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ABSTRACT

Gastrointestinal stromal tumors (GISTs) harbor diverse immune cell populations but so far immunother-
apy in patients has been disappointing. Here, we established cord blood humanized mouse models of
localized and disseminated GIST to explore the remodeling of the tumor environment for improved
immunotherapy. Specifically, we assessed the ability of a cancer vascular targeting peptide (VTP) to bind
to mouse and patient GIST angiogenic blood vessels and deliver the TNF superfamily member LIGHT
(TNFS14) into tumors. LIGHT-VTP treatment of GIST in humanized mice improved vascular function and
tumor oxygenation, which correlated with an overall increase in intratumoral human effector T cells.
Concomitant with LIGHT-mediated vascular remodeling, we observed intratumoral high endothelial
venules (HEVs) and tertiary lymphoid structures (TLS), which resemble spontaneous TLS found in GIST
patients. Thus, by overcoming the limitations of immunodeficient xenograft models, we demonstrate the
therapeutic feasibility of vascular targeting and immune priming in human GIST. Since TLS positively
correlate with patient prognosis and improved response to immune checkpoint inhibition, vascular LIGHT
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targeting in GIST is a highly translatable approach to improve immunotherapeutic outcomes.

Introduction

Gastrointestinal stromal tumors (GISTs) are sarcomas that arise
along the gastrointestinal tract. In most GIST, mutant forms of
the proto-oncogene c-KIT (tyrosine protein kinase KIT; CD117)
or platelet-derived growth factor receptor alpha (PDGFRA)
drive proliferation and tumor progression. Current treatments
comprise surgical resection and tyrosine kinase inhibitor (TKI)
treatment such as imatinib mesylate (Gleevec) with high affinity
to c-KIT and PDGFRA." While most patients respond well to
TKI treatment, drug resistance ultimately leads to tumor pro-
gression, demonstrating the need for alternative treatment
options.” More recently, immunotherapies such as immune
checkpoint inhibitors alone or in combination with TKIs have
been explored in clinical trials with mixed results.>* The use of
checkpoint inhibition in GIST is supported by histopathological
findings which show an abundance of T lymphocytes, particu-
larly in metastatic lesions,” some high densities of CD3"* tumor-
infiltrating lymphocytes as predictors of progression-free

survival,® and in in silico analyses.7 Moreover, in a ¢-KIT mutant
transgenic mouse model, T cells critically enhance the anti-
tumor effects of imatinib.® In the same model, receptor pro-
grammed death 1 (PD-1)/programmed death 1 ligand (PD-L1)
inhibition when combined with imatinib further increases T cell
effector function.” Interestingly, primary GISTSs can also harbor
immune cell clusters that are organized into tertiary lymphoid
structures (TLS)'; these spontaneous, intratumoral TLS support
T cell entry and priming, and confer a positive prognosis in most
cancers.'' In GIST patients, the presence of TLS correlates with
smaller tumor size and is an independent prognostic
parameter.10

Overall, these findings encourage the development of
immunotherapeutic approaches in GIST, which harness the
adaptive immune system and potentially increase the forma-
tion and frequency of TLS. Therapeutic induction of TLS in
cancer, however, remains challenging. We have previously
shown in syngeneic pancreatic and brain cancer models that
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the compound LIGHT-VTP, a fusion of the tumor necrosis
factor superfamily TNFS14 (LIGHT) with a vascular targeting
peptide (VTP), restores tumor perfusion by “normalizing”
angiogenic blood vessels, attracts T cells into the tumor micro-
environment, and induces intratumoral TLS.'*'*
Mechanistically, vessel normalization by LIGHT-VTP occurs
by inducing pericyte maturation, which in turn leads to tighter
alignment of pericytes with endothelial cells and overall
improvement of vascular function.> Once a critical lympho-
cyte density is reached intratumorally, so-called high endothe-
lial venules (HEVs) can arise and facilitate further lymphocyte
clustering into TLS.'*'°

To assess the vascular and immune-modulatory potential of
LIGHT-VTP specifically in GIST, we generated a mouse model
where human GIST cells were implanted into cord-blood
humanized mice carrying a functional human adaptive
immune system.'”'® We compared the immune landscape of
subcutaneously (s.c.) implanted, primary GIST and an intra-
peritoneal (i.p.) GIST model, mimicking metastases in huma-
nized mice, to human primary GIST specimens. We also
demonstrate ex vivo efficacy of vascular peptide binding in
angiogenic blood vessels of mouse and human GIST. In vivo
treatment of GIST-bearing humanized mice with LIGHT-VTP
resulted in a high tumor vessel normalization index and
immune score concomitant with the induction of TLS. This
demonstrates the feasibility of vessel-targeted immunotherapy
in GIST with the potential to improve on current immunother-
apeutic options.

Material and methods
Cell lines

The human GIST-T1 cell line was purchased from COSMO BIO
USA (United Bio Research, Australia, PMC-GISTM-COS). The
GIST-T1 cell line was established from a pleural metastasis of
a gastrointestinal stromal tumor (GIST) of the stomach as
published."” Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 100 units/ml penicillin/100 pg/ml streptomycin, and
2 mm L-glutamine (Thermo Fisher Scientific).

GIST patients

Fresh human GISTs were collected with patient consent at the
time of surgical resection. Gastric GIST with ¢-KIT mutations
from three male and one female patients were used (for patient
summary, see Supplementary Table 1). Tissue collection was
approved by the Sir Charles Gairdner Group and Fiona Stanley
Hospital Human Research Ethics Committees, Western
Australia, Australia (RGS0000000919).

Cord blood processing and isolation of human CD34* stem
cells

Human umbilical cord blood was collected from informed
and consenting donors at King Edward Memorial Hospital,
Western Australia. Approval to collect and use donated stem
cells was obtained from the Women and Newborn Health

Service Ethics Committee (RGS0000000376). Cord blood
was collected into a sterile collection bag (Macopharma)
containing 21 ml of citrate phosphate dextrose solution.
The collection volume varied between 45 and 166 ml.
Mononuclear cells were purified from the cord blood by
density centrifugation with Lymphoprep (StemCell
Technologies) or Ficoll® Paque Plus (Cytiva). Human
CD34" cells were enriched by positive magnetic separation
using the human CD34 MicroBead Ultrapure Kit, LS col-
umns and a magnetic separator (Miltenyi Biotec) as per the
manufacturer’s instructions. An additional labeling and col-
umn separation step was performed to increase the purity of
the CD34" cell isolates.”” The purity of CD34" cell isolates
was determined by flow cytometry on a BD FACSAria II or
Cytek Aurora, using anti-huCD34-FITC and anti-huCD45-
APC antibodies (StemCell Technologies). Samples were
incubated with DAPI or ViaDye Violet (Cytek Biosciences)
to allow exclusion of dead cells, and nucleated cells were
selected by light scatter. Samples with>75% CD34" cells
were used for generating humanized mice.

Generation of humanized mice

NSG mice (NOD.Cg-Prkdc*®I12rg™"1/Sz]) were purchased
from Ozgene, Western Australia. Mice were maintained under
specific pathogen-free conditions, and all experiments were
approved by the Harry Perkins Institute of Medical Research
Animal Ethics Committee (AE077, AE253, AE254). Newborn
(within 2 days of birth), or 4-6 week old juvenile NSG mice
received 100 cGy (newborn-5weeks) or 250 cGy (6 weeks)
total body irradiation using a Linear Accelerator (Varian
Truebeam). Mice were injected with CD34" cells 18-24 hours
after irradiation. Newborns received 50,000 CD34" cells via the
facial vein, while older mice received 100,000 CD34" cells via the
tail vein. Human hematopoietic chimerism was evaluated with
flow cytometry of peripheral blood using human and mouse
CD45 antibodies (msCD45-PerCP-Cy5.5, huCD45-APC-Cy?7,
BD Biosciences). Human B cells (huCD19-AF647, BioLegend),
T cells (huCD3-BB515, huCD4-PE-CF594, huCD8-PE-Cy7),
monocytes (huCD14-PE), and NK cells (huCD56-BV421), all
from BD Biosciences, were also evaluated at 16 weeks. Red blood
cells were lysed using BD Pharm Lyse (BD Biosciences), and
samples were blocked for nonspecific staining using Mouse BD
Fc Block (BD Biosciences), True-Stain Monocyte Blocker
(BioLegend), and Brilliant Stain Buffer (BD Biosciences), as per
manufacturers’ instructions. Human hematopoietic chimerism
percentage was calculated as huCD45/(msCD45 + huCD45),
and mice were considered successfully humanized if huCD45"
cell numbers were 25% or above at 16 weeks post-injection. Mice
were subsequently distributed into equivalent experimental and
control groups based on chimerism.'

LIGHT-VTP production

Recombinant murine LIGHT (aa 58-220, 17 kDa) with
C-terminal CGKRK was produced in E. coli as previously
described.’® Mature human LIGHT (aa 74-240, 18 kDa, with
C-terminal CGKRK peptide, connected via a GGG linker) was
cloned into Xho/BamH1 sites of the vector pET-44a (Novagen)



to express a soluble fusion protein with N-terminal NuseTag/
HissTag and purified as described."

Tumor injection and treatment

Tumors were implanted into humanized mice 17-24 weeks
post-injection of CD34™ cells. For s.c. tumors, GIST-T1 cells
were mixed 1:1 with growth medium and Matrigel (BD
Biosciences) on ice, and 1x 10° cells were injected into the
right flank. LIGHT-VTP which consisted of a 1:1 mixture of
20 ng of human and mouse LIGHT-VTP was diluted in PBS
and iv. injected 2x/week via the tail vein when tumors
reached 110-160 mm>. Controls received PBS only. Mice
were euthanized when tumors reached 400-600 mm®. For i.
p. tumors, 1x10° GIST cells in 100-200 pL PBS were
injected via intraperitoneal injection. Treatments com-
menced after 6-8 weeks of growth with injections of 20 ng
of human and mouse LIGHT-VTP 2x/week via the tail vein.
Mice were euthanized after 8-11 weeks of growth. Prior to
sacrifice, some mice were iv. injected with 50 ug FITC-
labeled tomato lectin (Lycopersicon esculentum, Vector, cir-
culated for 5min) and/or pimonidazole (i.p., 60 mg/kg, cir-
culated for 60 min, Hypoxyprobe™-1 Kit, Hypoxyprobe,
Inc., USA). Mice were perfused with 2% formalin, before
tumors were excised and placed in cold sucrose on ice
(10% sucrose for 2h, 30% sucrose overnight). Some tumors
were collected in FACS buffer for flow cytometry analysis.

Histology and immunohistochemistry (IHC)

GIST tumors were frozen in OCT compound (Tissue Tek).
Ice-cold acetone was used to fix 7-um frozen sections.
Hematoxylin and eosin (H&E) staining was performed on
frozen sections using hematoxylin Gill3 and eosinY
(Merck). Sections were stained with primary antibodies
(anti-huCD31, Dako; anti-msCD31, BD Biosciences; anti-
PNAd, MECA79, BD Biosciences; anti-huCD3, Abcam;
anti-huCD20, anti-CD68, both Thermo Fisher Scientific;
anti-CD68-AF594, BioLegend; anti-CD56, BioRad; anti-
SMA, alpha, Sigma). Primary antibodies were detected
using secondary antibodies (anti-rabbit IgG-AF488, anti-
rat IgG-AF594, both Thermo Fisher Scientific; anti-mouse
DyLight 405, Jackson ImmunoResearch Labs) or mouse-on-
mouse (MOM) kit (Vector). DAPI was used in some tissues
to visualize cell nuclei. Hypoxia was quantified in mice
treated with pimonidazole using anti-pimonidazole anti-
body (Hypoxyprobe Inc., USA). A Nikon Ti-E microscope
and NIS software (Nikon, version 4.0) were used for image
analysis. At least three mice or tumors were analyzed per
treatment group; 5-15 images per tumor were analyzed. All
material summarized in one graph was imaged with stan-
dardized threshold intensity. Positively stained features are
expressed as % marker expression compared to total tumor
surface area in one image (surface area %). Alternatively,
co-localization was measured as fluorescence intensity ratio
between red and green fluorescence channels or % overlay
of red/green fluorescence.
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Peptide binding assay

Linear VTP peptide CGKRK (FAM-X-CGKRK) was synthe-
sized as described®! and labeled with a 5(6)-carboxyfluorescein
(FAM) separated by a 6-aminohexanoic acid spacer (X). Seven
um frozen tumor sections were fixed in ice-cold acetone, air
dried, and incubated in Tris-buffered saline (TBS)/4% FCS for
30 min, followed by avidin/biotin blocking (Vector) for 15 min.
Sections were incubated with 0.1 uM of CGKRK-FAM peptide
in 0.5% FBS for 1h at RT, followed by washing in TBS and
incubation with biotinylated goat anti-FITC antibody for
40 min (Abcam); signals were amplified using streptavidin—
horseradish peroxidase conjugates (SA-HRP) following the
manufacturer’s instructions (tyramide amplification Kkit,
ThermoFisher). Before mounting with anti-fade mounting
medium with DAPI (Vector), sections were incubated with
an autofluorescence quenching kit (Vector) for 2 min.

Intratumoral flow cytometry analysis

For flow cytometry analysis, tumors were harvested in FACS
buffer (1% FCS in PBS) and digested in 2.5 ml/0.1 g tumor of
100 U/ml Collagenase IV, 0.5mg/ml DNase I (both
Worthington Biochemical) in PBS. Cell suspensions were
stained with ViaDye (Cytek) for live cell detection. 5 x 10°
cells were blocked with Fc-block (CD16/CD32, clone 2.4G2,
BioXCell) for 15min on ice and subsequently stained for
30 min on ice in FACS buffer with the following anti-human
antibodies: anti-CD45-PE, anti-CD3-AF488, anti-CD4-
BUV737, anti-CD8-APC-H7, anti-CD25-PE, anti-GrzB-PE,
anti-Ki67-PE-Cy7 (all BD Biosciences), anti-FOXP3-APC
(ThermoFisher), and anti-CD19-AF647 (BioLegend). The
True-Nuclear Transcription Factor Buffer Set (BioLegend)
was used for all intracellular staining. After two washes in
permeabilization buffer, cells were analyzed using the BD
FACSAria II (BD Biosciences) and DIVA software (BD
Biosciences). For all samples, 50,000-500,000 live singlets
were analyzed.

Statistical analysis

GraphPad Prism software (version 10) was used for statistical
analyses. Data are presented as mean + SEM. Numbers (n) of
mice and p values are shown in figure legends. For comparison
of groups, one-way ANOVA with post hoc Tukey testing or
two-tailed unpaired Student’s t-tests were used as indicated in
figure legends. p values <0.05 were considered significant.

Results

Cord blood humanized mice develop a human adaptive
immune system

To generate humanized mice for tumor engraftment, NSG
mice were irradiated and injected with freshly purified
CD34" hematopoietic stem cells from human cord blood
(Figure la). Mice were analyzed at 12, 16, and 36 weeks
post-engraftment for the presence of human CD45"
immune cells in peripheral blood (Figure 1b and
Supplementary Figure S1). The percentage of mice with
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Figure 1. Cord blood humanized NSG mice harbor a human adaptive immune system. (a) Generation of humanized mice, analysis of peripheral blood, and tumor
implantation timeline. (b) Longitudinal analysis of huCD45" cells in peripheral blood following stem cell engraftment, n =4 mice, ns, not statistically significant. (c)
Engraftment success rate (>25% of huCD45" cells in peripheral blood) in juvenile females (n = 44)/males (n=5) and neonatal females (n = 75)/males (n=77) at
16 weeks post stem cell injection. (d) Percent human CD3*, CD4*, CD8*, CD14*, CD19*, and CD56" cells in peripheral blood (left), n = 17 mice, bone marrow (middle), n

=4 mice, and spleen (right), n =3 mice.

successful (>25%) human engraftment was dependent on
the age and sex of the mice at the time of radiation and
stem cell injection with the best performance achieved in
neonatal female mice (Figure 1c). Furthermore, blood,
spleen, and bone marrow at 16 weeks post-engraftment
demonstrated the presence of major adaptive human
immune cell subpopulations such as CD3", CD4" and
CD8" T cells, CD19" B cells, and to a lesser extent CD14"
monocytes and CD56" NK cells within human CD45" cell
populations (Figure 1d). Male and female mice from all
groups reaching a human CD45" cell engraftment of > 25%

at week 16 were considered “humanized” and enrolled in
subsequent experiments, including s.c. and ip. GIST
implantations and LIGHT-VTP treatments.

Intraperitoneal GISTs in humanized mice are infiltrated by
human CD3™ T cells

Humanized NSG mice were s.c. implanted with GIST-T1 cells,
a ¢-KIT mutant human cell line, 17-24 weeks after stem cell
engraftment to generate a model of locally restricted, primary
tumor growth. Alternatively, mice were injected i.p. with



GIST-T1 cells for a model of disseminated tumor growth,
consistent with the peritoneum being a common GIST meta-
static site.”> S.c. tumor growth rate in humanized NSG mice
was comparable to non-humanized NSG mice (Supplementary
Figure S2a). S.c. tumors at 400-600 mm> and i.p. tumors at
8-11 weeks after tumor implantation were analyzed for mor-
phology as well as vascular and immune features in compar-
ison with human primary gastric GIST specimens (Figure 2).
The microscopic appearance of GIST is site-dependent with
most human GIST being spindle cell tumors, followed by
a mixed phenotype of epithelioid and spindle cell morphology
or epithelioid phenotype only.”> H&E staining of s.c. and i.p.
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mouse GISTs shows features of a mixed phenotype which was
matched with a human GIST with similar features (Figure 2a,
Supplementary Table 1). While CD31" blood vessels in mouse
GIST are smaller than their human counterparts, staining with
the pericyte marker alpha smooth muscle actin (aSMA or
ACTA2) revealed similar vessel coverage of approximately
50% of all vessels (Figure 2b). In contrast to s.c. GISTs which
harbor only a few human CD3™ T cells, i.p GISTs were mod-
erately infiltrated; T cell infiltration in human gastric GIST is
highly variable and a moderately infiltrated example is depicted
in Figure 2c. Human B cells (CD20) were detectable but are not
abundant in mouse or human GIST specimens (Figure 2d).
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Figure 2. GISTs grown in humanized mice differ in some human immune cell content compared to patient GIST. (a) Representative H&E images of GISTs grown s.c. or i.p.

in humanized mice, or a patient GIST. (b) Appearance of blood vessels (CD31, red) covered by pericytes (aSMA, green, arrows).

(c—f) Representative images of (c) CD3*

T cell, (d) CD20* B cell, (e) CD68* macrophage, and (f) CD56" NK cell infiltration in GISTs. Scale bar, 50 um.
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Human CD68" macrophages diffusely infiltrate both mouse
and human GISTs (Figure 2e). However, while human GISTs
were consistently positive for human NK cells (CD56), these
cells were rare in GISTs grown in humanized mice (Figure 2f).
Overall, the most significant difference between mouse and
human GIST was the lack of infiltrating NK cells in mice,
consistent with a preferential lymphoid engraftment in huma-
nized NSG mice.”* In addition, mouse GISTs of the perito-
neum were infiltrated with human CD3" T cells similar to
human gastric GIST which is in contrast to s.c. local GIST.

GIST blood vessels are targets for the CGKRK vascular
binding peptide

Angiogenic tumor blood vessels are highly abnormal, a feature
which can be exploited to specifically deliver payloads into
tumors.”® The small peptide CGKRK is one of several VTPs
that specifically target tumor vasculature with no binding activ-
ity to blood vessels in normal organs, as shown for instance in
mouse and human glioblastoma.'*?" To test the binding capacity
of VTP (CGKRK) on mouse and human GIST specimens ex
vivo, FAM-labeled peptide was incubated with fresh frozen
tumor sections, and binding to CD31" tumor vessels was quan-
tified. As shown in Figure 3, 80-90% of human GIST blood
vessels were covered by VTP. While mouse GIST blood vessels
are considerably smaller, VTP coverage of vessels ranges from 60
to 80% indicating that vascular targeting of GIST is a viable
approach across species. Subsequently, a fusion protein combin-
ing the cytokine LIGHT with VTP was used to modulate the
GIST environment and attract immune cells.

LIGHT-VTP treatment improves vascular function in vivo

We have previously shown that the fusion compound LIGHT-
VTP when injected i.v. into tumor-bearing mice has dual
effects on tumor vasculature and the immune environment.*®
To assess its intratumoral effects in GIST, humanized NSG
mice were implanted s.c. and treated twice/week with LIGHT-
VTP (a 1:1 mixture of human and mouse LIGHT-VTP) start-
ing from a tumor size of approximately 150 mm’ and continu-
ing until approximately 500 mm® (up to 4 weeks treatment).
Similarly, humanized NSG mice bearing i.p. implanted GIST
were treated twice/week for up to 4 weeks (Figure 4a). At end-
point, vessel functionality was tested by infusing FITC-lectin i.
v. and quantifying its binding to CD31" vessels as a surrogate
marker for tumor perfusion.'>"” In all LIGHT-VTP-treated
tumors, perfusion was significantly increased compared to
control groups (Figure 4b). Increased perfusion leads to
improved tumor oxygenation which was measured by quanti-
fying intratumoral hypoxy-probe deposits. Figure 4c demon-
strates a significant reduction in hypoxic tumor area following
LIGHT-VTP treatment in s.c. and i.p. GISTs. The vascular
normalization index (as measured by perfusion/hypoxia) and
the increase in intratumoral macrophages in GIST grown in
non-humanized, immune-deficient NSG mice were compar-
able to humanized NSG mice (Supplementary Figure S3a-d),"
thus indicating that LIGHT-induced vascular changes were
independent of human adaptive immune cells.

LIGHT-VTP treatment increases effector T cell infiltration
in humanized GIST mice

To assess the impact of LIGHT-VTP on the intratumoral, adaptive
immune landscape, we focused on the ip. GIST model since it
presented with a higher baseline human CD3" T cell infiltration
compared to s.c. GIST (Supplementary Figure S4a). In addition, in
other cancers such as melanoma, mouse i.p. tumors seem to
harbor more TLS compared to s.c. tumors of the same cancer
type.”” Mice were treated with biweekly injections of LIGHT-VTP
followed by intratumoral flow cytometry analysis. Figure 5 shows
a significant increase in human CD3" T cells in LIGHT-VTP
treated tumors compared to controls; this correlated with
increased numbers of human CD8" but not CD4" T cells.
Importantly, LIGHT-VTP induced intratumoral effector CD8"
T cells as measured by Ki67 and Granzyme B (GrzB) expression.
No statistically significant increase in CD4" regulatory or effector
T cells was observed (Supplementary Figure S4b and S4c).
Although intratumoral B cell numbers did not increase signifi-
cantly with treatment, there was an upward trend (p = 0.12). CD8"
or CD4" T cell populations in peripheral blood remained
unchanged before and after treatment (Supplementary Figure
S5a and S5b); B cell numbers declined significantly (p = 0.0025)
in untreated groups throughout the study but still remained
abundant within the huCD45" cell population (Supplementary
Figure S5c¢). The peritoneal tumor burden was assessed with
a mouse scoring system similar to the peritoneal cancer index
(PCI) used in humans.? The overall tumor burden as measured
by PCI score was similar in control versus LIGHT-VTP treated
humanized NSG mice (Supplementary Figure S5d). This demon-
strates that LIGHT-VTP treatment alone (average injections of
6-8 doses) mobilized effector CD8" T cells but did not reduce i.p.
tumor burden. This finding is consistent with an adjuvant effect of
LIGHT-VTP in immunotherapy in models of pancreatic and lung
cancers."*

LIGHT-VTP treatment induces TLS in humanized GIST mice
which resemble spontaneous TLS in patient GIST

Thus far, we demonstrated that LIGHT-VTP in GIST induced
vascular normalization concomitant with an increase in macro-
phages and cytotoxic effector T cells. Immunohistochemical
analysis also showed a significant increase in diffuse CD3"
T cell infiltration in ip. GIST tumors following LIGHT-VTP
treatment (Figure 6a). Similar to flow cytometry analysis, a trend
for an increase in human B cells was observed (Figure 6b).
Importantly, while overall diffuse B cell numbers did not reach
significance between groups, only LIGHT-VTP treated tumors
showed local immune cell clusters consisting of human CD3"
T cells, human CD20" B cells, and HEVs (MECA79")
(Figure 6¢). This demonstrates that human B cells were recruited
to LIGHT-VTP treated GIST, albeit highly localized and in small
numbers. These clusters resembled lymphocyte aggregates
detectable in some GIST patients (Figure 6d), which show
loosely associated T and B cells, the presence of HEVs but
absence of a germinal center, indicative of an immature TLS
phenotype. These findings demonstrate that targeting LIGHT to
the tumor vasculature in GIST increases immune cell infiltration
and can trigger the formation of lymphoid aggregates.
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Figure 4. LIGHT-VTP treatment induces vascular normalization in s.c. and i.p. GISTs grown in humanized mice. (a) LIGHT-VTP treatment start/end in s.c. and i.p. GIST
implanted in humanized NSG mice. (b) Upper (s.c. GIST): representative images depict vascular CD31 expression (red) and infused FITC-lectin (green) as a surrogate
marker for tumor perfusion; arrows indicate overlay (yellow) in control (C) or LIGHT-VTP (LV) treated mice. Quantification of overlay and CD31* blood vessels, n = 4-5
mice, mean + SEM, *p = 0.014, Student's t-test. Lower: i.p. GIST, n = 3-4 mice, mean + SEM, *p = 0.019, Student’s t-test. Scale bar, 100 um (c). Imaging and quantification
of hypoxy probe (red, white dotted circles). Upper, s.c. GIST: n = 3-4 mice, mean + SEM, *p = 0.0085, Student’s t-test. Lower, i.p. GIST: n = 3-4 mice, mean * SEM, *p =
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Discussion

This study demonstrated in humanized mice that the GIST
microenvironment can be targeted and modulated to increase
immune infiltration and generate cytotoxic effector cells;
importantly, this also includes the therapeutic induction of
TLS using low dose, nontoxic cytokine therapy.

Current GIST mouse models employ primary cells derived
from GIST patients or patient-derived tumor tissue, which are
implanted into immunodeficient mice. Alternatively, trans-
genic immunocompetent mice with specific gene mutations
are available but most commonly develop lesions in the
cecum and therefore do not fully recapitulate features of
human GIST.> Here, we generated a CD34" cord blood

humanized mouse model, which was implanted with human
GIST-T1 cells to specifically study the capacity of LIGHT-VTP
to modulate the GIST immune environment. At different sites
of tumor implantation, mimicking locally restricted versus
peritoneal disseminated cancer growth, the GIST morphologi-
cal features were largely preserved when compared to a c-KIT
mutant human gastric GIST of mixed phenotype. There was
a marked difference in spontaneous human CD3" T cell infil-
tration, which was stronger in i.p. tumors. This finding is
consistent with the observation that metastatic GIST to liver
and peritoneum harbor more CD3* T cells.” T cells and
CD56"¢" NK cells are major components of the human
GIST immune environment and independently predict pro-
gression free survival in imatinib-treated local GIST
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Figure 5. LIGHT-VTP treatment induces intratumoral effector CD8" T cells. (a and b) Representative flow cytometry graphs displaying the gating strategy for human
CD45%, CD3*, CD4", CD8", CD8*Ki67*GrzB* intratumoral T cells and CD19* B cells in i.p. GIST in (a) control and (b) LIGHT-VTP treated mice. (c) Quantification of human
CD3* T cells (**p = 0.0023), CD8™ T cells (***p = 0.0006), and CD8*Ki67*GrzB™ effector T cells (*p = 0.046), gated on live cells, in control (C) or LIGHT-VTP (LV) treated i.p.
GIST. (d) Quantification of CD4™ T cells (ns, p = 0.22) and (e) CD19" B cells (ns, p = 0.12) gated on live cells in C and LV treated groups. For all groups, n = 3-4 mice, mean
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specimens.6 In contrast, the accumulation of CD68% macro-
phages correlates with high risk and metastatic GIST.*** While
CD68" macrophages were present in human and humanized
mouse GISTs, CD56" NK cells were largely absent in GIST
grown in humanized mice. This suggests an engraftment insuf-
ficiency during humanization which is also reflected in low
numbers of CD14" monocytes in blood, spleen, and bone
marrow at 16 weeks post-engraftment when compared to lym-
phoid lineages such as T and B cells. NSG mice have been
shown to successfully develop B cell-dominated grafts; how-
ever, the development of myeloid lineages is compromised in
the absence of human cytokines such as stem cell factor (SCF),
granulocyte-macrophage colony-stimulating factor (GM-CSF),
or interleukin (IL)3.** The next generation of transgenic mice
expressing a combination of these factors, e.g., NSG-SGM3 or
MISTRG mice, shows higher levels of multi-lineage human
hematopoietic engraftment with superior representation of
innate immune cell lineages.”** However, graft-versus-host
disease-related erythropenia leads to severe anemia in these
mice, which makes long-term tumor progression studies
challenging.”” The field is rapidly evolving with the develop-
ment of highly sophisticated, but cost-intensive humanized
mouse models, which include for instance co-implantation of
CD34" stem cells with thymus and transient human cytokine
expression.”’

While the decreased innate immune compartment likely
affects the functionality of the graft as a whole, the focus of
this LIGHT-VTP study was on the lymphoid cells. To this end,
NSG and humanized NSG mice were treated with a dose of
LIGHT-VTP which has previously been shown to remodel
vasculature in syngeneic mouse cancer models.'">'>'> Since
VTP binding to human GIST implanted in mice is highly
efficient, LIGHT-VTP treatment indeed increased overall
tumor perfusion and reduced hypoxia which are both read-
outs for vessel normalization and improved vascular function.

Normalization of the angiogenic vasculature and accompa-
nying microenvironmental changes have been shown to sup-
port Thl-driven anti-tumor immunity.”>>* Using our
humanized GIST system, we demonstrated that i.p. tumors
were significantly infiltrated by human CD3" T cells and har-
bored highly proliferative effector CD8" T cells. Moreover,
lymphoid aggregates resembling TLS were identified in
mouse i.p. GIST following LIGHT-VTP treatment and are
similar in composition to TLS that can form spontaneously
in human gastric GIST. Remarkably, HEVs arise in tumors in
humanized mice where vessels are of mouse origin but infil-
trating immune cells are of human origin. Given the absence of
NK cells in these tumors, it is conceivable that vessel normal-
ization supports HEV formation from postcapillary venules
which is maintained by human T cells.'®

Some tumors, in particular those with a substantial muta-
tional load, can recruit and activate naive anti-tumor lympho-
cytes via TLS.**” In a Chinese cohort of 118 GIST patients,
approximately 45% showed histopathological features of TLS,
with the majority displaying small lymphocyte clusters.
Although CD20" B cell numbers are low in GIST,” a small
number of patients (6%) present with mature TLS which also
include germinal centers.'” In that study, the location of TLS
within the GIST and the presence of HEVs were not analyzed.'

ONCOIMMUNOLOGY 11

Crucially, however, the presence of spontaneous TLS in GIST
patients was an independent prognostic factor for overall survi-
val and time to recurrence, while the maturity of TLS seemed to
negatively correlate with imatinib resistance. In other cancers,
including melanoma, soft-tissue sarcoma, and renal cell carci-
noma, the presence of spontaneously arising TLS has been
shown to predict the response to checkpoint inhibitors.”®** So
far, however, there are few tools available to therapeutically
induce TLS. Thus, our finding that LIGHT-VTP can induce
TLS and effector T cells is of high relevance for future immu-
notherapy in GIST and a promising example for the successful
application of cytokine therapeutics.*’ In combination with
checkpoint inhibitors or vaccination, these TLS are likely to
mature further and set the stage for stronger anti-cancer
immunity."*
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