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Humanized mouse models of KRAS-mutated colorectal and pancreatic cancers with 
HLA-class-I match for pre-clinical evaluation of cancer immunotherapies
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ABSTRACT
Cancer immunotherapy promises to treat challenging cancers including KRAS-mutated colorectal cancer 
(CRC) and pancreatic ductal adenocarcinoma (PDAC). However, pre-clinical animal models that better 
mimic patient tumor and immune system interactions are required. While humanized mice are promising 
vehicles for pre-clinical immunotherapy testing, currently used cancer models retain limitations, such as 
lack of a human thymus for human leukocyte antigen (HLA)-based education of human T cells. As 
cytotoxic T lymphocyte (CTL) activity underlies many immunotherapies, we developed more clinically 
relevant KRAS-mutated CRC and PDAC humanized cancer models using transgenic NRG-A2 mice expres
sing HLA-A2.1 to enable HLA-class-I match between mouse tissues (including the thymus), the humanized 
immune system and human tumors. Using these novel humanized cancer models and a CTL-mediated 
combination (immuno)therapy with clinical potential, we were able to recapitulate the complexity and 
therapy-induced changes reported in patient biopsies, demonstrating the use of these HLA-matched 
models for pre-clinical validation of novel immunotherapies.
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Introduction

Immunotherapy has taken the main stage in cancer treatment 
given striking increases in survival and quality of life for 
patients. Worldwide, KRAS mutations represent ~45% and 
90% of colorectal cancer (CRC) and pancreatic ductal adeno
carcinoma (PDAC) cases, respectively, cancers poorly respon
sive to conventional therapies or KRAS-targeting. Although 
immune checkpoint inhibitor (ICI) efficacy in CRC and 
PDAC is limited, combination (immuno)therapies show pro
mise in clinical studies.1,2 Immunotherapies use the patient’s 
immune system to induce anti-tumor responses. Modeling the 
tumor microenvironment (TME) is particularly important in 
understanding human tumor immunology and exploring 
novel immunotherapies. Existing pre-clinical mouse models 
have poor predictive value as they fail to recapitulate human 
immunology, tumor biology and TME dynamics. Given clin
ical trial costs and complexities, “development of pre-clinical 
models that translate to human immunity” was identified as 
the #1 key challenge for cancer immunotherapy.3

Humanized mice (hu-mice), immunocompromised mice 
engrafted with human immune components, are being devel
oped to recapitulate the human immune system in a mouse.4 

Injection of human peripheral blood mononuclear cells 
(PBMCs) or lymphocytes (PBLs) is relatively straightforward, 
although while T cells survive engraftment, B cells are main
tained at very low levels, and innate cell populations including 
myeloid and NK cells only survive for the first few days. 

Furthermore, high levels of mature human T cells in PBMC- 
derived hu-mice provoke acute graft-vs-host disease (GvHD), 
limiting experiment length.4 To avoid GvHD, knockout mice 
deficient for MHC class I and II have been used.5 Mice 
engrafted with human CD34+ hematopoietic stem cells 
(HSCs) from cord or adult-mobilized blood develop a more 
complete hematopoietic system with innate and adaptive 
immune cells, low numbers of red blood cells and platelets, 
and significantly delayed GvHD development.4 However, 
a remaining limitation is the lack of a human thymus for 
human leukocyte antigen (HLA)-based education and selec
tion of human T cells.4 One solution involves implanting 
autologous fragments of human fetal thymus and liver under 
the mouse kidney capsule and injecting fetal liver-derived 
CD34+ HSCs (BLT-hu-mouse model), the most complete yet 
complex hu-mouse model.

Another approach for HLA-mediated education of human 
T cells is the use of transgenic mice expressing HLA class I and/ 
or II molecules.6 HLA-transgenic mice reconstituted with 
HLA-matched HSCs have increased breadth, frequency and 
engraftment of key cell populations including CD8+ and 
CD4+ T cells, resulting in enhanced antigen-specific 
immunity.6 As transgenic NRG-A2 mice expressing class 
I HLA-A2.1 develop more functional CD8+ T cells when 
reconstituted with HLA-A2.1-matched HSCs,7 this model 
would be more clinically relevant to study cancer immu
notherapies where cytotoxic T lymphocytes (CTLs) are key 
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players. To our knowledge, no cancer-related studies using 
HSC-derived humanized transgenic mice with HLA class 
I match have been published. Thus, our goal was to develop 
pre-clinical cancer models that better simulate the crosstalk 
between human CTLs and human tumors, to explore and 
validate novel immunotherapies. We established KRAS- 
mutated CRC and PDAC cancer models in NRG-A2 mice 
with complete tissue, tumor and immune system HLA.A2.1 
match. Using a previously published CTL-mediated combina
tion (immuno)therapy,8 we demonstrate the potential use of 
these humanized cancer models in immuno-oncology 
research.

Materials & methods

Animals

NOD-Rag1null IL2rgnull (NRG) mice were obtained from 
Jackson laboratories (Bar Harbor, ME, USA). NRG mice 
expressing human HLA-A2.1/A*02:01 (NRG-A2 or NOD.Cg- 
Rag1tm1Mom IL2rgtm1Wjl/SzJ X NOD.cg-Prkdcscid 
IL2rgtm1Wjl Tg (HLA-A2.1)1Enge/SzJ) were a generous gift 
from Dr Ali Ashkar (McMaster University, ON, Canada). Mice 
were housed in level 2 containment with ad libitum access to 
food and water, 12 h light cycle, 50%–60% humidity, and at 
20–25°C room temperature. Experiments were approved by 
the McMaster Animal Research and Ethics Board in compli
ance with the Canadian Council on Animal Care (AUP# 
211239).

Cell lines

Human colorectal HCT-116 cancer cells (NIH) were maintained 
in Roswell Park Memorial Institute (RPMI) medium supplemen
ted with 1 mm L-glutamine and 10% fetal bovine serum (FBS). 
Human pancreatic CFPAC-1 cancer cells (ATCC) were main
tained in Iscove’s Modified Dulbecco’s Medium (IMDM) supple
mented with 10% FBS. Both cell lines were maintained at 37°C 
with 5% CO2 and tested negative for Hepatitis A, B, C viruses, 
HIV-1, HIV-2, Mycoplasma and Corynebacterium bovis (Charles 
River). HCT-116 HLA-A2.1 knockout cells (HCT-HLAko) were 
generated by CRISPR gene editing using the Gene Knockout Kit 
(EditCo, formerly Synthego) following manufacturer’s protocol. 
Guide sequences: ACAGCGACGCCGCGAGCCAG, CCUUC 
ACAUUCCGUGUCUCC and UUCACAUCCGUGUCCC 
GGCC. MaxCyte gTX under the HCT116 protocol in the OC- 
25×3 Processing Assembly was used for electroporation of the 
complexed gRNA/Cas9 ribonucleoprotein. Knockout population 
was selected by FACS, and gene knockout was confirmed by flow 
cytometry.

Generation of humanized mice with HLA class I match

NRG-A2 mice were engrafted with CD34+ HSCs from human 
umbilical cord blood (HiREB approved ethics #13–813-T). 
CD34+ HSCs were isolated, screened for HLA-A2.1/A*02:01 
alleles and engrafted as described.6 In brief, newborn (24–72 h 
old) NRG-A2 mice were irradiated twice with 3 cGy 3 hours 

apart. 1 × 105–1 × 106 CD34+ HSCs were then injected intra
hepatically in 30 μL phosphate-buffered saline (PBS).

Flow cytometry analysis

At different timepoints, 50 μL of blood was collected into 
EDTA-coated tubes. At endpoint, tumors were harvested, 
minced with a razor blade in RPMI 10% FBS media, digested 
with 50 µg/mL liberase (Sigma Aldrich 5401054001) for 1 h at 
37°C with constant stirring and passed over a 100-micron 
filter. Erythrocytes from blood and tumor-derived cell suspen
sions were lysed using ACK lysis buffer (Quality Biological 
118-156-101). Remaining cells were treated with anti-human 
Fc Receptor Binding Inhibitor and anti-mouse CD16/CD32 
antibodies (Table S1). Cells were stained with an antibody 
cocktail followed by fixable viability dye (Table S1) and fixed 
with 4% paraformaldehyde or cytofix/cytoperm (BD 
Biosciences 554714). Samples were recorded on the Cytoflex 
LX flow cytometer (Beckman Coulter) equipped with a flow 
rate calibrator and analyzed using FlowJo software (version 
10.7.1) (BD Biosciences). Mice with at least 5% or 
25,000 per mL hCD45+ leukocytes in the blood at 16 weeks 
post-HSCs engraftment were selected for subsequent experi
ments (Tables S2–S5).

Tumor implantation and treatment

Male and female NRG or humanized NRG-A2 mice were 
subcutaneously implanted with 1 × 107 HCT-116 or CFPAC- 
1 cells resuspended in 200 µL of a 1:1 mixture PBS:Matrigel 
(Corning 356237) into the left flank. Tumors reached treatable 
size (50–100 mm3) 10 days post-implantation. Mice were ran
domized by tumor volume, reconstitution level, donor sample 
and gender into three groups: PBS, ICI and combination 
(immuno)therapy (Comb). Tumors were treated as 
described8 with slight modifications. For ICI, mice bearing 
tumors were treated intraperitoneally (i.p.) with human α- 
CTLA-4 (BioXcell BE0190) and α-PD-1 (BioXcell BE0188) 
antibodies from day 11 every 3 days until 10 doses total 
(200 µg of each antibody for dose 1; 100 µg of each for remain
ing doses in 200 µl PBS).9,10 For Comb, mice bearing tumors 
were treated intratumorally (i.t.) with 100 µg mitomycin 
c (MMC, Sigma-Aldrich M4287) in 50 µL sterile water at day 
10; 2 × 107 pfu oncolytic bovine herpesvirus type 1 (oBoHV-1) 
i.t. at days 11, 14 and 17; and human ICI i.p. as above. Tumors 
were measured every 3–4 days using a digital caliper until 
reaching endpoint (525 mm3). Mice with a body weight loss 
higher than 20%, extended fur loss or abnormal appearance 
were humanely euthanized.

HLA-restricted tumor-specific cytotoxic activity of CD8+ 

T cells

To assess HLA-A2.1-restricted tumor recognition of CTLs, 
HLA-A2.1-matched hu-NRG-A2 mice bearing HCT-116 
tumors were treated with Comb, and splenocytes were 
isolated day 20 post-implantation (day 10 post-treatment). 
Splenic CTLs were purified using positive CD8 Microbeads 
selection (Miltenyi Biotec 130-045-201) and co-cultured for 
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4 h with HCT-116 cells (ratio 1:2 CTLs-tumor cells) ± αHLA- 
A2 antibody (ThermoFisher MA5–16586).7 CTLs were addi
tionally co-cultured with HCT-HLAko. Expressions of HLA- 
A2.1 on tumor cells and CD69, Granzyme B (GrB) and Ki67 on 
CTLs were determined by flow cytometry as described above 
(Table S1).

Histology and multiplexed ion-beam imaging by time of 
flight (MIBI-TOF)

Tumors were resected, fixed in 10% formalin for 48 h and 
transferred to 70% ethanol until embedded in paraffin. 4-μm 
sections were processed for hematoxylin and eosin (H&E) 
staining using Automated Leica Bond Rx stainer with Epitope 
Retrieval Buffer 2 (Leica, AR9640), and for MIBI-TOF staining 
as previously described.11

MIBI-TOF image acquisition, processing, and analysis

Spectral images of 400 × 400 µm of stained tumor sections 
were collected as previously described.11 Multiplexed raw 
image sets were denoised and aggregate filtered using 
IonPath’s MIBI/O and the default correction settings. 
Processed image TIFF files represent the dataset. Cellular 
segmentation was performed with the input of nuclear- 
stained and membrane-stained marker channels using 
Mesmer and segmentation mask images were stored as 
TIFF files for further analysis in MATLAB and R Studio 
(Table S7).

Single-cell data were extracted for all cell objects defined 
by the segmentation masks using a custom R script and 
packages (Table S7). The mean intensity values per object 
were asinh-transformed with a cofactor of 1. To classify cell 
types based on marker expression levels, the Bioconductor 
‘FlowSOM’ R package was used. The algorithm clustered 
61,418 total cells from the cohort into 100 FlowSOM clus
ters. By inspecting a heatmap displaying normalized indivi
dual marker intensities, each of the 100 clusters was 
annotated into 7 cell types. CytoMAP software performed 
single-cell spatial analysis to determine the microenviron
ments present in the FOVs. The algorithm uses cell types 
and their positions in the image to find local compositions of 
cells within a circular area defined by a radius of 75 pixels 
from each cell in the image. The number of regions chosen 
for this dataset was empirically determined by investigating 
the effects of choosing from between 2 and 8 regions, reveal
ing that a region number equal to four was most informative 
and representative of the 75 images and cell types present 
within them. The software calculated the number of cells in 
each neighborhood.

Statistical analysis

Student’s t-test was used to compare two groups of data, 
while one-way ANOVA was performed to determine the 
difference among three or more groups. The null hypoth
esis was rejected for p-values less than 0.05. All data ana
lyses were carried out using GraphPad Prism version 
10.2.3.

Results

Establishment of a human KRAS-mutated CRC model in 
HLA-A2.1-matched humanized mice

Human colorectal HCT-116 cancer cells are well characterized 
with multiple mutations including KRASG13D and expression 
of class I HLA subtype A2.1.12 Tumor growth of subcuta
neously implanted HCT-116 cells was first evaluated in non- 
humanized NRG mice (non-hu-mice; Figure 1(a)). At end
point, tumors were harvested and HLA-A2.1 expression on 
CK18+ tumor cells was determined by flow cytometry. 
Similar HLA-A2.1 levels were found in cultured cells and 
harvested tumors (Figure 1(b)) confirming that tumor devel
opment and growth do not affect HLA-A2.1 expression.

Transgenic NRG-A2 mice were reconstituted with HLA-A2. 
1-matched human cord blood-derived CD34+ HSCs (Figure 1 
(c)). Reconstitution levels were assessed at 12 weeks of age 
(Table S2) and reevaluated at 16 weeks (Table S2 and 
Figure 1(d)) to confirm sufficient immune reconstitution 
before tumor implantation in 18-week-old hu-mice (Figure 1 
(c)). Similar tumor growth (Figure 1(a)) and HLA-A2.1 expres
sion (Figure 1(b)) were observed in non-hu-mice and hu-mice, 
as seen by others.13,14 To evaluate changes in reconstitution 
and immune cell abundance with tumor implantation, blood 
was collected at 16 weeks (12 days pre-implantation), 20 weeks 
(17 days post-implantation) and at endpoint (Figure 1(c)). 
Only one mouse showed a clear increase in reconstitution 
levels at day 17 (green triangle in Figure 1(d)), with overall 
reconstitution levels remaining stable in blood between day 17 
and endpoint (Figure 1(d)). Moreover, CD8+ T cell levels in 
blood were significantly but transiently reduced after tumor 
implantation, fully recovering by endpoint (Figure 1(e) and 
Figure S1). At endpoint tumors were harvested to evaluate 
TME by flow cytometry. Tumors showed an increase of mye
loid cells and a trend of a decrease in B cells relative to 
circulating blood (Figure 1(e) and Figure S1).

Combination (immuno)therapy in humanized CRC model

We previously published the therapeutic efficacy of combining 
oBoHV-1 with low-dose mitomycin c and ICI in a murine 
syngeneic model of melanoma and the importance of CD8+ 

T cells.8 Thus, we examined our HLA-matched humanized 
CRC model using this CTL-mediated combination (Comb) 
therapy (Figure 2(a)). Tumor regression studies showed strik
ing tumor control with Comb compared to PBS or ICI groups 
(Figure 2(b–c)). While Comb also displayed activity in non-hu- 
mice likely due to direct cytotoxic effects (Figure S2), Comb 
was considerably more effective in the humanized model 
(Figure 2(b–c)) suggesting immune involvement.

Prior to implantation and treatment, all hu-mice had similar 
blood reconstitution levels (Figure 2(d)) and frequency of 
immune populations (Figure 2(e) and Figure S3A). There was 
an increase in hCD45+ abundance in blood following treat
ment with Comb at endpoint, which was not observed within 
tumors (Figure 2(d)). Comb treatment induced moderate 
weight loss, possibly due to GvHD onset (Figure S4). In 
blood both ICI and Comb significantly reduced the percentage 
of B cells, but only ICI significantly increased the percentage of 
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CD8+ T cells (Figure 2(e) and Figure S3B). Only Comb sig
nificantly reduced tumor-infiltrating Tregs (Figure 2(e) and 
Figure S3C), enhancing the CTL:Treg ratio (Figure 2(f)). 
Moreover, Comb reduced the level of exhausted Tim3+ CTLs 
(Figure 2(g)) and highly immunosuppressive Tim3+ Tregs 
(Figure 2(h)), indicating critical activity at the tumor site.

Finally, splenic CTLs were isolated from Comb-treated hu- 
mice to evaluate their tumor-specific activation and confirm 
HLA-A2.1 restriction. CTLs were co-cultured with HCT-116 
cells in the absence or presence of αHLA-A2 antibody or with 
HCT-HLAko cells (wt, wt + αHLA and HLAko, respectively, 
Figure 2(i–j)). After 4 h co-culturing, flow cytometry deter
mined percentage of HLA-A2+ tumor cells (Figure 2(i)) and 
tumor-specific CTL activation using CD69, GrB and Ki67 
(Figure 2(j)). Similar CTL:tumor cell ratios between the three 
experimental conditions were confirmed (Figure S5A). While 
αHLA-A2 effectively blocked HLA-A2.1 molecules on HCT- 
116 cells without CTLs (Figure S5B), only partial blocking was 

observed with CTLs (Figure 2(i)). Knocking out HLA-A2.1 
eliminated HLA-A2.1 expression on HCT-116 (Figure 2(i) 
and Figure S5b). A significant reduction of CTL CD69, GrB 
and Ki67 expression was observed following co-culture with 
HCT-HLAko cells compared to HCT-116 wt (Figure 2(j)), 
demonstrating CTLs isolated from Comb-treated hu-mice 
were tumor-specific and HLA-restricted. CTLs incubated 
with partial HLA-A2.1-blocked HCT-116 cells (wt + αHLA) 
presented an intermediate activation (Figure 2(j)).

Combination (immuno)therapy in humanized PDAC model

For the humanized model of PDAC, CFPAC-1 cells expressing 
KRASG12V and HLA-A2.112 were used. Implantation and 
HLA-A2.1 expression stability were confirmed in non-hu- 
mice (Figure S6). Then, humanized and non-humanized mice 
bearing CFPAC-1 tumors were treated with PBS, ICI or Comb. 
Comb significantly controls tumor growth in both hu-mice 

Figure 1. Humanized KRAS-mutated CRC model. Human colorectal cancer HCT-116 cells were implanted subcutaneously into non-humanized NRG mice (Non-hu-mice) 
and humanized NRG-A2 mice (Hu-mice). (a) Individual tumor volumes (Male, Female) are shown. (b) Endpoint tumors were harvested and percentage of HLA-A2+ cells 
per CK18+ tumor cells were analyzed by flow cytometry using HCT-116 cell line as positive control. (c) Blood of hu-mice was collected at 16 weeks (12 days pre- 
implantation), 20 weeks (17 days post-implantation) and at endpoint. Reconstitution levels per mouse (red square: M3; blue circle: M4; green triangle: F3) as % hCD45+ 

per total leukocytes (d) and immune cell abundance (e) were analysed in blood and tumors by flow cytometry (Figure S1).
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(Figure 3(a–b)) and non-hu-mice (Figure S7) with better 
tumor control in hu-mice (Figure 3(a–b)). No significant 
tumor control was seen with ICI (Figure 3(a–b) and Figure 

S7). As human PDAC tumors are highly complex with massive 
necrotic areas and a desmoplastic stroma,15 we investigated 
whether our model mimics this phenotype by H&E staining 
(Figure 3(c)) and MIBI-TOF (Figure 3(d–f)). Tumor necrosis is 
visualized in whole tumor sections by H&E staining as light 
pink areas (Figure 3(c) - black square). Evaluation of whole 
tumor slices revealed differences in tumor size and relative 
abundance and localization of necrotic tissue between treated 
tumors (Figure 3(c)). Elongated fibroblasts (black arrows) 
mixed with tumor epithelium (white arrows) characteristic of 
the desmoplastic stroma of PDAC were also identified in all 
groups (Figure 3(c)).

To further study the TME, we used MIBI-TOF which 
probes the microenvironment of pathological tissues at the 
single-cell level.11 A panel consisting of 34 markers for com
mon immune lineages and stroma (Table S6) identified 7 
different cell types (Figure 3(e)). Spectral images (Figure 3 
(d)) and UMAP clustering (Figure 3(e)) show a reduction in 
panCK+ tumor cells (green) and CD56+ alpha-smooth muscle 
actin (α-SMA+) stroma (possibly pancreatic stellate cells 
(PSCs) or cancer associated fibroblasts (CAFs), orange) in 
Comb-treated tumors. Few immune cells were found in Comb- 
treated tumors, possibly due to the late harvesting timepoint, 
while general stroma (turquoise) remained prevalent (Figure 3 
(e)). Ki67 expression confirmed Comb-mediated reduced pro
liferation of tumor and CD56+ α-SMA+ stroma cells but not 
general stromal tissue (Figure 3(f)). MIBI spatial analysis 
further determined four distinctive regions (CN1–4 - 
Figure 3(g)). Most cells in Comb-treated tumors are sur
rounded by stroma cells (CN4 – pink region) while PBS- and 
ICI-treated tumors present more diversity as shown in the 
UMAPs color-coded by regions in Figure 3(g).

Discussion

The need for improved in vivo cancer models that better 
recapitulate the crosstalk between human tumor cells and the 
TME is urgent for pre-clinical immuno-oncology research.3 

Hu-mouse models with human tumors and human immune 
components are promising. However, one major limitation of 
current HSC-derived humanized cancer models is the lack of 
a human thymus for HLA-based education of human T cell 
populations.4,16 While the BLT-hu-mouse model transplants 
human fetal thymus and liver into HSC-derived hu-mice, this 
model is highly complex and human fetal tissues are scarce. 
Another approach is engrafting HLA-matched human 
immune components into transgenic mice expressing the 
same HLA molecules.6 While many studies have shown 
enhanced development and survival of human CD8+ and 
CD4+ T cells in hu-mice with HLA-match,4,6,7 only one study 
used HLA-matched hu-mice for cancer investigation.17 Ehx 
et al. compared NSG vs transgenic NSG-HLA-A2/HHD mice 
humanized with PBMCs (HLA-A2.1+) that were engrafted 
with human THP-1 leukemia cells (HLA-A2.1+).17 

Expression of HLA-A2.1 by hu-mice reduced HLA-A2.1+ leu
kemic cells but increased severe GvHD.17 We suspect both 
effects were caused by the high level of already mature T cells 
that would be avoided by using CD34+ HSCs instead of PBMCs 

Figure 2. Combination (immuno)therapy in humanized KRAS-mutated CRC model. 
(a) Five days after confirming reconstitution (−5), HCT-116 cells were implanted in 
hu-mice (day 0). 10 days later, tumors were treated with PBS, ICI (human α-CTLA-4 
and α-PD-1 from day 11 every 3 days until 10 doses total) or Comb (100 µg MMC 
at day 10; 2 × 107 pfu oBoHV-1 i.T. At days 11, 14 and 17; and human ICI as 
described above).9,10 Blood and tumors were collected as indicated. Individual 
tumor volumes (Male, Female) (b) and group averages (c) are shown. 
Reconstitution levels (d) and immune cell abundance (e-h) were analysed by 
flow cytometry (Figure S3). Endpoint splenic CTLs from Comb-treated hu-mice 
were co-cultured with HCT-116 cells in the absence (wt) or presence (wt + αHLA) 
of αHLA-A2 antibody or with HCT-HLAko cells. HLA-A2 expression on tumor cells 
(i) and CD69, GrB and Ki67 expression in CTLs (j) were assessed by flow cytometry. 
*p < 0.05, **p < 0.01 and ***p < 0.001.
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Figure 3. Combination (immuno)therapy in humanized KRAS-mutated PDAC model. Six days after confirming reconstitution, CFPAC-1 cells were implanted in hu-mice, 
and 10 days later tumors were treated with PBS, ICI (human α-CTLA-4 and α-PD-1 antibodies) or Comb (MMC + oBoHV-1 + ICI). Tumor volumes were measured every 3 
days, and tumors were harvested and fixed at endpoint. Individual tumor volumes (Male, Female) (a) and group averages (b) are shown. (c) H&E histology: upper left 
panel has representative images of whole tumor sections for each group, with a 20× image of the necrotic area in the PBS-treated tumor shown below. Upper right 
panel shows 20× images of the desmoplastic stroma in PBS-, ICI- or Comb-treated tumors (black arrows – fibroblasts; white arrows – tumor epithelia). (d-g) MIBI-TOF 
images and analysis. (d) Representative spectral images for each group. (e) Heatmap displaying normalized individual marker expression to determine cell phenotypes 
presented in tumor samples, and UMAPs color-coded by cell phenotype. (f) Ki67 expression in tumor, stroma and CD56+ αSMA+ stroma cells shown as a measure of 
proliferation. (g) Heatmap displaying relative cell abundance of each cell type in each region CN1–4, and UMAPs color-coded by regions. *p < 0.05 and **p < 0.01.
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for humanization. Here, we used CD34+ HSCs (HLA-A2.1+) to 
humanize transgenic NRG-A2 mice that were then engrafted 
with two KRAS-mutated cancers expressing HLA-A2.1. We 
chose a class I HLA due to its role in antigen-specific activation 
of CTLs, key immunotherapy mediators, including our combi
nation (immuno)therapy. Although HLA-A2.1 is the most 
frequently detected HLA-A2 allele in all ethnic groups, differ
ent class I HLAs should be evaluated to better represent all 
races and ethnicities.18 Here, we present the successful engraft
ment and growth of KRAS-mutated CRC and PDAC tumors in 
hu-mice with HLA-class-I-match without losing HLA-A2.1 
surface expression. We demonstrate that having HLA-A2.1 
expressed in mouse tissue resulted in HLA-A2.1-restricted 
CTLs as previously reported.7 While an even better model 
would match both class I and II HLAs,6 identifying tumor 
cells or patient-derived xenografts and HSCs with the same 
HLA class I and II subtypes would be challenging.

After establishing two novel humanized cancer models, we 
evaluated their potential in immuno-oncology research by 
studying changes in the tumor and TME after treating with 
PBS, ICI (αPD-1 and αCTLA-4), or a published CTL- 
mediated combination (immuno)therapy8 (Comb) that 
includes ICI. The CRC model presented the characteristic 
immune “cold” signature of human CRC with low anti- 
tumor T cell infiltration that makes it resistant to ICI.19 

Comb treatment elevated CTL:Treg ratios while reducing 
Tim3+ Tregs, correlating with therapeutic efficacy similar to 
clinical evidence.20,21 As opposed to other cancer types, in 
human CRC increased infiltrating Tregs correlates with both 
improved or worsened prognosis and overall survival, but 
highly immunosuppressive phenotypes, such as Tim3+ Treg, 
are found to be crucial in tumor immune escape.21 We 
further demonstrated that Comb activates tumor-specific 
HLA-restricted CTLs.

In the humanized PDAC model, a complex architecture of 
necrosis and desmoplastic stroma similar to human PDAC15 

was seen in harvested tumors. Therapeutic efficacy of Comb 
correlates with reduction of extended histological necrotic 
areas as observed clinically.22 Moreover, Comb reduced the 
amount and proliferation of tumor cells and stroma cells 
expressing CD56, or neural cell adhesion molecule, a marker 
of perineural invasion of all periampullary cancers.23 Patients 
with high expression of CD56 in periampullary tumors have 
reduced survival.23 Of interest, the CD56+ stroma population 
also expresses α-SMA, a well-known activation marker of 
PSCs,24 quiescent fibroblast-like cells that can differentiate to 
CAFs. High expression of α-SMA is a well-established marker 
of myofibroblastic CAFs, a population typically associated with 
tumor-restraining properties, but also with tumor-promoting 
capabilities in PDAC patients.25

In conclusion, we successfully established two novel KRAS- 
mutated cancer models in HSC-derived hu-mice with HLA-class 
-I match between mouse tissue (including thymus), human 
immune system and human tumor that makes the model more 
clinically relevant compared to currently used humanized cancer 
models where CD8+ T cells are educated in the presence of mouse 
MHC class I molecules. Both humanized models were able to 
recreate the complexity and plasticity in the TME seen in patients’ 
biopsies after treatment success or failure. Accordingly, these 

models may represent an improved bridge between pre-clinical 
and clinical studies on human immune responses, accelerating 
the development of new CTL-mediated immunotherapies.
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