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Proteins Using Tol Mice Enables Development of Improved

Tumor Models for Investigating Immunity and Metastasis
Kabir A. Khan'?, Areeba A. Qureshi"?, Ping Xu"?, Hung-Yang Kuo®, Ton N. Schumacher®>,

lacovos P. Michael"?, and Robert S. Kerbel"?

ABSTRAC

There is a continuing need for improved preclinical mouse models
of cancer that more accurately predict therapy outcomes for future
clinical translation. Luciferase and bioluminescence have long been
utilized to generate models conducive to noninvasive imaging to
monitor tumor growth, disease progression, and response to therapy.
However, luciferase, as well as fluorescent reporter proteins, are highly
immunogenic, limiting their use in some syngeneic tumor models in
immunocompetent mice. In this study, we described the utility of
transgenic mice engineered to have tolerance to luciferase and several
other reporter proteins, known as Tol mice, in cancer immunology
research. Some tumor cell lines expressing both luciferase and GFP
were completely rejected in wild-type mice but maintained robust
growth in Tol mice. Additionally, Tol mice allowed the development
of an experimental brain metastasis model and a postsurgical resection
spontaneous metastasis model. Importantly, even when certain cell
lines carrying reporter proteins successfully formed tumors in im-
munocompetent wild-type mice, underlying immunity existed that
could be reinvigorated by immune checkpoint inhibitors. Therefore,
caution is needed when using such models in wild-type mice, as
exaggerated effects may be induced by immunotherapy. Tol mice
circumvent this problem and will likely widen the number of

Introduction

Immunotherapy of cancer continues to be at the forefront of
cancer research and treatment, with a considerable number of
treatments being evaluated, particularly those targeting the immune
checkpoint molecules PD-1 or PD-L1, often combined with other
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orthotopic and metastatic tumor models that can be used in immu-
notherapy studies in both C57Bl/6 and BALB/c mice.

Significance: Tol transgenic mice, tolerant to reporter proteins
like luciferase and GFP, can be used to develop improved tumor
models for studying metastasis and immunotherapy, avoiding
immune rejection issues in immunocompetent mice.

See related commentary by Grzelak and Ghajar, p. 2143
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studies

therapeutic modalities (1). However, in some situations, there can
be little rationale for testing certain combination therapies in clin-
ical trials, and robust prior reports of preclinical testing are often
lacking to aid the justification of undertaking large and expensive
clinical trials, especially at the phase III level, many of which have
failed (2). There are many challenges in the tumor immunotherapy
field and 10 such challenges were summarized by Hegde and Chen
(3). This study aims to address one of these challenges — the need for
better preclinical models. There are many problems with preclinical
models not translating well (or at all) to clinical scenarios. One such
problem has been described extensively elsewhere and involves the
most common situation of treating only primary and sometimes
exclusively subcutaneous tumors (4, 5). The use of orthotopic tumor
implantation and modeling of metastatic disease better replicates
clinical scenarios with higher predictive potential. Luciferase-based
bioluminescence has been used extensively in studies to visualize
internal primary tumors and metastases. Indeed, the first use of
luciferase for this purpose was carried out in 1994 (6). Many studies
utilizing the imaging strategy have been published, with most in-
volving human tumor xenografts in immunocompromised mice, in
which immunogenicity of luciferase was of little or no concern.
Reporter proteins such as luciferase and GFP have long been known
to be immunogenic when expressed ectopically in immunocompetent
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mice, and the immunodominant epitopes capable of being pre-
sented to CD8" T cells by MHC class I have been identified in both
C57Bl/6 and BALB/c mice (7-9). Such immunogenicity of lucif-
erase or GFP or both has been shown to result in the rejection of
tumor cells in some models (10-15). Others have shown reduc-
tions in the extent of metastasis (16).

Here, we describe the use of transgenic “Tol” mice, which were
previously generated to maintain immunologic tolerance against a
range of reporter and modifier proteins (17). These include
AzGreen, Kaede, Katushka, mKO2, TagBFP, enhanced GFP (eGFP),
luciferase 2 (Luc2), and Cre recombinase. Immunologic tolerance
was generated by the use of a “Tolerizer” expression cassette, which
contained N-terminal and C-terminal portions of each gene shuffled
to create nonfunctional proteins but that contained all necessary
epitopes for recognition by the adaptive immune system as self-
antigens. It was previously shown that the adoptive transfer of CD8"
T cells expressing certain fluorescent proteins present in the Tol-
erizer cassette allowed extended maintenance in Tol mice in com-
parison with wild-type mice (WT; ref. 17). Here, we describe for the
first time the comparison of Luc2- and GFP-transduced tumor cells
implanted into WT versus Tol mice. In some cases, the tumor cells
are completely rejected in WT whereas they are maintained in Tol
mice. In other cases, the cells are maintained in both mouse strains
but grow slower in WT mice. Importantly, we demonstrate that Tol
mice can be used to develop models of postsurgical metastatic
disease, as shown in the triple-negative breast cancer 4T1.2 line, as
well as experimental brain metastasis via direct injection into the
Tol mouse brain. We also show that luciferase staining can be used
as a way of identifying tumor cells. Finally, we demonstrate that
even in settings in which luciferase- and GFP-expressing cells such
as B16 melanoma grow in both WT and Tol mice, major differences
are observed between these mice when undergoing immunotherapy,
with WT showing higher numbers of complete responses (CR),
whereas little therapeutic efficacy is detected in Tol mice.

Materials and Methods

Cells

E0771 breast cancer cells (biological sex female) were obtained
from ATCC (RRID: CVCL_GR23). B16F1 melanoma (RRID:
CVCL_0158; biological sex male) cells were obtained from the late
Dr. Isaiah J. Fidler. 4T1.2 (RRID: CVCL_GR32; biological sex fe-
male) breast cancer cells were obtained from Dr. Robin L Anderson
(University of Melbourne, Melbourne, Australia; ref. 18). Cell line
authentication was not performed but early-passage vials were
returned to and cultured for three to four passages. Mouse tumor
cell lines were cultured in DMEM with 5% FCS. After cell sorting,
cells were cultured for at least two passages in media containing
penicillin, streptomycin, and fungizone. HEK293T cells (RRID:
CVCL_0063; courtesy of Dr. David Andrews’ lab) were cultured in
DMEM with 10% FCS. Cells were screened for Mycoplasma and
other pathogens and confirmed to be negative by the Mouse Es-
sential CLEAR Infectious Disease PCR (Charles River Laboratories)
or by in-house Mycoplasma screening PCR using a nine-primer
pool (19).

Plasmids and constructs

The minimal ubiquitous chromatin-opening element (UCOE) from
the human CBX3 promoter was amplified from the pMHO0006 plasmid
(a gift from Martin Kampmann and Jonathan Weissman; Addgene,
plasmid #135448, RRID: Addgene 135448) using the primers
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aagaccaccgcacagcaagcgcggccgc [GATCTTCAGACCTGGAGG (for-
ward) and caggcaccagagcaggecggggecggccAGCTTGAGACTACCCCCG
(reverse) and then Gibson-cloned (Gibson Assembly Master Mix, New
England Biolabs #E2611S) into pWPi (a gift from Didier Trono; RRID:
Addgene_12254) between restriction sites NotI and Fsel to create the
pLUEF1 IRES GFP lentiviral vector (Addgene #224466). Luc2 was
amplified from the pFU Luc2-eGFP plasmid (a gift from Professor
Jennifer Prescher), using primers cgagactagcctcgaggtttaaacATGGAA-
GATGCCAAAAAC (forward) and attcctgcageccgtagtttaaacTTATTA-
CACGGCGATCTTG (reverse) and Gibson-cloned into pLUEF1-IRES-
GFP between Pmel restriction sites, to create pLUEF1-Luc2-IRES-GFP
(Addgene #224467). The packaging and envelope plasmids psPax2 and
pMD2.G were used in cotransfection to create lentiviral particles (gifts
from Didier Trono; RRID: Addgene 12260 and Addgene 12259). All
plasmids were confirmed to be of the correct sequence by Sanger
sequencing (The Centre for Applied Genomics, Toronto, Ontario,
Canada).

Lentiviral transductions

As described previously (20), briefly, HEK293T cells (3 x 10° in
a 10-cm plate) were transfected with 9 pg total plasmid DNA of
pLUEF1, psPax2, and pMD2.G vectors at a ratio of 3.3:2.5:1 using
polyethylenimine (average molecular weight ~25,000, branched;
Sigma-Aldrich #408727) at a ratio of 1:4 DNA to polyethylenimine.
The next day, media from two 10-cm plates were changed, and
48 hours later, viral media were collected, centrifuged, and passed
through a 0.45-um sterile filter and applied to 500,000 target cells
plated in T75 flasks in the presence of 8 pg/mL of polybrene (Sigma,
hexadimethrine bromide #H9268). Two days later, the medium was
changed for a second round of transduction, and flow cytometry was
performed 2 days later to determine transduction efficiency.

Flow cytometry and FACS

Lentiviral transduction efficiency (% GFP+) was analyzed in
comparison with nontransduced cells using an LSR II (BD Biosci-
ences). After multiple passages to ensure stable integration of the
transgene, the top 10% GFP+ cells were sorted using a BD FAC-
SAria Fusion cell sorter and then cultured for at least three passages,
expanded, and frozen down. Similar passages were used for all
implantation experiments.

Breeding mice

Sperm from Col1a1'm23(CAG-Tol-cre)NKIL (\1GT [D: 6342020) mice
was used to artificially inseminate WT C57Bl/6 females (The Jack-
son Laboratory). Heterozygote pups were bred together and then
backcrossed to naive WT C57Bl/6 females every 6 months to avoid
genetic drift. Tol C57Bl/6 males and females were bred with WT
BALB/c females or males (The Jackson Laboratory). Mice were
genotyped using a three-primer PCR using Taq DNA polymerase
(GenScript #E00007) using primers mouse genomic DNA (gDNA)
wtl forward GCCATCCCAACAATACATCA, mouse gDNA wt2
reverse TGGTTTCTTTGGGCTAGAGG, and Tol MRT insert BGH
forward TAGTTGCCAGCCATCTGTTG to amplify a region in the
gDNA flanking in which the Tol cassette inserts (for identification
of WT) or a region spanning the C-terminus of the Tol cassette and
genomic DNA in the Collal locus (for identification of Tol);
therefore, differences in sizes would be able to distinguish between
WT, heterozygotes, and homozygotes (See Supplementary Fig. S1A
and S1B). Age-matched WT and Tol heterozygotes were used for all
experiments from in-house breeding colonies, and littermate con-
trols were used where possible.
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Mammary fat pad and subcutaneous tumor implantations

All animal experiments were carried out with the approval of the
institutional Animal Care Committee of Sunnybrook Research In-
stitute in accordance with the Canadian Council on Animal Care
guidelines. BI6F1-Luc2/GFP cells (200,000) were implanted sub-
cutaneously (30G needle) into the left or right flank of male Tol or
WT mice aged 8 to 16 weeks. E0771 parental (E0771P) or E0771-
Luc2/GFP cells (500,000) were injected (30G needle) in the mam-
mary fat pad as described previously for female Tol or WT mice
aged 8 to 16 weeks (21). As a method to stimulate tumor immunity,
10 million E0771-Luc2/GFP cells were lethally irradiated with a
50 Gy dose of ionizing radiation in a T75 flask in vitro using a
Faxitron X-ray Irradiator (Faxitron). Two days after irradiation,
500,000 cells were implanted in the mammary fat pad. For tumor
rechallenges, the original number of nonirradiated cells was used for
implantation, albeit on the opposite side of the mouse; alternatively,
a 1- to 2-mm diameter tumor piece was implanted by creating a
small pocket in the mammary fat pad and such tumor fragments
were from E0771-Luc2/GFP tumors originally grown in Tol mice.
For surgical resections, at 15 days post implantation (DPI), mice
were depilated at the tumor site, the chest, and abdomen. The
primary tumor was resected along with surrounding mammary fat
pad tissue and laid in a petri dish containing 300 ug/mL of
D-luciferin in PBS and subjected to bioluminescence imaging (BLI).
Primary tumors were measured using Vernier calipers.

Brain implantation

E0771-Luc2/GFP cells (100,000) were stereotactically implanted
into the right caudate-putamen (x = 2 mm, y = 0 mm, and
z = —3 mm) of female Tol or WT C57Bl/6 mice aged 10 to
14 weeks, at a rate of 100 nL per minute (2 pL total volume) using a
Hamilton syringe and 30G needle. Per experiment, a maximum of
four mice could be implanted each day; hence, implantations were
carried out over 2 days to include two WT and two Tol mice each
day. Data from two separate experiments were pooled for survival
analyses and tumor occurrence.

Immunotherapy treatments

On day 12 after implantation, mice bearing B16F1-Luc2/GFP
melanoma were separated into treatment groups to ensure similar
mean tumor volume in each group. Mice were intraperitoneally
injected with 150 pg mouse CTLA4 antibody clone 9D9 (Bio X Cell,
cat. #BP0164, RRID: AB_10949609), 250 ug of PD-1 antibody,
murinized RecombiMADb with D265A mutation from clone RMP1-
14-CP151 (Bio X Cell, cat. #CP151, RRID: AB_2927525), or mouse
isotype control antibody (Bio X Cell, cat. #BE0086, RRID:
AB_1107791).

BLI

Mice were intraperitoneally injected with 150 mg/kg of
D-luciferin dissolved in PBS (IVISbrite D-Luciferin Potassium Salt
bioluminescent substrate PerkinElmer/Revvity #122799) and im-
aged using the Newton 7.0 (Vilber) small animal imager. Data were
acquired using the Evolution software (Vilber) and quantified using
Kuant software (Vilber). BLI quantification was performed on im-
ages that did not show signal saturation. Regions of interest were
drawn around areas of tumor and kept consistent between time
point comparisons, and regions of interest were also used for
background subtractions.

AACRJournals.org

Tol Mice as Reporter-Tolerant Immunocompetent Models

Enzymatic dissociation of tumors

Tumors were resected from mice, minced to fine pieces with
a razor blade, and digested in an enzymatic solution containing 1%
BSA, 12,500 units collagenase II (Worthington), 12,500 units col-
lagenase IV (Worthington), and DNase I, 10 ug/mL (cat. #.S006333,
Worthington) for 45 minutes at 37°C with gentle shaking. After
neutralization in DMEM containing 10% FCS, digests were passed
through a 70-pm cell strainer, and the cells were then cultured in the
original media and GFP positivity was monitored.

Flow cytometry of peptide MHC tetramers in digested tumors

At 12 days after implantation, B16F1-Luc2/GFP tumors were
excised from WT and Tol mice. After mincing with razor blades,
tumors were transferred to the enzymatic solution described above.
After dissociation, 1 million cells were used per stain and trans-
ferred to a 96-well deep well plate for all staining and washing steps
(Corning #3960). Zombie violet fixable viability stain (BioLegend, #
423114) was incubated at 1:1,000 in PBS for 20 minutes in dark at
room temperature. The cells were washed and then incubated for
30 minutes in FcR block anti-CD32/CD16 (1:100 dilution, 5 pg/mL;
BD Biosciences, cat. #553142, RRID: AB_394657). The cells were
washed and then incubated with fluorescent labeled pMHC tetra-
mers for 45 minutes on ice (1:200 dilution). H2-Db DTLVNRIEL
(GFP peptide 118-126) tetramer PE and H2-Db LMYRFEEEL
[firefly luciferase (Luc2) peptide 264-272] APC or negative control
H2-Db ASNENMETM (influenza A peptide) tetramer PE or nega-
tive control H2-Db ASNENMETM (influenza A peptide) APC (all
obtained from the NIH Tetramer Facility) were used. The cells were
washed again and then incubated with the following antibody panel:
CD45 (clone 30F-11) BUV395 (1:100; BD Biosciences, cat. #565967,
RRID: AB_2739420), CD8a (clone 53-6.7) BUV737 (BD Biosci-
ences, cat. #612759, RRID: AB_2870090; 1:200), CD4 (clone GK1.5)
PerCP Cy5.5 (1:200; BioLegend, cat. #100434, RRID: AB_893324),
and PD-1 (clone 29F.1A12) PE-Cy7 (1:200; BioLegend, cat.
#135216, RRID: AB_10689635) for 45 minutes on ice. The cells were
then washed and fixed in paraformaldehyde for 10 minutes, washed,
and stored overnight and analyzed 24 hours later using a BD
FACSymphony A5 flow cytometer (BD Biosciences). Fluorescence
minus one controls for antibodies were included and used for gating
strategy. The following were gated on: single cells, live cells, CD45",
CD8a", tetramer APC negative (for PE tetramers), and tetramer PE
negative (for APC tetramers; gating schemes are provided as Sup-
plementary Fig. S2). Negative control tetramers were used in sep-
arate conditions to determine background staining and were used
for gating, allowing ~0.5%+ cells in each tetramer-positive gate.
Compensation was determined using single stains of UltraComp
eBeads (Thermo Fisher Scientific #01-2222-41). Data were analyzed
using FlowJo v10.8.1 (RRID: SCR_008520).

Immunofluorescence of frozen sections

Tissues were frozen in optimal cutting temperature, lungs were
inflated with a 1:1.5 optimal cutting temperature:PBS mix, and
immunofluorescence was performed as described previously (22).
Lung sections were cut at 12 um and liver at 6 um. After thawing,
tissues were fixed on the slide with chilled methanol for 5 minutes
and then blocked in Dako blocking buffer (Agilent, Dako #X0909)
with 10% donkey serum for 30 minutes at room temperature. Brain
sections were cut at 10 pm, thawed, fixed with chilled methanol for
10 minutes, and then blocked in PBS-Triton (0.1%) prepared in-
house with 10% donkey serum for 1 hour at room temperature.
Primary antibodies were incubated overnight at 4°C - endomucin
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clone V.7C7 (Thermo Fisher Scientific, cat. #14-5851-82, RRID:
AB_891527; 1:500 dilution, 1 pg/mL), CD31 FITC clone MEC13.3
(BioLegend, cat. #102506, RRID: AB_312913; 1:50 dilution, 10 pug/mL),
luciferase goat polyclonal antibodies (R&D Systems/Novus, cat.
#NB100-1677, RRID: AB_10000585; 1:500 dilution), and GFP chicken
polyclonal antibody (Abcam, cat. #ab13970, RRID: AB_300798;
1:800). Secondary antibodies included Alexa Fluor 647 AffiniPure
F(ab’), Fragment donkey anti-rat IgG (H+L; Jackson Immuno-
Research, cat. #712-606-153, RRID: AB_2340696; 1:500), donkey
anti-goat IgG (H+L), highly cross-adsorbed CF750 (Biotium
#20362; 1:500), and Rhodamine Red-X AffiniPure donkey anti-
chicken IgY (IgG; H+L; Jackson ImmunoResearch, cat. #703-295-
155, RRID: AB_2340371). Slides were stained with DAPI and
mounted in ProLong Diamond and images were acquired on a Zeiss
Axio Observer with Colibri LED light source. Whole-tissue sections
were scanned and processing included stitching and shading cor-
rection (ZEN, Zeiss).

Statistical analysis

Statistical analyses were performed using Graphpad Prism 5.0.
P values were derived from two-tailed unpaired Student  tests, and
P values for survival analyses were derived with the log-rank
Mantel-Cox test.

Data availability
The data generated in this study are available upon request from
the corresponding author, K.A. Khan.

Results

Breast cancer cells coexpressing luciferase and GFP are
rejected in WT mice but grow in Tol mice

Alongside the risk of rejection of luciferase- or GFP-expressing
cells is the potential for bioluminescence signal to decrease in vivo;
historically, we have detected loss of signal in two different ortho-
topic breast cancer models despite increases in tumor volume
(Supplementary Fig. S3A-S3G). Such loss of expression could be
due to tumor clones highly expressing luciferase being depleted by
the adaptive immune system or perhaps the transgene becoming
epigenetically silenced or lost due to chromosomal instability; ad-
ditionally, loss of signal could be due to necrosis within a tumor
(especially bioluminescence signal). To ensure that Luc2 and GFP
were constitutively expressed upon passaging in vitro and prolifer-
ation in vivo, and to be less prone to epigenetic silencing, the len-
tiviral pLUEF1 (plasmid Lentiviral UCOE EF1la) vector was created,
which contains a UCOE before the constitutively active EFla pro-
moter (Fig. 1A). The use of a UCOE has been shown to decrease
promoter CpG methylation (23). The Luc2 gene was codon opti-
mized for mammalian expression and cloned after the promoter and
separated from eGFP (referred to as GFP henceforth) by an internal
ribosome entry site (IRES) to allow simultaneous expression of each
reporter protein. GFP was utilized to allow FACS of positive cells to
maintain a higher level of heterogeneity than can be acquired with
clonal selection and expansion. The E0771 mouse breast cancer cell
line was transduced with this vector to generate Luc2 and GFP
reporter cells; the double reporter cell lines are referred to as Luc2/

A pLUEF1 lentiviral vector Figure 1.
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GFP in the rest of the text. E0771-Luc2/GFP cells were used to
determine capacity for tumor formation in WT or Tol mice. After
implantation into the mammary fat pad, bioluminescent signal
could be detected in all mice at 7 DPI (Fig. 1B). However, at 14 DP]I,
the majority of tumors in WT mice had been rejected and were
undetectable (three of four mice); subsequently 21 days later, all WT
mice had rejected the implanted tumor cells, but in contrast, in the
Tol mice, formation of tumors was observed (Fig. 1B-D). Upon
experimental endpoint, all lungs were visualized ex vivo by BLI,
which revealed no detectable metastases in WT mice, whereas lung
metastases could be observed in the Tol mice (five of six; Fig. 1E
and F).

Tol mice can mount an adaptive immune response against
EO0771-Luc2/GFP breast cancer cells

To verify that the Tol mice maintain the ability to mount an
adaptive immune response and that impaired immunity due to
expression of the large Tol protein was not the reason for differences
in the growth of E0771-Luc2/GFP tumors, an immunization-like
approach was utilized. In short, we intended to raise an adaptive
immune response against tumor cells that could not proliferate and
then re-challenge with the original tumor line to determine whether
an adaptive immune response was indeed generated, resulting in
slower tumor growth or even complete rejection (Fig. 2A). Tol mice
were used as recipients for orthotopic implantation with lethally
irradiated E0771-Luc2/GFP cells in the mammary fat pad. BLI
revealed that all cells in each implantation could emit biolumines-
cent signals on the day of implantation, demonstrating the presence
of live cells that are presumably unable to proliferate (Fig. 2B). After
4 weeks of observation, no tumors grew from the irradiated E0771-
Luc2/GFP cells. To determine whether this single-dose immuniza-
tion was sufficient to confer adaptive immunity, four mice were
rechallenged with nonirradiated E0771-Luc2/GFP cells, and four
separate mice were rechallenged with E0771-Luc2/GFP tumor
fragments (1-2 mm in diameter), both implantations being in the
contralateral mammary fat pad. Tumor fragments were derived
from tumors originally grown in the mammary fat pad of Tol mice
and were used to determine whether an immune response could be
raised against a larger established tumor. In mice rechallenged with
E0771-Luc2/GFP cells, BLI signal was present in all mice on days
1 and 9 after rechallenge (Fig. 2B). Eventually each group of mice
rejected two of four rechallenges (Fig. 2C and D) of cells or tissue.
In addition, the growth kinetics for the tumors that did grow from
cell rechallenges were considerably slower when compared with
E0771-Luc2/GFP cells implanted into naive Tol mice (Fig. 2E),
demonstrating that Tol mice are indeed capable of launching an
adaptive immune response against this tumor. Although this does
not unequivocally prove that rejection is raised against intrinsic
E0771 tumor antigens, we and others have shown previously that
E0771 parental cells respond and undergo complete regressions in
response to ICIs, supporting the presence of strong tumor antigens
(24, 25).

Melanoma B16F1-Luc2/GFP cells display reduced primary
tumor growth and metastasis and increased GFP- and
Luc2-specific CD8" T cells in WT versus Tol mice

In order to determine whether a less immunogenic cell line would
result in similar findings to E0771 results, we chose the mouse
B16F1 melanoma cell line, which we have previously shown to not
respond well to PD-L1 antibody monotherapy (26). B16F1 cells were
transduced with the same pLUEF1 Luc2-IRES-GFP construct and
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implanted into WT versus Tol mice, which resulted in a significant
reduction in tumor size and growth rate in WT mice compared with
Tol, as well as a reduction in BLI signal (Fig. 3A and B). The BLI
signal in the core of large tumors was reduced at later time points
(15 DPI and beyond) in both WT and Tol mice, likely because of
necrosis in the tumor center (Fig. 3B; Supplementary Fig. S4A).

To investigate the presence of GFP- and luciferase-specific cytotoxic
T-cell responses, we utilized peptide MHC class I tetramer staining
using the immunodominant peptides of GFP (DTLVNRIEL) and lu-
ciferase (LMYRFEEEL) in C57Bl/6 mice (Supplementary Fig. S4B;
refs. 8, 9). B16F1-Luc2/GFP tumors were dissociated after 12 days of
growth in WT versus Tol mice and flow cytometry was performed.
The mean fluorescence intensity of GFP in CD45-negative cells (used
as a surrogate for tumor cells but will also include GFP-negative
nontumor stromal cells) was significantly reduced in WT mice com-
pared with Tol, consistent with the possibility of high GFP
expressors being eliminated by the adaptive immune system
(Fig. 3C). Additionally, levels of intratumoral CD8" T cells in WT
mice were significantly higher than Tol mice, suggesting activation
and expansion in WT versus Tol mice (Fig. 3D). Indeed, PD-1"
CD8" T cells were significantly higher in WT versus Tol, sug-
gesting the potential of increased activation (Supplementary Fig.
$4C). To determine the levels of antigen-specific CD8" T cells and
add another layer of specificity, we utilized PD-1 expression to
identify PD-1" tetramer+ activated CD8" T cells (Supplementary
Fig. S4B). This revealed significantly more GFP- (Fig. 3E) and
luciferase-specific (Fig. 3F) CD8" T cells in WT than in Tol mice;
this was also the case for absolute numbers (Supplementary Fig.
S$4D). Similar differences were observed for all GFP and luciferase
tetramer-positive CD8" T cells irrespective of activation status
(Supplementary Fig. S4E). These data suggest that Tol mice dis-
play tolerance to GFP and luciferase and do not mount a robust
and specific immune response as observed in WT mice.

To determine whether similar findings as observed in primary
tumors could be seen in metastatic settings, B16F1-Luc2/GFP cells
were injected into the tail vein of WT versus Tol mice. The majority
of mice displayed signal 1 hour after injection, mainly in the lungs;
however, there was no significant difference between WT and Tol at
this point (Supplementary Fig. S4F). Over several weeks, Tol mice
developed extensive metastases as visualized by BLI and displayed
symptoms of disease burden sooner than the majority of WT mice
(Fig. 3G). This was reflected in survival analyses of WT versus Tol
mice (Fig. 3H) and BLI quantification (Fig. 3I). The slower devel-
opment of both primary tumors and metastases in WT mice sug-
gests that an adaptive immune response is raised in WT but not in
Tol mice.

Luciferase can be utilized as a tumor-specific marker by
immunostaining in Tol mice

Many mouse tumor cell lines lack robust tumor-specific
markers that can be identified in downstream histology or flow
cytometry analyses. One of the many major benefits of utilizing a
tumor model that expresses a trackable or reporter protein is
exploiting its use as a tumor-specific marker, especially in his-
tologic analyses. However, as the Tol mice technically contain
epitopes for luciferase in every cell, it was unclear whether im-
munostaining of luciferase or other reporter proteins could be
successfully performed. Therefore, we conducted immunostain-
ing on lungs and livers containing B16F1-Luc2/GFP tumors.
Metastatic sites were chosen to compare tumor lesions against
normal healthy tissue in the same tissue section. Vessels were
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Days after implantation/rechallenge

E0771-Luc2/GFP irradiated cell implantation in Tol mice to test capability of the adaptive immune system. A, Schematic diagram of the experimental design. B, BLI of
Tol mice implanted with irradiated EQ771-Luc2/GFP at O DPI and then rechallenged with nonirradiated EQ771-Luc2/GFP either as cells or tumor tissue fragments.
DPR, days post rechallenge. C, Tumor volumes of mice from B. D, BLI quantification of mice from B. sr, steradian. E, The EQ771-Luc2/GFP cell rechallenges are plotted
alongside individual tumor growth data of E0771-Luc2/GFP implanted in naive Tol mice from Fig. 1C; these experiments were not conducted side by side and are
presented together only to aid in visualization and direct comparison. A, Created in BioRender. Khan, K. (2025) https://BioRender.com/k559794.

visualized by CD31 and endomucin staining to provide infor-
mation on tissue architecture. Polyclonal antibodies against lu-
ciferase could specifically identify tumor masses in the lungs and
liver, with minimal reactivity in the normal lung or liver pa-
renchyma (Fig. 4A and B). Necrotic cores were observed in the
center of many large metastases (Fig. 4B), consistent with BLI
imaging of large primary B16F1-Luc2/GFP tumors (Supple-
mentary Fig. S4A).

Tol mice can facilitate the development of experimental brain
metastasis models in this case of breast cancer

One of the most difficult circumstances to successfully treat in
patients with cancer is brain metastases. To investigate the
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differences in tumor growth between WT and Tol mice within the
brain and to establish an improved experimental brain metastasis
model for future immunotherapy studies, we implanted E0771-
Luc2/GFP cells intracranially and monitored tumor growth over-
time (Fig. 5A). In some examples, tumors grew with an invasive
front mixed with brain parenchyma (Supplementary Fig. S5A). In
one representative experiment, BLI revealed signals in all Tol mice
at seven DPI whereas the signal had depleted in two of four WT
mice at this stage (Fig. 5B; Supplementary Fig. S5B). In some
examples, tumors and BLI signal were observed away from the
injection site (Supplementary Fig. S5C). By 14 DPI and beyond
(up to 21 DPI), no BLI signal was detected in WT mice, whereas
two of the four Tol mice showed high BLI signal. In the remaining
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Reduced growth of B16F1-Luc2/GFP cells in WT mice in comparison with Tol mice. A, Tumor volume of B16F1-Luc2/GFP implanted subcutaneously in WT vs.
Tol mice. For 20 DPI, an unpaired t test was used, with **, P = 0.0018 and n = 4 per group. B, BLI of WT vs. Tol mice from A. C, B16F1-Luc2/GFP cells
dissociated at 12 DPI were subjected to flow cytometry. GFP mean fluorescence intensity (MFI) of CD45™ tumor cells was assessed by an unpaired t test, with
** P =0.0039 and n = 8 per group. D, Percentage of CD45" CD8a" cells of total live cells as assessed by an unpaired ¢ test. **, P = 0.0035. E, Percentage of
CD45" CD8a" PD-1" GFP tetramer+ of total live cells as assessed by an unpaired t test. **, P = 0.0067. F, Percentage of CD45" CD8a" PD-1" Luc2 tetramer+ of
total live cells as assessed by an unpaired t test. **, P = 0.0045. G, BLI images of mice intravenously injected with B16F1-Luc2/GFP, WT vs. Tol. H, Kaplan-
Meier plot of survival analysis from C; a log-rank Mantel-Cox test was used. *, P = 0.0261; P = 0.0261. WT, n = 9; Tol, n = 8. I, BLI quantitation of mice from D
and E. sr, steradian.
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Luciferase

Luciferase

two Tol mice, in which the BLI signal had depleted at 14 DPI,
clinical symptoms and BLI reappeared at 74 and 75 DPIs (Fig. 5B;
Supplementary Fig. S5D-S5F). This recurrence could represent a
tumor subtype that has undergone adaptive changes within the
brain microenvironment; therefore, we derived a tumor cell line
from a brain lesion of one of these mice, which retained expression
of GFP (Supplementary Fig. S5G). This variant cell line also dis-
played neural-like projections or “tumor microtubes” as has been
described previously for brain cancers such as glioblastoma (27).
In two experiments, in which overall survival was pooled, there
was a significant reduction in survival of Tol mice compared with
WT, with Tol displaying more tumor engraftment and eventual
symptoms of brain metastasis (Fig. 5C). The presence of brain
metastases in Tol mice was confirmed by histology and immu-
nofluorescence staining using luciferase and GFP antibodies
(Fig. 5D). In multiple examples, there was even metastasis within
the brain, distant from the original injection point, possibly rep-
resenting more metastatic and invasive variants (Fig. 5D; Sup-
plementary Fig. S5C).

Postsurgical resection modeling of triple-negative breast
cancer metastasis in Tol mice

To expand the number of cancer lines and models that can be
used in Tol mice, we backcrossed C57Bl/6 Tol to BALB/c. We
utilized sixth-generation BALB/c hybrid mice to test the devel-
opment of primary tumors and metastasis from 4T1.2-Luc2/GFP
cells orthotopically implanted in WT versus Tol mice. All mice
showed positive BLI signal 1 day after mammary fat pad im-
plantation; however, by 10 DPI, the WT mice had markedly
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Figure 4.

Luciferase can be detected and utilized as a tumor-
specific marker in Tol mice. A, Hematoxylin and
eosin (H&E) and immunofluorescence imaging of
lungs from recipient Tol mice that had been in-
jected intravenously into the tail vein with B16F1-
Luc2/GFP cells. B, Hematoxylin and eosin and im-
munofluorescence staining of the liver from Tol
mice injected in the tail vein with B16F1-Luc2/GFP.
Antibodies against luciferase (magenta) and CD31/
endomucin vessels (gray) were used and DAPI was
used to stain nuclei (blue). Scale bars on the full
liver and lung represent 2 mm, whereas the sepa-
rate panels are 200 um.

reduced BLI signal and some had either completely rejected the
primary tumor at this stage or completely lost BLI signal (Fig. 6A).
At 15 DPI, primary tumors were surgically resected and the ex-
cised mammary fat pad and tumor were analyzed by ex vivo BLI
This revealed robust BLI signal in resections from Tol mice but
lack of signal in WT mice (Fig. 6B). At the day of resection, WT
tumor volume was significantly smaller than in Tol mice (Sup-
plementary Fig. S6A). The day after resection, BLI revealed some
residual signal likely pertaining to tumor nodules or cells that
remained after surgical resection in Tol mice (Fig. 6C). At 29 DPI,
the majority of Tol mice began to display distant metastases to
lungs and lymph nodes and displayed dissemination in the op-
posite mammary fat pad. Additionally, some Tol mice displayed
rarer metastases such as to the liver and bone, and variant lines
could be derived from tumors at these sites (Supplementary Fig.
S6B and S6C). Finally, upon endpoint, Tol mice showed robust
BLI signal in metastases, whereas no signal was detected in WT
mice even in mice that displayed tumor regrowth at the resection
site or lung metastases. Immunofluorescence revealed luciferase
staining in metastases from Tol mouse lungs, whereas minimal
staining was observed in WT despite the presence of extensive
metastases (Supplementary Fig. S7A and S7B). There was a sig-
nificant difference in overall survival between Tol and WT mice;
the median survival for Tol mice was 39 DPI whereas it was
102 DPI for WT mice and four of eight did not display any disease
symptoms (Fig. 6D). In summary, Tol mice on the BALB/c
background can be used to develop BLI-trackable cancer models,
in which primary tumors are resected, more closely mimicking
some clinical scenarios.

CANCER RESEARCH

9202 UOJGN LZ UO 19SNn 191us) [ed 1paN A1ISJIoAIun sp 197 Aq 4pd "8THZ b2 -UBD /LYE0Z9E /SOTZ /2T /S8 /4Ppd -0 |9 11 e /S8 1190ued /610 *S [euno [1oee //:d 11y Wo 1 papeo jumod



A Brain implantation of B
E0771-Luc2/GFP

BLI

1 DPI

7 DPI

Histology

C
o
1004 7 2
§ ~—
S 754 o
5 4 WT
2 I**
£ 509 Tol
S -—
& 254 5
Y
0 ) ) I L] 1
0 20 40 60 80 100

Days after implantation (DPI)

V Brain

Figure 5.

WT WT | Tol

Tol Mice as Reporter-Tolerant Immunocompetent Models

WT WT Tol  Tol phs-1.

Tol ph.s-1.
cm-2.sr-1 cm-2.sr-1

l 3.8e+06 ' 3.8e+06
I 8.7e+04 I 8.7e+04
l 7.0e+06 ' 7.0e+06

I 1.7e+05

l 3.34e+06

I 1.7e+05

l 3.34e+06

I 1.33e+05

6.67e+06
|

1.11e+06 I 1.33e+05

Luciferase

EO0771-Luc2/GFP tumor growth in the brain is maintained in Tol mice but rejected in the majority of WT mice. A, Schematic diagram of the brain implantation
experiment. B, BLI of WT vs. Tol mice with brain implantation of EO771-Luc2/GFP cells. #, The two Tol mice in this figure that lost signal showed a recurrence of
tumor growth at 74 and 75 DPI. C, Kaplan-Meier survival analysis of mice from B. A log-rank Mantel-Cox test was used, with **, P = 0.0095 and n = 8 per
group. D, Hematoxylin and eosin (H&E) staining of a Tol mouse brain with the original injected tumor (arrowhead) and two metastases, L, left; R, right.
Immunofluorescence images of a Tol mouse brain with luciferase (magenta) and GFP (green), colocalization (gray), and DAPI (blue). Whole brain scan, scale bar,
1mm or 800 um for hematoxylin and eosin or immunofluorescence, respectively. Inset image illustrates GFP- and luciferase-positive cells at the perimeter of the
tumor. Scale bar, 50 um. A, Created in BioRender. Khan, K. (2025) https://BioRender.com/t56m414.

Immune checkpoint blockade results in differential effects in
WT versus Tol mice bearing B16F1-Luc2/GFP melanoma
tumors

We hypothesized that because of the strong antigenic load of xe-
nogeneic luciferase and GFP proteins, one of two scenarios could occur
in WT mice but not in Tol mice. In the first scenario, tumor cells

AACRJournals.org

containing strong neoantigens must avoid the adaptive immune system
early on in tumorigenesis and they may develop acquired mechanisms
to evade adaptive immunity. In this circumstance, immunotherapy
would likely be less effective in WT mice. In the second scenario, tumor
cells expressing strong neoantigens will be recognized by CD8" T cells
once immune evasion is relieved with immunotherapy in the form of
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Tol BALB/c mice can be used to generate post-resection models of 4T1.2-Luc2/GFP metastasis. A, BLI of WT vs. Tol mice implanted with 4T1.2-Luc2/GFP into
the mammary fat pad, showing reduced signal in WT but signal maintenance in Tol mice. B, Ex vivo BLI of resected tumor and surrounding mammary fat pad in
WT vs. Tol mice. C, BLI of WT vs. Tol mice after surgical resection of primary tumor shows BLI signal of metastasis developing in Tol mice but not in WT mice. D,
Overall survival analysis of WT vs. Tol mice. Four of eight WT mice were euthanized for large regrowth at the site of resection but did not display BLI signal,
whereas all Tol mice were euthanized for clinical symptoms of metastasis and displayed BLI in metastases. A log-rank Mantel-Cox was used, with **,
P = 0.0064 and n = 8 per group. DPR, days post resection.
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immune checkpoint inhibitor (ICI) antibody therapy, resulting in more
robust effects. We chose to utilize the B16F1-Luc2/GFP model as at
12 days post implantation, tumors were of similar size between WT and
Tol for treatment initiation (Supplementary Fig. SSA-S8C). We chose a
doublet treatment regimen similar to immunotherapy for patients with
melanoma in which a PD-1 antibody is given in combination with a
CTLA4 antibody (28), followed by a period of maintenance PD-1 an-
tibody blockade alone (Fig. 7A). Strikingly, WT mice treated with the
ICIs were able to reject five of seven tumors initially (two of which
relapsed against therapy), resulting finally in three of seven CRs

A  B16F1-Luc2/GFP Mouse CTLA4 Ab, Mouse PD-1 Ab

Tol Mice as Reporter-Tolerant Immunocompetent Models

(Fig. 7B and C). Interestingly, the relapsed tumors after ICI therapy
displayed low BLI signal despite the tumors being of a large volume,
potentially representing tumor cells that have undergone immune
editing (Supplementary Fig. S8D and S8E). In contrast, in Tol mice,
there were no clear effects on tumor growth (Fig. 7B and D; Supple-
mentary Fig. S8F). At time points in which all mice in WT or Tol were
present, there were significant differences in tumor volumes in WT
undergoing ICI treatment, whereas no differences were observed in Tol
mice treated with ICI (Fig. 7E and F). These mice were monitored until
the tumor endpoint was reached as a surrogate survival study to
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Figure 7.

Immune inhibition antibody therapy in mice bearing B16F1-Luc2/GFP results in efficacy only in WT mice. A, Schematic diagram of the experimental design. B,
Mean tumor volume of WT vs. Tol mice treated with isotype control 1gG or ICI with data cutoff at 40 DPI and n = 7 per group. C, Individual tumor growth
observed in WT mice treated with IgG control or ICl showing some CRs. D, Individual tumor growth of Tol mice treated with I9G control or ICl showing no CRs. E,
Tumor volume of WT mice at 20 days after implantation as assessed by an unpaired ¢ test, with *, P = 0.0443 and n = 7 per group. F, Tumor volume of Tol mice
at 19 days after implantation as assessed by an unpaired ¢ test. ns, not significant; P = 0.8887. G, Kaplan-Meier survival plot of WT vs. Tol mice treated with 1I9G
control vs. ICI. A log-rank Mantel-Cox test of WT IgG isotype vs. ICI, **, P = 0.0030; Tol IgG vs. Tol ICI, P = 0.6465; WT IgG vs. Tol I1gG, *, P = 0.0136; and WT ICI
vs. Tol ICI, with ***, P = 0.0002 and n = 7 per group. A, Created in BioRender. Khan, K. (2025) https://BioRender.com/u83x866.
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determine the extent of CRs. There were significant differences in
overall survival for WT mice treated with ICIs, whereas there was no
difference in Tol mice treated with ICIs (Fig. 7G). The lack of response
in Tol mice is unsurprising as similar findings have been reported with
parental B16 cells implanted in WT mice poorly responding to CTLA4
and PD-1 antibody blockade (29). This demonstrates that luciferase and
GFP are strong neoantigens that render the tumor cells sensitive to ICI
therapy in WT mice, an effect that is lost when mice are immuno-
logically tolerant and detect these reporter proteins as self-antigens.

Discussion

Our study demonstrates that Tol mice are an additional model to
address the widespread problem of immunogenic transgenes and their
use in tumor models (13, 30, 31). We demonstrate that in certain
tumor models, such as the E0771 breast cancer cell line, coexpression
of luciferase and GFP leads to complete rejection in WT mice when
implanted in the mammary fat pad, whereas Tol mice, immunologi-
cally tolerant to both proteins, exhibit progressive tumor growth. The
use of Tol mice allows for the generation of BLI traceable models of
E0771 in the mammary fat pad and brain. This will likely also be the
case for many other cell lines that would undergo similar fates of
rejection if grown in immunocompetent WT mice and thus would
expand the number of models that can be investigated in immuno-
competent mice using BLI analyses. We also report that cell lines such
as the B16F1 melanoma line can grow in WT mice when expressing
Luc2 and GFP, which has been reported previously (29, 32, 33);
however, growth occurs at a slower rate than in Tol mice. Therefore,
such a difference in the growth rate may have been overlooked in other
studies using this widely employed cell line. We also show that GFP-
and luciferase-specific CD8" T cells are detectable in B16F1-Luc2/GFP
tumors from WT mice compared with much lower levels in Tol mice.
We propose that even in cases in which tumors expressing luciferase
and GFP do not undergo complete rejection in WT mice (as seen with
B16F1), there is still a clear adaptive immune response invoked against
these highly immunogenic xenogeneic proteins, which can be
unleashed and amplified using ICI therapy. This raises the risk of
overestimating the antitumor efficacy of such immunotherapies, es-
pecially in tumor types that do not contain a high number of en-
dogenous mutations, which lead to the expression of neoantigens that
CD8" T cells can recognize. Clinical tumor counterparts with low
mutational burden include pancreatic cancer, breast cancer, prostate
cancer, and glioblastoma, among others (34, 35). We cannot rule out
whether the same ICI-mediated effects would be seen if cells were
expressing GFP or luciferase alone, but this would be an interesting
future study. Finally, we demonstrate the capability of generating BLI-
traceable postsurgical resection models. Such a strategy can allow
different experimental treatment settings such as prior to surgery
(neoadjuvant therapy), after surgery (adjuvant therapy), or when
treating advanced metastatic disease, something that would not be
possible to determine without imaging relative disease burden.

The use of so-called “glowing head” mice has been suggested as a
way to allow implantation of both Luc2- and GFP-positive cells to
avoid immunogenicity as both genes are expressed in the pituitary
gland (12). However, more recent studies have demonstrated that
these mice do not display robust tolerance to Luc2 and GFP
expressed in tumor cells (13, 30). Additionally, glowing head mice
do not give rise to metastases despite the use of highly metastatic
4T1 breast cancer cells (13). Other inventive ways to circumvent the
problem of immunogenic transgenes have been reported, such as
the use of transgenic mice that express GFP in dendritic cells (DC)
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and therefore present GFP as self-peptides to the adaptive immune
system (13, 36). However, there are some caveats with this ap-
proach, such as limitations on the number and types of genes that
have been engineered to be expressed in DCs (under the control of
the chemokine receptor Cx3crl promoter) and also the fact that
DCs as well as monocytes, microglia, and NK cells will express the
transgene of interest (37), potentially complicating imaging and
downstream analyses. The third reported approach involves the use
of transgenic mice that express nonfluorescent or enzymatically
inactive forms of GFP or luciferase, respectively (31). The recent
creation of “NoGlow” mice, which combined inactive forms of lu-
ciferase and GFP, allowing for in vivo BLI and ex vivo fluorescence
imaging, is another important advance (30). However, it remains to
be seen whether NoGlow mice offer the same advantages as Tol
mice for immunotherapy studies. Additionally, although not ex-
amined in this study, an additional advantage of the Tol mice is
tolerance to Cre recombinase and multiple fluorescent reporters in
addition to GFP. The latter could, for example, allow for designing
cell competition experiments modeling tumor heterogeneity to
study the response of two or more cancer cell lines to immuno-
therapy — something not possible in other tolerant mice.

It is clear from our studies that the contribution of immunoge-
nicity of luciferase and GFP may vary between tumor models. We
speculate that each model will fall into one of the following three
scenarios: (i) tumors are completely rejected, (ii) undergo an un-
derlying immune response that can be reinvigorated with ICIs (such
as PD-1 or PD-L1 antibodies), or (iii) have no effect on growth or
metastasis between WT and Tol mice. The third category could
represent tumor lines that are intrinsically resistant to the adaptive
immune system and may, for instance, have defects in MHC class I
antigen presentation (38). In the future, we plan to use Tol mice to
generate additional orthotopic tumor models of different types for
ICI therapy and metastasis studies.

A major benefit of BLI usage in preclinical cancer models lies in the
ability to track the progression of tumors in organs deep in the body;
however, even primary tumors at the surface that would normally be
measured with calipers can benefit from BLIL For example, in our ICI
experiments, complete tumor regressions were observed in several
WT mice and the tumor was not palpable but eventually showed
weak BLI signal (Supplementary Fig. S8D). Indeed, with continued
imaging of these animals, local tumor recurrences occurred, which,
importantly, were found to be unresponsive to re-initiated ICI ther-
apy. Therefore, there is clear utility in BLI use for the tracing of many
tumor types in preclinical models and could lead to the development
and isolation of therapy-resistant variants, as well as the potential for
facilitating studies on the phenomenon of tumor dormancy.

The use of GFP as a co-marker of successful transduction has
multiple uses. First, it can be used in flow cytometry applications to
better identify tumor cells as robust and specific tumor markers are
currently lacking in many preclinical mouse tumor lines and models.
Second, it can be used to follow individual tumor cells through in-
travital microscopy (39, 40). Third, GFP can be used to determine and
purify tumor cells after derivation of new variant lines after in vivo
growth. Finally, GFP can be used to ensure a pure but heterogeneous
population of tumor cells that are successfully transduced with the
transgenes of interest before being introducing into mice (Supple-
mentary Fig. S9A-S9C). The maintenance of a heterogeneous pop-
ulation better representing the parental cell line could be critical as the
alternative may involve clonal selection, which could select for clones
that are more or less responsive to therapies in comparison with the
original cell line. Additionally, such an approach likely allows
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maintenance of characteristics of the original line including tumori-
genicity and metastatic potential. In other words, selection of hun-
dreds of thousands of cells by sorting for GFP allows for a better
representation of the original cell line, resulting in better comparisons
across studies and experiments from different research laboratories.
The latter point is a key consideration in the ongoing reproducibility
crisis involving preclinical modeling of cancer biology (41, 42). We
acknowledge that the dual expression of GFP alongside luciferase may
increase the immunogenicity of cells more than either transgene
alone. However, at least in C57Bl/6 mice, GFP has been described as a
weak antigen (43, 44). In the BALB/c background, the immunoge-
nicity of GFP may have more relevance (13), a problem that will likely
be mitigated with the use of the Tol mice.

In summary, we propose the use of Tol mice for studies involving
orthotopic implantation of tumors not amenable to physical mea-
surements, as well as studies involving metastasis, especially in ex-
periments involving tumor immunotherapy. Additionally, Tol mice
will likely have utility in a broader research context such as im-
munology, neurobiology, and regenerative medicine among others.
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