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Abstract
Our earlier studies reported a unique potentiated combination (TriCurin) of curcumin (C) with two other polyphenols. The 
TriCurin-associated C displays an IC50 in the low micromolar range for cultured HPV+ TC-1 cells. In contrast, because 
of rapid degradation in vivo, the TriCurin-associated C reaches only low nano-molar concentrations in the plasma, which 
are sub-lethal to tumor cells. Yet, injected TriCurin causes a dramatic suppression of tumors in TC-1 cell-implanted mice 
(TC-1 mice) and xenografts of Head and Neck Squamous Cell Carcinoma (HNSCC) cells in nude/nude mice. Here, we use 
the TC-1 mice to test our hypothesis that a major part of the anti-tumor activity of TriCurin is evoked by innate and adap-
tive immune responses. TriCurin injection repolarized  arginase1high  (ARG1high),  IL10high, inducible nitric oxide  synthaselow 
 (iNOSlow),  IL12low M2-type tumor-associated macrophages (TAM) into  ARG1low,  IL10low,  iNOShigh, and  IL12high M1-type 
TAM in HPV+ tumors. The M1 TAM displayed sharply suppressed STAT3 and induced STAT1 and NF-kB(p65). STAT1 
and NF-kB(p65) function synergistically to induce iNOS and IL12 transcription. Neutralizing IL12 signaling with an IL12 
antibody abrogated TriCurin-induced intra-tumor entry of activated natural killer (NK) cells and Cytotoxic T lymphocytes 
(CTL), thereby confirming that IL12 triggers recruitment of NK cells and CTL. These activated NK cells and CTL join 
the M1 TAM to elicit apoptosis of the E6+ tumor cells. Corroboratively, neutralizing IL12 signaling partially reversed this 
TriCurin-mediated apoptosis. Thus, injected TriCurin elicits an M2→M1 switch in TAM, accompanied by IL12-dependent 
intra-tumor recruitment of NK cells and CTL and elimination of cancer cells.

Keywords Curcumin · TriCurin · Papillomavirus · Tumor-associated macrophages · NK cells · CTL
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CD8  Cluster of differentiation 8 protein
CD8α  Cluster of differentiation 8 alpha
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CTL  Cytotoxic T lymphocytes
CUNY  City University of New York
E  Epicatechin gallate
E6 16/18  Early 6 protein 16/18
E7  Early 7 protein
HaRas  Harvey ras protein
HCl  Hydrochloric acid
HNSCC  Head and neck squamous cell 

carcinoma
HPV  Human papillomavirus
IACUC   Institutional Animal Care and Use 

Committee
Iba1  Ionized calcium-binding adapter mol-

ecule 1
IF  Integrated fluorescence
IFNγ  Interferon gamma
IgG  Immunoglobin G
IL10  Interleukin-10
IL12  Interleukin-12
iNOS  Inducible nitric oxide synthase
LEEP  Loop electrosurgical excision 

procedure
LR  Lower right
NCr  Athymic nude mice
NKp46  Natural killer cell p-46-related protein
NOS2  Nitric oxide synthase 2
PFA  Paraformaldehyde
P-NF-kB  Phospho-NF-kB
P-p65  Phospho-p65
P-ser  Phosphor-serine
P-STAT1/3  Phospho-STAT1/3
P-Tyr  Phospho-tyrosine
R  Resveratrol
S.E.  Standard error
SEM  Standard error of the mean
SSC  Saline-sodium citrate
TAM  Tumor-associated macrophage
TriCur + IL12Ab  ‘IL12 antibody infusion followed by 

TriCurin treatment’ group
UL  Upper left
UMSCC47  University of Michigan-squamous cell 

carcinoma-47
UR  Upper right
w/v  Weight/volume

Introduction

The human papillomavirus (HPV) is the major risk factor for 
cervical cancer that claims numerous lives globally and is 
a major threat to women especially in the developing coun-
tries where screening and vaccinations are not affordable 
or realistic due to the lack of infrastructure. The incidence 

of cervical cancer is rather low in the developed countries 
because of extensive screening programs [1–3]. Though 
the availability of two vaccines,  Cervarix® and  Gardasil®, 
offers preventive measures against the usual tumorigenic 
HPV16/18+ cervical lesions, effective therapy for post-
infection lesions is currently unavailable [4]. High-risk 
HPV16+ infection has also emerged as an etiologic factor 
for the development of head and neck squamous cell car-
cinoma (HNSCC), with new cases escalating worldwide. 
The standard of care for HNSCC consists of surgery, radia-
tion therapy, chemotherapy, or a combination of treatments, 
which have significant side effects and/or are associated with 
high morbidity [2, 5, 6]. This emphasizes the need for safe 
therapeutic approaches to treat HPV+ cervical cancer and 
HNSCC.

In earlier studies, we developed a formulation, termed 
TriCurin, containing curcumin (C) with two other food-
derived natural polyphenols, resveratrol (R) and epicatechin 
gallate (E) at a unique and synergistic molar ratio. TriCurin 
is non-toxic to normal cells and selectively eliminates cancer 
cells in vitro and also in HaRas+, HPV16 E6+ and E7+TC-1 
cell-evoked mouse tumors and xenografts of HNSCC tumors 
in athymic nude/nude mice (NCr) [7, 8]. Poor bioavailability 
of C seriously limits its anti-tumor efficacy and the increased 
potency of TriCurin against cancer cells has been attributed 
to the stabilization of C in the presence of R and E and 
increased uptake of C from TriCurin into tumor cells [8]. 
Thus, such improved delivery of C has enabled us to use 
TriCurin to efficiently eliminate a wide array of tumor cells 
[7–15]. Although enhanced delivery increases the plasma 
concentration of C, it never reaches beyond the low nano-
molar range, which is not high enough to cause direct elimi-
nation of cancer cells, which requires micromolar curcumin 
(Sumit Mukherjee et al., unpublished). We have postulated 
that the nano-molar level of C in the plasma is sufficient 
to activate the innate and adaptive immune system against 
tumor [12, 13, 16–21].

We demonstrate here for the first time that TriCurin treat-
ment of tumor-bearing mice leads to an overall repolariza-
tion of the milieu of HPV+ tumor-associated macrophages 
from an M2 state to M1 phenotype. In addition, we also 
demonstrate that TriCurin-evoked repolarization of TAM 
is associated with intra-tumor recruitment of activated NK 
cells and CTL which are known to have tumoricidal activity 
[16, 17, 19, 20]. These changes in the tumor microenviron-
ment play a major role in TriCurin-evoked elimination of 
HPV+ tumors [1, 7, 8, 12, 14].

Promising clinical trials using chimeric antigen receptor 
(CAR) T-cell treatment and regulators of T-cell activation 
(checkpoint inhibitors) have recently yielded immunother-
apy drugs for cancer. Our therapeutic strategy using Tri-
Curin also depends on the activation of the immune sys-
tem against tumor, but unlike other approaches, it involves 
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a highly potent agent (TriCurin), which does not elicit the 
side effects commonly experienced in other therapies [22, 
23]. Thus, TriCurin is a promising immunotherapeutic agent 
for various types of cancer.

Materials and methods

Animals

Please see the ‘Animal Source’ subsection under ‘Compli-
ance With Ethical Standards’.

Preparation of TriCurin

1.28 mM + TriCurin solution in PBS was prepared according 
to our earlier reports [7, 8].

Cell culture

HPV+ mouse TC-1 cells and UMSCC47 human cells were 
procured, authenticated, and cultured as reported earlier. 
HPV16+ UMSCC47 HNSCC cells were obtained from Dr. 
Thomas Carey (University of Michigan) [7, 8].

Implantation of cancer cells in mice

To generate the TC-1 mouse model, experiments were per-
formed according to our previous report [8]. The tumors 
were allowed to grow to a diameter of 0.5 cm before intra-
tumor infusion of TriCurin.

To generate the pre-clinical UMSCC47-derived HNSCC 
(UMSCC47) xenograft tumors in athymic nude/nude mice 
(NCr), experiments were performed according to our earlier 
report. The tumors were allowed to be palpable before intra-
tumor infusion of TriCurin [7].

Treatment of pre‑clinical HPV+ tumor‑bearing mice 
with TriCurin

When the TC-1 tumors assumed the approximate length 
of 0.5  cm, eight mice were randomly divided into two 
groups: “Vehicle” (PBS plus 5% DMSO) (n = 6), “Tri-
Curin” (n = 6), and “TriCurin + IL12Ab” (n = 3). Each 
tumor was marked into four quadrants and 2.5 µl of the 
1.28 mM + TriCurin solution (or Vehicle) was infused 
into each of the four quadrants every 24 h for 5 days (final 
estimated intra-tumor concentration for each injection: 64 
µM+). On the sixth day from the first treatment (the day of 
first treatment was marked as day 1) (TriCurin or Vehicle 
or TriCurin + IL12Ab), the mice were sacrificed, tumors 
extricated, and the final tumor volumes were measured by 
displacement of water. The Tumors were divided into two 

halves: one-half for preparing single-cell suspensions for 
post-immunostaining flow cytometry and the other half for 
immunohistochemistry and confocal microscopy.

Athymic mice (nu/nu) bearing human UMSCC47 cell-
derived HNSCC xenograft tumors were treated with 1.28 
mM + TriCurin (or Vehicle) and tumors were subsequently 
processed according to our earlier report [7].

Neutralization of IL12 signaling on NK cells and CTL 
by intra‑peritoneal infusion of IL12Ab

On day 0 (24 h before the first TriCurin treatment) and day 
3, each TC-1 implanted mouse in the TriCurin + IL12Ab 
group received intra-peritoneal injection of IL12-neutral-
izing Anti-IL12 (p40/p70) antibody (BD, 554,475) (60 µg, 
each dose) [24]. Mice in the other two groups (Vehicle and 
TriCurin) received rat serum (60 µg, per mouse, per dose) 
and subsequent drugs (Vehicle or TriCurin) as stated in the 
previous section.

Preparation of single‑cell suspensions from TC‑1 
tumors and immunostaining for flow cytometry

One-half of the extricated TC-1 tumor was placed in RPMI-
1640 medium containing 100 U/ml penicillin and 100 µg/
ml streptomycin. Next, the tumors were rinsed with PBS 
and subsequently minced into 1–2-mm pieces and immersed 
in serum-free RPMI-1640 medium containing 0.05 mg/ml 
collagenase I (Fisher #NC0847850), 0.05 mg/ml collagenase 
IV (Fisher #ICN19511080), 0.025 mg/ml hyaluronidase IV 
(Fisher #NC9725814), 0.25 mg/ml DNase I, 100 U/ml peni-
cillin, and 100 µg/ml streptomycin. The resultant cocktail 
was incubated at 37 °C for 15 min with periodic agitation in 
a mechanical shaker. The tumor digest was strained through 
a 70-µm nylon filter to remove undigested tissue fragments. 
The resultant single tumor cells were pelleted, washed with 
PBS, and fixed in 4% PFA [25].

For flow cytometry, 2 million fixed cells from each animal 
were immunostained as described earlier [12]. After each 
antibody treatment, the cells were pelleted and resuspended 
in wash buffers. Antibodies against Iba1 (C20) (1:50), iNOS 
(1:100), Arginase1 (1:100), NKp46 (1:100), active-caspase 
3 (Asp175) (1:100), and E6 (1:75) were used for staining. 
Cells treated with the secondary antibody alone were used 
to set the threshold. The double-stained fluorescent events 
from ARG1+/Iba1+ and iNOS+/Iba1+ cells appeared as 
sub-populations in the upper right (UR) quadrant within the 
coordinates 520 nm (green for ARG1 or iNOS) (FL1-A) and 
580 nm (red for Iba1) (FL2-A). Single-stained fluorescent 
events from the scatter plots and from Nkp46+ (580 nm, red) 
and E6+ (520 nm, green) cells appeared as sub-populations 
in the upper left (UL) and the lower right (LR) quadrants, 
respectively. Integrated fluorescence intensity was measured 
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for comparison between groups by multiplying the number 
of positive events (single-stained or double-stained cells) by 
the mean fluorescence intensity per event (cell).

Immunohistochemistry

Randomly chosen sections were subjected to pre-immu-
nostaining antigen-retrieval using formamide: 2×SSC as 
reported earlier [7, 8, 12] only for IL12 and IL10 by treating 
with 0.1% (w/v) pepsin (Fisher, AC417071000) dissolved in 
0.01 N HCl for 20 min at room temperature, followed by two 
PBS washes. For immunostaining, the sections were blocked 
overnight at 4 °C in 0.1% Triton X-100, 3% goat serum 
and 10% rabbit serum in 100 mM PBS, and then treated 
overnight with primary antibodies: anti-Iba1 (goat IgG) 
(C20) (sc28530) (1:50), iNOS (rabbit IgG) (NOS2 sc-651) 
(1:100), anti-Arginase1 (rabbit IgG) (sc-20150) (1:100), 
anti-STAT3 (rabbit IgG) (sc-7179) (1:100), anti-P-Tyr705-
STAT3 (goat IgG) (sc-7993) (1:100), anti-STAT1 (rabbit 
IgG) (sc-592) (1:100), anti-P-Tyr701-STAT1 (mouse IgG) 
(sc-8394) (1:100), anti-p65 (NF-kB) (mouse IgG) (sc-8008), 
anti-P-Ser276-p65 (NF-kB) (rabbit IgG) (sc-101749) (1:100), 
IL12p40 (rabbit IgG) (sc-7926) (1:100), IL10 (goat IgG) (sc-
1783) (1:100), anti-NKp46 (rabbit IgG) (sc-292796) (1:100), 
anti-CD8-α (D-9) (mouse IgG) (sc-7970) (1:100), anti-E6 
antibody (mouse IgG)(sc-460) (1:75) (Santa Cruz Biotech-
nology), and anti-active-caspase 3 (Asp175) (Rabbit IgG) 
(CST#9661, Cell Signaling Technology) (1:200). All anti-
bodies were diluted in 2% goat serum plus 2% rabbit serum 
and 0.1% Triton X-100 in PBS (GRT-PBS). After washing 
three times with PBS, the respective secondary antibodies 
(Alexa Fluor 568 rabbit anti-goat, Alexa Fluor 488 goat anti-
rabbit, Alexa Fluor 568 goat anti-rabbit, Alexa Fluor 633 
rabbit anti-goat, Alexa Fluor 633 goat anti-mouse, Alexa 
Fluor 488 rabbit anti-goat, Alexa Fluor 568 goat anti-mouse, 
Alexa Fluor 633 goat anti-rabbit, and Alexa Fluor goat 488 
anti-mouse) (Invitrogen) (1:1000 dilutions in GRT-PBS) 
were added to wells treated with the respective primary anti-
bodies as well as those not treated with primary antibodies 
(2° Ab controls). Following overnight incubation at 4 °C 
and three washes with PBS, the sections were treated with 
HOECHST33342 (10 µg/ml) for 30 min at room tempera-
ture, followed by three washes with PBS and mounting on 
microscope slides with Gold anti-fade mounting fluid. Con-
focal Imaging was conducted using a Leica SP2 microscope 
from multiple randomly chosen fields.

ImageJ was used to quantify the fluorescence intensity for 
iNOS, ARG1, p65 (NF-kB), P-Ser276-p65, STAT-1, P-Tyr701-
STAT1, NKp46, E6, anti-active-caspase 3 (Asp175), and 
HOECHST33342. The fluorescence intensity for each 
marker was normalized to HOECHST33342 intensity 
(blue). Since STAT3, STAT1, and p65 NF-kB displayed both 
induction as well as phosphorylation-mediated deactivation/

activation, the HOECHST-normalized staining intensities 
were expressed both as P-STAT3/STAT3, P-STAT1/STAT1, 
and P-p65 NF-kB/p65 NF-kB, as well as P-STAT3/HOE-
CHST, P-STAT1/HOECHST, and P-p65 NF-kB/HOECHST.

Statistical analysis

We used two-tailed t tests with unequal variance while 
comparing between two groups and one-way ANOVA with 
Tukey for post-hoc analysis to compare among three groups 
(p ≤ 0.05 was considered as significant).

Results

Five days of TriCurin treatment is adequate to cause repo-
larization of tumor-associated macrophages from M2 to M1 
phenotype in TC-1 tumor. Immunostaining of the tumors 
from the Vehicle and TriCurin groups revealed that the 
‘tumor-core’ harbors mostly E6+ tumor cells, while the 
‘tumor-periphery’ harbors mostly Iba1+ TAM (Supple-
mentary Fig. 1) [8, 12]. TriCurin-evoked repolarization 
of  ARG1high M2 TAM into  iNOShigh M1 TAM was stud-
ied using flow cytometry analysis of immunostained cells 
dissociated from Vehicle-treated and TriCurin-treated 
TC-1 tumors [8, 12]. The integrated fluorescence (IF) from 
ARG1+/Iba1+ (M2 TAM) (Fig. 1a, b) and iNOS/Iba1+(M1 
TAM) (Fig. 1e, f) double-stained events occurring in the 
upper right (UR) quadrant (red ellipse) was used to quan-
titatively compare between the two groups. Whereas the 
Iba1+ cells in the tumor were  ARG1high/iNOSlow (Fig. 1a, 
e) in the Vehicle-treated mice, in the TriCurin-treated 
tumors, the Iba1+ cells were  ARG1low/iNOShigh (Fig. 1b, f). 
We observed a 55.5% decrease in ARG1 IF (Fig. 1c, d) and 
a 305% increase in iNOS IF (Fig. 1e, h). The intra-tumor 
iNOS high M1 TAM liberate NO, which is expected to be 
cytotoxic toward the surrounding tumor cells [12, 13, 26].

The Iba1 IF of these double-stained events (ARG1+ or 
iNOS+) was also sharply dissimilar between the two groups. 
TriCurin treatment elicited an 80% decrease in Iba1 IF in 
the ARG1+ cells in the tumor (relative to Vehicle-treated) 
(Fig. 1i), but the Iba1 IF in the iNOS+ cells in the TriCurin-
treated tumors was 989% higher than in the Vehicle-treated 
tumors (Fig. 1j). In contrast, the total Iba1 IF (total number 
of Iba1+ cells in the iNOS+/Iba1+ and ARG1+/Iba1+ popu-
lations) did not significantly differ between the TriCurin and 
Vehicle-treated groups (Fig. 1k). This supported the pos-
sibility that TriCurin treatment causes suppression of M2 
TAM and simultaneous activation/recruitment of a discrete 
population of M1 TAM [12].

TriCurin treatment causes suppression of P-STAT3 in the 
tumor-associated macrophages. C has been known to inhibit 
the ARG1-inducing transcription factor STAT3, which is a 
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marker for the immunosuppressive M2-type TAM [13, 20, 
27]. To understand if STAT3 was a major player in the Tri-
Curin-mediated repolarization of Iba1+ TAM (Supplemen-
tary Fig. 1) from M2 to M1-type, we performed immuno-
histochemistry of tumor sections from Vehicle and TriCurin 
groups for STAT3 and activated STAT3 (P-Y705-STAT3, or 
P-STAT3). The M2 TAM in the Vehicle-treated TC-1 tumor 
harbored elevated levels of P-STAT3. In contrast, the M1 
TAM in the TriCurin-treated tumors exhibited 80% sup-
pression of P-STAT3 (Fig. 2a, b). A comparison with the 
corresponding total STAT3 levels revealed that the overall 
suppression of P-STAT3 was due to a combination of sup-
pressed STAT3 expression (56% decrease) (Fig. 2a, c) and 

inhibited STAT3 phosphorylation (51% decrease) (Fig. 2a, 
d).

TriCurin treatment causes an induction in P-STAT1 and 
P-NF-KB (P-p65) in the TAM. STAT3 activation causes 
IL10-mediated suppression of the transcription factor 
STAT1 in the TAM [28]. Based on our previous results 
(Fig. 2), inhibition of STAT3 by TriCurin is expected to 
result in the activation of STAT1 [12], a transcription factor 
that triggers iNOS and IL12 synthesis in the TAM [29]. To 
investigate the activation status of STAT1 in both groups 
(Vehicle and TriCurin), we immunostained the TAM using 
antibodies against STAT1 and activated STAT1 (P-Tyr701-
STAT1). The Iba1+ cells in the Vehicle-treated mice showed 

Fig. 1  Five days of TriCurin treatment causes repolarization of 
tumor-associated macrophages (TAM) from M2 to M1-type in TC-1 
tumor. Cells from TC-1-implanted mice with 5 days of TriCurin or 
Vehicle (PBS) treatment (daily, see “Materials and methods”) were 
dispersed, fixed, permeabilized, and immunostained using iNOS, 
ARG1, and Iba1 (marks activated macrophages) antibodies, and 
the stained cells analyzed by flow cytometry. a–c Integrated fluo-
rescence intensity (IF) (fluorescence per event x total number of 
events in a segregated population) obtained from double-stained 
events (red ellipse, upper right (UR) quadrant) for ARG1 (green) 
and Iba1 (red) was considered and the IF profiles of ARG1+ cells 
were obtained for both the groups. e–g Similarly, IF for iNOS+ cells 
were obtained from both groups (Vehicle: red, TriCurin: black) val-

ues obtained from double-stained events [red ellipse, UR quad-
rant for iNOS (green) and Iba1 (red)]. d, h Graphs showing a 56% 
decrease in ARG1 IF (p = 0.022) and a 305% increase in iNOS IF 
(p = 0.042) (with respect to Vehicle-treated) using Vehicle-treated 
and TriCurin-treated mice (mean ± S.E.) (n = 4 for each group). i, j 
Similarly, Iba1 IF quantified from a, b, e, and f shows a concomitant 
decrease in Iba1 integrated fluorescence in the ARG1+ cells (80%) 
(p = 9.14 × 10−3) and an increase in Iba1 integrated fluorescence 
(989%) in iNOS+ cells (p = 0.035) with respect to the Vehicle-treated 
for each group (mean ± SEM) (n = 4 for each group). k No significant 
difference in Iba1 IF between double-positive cells from the Vehicle-
treated and the TriCurin-treated groups
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basal levels of activated STAT1, whereas the M1 TAM in 
the TriCurin-treated tumors exhibited a 532% increase in 
P-STAT1 (Fig. 3a, b). A comparison with the correspond-
ing total STAT1 levels revealed that the overall increase 
in P-STAT1 was due to a combination of induced STAT1 
expression (219% increase) (Fig. 3a, c) and increased STAT1 
phosphorylation (activation) (97% increase) (Fig. 3a, d).

Activated NF-kB (p65) has been known to be over-
expressed in M1 TAM [30]. In addition, earlier work in mac-
rophages shows that co-activated NF-kB (p65) and STAT1 

cooperate by binding to enhancer elements on the iNOS 
gene [12, 31, 32]. To effect such alterations in the tumor-
associated macrophages, TriCurin treatment should cause 
simultaneous activation these two transcription factors. As 
expected, immunostaining of the TAM using antibodies 
against NF-kB (p65) and activated NF-kB p65 (P-Ser276-
p65) revealed a 2071% increase in P-p65 (P-NF-kB) in the 
TAM (Fig. 4a, b). A comparison with the corresponding 
total NF-kB (p65) levels revealed that the overall increase 
in P-p65 was due to a combination of induced NF-kB (p65) 

Fig. 2  Five days of TriCurin treatment causes a dramatic suppres-
sion of P-STAT3 in the tumor-associated macrophages (TAM). TC-1 
tumor sections parallel to those used in Supplementary Fig.  1 were 
used to assess the levels of STAT3 and P-Tyr705-STAT3 (activated) 
in the Iba1+ macrophages. a, upper and middle rows, and b the Vehi-
cle-treated mice displayed a high level of activated STAT3 (P-Y705-
STAT3) in the TAM, which was suppressed by 80% (p = 1.0 × 10−3) 
in the TriCurin-treated group. This overall suppression of P-STAT3 
was due to a combination of c suppression of STAT3 expression 

(STAT3 fluorescence normalized to HOECHST fluorescence) and 
d STAT3 activation (P-STAT3 normalized to STAT3). Four ran-
domly chosen sections per mouse were used for imaging and the data 
(mean ± SEM) obtained from Vehicle-treated (n = 4) and TriCurin-
treated (n = 4) groups. HOECHST = HOECHST33342. (Scale bar: 
47.62  µm). a, lower row, absence of non-specific staining in sec-
tions treated with three 2° antibodies consecutive to one another (see 
“Materials and methods”)
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expression (226% increase) (Figs. 4a, 2c) and increased 
NF-kB (p65) phosphorylation (activation) (536% increase) 
(Figs. 4a, 2d).

Five days of TriCurin treatment is adquate to cause 
repolarization of  IL12low,  IL10high tumor-associated M2 
macrophages to  IL12high,  IL10low M1-type in TC-1 tumor. 
Suppression of P-STAT3 is known to cause reduced 
IL10 (M2 TAM marker) expression along with increased 
IL12 (M1 TAM marker) expression [33]. Based on this 
understanding, we wanted to verify if the observed 

TriCurin-mediated M2→M1 polarization (Fig. 1) was 
associated with a switch in the Iba1+ TAM to  IL12high and 
 IL10low (M1) phenotype. As expected, tumors from the 
Vehicle-treated group had high IL10 and very low IL12 
in the Iba1(+) TAM, whereas the TAM in tumor sections 
from the TriCurin-treated mice showed a 70% decrease 
in IL10 and a 244% increase in IL12 expression (Supple-
mentary Fig. 2). This further demonstrated the TriCurin-
evoked M2→M1 switch using a second set of markers for 
M2 and M1, IL10, and IL12, respectively.

Fig. 3  TriCurin treatment causes an induction in P-STAT1 in the 
TAM. TC-1 tumor sections parallel to those used in Supplementary 
Fig.  1 were stained to determine the levels of STAT1 and P-Tyr701-
STAT1 (activated) in the tumors from Vehicle-treated and TriCurin-
treated mice. a Upper and middle rows, and b the Vehicle-treated 
mice displayed basal levels of activated STAT1 (P-Tyr701-STAT1) in 
the Iba1+ TAM, which was increased by 532% (p = 3.04 × 10−4) in 
the TC-1 tumor sections from the TriCurin-treated group. This over-

all increase in P-STAT1 was due to a combination of (c) induction of 
STAT1 expression (STAT1 normalized to HOECHST) and d STAT1 
activation (P-STAT1 normalized to STAT1). Four randomly chosen 
sections per mouse were used for imaging and the data (mean ± SEM) 
were compared between Vehicle-treated and TriCurin-treated groups 
(n = 4 per group). (Scale bar: 47.62 µm). (a, lower row) Absence of 
non-specific staining from the 2° antibodies (see “Materials and 
methods”)
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IL12 is known to trigger intra-tumor recruitment of acti-
vated NK cells and cytotoxic T lymphocytes [21, 29, 34–37]. 
To verify the role of IL12 in causing recruitment of NK cells 
and CTL that would cause enhanced elimination of tumors, 
we neutralized the IL12 receptor-mediated signaling in these 
immune cells by peripheral treatment with IL12p40 antibody 
[24, 29].

IL12Ab treatment abrogates TriCurin-evoked infiltra-
tion of natural killer (NK) cells into TC-1 tumors. C has 
also been reported to activate NK cells in tumors [16]. Cog-
nizant of these studies, we investigated the possibility of 

TriCurin-evoked, intra-tumor recruitment of activated NK 
cells (in addition to M1 TAM polarization) as a mechanism 
for its anti-tumor activity [21]. Based on flow cytometry 
data from Vehicle, TriCurin, and TriCurin + IL12Ab groups, 
TriCurin evoked a 376% increase in infiltrating activated 
(NKp46+) NK cells, which was eliminated in the Tri-
Curin + IL12Ab group NKp46+ fluorescence (UL quadrant. 
red ellipse) within the tumor, thus confirming infiltration 
of NK cells into the TC-1 tumors in response to TriCurin 
treatment (Fig. 5a–e). Furthermore, based on immunohis-
tochemical data, the 5-day treatment with TriCurin caused 

Fig. 4  TriCurin treatment causes an induction in P-NF-KB (P-p65) 
in the TAM. TC-1 tumor sections parallel to those used in Supple-
mentary Fig. 1 were stained to determine the levels of NF-kB (p65) 
and activated NF-kB p65 (P-Ser276-p65) in the tumors from Vehicle-
treated and TriCurin-treated mice. a Upper and middle rows and b 
the Vehicle-treated mice displayed basal levels of activated NF-kB 
p65 (P-Ser276-p65) in the iba1+ TAM, which was increased by 2071% 
in the TriCurin-treated TC-1 tumor sections (p = 4.20 × 10−3). This 

overall increase of P-NF-kB (P-p65) was a result of c induction of 
NF-kB (p65) expression (NF-kB (p65) normalized to HOECHST) 
and d NF-kB (p65) activation (P-NF-kB (P-p65) normalized to 
NF-kB (p65)). Four randomly chosen sections per mouse were used 
for imaging and the data (mean ± SEM) compared between Vehicle-
treated and TriCurin-treated groups (n = 4 per group). (Scale bar: 
47.62  µm). a lower row, showed the lack of non-specific staining 
from the secondary antibodies (see “Materials and methods”)
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a 346% increase in activated (NKp46+) NK cells in the 
TC-1 tumors (Fig. 5f, g) [38]. In contrast, infiltration of 
activated (NKp46+) NK cells was virtually eliminated in 
the TriCurin + IL12Ab group, thus confirming the role of 
TriCurin-induced IL12 (Supplementary Fig. 2) in causing 

this intra-tumor recruitment of activated NK cells (Fig. 5f, 
g). Interestingly, C is also known to cause enhanced expres-
sion of IFNγ from tumor-associated immune cells (lympho-
cytes like NK cells and CTL), which, in the case of TriCurin, 
could prolong the M1 TAM phenotype [17, 19, 29, 34, 38].

Fig. 5  IL12 Ab treatment abrogate infiltration of natural killer (NK) 
cells into TC-1 tumors. Cells from TC-1 tumor implanted mice with 
5-day TriCurin (plus normal rat serum, see “Materials and methods”), 
TriCurin + IL12Ab and Vehicle (PBS) treatments were dispersed, 
fixed, and permeabilized, the cells immunostained using the acti-
vated NK cell-specific NKp46 antibody, and then analyzed by flow 
cytometry. a–d IF from single-stained NKp46+ events (red ellipse, 
UL quadrant) was considered from the three groups, expressed as 
mean ± S.E. (Vehicle: red, TriCurin: black, TriCurin + IL12Ab: blue) 
(Vehicle, n = 4; TriCurin, n = 4; TriCurin + IL12Ab, n = 3). a, b, 
d, e TriCurin treatment affords a 376% increase in NKp46 IF (with 
respect to Vehicle-treated, *p = 0.019). a, c, d, e TriCurin + IL12Ab 
displayed an NKp46 IF, which was comparable to that of the Vehi-

cle group (with respect to TriCurin-treated, ∆p = 0.02). f upper, 
middle, and lower rows, and g TC-1 tumor sections from Vehicle-, 
TriCurin-, and TriCurin + IL12Ab-treated mice were single-stained 
with the NKp46 antibody. The Vehicle-treated tumor tissue displayed 
minimal NKp46 fluorescence, but the TriCurin-treated mice showed a 
346% increase in NKp46-staining (with respect to the Vehicle), con-
firming the recruitment of activated NK cells (*p = 1.25 × 10−3).Tri-
Curin + IL12Ab treatment reversed this recruitment of NKp46+ NK 
cells to the level in the Vehicle group (with respect to TriCurin-
treated, ∆p = 1.0 × 10−3). Four randomly chosen sections per mouse 
were used for imaging and the data obtained were expressed as 
(mean ± S.E.M.), from Vehicle-treated (n = 4), TriCurin-treated 
(n = 4), and TriCurin + IL12Ab (n = 3) groups. (Scale bar: 47.62 µm)
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IL12 Ab treatment eliminates TriCurin-evoked infiltra-
tion of Cytotoxic T lymphocytes into TC-1 tumors. CTL are 
known to be highly tumoricidal and C has been known to 
promote intra-tumor infiltration of activated CD8+ CTL to 
cause tumor elimination [17, 19, 20]. In addition, M1-mac-
rophage-derived IL12 has been known to promote the acti-
vation and infiltration of CTL [35–37]. Therefore, we next 
investigated if TriCurin treatment was capable of causing 
intra-tumor infiltration of activated CD8+ CTL and if IL12 
regulated this process (Supplementary Fig. 2). As revealed 
by immunohistochemistry for CD8+ CTL, the 5-day treat-
ment with TriCurin triggered a 633% increase in activated 
(CD8+) CTL in the TC-1 tumors (Supplementary Fig. 3a, 
b). In addition, data from the TriCurin + IL12Ab group 
revealed the lack of tumor-infiltrating activated (CD8+) 
CTL, despite TriCurin treatment, thereby indicating that the 
IL12 plays a major role in causing the intra-tumor recruit-
ment of activated CTL (Supplementary Fig. 3a, b).

IL12 Ab treatment partially reverses TriCurin-induced 
apoptosis of E6+ tumor cells and tumor size reduction. In 
our prior studies, intra-tumor injection of TriCurin into 
HaRas+, HPV16 E6+, and E7+ TC-1 cell-implanted 
mice, every 72 h for 10 days caused an 80–90% decrease 
in tumor growth [8]. Here, we examined if the onco-
immunotherapeutic effect of TriCurin in recruiting/acti-
vating M1 TAM, NK cells, and CTL in 5 days was also 
associated with a concomitant reduction in tumor load. 
Furthermore, we asked if neutralization of NK cells and 
CTL by IL12 Ab infusion influences the effect of Tri-
Curin [21, 29, 34–37]. Five days of intra-tumor TriCurin 
infusion (every 24 h) caused a 61% decrease in tumor 
growth, whereas application of IL12 antibody (i.p.) along 
with TriCurin (intra-tumor) caused a partial reversal of 
the TriCurin-triggered inhibition of tumor growth (41% 
decrease) (tumor volumes were determined using water 
displacement) (Fig. 6a, b). Based on flow cytometry, 
the reduction in tumor load was associated with a flow 
cytometry analysis which showed a 68% inhibition of E6 
expression in these tumor cells (LR quadrant: red ellipse) 
(Fig. 6c, d, f, g). The TriCurin + IL12Ab group showed 
only a 38% inhibition of E6 in these tumor cells, verify-
ing that the neutralization of NK cells and CTL causes 
30% less elimination of these tumor cells by (Fig. 6c, 
e–g). Based on immunohistochemistry, the tumor load 
reduction was concomitant with an inhibition of the onco-
protein E6 (54% decrease) (Fig. 6h, i) and activation of 
caspase 3 (383% increase) (Fig. 6h, j) in the tumor cells. 
In contrast, the TriCurin + IL12Ab group revealed a 31% 
inhibition of the oncoprotein E6 (Fig.  6h, i) and 67% 
increase in active-caspase 3 (Fig. 6h, j). Thus, neutrali-
zation of NK cells and CTL with the IL12Ab impacted 
tumor elimination by causing 23% less inhibition of E6 
and 316% less activation of caspase 3. This is consistent 

with our previous in vitro observation that TriCurin treat-
ment for 6 h causes suppression of E6, increased acetyla-
tion-mediated activation of p53, and elevation of active-
caspase 3 in cultured TC-1 cells [8].

Prolonged TriCurin treatment triggers P-NF-kB and 
P-STAT1-mediated M2 to M1 polarization of TAM, recruit-
ment of activated NK cells, and suppression of E6+ cells in 
HNSCC xenograft tumors. To translate the novel findings 
from our TC-1 model into a more clinically relevant human 
tumor model, HPV16+ HNSCC cells UMSCC47 were 
implanted into the flanks of athymic nude/nude (NCr) mice 
(xenograft model); and after the tumors were palpable, the 
immuno-modulatory effect of intra-tumor TriCurin injection 
for 5 weeks (3 doses per week) was assessed [7].

Immunohistochemical analysis revealed that the Vehi-
cle-treated TAM were  iNOSlow,  ARG1high, and Iba1+ M2 
macrophages. In contrast, similar to the 5-day treatment, 
prolonged TriCurin treatment also caused a major shift 
in polarity of the Iba1+ TAM to the  iNOShigh,  ARG1low 
M1 form (Supplementary Fig. 4a). We observed an 89% 
decrease in ARG1 (Supplementary Fig. 4a, b) and a 684% 
increase in iNOS (integrated fluorescence) (Supplementary 
Fig. 4a, c).

Our previous results (Fig. 2) and other reports have shown 
that both TriCurin as well as C are a potent suppressors 
of activated STAT3 in M2 TAM and that STAT3 suppres-
sion causes activation of STAT1, leading to the formation 
of the M1 phenotype [13, 28]. Also the findings from our 
TriCurin-treated TC-1 tumors (Figs. 3, 4) and other reports 
have revealed that the co-activated transcription factors 
STAT1 and NF-kB (p65) are likely to trigger the expression 
of the M1-linked enzyme iNOS, which produces NO that 
is known to cause tumor elimination [12, 13, 26, 30–32]. 
Immunohistochemical analysis of the Iba1+ TAM in the Tri-
Curin-treated HNSCC-implanted xenograft tumors revealed 
elevated levels of co-localized, P-STAT1 (993% increase), 
and activated P-p65 (93% increase) in the TriCurin-treated 
Iba1+ TAM (Supplementary Fig. 5a–c).

Given the evidence of interaction between M1 TAM and 
activated NK cells in the tumor microenvironment (Sup-
plementary Fig. 2, Figs. 5, 6), we also probed for tumor-
infiltrating activated NK cells in these xenograft tumors [29, 
34, 39]. Immunostaining revealed elevated levels of intra-
tumor NKp46+ NK cells (441% increase) in the TriCurin-
treated tumors (Supplementary Fig. 6a–b). This recruitment 
of activated NK cells is expected to result in stabilization 
of the M1 TAM phenotype, thereby causing elimination 
of tumors by the coordinated action of TAM and NK cells 
[19, 21, 29, 38, 40]. As expected, the intra-tumor activation/
recruitment of M1 TAM and NK cells was associated with 
the suppression in E6+ tumor cells (Supplementary Fig. 6a) 
and an 86% reduction in tumor size, as reported earlier [7]. 
These results were consistent with our previously reported 
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in vitro data showing suppression of E6, increase in p53 
levels, and induction of apoptosis in HNSCC cells following 
TriCurin treatment [7].

Discussion

This project involved intra-tumor injection of TriCurin, 
which is expected to cause direct apoptosis of a num-
ber of tumor cells. However, due to rapid degradation 

Fig. 6  IL12Ab treatment partially reverses TriCurin-induced apop-
tosis of E6+ tumor cells and reduction in tumor load. a Volumes of 
extricated tumors from Vehicle (PBS)-treated, TriCurin-treated, 
and TriCurin + IL12Ab-treated mice were measured by the water 
displacement on the day of sacrifice (day 6). Two representative 
tumors from each group are shown here. b Even after the 5-day 
treatment, the TriCurin group (six mice per group) showed a dra-
matic decrease in tumor size (61% relative to Vehicle-treated) 
(n = 6) (*p = 2.54 × 10−5). The TriCurin + IL12Ab group (n = 3) 
exhibited a smaller decrease in tumor size (41% relative to Vehicle-
treated, **p = 8.4 × 10−3) (∆p = 5.8 × 10−3 relative to TriCurin-
treated) (mean ± S.E.M). c–f Tumor cells from 5  days of TriCurin, 
TriCurin + IL12Ab, and Vehicle treatment were dispersed, fixed, 
permeabilized, immunostained using the HPV+ tumor cell-spe-
cific E6 antibody, and analyzed by flow cytometry. IF from single-
stained E6+ events (red ellipse, LR quadrant) was obtained from 
the three groups (Vehicle: red, TriCurin: black, TriCurin + IL12Ab: 
Blue). g Relative to the Vehicle group (n = 5), the TriCurin group 

(n = 5) showed a 68% decrease in E6 IF (*p = 0.01) and the Tri-
Curin + IL12Ab-treated mice (n = 3) showed a 38% decrease in E6 IF 
(**p = 0.04) (∆p = 0.02 relative to TriCurin-treated), h upper, mid-
dle, and lower rows, i and j tumor sections from these three groups 
also were subjected to immunohistochemistry to assess caspase 3 
(Cspse3) activation and E6 expression. The Vehicle group showed 
high E6 expression (green) and negligible active-caspase 3 (red). 
Relative to the Vehicle group, the TriCurin group showed a 54% sup-
pression of E6 (*p = 1.2 × 10−3) (i) and a sharp increase in active-cas-
pase 3 (383% increase) (*p = 4.0 × 10−4) (j). Relative Vehicle-treated, 
the TriCurin + IL12Ab group showed only 31% suppression of E6 
(**p = 8.8 × 10−3) (∆p = 0.03 relative to TriCurin-treated) (i). Relative 
to Vehicle-treated, the TriCurin + IL12Ab group showed 67% upregu-
lation of active-caspase 3 upregulation (**p = 0.04) (∆p = 2 × 10−3 
relative to TriCurin-treated) (j). Four randomly chosen sections per 
mouse were used for imaging and data quantified from Vehicle-
treated (n = 4), TriCurin-treated (n = 4) and, TriCurin + IL12Ab-
treated (n = 3) groups. (Scale bar: 47.62 µm)
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of C in vivo, the concentration of TriCurin-derived C in 
the body is expected to drop quickly. Interestingly, our 
in vivo pharmacokinetic studies [Mukherjee et al., unpub-
lished] using a lipid-encapsulated formulation of TriCurin 
yielded plasma concentrations of C in the nano-molar range 
(610–210 nM), which is not high enough to directly kill 
TC-1 and UMSCC47 cells, as the IC50 values of TriCurin 
for these cells are much higher (13 µM+ and 3.22 µM+, 
respectively) [7, 8]. Based on our observation that injected 
TriCurin causes a dramatic reduction in tumor load, we 
expect that in addition to eliciting direct tumor cell death 
immediately after intra-tumor injection, TriCurin would 
elicit its anti-tumor activity also by stimulating the immune 
cells, which are known to eliminate tumors [12, 13, 16, 19, 
20, 41]. Our current study tests this postulate by demonstrat-
ing that TriCurin, indeed, causes intra-tumor recruitment of 
M1 TAM, NK cells, and CTL which are known to eliminate 
tumor cells [21, 26, 29, 30, 38].

Our data show that TriCurin treatment causes activation/
recruitment of M1 TAM, NK cells, and CTL into pre-clin-
ical HPV+ cervical (TC-1 implanted mice) and activation/
recruitment of M1 TAM and NK cells in HNSCC (xeno-
graft) tumors (Fig. 6) [7]. Analysis of these TriCurin-treated 
tumors (Fig. 1, Supplementary Fig. 2 and Supplementary 
Fig. 4) reveals a major shift in polarity of  ARG1high,  iNOSlow, 
IL10 high,  IL12low M2 TAM into the  ARG1low.  iNOShigh, 
 IL10low, and  IL12lhigh M1-type [12]. This repolarization 
is concomitant with repression of activated STAT3 and 
induction of activated STAT1 and NF-kB (p65) in the TAM 
(Figs. 2, 3, 4 and Supplementary Fig. 5). Activated STAT1 
is known to cooperate with activated NF-kB (p65) to trig-
ger the M1 phenotype, which is marked by the induction of 
IL12 and iNOS which should trigger toxic NO production by 
the TAM (Fig. 1, Supplementary Fig. 2, and Supplementary 
Fig. 4) [12, 13, 28, 30–32]. We also demonstrate TriCurin-
mediated, intra-tumor recruitment of activated NK cells 
and CTL (Fig. 5, Supplementary Fig. 3, and Supplementary 
Fig. 6), which are expected to contribute to the observed 
tumor load reduction (Fig. 6 and Supplementary Fig. 6) [7, 
16, 21]. The IL12-mediated NK cell and CTL recruitment 
and activation are attenuated in mice pretreated with an 
IL12-neutralizing antibody (Supplementary Fig. 2, Supple-
mentary Fig. 3, and Fig. 5). This recruitment of CTL and NK 
cells may simultaneously cause IFNγ-mediated observed 
stimulation of STAT1 in macrophages and M1-type polari-
zation of TAM, thereby enabling the activated NK cells, 
CTL, and the M1 TAM to act as a lethal triad against cancer 
cells. Corroboratively, IL12Ab-mediated abrogation of intra-
tumor recruitment of activated NK cells and CTL partially 
eliminated the tumoricidal activity of TriCurin (Fig. 6) [13, 
16, 19, 21, 29, 33, 34, 36, 38, 40].

Our data also indicate that TriCurin causes this shift in 
polarity by silencing the M2 TAM and activating/recruiting 

a discrete population of M1 TAM while maintaining a con-
stant number of overall intra-tumor Iba1+ TAM (Fig. 1i, j, 
k) [12]. Interestingly, NKp46+ NK cells have been reported 
to eliminate M2 macrophages while causing IFNγ-mediated 
activation and amplification of MHC class  Ihigh M1 mac-
rophages [42]. Based on the previous findings of other 
groups and the data presented in this manuscript, we pro-
pose a working model in which injected TriCurin elicits a 
switch in TAM phenotype from a tumor-promoting M2-type 
into a tumoricidal M1-type. Furthermore, founded on our 
IL12 blocking data, we postulate that TriCurin-induced M1 
TAM-derived IL12 is responsible for triggering intra-tumor 
recruitment of NK cells and CTL and elimination of the 
HPV+ cervical cancer cells (Fig. 6) [7, 8].

Treatments for HNSCC include chemotherapy and/or 
radiation, which are fairly toxic to the body and they deplete 
the tumoricidal immune cells [5, 6, 43]. Cancer immunother-
apy using chimeric antigen receptor (CAR) T-cell treatment 
and regulators of T-cell activation (checkpoint inhibitors) 
has recently come into prominence but with limitations and 
side effects [22, 23]. Thus, there is an acute need for novel 
immunotherapeutic strategies to better manage the grow-
ing number of HPV+ tumors. TriCurin is highly efficient 
in stimulating the immune system against cancer cells and 
can be used as a safe immunotherapeutic agent to turn the 
immune system against HPV+ tumors.
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