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SUMMARY
Immune checkpoint-inhibitor combinations are the best therapeutic option for advanced hepatocellular car-
cinoma (HCC) patients, but improvements in efficacy are needed to improve response rates. We develop a
multifocal HCC model to test immunotherapies by introducing c-myc using hydrodynamic gene transfer
along with CRISPR-Cas9-mediated disruption of p53 in mouse hepatocytes. Additionally, induced co-
expression of luciferase, EGFP, and the melanosomal antigen gp100 facilitates studies on the underlying
immunological mechanisms. We show that treatment of the mice with a combination of anti-CTLA-4 +
anti-PD1 mAbs results in partial clearance of the tumor with an improvement in survival. However, the addi-
tion of either recombinant IL-2 or an anti-CD137 mAb markedly improves both outcomes in these mice.
Combining tumor-specific adoptive T cell therapy to the aCTLA-4/aPD1/rIL2 or aCTLA-4/aPD1/aCD137 reg-
imens enhances efficacy in a synergistic manner. As shown by multiplex tissue immunofluorescence and
intravital microscopy, combined immunotherapy treatments enhance T cell infiltration and the intratumoral
performance of T lymphocytes.
INTRODUCTION

Immunotherapy with checkpoint inhibitors has become the

backbone of first-line treatments for advanced hepatocellular

carcinoma (HCC).1,2 Formerly, sorafenib was considered the first

treatment choice. However, randomized clinical trial results have

conclusively shown that combinations of the anti-PDL1 mAbs

(monoclonal antibodies) atezolizumab or durvalumab with either

the anti-VEGF blocking mAb bevacizumab3 or with the anti-

CTLA-4 mAb tremelimumab,4 respectively, surpassed the over-

all survival benefit of sorafenib. The ongoing revolution of immu-

notherapy for HCC started demonstrating clinical activity in

second-line advanced HCC patients with the anti-PD-1 mAbs ni-

volumab5 and pembrolizumab.6 The clinical activity of the com-

bination of nivolumab with the anti-CTLA-4 mAb ipilimumab for

second-line treatment of sorafenib-refractory or intolerant pa-

tients was also conducive to FDA fast-track approval.7
This is an open access article under the CC BY-N
Although a remarkable improvement in patient survival has

been achieved, progress is needed to further enhance efficacy

and to discover predictive and pharmacodynamic biomarkers.

Hence, reliable mouse models for HCC immunotherapy are

considered a key goal. This is especially so as, despite consider-

able efforts, no reliable clinically useful biomarkers have been

identified.8,9

Dr. A. Lujambio’s group reported on an interesting mouse

model based on the hydrodynamic gene transfer of genetic ele-

ments into adult hepatocytes. This genetic intervention gave rise

to multifocal HCC subjected to immune surveillance when the

driving oncogene, MYC, was directly linked to expression of

strong foreign antigens. However, this model presents a strong

immune surveillance response that limits the utility of this model

as a platform for testing combination immunotherapies.10 More

recently, the model has been used to address the contribution

of several oncogenes to the carcinogenesis process.11 Due to
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the previous paucity of reliable animal HCCmodels for therapeu-

tic developments, this methodology holds much potential to

advance the field.12

The area of cancer immunotherapy as a whole is very actively

seeking synergistic combinations to advance the field address-

ing resistance mechanisms or acting on more than one mecha-

nism of action.13 Animal models in which immunotherapy exerts

suboptimal effects become crucial to evaluate new therapeutic

combinations and compare the efficacy of the approaches.

Otherwise, clinical experimentation on combinations including

triplets and higher order combinations in the absence of conclu-

sive preclinical evidence poses serious difficulties for physicians,

patients, and the pharmaceutical industry.

Themodel based on hydrodynamic gene intervention inserting

the c-myc oncogene and deleting p53 is also featured by some

level of heterogeneity among the multiple HCC foci. This is

considered relevant and advantageous since heterogeneity in

cancer is considered a serious obstacle14–16 that needs to be

overcome by cancer therapeutics.

In this study, a hydrodynamic gene transfer approach was

used to co-engineer c-myc expression, p53 disruption, and the

expression of EGFP, luciferase, and the human gp100 melano-

somal antigen. These multigenic interventions were possible

since in the hydrodynamic gene transfer experimental setting,

hepatocytes can simultaneously get transfected with multiple

constructs.10 In this experimental setting of multifocal HCC,

immunotherapy interventions using checkpoint inhibitors, cyto-

kines, and adoptive T cell therapy could be tested to improve

the outcome of immunotherapy combination regimens as well

as to interrogate the underlying immune mechanisms.

RESULTS

A multifocal HCC mouse model suitable for testing
immunotherapy interventions
Hydrodynamic gene transfer is achieved by rapid injection

through the tail vein of mice using a solution containing gene

constructs.17 These techniques could be used to transfer gene

expression cassettes or to disrupt loci with CRISPR-Cas9 ap-

proaches.10 Based on this property, we co-injected five gene

constructs encoding (1) human c-myc, luciferase, (2) EGFP, (3)

the human gp100 melanosomal antigen, and (4) a gRNA guide

for p53 and the CAS9 nuclease (Figure 1A). To favor genome

integration of the transgene cassettes, a sleeping beauty trans-
Figure 1. A multifocal HCC model to test immunotherapy strategies

(A and B) Collection of expression plasmids used to transfer hepatocytes by hy

co-expression of the indicated genes and CRISPR-Cas9 knock-out of p53 (B).

(C) Images of representative resected livers at the indicated days following hydr

section from a representative case on day 28 post gene transfer.

(D) Survival of the mice following c-myc, luciferase transfer, and p53 elimination c

EGFP and the human gp100 melanosomal antigen. This experiment has been re

(E) Quantitative RT-PCR assessment of gp100 expression in RNA extracted from

point represents data from a different dissected tumor nodule.

(F) A described antigenic peptide in the sequence of gp100 was added to splen

supernatant was measured following a 72-h culture. Each symbol corresponds t

(G) A representative case of fluorescent tumors that were observed under white

(H) EGFP fluorescence in tumor cells from cell suspensions of terminal mouse liv

Figures S1–S3.
posase expression cassette (5) was included, and all the other

gene expression constructs were flanked by sleeping beauty

recognized sites.18

The five constructs were co-injected into mice (Figures 1A and

1B), and expression of all these constructs is expected in a var-

iable fraction of hepatocytes (ranging from 5% to 15%).17 Mice

receiving these combinations developed easily observable

multifocal neoplastic disease in their livers (Figure 1C), which

washistologically indistinguishable fromhumanHCC (Figure 1C).

Such tumors could also be followed by ultrasound examination

(Figure S1). To ensure that the transformed cells were amenable

to immunotherapy experimentation, we introduced the human

gp100 melanosomal antigen, cognizant that its dominant

H2-Kb-restricted epitope is recognized by the TCR transgene

of pmel-1 transgenic mice.

Although the foreign human sequences in c-myc and gp100

were expected to raise antigenicity together with luciferase

and EGFP, we considered such an increase in antigenicity to

be very convenient features to model immunotherapy, since

the expression of the c-myc oncogene and the disruption of

p53 would be immunologically silent. However, it is already

known that introducing other strong foreign antigens such as

ovalbumin results in rejection by immunosurveillance.10

Penetrance of the carcinogenesis phenomena was 95% in the

model. Compared with c-myc + p53 knockdown, the addition of

the luciferase, EGFP, and gp100 transgenes only slightly delayed

time to death (Figure 1D), with 80% of the mice already dead

70 days following the hydrodynamic gene transfer procedure in

most experiments.

In tumor-bearing mice, dissection of individual tumors indi-

cated variable levels of expression of the gene encoding

gp100, thereby reflecting some degree of heterogeneity (Fig-

ure 1E). This finding dovetails with the observations that spleno-

cytes in such gene-transferred mice responded to the human

gp100 epitope sequence presented by H-2Kb by releasing

IFNɣ into the culture supernatants (Figure 1F), although with

some degree of variability. Moreover, some antigenicity was

similarly substantiated for the reported antigenic peptides

of human c-myc,19 luciferase,20 and EGFP21 following intensive

vaccination (Figures S2A–S2C).

Figures 1G and 1H show that tumors are fluorescent upon

UV light exposure and that fluorescent tumor cells in cell sus-

pensions were detectable by flow cytometry (Figures 1G and

1H). Moreover, there was heterogeneity in gp100 and EGFP
drodynamic injection into the lateral tail vein (A) of mice to attain hepatocyte

odynamic injection and a microphotograph of an H&E staining of a liver tissue

ompared with the same procedure with the addition of the plasmids encoding

plicated twice with similar results (n = 13 per group).

the liver of the gene-transferred tumor-bearing mice and a control mouse. Each

ocytes derived from the indicated groups of mice, and IFNg release into the

o a single mouse. Means and SEM are shown.

light illumination and epifluorescence detection.

ers following fluorescence-activated cell sorting-gating on live cells. See also
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co-expression, indicating that perhaps only some of the hepato-

cytes take up and express all the plasmids in the mixture.

As can be seen in Figures S3A–S3C, an important fraction of

gene-transferred hepatocytes following hydrodynamics gene

transfer expressed either EGFP or gp100 but not both trans-

genes. This indicates that the model is likely to reflect tumor

heterogeneity.

Efficacy of checkpoint inhibitor combinations can be
enhanced by CD137 agonists and IL-2
HCC treatment with PD(L)-1 blockade + CTLA-4 blockade is one

of the first line choices for patients with advanced disease.7

Hence, we modeled this regimen in mice starting treatment

when animals bore microscopic tumors on day +7 of the post-

hydrodynamic multi-gene transfer (Figure 2A). In this setting,

either anti-PD-1 of anti-CTLA-4 mAbs showed very limited effi-

cacy in terms of luciferase bioluminescence reduction in the he-

patic region and overall survival (Figures 2B and 2C). However,

mice treated with the anti-PD-1 + anti-CTLA-4 mAbs combina-

tion showed an advantage in terms of tumor burden and survival,

even if tumors in most animals eventually progressed and mice

succumbed to the disease (Figures 2B and 2C).

In this same setting, we studied triplet regimens adding re-

combinant IL-2 or agonist anti-CD137 mAb since both treat-

ments have been reported to be synergistic with double check-

point blockade.22,23 As shown in Figure 2B, both triplets were

therapeutically active sincemost mice had virtually undetectable

tumors on day +32 and a dramatic survival advantage was

observed (Figures 2D–2F).

To study whether this treatment scheme could be efficacious

in more advanced stages of this aggressive multifocal HCC dis-

ease model, we postponed the treatment onset to day +21 and

observed limited but observable efficacy of the anti-PD1 +

anti-CTLA-4 + IL-2 triplet in terms of tumor burden reduction

and survival advantage. These experiments illustrate the suit-

ability of this model to iteratively test and improve therapeutic

outcomes with experimental treatments (Figures 2G–2J). The

identity of the antigens is difficult to address beyond the obser-

vations on gp100 and human c-myc shown in Figures 1F and

S2B. EGFP seems to be also recognized as an antigen upon

combined treatments, while anti-luciferase IFNg-producing

T cells are not detectable upon combined immunotherapy regi-

mens (Figure S4).
Figure 2. Effects of combinations of immunotherapy agents on the mu
(A) Mice bearing multifocal HCC following hydrodynamic injection were treated

checkpoint inhibitors.

(B) Bioluminescence images on days 32 and 64 and their quantification. Median

(C) Survival of the experimental groups of mice.

(D) Similar scheme of treatments but testing triplet combinations including anti-PD

day 7. IL-2 was given in 3-day cycles dosed every 12 h as indicated.

(E) Bioluminescence images on day 32 and 64 to monitor tumor burden. Median

(F) Survival of the experimental groups of mice.

(G) Similar experiments postponing treatment onset to day 21.

(H) Bioluminescence imaging. Images with a crossed rectangle represent dead m

(I) Overall survival. Number of mice and median overall survival are provided.

(J) Individual tumor size follow-up of the groups of mice given the indicated tre

measures ANOVA, followed by Tukey’s test calculated with logarithmic data transf

twice. See also Figures S4 and S5.
To confirm results on the efficacy of the combinations, we

used mice subcutaneously engrafted with the HCC cell line

PN-299-L, generated from HCC arising upon hydrodynamic

gene transfer by Dr. Lujambio’s group.24 Tumor-bearing synge-

neic mice were treated, as shown in Figure S5A, either with

single agents or with the combinations. As shown in Figures

S5B–S5D, the triple combinations were more efficacious and

achieved in some cases complete eradications of the tumors:

six out of 11 in the case of anti-PD1 + anti-CTLA4 + antiCD137

and nine out of 11 in anti-PD1 + anti-CTLA4 + IL2.

T cell infiltrates correlate with efficacy of the
therapeutic regimens that aremediated byCD8andCD4
T cells
Next, we performed treatment experiments as described in Fig-

ure 3A and sacrificed mice on day +32 to retrieve and study their

livers (Figure 3A). Paraffin tissue sections were subjected to a

multiplex immunofluorescence panel. As expected, tumors

were smaller in the therapy group (Figure 3B). The multiplex

immunofluorescence panel yielded evidence for enhanced

T cell infiltrates upon anti-PD-1 + anti-CTLA-4 treatment. Impor-

tantly, the infiltrates were much more abundant when anti-

CD137 mAb or IL-2 were added to the regimens. Both CD8

and CD4 T cells were increased including Foxp3+ Tregs (Fig-

ure 3C). Notably, a fraction of all such T cell subsets were actively

proliferating as denoted by Ki-67 co-expression.

Our most efficacious treatment was the triplet with IL-2, and in

animals treated with this combination, we performed CD4 and

CD8 depletionswithmonoclonal antibodies that showed a neces-

sary requirement for T cells (Figures 4A–4D). Single depletions of

either CD4 or CD8 T cells seemed to result in shorter survival

even if differencesdid not reach statistical significance (Figure4D).

CD4 + CD8 double depletions completely abrogated the efficacy

of treatment, thus suggesting a prominent role for CD4+ T cells.

Modeling adoptive T cell therapy
Expression of gp100 and pmel-1 TCR transgenic mice permitted

adoptive T cell therapy regimens to be tested in the hydrody-

namic gene-transferredmodel. As a proof of concept, we treated

mice as early as day +2 after oncogenic hydrodynamic gene

transfer (Figure 5A). Following in vivo luciferase activity over

time, we observed a clear decrease in the signal that was

frequently curative in mice receiving pmel-1 but not in those
ltifocal HCC model and bioluminescence follow-up of the tumors
at weekly intervals with anti-PD-1, anti-CTLA-4, or a combination of the two

s and 95% CI are shown.

-1 + anti-CTLA-4 + anti-CD137 and anti-PD-1 + anti-CTLA-4 + IL-2 starting on

s and 95% CI are shown

ice at the time of bioluminescence imaging.

atments. Statistical comparisons were made using Kruskal-Wallis, repeated

ormation and log rank (Mantel-Cox) test. All experimentswere repeated at least
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Figure 3. Immunotherapy combinations enhance T lymphocyte infiltration in the multifocal HCC model

(A) Schematic timeline of the experiments.

(B) Representative images for the excised livers and multiplex immunofluorescence staining of tumor sections.

(C) Quantification in liver tissue sections of the densities of the indicated lymphocyte subsets in groups ofmice treated as depicted in (A). Each group included four

to five mice. Means and SEM are shown.
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Figure 4. CD4 and CD8 T cells are required for the efficacy of the anti-PD-1 + anti-CTLA-4 + IL-2 triple immunotherapy regimen

(A) Scheme of the timeline of the experiments selectively depleting CD4, CD8 T cells, or both T cell subsets.

(B) Bioluminescence images of the groups of mice at the three indicated time points.

(C) Quantification and statistical comparison (Kruskal-Wallis test) of the images in (B). Each symbol represents an individual mouse. Medians and 95% CI are

shown.

(D) Overall survival of the experimental groups of mice.
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mice that had not been gene-transferred with the human gp100

cognate antigen as a specificity control (Figures 5B–5D). Hence,

adoptive T cell therapy is highly efficacious in this very early

stage of the malignancy model.

However, if treatment onset is postponed until day +14 (Fig-

ure 5E), the therapy is much less efficacious, with only some

objective reduction of the burden as assessed by luciferase

expression and amarginal benefit in survival. Importantly, if simi-

larly preactivated and transferred TCR transgenic cells recog-

nizing other irrelevant antigens were used (OT-I lymphocytes),

no effect was substantiated (Figures 5F–5H).

Given the fact that both tumor antigen-specific adoptive

T cell therapy and immunomodulation offered room for improve-
ment, we tested on a 21-day established HCC a combination of

the anti-PD-1 + anti-CTLA-4 + IL-2 regimen with adoptive trans-

fer of pmel-1 TCR transgenic cells. In this difficult-to-treat

setting, clear evidence for a beneficial effect was found in the

groups treated with combined immunomodulation and adoptive

T cell therapy in terms of reducing tumor burden over time

(Figures 6A–6D).

Intravital microscopy experiments show improved
performance of antitumor T cells upon immunotherapy
combination
Experiments as above suggested that the efficacy of triplet im-

munomodulation was dependent on T cells and resulted in
Cell Reports Medicine 4, 101009, April 18, 2023 7
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prominent T cell infiltrates. Combinations encompassing transfer

of resting pmel-1 lymphocytes and triplet immunomodulation al-

lowed the tumor-specific T cells to be traced by means of multi-

photon confocal microscopy on surgically exposed livers of

living mice. In these experimental settings, time-lapse imaging

showed EGFP+ malignant cells and RFP+ T cells, either endoge-

nous in CD2-RFP transgenic mice (Figure 7A and Video S1) or

when the mice had been transferred with RFP+ pmel-1 cells (Fig-

ure 7B). Figure 7A shows the infiltration of tumors and surround-

ing parenchyma by red fluorescent endogenous lymphocytes.

Of note, the areas around blood vessels showedmore prominent

T cell infiltration. Figure 7B shows the intratumoral presence of

red fluorescent T cells following the adoptive transfer of RFP+

pmel-1 lymphocytes. Of note, triplet treatments resulted in the

induction of apoptosis in EGFP+ malignant cells as ascertained

by flow cytometry on EGFP+ sorted cell suspensions or by immu-

nochemistry on excised liver serial sections, as shown in

Figures S6A–S6E.

Our intravital imaging experiments showed, in conditions

either visualizing pmel-1 cells or endogenous T cells, that immu-

notherapy triplet with IL-2 enhanced T cell infiltration. Moreover,

time-lapse intravital microscopy showed enhanced mobility and

directional migration of the tracked T cells visualized in the tu-

mors upon immunomodulatory therapy instigation (Figure 7C).

A representative video shows such behavior changes that

were contingent on checkpoint inhibition + IL-2 treatment

7 days prior to intravital imaging, which also showed indirect

signs of clear disruption of EGFP+ tumor cells upon immuno-

therapy (Video S2).

DISCUSSION

Reliable animal modeling of HCC for immunotherapy aims to

preclinically define and predict improvements in efficacy and

to elucidate the underlying mechanisms of action. Definition of

the antigens and multifocal heterogeneous disease are consid-

ered advantageous features of the models. Gp100 and pmel-1

cells were chosen because of relatively modest TCR affinity

that would more faithfully mimic clinically relevant immune re-

sponses.25 Previous attempts from our group modeled multi-

pronged immunotherapy in inducible c-myc transgenic mice in

which OVA as a surrogate tumor antigen was co-expressed

with c-myc. However, this GEMM model had serious limitations

since it only works in neonatal mice.26 Despite this caveat, we

were able to establish that immunotherapy regimens encom-

passing PD-1 blockade, CD137, and OX40 agonists synergized

for efficacy.27 In thatmodel, we also reported synergistic efficacy
Figure 5. Adoptive T cell therapy with anti-gp100 CD8+ TCR transgenic

(A) The HCC model was treated as early as 2 days after hydrodynamic injectio

monitored for tumor burden by bioluminescence, and survival was recorded.

(B) Time course of bioluminescence (median ± 95%CI) of the indicated groups of

prior gp100 in the plasmid mixture for hydrodynamic gene transfer.

(C) Corresponding bioluminescence images.

(D) Overall survival of the experimental treatment groups of mice.

(E) Similar experimental setting as in (A) but postponing T cell transfer until day 14 p

transgenic T cells that recognize an irrelevant antigen in this model (OT1 T cells

(F and G) Bioluminescence quantification (median ± 95% CI) and images record

(H) Survival follow-up of the treated mice (number of mice and survival median a
if adoptive T cell therapy with antigen-specific CD8 and CD4 T

lymphocytes was included in the treatment strategy.27

The hydrodynamic oncogenesis model originally published by

the group of A. Lujambio is of exceptional value to study carcino-

genesis and combination of genetic elements.10,11,28 However, it

was inefficient to study combination immunotherapies. Lucif-

erase and EGFP as reporter genes are very useful, while also

weakly conveying antigenicity to the tumors. Reportedly, if

strong antigenic genes were co-transferred, animals rejected

their nascent tumors because of immunosurveillance mecha-

nisms.10 In this study, we conferredmoderate levels of antigenic-

ity that permitted comparative preclinical evaluations of immu-

notherapy regimens.

The hydrodynamic model offers several advantages over en-

grafted syngeneic cell lines since it probably reflects more accu-

rately the coevolution of cancer and immune responses either at

baseline or following pressures elicited by treatment. It also re-

flects the heterogeneity of a tumormodel in human HCC. Hetero-

geneity of response to treatment among mice reflects the human

situation of variable response to immunotherapy and might be

useful todiscoverpredictive andpharmacodynamicsbiomarkers.

The nature of the antigens in the mouse system is likely related

to the reporter transgenes and more clearly in our hands to the

melanosomal antigen gp100 with some contribution of human

c-myc and EGFP. In humans, antigenicity will likely be variable

and heterogeneous, and these immunobiology features are

recapitulated by the mouse model as well.

In our hands, the modified model is suitable for comparative

immunotherapy experimentation, and indeed, we were able to

study the efficacy of anti-PD-1 + anti-CTLA-4 combinations,

which are currently used in clinical practice.7 Furthermore, we

clearly observed improved tumor control by adding agents to

form triplets when incorporating recombinant IL-2 or anti-

CD137 agonist mAbs.29 The choice of these agents was made

because a new wave of IL-2 and CD137 agents are undergoing

clinical trials.22,30 The efficacy observed in our experiments was

truly remarkable, showing intense intratumor T cell infiltrates.

However, the model still offers room to test further improve-

ments with experimental agents.

The triplet resulting from the addition of IL-2 to the anti-PD-1 +

anti-CTLA-4 doublet achieved a very significant increase in effi-

cacy even against well-established tumors. This synergy is remi-

niscent of work by Dr. R. Ahmed’s group on IL-2 combined with

checkpoint inhibition in a murine model of chronic viral infec-

tions.31 In the clinic, new formats of IL-2 are being developed

that reduce or ablate binding to CD25 to avoid preferential Treg

stimulation. Such mutant or pegylated forms of IL-2 would be
T cells in the HCC model

n of the plasmids with preactivated pmel-1 T cells as indicated. Mice were

mice. As a specificity control, a group of mice received pmel-1 transfer without

ost-hydrodynamic injection. In this case, a group of mice received control TCR

that recognize an ovalbumin H2-Kb-presented epitope).

ed at the indicated time points.

re provided for each group of mice).

Cell Reports Medicine 4, 101009, April 18, 2023 9
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the most suitable in our opinion.32,33 Adoptive T cell transfer in

liver cancer has reportedly benefited HCC patients in the early

stages of disease1 and is being developed with CAR T cells tar-

geting glypican-3.34 Thus, we have experimentally modeled

adoptive transfer with pmel-1 CD8+ TCR transgenic lymphocytes

that showed evidence for certain levels of efficacy, and this

approach synergized with immunomodulatory combinations.

In our hands, CD4 T cells were critical for the efficacious effect

of combined immunotherapy as previously observed in other

mouse tumor models,35 and CD4+ T lymphocytes prominently

infiltrated the HCC tumors upon immunotherapy. These obser-

vations have prompted ongoing investigations to address the

antitumor mechanisms mediated by CD4 T cells in HCC immu-

notherapy and to study the role of CD4 T cells in adoptive immu-

notherapy approaches.27

Intravital microscopy offered evidence for potentiated T cell

activities. Time-lapse intravital multiphoton confocal microscopy

imaging indicates that immunotherapy does not only result in

more numerous T cell infiltrates but also in changes regarding

the behavior and motility of intratumor T lymphocytes when

mice had received immunotherapy.

The multifocal HCC model that we present offers the opportu-

nity for further sophistication, testing other regimens including

those checkpoint inhibitors with VEGF or VEGFR targeted ther-

apies as well as modeling coexisting fibrotic liver damage36

and steatosis.37 Recently, the synergy of an anti-VEGF + anti-

PDL1 combination has been reported in a similar preclinical

model to be more efficacious than the single-agent treatments.8

Other combinations are to be explored, and the model offers op-

portunities to study the role of known targets for other existing

immunotherapy agents (i.e., LAG3, TIM3, and TIGIT).1,38

Itmustbe realized that the liver isconsideredahighly tolerogenic

organ for viral, transplantation, andcancer immunology.39 Thisap-

plies not only to experimental HCC expressing the SV40 T anti-

gen40 but also to metastasis of other malignancies nesting in the

liver.41 The adoptive transfer setting will enable us to study T cell

exhaustion and myeloid suppression in ongoing mechanistic

research (M.C.O., unpublished data).

In summary, we have made improvements in a relatively sim-

ple, reproducible, and reliable spontaneous and heterogeneous

HCC mouse model that enabled us to test various immunother-

apies.With it, we have investigated clinically feasible combinato-

rial regimens including feasible triplets and intravitally visualized

the antitumor immune response occurring in vivo performing

multiphoton confocal microscopy of intrahepatic HCC lesions.

Limitations of the study
The clinical reality of the complex immunobiology of human HCC

and the exploitation of immunotherapy combinations against this

deadly disease are only partially simulated by the hydrodynamic
Figure 6. Efficacy of the combination of triple immunomodulatory ther

(A) Scheme of treatments including groups of mice receiving only pmel-1 T cell tr

either OT1 T cells or pmel-1 T cells as quadruple combined immunotherapy regi

(B) Serial bioluminescence imaging at representative time points.

(C) Individual bioluminescence growth curves for each group. Statistical differe

Tukey’s test and calculated upon logarithmic transformation of the data (p value

(D) Overall survival of the indicated groups of mice for which the median surviva
gene transfer mouse models because of the following reasons:

first, the oncogenesis and immunoediting processes usually

take many months in human patients to occur as opposed to

the 2- to 3-week intervals described in this study. Second,

HCC is often accompanied by underlying liver diseases such

as cirrhosis, chronic viral hepatitis, autoimmunity, or NASH that

are yet to be accounted for in these mouse models. Third, the

level of tumor heterogeneity in the much larger burdens of dis-

ease observed in humans is conceivably much higher than that

accounted for in the model.
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Figure 7. Intravital multiphoton confocal microscopy imaging of multifocal HCC-bearing livers in mice undergoing immunotherapy

CD2-RFP transgenic mice were subjected to multifocal HCC induction by the five-plasmid hydrodynamic gene transfer and subjected to intravital microscopy of

surgically exposed livers following the treatment with RatIgG (control) or the triple immunomodulatory combination (anti-PD-1 + anti-CTLA-4 + IL-2) started on

day 35.

(A) Representative microphotographs of non-tumor and tumor liver on day 43 showing endogenous CD2-RFP T cells and the corresponding quantifications

according to experimental treatments.

(B) Quantification of the density of the red fluorescent cells corresponding to transferred RFP+ pmel-1 T cells and images from the indicated experimental

treatments groups.

(C) Experiments as in (B) in non-transgenic C57Bl/6 mice that had undergone hydrodynamic HCC induction and that were transferred with resting RFP+ pmel-1

CD8+ T cells on day 32. Mice were given control or triple immunomodulatory treatment on day 35, and intravital microscopy images were acquired on day 43.

Representative images are shown as well as quantifications pertaining to motility, migration speed, and meandering index from four imaged cases are repre-

sented. These images correspond to Video S2. See also Figure S6.
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Correspondence and request for materials should be addressed to the lead contact for resources, Dr. Ignacio Melero (imelero@

unav.es).

Materials availability
Plasmids generated in this study will be made available from the lead contact upon request.

Data and code availability
d Data statement: This study did not generate any unique datasets.

d Code Statement: This study did not generate any unique code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

reasonable request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models
Mice were group (6 animals per cage) open-system housed under pathogen-free conditions at the animal facility of the Center for

Applied Medical Research (CIMA, Pamplona, Spain). Five to seven-week-old male and female mice were used for all the in vivo ex-

periments. C57BL/6N were purchased from Envigo (Barcelona, Spain). hCD2dsRed (named CD2-RFP throughout the paper) mice

were a kindly gifted from Mark Coles from the University of York,42 OT1 (C57BL/6-Tg(TcraTcrb)1100Mjb/J), pmel-1 (B6.Cg-

Thy1a/Cy Tg(TcraTcrb)8Rest/J)25 and pmel-1x CD2RFPmice were bred in our facilities (CIMA, Pamplona, Spain) in a closed system,

onemale and three female per cage. Animal weremoved to a new cage separated from their parents when they were three weeks old

and are placed in an open system, 6 animals per cage. All animal procedures were approved by the animal experimentation ethics

committee of the regional government of Navarra (protocol 108-19 and 014-21).

Cell lines
The cell line PN-299-L (kindly provided by A. Lujambio, Mount Sinai, New York) was used for a subcutaneous tumor model.This cell

line was derived from an HCC induced by the hydrodynamic transfection of the liver with the plasmids pT3-EF1a-MYC-IRES-lucif-

erase-OS (MYC-lucOS), pT3-N90-CTNNB1 (CTNNB1) and the SB13 transposase–encoding plasmid as described by Ruiz de Gal-

arreta et al.10 The cell line was cultured in RPMI 1640 medium with Glutamax (Gibco 61870044) and 10% decomplemented fetal

bovine serum. Cells were cultured at 37�C and 5% of CO.2

METHOD DETAILS

In vivo treatments and depletions
Anti-CTLA-4 (9D9), anti-PD-1 (RMP1-14), anti-CD137 (3H3), anti-CD4 (GK1.5) and anti CD8b (53-5.8) were obtained from BioXcell.

RatIgG was used as a control and was also obtained from BioXcell (BE0094). Human recombinant IL-2 (Aldesleukin, Clinigen) was

used for treatments.

Antibodies were administered to themice intraperitoneally, at a dose of 100mg permouse in 100 mL of PBS solution at the indicated

points. IL-2 was administered intraperitoneally in cycles of 3 days, at a dose of 105IU/mouse every 12h (6 doses each cycle).

To induce subcutaneous tumors in mice 23 106 cells in 100mL of PBS were injected subcutaneously to anesthetized mice. Treat-

ments started on day 7 and tumors were measured with and electronic caliper twice a week. Area of the tumors was calculated

assuming a square fit, multiplying two perpendicular dimensions. Mice were sacrificed when tumors reach 225mm2 area.

Plasmids and hydrodynamic tail-vein injection
The pT3-c-myc-luc, (pT3-EFIa-MYC-IRES-luciferase, Plasmid #129775 Addgene), pT3-c-myc, pCMV-SB13 and pgRNAp53-Cas9

(px330-sg-p53) plasmids were kindly provided by Dr. Lujambio (Icahn School of Medicine at Mount Sinai, New York, NY).10 Briefly,
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the pT3-EF1a-MYC-IRES-luciferase (MYC-luc) vector was constructed inserting the the ‘‘IRES-luciferase’’ sequence PCR-amplified

from pMSCV-IRESluciferase into the linearized pT3-EF1a-MYC vector opened with PmeI restriction enzyme. For the px330-sg-p53

plasmid, the px330 vector (Addgene plasmid # 42230) was digested with BbsI and ligated with annealed oligonucleotides of the p53

guide.

TpT4-EGFP was cloned using the vector pT4/HB (Plasmid #108352 Addgene18) and the EGFP insert was included in the HindIII/

XbaI site. The EGFP insert was formed by a CMV Enhacer/CAG Promotor region, a 5 ‘ UTR Polylinker, a KOZAK sequence

(GCCGCCACC), the EGFP ORF, a 3’ UTR Polylinker, an h-betaGlobin 30 UTR (x2) sequence and an SV40 polyA signal. The pT4-

gp100 design was similar, including the human melanosomal protein ORF between the SpeI/BsiWI targets. The insert synthesis

and the cloning were performed by Genescript. Plasmid productions were made using Endo-Free Maxi or Mega kits from Qiagen

following the manufacturer’s instructions. A volume of 2 mL of saline dilution containing the appropriate plasmid concentration

was hydrodynamically injected through the vein tail with a 27-G needle at a rate of 0.4 mL/s.17 Each mouse received 12mg of

pT3-c-myc-luc, 2.5mg of pCMV-SB13 and 10mg of pgRNAp53-Cas9, pT4-EGFP and pT4-gp100.

RNA isolation and quantitative RT-PCR
Total RNA was purified from livers using the Maxwell RSC simplyRNA extraction kit (Promega), according to the manufacturer’s in-

structions and subsequently retrotranscribed into cDNA usingM-MLV enzyme (Invitrogen). Real-time PCR reactions were performed

in a Bio-Rad CFX qPCR system with customized primers for c-myc (FW 50GGATTCTCTGCTCTCCTCGAC- and RV 50-GATGTGTG

GAGACGTGGCAC) and gp100 (FW 50AGTGAGCGAAGTGATGGGAA- and RV 50- TCTCTAGCGGTTGTCTCCAC). c-human myc

gene expression was used as housekeeping.

Immunization and IFNg determination
Customized peptides for immunization of EGFP 118–126 (DTLVNRIEL)21 and luciferase 264–272 (LMYRFEEEL)20 were purchased

from Genescript. Human gp100 peptide KVPRNQDWL was obtained also from Genescript (Cat. No. RP20344). SSPQGSPEPL

229–23819 for ‘‘short’’ c-MYC and 201–240 DSSSPKSCASQDSSAFSPSSDSLLSSTESSPQGSPEPLVL for ‘‘long’’ c-MYC were

custom purchased from Thermo-Scientific.

To induce the immunization, mice were inoculated subcutaneously with 80mg of the different peptides along with 100mL of incom-

plete Freund adjuvant (BD) and 50 mg of poly I:C (Sigma) in a total volume of 200mL, once aweek for threeweeks. 21 days after the first

inoculation, spleens were harvested and splenocytes were cultured at a concentration of 43 106 cells/mL with 10 mg/mL of the cor-

responding peptide for 72h. Then, supernatants were collected and stored at�20�C until the IFNɣ quantification that was performed

by ELISA using the BD OptEIA 551866 kit following the manufacturer instructions. ex vivo restimulation of splenocytes from mice

bearing tumors was performed also at a concentration of 4 3 106 cells/mL with 10 mg/mL of human gp100 peptide for 72h.

EGFP visualization
EGFP expression in tumors was verified by epifluorescence. Tumorwere illuminatedwith an SFA Light Base Nightsea lamp that emits

440–460 nm led light and visualized through a 500 nm filter. Also, tumors weremechanically disrupted to obtain a cellular suspension

and expression of EGFP was verified by flow cytometry with a Cytoflex S (Beckman Coulter) cytometer.

Bioluminescence
Luciferase was quantified by bioluminescence at different time points. For this purpose, mice were anesthetized using ketamine

(Richter pharma) and xylazine (Rompun, Bayer) and injected with 100ml of D-luciferine i.p. (Xenogen) at a concentration of

30 mg/mL. Mice were placed in the imaging chamber of a PhotonIMAGEROptima system (Biospace labs). A color-scale photograph

of the animals was acquired, followed by a bioluminescent acquisition. Regions of interest were drawn over the animal image, as

well as over regions of no signal, which were used as background readings. Light intensity was quantified using photons/s. The

color-scale photograph and data images from all studies were superimposed using M3 Vision software (Biospace labs).

Activation of pmel-1 and OT-I lymphocytes
Spleens and lymph nodes from pmel-1 and OT-1 transgenic mice were mechanically disrupted to obtain a cell suspension. OT-1

splenocytes and lymph node cells were activated during 48 h with 1 ng/mL of OVA 257–264 peptide (Invivogen). The pmel-1

splenocytes and lymph nodes cells were activated for 48 h with 100 ng/mL of hgp100 peptide (Genscript). After activation,

6 3 106 lymphocytes were injected per mouse in a PBS solution intravenously.

Immunohistochemistry
Immunohistochemistry was applied using the following primary antibodies: goat anti-GFP (Novus Biologicals, NB100-1770), rabbit

anti-melanoma gp100 (Abcam, ab137078) and rabbit anti-cleaved caspase-3 (Cell Signaling, 9661). Antigen retrieval was applied for

30min at 95�C in 0.01MTris-1mMEDTA, pH = 9. For goat primary antibody (GFP), sections were first incubated with rabbit anti-goat

(ThermoFisher, 31732), and then the EnVision+ System (Dako, K400311-2) was used in all cases according to the manufacturer

instructions.
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Detection and quantification of EGFP+ and GP100+ cells in brightfield images of serial histological sections were carried out using

an in-house plugin developed for Fiji/ImageJ, an open-source Java-based image processing software. The plugin was developed by

the Imaging Platform of the Center for Applied Medical Research (CIMA). The two images were first aligned by image registration,43

hematoxylin and DAB channels were then separated by means of a color deconvolution plugin,44 and positive cells for each marker

were then detected by segmenting nuclei in hematoxylin and looking for positive DAB areas in each segmented cell. Double-positive

cells were finally retrieved by using an AND logical operation between the two segmentation masks.

Assessment of apoptosis in malignant cells
Single cell suspensions from excised livers containing tumors frommice receiving treatments or control antibodies were obtained by

enzymatic digestion (Collagenase I CO130, Sigma-Aldrich and DNAse I 260913, Calbiochem) and mechanic disaggregation. EGFP+

cells were sorted to over 99% purity using BD FACSAria sorter. Sorted cells were intracellularly stained with a mAb that recognizes

cleaved caspase 3 (clone C92-605, Bioscience Pharmingen) and analyzed in a Cytoflex S flow cytometer (Beckman Coulter). Per-

centages of EGFP+ cells stained for activated caspase 3 were estimated.

Multiplexed immunofluorescence
A seven-color multiplex immunofluorescence panel based on tyramide signal amplification was used for simultaneous detection of

CD3 (T cells), CD8 (cytotoxic T lymphocytes), CD4 and Foxp3 (Regulatory T cells, Tregs), CD11b (myeloid cells), Ki67 (cell prolifer-

ative activity), and diamidino-2-phenylindole (DAPI) on tumor sections from formalin-fixed paraffin-embedded (FFPE) samples. The

validation pipeline for the multiplex immunofluorescence protocol has been previously described by our group.45 At the end of the

protocol, nuclei were counterstained with spectral DAPI (Akoya Biosciences) and sections were mounted with Faramount Aqueous

Mounting Medium (Dako).

Imaging, spectral Unmixing and Phenotyping
Multiplexed immunofluorescence slides were scanned on a Vectra-Polaris Automated Quantitative Pathology Imaging System

(Akoya Biosciences) as described previously.46,47 Whole tissue present in a single FFPE tissue section was imaged, spectrally un-

mixed and exported as a component TIF image tile using Akoya Biosciences’ In-form software (version 2.4.8). Component TIF image

tiles were then imported into the open-source digital pathology software QuPath version 0.2.0-m9 and stitched together using the x-y

coordinates to create a new pyramidal TIF file for image analysis. Image analysis was performed on the whole tissue sections.

Cell segmentation was performed in the whole multispectral image using QuPath software version 0.2.0-m9.48 Nuclear detection

was carried out on the DAPI channel using a custom, unsupervised watershed algorithm as described previously.46 A random trees

algorithm classifier was generated to further subclassify the cells as CD3+, CD8+, CD4+ Foxp3+, CD11b+, andKi67+. Cells close to the

border of the images were removed to reduce the risk of artifacts. CD4+ T-cells were defined as CD3+ CD8�. Cells negative for these

markers were defined as ‘‘other cell types’’. Measurements were calculated as cell densities (cells/mm2).

Intravital microscopy
For the intravital microscopy of tumors in the liver, CD2-RFP mice or WT mice were used to generate liver tumors by hydrodynamic

injection of the following plasmids (pT3-c-myc, pT4-EGFP, pT4-gp100, pgRNAp53-Cas9 and pCMV-SB13). WT mice were trans-

ferred with resting 5 3 106 RFP+ pmel-1immunomagnetically isolated CD8+ T cells (Miltenyi kit ref. 130-096-495) i.v. transferred

on day 32. On day 35 treatment of anti-PD-1+ anti-CTLA-4 mAbs or RatIgG control was administered, followed by a 3-day cycle

of IL-2 on days 39–41. Intravital confocal microscopy was performed on day 43–44 after hydrodynamic plasmid injection as previ-

ously described.49 Briefly, the liver was surgically exposed and isolated from respiratory movements by separating the rib cage by

pulling with a thread and keeping the liver tissue adhered to the coverslip with the help of wet pieces of paper. The temperature of the

mice was maintained with a rectal probe connected to a heating blanket (Kemp) and mice were kept asleep under Isoflurane anes-

thesia (2%). Mice were placed on a custom-built stage and imagedwith an LSM880 invertedmicroscope (Zeiss) equipped with a 25X

water immersion objective (NA, 0.8). Imaging sessions took from 2 to 4 h per mice and time-lapse acquisitions lasted from 30 min to

2 h with frames taken every 2 min. Several tumor areas were imaged per session and mice. Time-lapse videos were analyzed using

the IMARIS (Bitplane) software. RFP+ T cells were segmented using the spots tool and tracked manually over time. Individual cell

motility parameters were generated from such tracks. Speed (track length/time), chemotactic index or straightness (Track displace-

ment length/track length) weremeasured. Time-lapse videoswere generated in IMARIS software and editedwith Final Cut Pro (Apple

software).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism V.8 (LA Jolla, California, USA) was used for appropriate statistical analysis. Survival data were analyzedwith log rank

(Mantel-Cox) test and differences between means were analyzed using the U-Mann Whitney test, Kruskal-Wallis test followed by an

uncorrected Dunn’s test or repeated measures ANOVA followed by Tukey’s test. For statistical comparisons of bioluminescence

data, logarithmic transformations were used. p-values are indicated in the figures.
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