H) Kinetics of the changes 

of immune cell subsets in CD4+ cells. (I–K) Kinetics of the changes of immune cells subsets in CD8+ 
cells. The data presented are representative of two independent experiments. Each value represents 

the mean +/�º SEM of the group (animals in each group, n = 6–10). One-way ANOVA, p * < 0.05. 

We observed the proportion of immune cells changi ng with tumor size at different time points. 
TE CD4+ and CD8+ cells were induced in all groups. There was higher percentages in mice achieving 
a CR compared with mice achieving PR (Figure 5G,J). Interestingly, in the CD4+ and CD8+ population, 
it was observed that proliferating CD4 + and CD8+ T cells failed to upregulate markers consistent with 
activation by an antigen specific stimulus such  as CD25 and PD1 in CR group (Figure 6G–I). All 
immune cells evaluated decreased with time, although there was variation among the different cells 
with respect to when they reached peak value. NK cell populations decreased in tumor-bearing mice 
even after controlling for tumor burden. The population of CD4 +PD1+ and CD8+PD1+ were 
demonstrably lower in CR mice compared with PR  mice, though percentage of them respectively 
were similar on day 60 (Figure 6G,H). CD4+ Treg cell content was significantly 2-fold lower in CR 
mice compared with PR mice (Figure 6I). The number of MDSCs increased over time in PR animals, 
and then decreased slower than in CR mice. It was also observed that the number of cells were 
directly related to the size of the tumor (Figures 1B, 5 and 6). 

Figure 5. Immunomodulatory effects of pIL-12 GET in B16F10 melanoma model. pIL-12 GET induced
an immune response and enhanced percentage of effector CD4+, CD8+ cells and memory CD4+, CD8+

cells percentage at different time points. Blood was collected at pre-treatment, and at 9, 17, 27, 37,
49 and 60 days post treatment. Fresh whole blood was used for staining and flow cytometry at each
time point. After staining with antibodies, immune cell subsets were detected with flow cytometry.
(A–E) Flow cytometry gating strategy used for defining immune cell subsets. (F–H) Kinetics of the
changes of immune cell subsets in CD4+ cells. (I–K) Kinetics of the changes of immune cells subsets
in CD8+ cells. The data presented are representative of two independent experiments. Each value
represents the mean +/− SEM of the group (animals in each group, n = 6–10). One-way ANOVA,
p * < 0.05.

We observed the proportion of immune cells changing with tumor size at different time points.
TE CD4+ and CD8+ cells were induced in all groups. There was higher percentages in mice achieving a
CR compared with mice achieving PR (Figure 5G,J). Interestingly, in the CD4+ and CD8+ population,
it was observed that proliferating CD4+ and CD8+ T cells failed to upregulate markers consistent
with activation by an antigen specific stimulus such as CD25 and PD1 in CR group (Figure 6G–I).
All immune cells evaluated decreased with time, although there was variation among the different
cells with respect to when they reached peak value. NK cell populations decreased in tumor-bearing
mice even after controlling for tumor burden. The population of CD4+PD1+ and CD8+PD1+ were
demonstrably lower in CR mice compared with PR mice, though percentage of them respectively
were similar on day 60 (Figure 6G,H). CD4+ Treg cell content was significantly 2-fold lower in CR
mice compared with PR mice (Figure 6I). The number of MDSCs increased over time in PR animals,
and then decreased slower than in CR mice. It was also observed that the number of cells were directly
related to the size of the tumor (Figures 1B, 5 and 6).
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Figure 6. pIL-12 GET decreased CD4+PD1−, CD8+PD1−, Treg cells and MDSCs. (A–E) Representative 
flow cytometry gating strategy to assess immune cell response to pIL-12 GET. (F) Kinetics of the 
percentage of NK cells. (G, H) Kinetics of changes of exhausted CD4+ and exhausted CD8+ cells. (I) 
Kinetics of the percentage of Treg cells. (J) Kinetics of the percentage of MDSCs. Pooled data from 
two independent experiments are shown as mean +/− SEM (animals in each group, n = 6–10). One-
way ANOVA, p * < 0.05. 

2.4. Down-Regulation of Suppressor Cells in Tumor-Free Mice Rechallenged with B16F10 Cells after pIL-12 
GET  

Mice that were tumor-free for at least 50 days were rechallenged by injecting B16F10 cells into 
the right flank and followed for appearance of new tumor growth. A proportion of pIL-12 EP1 and 
pIL-12 EP2 mice were observed to maintain long-term tumor free survival (CR), or had early tumor 
control followed by progressive outgrowth (PR). To determine the mechanism, mice that achieved 
either CR or PR were compared. Previous experiments indicated that a tumor mass would form in 
control group within 7 days following B16F10 cells injection. For the long-term surviving mice, the 
tumor development was postponed until day 14 in PR group. The CR mice achieved complete 
prevention against rechallenge and no tumor recurrence was observed in mice [9]. Therefore, in the 
present study, mice that were tumor-free 20 days after rechallenge were deemed to have mounted a 
long-term response and were evaluated at that time point. Compared with the immune subsets 
changes in PR group, there were significant differences in the percentage of suppressor cells, such as 
MDSCs, CD4+ Treg, CD4+PD1+ and CD8+PD1+ from CR mice in blood circulation and spleen (Figures 
7A, B and S4). The down regulation of MDSCs percent was similar in the blood circulation and spleen. 
MDSCs are a heterogeneous population of immature myeloid cells that originate from the bone 
marrow [16,17]. Cytokines such as IL-12 and IFN-γ have been shown to convert MDSCs into an APC-
like cell that activates and enhances the functions of T cells either in vitro [18] or in vivo [19]. The data 
generated in this study demonstrates that the frequency of MDSCs in blood and spleen was 
dramatically decreased by pIL-12 GET. Thus, MDSC-mediated immunosuppression milieu was 
reversed by pIL-12 GET. Given the lower percentage of CD4+ Treg cells, the ratio of CD8+PD1−/Treg 
was relatively increased, although the percentage of CD8+PD− was not different after rechallenge. 

Figure 6. pIL-12 GET decreased CD4+PD1−, CD8+PD1−, Treg cells and MDSCs. (A–E) Representative
flow cytometry gating strategy to assess immune cell response to pIL-12 GET. (F) Kinetics of the
percentage of NK cells. (G, H) Kinetics of changes of exhausted CD4+ and exhausted CD8+ cells.
(I) Kinetics of the percentage of Treg cells. (J) Kinetics of the percentage of MDSCs. Pooled data
from two independent experiments are shown as mean +/− SEM (animals in each group, n = 6–10).
One-way ANOVA, p * < 0.05.

2.4. Down-Regulation of Suppressor Cells in Tumor-Free Mice Rechallenged with B16F10 Cells after
pIL-12 GET

Mice that were tumor-free for at least 50 days were rechallenged by injecting B16F10 cells into the
right flank and followed for appearance of new tumor growth. A proportion of pIL-12 EP1 and pIL-12
EP2 mice were observed to maintain long-term tumor free survival (CR), or had early tumor control
followed by progressive outgrowth (PR). To determine the mechanism, mice that achieved either
CR or PR were compared. Previous experiments indicated that a tumor mass would form in control
group within 7 days following B16F10 cells injection. For the long-term surviving mice, the tumor
development was postponed until day 14 in PR group. The CR mice achieved complete prevention
against rechallenge and no tumor recurrence was observed in mice [9]. Therefore, in the present
study, mice that were tumor-free 20 days after rechallenge were deemed to have mounted a long-term
response and were evaluated at that time point. Compared with the immune subsets changes in
PR group, there were significant differences in the percentage of suppressor cells, such as MDSCs,
CD4+ Treg, CD4+PD1+ and CD8+PD1+ from CR mice in blood circulation and spleen (Figure 7A,B
and Figure S4). The down regulation of MDSCs percent was similar in the blood circulation and
spleen. MDSCs are a heterogeneous population of immature myeloid cells that originate from the
bone marrow [16,17]. Cytokines such as IL-12 and IFN-γ have been shown to convert MDSCs into
an APC-like cell that activates and enhances the functions of T cells either in vitro [18] or in vivo [19].
The data generated in this study demonstrates that the frequency of MDSCs in blood and spleen
was dramatically decreased by pIL-12 GET. Thus, MDSC-mediated immunosuppression milieu was
reversed by pIL-12 GET. Given the lower percentage of CD4+ Treg cells, the ratio of CD8+PD1−/Treg
was relatively increased, although the percentage of CD8+PD− was not different after rechallenge.
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Figure 7. pIL-12 GET induced prevention against rechallenge via down regulation of immune 
suppressor cells and exhausted cells. Peripheral blood mononuclear cells (PBMCs) (A) and 
splenocytes (B) were harvested at 20–30 days post rechallenge with 5 × 105 B16F10 cells from PR and 
CR mice for flow cytometry assay. Pooled data from two independent experiments are shown as mean 
+/− SEM (animals in each group, n = 6–10). Independent T-test, p * < 0.05, p ** < 0.01, p ***< 0.001. 

3. Discussion 

A major hurdle for cancer immunotherapy is that the majority of tumor cells and their associated 
antigens are located in an immunosuppressive tumor environment. Despite the fact that large 
populations of tumor-reactive T cells can be raised in patients, T cells cannot fully realize their 
tumoricidal potential within the tumor. Therefore, an abundance of inactivated T cells do not readily 
translate to tumor destruction [20]. An important component would be the conversion of the tumor 
microenvironment into an immunosupportive environment, thereby enabling the employment of 
tumor antigens in an immunostimulatory context. Immunogenic conversion of the tumor 
microenvironment can be achieved by intratumoral administration of appropriate 
immunostimulatory compounds such as IL-12. However, systemic administration of recombinant IL-
12 in clinical trials for various cancers resulted in some objective responses but also resulted in severe 
adverse effects [21]. The goal of pIL-12 GET is to initiate or reinitiate a self-sustaining cycle of anti-
tumor immunity, enabling it to amplify and propagate, but not so much as to generate unrestrained 
autoimmune inflammatory responses. 

We and others have previously shown that local IL-12 gene therapy of malignant melanoma in 
patients or in preclinical models has yielded promising results with less toxicity [3]. In this study, we 
demonstrated that plasmid encoding mouse IL-12 (pIL-12) delivered by GET directly into the tumor 
was able to recruit and/or induce the proliferation of immune cells, which led to efficient tumor 
suppression (Figure 1B–D). Apparently, pIL-12 intratumor injection alone is insufficient to initiate an 
immune response cascade leading to the suppression of tumor growth. We found that through 
manipulation of GET parameters the onset, level, and duration of protein expression of IL-12 can be 
controlled, resulting in meaningful therapeutic effects in melanoma without dose-dependent IL-12 
toxicities [22]. 

Although IL-12 has been shown to have powerful tumor-suppressing effects in a variety of 
animal models, the mechanistic underpinning of this phenomenon has never been fully understood, 
especially with respect to which immune cells are linked to the mediation of IL-12 induced tumor 
suppression. The data presented in this study shows that beyond the extent of infiltration, the balance 
and organization of individual TILs subpopulation are important parameters of B16F10 melanoma 
immune microenvironment. B16F10 melanoma immune infiltrate forms a non-continuum (Figure 2) 
where the TILs density decreased progressively from tumor periphery to tumor mass in the no TX 
group, EP1 and EP2. However, the location of TILs moved from the periphery to the tumor mass and 

Figure 7. pIL-12 GET induced prevention against rechallenge via down regulation of immune
suppressor cells and exhausted cells. Peripheral blood mononuclear cells (PBMCs) (A) and splenocytes
(B) were harvested at 20–30 days post rechallenge with 5 × 105 B16F10 cells from PR and CR mice for
flow cytometry assay. Pooled data from two independent experiments are shown as mean +/− SEM
(animals in each group, n = 6–10). Independent T-test, p * < 0.05, p ** < 0.01, p ***< 0.001.

3. Discussion

A major hurdle for cancer immunotherapy is that the majority of tumor cells and their associated
antigens are located in an immunosuppressive tumor environment. Despite the fact that large
populations of tumor-reactive T cells can be raised in patients, T cells cannot fully realize their
tumoricidal potential within the tumor. Therefore, an abundance of inactivated T cells do not
readily translate to tumor destruction [20]. An important component would be the conversion of the
tumor microenvironment into an immunosupportive environment, thereby enabling the employment
of tumor antigens in an immunostimulatory context. Immunogenic conversion of the tumor
microenvironment can be achieved by intratumoral administration of appropriate immunostimulatory
compounds such as IL-12. However, systemic administration of recombinant IL-12 in clinical trials for
various cancers resulted in some objective responses but also resulted in severe adverse effects [21].
The goal of pIL-12 GET is to initiate or reinitiate a self-sustaining cycle of anti-tumor immunity,
enabling it to amplify and propagate, but not so much as to generate unrestrained autoimmune
inflammatory responses.

We and others have previously shown that local IL-12 gene therapy of malignant melanoma in
patients or in preclinical models has yielded promising results with less toxicity [3]. In this study,
we demonstrated that plasmid encoding mouse IL-12 (pIL-12) delivered by GET directly into the
tumor was able to recruit and/or induce the proliferation of immune cells, which led to efficient tumor
suppression (Figure 1B–D). Apparently, pIL-12 intratumor injection alone is insufficient to initiate
an immune response cascade leading to the suppression of tumor growth. We found that through
manipulation of GET parameters the onset, level, and duration of protein expression of IL-12 can be
controlled, resulting in meaningful therapeutic effects in melanoma without dose-dependent IL-12
toxicities [22].

Although IL-12 has been shown to have powerful tumor-suppressing effects in a variety of
animal models, the mechanistic underpinning of this phenomenon has never been fully understood,
especially with respect to which immune cells are linked to the mediation of IL-12 induced tumor
suppression. The data presented in this study shows that beyond the extent of infiltration, the balance
and organization of individual TILs subpopulation are important parameters of B16F10 melanoma
immune microenvironment. B16F10 melanoma immune infiltrate forms a non-continuum (Figure 2)
where the TILs density decreased progressively from tumor periphery to tumor mass in the no TX
group, EP1 and EP2. However, the location of TILs moved from the periphery to the tumor mass and
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the density of TILs increased after pIL-12 injection only and especially after pIL-12 GET treatment.
We evaluated CD3+, CD4+ and CD8+ T cell density and frequency. pIL-12 GET resulted in significant
expansion in total number of CD3+ T cells (Figure 2A). Despite the decreased-percentage of PD1
positive cells and Foxp3 positive cells in CD4+ and CD8+ T cells following treatment with EP1 or
EP2 without pIL-12 (Figure 4C–F), tumor growth continued in EP1 and EP2 groups (Figure 1B).
At initial evaluation, this would seem counter to our supposition that conversion from a suppressive
environment to an immune inducing environment and better anti-tumor activity. However, while the
percentages of these cells were reduced, the number of infiltrating CD3+ cells were greatly reduced
compared to pIL-12 GET EP1 or pIL-12 GET EP2 or even pIL-12 injection only (Figures 2–4). The key
to an effective anti-tumor immune response is critically related to the robustness of the lymphocytic
infiltrate as well as the reduction of Treg and PD1+ expression. Overall, our interpretation of this
data is that increases in CD3+ T cells within the TME in tumor-bearing mice do impact tumor growth.
Specifically, in this case, IL12 GET therapy drove an increase in effector T cells. In addition, IL-12
GET therapy resulted in a much lower percentage of Treg and PD1+ cells. Together these factors
resulted in much more pronounced anti-tumor effect. With respect to EP1 and EP2, while there was
a lower percentage of Treg and PD1+ cells, the overall number of CD3 cells were not sufficient to
induce an effective immune response against the tumor. In line with an increase of CD3+ T cells in total
numbers, the frequency of CD8+ T cells was also significantly expanded. In contrast, total CD4+ T cell
frequency decreased compared with the ratio of CD4+ to CD8+ T cells in peripheral blood and spleen,
although there was significantly higher frequency compared with no TX group. When we assessed the
CD4+ Foxp3+ Treg, CD4+PD1+ and CD8+PD1+ T cells, the frequency decreased compared with no TX.
Notably, pIL-12 GET recruited abundance of CD4+ T cells, CD8+ T cells and modified their function
within the tumor microenvironment. The results from the TILs revealed a significantly stronger CD8+

T-cell tumor infiltration, a higher CD8+/CD4+ T-cell ratio, and higher CD8+ PD1−/Treg-cell ratio in
the group of pIL12 GET. High ratios between CD8+ T cells and the other cell types were associated
with improved survival [14,23,24]. In the present study, PD1 expression was down-regulated after
pIL12 GET. These results were in line with other reports [25,26]. Although reports in the literature
regarding the regulation of PD1 expression by IL12 are conflicting, we showed that the percentage of
PD1+ T cells decreased in EP1 and EP2 (Figure 4F) and intratumor pIL12 GET reduced the percentage
of CD8+PD1+ in CD8+ T cells. Since the number of lymphocytes impact the therapeutic efficacy of
immnunotherapy and pIL12 GET increases lymphocytic infiltrate into the tumor microenvironment
as well as leads to reduction of PD1 expression, it is clear that this approach can play an important
role in enhanced antitumor immunotherapy through the expansion of effector T cells infiltrating into
the tumor. However, the mechanism behind these phenomena still needs further exploration to be
completely delineated.

We propose that peripheral blood monitoring can be used to study responses to pIL-12 GET
induced protection from tumor challenge. Previous studies have shown that IL-12 mediated anti-tumor
immune response was due to T cells and NK cells [4,5,27], so we assessed T and NK cell phenotypes in
peripheral blood. Proliferation of memory (CD44+) CD4+ and CD8+ T cells are the major component
for cellular immunotherapy, therefore we also evaluated if there were differences in CD4+ and CD8+ T
memory phenotype across the experimental timeframe. Here, we showed that pIL-12 GET is a strong
immunostimulatory therapy which generally induced CD4+ and CD8+ T cells expansion for cancer.
In addition, treatment with pIL-12 GET can induce a potent proliferation of memory (CD44+) CD4+

and CD8+ T cells, but not NK cells in the peripheral blood (Figures 5 and 6) leading to induction of
protection from tumor relapse and metastasis. The results also indicated that the immune response
induced a down-regulation of suppressor cells in mice rechallenged with B16F10 cells after pIL-12
GET (Figure 7). To confirm these results, future experiments will explore depletion of specific immune
subsets, such as CD4+, CD8+ T cells, NK and Gr-1+ cells.

There are multiple studies that have provided evidence that breaking the stronghold of MDSCs in
the tumor microenvironment is a key step toward effective antitumor immunity. IL-12 and IFN-γ have
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the capacity to convert MDSCs into functional, nonsuppressive antigen-presenting cells [19,27,28].
Our previous studies have shown that treatment with pIL-12 GET therapies for cancer, results in
preferential induction of IFN-γ production [9]. IL-12 led to higher expression of IFN-γ within the
tumor microenvironment, which has been linked to tumor control. Consistent with these previous
studies, we showed that pIL-12 GET treatment decreased in vivo MDSC infiltration of tumors and
increased CD8+ T cell infiltration and survival. The mechanism by which pIL-12 GET alters the
tumor microenvironment revealed that IL-12 initiated infiltration of immune cells into tumor mass,
which in turn changes the tumor microenvironment from a suppressive condition to an antitumor
milieu. Given that PDL1 expression in B16F10 cells (Figure S2) and PD1 expression in CD8+ T cells
(Figures S3 and S4) and that IL-12 activates a local immune response in the primary melanoma via
the recruitment of T lymphocytes to the tumor site as well as triggering the exposure and recognition
of tumor antigens, it may be possible to enhance the antitumor effect by combining pIL-12 GET with
checkpoint inhibitors. This possibility is now being explored, with plans to combine IL-12-mediated
local tumor suppression with blockade of co-inhibitory molecules against PD1 on T cells or PDL1 on
B16F10 melanoma tumor cells.

Although the reasons for the limited clinical efficacy of IL-12 in cancer patients is not fully
understood [8,15,28], several immunosuppressive mechanisms, including CD4+ Treg cell accumulation
due to increased IL-10 production and diminished IFN-γ production after repetitive treatments with
IL-12, could be involved [17,29,30]. In addition, immune suppressive microenvironment characterized
by infiltration of MDSCs in advanced tumors [16,31] could also contribute to the limited efficacy
(Figure S3). To improve the therapeutic efficacy with IL-12 but simultaneously minimize the toxicity,
the next plan will include targeting of pIL-12 to only tumor, and co-administration with a plasmid
encoding anti-CD25 plasmid in order to deplete Treg cells or a plasmid encoding anti-Ly6G to deplete
MDSCs. Thus, IL-12 has a high potential to be used successfully for cancer immunotherapy.

4. Materials and Methods

4.1. Cell Lines, Mice and Tumor Formation

B16F10 murine melanoma cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FCS and 0.2% gentamicin. All mouse studies were performed
with the approval of the Old Dominion University Institutional Animal Care and Use Committee.
Six-eight-week-old female C57BL/6J mice were obtained from Charles River Laboratories (Wilmington,
MA, USA) and maintained in a specific pathogen-free condition in the host laboratory. The left flank
of female C57BL/6J mice was shaved and 1 × 106 cells in 50 µL of sterile 0.9% saline were injected
subcutaneously. Tumors were measured using digital calipers, and treatment was begun when tumors
reached 50–70 mm3 in volume. Treatment was performed on Days 0, 4 and 7. Intratumoral injection
of plasmid mouse IL-12 (pIL-12, 50 µg/50 µL) with EP1 (six 1300 V/cm, 100 µs pulses with an array
of 6 penetrating electrodes (circular 1 cm diameter array), pIL-12 EP1) or EP2 (ten 600 V/cm, 5 ms
pulses with a non-penetrating caliper electrodes, pIL-12 EP2). Tumor volume was calculated using the
formula v = 0.52 × length × width2. For rechallenge, mice were injected with 5 × 105 B16F10 cells in
the right flank.

4.2. Plasmid DNA

pUCMV3-mIL-12 (pIL-12, Aldevron, Fargo, ND, USA), containing the murine p35 and p40 IL-12
cDNAs under the control of the cytomegalovirus promoter, was prepared by the manufacturer [3].

4.3. Flow Cytometry for Membrane Staining

EDTA anticoagulant whole blood was used with conjugated antibodies as previously described [12].
After addition of conjugated antibodies, Optilyse B Lysing Solution (Beckman Coulter, Pasadena, CA,
USA) was used to lyse blood cells. Single spleen cells were mixed with antibodies according the
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protocols, after enterocytes lysing with ASK (A1049201, ThermoFisher Scientific, Waltham, MA, USA).
TILs were isolated from tumor tissues by Ficoll-Paque density gradient. Stained-TILs were evaluated
using flow cytometry MACSquant analyzer 10 (Miltenyi, Bergisch Gladbach, Germany).

The following mAbs were used: PE vio770-conjugated anti-CD3 (REA 641), vioblue-conjugated
anti-CD4 (REA 604), APC-vio770-conjugated anti-CD8a (53-6.7), APC-conjugated anti-CD25 (REA 568),
FITC-conjugated anti-CD127 (A7R34), PE-conjugated anti-PD1 (REA 802), PE-conjugated anti-NK1.1
(PK136), APC-conjugated anti-CD11b (REA 596), vioblue-conjugated anti-Gr-1 (RB6-8C5), PerCP
vio 700-conjugated anti-CD45 (REA737), FITC-conjugated anti-CD44 (REA 664), APC-conjugated
anti-CD62L (REA 828). The above antibodies were purchased from Miltenyi (Miltenyi, Bergisch
Gladbach, Germany). FITC-conjugated anti–NKp46 (29A1.4) was purchased from Bio Legend
(San Diego, CA, USA), and analyzed using MACSquant analyzer 10. Additional analysis was
performed using FlowJo software V10 (Tree Star, Inc., Ashland, OR, USA).

4.4. Immunohistochemistry

Fixed-tumor tissues were excised from tumor-bearing mice and fixed using IHC Zinc Fixative
(BD Bioscience, San Jose, CA, USA). Five micrometer paraffin-embedded sections were prepared
for Immunohistochemical staining with Tyramide Signal Amplification (Opal Multiplex IHC Assay,
PerkinElmer, Waltham, MA, USA) to examine the percentage of TILs. The following primary antibodies
were used: rat anti-mouse CD3 (CD3-12), rabbit anti-mouse CD4 (EPR19514), rat anti-mouse CD8a
(4SM15), rat anti-mouse Foxp3 (FJK-16S), rabbit anti-mouse PD1 (EPR20665). The number of immune
cells per section was recorded blind to genotype and normalized to core area. Individual core counts
from 10 or more replicates were available for most cases, and immune cell counts per square millimeter
were averaged across replicates. Cut-off values of low versus high immune cells were defined by the
midpoint. Slides were examined with an Olympus BX51 microscope using Camera Software for DP80
(Olympus America Inc., Center Valley, PA, USA). The cell count of TILs was determined using ImageJ.
The density of TILs calculation as follows:

density o f TIL =
cells count number

size o f image f ield o f view (mm2)

image f ield o f view (height, width, diagonal)
=

CCD sensor size (height, width, diagonal)
objective magnification x adapter magnification

4.5. Granzyme B ELISPOT

B16F10 tumor-bearing mice were euthanized and spleens removed. Effector cells from splenocytes
or the positive activation control ConA at 5 mg/mL (Sigma-Aldrich, St Louis, MO, USA) were incubated
with B16F10 target cells for 48 h in 96-well plates in triplicate [12]. Granzyme B enzyme-linked immune
spot (ELISPOT) assays were performed according to manufacturer’s protocol using a commercial
Mouse Granzyme B ELISPOT kit (R&D system, Minneapolis, MN, USA). The plates were scanned and
analyzed on an ImmunoSpot ELISPOT Reader (Cellular Technology Limited, Clevland, OH, USA).

4.6. Cell-Killing Assay with Flow Cytometry

For the killing assay [12], B16F10 tumor cells were labeled with 1 µM carboxyfluorescein succinimidyl
ester (CFSE, Biolegend, San Diego, CA, USA) and used as targets. Effecter cells from spleen were cultured
in round-bottom polystyrene tubes with CFSE labeled target B16F10 cells. After 4 h of incubation of
target and effector cells, propidium iodide (PI) (1 µg/mL, Sigma–Aldrich) was added. The cytotoxic
activity was measured by flow cytometry analysis comparing CFSE+PI+cells (killed targets) with
CFSE+PI−cells (vital targets). Approximately 5000 target cells were acquired.
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4.7. Statistical Analysis

Data were expressed as the mean ± standard error of the mean (SEM). For differences between
groups, one-way ANOVA was used for three or more groups, and student’s t-test was used for two
groups. Survival data from the animal studies were analyzed using the log-rank test. Statistical
analyses were performed with commercially available software (SPSS 16.0 and GraphPad Prism 5,
San Diego, CA, USA).

5. Conclusions

In summary, we show that pIL-12 GET alters the tumor microenvironment from suppressive
condition to antitumor milieu. These data highlight that subsets of CD44+ T memory cells in circulation
are representative of cells at immune sites and underscore the importance of evaluating peripheral
blood when making determinations about immune surveillance being able to successfully prevent
tumor relapse and metastasis. More broadly speaking, these findings may guide the development
of combination cancer therapies to make tumors more accessible for targeted immune therapy and
vaccination to establish long-term antitumor immunity in patients.

6. Patents

Richard Heller is an inventor on patents, which cover the technology that was used in the work
reported in this manuscript.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/10/12/498/
s1, Figure S1. pIL-12 GET therapy associated with minimal systemic toxicity; Figure S2. H-2Kb and PDL1
expression in B16F10 melanoma tumor cells; Figure S3. Exhausted CD8+PD1-, CD4+ Treg in tumor-infiltrating
lymphocytes (TILs); Figure S4. The changes of immune cells in pIL-12 GET induced prevention of new tumor
formation following rechallenge.
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