





Multi-colour immunohistochemistry (IHC)

Multiplex immunostaining for CD4, CD8, FOXP3 and
PD-1 was performed on 2 pm tissue sections using a
pre-optimized protocol.33 Individual count of CD8 +
and/FOXP3, CD8+/PD-1+ co-immunopositive cells was
performed in tissue photomicrographs assessed at 450x
magnification across tumorous and non-tumoral areas
and reported as cellular density per mm”® of tissue. Every
sample was scored on the basis of the mean of three
independent readings per region. A subset of samples
with viable residual tumor post TACE paired with TACE-
untreated controls underwent single marker immunos-
taining for biomarkers of T-cell exhaustion including
PD-L1 (EI1L3N, CST Cat. Nr. 13684), indoleamine 2,3
dehydrogenase (IDO-1, D5J4E, Cat. Nr. 82723), Tim-3
(Cat Nr. AF2365), Lag-3 (EPR20261, Cat Nr. Ab209236),
CTLA-4 (F-9, Cat Nr. sc-376016) and CD163 (10D6, Cat
Nr. NCL-L-CD163) according to a previously optimized
protocol.”* Lag-3 and CTLA-4 were scored as number
of immune-positive lymphocytes at 450x magnification.
PD-L1 expression was scored categorically using a 1% cut-
off value, as routinely employed in clinical trials of ICI.
IDO-1, Tim-3 were evaluated using a semi-quantitative
score (H-score, range 0-300) derived from multiplying
the percentage of positive cells (1% cut-off) by chromo-
genic intensity (ranked from 0 to 3).

DNA/RNA purification

Tissue specimens were quality controlled by a consul-
tant histopathologist (FAM) on H&E sections to identify
target areas containing >20% of viable tumor prior to
molecular profiling. DNA and RNA were purified from
10 pM-thick FFPE sections using the AllPrep DNA/RNA
FFPE Kit (Qiagen, Venlo, NL, Cat. 80234). DNA/RNA
quantification was performed on an ND2000 Nanodrop
spectrophotometer (Thermo Fisher Scientific, Lough-
borough, UK).

NanoString immune profiling and high-resolution T-cell
receptor (TCR) sequencing

In a subset of samples (n=24), targeted transcriptomic
profiling was performed on 200 ng of total RNA using the
NanoString PanCancer-Immune panel on an nCounter
Analysis System (NanoString Technologies, Seattle, Wash-
ington, USA) and analyzed using the nSolver Analysis
Software (NanoString Technologies). Raw counts from
gene expression data were normalized to the mean of
the positive control probes for each assay and to the
geometric mean of housekeeping genes in the codeset.
We used unsupervised clustering to generate a heatmap
of the normalized data to quantify the relative abundance
of each transcript in cases versus controls (n=12each).
In total, 23/24 samples had sufficient DNA to undergo
parallel sequencing of the CDR3 regions of human
TCR-beta chain sequencing using the immunoSEQ
Assay (Adaptive Biotechnologies, Seattle, Washington,
USA).» Tecell density was calculated by normalizing TCR
template counts to the total amount of DNA that was

usable for TCR sequencing. The amount of usable DNA
was determined by PCR amplification and sequencing of
housekeeping genes. Clonality was computed on produc-
tive rearrangements and defined as 1-Peilou’s evenness.
Richness was calculated using the preseqR package.™

Statistical analysis

Descriptive statistics are presented as medians or means.
Comparisons of proportions were performed using
Pearson’s %° or Fisher’s exact tests and comparisons of
medians were evaluated by Mann-Whitney U tests. Pear-
son’s or Spearman’s correlation coefficient tests were
used to investigate correlations between clinicopatholog-
ical variables. Analyses of survival were performed using
Kaplan-Meier and Log-rank test followed by Cox regres-
sion analyses using a backwards elimination approach.
Differential expression of specific genes in RNA expres-
sion experiments was determined using the false
discovery rate method of Benjamini and Hochberg, with
pre-defined g-value of 5%. All statistical analyses were
performed using SPSS V.26.0 (IBM Inc) and GraphPad
Prism (GraphPad software, La Jolla, California, USA). All
estimates were reported with 95% CIs and a two-tailed
level of significance of p<0.05.

RESULTS

Patient characteristics

In total, 119 archival tissue samples from patients who
underwent liver resection (n=25, 21%) or transplanta-
tion (n=94, 79%) for HCC between 2005 and 2018 were
included (100 men, 19 women). Median age at surgery
was 54 (range 41-71). The majority of patients had
cirrhosis (n=166, 97%) mostly secondary to hepatitis C
virus infection (n=88, 74%) followed by alcohol excess
(n=21, 18%). The majority of patients were in Child Pugh
class A (n=65, 55%) had Tumour Node Metastasis (TNM)
stage I disease (n=73, 61%) and had an overall BCLC
stage A (n=92, 77%).

A total of 58 patients had TACE prior to surgery (T+,
n=58, 49%), whereas 61 did not (T-, 51%). Median
number of TACE procedures in T+ patients was 1 (range
1-5). Median interval from last TACE to surgery was 3.4
months (range 2-11 months). Twenty-one (17%) out
of the 58 T+ patients had histological evidence of post-
treatment necrosis in 250% of the examined tumor tissue.
Compared with T—, T+ patients were balanced in terms of
maximum tumor diameter (2.3 vs 2.5cm, p=0.93), BCLC
stage (proportion of BCLC A/B, 88% vs 95%, p=0.32),
Alpha-foetoprotein levels (AFP)(median 8 vs 13.6ng/
mL, p=0.77) and Child-Pugh class (Child-Pugh A 67% vs
70%, p=0.41). However, T+ patients had higher T stage
(T=22, 84%) compared with T- (T=2, 47%, p<0.001). In
the 103 patients with recurrence data available, 26 (22%)
had documented disease relapse after resection (n=12,
54%) and 14 after transplantation (17%). The median
RFS time was not reached, the mean was 131 months
(95%CI 109 to 153). Thirty-two patients died during
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Representative sections illustrating architectural features of an HCC sample resected after TACE on standard

H&E stain (Panel A). Red arrows highlight deposition of embolic material to the immediate vicinity of a viable HCC tumor
deposit, marked by a blue dashed line (magnification 200x). Panel B highlights T-cell phenotypic characteristics by multiplex
immunohistochemistry for CD4 (brown chromogen), FOXP3 (green chromogen), CD8+ (red chromogen), PD-1 (blue chromogen)
and CD8+/PD-1 co-expression (purple chromogen). TACE pre-treatment (Panel B) is associated with less intense T-cell infiltrate
compared with a TACE-untreated case (Panel C). Panels D-G illustrate representative sections of PD-L1 (Panel D), IDO-1

(Panel E), Tim-3/CD163 (Panel F) and Lag-3/CTLA-4 (Panel G) intratumoral staining corresponding to the H&E section shown

in Panel B. CTLA-4, cytotoxic T-lymphocyte associated protein 4; HCC, hepatocellular carcinoma; IDO-1, indoleamine 2,3
dehydrogenase; PD-1, programmed-cell death 1; TACE, trans-arterial chemoembolization.

follow-up (27%) and the median OS for the whole cohort
was 130 months (95% CI 101 to 159 months).

Phenotypic characteristic of the T-cell infiltrate in HCC

For each sample, we evaluated phenotypic characteristics
of the T-cell infiltrate on intratumoral (IT) and peritu-
moral (PT) areas of archival samples as well as in non-
tumoral (NT) background liver. Representative sections
are shown in figure 1. The overall distribution of CD8+,
CD4+/FOXP3+ and CD8+/PD-1+ T-cells is reported
in online supplemental figure 1. As shown in figure 2,
IT areas of T+ samples had significantly lower median
CD4+/FOXP3+ (8.2 vs 40.8 cells/mrng, p=0.006), total
CD8+ (32.7 vs 118.4 cells/mmg, p=0.002), and CD8+/
PD-1+co-immunopositive cells (16.3 vs 36.7 cells/me,
p<0.001) compared with T- samples. The distribution
of CD4+, CD8+, CD4+/FOXP3+ and CD8+/PD-1+ T=cell
density in PT infiltrate was not associated with TACE pre-
treatment, however, in NT areas, T- samples had a lower
median density of CD8+/PD-1+ cells compared with T+
(9.4 vs 146.4cells/mm? p<0.001, online supplemental
table 2), whereas all other NT cell subpopulations showed
no difference in distribution.

In patients that were radiologically evaluable for
relapse (n=103), samples with higher (ie, =median)
CD4+/FOXP3 + density in IT were characterized by a
significantly shorter RFS (HR 4.2, 95%CI 1.4 to 12.5,
median RFS not reached vs 57 months, Log rank p=0.005,
figure 3). We found no relationship between CD4+/

FOXP3 + density in PT areas, nor CD8+/PD-1+ density in
either IT, PT nor NT areas with either RFS or OS (p>0.05).
Multivariate Cox regression analyses of RFS confirmed IT
CD4+/FOXP3 + densityto predict for shorter RFS (HR
3.5, 95%CI 1.1 to 10.8, p=0.028) following adjustment
for TNM stage, Child-Pugh class and median AFP levels
(online supplemental table 3). Neither characteristics of
the IT nor NT T-cell infiltrate were associated with the
presence of necrosis postTACE (online supplemental

figure 2).

TACE pre-treatment is associated with distinctive phenotypic
features of T-cell infiltrate but not clonality

To complement the multiplex-immunohistochemistry
data showing depletion of CD4+/FOXP3 + cells in HCC
samples pre-treated with TACE, we performed an explor-
atory targeted transcriptomic analysis of a smaller subset
of 24 patient samples with viable tumor tissue. We used
the nCounter PanCancer Immune Profiling panel in 12
T+ and 12 T- samples to provide mechanistic insight into
the molecular drivers characterizing the tumor immune
microenvironment in association with TACE response
(online supplemental figure 3). As shown in figure 4,
directed gene set analyses demonstrated increased
expression of transcripts belonging to a number of func-
tional domains including secretion of chemokines, regu-
lation of immune cell function, complement cascade
activation and production of interleukins and cytokines.
We subsequently assessed differential expression of
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Figure 2 Histograms illustrating the relationship between
CD4+, CD8+, CD4+/FOXP3 + and CD8+/PD-1+tumor
infiltrating lymphocytes and prior-treatment with TACE (T+/
T-) in patients with HCC, assayed across intratumoral (IT),
peritumoral (PT) and non-tumoral (NT) background liver
areas. TACE pre-treatment (T+) was associated with lower
T-cell density values for IT CD8+, CD4+/FOXP3+, CD8+/PD-
1+ cellsand NT CD4+/FOXPS3 + cells. **p<0.01, ****p<0.001.
HCC, hepatocellular carcinoma; PD-1, programmed-cell
death 1; TACE, trans-arterial chemoembolization.

individual genes across T+/T- groups and demonstrated
significant upregulation of IRF2, an interferon-regulated
transcription factor acting downstream of alpha and beta
interferons in T+ (figure 4B). We next evaluated whether
TACE pre-treatment was associated with differential

immunohistochemical expression of a panel of co-in-
hibitory signals in the same sample group. As shown in
online supplemental figure 4, there was no difference in
the expression of co-inhibitory proteins including PD-L1,
IDO-1, Lag-3, Tim-3 or CTLA-4, nor differential distri-
bution of CD163 cells intratumorally or peritumorally.
Lastly, we evaluated whether TACE pre-treatment might
influence measures of T-cell clonality by high-resolution
TCR-beta chain sequencing using the ImmunoSEQ assay.
As shown in figure 4, we found no evidence for an asso-
ciation between prior treatment with TACE and T-cell
clonality within the intratumoral infiltrate as measured by
a number of reproducible readouts including productive
clonality, productive entropy and evaluation of the most
frequently identified clonotypes (top, top 10 and top
100) across sample groups.

DISCUSSION

Immunogenic cell death (ICD) is a cell death modality
characterized by elicitation of an immune response
against dead cell antigens. The majority of anti-cancer
therapeutic strategies such as chemotherapy™ or targeted
therapy are inducers of apoptosis,” a process that by defi-
nition is poorly immunogenic and may in some instances
promote tolerogenic responses.

There is long-standing evidence to suggest that local
ablative therapy induces T-cell responses against tumor
as well as recall antigens in HCC,”' however these are
insufficient to induce protective immunity against disease
relapse. Limited but compelling evidence suggests the
presence of immune-exhausted, antigen-specific CD8 +
T-cell responses in intratumoral and peri-tumoral infil-
trating lymphocytes in HCC,”™ and that relative abun-
dance of tumour-associated antigen responses is higher
in patients pre-treated with TACE. However, the relative
contribution of regulatory T-cells in shaping the pheno-
typic characteristics of such heavily immune-exhausted
effector response has not been fully appreciated.

Our study on retrospective archival samples of HCC
shows that patients treated with prior TACE are charac-
terized by lower proportion of cytotoxic T-cell infiltrate,
as evidenced by reduced CD8 + cell density in TACE-
pretreated patients. Phenotype studies of the cytotoxic
T-cell branch showed a reduction in immune-exhausted
CD8+/PD-1+ populations within the tumor and in the
surrounding cirrhotic parenchyma compared with TACE-
untreated controls, a population linked with resistance
to immunotherapy in HCC.” In addition, TACE pre-
treatment is associated with lower regulatory T-cell density
within the tumor. Interestingly, patients with lower intratu-
moral CD4+/FOXP3 + cells had a significantly lower risk
of relapse following radical therapy for HCC, providing an
important link in the interplay between TACE-associated
reduction in the regulatory infiltrate and long-term prog-
nosis of these patients. These results trace an interesting
parallel with studies of ICD in other malignancies, where
density of T-regs and exhausted cytotoxic lymphocytes
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Figure 3 Kaplan-Meier curves illustrating the relationship between characteristics of the T-cell infiltrate found differentially
regulated in association with TACE and recurrence-free survival of patients with HCC. IT and CD4+/FOXP3 + andNT CD4+/
FOXP3 + butnot IT CD8+/PD-1+ T-cell density were significantly associated associated with RFS. HCC, hepatocellular
carcinoma; IT, intratumoral; NT, non-tumoral; PD-1, programmed-cell death 1; RFS, recurrence-free survival; TACE, trans-arterial

chemoembolization.

measured in situ have been demonstrated as strong prog-
nostic factors for response to anti-cancer therapy.*’

In attempting to provide better functional insight to
the differences in T-cell infiltration observed in our in
situ profiling experiments, we used high throughput
sequencing technologies to verify whether prior treat-
ment with TACE was associated with broad differences in
gene expression within the tumour microenvironment
(TME) or diversity in T-cell clonality.

High-resolution T-cell receptor beta chain sequencing
revealed no evidence of a difference in T-cell clonality in
T+ versus T- samples using multiple readouts reflecting the
diversity of T-cell receptor V-D-] sequence rearrangements
within the intratumoral infiltrate. This is an important trans-
lational finding, in view of the importance of T-cell clonality
as a mechanism underscoring the efficacy of cancer immu-
notherapy across indications."’ On the other hand, tran-
scriptomic analysis showed evidence of a more intensely
inflamed TME in TACE-pre-treated samples, as demon-
strated by the significant upregulation of a number of pro-
inflammatory gene signatures in T+ compared withto T-.

Candidate gene analysis revealed IRF2, a transcriptional
repressor of PD-L1 and active regulator of a number of
components of the Major Histocompatibility Complex-I
pathway,* to be enriched in T+ samples. Because IRF2 loss
leads to the positive regulation of co-inhibitory signals, we
performed targeted IHC experiments on the same subset
of T+/T- samples to verify the differential expression of a
panel of actionable drivers of T-cell exhaustion alongside
CD163 a marker identifying M2-polarized macrophage,
an abundant myeloid component within the HCC TME.*
Interestingly, we found no difference in the expression
of any of the assayed co-inhibitory signals in relation-
ship with TACE pre-treatment, a finding that leads us to
postulate the independence of these pathways from IRF2-
mediated transcriptional regulation: a point that should be
explored in future mechanistic studies. Recent evidence
in KRAS-mutant colorectal cancer models, a notoriously
immunotherapy-resistant tumor, suggests IRF2 to downreg-
ulate chemoattraction of myeloid suppressive cells, under-
scoring the multifaceted role of this transcription factor in
regulating anti-cancer immunity beyond T-cell biology.**
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Figure 4 Targeted transcriptomic analysis of tumorous HCC tissue (n=24) using Nanostring PanCancer Immune profiling
illustrates the differential regulation of 11 gene expression signatures on the basis of TACE pre-treatment using directed gene
set analysis (GSA) and confirms significant upregulation of IRS2 in TACE-pre-treated samples (Panel B). Panel C: histograms
illustrating the distribution of productive clonality, productive entropy and number of most frequently identified clonotypes as
assayed by deep sequencing of the TCR-beta chain. HCC, hepatocellular carcinoma; TACE, trans-arterial chemoembolization;

TCR, T-cell receptor.

Taken together, our study provides important evidence
to suggest that TACE pre-treatment may be characterized
by profound and prognostically important changes in the
functional characteristics of the immune cell infiltrate.

These findings are of key translational importance,
as they provide a rationale for the evaluation of ICIs
alongside TACE. This is an area of active investigation,
where combinations of PD-1/PD-L1 inhibitors with
either CTLA-4 or anti-vascular agents are being pursued
in absence of a strong immunologic rationale and simply
based on evidence of efficacy in advanced disease.

While early-phase studies of locally ablative therapies
in combination with CTLA-4 antagonist have shown
evidence of CD8 + Tcell enrichment in paired pre/
post-treatment biopsies,”” the modest effect of PD-1
and CTLA-4 inhibitors as a monotherapy in improving
outcome of patients with advanced HCC casts legiti-
mate doubts as to their potential to improve survival in
intermediate-stage disease.

Our study provides renovated emphasis on strategies to
deplete T-reg cells and control of T-reg cell functions to
increase antitumor immune responses in the context of
TACE."

Interestingly, VEGF inhibition can reduce the differ-
entiation of T—regs47 and unsurprisingly, combination of
PD-L1 inhibitors with bevacizumab has shown evidence
of enhanced activity in advanced HCC compared with
PD-1 monotherapy.'” A number of approaches are being
tested to improve selectivity of immune-based interven-
tions towards T-reg depletion or functional modulation:

our result provide a rational basis for their development
in combination with TACE.*

We acknowledge the retrospective, case—control
study design as an important limitation to our observa-
tion. Unfortunately, none of the patients on this study
had pre-TACE tumor biopsies available for analyses. In
clinical practice, tumor biopsies are in fact very rarely
performed in patients amenable to radical therapies if
they satisfy non-invasive diagnostic criteria.” In our partic-
ipating centers, pre-treatment biopsies are generally not
performed in patients who are candidates for resection or
liver transplantation due to the potential risk of seeding.*

Another important limitation is the lack of standardiza-
tion in terms of interval from TACE to surgery as well as
in the number of TACE procedures performed, factors
that we could not control for given the retrospective
and observational nature of our study. Patients in the T+
group had also higher TNM stage. This is perhaps unsur-
prising given the predominant indication for TACE in
this population was downstaging and small tumors would
have been more likely to undergo upfront resection or
transplantation.

Standardization of times between TACE to surgery,
although scientifically desirable, would be impossible to
achieve even in the context of a prospective study given
that time from downstaging/bridging TACE to liver
transplantation is dependent on donor organ availability
and cannot be controlled for. Longitudinal monitoring
of T-cell characteristics pre-TACE and post-TACE at pre-
defined intervals was only prospectively feasible in a study
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of subtotal embolization or ablation: procedures that are
therapeutically suboptimal and may not reflect the full
extent of immune activation within the tumor micro-
environment.”” In our study, we concentrated immune
phenotyping analyses on restricted T-cell populations that
are functionally related to the mechanism of action of
ICIs. Other adaptive and innate mechanisms of immune
response may be involved and underscore the efficacy
of TACE. Prospective studies on fresh frozen samples
may shed more light on the role of tumor and host
determinants of immune-exclusion using multi-omics
technologies.” Lastly, it should be acknowledged that
patients evaluated in this study were surgical candidates
mostly within BCLC A-stage criteria and that TACE was
performed as bridging or downstaging therapy prior to
radical approaches. Therefore, caution should be made
in extrapolating our results to BCLC-B HCC patients who
routinely receive TACE as a palliative rather than a down-
staging oncological therapy and that are at the focus of
clinical trials. The immune regulation of the microenvi-
ronment after TACE may in fact be different as a result
of advancing stage of the disease and ongoing clinical
trials of TACE/immunotherapy combinations will define
whether immunotherapy exerts truly synergistic effects in
combination with TACE.

In spite of the acknowledged limitations, this is the first
study to comprehensively evaluate the influence of TACE
in the TME from resected specimens. Demonstration of
the key role of regulatory T-cell responses should priori-
tize targeting of negative regulators of anti-cancer immu-
nity alongside TACE, with a particular emphasis of T-reg
targeting, in an attempt to improve response and survival
following loco-regional therapies for HCC.
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