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Abstract
Objectives The goal of this study was to investigate the effects of TACE using Lipiodol, Oncozene™ drug-eluting embolics (DEEs), or LUMI™-
DEE:s alone, or combined with bicarbonate on the metabolic and immunological tumor microenvironment in a rabbit VX2 tumor model.
Methods VX2 liver tumor-bearing rabbits were assigned to five groups. MRI and extracellular pH (pH,) mapping using Biosensor Imaging of
Redundant Deviation in Shifts (BIRDS) were performed before and after intra-arterial therapy with conventional TACE (cTACE), DEE-TACE
with Idarubicin-eluting Oncozene™-DEEs, or Doxorubicin-eluting LUMI™-DEEs, each with or without prior bicarbonate infusion, and in
untreated rabbits or treated with intra-arterial bicarbonate only. Imaging results were validated with immunohistochemistry (IHC) staining
of cell viability (PCNA, TUNEL) and immune response (HLA-DR, CD3). Statistical analysis was performed using Mann—Whitney U test.
Results pH_ mapping revealed that combining cTACE with prior bicarbonate infusion significantly increased tumor pH, compared to
control (p=0.0175) and cTACE alone (p=0.0025). IHC staining revealed peritumoral accumulation of HLA-DR* antigen-presenting
cells and CD3 +T-lymphocytes in controls. cTACE-treated tumors showed reduced immune infiltration, which was restored through
combination with bicarbonate. DEE-TACE with Oncozene™-DEEs induced moderate intratumoral and marked peritumoral infiltra-
tion, which was slightly reduced with bicarbonate. Addition of bicarbonate prior to LUMI™-beads enhanced peritumoral immune cell
infiltration compared to LUMI™-beads alone and resulted in the strongest intratumoral immune cell infiltration across all treated groups.
Conclusions The choice of chemoembolic regimen for TACE strongly affects post-treatment TME pH, and the ability of
immune cells to accumulate and infiltrate the tumor tissue.
Key Points
e Combining conventional transarterial chemotherapy with prior bicarbonate infusion increases the pH, towards a more
physiological value (p=0.0025).
e Peritumoral infiltration and intratumoral accumulation patterns of antigen-presenting cells and T-lymphocytes after transarterial
chemotherapy were dependent on the choice of the chemoembolic regimen.
o Combination of intra-arterial treatment with Doxorubicin-eluting LUMI™-beads and bicarbonate infusion resulted in
the strongest intratumoral presence of immune cells (positivity index of 0.47 for HLADR™ -cells and 0.62 for CD3"-cells).
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pH, Extracellular pH

PI Positivity index

TACE Transarterial chemoembolization
TME Tumor microenvironment
Introduction

Hepatocellular carcinoma (HCC) is the third most common
cause of cancer-related death worldwide and is often diag-
nosed late, rendering curative treatment options no longer
applicable [1, 2]. Patient survival with intermediate stage
HCC classified as Barcelona Clinic Liver Cancer B [3] is
improved by transarterial chemoembolization (TACE) as
shown in multiple randomized controlled trials [4—6]. A
broad variety of chemoembolic regimens is available for
TACE. Most commonly, conventional TACE (cTACE) is
applied, which uses selective arterial injection of a water-in-
oil emulsion of chemotherapeutics and Lipiodol into tumor-
feeding arteries resulting in high intratumoral concentration
of the chemotherapeutic agent and, if followed by emboliza-
tion, instant tumor necrosis [7]. In recent years, TACE using
drug-eluting embolics (DEE-TACE) was introduced as alter-
native to cTACE, facilitating a slower intratumoral release of
the chemotherapeutic drug, leading to a decrease of adverse
events [8, 9]. Various DEE-TACE platforms have been intro-
duced, such as Polyzene®-F-coated Oncozenes™ (Varian
Medical Systems) or radiopaque LUMI™-beads (Boston
Scientific). Comparisons of efficacies, clinical outcomes,
and safety between cTACE and DEE-TACE have been the
subject of numerous studies, but no clear superiority has
been reported [8, 10—-12].

The interplay between metabolic and immunological
changes after TACE has barely been investigated to date.
In addition to necrosis-inducing effects, TACE has demon-
strated modulating effects on the tumor microenvironment
(TME) with regard to extracellular pH (pH,) and the com-
position of surrounding immune cells [13]. Liver tumors
often manifest a hyperglycolytic metabolic phenotype that
results in the extracellular accumulation of lactate and pro-
tons resulting in an acidification of the TME. The resulting
low pH has been identified as a driving factor promoting
tumor proliferation, neoangiogenesis, and immune escape
[14-16]. Recent investigations using the novel pH, map-
ping technique Biosensor Imaging of Redundant Deviation
in Shifts (BIRDS) [17, 18] demonstrated the capacity of
cTACE to increase pH, towards a more physiological level
and established extracellular pH as a functional biomarker
of treatment-induced metabolic changes [13]. Furthermore,
the injection of sodium bicarbonate prior to cTACE revealed
to restore peritumoral immune cell infiltration [19]. Several
studies indicated that TACE alone induces tumor-antigen-
specific T-cell-driven immune response [20, 21], associated
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with favorable patient survival [22]. However, differences in
immune-modulating effects between different TACE regi-
mens remain understudied. Given the heterogeneity of the
disease in clinical populations and the many ongoing and
planned clinical trials combining various TACE regimens
with immunotherapy, a better understanding of the immu-
nogenicity and other TME alterations caused by the different
embolic vehicles used is necessary.

This study aims to investigate the effect of TACE using
Lipiodol, Oncozene™-DEEs, or radiopaque LUMI™-DEEs,
tested alone or in combination with sodium bicarbonate, on
metabolic and immunological response of the TME in a rab-
bit VX2 liver tumor model.

Methods
VX2 rabbit liver tumor model

Male, treatment-naive New Zealand White rabbits (Charles
River Laboratories; weight 2.5—4 kg) were included and used
under institutionally approved animal care and use commit-
tee protocols (Yale University IACUC, license number 16-R-
0001, protocol number 2016-20,100). Implementation of
VX2 tumor chunks into the left liver lobe was performed
as previously described [11, 17, 21, 22]. Tumor growth
was monitored using MRI (n=18) or CT (n=3) until size
reached about 2 cm after 14-21 days. Rabbits with a well-
demarcated solitary tumor of sufficient size either underwent
treatment or served as control.

Prior to all surgical interventions, intramuscular injec-
tion of acepromazine 0.25—1 mg/kg and ketamine hydro-
chloride 30-45 mg/kg was used to sedate animals and anal-
gesic buprenorphine 0.02-0.05 mg/kg as well as meloxicam
0.3 mg/kg was injected subcutaneously before and after
surgical interventions. For surgeries and MRI procedures,
general anesthesia was performed using isoflurane 1-3% in
oxygen. To prevent hypothermia, a heat support was pro-
vided and vital parameters such as oxygen saturation, heart
rate, and body temperature were monitored during experi-
mental procedures.

Experimental study design

Twenty-one VX2 tumor-bearing rabbits were randomly
assigned to five different groups (Fig. 1) undergoing mul-
tiparametric MRI to non-invasively monitor the TME pH,
as follows: (a) before treatment (control, n=3), and 24 h
after intra-arterial therapy with (b) cTACE without (n=3)
and with (n=23) prior bicarbonate infusion, (c) TACE with
Idarubicin-eluting Oncozene™-microspheres without (n=3)
and with (n=2) prior bicarbonate infusion, (d) TACE with
radiopaque, Doxorubicin-eluting LUMI™-beads without
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(n=2) and with (n=2) prior bicarbonate infusion, or (e)
intra-arterial bicarbonate infusion only (n=3). The random
numbers were generated using the standard=RAND ()
function in Microsoft Excel. Subsequent to post-treatment
MRI, the animals were euthanized and tumor tissue was har-
vested for immunohistochemistry (IHC) characterization of
therapy-induced immune response. We chose to perform the
current experiments at 1 day after TACE to investigate the
immediate effects on the TME. The long-term TACE effects
(at 1 and 2 weeks) will be investigated in the future and
presented in a separate paper.

Transarterial chemoembolization

A blunt dissection was performed in anesthetized rabbits to
gain access to the right or left common femoral artery. A
3-French vascular sheath (Cook Medical) was placed and a
2-French microcatheter (JB1 catheter, Cook Medical) ena-
bled manipulation into the celiac axis followed by a celiac
artery angiogram to delineate hepatic blood supply. Using
digital subtraction angiography (DSA) and cone-beam CT
angiography (C-arm, Allura Clarity FD20 8.2, Philips),
a region of hypervascular blush located in the left liver
lobe was identified as the tumor. A steerable guide wire
(0.014 in. Transcend wire, Boston Scientific) was used to
selectively catheterize the tumor-feeding artery, and final
positioning of the catheter was confirmed with DSA.

Implantation in left
rabbit liver with
VX2 tumor

+14-21 days

No therapy Baseline
(control) MRI

+2-3 days

Terminal A cay Intra-arterial <
MRI therapy

TR
r Lipiodol
TACE

+BC

Oncozene™
TACE
+BC

(T B
LUMI™ Beads

TACE

+BC

)

BC only
~———

-

Fig. 1 Experimental in vivo study design. This flowchart illustrates
the timeline of tumor implantation, imaging sessions, and therapy
performed on experimental animals. The right column lists the differ-
ent treatment options used

Conventional TACE

For rabbits undergoing cTACE, a Doxorubicin-Lipiodol
emulsion was prepared immediately before intra-arte-
rial injection. Briefly, 1.25 mg/mL of Doxorubicin HCI
(Research Products International) was mixed 1:2 with Lipi-
odol (Guerbet) and stable formation of droplets was con-
firmed performing a drop test [23]. Depending on tumor size
and blood supply, 0.2-0.3 mL of the Doxorubicin-Lipiodol
emulsion was slowly infused via the tumor-feeding artery
under fluoroscopy monitoring. Subsequently, the catheter
was flushed with saline and 0.3-0.4 mL of 100-300 pm
embolics (Embospheres, Merit Medical) mixed 1:4 with
Omnipaque350 (Amersham Health) was administered until
complete stasis was observed.

TACE with drug-eluting embolics

Previous to TACE with Idarubicin-eluting beads, 40-pm
Oncozene™-microspheres were loaded with 15 mg of
Idarubicin solution (Idamycin PFS™, Pfizer) accord-
ing to manufacturer’s instructions [24]. After removing
any excess liquid, 7.5 mL Omnipaque contrast agent and
7.5 mL sterile water were added to 3 mL of loaded micro-
sphere suspension. A volume of 0.3-0.5 mL of the mix
was injected through the selectively placed catheter until
complete stasis.

For TACE with 40-90-um Doxorubicin-eluting beads,
radiopaque LUMI™-beads were loaded with Doxorubicin
HCI solution for 2 h under continuous mechanical agita-
tion as previously described [25, 26]. The sedimented beads
were then diluted with Omnipaque contrast agent to a final
Doxorubicin concentration of 1.25 mg/mL. 0.2-0.4 mL of
the suspension was injected in the tumor-feeding artery until
complete stasis.

Bicarbonate infusion

In all animals receiving bicarbonate either directly prior
to TACE or alone, 6 mL of a 1:1 mix of Omnipaque
contrast agent and 4% sodium bicarbonate USP (Neut™,
Hospira) was slowly injected as soon as the catheter
was place in the hepatic artery and while advancing the
catheter into the tumor-feeding artery. Once a selective
positioning of the catheter was confirmed, 5 mL of the
4% bicarbonate solution was slowly injected over 5 min
to prevent vasospasms. Afterwards, the catheter was
flushed with saline prior to administration of chemo-
therapeutic or embolic agents in order to prevent clot-
ting. We hypothesize that the consecutive application of
embolizing agents leads to a trapping of bicarbonate in
the tumor tissue and prevented its clearance.
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Imaging protocol

MRI data was acquired on a 3-T MR scanner (Magnetom Prisma,
Siemens) using a 15-channel knee RF coil prior to and—exclud-
ing controls—1 day after intra-arterial treatment. The imaging
protocol included native and contrast-enhanced T,-weighted
using a 3D VIBE sequence with CAIPIRINHA (2 2) parallel
imaging and respiratory-gated T,-weighted spin echo and respir-
atory-gated diffusion-weighted echo planar imaging for recon-
struction of apparent diffusion coefficient maps. Scan param-
eters were TR/TE/©=3.45 ms/1.28 ms/9°, matrix 192 x 100, 6/8
partial Fourier, bandwidth 500 Hz/pix, FOV =200x 120 mm?,
25-32 slices, 2-3 s/volume, and 1x2x2.5 mm°. Before, dur-
ing, and after the bolus injection of 0.1 mmol/kg intravenous
gadolinium, eighty multi-slice volumes were run repeatedly. pH,
mapping with BIRDS was performed at the terminal MRI after
infusion of 15 mL of TmDOTP>~ (Macrocyclics) at a rate of
0.5 mL/min for 30 min for a total dose of 0.5 mmol/kg as previ-
ously described [13, 17]. BIRDS uses magnetic resonance spec-
troscopic imaging (MRSI) to directly detect paramagnetically
shifted signals from non-exchangeable protons of complexes
between lanthanide ions like thulium and macrocyclic chelates
such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis (meth-
ylene phosphonate or DOTP37) [27, 28]. The short relaxation
times of signals emanating from these complexes allow for ultra-
fast pH, imaging. For BIRDS, we used a 3D MRSI sequence
with a recycle time of 8 ms, a FOV of 20x20x25 cm?, 20 aver-
ages, 13X 13 13 rectangular encoding steps, 6-min total acqui-
sition time, and reconstructed to 25X 25 %25 resolution, with a
voxel size of 8 x8x 10 mm>. The pH, was calculated in each
voxel using the H2, H3, and H6 signals of TmDOTP>~ [27, 28].
The pH, was obtained in a voxel-wise manner in both the tumor
tissue and tumor-free liver, separately. For the investigation of
pH, in the tumor-free hepatic tissue, the liver was outlined to
exclude the tumor tissue, gall bladder, and large hepatic vessels.
The average pH, was then calculated using the voxels from both
contralateral and ipsilateral regions within this outlined area.
Comparisons between groups were obtained with Mann—Whit-
ney U test using Prism (v7.0; GraphPad) in a voxel-wise manner
under the assumption that all voxels are independent from each
other. This assumption is based on the fact that each voxel reflects
a regional tumor characteristic containing a certain type of tis-
sue with cells that behave in a certain way depending on their
own environment but independent on the neighboring voxels,
and which could be influenced by the treatment. We assumed
that all cells in the same treatment group behave similarly under
similar circumstances independent if they are in the same animal
or in a different animal.

Immunohistological analysis

After animals were sacrificed by intravenous injection of
euthasol (0.5 mL/kg), tumor tissue was harvested, fixated
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in 10% buffered formalin overnight, paraffin-embedded,
and sectioned into slides of 5-8 um. Histopathological
characterization was correlated with imaging findings.
Tumor necrosis was confirmed with hematoxylin/eosin
(H&E) staining and further characterized by markers indi-
cating cell viability and proliferation (PCNA Monoclonal
Antibody, Thermo Fisher Scientific, catalogfMA5-11,355;
dilution 1:400) as well as apoptosis (TUNEL Apoptosis
Detection Kit, Millipore, Cat#17-141). Additionally, tuamor
sections were evaluated for markers of immune response,
in which the presence of antigen-presenting cells (APC)
and T-lymphocytes was investigated through IHC analy-
sis using anti-HLA-DR (Cat#ab166777, Abcam; dilution
1:1000) and anti-CD3 (Cat#ab11089, Abcam; dilution
1:200), respectively. IHC staining results were analyzed
qualitatively and quantitatively using Aperio ImageScope
(v12.3.3.5048, Leica Biosystems) at X 20 magnification. As
a computer-driven quantitative image analysis, percentage
cell positivity was assessed with ImageScope v12.3 posi-
tive-pixel-count-algorithm using whole slide analysis ver-
sus selection of 2 mm? hot spot area in three representative
field of views (X 20 magnification) on one stained slide per
rabbit and staining. A positivity index (PI) was calculated
as percentage of positively stained cells of total cell count
and is presented as mean of all analyzed representative
regions. The PI was assessed separately for intratumoral or
extratumoral areas and for both HLA-DR and CD3 stain-
ings in each group.

Results

pH.mapping reveals deacidification of TME
following bicarbonate-enhanced ¢TACE

pH, mapping with BIRDS was used to monitor therapy-
induced changes of tumor pH,. Examples of colored
pH, maps are shown in Fig. 2. To compare effects of
different chemoembolic regimens, the average intra-
tumoral pH, value (Fig. 3a) and normal liver pH,
(Fig. 3b) were calculated in a voxel-wise manner for
each TACE treatment. Results are depicted in Table 1.
These measurements revealed significant acidosis of
the tumor tissue in untreated controls as compared to
liver parenchyma (p < 0.0001). The use of bicarbonate
prior to cTACE was the only combination to signifi-
cantly increase tumor pH, 24 h after therapy compared
to cTACE alone (p =0.0025) and control (p =0.0175). In
contrast, cTACE alone (p =0.8763), Oncozene™-TACE
(p=0.3402) and LUMI™-bead-TACE (p =0.8763)
administered alone or combined with bicarbonate
(p =0.6485 and p =0.8889, respectively) did not reveal
a significant modulating impact on pH, as compared to
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control. Although injection of sodium bicarbonate prior
to DEE-TACE with LUMI™-beads was associated with
a slight increase in pH, as compared to LUMI™-beads
alone (p =0.0952), bicarbonate prior to Oncozene™-
TACE did not modulate pH, as compared to the use of
Oncozenes™ alone (p =0.5209). Local intra-arterial
infusion of bicarbonate solution alone (p =0.3660) did
not show any ability to modulate pH, when compared to
control (p =0.3660). Complete recovery of tumor pH, to
physiological conditions was not achieved with sodium
bicarbonate, with tumor pH, remaining lower than liver
pH, in all groups.

Lipiodol TACE

Oncozene™ TACE

Impact of different chemoembolic materials
on tumor viability

Qualitative analysis of histopathological PCNA indicated similar
extent of immediate therapy-related inhibition of tumor cell pro-
liferation in cTACE, Oncozene™-DEE-TACE, and LUMI™-
DEE-TACE as compared to untreated control and intra-arterial
bicarbonate infusion alone (Fig. 2, third row). TUNEL stain-
ing demonstrated equal therapy-induced tumor apoptosis and
necrosis across all embolized tumors compared with little posi-
tive TUNEL staining in animals receiving no treatment or intra-
arterial bicarbonate infusion only (Fig. 2, bottom row).

Control

pH maps

H&E

TUNEL

Fig.2 Impact of different chemoembolic materials on tumor viability
and extracellular pH. In the first row, examples of pH, mapping with
BIRDS are shown where MRSI data (red) and pH, maps inside the
tumors (outlined in red) were overlaid onto corresponding anatomi-
cal T|-weighted MR images of one exemplary rabbit for each treat-

20X

ment group. Photomicrographs of hematoxylin—eosin (H&E)-stained
tissue slides (second row) represent assessment of gross morphol-
ogy. Exemplary regions in the tumor center of PCNA (third row) and
TUNEL (fourth row)-stained specimens indicate evaluation of cell
viability and necrosis, respectively

Fig.3 pH, measurements inside a Tumor pHe b Liver pHe
and outside the tumors. The
average pH, was calculated 7.39 = Control 734
@ e et o s DEMEL. o
surrounding, tumor-free liver - | LR Oncozenes TACE T
parenchyma. The error bars s 717 * % = Oncozenes TACE + BC £ 717
represent the standard deviation 3 7.04 m LUMI Beads TACE 3 7.0+
for each treatment. Significant § ’ =3 LUMI Beads TACE +BC §
differences are indicated by * £ 6.9 =1 BConly £ 6.9-
between the different treatment w "
options (*p <0.05; *%p <0.01) 6.8 6.8
6.7 6.7~ T T T T
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Table 1 Extracellular pH in tumor tissue and liver parenchyma derived from pH mapping with BIRDS

Control cTACE Oncozenes™ LUMI™-beads BC only
+BC +BC +BC
Tumor pH (mean+SD)  6.82+0.11 6.81+0.02 6695+0.05 6.77+0.07 6.80+0.02 6.83+0.02 6.86+0.01 6.76+0.04
Liver pH, (mean + SD) 7.16+0.06 7.18+0.04 7.13+0.05 724+0.06 7.19+£0.02 7.20+0.02 7.18+0.03 7.18+0.04

Immunohistochemistry staining

IHC staining of HLA-DR" APCs and CD3* T-lymphocytes
revealed differences in immune-modulating effects on the
TME across different treatment groups. Intratumoral (Fig. 4)
and peritumoral (Fig. 5) regions were analyzed separately
for the presence of HLA-DR™ and CD3* cells and positivity
indices were calculated for each group (Fig. 6).

Untreated tumor controls

In untreated controls, histological analysis revealed a lack of
tumor-infiltrating APCs and T-lymphocytes. In contrast, about
a third of peritumoral cells were either HLA-DR* or CD3™.

An addition of bicarbonate infusion without further treat-
ment did not strongly alter the immune cell profile intra- or
peritumorally compared to controls.

¢TACE without and with addition of bicarbonate

In cTACE-treated tumors, little intratumoral immune cell infil-
tration was noticed and peritumoral infiltration was diminished

Lipiodol TACE

Oncozene™ TACE

compared to controls. Combined bicarbonate-cTACE therapy
restored intratumoral and especially peritumoral APC infiltra-
tion without a strong effect on T-cell infiltration.

DEE-TACE with Oncozenes” without
and with addition of bicarbonate

DEE-TACE using Oncozenes™ enabled moderate intratu-
moral recruitment of both APCs and T-lymphocytes. Peritu-
moral APC infiltration was predominant across all treatment
groups with a positivity index of 90%, while T-lymphocyte
accumulation was not increased as compared to controls.
While the use of bicarbonate prior to Oncozene™-TACE did
not favor intratumoral immune recruitment, the density of
peritumoral APC infiltration was reduced without meaning-
ful changes in overall CD3*-cell distribution.

DEE-TACE with LUM™-beads
without and with addition of bicarbonate

LUMI™-pead-TACE-treated tumors displayed moderate
intratumoral immune cell infiltration with fewer immune

LUMI™ bead TACE

Control r -
+BC

HLA-DR H&E

CD3

Fig.4 Intratumoral distribution of immune cells across different
treatment groups. Photomicrographs of H&E-stained slides (first
row, X 0.5-1 magnification) indicate the area ofx20 magnification
for IHC staining of HLA-DR (second row) and CD3 (third row)
receptors across the different treatment and control groups. Intratu-
moral presence of HLA-DR* APCs and CD3* T-cells is moderate
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BC only

+BC +BC

X1-50

X0¢T

in untreated control and bicarbonate (BC) infusion only and cTACE-
treated tumors, but enhanced in regimens using cTACE in combina-
tion with BC or DEE-TACE using Oncozenes™ or LUMI™-beads
with or without BC. Strongest intratumoral presence of APCs and
especially T-cells is seen when combining LUMI™-bead-TACE with
BC
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Lipiodol TACE

Oncozene™ TACE

Control r -
+BC

HLA-DR H&E

CD3

Fig.5 Peritumoral distribution of immune cells across different treat-
ment groups. Photomicrographs of H&E-stained specimens (first
row, X 0.5-1) indicate the area of X 20 magnification for IHC staining
of HLA-DR (second row) and CD3 (third row) receptors across the
different treatment and control groups. Moderate peritumoral pres-
ence of both HLA-DR + APCs and CD3* T-cells is seen in untreated
controls and tumors receiving bicarbonate (BC) infusion only, which

+BC +BC

X1-S°0

X0t

disappeared after treatment with cTACE, but reappeared when bicar-
bonate infusion was added to cTACE. Marked dense peritumoral
infiltration of especially APCs is seen in Oncozene™-treated rabbits,
but slightly reduced after additional BC infusion without meaningful
change in CD3" cell distribution. Peripheral accumulation of immune
cells is sparse in LUMI™-TACE-treated tumors with and without
additional BC infusion

a Peritumoral HLA-DR staining b Intratumoral HLA-DR staining B Control

100 - 60+ I cTACE
g 80~ g T l B cTACE +BC
x x p— -
§ 60 § 40 = Oncozenes
2 " 2 3 Oncozenes +BC
£ Z 204 B LUMI beads
7 74
& 207 I I & Ill 3 LUMI beads + BC

0- | 11N &8 III 3 BConly
1 1 1

C Peritumoral CD3 staining d Intratumoral CD3 staining

50+ 80—
& 40 £ so- il
b >
$ 5
E 304 2,
2 277
= 204 =
'E "u'-; 20—
= g Im

0- 0- T T %‘

Fig.6 Positivity indices of HLA-DR and CD3 stainings across all
treatment groups. The average positivity index was calculated in both
peritumoral tissue for (a) HLA-DR and (¢) CD3 stained IHC slides

and intratumoral tissue for (b) HLA-DR and (d) CD3-stained IHC
slides. The error bars represent the standard deviation for each treat-
ment group
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cells being observed peritumorally. In contrast, prior bicar-
bonate therapy seemed to strongly modulate the effects of
LUMI™-bead-TACE on both APC and T-cell infiltration
intratumorally while not exerting any therapy-induced peri-
tumoral cell recruitment.

Discussion

The presented results indicate that addition of bicarbonate
to cTACE is the only across all tested combinations suc-
cessfully normalizing tumor pH, towards a higher, more
physiological value. Furthermore, a key finding from IHC
staining results is that different chemoembolic regimens
result in different immune reactions manifesting in unequal
accumulation and migration of APCs and T-lymphocytes in
tumor tissue.

The tight relationship between metabolic characteristics
and immune-evading mechanisms of cancer cells has been
subject of recent discussions and investigations [15, 19, 29].
As previously described [19], untreated tumors are charac-
terized by low pH,, which can be significantly elevated by
combined cTACE and pH-buffering therapy with sodium
bicarbonate. However, similar effects were not observed
when combining DEE-TACE with bicarbonate. A possible
explanation may be a higher capacity of cTACE to capture
and trap bicarbonate due to the subsequent administration of
Lipiodol, which penetrates into small vessels and occludes
the outflow tract, followed by microspheres obstructing
larger inflow vessels. In contrast, DEEs may only embolize
larger vessels of the inflow tract, potentially leading to bicar-
bonate washout through small vessels, which remain patent.
Injection of bicarbonate alone did not modulate pH, com-
pared to control, suggesting that embolization with Lipiodol
is a critical component to contain bicarbonate and allow it to
exert its pH,-modulating effect. The ability to monitor pH,
modulation in vivo is especially powerful due to the close
link between metabolism and immune-evading mechanisms
of tumor cells hampering beneficial treatment outcomes
[15, 29]. Low pH, has been proven to result in inhibition of
T-cells [14] and monocyte migration [16], contributing to
tumor immune evasion.

Consistent with previous work [13], histopathological
analysis of control samples revealed immune cell recruit-
ment only at the margins of untreated tumors, indicative of
strong interdependence between TME acidity and immune
cell infiltration. Accordingly, buffering pH, through com-
bined cTACE therapy and sodium bicarbonate re-established
local immunopermissiveness as compared to cTACE alone.

These findings imply that in addition to pH, modula-
tion, the choice of the chemoembolic regimen itself can
affect anti-tumor immune responses. After DEE-TACE
with Oncozenes™, pH, was the lowest across all treatment
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groups. Yet, moderate intratumoral immune infiltration
was present and peritumoral immune accumulation was the
strongest across all groups. A contributing factor may be the
use of Idarubicin, which has a higher toxicity index towards
HCC compared to Doxorubicin [30], possibly causing more
aggressive tumor destruction unmasking shielded tumor-
associated antigens to APCs, which set the ground for early
immune activation and recruitment of T-cells [31]. Further-
more, a more distal embolization caused by the Oncozenes
compared to Lipiodol may allow for remaining collateral and
portal blood flow allowing immune cell migration and the
non-resorbable, negatively charged hydrogel microspheres
themselves may cause an innate immune reaction as foreign
material to the body, more immunogenic than Lipiodol-
Doxorubicin emulsion. This could also trigger HLA-DR
expressing APCs such as macrophages and dendritic cells,
which then engage cytotoxic T-cells [31]. Unlike cTACE,
combining Oncozenes™ with bicarbonate did not further
enhance local inflammatory response, which is congruent
with pH, mapping results showing no modulation of pH,
compared to Oncozenes™ alone.

Similar to DEE-TACE with Oncozenes™, treatment with
LUMI™-beads led to moderate intratumoral presence of
predominant APCs but also T-cells, supporting the hypothe-
sis of immune response caused by microspheres themselves.
In contrast to Oncozenes™, almost no peritumoral immune
cell infiltration occurred with LUMI™-beads alone. When
combined with bicarbonate, pH, imaging showed a small
but insignificant increase compared to LUMI™-TACE alone
(p=0.0952), implying an improved mechanism preventing
bicarbonate washout using LUMI™-beads compared to
Oncozenes™. Additional to its pH-modulating effect, in pre-
vious studies, bicarbonate has shown to enhance the inflam-
matory response through activation of signaling pathways
in macrophages [32] and can increase the cellular uptake
of Doxorubicin, resulting in improved therapeutic outcome
and an increment of immune cells in the TME [33]. Over-
all, bicarbonate-adjacent LUMI™-bead-TACE showed the
strongest intratumoral accumulation of APCs and T-lympho-
cytes across all regimens. The stable and constant release of
the chemotherapeutic agent in LUMI™-bead-TACE com-
pared to cTACE [34] might possibly lead to a prolonged
necrotic effect and uncovering of tumor-antigens, and there-
fore, immune-cell recruitment as well as a prolonged weak-
ening of immune evasion mechanism of the tumor might
contribute to the ability of immune cells to migrate into the
tumor. This intratumoral immune cell presence in direct con-
tact with malignant cells is associated with prolonged sur-
vival and better response to immunotherapy [35, 36]. Hence,
understanding the diverse immune-modulating effects of dif-
ferent TACE regimens is of clinical importance. The goal of
immunotherapy is to boost patient’s own anti-tumor immune
response by rescuing impaired T-cell function and immune
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surveillance [37]. HCC is an immunogenic tumor develop-
ing in an immune-suppressed environment, making it mod-
erately susceptible to immunotherapies [38] and resulting
in modest clinical improvement [39]. Recent investigations
on VX2 tumor-bearing rabbits treated with local radiofre-
quency ablation demonstrated not only an upregulation of
pro-inflammatory cytokines and increased antitumoral T-cell
response but also improved prevention of tumor spread and
survival after combination with TLR9 agonists [40]. Simi-
lar mechanism might appear in combination of TACE with
immune-modulatory treatments. Thus, an investigation of
cytokine levels and dynamics after TACE treatment espe-
cially when combined with immunotherapeutics is of great
interest to further improve response rates in patients with
advanced HCC and should be conducted in future studies.

Anticipation of greater efficiency of favorable immuno-
logical effects of TACE [20, 21] in combination with immu-
notherapy has provided a rationale to start several clinical
trials combining TACE with nivolumab (NCT03143270,
NCT03572582), pembrolizumab (NCT03397654), and many
other immunotherapies [38]. To achieve maximal treatment
effects, the choice of the chemoembolic regimen has to be
deliberated as it can strongly enhance or inhibit the innate
immune response, herein affecting response rates. Further
experimental and clinical research on modifying effects of
available materials on the TME is necessary.

A limitation of this study is the use of rabbits carrying a
VX2 tumor of non-hepatic origin, lacking associated con-
ditions often present in HCC such as cirrhosis. However,
the VX2 liver tumor model is established for HCC animal
studies and has shown to be fairly predictive of clinical
outcomes [41, 42]. In general, there are limited options
for TACE in animal models; therefore, the rabbit was cho-
sen as a compromise for the purpose of this radiological-
pathological study. Furthermore, the relatively low spatial
resolution resulting from BIRDS imaging leaves room for
improvement in future experiments which could be achieved
by applying more efficient k-space sampling methods or
increasing the signal-to-noise ratio using a more sensi-
tive coil. Another limitation is the missing differentiation
between CD4 + T-helper cells and cytotoxic CD8 + T-cells.
During our experiments, we tried different anti-CDS8 + and
anti-CD4 + antibodies, but unfortunately none of them
showed sufficient or specific staining. In general, many anti-
bodies are not feasible for staining on rabbit tissue since
rabbits are often used as hosts in antibody production and
therefore strong background staining may appear.

Given the small sample size and short follow-up period,
the benefits of combined metabolic and immunologic
responses in HCC should be considered a proof-of-concept
observation laying the groundwork for further investiga-
tion including longitudinal monitoring of immuno-met-
abolic changes. However, given that such multi-modal

comparisons are difficult in clinical populations due to dis-
ease heterogeneity, some plausible conclusions about TACE
with various embolic materials and chemotherapeutics can
only be made in a preclinical study as shown here.

In conclusion, our findings indicate that there are nota-
ble differences in TME modulating effects between differ-
ent chemoembolic regimens used for TACE. Several clinical
studies combining intra-arterial therapies and immunothera-
pies are already ongoing. Taking immunogenic capacity
of the different chemoembolic materials into consideration
when designing future studies may augment the immune-
enhancing abilities of immunotherapies and increase their
response rates.
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