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ANNOTATION:

The aim of this RNDr. Thesis is focused on understanding therapeutic potentials and
limitations of the antitumor MBTA immunotherapy which is based on synergy of TLR
agonists, anti-CD40, and phagocytosis stimulating ligands anchored into the tumor cell
membranes. In this study, immunotherapy was tested in murine pancreatic
adenocarcinoma Panc02 model. Firstly, the short-term and long-term efficacy of MBTA
therapy was tested using established subcutaneous Panc02 tumors two times larger than in
previous study. Secondly, the work is devoted to better understanding of the adaptive
immunity involvement focusing on CD4+ and CD8+ T lymphocytes during the therapy
and their effect on tumor volume reduction, long-term survival and resistance against
tumor rechallenge. Subsequently, the ability of immunological memory to cross over the
blood—brain barrier confirming its potential applicability in metastatic brain tumors was
examined. Moreover, the antigen specificity of the immunological memory was evaluated.
Finally, the potential of MBTA therapy to cure metastatic disease, represented by bilateral
Panc02 mouse model, was studied. In this case, the MBTA therapy manifested a lower
therapeutic response. Therefore, it was combined with diverse therapeutic approaches,
such as intratumoral application of anti-CTLA-4 antibody, heat-killed Listeria
monocytogenes, chemoablation using EtOH, targeting the tumor microenvironment by
hyaluronidase, simultaneous injections of MBTA therapy in primary and secondary distant
tumors, and its combination with RT. Despite all these combinations, our results showed
that only simultaneous application of MBTA therapy into both tumors has potential for the

treatment of the bilateral Panc02.
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Abstract

Pancreatic adenocarcinoma is one of the leading causes of cancer-related deaths, and its therapy remains a challenge. Our
proposed therapeutic approach is based on the intratumoral injections of mannan-BAM, toll-like receptor ligands, and anti-
CD40 antibody (thus termed MBTA therapy), and has shown promising results in the elimination of subcutaneous murine
melanoma, pheochromocytoma, colon carcinoma, and smaller pancreatic adenocarcinoma (Panc02). Here, we tested the
short- and long-term effects of MBTA therapy in established subcutaneous Panc02 tumors two times larger than in previous
study and bilateral Panc02 models as well as the roles of CD4* and CD8" T lymphocytes in this therapy. The MBTA therapy
resulted in eradication of 67% of Panc02 tumors with the development of long-term memory as evidenced by the rejection
of Panc02 cells after subcutaneous and intracranial transplantations. The initial Panc02 tumor elimination is not dependent
on the presence of CD4" T lymphocytes, although these cells seem to be important in long-term survival and resistance
against tumor retransplantation. The resistance was revealed to be antigen-specific due to its inability to reject B16-F10
melanoma cells. In the bilateral Panc02 model, MBTA therapy manifested a lower therapeutic response. Despite numerous
combinations of MBTA therapy with other therapeutic approaches, our results show that only simultaneous application of
MBTA therapy into both tumors has potential for the treatment of the bilateral Panc02 model.

Keywords Pancreatic adenocarcinoma - TLR ligands - Mannan - Cancer immunotherapy - Metastases - Checkpoint
inhibitors
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low antigenicity and its unique desmoplastic tumor stroma
[3]. Low antigenicity results in the inability of T cells to
recognize malignant cells, whereas the unique desmoplastic
stroma can act as a physical barrier and block the penetration
of anti-cancer drugs. Therefore, the blockade of the two most
studied checkpoint inhibitors, programmed death-1 (PD-1)
and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4),
in pancreatic cancer failed in phase I and II of clinical trials,
respectively [4, 5]. Lower effectiveness of these checkpoint
inhibitors and their combinations has also been observed in
other cancer patients, except those with non-small cell lung
cancer, melanoma, renal cell carcinoma, etc. [6, 7]. We thus
speculate certain immunotherapy limitations in the narrow
effect of the checkpoint inhibitors on the immune system.
Checkpoint inhibitors are particularly involved in the last
steps of an immune response, which represents the feedback
of control mechanisms. This suggests that effective cancer
immunotherapy has to be more complex and has to affect
the immune system particularly during the initial activation
of innate immunity and subsequent activation of adaptive
immunity.

Previously, we studied cancer immunotherapy in murine
models directed on the activation of the natural mechanisms
of immune response and thereby involving both arms of
the immune response, i.e., innate and adaptive immunity
[8]. This novel approach combines toll-like receptor (TLR)
ligands and a phagocytosis-activating ligand and exhibits
promising results in the murine melanoma B16-F10 model.
Here, TLR ligands support the infiltration of immune cells
into a tumor and activation of immune cells [9-11]. The
combination of resiquimod (R-848), polyinosinic—poly-
cytidylic acid (poly(I:C)), and lipoteichoic acid (LTA) was
assessed as the most potent. Mannan, a phagocytosis-acti-
vating ligand, artificially binds to tumor cell surfaces via a
biocompatible anchor for cell membrane (BAM) and labels
them for the infiltrated immune cells [9—12]. For the pancre-
atic adenocarcinoma (Panc(2), pheochromocytoma (MTT),
and colon carcinoma (CT26) mouse model, the combined
application of mannan-BAM, R-848, poly(I:C), and LTA
together with anti-CD40 antibody (called MBTA therapy)
improved the survival of experimental mice [11-13].

The aim of this present study was to evaluate the effect
of MBTA therapy in subcutaneous Panc02 tumors with a
higher burden to more mimic the real situation of patients
with pancreatic adenocarcinoma often during initial diag-
nosis. Specifically, mice with established pancreatic ade-
nocarcinoma larger than so far studied and mice with two
tumors, i.e., a bilateral Panc02 model, which enables to bet-
ter study a systemic response to therapies, were used. Our
results strongly indicate that MBTA therapy is effective for
the treatment of established Panc02 tumors. Additionally,
tumor rechallenge experiments revealed antigen-specific
memory and rejection of Panc02 cells after subcutaneous
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and intracranial reinjections. CD4" T lymphocytes had a
minimal role during initial tumor reduction, but they were
important in the survival of treated mice. In the bilateral
Panc02 model, MBTA therapy only led to a decrease in
the progression of both tumors. Therefore, to improve its
applicability, we focused on its combination with check-
point inhibitors, modification of tumor desmoplasia, chem-
oablation, or radiotherapy (RT) of the parallel tumor. Only
simultaneous application of MBTA therapy into both tumors
achieved effective therapeutic response in this challenging
tumor model.

Materials and methods
Materials

Tissue culture media, media supplements, mannan from
Saccharomyces cerevisiae, lipoteichoic acid (LTA) from
Bacillus subtilis, polyinosinic—polycytidylic acid, sodium
salt (poly (I:C)), and hyaluronidase (Type I-S) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Resiqui-
mod (R-848) was obtained from Tocris Bioscience (Bristol,
UK). Biocompatible anchor for cell membrane (BAM, Mw
4000) was purchased from NOF EUROPE (Grobbendonk,
Belgium). Monoclonal anti-CD40 antibody (rat IgG2a, clone
FGK4.5/FGK45), anti-CTLA-4 antibody (hamster IgG,
clone (9H10), and anti-PD-L1 antibody (rat IgG2b, clone
10F.9G2) were purchased from BioXCell (West Lebanon,
NH, USA). Heat-killed Listeria monocytogenes (HKLM)
was purchased from InvivoGen (Toulouse, France).

Cell lines and mice

The murine pancreatic adenocarcinoma cell line Panc02
was obtained from Prof. Lars Ivo Partecke (Greifswald, Ger-
many). Cells were maintained in Dulbecco’s modified eagle
media (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum and antibiotics (PAA, Pasching, Austria).
Murine melanoma B16-F10 cells were purchased from the
American Type Culture Collection (ATCC, Manassas, VA,
USA) and maintained in RPMI 1640 media supplemented
with 10% heat-inactivated fetal bovine serum and antibiotics
(PAA, Pasching, Australia). Both cell lines were cultured at
37 °C in humidified air with 5% carbon dioxide.

SPF C57BL/6 mice were purchased from Charles River
Laboratories (Sulzfeld, Germany). B6.129S2-Cd4™!Mak/y
mice (CD47~ mice) and B6.129S2-Cd8a"™™2/J mice
(CD87'~ mice) were purchased from The Jackson Labora-
tory (Bar Harbor, ME, USA). All mice weighing between
18 g and 20 g were housed in specific pathogen-free barrier
facilities with free access to sterile food and water; the pho-
toperiod was 12/12.
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Synthesis of mannan-BAM

Mannan-BAM was synthesized as previously described [10].
Tumor transplantation

Subcutaneous transplantation

Mice were subcutaneously injected with 4 x 10 Panc02 cells
in 0.1 ml of DMEM or 4 x 10° B16-F10 cells in 0.1 ml of
RPMI 1640 without additives into the previously shaved
lower dorsal site (right or both right and left).

Intracranial transplantation

Mice were intraperitoneally injected with a mixture of keta-
mine (Narkamon, Bioveta, Czech Republic, 100 mg/kg) and
xylazine (Rometar, Bioveta, Czech Republic, 5 mg/kg). Sub-
sequently, the mice were intracranially injected with 1 x 10
Panc02 cells in 0.03 ml of DMEM without additives.
Treatment and its evaluation

MBTA therapy

50 ul of the therapeutic mixture consisting of 0.5 mg R-848
(HCI form), 0.5 mg poly(I:C), 0.5 mg LTA, and 0.4 mg

Hyaluronidase and hyaluronidase + anti-CD40 antibody
therapy

Hyaluronidase (40,000 U/ml of PBS), anti-CD40 antibody
(0.8 mg/ml of PBS), or their combination was injected intratu-
morally (50 ul/mouse) on following days: 1, 7, 14, 21, and 28.

Radiotherapy (RT)

RT was applied using a TrueBeam linear electron accel-
erator system (Varian Medical System, Palo Alto, Califor-
nia, USA). For anesthesia, the mice were intraperitoneally
injected with a mixture of ketamine (100 mg/kg) and xyla-
zine (5 mg/kg). Subsequently, the mice received a single
fraction of 12-Gray on days 0, 14, and 28 (focused on rel-
evant tumors only).

Anti-PD-L1 therapy

Anti-PD-L1 antibody (0.4 mg/ml of PBS) was injected intra-
tumorally (50 pl/mouse) on the following days: 15, 18, 21,
24,29, and 32.

All mice were housed individually. Tumor size was meas-
ured every other day using a caliper. The formula V= (z/6)
AB?, where A is the largest dimension of the tumor and B
is the smallest dimension, was used to calculate tumor vol-
ume [14]. The reduction in tumor growth (%) as compared
with control was calculated on day 14 using the following
equation:

(mean tumor volumein the control group — meantumor volumein the treated group) X 100

mean tumor volume inthe control group

anti-CD40 per ml of 0.2 mM mannan-BAM in PBS was
injected intratumorally on the following days: O, 1, 2, 8, 9,
10, 16, 17, 18, 24, 25, and 26.

MBT therapy

Anti-CD40 was not included.

Anti-CTLA-4, HKLM, and EtOH therapy

Anti-CTLA-4 antibody (1 mg/ml of PBS), HKLM (10°/ml

of PBS), and EtOH (ethanol absolute) were injected intratu-
morally (50 ul/mouse) on the following days: 20, 27, and 34.

Statistical analysis

For analyses involving multiple groups and times, the
area under the curve (AUC) was calculated, and statisti-
cal analysis was performed on AUC values using one-
way ANOVA with Tukey’s post hoc test. Kaplan—-Meier
survival curves were compared using a log-rank test. Data
were analyzed using STATISTICA 12 (StatSoft, Inc.,
Tulsa, OK, USA). Error bars indicate the standard error
of the mean (SEM).
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Fig. 1 MBTA therapy in established Panc02 tumors. a C57BL/6 mice
were subcutaneously injected with Panc02 cells in the right flank.
After 16 days, mice were randomized into 4 groups (n=6/group): the
group treated with anti-CD40 antibody; the group treated with MBT
therapy; the group treated with MBTA therapy; the group treated

Results

Eradication of established Panc02 tumors using
MBTA therapy

In our previous study [11], MBTA therapy eradicated 80%
of smaller Panc02 tumors with an average tumor volume of
44.1+9.9 mm? (at the beginning of the therapy, i.e., 12 days
after Panc02 cells transplantation) and volume range of
19.5-78.9 mm®. Here, we applied MBTA therapy to estab-
lished Panc02 tumors larger than in the previous study, aver-
aging 79.7 +30.7 mm? (at the beginning of the therapy, i.e.,
16 days after Panc02 cells transplantation) and ranging from
32.8 to 136.5 mm? in tumor volume. Despite the degree of
tumor size, MBTA therapy achieved 67% complete eradica-
tion (Fig. 1). The experiment was repeated four times with
different tumor sizes. It was confirmed that the complete
elimination is dependent on initial size of the tumor (Fig.
S1, Supplementary materials). We also confirmed the crucial
role of anti-CD40 antibody in MBTA therapy for the effec-
tive treatment of Panc0O2 tumors. Although MBT therapy
(without anti-CD40 antibody) only led to partial elimination
of tumor growth, mice survival was comparable to that of
the control group.

Additionally, MBTA-treated mice with complete tumor
elimination (4 out of 6) were rechallenged on day 120 (day 0

@ Springer

with PBS. Therapy was given intratumorally on days 0, 1, 2, 8, 9, 10,
16, 17, 18, 24, 25, and 26. The tumor volume was measured with a
caliper. b The tumor volume growth is presented as a growth curve
(*p<0.05, ***p<0.005). ¢ The survival analysis is presented as a
Kaplan—Meier curve (¥p <0.05)

as the start of therapy) with 1x 10 Panc02 cells per mouse
and revealed complete resistance against Panc02 retrans-
plantation. The rechallenged mice initially developed small
tumors in the first days after the transplantation, but subse-
quently, all tumors were eradicated (data not shown).

Underlying mechanisms of MBTA therapy in Panc02
tumors

In the first experiment, we used mice lacking CD4* T
lymphocytes (CD4~/~ mice) or CD8" T lymphocytes
(CD87~ mice). MBTA therapy used in these immunode-
ficient mice revealed a reduction in tumor growth in both
groups (Fig. 2). In CD4~'~ mice, growth reduction was only
temporary, and tumor regrowth followed 45 days after the
start of the therapy. Meanwhile, in CD8 ™~ mice, eradication
of tumors was observed in 4 out of 6 mice. Subsequently,
3 out of these 4 cured mice were resistant to subcutaneous
retransplantation of Panc02 cells (4 x 10° cells/mouse) per-
formed on day 120 (day O as the start of the therapy) (data
not shown). Our findings suggest a strong initial effect of
innate immunity and the important role of adaptive immu-
nity (mainly CD4* T lymphocytes) in complete eradication
of tumor and resistance to its recurrence.
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Fig.2 MBTA therapy of Panc02 tumors and the role of CD4* T
lymphocytes. a The CD4~'~ and CD8~~ mice were subcutaneously
injected with PancO2 cells in the right flank. After 12 days, both
CD4™~ and CD8™~ mice were randomized into 4 groups (i) the
CD4™'~ mice treated with MBTA therapy (n=3); (ii) CD4~~ mice
treated with PBS (n=3) (iii) the CD8 '~ mice treated with MBTA

Antigen specificity of inmune memory induced
by MBTA therapy

Mice-bearing Panc02 tumors were treated using MBTA
therapy as described in Fig. 1. MBTA-treated mice with
complete tumor elimination (4 out of 6 mice) were rechal-
lenged with 4 x 10° Panc02 cells per mouse on day 120. All
the mice were fully resistant and did not manifest subsequent
tumor growth (data not shown). The rechallenge experiment
was repeated on day 164 with 4 x 10° B16-F10 melanoma
cells per mouse and resulted in rapid tumor growth (Fig.
S2, Supplementary materials). Subsequent euthanization of
these mice on day 203 followed due to the tumor growth.
These results confirmed that the memory induced by MBTA
therapy may be antigen specific.

Immune memory protects mice against intracranial
Panc02 cells retransplantation

For this experiment, mice-bearing Panc02 tumors were also
treated by MBTA therapy as described in Fig. 1 and 6 mice
with complete tumor elimination (data not shown) were
retransplanted with 1x 10° Panc02 cells per mouse intrac-
ranially on day 120. For the control group, 8 healthy mice of
the same age were used. Interestingly, MBTA-treated mice

therapy (n=6); (iv) the CD87~ mice treated with PBS (n=5). Ther-
apy was given intratumorally on days O, 1, 2, 8, 9, 10, 16, 17, 18, 24,
25, and 26. The tumor volume was measured with a caliper. b The
tumor volume growth is presented as a growth curve (*p<0.05,
*###%p <0.001). ¢ The survival analysis is presented as a Kaplan—
Meier curve (**p<0.01)

showing complete tumor elimination were fully resistant to
Panc02 intracranial transplantation. In contrast, all mice in
the control group died 11-14 days after the Panc(02 intrac-
ranial transplantation (Fig. S3, Supplementary materials).
Dissection of these mice revealed intracranial Panc02 tumors
averaging 17.1+15.5 mm? in volume with a range of 2.1
-32.8 mm’.

MBTA therapy of metastatic Panc02: the bilateral
tumor model

Metastatic disease is the biggest challenge of cancer therapy.
As previously described [11], MBTA therapy can effectively
suppress micrometastases in murine melanoma. However,
for clinical purposes, more robust therapy is necessary to
effectively eliminate advanced metastatic disease often
caused by high-burden tumors. Therefore, we used the bilat-
eral Panc02 model in our study. MBTA therapy was injected
into the right tumor, and the left parallel (non-treated) tumor
was observed for changes in its size (Fig. 3). The growth of
the right MBTA-treated tumors was significantly reduced
compared to that of the control (Fig. 3b), and tumor growth
reduction was also observed in the left parallel (non-treated)
tumors. The growth of the left parallel (non-treated) tumors
was twice slower compared to that of the control (Fig. 3c).
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Fig.3 MBTA therapy of the bilateral Panc02 model. a C57BL/6
mice were subcutaneously injected with Panc02 cells in both right
and left flanks. After 12 days, mice were randomized into 2 groups
(n=6/group): (i) the group treated with MBTA therapy; (ii) the group
treated with PBS. Therapy was given intratumorally into the right

Interestingly, we observed that the presence of the left par-
allel (non-treated) tumor negatively affected the efficacy of
MBTA therapy in the right tumor. In one tumor model, the
reduction in tumor size caused by MBTA therapy led to the
complete elimination of tumors in the majority of the treated
mice [11, 12]. In contrast, in the bilateral Panc02 tumor
model, the initial reduction in size of right MBTA-treated
tumors relapsed, and the Panc02 tumors grew in half of the
experimental animals.

Combination of MBTA therapy with other
therapeutic approaches

Our results from the bilateral Panc0O2 tumor model sug-
gested that MBTA therapy of only one tumor (the right

@ Springer

tumor on days 0, 1, 2, 8, 9, 10, 16, 17, 18, 24, 25, and 26. The tumor
volume of both tumors was measured with a caliper. b The tumor vol-
ume growth of the right MBTA-treated and (c) the left parallel (non-
treated) tumors is presented as a growth curve (¥****p <0.0005). d
The survival analysis is presented as a Kaplan—-Meier curve

MBTA-treated tumor) is not sufficient to eliminate the left
parallel (non-treated) tumor. To boost the therapeutic effect
of our proposed MBTA therapy, we simultaneously applied
other therapeutic approaches on the left parallel tumor.

We first tested the intratumoral applications of anti-
CTLA-4 antibody, heat-killed Listeria monocytogenes, and
EtOH into the left parallel tumor with simultaneous applica-
tion of MBTA therapy into the right tumor. Interestingly, we
did not observe any augmentation on the therapeutic effect
(Fig. S4, Supplementary materials).

Next, we focused on the manipulation of the Panc02
microenvironment, specifically on the reduction in exten-
sive desmoplasia represented by the abundant presence of
collagens, fibronectin, and hyaluronan in the intracellu-
lar space of Panc02 tumors. Desmoplasia limits the pen-
etration of immune cells into the tumor, thus potentially
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Fig.4 Simultaneous MBTA therapy in the right and left parallel
Panc02 tumors and irradiation of the left parallel tumor. a C57BL/6
mice were subcutaneously injected with Panc02 cells in both right
and left flanks. After 12 days, mice were randomized into 5 groups
(n=6/group): the group treated with MBTA therapy (right and left
tumor); the group treated with MBTA therapy (right tumor) and PBS
(left tumor); the group treated with MBTA therapy (right tumor)
and radiotherapy (RT) (left tumor); the group treated with PBS
(right tumor) and RT (left tumor); the group treated with PBS (both

suppressing immunotherapeutic outcomes [15]. The right
tumors were treated by MBTA therapy, whereas the left
parallel tumors were injected with anti-CD40 and hyalu-
ronidase to decrease the density of protein fraction and to
degrade hyaluronan, respectively [16, 17]. Interestingly,
the effects of anti-CD40 antibody, hyaluronidase, and
their combination were negligible (Fig. S5, Supplemen-
tary materials).

tumors). Therapy was given intratumorally into the right or left par-
allel tumor on days 0, 1, 2, 8, 9, 10, 16, 17, 18, 24, 25, and 26. The
left parallel tumors were irradiated on days 0, 14, and 28. The tumor
volume of both tumors was measured with a caliper. b The tumor
volume growth of the right MBTA-treated and (c) the left parallel-
treated tumors is presented as a growth curve (*p <0.05, **¥p <0.01,
*#%p <0.005, #****%p <(0.0005). d The survival analysis is presented
as a Kaplan—Meier curve (*p <0.05, *¥p <0.01)

Simultaneous MBTA therapy and its combination
with radiotherapy in the bilateral Panc02 model

Lastly, we tested the simultaneous application of MBTA
therapy into both right and left tumors and combined
MBTA therapy of the right tumor with RT of the left paral-
lel tumor in the bilateral Panc02 model. Panc02 tumors were
utilized with the right tumors averaging 150.5 +62.9 mm?
with a range of 72.3-247.0 mm3, whereas the left parallel
tumors averaged 129.9 +76.5 mm? and ranged from 55.1 to
398.8 mm’.
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Simultaneous application of MBTA therapy resulted in
96% reduction in right tumor volume and 87% reduction
in left tumor volume as compared to that of the control
(Fig. 4b, c). The reduction in tumor volume was accom-
panied by a significant prolongation of survival (Fig. 4d).
Meanwhile, combined MBTA therapy with RT exhibited
a therapeutic effect, as manifested by 67% growth reduc-
tion of left parallel tumors compared to that of the control
group (Fig. 4c) with slight prolongation of survival (Fig. 4d).
Because RT results in elevated expression of PD-L1 expres-
sion in tumors [18], we additionally tested the intratumoral
application of anti-PD-L1 antibodies into the left parallel
irradiated tumors. However, no additional therapeutic effects
were observed (data not shown).

Moreover, we observed that the presence of the left paral-
lel (non-treated) tumors negatively affected the efficacy of
MBTA therapy in the right tumors (Fig. 4b, ¢, green curves),
which corresponds with the aforementioned observation dis-
cussed in “MBTA therapy of metastatic Panc02: the bilateral
tumor model.”

Discussion

We showed that MBTA therapy had a significant therapeutic
effect not only in smaller but also in larger murine Panc02
tumors, as evidenced by the significant tumor growth reduc-
tion and tumor eradication in 67% of the treated animals and
subsequent resistance against tumor rechallenge. Focusing
on the underlying immune mechanisms involved in MBTA
therapy, we observed that the presence of CD4* T lympho-
cytes was not critical for significant tumor growth reduc-
tion. However, CD4" T lymphocytes seem to be essential for
delayed tumor response, long survival, and resistance against
tumor rechallenge. When MBTA therapy was applied to sub-
cutaneous murine bilateral PancO2 model, we observed a
partial therapeutic effect on the left parallel (non-treated)
tumor. To boost its therapeutic effect, we combined MBTA
therapy with several different therapeutic approaches, such
as intratumoral applications of anti-CTLA-4 antibody, heat-
killed Listeria monocytogenes (HKLM), and EtOH (chem-
oablation), targeting the Panc02 microenvironment (reduc-
tion in extensive desmoplasia), simultaneous application of
MBTA therapy into the distant tumor, and its combination
with RT. Among these, only simultaneous application of
MBTA therapy on the primary and distant tumors showed
the most promising therapeutic outcomes in murine bilateral
Panc02 model.

Tumor size is an important factor for successful cancer
treatment. Although small tumors show better response to
various therapeutic options, high-burden tumors remain a
major challenge [19]. In a previous study, we successfully
applied MBTA therapy in smaller subcutaneous Panc(02

@ Springer

tumors (+44.1 mm3). In the present study, we investi-
gated its therapeutic effect on larger established Panc02
tumors (+ 79.7 mm?) because they more closely mimic
the real situation in patients during initial diagnosis and
present a great challenge in cancer therapy. Interestingly,
we achieved 67% complete eradication of Panc02 tumors
using MBTA therapy, which was slightly less than the 80%
complete eradication of smaller Panc02 from our previous
study [11]. We also verified the importance of the pres-
ence of anti-CD40 antibodies in MBTA therapy, ensuring
long-lasting survival of treated mice and tumor resistance
during retransplantation. This is consistent with previ-
ously published Panc02 and murine pheochromocytoma
data where the addition of anti-CD40 to MBT therapy also
resulted in an increase in the overall survival of treated
mice. Interestingly, the addition of anti-CD40 does not
have any significant effect on reduction of tumor growth
[11,12].

We then focused on the underlying mechanisms of MBTA
therapy in the Panc02 tumor model. Surprisingly, MBTA
therapy fully suppressed tumor growth in the absence of
either CD4™ T lymphocytes (CD4 '~ mice) or CD8* T lym-
phocytes (CD8~'~ mice). However, the presence of CD4* T
lymphocytes seems to be important for long-lasting survival
of mice and for resistance against tumor retransplantation.
Resistance against retransplantation (75%) in CD8 '~ mice
could be interpreted based on the CD4% T lymphocyte-
driven macrophage activity [20-22]. However, a further
study focused on the role of CD4" in immune memory after
MBTA therapy must be performed.

Subsequently, we also studied the antigen specificity
involved in the mechanism of immune memory induced
by MBTA therapy. MBTA therapy has shown 100% resist-
ance against retransplantation of Panc02 tumor cells [11].
However, it remains unknown if this resistance is antigen
specific. Therefore, mice with MBTA-therapy-eradicated
Panc02 tumors were rechallenged with Panc02 tumor cells
and B16-F10 murine melanoma cells. Interestingly, all mice
manifested resistance against Panc02, but resistance against
B16-F10 was not observed, suggesting that the immunologi-
cal memory induced by MBTA therapy is antigen specific
for each type of tumor.

To further investigate the immune memory induced
by MBTA therapy, we retransplanted Panc02 cells into
the immune-privileged site—the central nervous system
(intracranial tumor cell retransplantation). All mice pre-
viously treated by MBTA therapy showed resistance as
compared to the control group, in which all animals died
11-14 days after Panc02 injection. These data are consistent
with MBTA therapy of CT26, where all mice were protected
against subcutaneous and intracranial retransplantation with
the same tumor cells [13]. This revealed the ability of the
immune memory induced by MBTA therapy to cross over
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the blood—brain barrier, confirming its potential applicability
in metastatic brain tumors.

The eradication of metastases is an important aspect of
successful cancer treatment. Previously, we observed that
MBTA therapy of the primary tumor is associated with
growth reduction or elimination of small metastases [11,
12]. However, in larger distant Panc0O2 metastases, particu-
larly in the bilateral PancO2 model, only limited anti-tumor
effect was observed, and we, therefore, focused on the
enhancement of this distant therapeutic effect. In the first
set of experiments, we tested the application of anti-CTLA-4
antibody, heat-killed Listeria monocytogenes (HKLM), and
EtOH (chemoablation) into the left tumor with simultaneous
application of MBTA therapy into the right tumor. Anti-
CTLA-4 antibody was expected to enhance the immune
attack through depletion of Tregs [23]. HKLM was supposed
to stimulate acute inflammation in the tumor [24] and change
the pro-tumor environment into an anti-tumor one. Chem-
oablation is known to lead to cell membrane lysis, protein
denaturation, vascular occlusion, and eventually tumor cell
death [25]. Despite their proven individual anti-tumorigenic
effects, no therapeutic improvement was detected when com-
bined with MBTA therapy.

In the second set of experiments, we focused on the
manipulation of Panc02 environment, specifically on the
reduction in desmoplasia. Anti-CD40 antibody and hyalu-
ronidase were applied into the left tumor with the simulta-
neous application of MBTA therapy into the right tumor.
Anti-CD40 antibody was used to decrease the density of
protein fraction (collagen I, fibronectin) [17], whereas hya-
luronidase was used to degrade hyaluronan [16]. Neither
of these substances nor their combination increased the
therapeutic effect of MBTA therapy on distant tumors. As
previously mentioned, advanced tumors possess protection
against immune attack on many different levels; therefore,
targeting just one of these levels is insufficient.

To improve the MBTA therapy’s outcome on distant
tumors, we also tested its simultaneous application into the
primary tumor (right tumor) and distant metastases (left
tumor), resulting in 87% left tumor growth reduction and
complete eradication of both tumors in 50% of the mice.
These results suggest that the targeted application of MBTA
therapy into primary tumors with simultaneous application
into metastases can result in successful treatment of meta-
static disease. The combination of MBTA therapy and RT
showed promising results in tumor growth reduction but did
not show a significant difference in survival of treated mice.

Panc02 tumors with higher tumor burden remain a chal-
lenge for modern cancer treatment. Even though the pro-
posed MBTA therapy showed promising results in estab-
lished murine Panc02 tumors and bilateral Panc02 tumors,
we are still far away from completely curing these chal-
lenging tumors. Nevertheless, our study showed that only

simultaneous application of MBTA therapy into the primary
tumor and distant metastases improved the outcomes of large
established and metastatic Panc02 tumors. As we discussed
previously [8], this combination of TLR ligands, mannan-
BAM, and anti-CD40 antibody has the potential to result
ineffective treatments for patients with inoperable tumors or
as a neoadjuvant therapy before surgery. Moreover, several
TLR ligands and anti-CD40 antibodies are already in clinical
trials or FDA-approved which can significantly speed up the
potential application of MBTA therapy in the clinic [26, 27].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-021-02920-9.
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Figure S1: Efficacy of MBTA therapy in different size of Panc02 tumors (four independent experiments).
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Figure S3: Survival analysis of mice previously treated with MBTA therapy after intracranial retransplantation. The
survival analysis is presented as a Kaplan-Maier curve (***p < 0.001).
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Figure S4: Simultaneous MBTA therapy in the right tumor and anti-CTLA-4 antibody, Heat-killed Listeria
monocytogenes (HKLM), or EtOH therapy of the left parallel tumor. C57BL/6 mice were subcutaneously injected
with Panc02 cells in both right and left flanks. After 12 days, mice were randomized into 5 groups (n = 6/group): the
group treated with MBTA therapy (right tumor); the group treated with MBTA therapy (right tumor) and anti-CTLA-
4 (left tumor); the group treated with MBTA therapy (right tumor) and HKLM (left tumor); the group treated with
MBTA (right tumor) and EtOH (left tumor); the group treated with PBS (right tumor). MBTA or PBS therapy were
given intratumorally on days 0, 1, 2, 8, 9, 10, 16, 17, 18, 24, 25, and 26. Anti-CTLA-4, HKLM or EtOH was applied
intratumorally on days 20, 27, 34. The tumor volume of both tumors was measured with a caliper. a The tumor volume
growth of the right and (b) the left parallel-treated tumors is presented as a growth curve (¥**** p < 0.0005). ¢ The
survival analysis is presented as a Kaplan-Meier curve.
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Figure S5: Simultaneous MBTA therapy in the right tumor and hyalurodinase or hyaluronidase + anti-CD40
antibody therapy of the left parallel tumor. C57BL/6 mice were subcutaneously injected with Panc02 cells in both
right and left flanks. After 14 days, mice were randomized into 5 groups (n = 6/group): the group treated with MBTA
therapy (right tumor) and PBS (left tumor); the group treated with MBTA therapy (right tumor) and anti-CD40 (left
tumor); the group treated with MBTA therapy (right tumor) and hyalurodinase (left tumor); the group treated with
MBTA (right tumor) and hyalurodinase + anti-CD40 (left tumor); the group treated with PBS (right and left tumor).
MBTA or PBS therapy of the right tumor were given intratumorally on days 0, 1, 2, 8, 9, 10, 16, 17, 18, 24, 25, and
26. Therapy of the left tumors (anti-CD40, hyalurodinase, hyalurodinase+anti-CD40)was applied intratumorally on
days 1,7, 14, 21, 28. The tumor volume of both tumors was measured with a caliper. a The tumor volume growth of
the right and (b) the left parallel-treated tumors is presented as a growth curve (*p < 0.05, ***p < 0.005). ¢ The
survival analysis is presented as a Kaplan-Meier curve.



