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ABSTRACT

Hepatocellular carcinoma (HCC) is the fourth leading
cause of cancer death worldwide with a minority of
patients being diagnosed early enough for curative-intent
interventions. We report the first use of preoperative
cabozantinib plus nivolumab to successfully downstage
what presented as unresectable HCC as part of an
ongoing phase 1b study. Preoperative treatment with
cabozantinib and nivolumab led to >99% reduction in
alpha-fetoprotein, —37.3% radiographic reduction by
RECIST 1.1 and a near complete pathologic response
(80% to 100% necrosis). An integrated immunological
analysis was performed on the post-treatment surgical
tumor sample and matched pre-treatment and post-
treatment peripheral blood samples with high-dimensional
imaging and cytometry techniques. Bayesian non-negative
matrix factorization (CoGAPS, Coordinated Gene Activity

in Pattern Sets) and self-organizing map (FlowSOM)
algorithms were used to distinguish changes in functional
markers across cellular neighborhoods in the single cell
data sets. Brisk immunological infiltration into the tumor
microenvironment was observed in non-random, organized
cellular neighborhoods. Systemically, combination therapy
led to marked promotion of effector cytotoxic T cells and
effector memory helper T cells. Natural killer cells also
increased with therapy. The patient remains without
disease recurrence and with a normal alpha-fetoprotein
approximately 2 years from presentation. Our study
provides proof-of-concept that borderline resectable

or locally advanced HCC warrants consideration of
downstaging with effective neoadjuvant systemic therapy
for subsequent curative resection.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the fourth
leading cause of cancer death worldwide.
The estimated 5-year survival rate for HCC
is 18%, reflecting that a minority of patients
are diagnosed early enough to be candidates
for curative-intent therapies such as surgical
resection, ablation, or liver transplantation.1
Patients who are not transplant candidates
and who have tumors outside of resection

criteria at presentation are generally treated
with locoregional therapy or systemic therapy
with palliative intent. The utility of preopera-
tive transcatheter arterial chemoembolization
for HCC remains controversial at best with
uncontrolled series as well as randomized
controlled trial studies having demonstrated
associations with an increased risk of postop-
erative disease recurrence.’”® Moreover, the
use of systemic therapy to downstage HCC
has not been feasible due to the low response
rate of sorafenib, which was until recently the
only approved systemic therapy. Novel combi-
nations of targeted agents and inhibitors of
the programmed cell death protein 1 (PD-1)
axis demonstrate response rates of approx-
imately 30% in HCC,™ which is similar to
tumor types for which neoadjuvant systemic
therapy is standard practice in borderline
resectable or locally advanced cases.'’ "' We
report the first patient treated on a protocol
of neoadjuvant cabozantinib plus nivolumab
in borderline resectable or locally advanced
HCC (NCT03299946) who was successfully
converted to a resection candidate, with
prolonged disease-free survival after resection.
Cabozantinib is a tyrosine kinase inhibitor
(TKI) with potent activity against VEGFR2,
MET, AXL, and other kinases. Nivolumab is
an inhibitor of the PD-1 immune checkpoint.

Recent progress in single-cell technolo-
gies, for example, in suspension cytometry,
sequencing, imaging methods, and analytical
algorithms, have enabled unprecendented
depth and breadth to studying immunologic
phenomena. For example, imaging mass
cytometry and spatial analysis tools have
recently emerged as powerful tools for eval-
uating spatial coordination of cells within
the tumor microenvironment.'”> We have
recently developed and demonstrated the
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utility of a non-negative matrix factorization algorithm,
Coordinated Gene Activity in Pattern Sets (CoGAPS), to
discover meaningful cell types and states from single-cell
data sets."”” Whereas a clustering algorithm based on Self-
Organizing Map, for example, FlowSOM,'* limits cells to
a single cluster, protein markers from CoGAPS can asso-
ciate cells with both functional markers and discrete cell
types. To profile the immunological state underlying the
clinical outcome in response to the novel combination
of cabozantinib and nivolumab, we employ these highly
multiplexed imaging and cytometry assays along with the
computational tools to provide an in-depth, unbiased
analysis of the immunological response.

RESULTS

Clinical response

A man in his early 70s with a history of hepatitis C
cirrhosis (Child Pugh A) presented with a 5.8cm hyper-
vascular and infiltrative lesion in his inferior right hepatic
lobe with extension into the porta hepatis, and tumor
thrombus extending into the right anterior portal vein,
consistent with HCC. Also in the right lobe was a second
focus of enhancement that was poorly defined but most
consistent with a satellite lesion. The disease was deemed
unresectable based on Barcelona Clinic Liver Cancer
criteria.’” His alphafetoprotein (AFP) increased from

Figure 1

17,528 ng/mL at the time of presentation to 30,070ng/
mL at the time of multidisciplinary evaluation 12 days
later (AFP doubling time of approximately 15 days). He
was treated with cabozantinib 40 mg oral daily for 2 weeks
(cabozantinib lead in), followed by 8 weeks of concurrent
cabozantinib 40 mg plus nivolumab (240 mg every 2 weeks
for a total of four doses). Additional details related to
the clinical trial are available in the online supplemental
information. The subject’s AFP declined with therapy to
12.9ng/mL (>99% reduction from treatment baseline)
and the patient experienced a 37.3% radiographic reduc-
tion in his lesions by RECIST 1.1 (figure 1A,B).
Approximately 4weeks after his last dose of nivolumab,
he underwent a right hepatectomy and cholecystectomy.
The operation itself was uneventful, although the high
bifurcation of the portal vein and the patient’s original
tumor thrombus and macrovascular invasion made it
difficult to get around the right portal vein during the
surgical operation. His postoperative course was compli-
cated by significant output from his Jackson-Pratt drain,
and the patient received intermittent doses of intravenous
furosemide to manage the drain output. In the opinion
of the treating surgical oncologist (MJW), there were no
discernable adverse events from neoadjuvant therapy
on the perioperative course, and the patient’s wound
healing was normal. Pathology from the surgical resection

&

Clinical response to neoadjuvant cabozantinib and nivolumab. Neoadjuvant therapy resulted in (A) tumor

downstaging, with the dominant infiltrative lesion decreasing from 5.81 cm to 3.64 cm in maximum diameter (B) marked
reduction in AFP, and (C) tumor necrosis and brisk immune infiltration by immunohistochemistry with CD3+T cells and CD20+B

cells. AFP, alpha-fetoprotein.

2

Ho WJ, et al. J Immunother Cancer 2020;8:€000932. doi:10.1136/jitc-2020-000932


https://dx.doi.org/10.1136/jitc-2020-000932
https://dx.doi.org/10.1136/jitc-2020-000932

umap2

B corib Gz
B cosTPo1-)
B cosT D14
(
(

% 4 P E m-

CD8T (PD1-)

B cosT D14
umap1 K7

C NL NL NL bet
DC2
ROI1 ROI4 ROI5

4D S

, DC4
~ EC
Ki67+

Macrophage 1
. Macrophage 2

Macrophage 3

Tumor Tumor Tumor .
Mono 1
ROI2 ROI3 ROI6 . iona
. Mono 3
s ‘ Mono 4
Other
// . Vim
Vim SMA
% of Cells

Figure 2 Neoadjuvant cabozantinib plus nivolumab results in dramatic immunological response in the tumor
microenvironment. (A) Representative pictures of imaging mass cytometry of normal liver cores (left) and cores from surgically
resected tumor samples post systemic therapy (right). Normal hepatocytes demonstrate mild CD11b positivity. Connective
tissue deposition (@SMA) is higher within the tumor sample. Post-treatment core demonstrates a focus of dense immune
infiltration (bottom right). (B) Results from FlowSOM clustering analysis is visualized as a heatmap and UMAP. (C) Tumor
microenvironment profiles in three normal liver regions and three post-treatment tumor regions are compared. A total of 20,631
cells for normal and 39,066 cells for tumor regions are analyzed. aSMA, alpha-smooth muscle actin; DC, dendritic cells; EC,
endothelial cells; Gz, granzyme B; Mono, monocytes; Vim, vimentin.

returned as clear margins with significant treatment
effect. One of the lesions was 100% necrotic; the other
lesion was more than 80% necrotic and residual areas of
tumor were associated with a brisk immune infiltration
(figure 1C). He did not receive any adjuvant therapy, but
did receive surveillance imaging with CT scans every 3
months. He remains without disease recurrence (online
supplemental figure 1) with excellent performance status
(Eastern Cooperative Oncology Group (ECOG) Scale:
0), normal liver function, and a normal AFP over 2years
from presentation (online supplemental table 1).

IMMUNOLOGIC ANALYSIS

To understand the immunologic profiles underlying
the clinical response, immune infiltration within the
tumor microenvironment (TME) was first evaluated with
multiplexed imaging mass cytometry (IMC) (figure 2A;
zoomed-in image, online supplemental figure 3). To
maximize the area of analysis, data was acquired from
three large diameter (1.5mm) cores from the surgical
tumor sample. Since the pre-treatment biopsy was only
a core biopsy sample, a normal liver sample was used
as an independent reference. Clustering analysis with

FlowSOM algorithm of the single cells segmented from
the images revealed markedly high abundances of
immune cells, including CD4+T, CD8+T, and myeloid
populations (figure 2B,C). We further validated the
treatment-mediated increase in the presence of immune
cells in the TME by comparing immune cell densities
with single immunohistochemistry against CD3, CDS8,
and CD20 (online supplemental figure 3). As expected,
the treatment led to a substantial increase in CD8 and
CD20 positive cells. To delineate whether these cell types
exhibited particular spatial relationships, two analytical
methods were used on detected immune cell type patterns
from the IMC data set (figure 3): neighborhood analysis,
that is, how each cell type spatially relates to other cell

16 .
> and autocorrelation

types, performed using histoCAT;
statistics, that is, whether each cellular pattern is distrib-
uted in a coordinated manner, enabled by quantitative
cell pattern detection with CoGAPS. Within the treated
HCC, a significantly organized cellular neighborhood
among CD8+T cell, CD4+T cell, B cell, and myeloid cell
patterns were present. Also, spatial proximity between a
stromal pattern (alpha-smooth muscle actin, aSMA) and
the prominent immune cell neighborhood was notable.
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Figure 3 Neighborhood analysis of normal and post-treatment liver cores identifies distinct spatial neighborhoods in
hepatocellular carcinoma treated with a combination of cabozantinib and nivolumab. (A) Pattern detection using Coordinated
Gene Activity in Pattern Sets (CoGAPS) recapitulated major clusters identified by FlowSOM. Resulting pattern weights for each
marker are shown as a heatmap. Markers that are driving the patterns according to the CoGAPS PatternMarker statistic are
also marked with asterisks. (B and C) Heatmap of the cellular neighborhoods in normal liver (B) and HCC (C) regions. (D) Results
of spatial autocorrelation for three normal liver and three HCC regions. GzmB, granzyme B; Tc, cytotoxic T cells; Th/Treg, helper

T cells/regulatory T cells; Vim, vimentin.

Strong spatial autocorrelations were noted for immune
cell patterns within the treated tumor microenvironment,
especially for B cells, helper T cells, regulatory T cells,
and CD68+CD163- myeloid cells. As expected, neigh-
borhoods were only centered around hepatocytes and
no significant autocorrelations could be identified in the
normal liver. These results suggested that not only does
cabozantinib-nivolumab combination lead to successful
immune cell recruitment but also that the co-infiltration
of lymphoid and myeloid cells occurs in a non-random,
coordinated manner in relation to each other and to the
stroma.

To evaluate the systemic immunologic effects related
to combination of cabozantinib and nivolumab, we also
assessed the peripheral immune profiles at baseline and
post-treatment settings by suspension mass cytometry
(CyTOF). Also, to compare the findings with the local
immune response, we concurrently profiled the tumor-
infiltrating immune cells using the same CyTOF panel
(figure 4). In general, T cell abundances at earlier differ-
entiation states, for example, naive and central memory,
decreased while effector memory and effector popula-
tions increased. Furthermore, marked systemic promo-
tion of effector cytotoxic T cells mirrored the dominant
cell type present locally. There was also an overall decrease
in regulatory T cells. Most notably, the relative abundance
of natural killer (NK) cells increased with therapy.

Allmethodsfor theimmunological analysisare described
in detail in the online supplemental information).

DISCUSSION
The use of systemic therapies in HCC are typically
restricted to patients with advanced HCC, or interme-
diate stage HCC that is not amenable to locoregional
therapies. This first case provides support for the idea
that patients who have HCC that is beyond standard
resection criteria can be downstaged with upfront use of
novel and highly active systemic therapy, with long-term
disease-free survival. Additional research is needed to
identify predictive biomarkers to select patients for the
approach described in this case. The described case is
consistent with the observations of Kaseb and colleagues,
who demonstrated a high rate of pathologic responses in
patients receiving neoadjuvant nivolumab with or without
ipilimumab.'” However, in contrast to this prior report,
our patient had unresectable disease at presentation,
and demonstrates the potential for tumor downstaging
in addition to pathologic responses. Furthermore, we are
the first to test the combination of a TKI with immuno-
therapy in the preoperative setting in HCC. Based on this
experience, the results of our phase 1b are highly antici-
pated. It is worth noting, however, that this is a single case
experience, and in fact, there have been extraordinary
responses to even sorafenib, with which curative resection
was performed successfully for locally advanced disease at
presentation.'®

The use of systemic therapy in the neoadjuvant setting
offers a tremendous research opportunity to better eluci-
date mechanisms of response and resistance in HCC. In

4

Ho WJ, et al. J Immunother Cancer 2020;8:€000932. doi:10.1136/jitc-2020-000932


https://dx.doi.org/10.1136/jitc-2020-000932

Open access

cm

o
o

o
~

i 0.2

Baseline PB Post PB Post Tumor B To EFF (Gz+FNG+KI6T+)
Wov [ T £FF (Gz+IFNg#TIMB+)
[ onTere To EM (OX40+TIM3+)
W orr [ e em (Tiv3+PD1+)
0kt |
W <2 [ ™ oM (ceRrs+
/ NK3 [ Th CM (IL2100X40+)
/ NK4. [0 ™ eM (TiM3+0x40+)
[ nks | Y
Other [ ThEM (FNg#)
Other (CD3lo) [l ™ Em (Tm3s0xa04)
% of CD45+ Cells oo o

[ ToEFF (Gz+IFNg+) | Treg

C NK1
B (Ki67hi) NK2 NK3 NK4 NK5
100 1.00 8
34 2,0
75 0.44 0.75 6 154
21 .
5.0 0.50 4 10
0.2 14
o | o | BN | Ml |
0.0 0.04 04 [ 0.00 m—| = 0.0 -
- ToCM To EFF To EFF To EFF TeEM TCEM
w” (OX40+TIM3+) ( g+) ( g+Ki67+) g+TIM3+) (OX40+TIM3+) (TIM3+PD1+)
§ 251 504 s
;3 2.0 404 06 3 09
2
3, 154 30 2 04 0.6
S 2
g 1.0 204 4 3
02 0.
<! 05 104 l . !
0 | 004 0 {=——m—m 0 0.0 0 -,
Th CM ThCM Th CM Th EM Th EM
W0 (TIM3+OX40+) (CCRS+) (IL2100X40+) ThEM (IFNg+) (TIM3+OX40+) Treg
15 086 15 °
30 0.6 64 4 .
104 [l Baseline PB
10 04 10 34
20 041 41 [l Post PB
2
54
0 5 02 02 l 05 II 5] ) B Post Tumor
0 || 0 =] 00 00 04 -. 00 04 [

Figure 4 Differences in the immune profiles of baseline and post-treatment specimens are revealed by CyTOF. (A) Heatmap of
the normalized expression for all markers used during FlowSOM clustering for all CD45+ cells acquired from baseline and post-
treatment samples using a T cell-oriented CyTOF panel. The color bar to the right of the expression heatmap describes how
each cell type has been annotated. (B) Pie and (C) bar plots showing the differences in abundance of the resulting immune cell
clusters as a percentage of total CD45+ cells, comparing baseline peripheral blood (PB), post-treatment PB, and post-treatment
surgical tumor sample from the patient. CM, central memory; DNT, double negative T cells; DPT, double positive T cells; EFF,
effector; EM, effector memory; N, naive; NK, natural killer; Tc, cytotoxic T cells; Th, helper T cells; Treg, regulatory T cells.

addition to characterizing an inflamed TME by robust
presence of immune cells, the importance of spatial rela-
tionships among the infiltrating immune cells are increas-
ingly being recognized. Recent studies including our own
have reported the presence of distinctive immune cell
aggregates, for example, tertiary lymphoid structures,
within the TME in the context of immunotherapy.'’*’ Our
analysis demonstrating high neighborhood and autocor-
relation statistics among the lymphoid cells lend further
support for the importance of such structures in immu-
nologically active TME for therapeutic efficacy. Moreover,
our multiplexed imaging with IMC added an additional
depth to these observations that important spatial rela-
tionships also involve myeloid cells and stromal compo-
nents. We also identified key systemic immunologic
changes induced by the combination of cabozantinib and
nivolumab. T cell related changes are consistent with the
well-established effects of anti-PD1 therapies in promoting
T cell activation.”* ** It is, however, unclear as to why CD8+
cell density but not CD3+ cell density increases when
comparing post-treatment versus pre-treatment settings.
Since CD3-positivity includes a variety of T cell subtypes
including regulatory T cells, one can speculate that the
treatment is able to influence which functional subtype
of T cells would dominate within the TME. Regarding NK
cells, interestingly, there were notable increases in their
abundance, supporting the hypothesis that this combi-
nation may elicit antitumor effects in part through the

action of NK cells.? Overall, further validation of these
trends observed is anticipated pending the analysis of
the entire trial. Methodologically, our study also demon-
strates for the first time that CoGAPS algorithm enables
the following two applications: (1) CoGAPS can recover
cell type patterns from mass cytometry data sets that are
consistent with FlowSOM and (2) CoGAPS pattern inten-
sities for each cell provides continuous data that can be
leveraged for autocorrelation statistics. The results from
this first patient will be significantly enhanced by the final
results of the trial and thus analysis of responders versus
non-responders.

In conclusion, the striking clinical response to the novel
combination of cabozantinib and nivolumab observed in
this patient’s scenario suggests that unresectable HCC
may warrant consideration for attempted downstaging
with effective preoperative systemic therapy. Our demon-
strated approach to perform an unbiased integrated anal-
ysis of both local and systemic immune responses with
complementary methodologies will be applied to every
patient in the ongoing trial to accelerate discovery.
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