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Introduction
Cancer immunotherapy has become the standard of care in a variety
of tumor types, but response rates remain suboptimal (1). In lymphoid
malignancies, genetically redirected T cells expressing chimeric antigen receptors (CAR-T cells) have achieved clinical success, but this
approach has had limited success in treating solid tumors, in part, due
to poor trafﬁcking of the CAR-T cells to the tumor site (2). Driving
T cells into the tumor has been successful at enhancing efﬁcacy in
preclinical models (1, 3, 4). A better understanding of the mechanisms
contributing to T-cell inﬁltration into tumors could enhance the
success of T-cell–based cancer immunotherapies.
Several high-impact forward genetic screens have been performed
to increase our understanding of the underlying molecular mechanisms driving immunotherapy response (5–9). Most of these interrogate
tumor cell–intrinsic mechanisms rather than immune mechanisms
and utilize CRISPR or shRNA technologies that result in loss of
expression of targeted genes after introduction of complex libraries
of sgRNAs or shRNAs. These approaches are difﬁcult to perform in
endogenous immune cells in vivo and can produce off-target
effects (10). The Sleeping Beauty (SB) approach offers several advantages over shRNA and CRISPR screens, including the potential
to mutagenize the whole genome of endogenous T cells in vivo, the
ability to induce overexpression or gain of function in addition to
gene disruption, and no risk of undetectable “off-target” genomic
modiﬁcations (11).

intratumoral T-cell accumulation. This screen identiﬁed over
400 candidate genes in three tumor models. These results indicated substantial variation in gene candidate selection, depending
on the tumor model and whether or not mice were treated
with anti–PD-1, yet some candidate genes were identiﬁed in all
tumor models and with anti–PD-1 therapy. Inhibition of the
most frequently mutated gene, Aak1, affected chemokine receptor expression and enhanced T-cell trafﬁcking in vitro and
in vivo. Screen candidates should be further validated as therapeutic targets, with particular relevance to enhancing inﬁltration of adoptively transferred T cells into solid tumors.

In this report, SB screens were performed in three distinct solid
tumor models, as well as in two tumor models treated with anti–PD-1
therapy. A variety of candidate genes were identiﬁed. Many were
unique to individual tumor models, whereas some were identiﬁed in all
screens. These genes, including Adapter Protein 2 (AP2)–associated
kinase 1 (Aak1), are not currently being explored as immunotherapy
targets and represent potential new targets to enhance intratumoral
T-cell accumulation, which may be particularly useful to the CAR-T
cell and adoptive cell-transfer applications.

Materials and Methods
Animal information
All mice were housed in speciﬁc pathogen-free facility at the
University of Iowa, and the University of Iowa Animal Care and Use
Committee approved all uses in this study. T2Onc2/T2Onc3 double
transgenic SB mice from two strains (6070/12740 and 6117/12775,
maintained by the Dupuy Lab at the University of Iowa) were
crossed with CD4-Cre mice from Jackson Laboratories (JAX stock
#017336) to generate T-cell–mutagenized mice (12). F1 offspring
that inherited the Cre allele were used for genetic screening, and Cre
allele presence was conﬁrmed using PCR with primers TTATTCGGATCATCAGCTACAC (CreF) and ATCTGGCATTTCTGGGGATT (CreR). OT-1 T-cell receptor (TCR) transgenic mice (The
Jackson Laboratory, JAX stock #003831) and wild-type C57BL/6N
(Charles River, Strain Code 027) were obtained from the indicated
vendor and directly used for T-cell migration (OT-1) and tumor
growth studies (C57BL/6N).
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Tumor cell lines
Cell lines were tested annually for mycoplasma and were negative at
time of last test. A20 and EL4 were purchased from the ATCC in 2010,
and B16F0 were purchased from the ATCC in 2016. Cell lines were
authenticated by short tandem repeat analysis in 2018 (IDEXX
BioResearch). A20 and EL4 cell lines were cultured in R10 medium
(Gibco), and Lewis lung carcinoma (LLC) and B16F0 cells were
cultured in DMEM (Gibco) supplemented with 1% penicillin/streptomycin (Gibco) and 10% heat-inactivated FBS (Hyclone, catalog
#SH30070.03).
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T-cell–mediated cancer immunotherapies, including anti–
PD-1 and T cells expressing chimeric antigen receptors (CAR-T
cells), are becoming standard treatments for many cancer types.
CAR-T therapy, in particular, has been successful in treating
circulating, but not solid, tumors. One challenge limiting immunotherapy success is that tumors lacking T-cell inﬁltration do not
respond to treatment. Therefore, one potential strategy to overcome resistance is to enhance the ability of T cells to trafﬁc into
tumors. Here, we describe an unbiased in vivo genetic screen
approach utilizing the Sleeping Beauty mutagenesis system to
identify candidate genes in T cells that might be modiﬁed to drive
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Candidate gene identiﬁcation
To identify transposon insertion sites in T cells, bulk genomic
DNA was isolated from snap-frozen tumor and spleen tissues of
T-cell–mutagenized mice using GenElute Mammalian Genome
DNA miniprep Kit (Sigma). DNA was sheared using the Covaris
E220 sonicator, and DNA fragments containing transposongenomic sequences were ampliﬁed via ligation-mediated PCR and
submitted for sequencing at the Iowa Institute of Human Genetics
on Illumina Hi-Seq2000/4000 as previously described (14–16). The
detailed protocol for sequencing library generation and sequence
data analysis is available in Additional File 2 from Feddersen and
colleagues (16).
Local transposition was previously handled by excluding insertion
data from the local chromosome (17). However, we chose to include
all chromosomes in the present analysis because these events would
be present in both splenic and tumor signatures (rather than
enriched in tumor-inﬁltrating T cells only). It is estimated that only
approximately 10% of insertions are on the local chromosome in
somatic screens (18), and two distinct transgenic lines were included
in the screen presented here, such that local hopping events would
be further diluted in the results. Transgenic strain data for each
individual mouse can be found in Supplementary Table S1. Insertion
sites were mapped to GRCm38 using a previously described
Integration Analysis System (IAS) pipeline (16), which outputted
the intermediate Source Data gff3 ﬁle containing all mapped insertion sites. Identiﬁcation of gene-level transposon-induced driver
mutations (gene-level common insertion site, gCIS) was performed
using 5,000 bp as the input promoter region size (16). All tools and
accompanying documentation can be acquired through GitHub
(https://github.com/addupuy/IAS.git)
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Average enrichment scores were calculated by comparing normalized read abundance of individual insertion sites from individual
mice in tumors compared with spleen. An enrichment score of 1
represented insertion sites observed only in tumor, 0.5 represented
insertion sites equally represented in tumor and spleen, and 0
represented insertion sites observed only in spleen. Supplementary
Table S2 contains the gene name (column A), the chromosomal
address of the gene (columns B–E), the number of mice with any
insertions in that gene (column F), the percentage of all mice with any
insertions in that gene (column G), the P value and FDR to judge
signiﬁcance of gene mutation (columns H an d I), the number of mice
whose insertions were in the gene itself or promoter region broken
down by strand (columns J and K), the average enrichment score
ranging from 0 (spleen only) to 1 (tumor only; column L), and the
animal IDs for each mouse where insertions in that gene were
observed, formatted as ID ¼ <tumor model>_<unique mouse
number> (column M). Further, candidate genes that were previously
identiﬁed as T-cell cancer driver genes in a separate SB screen
(column N) or in human cancer (column O) are annotated. Pathway
analysis was performed using Database for Annotation, Visualization
and Integrated Discovery (DAVID; ref. 19).
Microarray analysis
Gene expression of Aak1 in intratumoral and splenic T cells
from tumor-bearing mice was taken from a publicly available microarray dataset (GSE53388), and details used to generate this dataset
are published (7). Brieﬂy, OT-1 T cells were adoptively transferred
into B16 tumor–bearing mice and then puriﬁed from tumors
or spleens such that gene expression from splenic T cells could
be compared with gene expression from intratumoral T cells.
For the present analysis, normalized gene expression values for
intratumoral and splenic T cells for Aak1 probes (1420025_s_at,
1420026_at, 1434935_at, 1435038_s_at, 1441782_at, 1452632_at,
1452633_s_at) were selected from the publicly available data. Samples
used for analysis were GSM1290674, GSM1290675, GSM1290676,
GSM1290692, GSM1290693, and GSM1290694.
Flow cytometry
B16F0, A20, and EL4 tumors or spleens were excised, and fresh
tissues were manually diced into small (2 mm) pieces and then
further homogenized in RPMI (Gibco) without additives using a
gentleMACS Dissociator (Miltenyi Biotec) on the mouse spleen
setting. Cell suspensions were passed through a 70 mm mesh ﬁlter,
and red blood cells were lysed with ACK buffer (made in-house with
reagents purchased from Fisher Scientiﬁc according to the following
recipe: 16.58 g NH4Cl, 2 g KHCO3, 74.4 mg Na2-EDTA, 1,600 mL
ddH20, pH to 7.2 with 1 N HCl). Single-cell suspensions were
labeled with Zombie viability dye (catalog # 423113, BioLegend),
according to the manufacturer's instructions, followed by extracellular labeling with FcR block (14-0161-86, eBioscience) and the
following antibodies (BioLegend): CD45.2 (clone 104), CD3e (clone
17A2), CD4 (clone GK1.5), CD8a (clone 53–6.7), and CXCR3 (clone
CXCR3-173) for 20 minutes. Labeled cells were washed twice and
ﬁxed in PBS containing 0.05% paraformaldehyde and counted on
an LSR II Violet (Becton Dickinson) in the University of Iowa
Flow Cytometry Facility. Flow data were analyzed using FlowJo
software v.9. Cells were gated on live (Zombie violet negative) singlets
(FSC-H vs. FSC-W) before proceeding with T-cell identiﬁcation
(CD45.2þCD3eþ). T-cell subsets were then gated (CD4þ vs. CD8aþ).
CXCR3 positivity was determined based on FMO-negative control
lacking CXCR3 antibody.
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In vivo tumor growth
Tumor cell lines were resuspended in sterile 0.9% sodium chloride
(Hospira) and injected subcutaneously, bilaterally, or unilaterally into
the rear ﬂank(s) of 6- to 12-week-old T-cell–mutagenized SB mice
(genetic screen) or wild-type C57BL/6N mice (tumor growth experiments). The number of cells per injection site was as follows: 8,000
B16F0 cells, 1  106 LLC cells, 3  106 A20 cells, or 1  106 EL4 cells.
Tumor growth was monitored by caliper measurement twice weekly,
and mice were euthanized at experimental endpoint before tumors
reached 2,000 mm at largest diameter. This corresponds to days 21
(B16F0), 20 (A20), and 16 (EL4) after tumor inoculation. Where
indicated, treatment with anti–PD-1 (clone RMP1-14, BioXCell) or
isotype control (clone 2A3, BioXCell) was administered twice weekly
via i.p. injection of 10 mg/kg, and treatment with a small-molecule
inhibitor of Aak1 [Aak1i, LP-935509 (13), Axon Medchem] was also
administered twice weekly (concomitantly with anti–PD-1) via oral
gavage of 10 mg/kg in sterile saline. Mice were randomized before
starting treatment on day 3 of tumor growth (tumors not palpable)
using a random number generator. Statistical methods were not
used to determine cohort size, and researchers were not blinded. For
genetic screen data, tumors and spleens were removed at tumor
growth endpoints indicated above. A portion of these tissues was
dissociated using the gentleMACs tissue dissociator (Miltenyi Biotec) and used for ﬂow cytometric quantiﬁcation of T cells, and the
remaining tissues were snap-frozen in liquid nitrogen and stored
at 80 C until genomic DNA extractions could be performed.
For tumor growth data, tumors and spleens were removed at
tumor growth endpoints indicated above and dissociated using the
gentleMACs tissue dissociator (Miltenyi Biotec) and used for ﬂow
cytometric quantiﬁcation of T cells.
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Genetic modiﬁcation of primary human T cells
Full-length AAK1 or truncated AAK1 (dN80-AAK1, lacking the
ﬁrst 80 amino acids) cDNA was cloned into retroviral backbone
pMIG (Addgene). Primary peripheral blood mononuclear cells
(PBMC) from healthy donors were activated for 2 days before
transduction with pMIG virus. Transductions were performed with
polybrene and spinoculation at 1,000 x g for 90 minutes at 32 C.
Human peripheral blood was used for T-cell migration studies.
All human peripheral blood was obtained from normal healthy
donors (n ¼ 12) with informed consent and in accordance with the
protocol approved by the University of Iowa Institutional Review
Board, and no additional human data were collected alongside
specimens for migration studies.

Statistical analysis
P values were calculated using the tests described in the individual ﬁgure legends using Graphpad Prism 7 (Graphpad Software),
R, or SAS.
Data sharing statement
Sequence data are publicly available at the NCBI Sequence Read
Archive under BioProject Accession PRJNA641272.

Table 1. Key differences between SB and other popular screen tools.
SB (35, 36)

CRISPR/Cas (37, 38)

siRNA/shRNA (38, 39)

Deliver transposon and transposase (cotransfected in vitro Deliver a library of sgRNAs (usually virally
and transgenic mice available in vivo)
in vivo)

Deliver a library of shRNAs (usually virally
in vivo)

All cells start with the same number of transposons

Cell-to-cell variability in shRNA delivery
efﬁciency can introduce bias

Cell-to-cell variability in sgRNA delivery
efﬁciency can introduce bias

No concern for off-target effects (mutations are self-labeling Off-target effects still not well-characterized Off-target effects are known to occur
via transposon sequence)
Whole-genome mutagenesis

Whole-genome or targeted mutagenesis

Whole-genome or targeted mutagenesis

Gain-of-function and loss-of-function capabilities

Loss-of-function only (knockout)

Loss-of-function only (knockdown)
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Transwell migration assays
Primary mouse splenocytes from OT-1 TCR transgenic mice were
activated using 1 nmol/L SIINFEKL peptide (Anaspec catalog # AS60193-1) and cultured for 7 to 10 days. Activated T cells were then
placed into migration media (1x Hank's Buffered Saline Solution with
0.1% BSA) and 100 mL containing 5  105 cells plated on top transwell
plates (Corning, catalog # 3387), with Aak1i or DMSO vehicle control.
The bottom of the transwells contained migration media alone, or
recombinant CXCL10 (Peprotech) and Aak1i in migration media.
Cells were allowed to migrate for 1.5 hours as previously published (20). Similarly, primary human PBMCs were activated using
anti-CD3/anti-CD28 beads (Invitrogen) for 7 to 10 days to allow
upregulation of chemokine receptor expression. Cells at the same cell
density as in mouse experiments were then plated in transwell plates
(Corning) and allowed to migrate toward CXCL10 (20). For both
mouse and human migration assays, cells in the top of the transwell
and cells in the bottom well were harvested after migration and
counted separately using a ﬂow cytometer (LSR Violet, BD) and
analyzed with FlowJo software. Mouse or human cells were gated on
live (Zombie violet negative) singlets (FSC-H vs. FSC-W). Human cells
were further gated on GFP positive (to count only cells successfully
transduced with pMIG constructs). Percent migration was calculated
(# bottom / # bottom þ # top) and normalized to background
migration (media-only) condition.

Results
In vivo screen approach to identify T-cell genes that inﬂuence
intratumoral accumulation
A common problem in the ﬁeld of T-cell–mediated immunotherapy
is that many tumors lack adequate and productive intratumoral T-cell
inﬁltrates. The factors governing this are diverse and can include a lack
of immunogenic tumor antigens, systemic and local immune suppression, and tumor inaccessibility (21–23). Current efforts to improve
cancer immunotherapy are largely focused on known immune checkpoint pathways, but novel alternative strategies may help advance the
ﬁeld. Thus, an unbiased, forward genetic screen was used to identify
genes that contributed to T-cell inﬁltration into the tumor microenvironment. This screen was performed in vivo in endogenous T cells.
T cells were randomly mutagenized by inducing tissue-speciﬁc expression of the SB machinery. This approach has a number of differences
compared with more widely used CRISPR/Cas and shRNA screening
tools (Table 1). The SB system is comprised of a DNA transposon
and a transposase enzyme that cuts the transposon from the donor
site and enables integration into random TA dinucleotides across the
genome (11). In contrast to more widely used screening tools, insertional
mutagenesis can both promote overexpression of downstream fulllength or truncated genes through the transposon's promoter sequence
and disrupt a gene by introducing a premature polyA signal (Fig. 1A).
The transposon itself serves as a sequence tag, allowing for speciﬁc
identiﬁcation of insertion sites via PCR with transposon-speciﬁc
primers. Thus, identiﬁcation of insertion sites can be done using bulk
tissue without concern for contaminating genomic DNA from unmutagenized cells (tumor cells and other non-T cells). The SB mice
used in this experiment were engineered to carry a transgene with
hundreds of copies of the DNA transposons (T2/Onc2 and T2/Onc3)
and expressed the SB transposase upon Cre-induction, allowing
endogenous mutagenesis in vivo without requiring additional gene
delivery and eliminating the need for methods to normalize variability
in library delivery.
To induce transposition speciﬁcally in endogenous T cells, SBtransgenic mice were bred with CD4-Cre mice to induce transposition
in CD4þ cells, thus mutagenizing both CD4þ and CD8þ T cells
(Fig. 1B). A similar cross was done previously with the goal of
identifying genetic drivers of T-cell malignancy (24), and tumors
developed with an average latency of 48.9 weeks. Thus, the present
screen was designed to limit the age of mice included in the screen
cohorts. Syngeneic tumor cells lacking SB (B16F0 melanoma, EL4
lymphoma, or LLC) were injected subcutaneously on both ﬂanks
(single tumor model per animal). Additional information on cohort
demographics, including SB strain and sex, is included in Supplementary Table S1. Tumors were allowed to grow either in untreated mice or
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in mice treated with anti–PD-1, and then tissues were harvested to
analyze T-cell inﬁltration and identify SB insertion sites. TCR speciﬁcity was not deﬁned in any screen, and intratumoral T cells were
likely a polyclonal pool. We aimed to enrich for T cells speciﬁcally
trafﬁcking to the tumor microenvironment by requiring mutations to
be identiﬁed in both tumors in each bilateral tumor model. Initial
studies evaluated genetic signatures in CD4þ and CD8þ T cells
separately by using live cell sorting prior to sequencing library
preparation. Most of the insertion sites were identiﬁed in the CD8þ
T cells, with very few identiﬁed in the CD4þ subpopulation (Supplementary Fig. S1A). The T-cell selection process reduced the number of
T cells available for analysis, possibly introducing bias (Supplementary
Fig. S1B). Subsequent sequence analysis was done on pooled T cells,
and as such, identiﬁed mutations could have been in CD4þ or CD8þ
T cells.
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Table 2. Top 10 gene candidates hypothesized to inﬂuence T-cell
functions important for intratumoral inﬁltration.
Genea

Function

Aak1

Regulates AP2-mediated endocytosis, Notch, and
Wnt (29, 40, 41)
Peroxisomal beta-oxidation of fatty acids (42)
Haploinsufﬁcient tumor suppressor in intestinal cancers (43)
T-cell differentiation and TCR signal enhancer (25)
(Unknown function)
Epidermal development, unknown T-cell function (44)
Secretory pathway and hormone processing (45)
(Unknown function)
Component of spliceosome, mediates alternative splicing (46)
Increased activity in activated T cells (26)

Ehhadh
Macrod2
Ckb
Rnf214
Sprr1b
Cpd
Rpl48-ps1
Son
Eif3b
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Figure 1.
In vivo SB screen to identify genes inﬂuencing intratumoral T-cell accumulation. A, The SB transposon structure enables both gain- and loss-offunction mutagenesis upon insertion in or near a gene. The promoter
sequence (MSCV or CAG) can overexpress full or partial transcripts, and
the bidirectional polyA can disrupt expression. The transposon is ﬂanked by
inverted repeats (IRL and IRR) that facilitate transposon recognition by
transposase. B, SB mice were bred to CD4-Cre mice, producing offspring
with active transposition in CD4þ and CD8þ T cells. Mice were injected
subcutaneously (s.c.) with syngeneic tumor cells lacking SB (two tumors per
mouse) and treated twice weekly with anti–PD-1 or left untreated. At
endpoint (day 21), both tumors and the spleen from each mouse were
harvested and transposon insertion sites in the T-cell genome were identiﬁed
by high-throughput sequencing. (n ¼ 154 untreated and n ¼ 53 anti–PD-1–
treated mice). C, Insertion sites in tumor-inﬁltrating T cells (left and right)
were compared with the insertion sites in splenic T cells from the
same mouse to identify tumor-enriched insertion sites. Additional statistical
analyses (gCIS) were performed on tumor-associated T-cell insertion sites
to identify signiﬁcantly mutated genes in tumor-inﬁltrating T cells across
multiple individual mice. D, Intratumoral T-cell inﬁltration, as measured
by ﬂow cytometry (F139, 39 ¼ 1.8267, P ¼ 0.03), in tumors with and without
SB mutagenesis (n ¼ 85 independent mice combined into a single
graph). Lines represent population mean, and signiﬁcance was determined
by performing a two-sided F-test to compare variances on log-transformed
values.

Insertion site analysis and candidate gene identiﬁcation
Insertion sites in tumor-inﬁltrating T cells (observed in both the
left tumor and right tumor) were compared with the insertion sites
in splenic T cells from the same mouse to identify tumor-enriched
insertion sites (Fig. 1C). To eliminate abundant, non–tumorassociated T-cell insertion sites (e.g., genes, such as potential
oncogenes which might be clonally expanded independent of an
antitumor response), the splenic insertion site signature in each
mouse was used as the background insertion pattern. An enrichment score for each insertion site within individual mice was
calculated using normalized read abundances for left tumor versus
spleen and right tumor versus spleen, and averaging this score. We
then compared the present gene candidates with the tumor driver
genes identiﬁed in a closely related CD4-Cre SB screen to identify
any genes present in both lists (24). Of the top 856 signiﬁcant gene
candidates (FDR < 0.01), only 4 were previously identiﬁed by SB
mutagenesis as potential genetic drivers of T-cell malignancy
(Cdkn2a, Oprm1, Myo16, and Rasgrf1). A list of genes known to
be associated with human T-cell acute lymphoblastic leukemia
(T-ALL) was also compared with the present gene candidates (24).
Similarly, only four of these genes associated with human T-cell
malignancy were represented in the present candidate gene list
(St6galnac3, Cdkn2a, Atxn1, and Oprm1). These were annotated as
potential drivers of malignancy in the full gene candidate list
(Supplementary Table S2). Therefore, we could be reasonably
conﬁdent that the majority of candidate genes we identiﬁed were
not strong drivers of T-cell malignancy.
Additional statistical analyses (gCIS) were performed on tumorassociated T-cell insertion sites to identify signiﬁcantly mutated
genes in tumor-inﬁltrating T cells across multiple individual
mice (Fig. 1C). Genes having insertions that were enriched in
intratumoral T cells from multiple mice were identiﬁed as candidate
genes that might functionally contribute to intratumoral T-cell
inﬁltration. In support of this hypothesis, SB mutagenesis enhanced the magnitude of T-cell inﬁltration into B16 tumors in select
mice (Fig. 1D), whereas tumor size remained unchanged (Supplementary Fig. S2). Combining all screen cohorts, gCIS analysis
identiﬁed 406 candidate genes that were signiﬁcantly mutated in
2 or more mice at a higher frequency in intratumoral T cells
compared with splenic T cells (enrichment score > 0.5 and gCIS
FDR < 1  10–4; Table 2; Supplementary Table S2).

a

Genes ranked in descending order of mutation frequency.
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Genetic selection of candidate genes varies with anti–PD-1
treatment
Anti–PD-1 therapies are now in wide use clinically, and there is
great need to rationally identify promising combinatorial therapies to
enhance the efﬁcacy of immune checkpoint blockade. Thus, mice were
treated twice weekly with anti–PD-1 to determine whether it would
select for alternative gene candidates in intratumoral T cells. Consistent with published literature, anti–PD-1 therapy had little effect on
B16 tumor growth and no impact on the percentage of intratumoral T
cells in SB-mutagenized mice (Fig. 3A; Supplementary Fig. S3; ref. 28).
Anti–PD-1 treatment had no signiﬁcant impact on EL4 tumor size at
endpoint, but caused a reduction in the percentage of intratumoral
CD4þ T cells and an increase in the percentage of intratumoral CD8þ
T cells. Despite minimal control of tumor growth and mixed effects on
T-cell inﬁltration, anti–PD-1 therapy signiﬁcantly inﬂuenced genetic
selection of insertion sites in intratumoral T cells in both tumor
models. Comparison of candidate genes identiﬁed in T cells from
tumors of mice treated with anti–PD-1 to candidate genes identiﬁed in
T cells from untreated mice revealed greater overlap in candidate genes
in B16 than in EL4, suggesting anti–PD-1 exerted stronger and more
selective effect in EL4 than in B16 (Fig. 3B). For the complete list of
candidate genes identiﬁed in each tumor model and treatment group,
see Supplementary Table S2, column M.
Anti–PD-1 therapy also inﬂuenced the mutation frequency of
genes previously identiﬁed in T cells from untreated tumors. Of the
hundreds of genes that were shared between treated and untreated
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Figure 2.
Gene candidate identiﬁcation in tumor-inﬁltrating T cells obtained from untreated mice. A, Percentage of tumor-bearing mice with insertions in the indicated
gene across the three models (number of mice in each indicated). Top 10 gene
candidates (all tumor models) were ranked by signiﬁcance, then number of mice,
and ﬁnally by enrichment score in the three tumor models. B, DAVID pathway
enrichment analysis was performed on the candidate genes with gCIS FDR <
0.001 (544 genes). All functional pathways are listed, with the number of genes
in the candidate gene list in each functional category on the x axis. Bars with
asterisks are signiﬁcantly enriched biological processes (P < 0.002). C, Venn
diagram of all gCIS identiﬁed in each tumor model. Numbers represent the total
number of gCIS identiﬁed (no signiﬁcance cutoff), illustrating the mutational
overlap in intratumoral T cells between tumor models. Mutation frequency of the
24 genes shared by all three models is illustrated by the heatmap, with genes
ranked in descending order of average mutation frequency. Cluster analysis
(indicated above the heatmap) was performed by the R heatmap function and
included mutation frequency for all genes.

cohorts, only 22 showed signiﬁcant differential mutation frequencies upon treatment (Fisher exact P < 0.05; Fig. 3C). Sprr1b (small
proline-rich protein 1B) was mutated with approximately 5 times
higher frequency in B16 tumors treated with anti–PD-1 compared
with untreated B16 tumors (Fig. 3C; log2 fold change treated vs.
untreated), suggesting that Sprr1b mutation within T cells might
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Genetic selection of candidate genes varies with tumor model
The SB screening approach was designed to identify T-cell genes
associated with increased intratumoral T-cell accumulation. We
hypothesized that these candidate genes were likely to be involved
in increasing T-cell proliferation, promoting prolonged T-cell
viability, or enhancing trafﬁcking to the tumor microenvironment.
Two of the top 10 most frequently mutated genes, Ckb and Eif3b,
have been previously documented to be involved in T-cell activation, proliferation, and cytokine secretion downstream of TCR
activation (25, 26). A third, Son, is upregulated in CD8þ tumorinﬁltrating lymphocytes (27). Not all tumor models sustained
mutations in the top 10 genes, despite the top 10 genes having the
lowest FDRs and the highest number of mice with insertions
(Fig. 2A). Aak1 was mutated in intratumoral T cells from multiple
mice in all three tumor models. Note that the next most frequently
mutated genes were not identiﬁed in all three tumor models. This
could be a product of microenvironmental differences between
tumor models inﬂuencing T-cell accumulation.
Protein pathway analysis was performed on all candidate genes
(gCIS FDR < 0.001) using the DAVID (19). Approximately 11% of the
signiﬁcant gene candidates identiﬁed were transcription factors (Supplementary Table S2). Enriched Gene ontology terms included signal
transduction (41 genes), cell adhesion (30 genes), and adhesion
molecules (21 genes). Mutations were signiﬁcantly enriched in Kyoto
Encyclopedia of Genes and Genomes pathways, including those
involved in axon guidance and glutamatergic synapse formation,
providing further evidence that biological processes affecting cellular
trafﬁcking were represented in our screen results (Fig. 2B; Supplementary Table S3).
Genes identiﬁed in more than one tumor model could affect
intratumoral T-cell accumulation. Of the genes identiﬁed, only 24
were shared among all 3 tumor models (Fig. 2C). Aak1 was the most
frequently mutated gene in each of the three tumor models, making it
an attractive gene candidate for further study.
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Figure 3.
Impact of treatment with anti–PD-1 on genetic selection of candidate genes. A,
Percentage of tumor-inﬁltrating (left) CD4þ or (right) CD8þ T cells in SBmutagenized mice with and without anti–PD-1 treatment (number of mice in
each model and treatment cohort indicated in B), as analyzed by ﬂow cytometry
on whole tumor material at time of tumor harvest (day 21). Lines represent
population means, P values were calculated using a two-tailed t test, and results
were combined and analyzed as a single replicate. B, Venn diagram comparison
of untreated (gray) versus treated (red) tumors in B16F0 (left) and EL4 (right)
models. Numbers represent all genes identiﬁed by gCIS (no signiﬁcance cutoff).
C, Candidate intratumoral T-cell genes (gCIS FDR < 1  10–4) that were shared
between both treated and untreated tumors (Venn diagram intersect in B) and
that were also signiﬁcantly differentially mutated upon anti–PD-1 treatment
(Fisher exact P < 0.05). Mutation frequency in treated versus untreated (EL4,
open circles; B16F0, closed circles) tumors is expressed as log2 fold change on
the y axis.

synergize with anti–PD-1 to enhance their intratumoral inﬁltration.
The most frequently mutated gene, Aak1, was also mutated to a higher
degree in anti–PD-1–treated tumors.
Experimental validation of gene candidate Aak1 in T-cell
migration and tumor inﬁltration
Aak1 was examined more closely as a potential immunotherapy
target because it was the most frequently mutated gene in all three
untreated tumor models, and its mutation frequency was increased by
anti–PD-1 treatment. Analysis of previously published microarray
data indicated differential expression of Aak1 in intratumoral T cells
compared with splenic T cells (Fig. 4A). Transposon insertion sites
were clustered within intron 2 of Aak1, but transposon orientation
was unbiased (Fig. 4B). This region of the gene encodes the kinase
domain, such that transposon insertions would likely truncate this
domain. The tightly clustered pattern of transposon insertions
within the Aak1 kinase domain suggested selective pressure for a
gain of function or change of function (e.g., dominant-negative
activity).
Aak1 phosphorylates AP2, which regulates clathrin-mediated endocytosis (29). T-cell trafﬁcking is controlled through chemokine sig-
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naling, and chemokine receptor expression on the cell surface is tightly
regulated, with many chemokine receptors internalized via clathrinmediated endocytosis following chemokine binding (30, 31). Aak1
localizes to the leading edge of migrating HeLa cells (29), suggesting
Aak1 may regulate endocytosis of chemokine receptors. Therefore, we
hypothesized that mutation of Aak1 would affect T-cell trafﬁcking, as
well as receptor expression on the T-cell surface. To assess whether
Aak1 kinase activity regulated chemokine receptor expression, primary splenocytes harvested from OT-1 transgenic mice were activated
with cognate peptide and incubated for 7 days. T cells were then treated
with a commercially available small-molecule inhibitor of Aak1
(Aak1i, LP-935509; ref. 13) for 1.5 hours before chemokine receptor
Cxcr3 expression was measured by ﬂow cytometry. This receptor was
chosen because Cxcr3 signaling attracts T cells toward CXCL10 (IP10), a chemokine frequently produced in the tumor microenvironment (32). Activated T cells treated with Aak1i had increased expression of Cxcr3 compared with controls (Fig. 4C), suggesting Aak1
kinase activity affected localization of Cxcr3. Treatment of activated
T cells with Aak1i increased T-cell migration toward chemokine
CXCL10 in an in vitro transwell migration assay (Fig. 4D).
Because CXCL10 is not the only factor regulating T-cell inﬁltration into the tumor microenvironment in vivo, the impact of
Aak1i on intratumoral T-cell inﬁltration was tested in vivo in the
B16 melanoma model. Tumor-bearing mice were treated with
Aak1i (13), anti–PD-1, combination of Aak1i and anti–PD-1, or
vehicle control starting on day 3 of tumor growth. At the endpoint
(day 21), T-cell inﬁltration was measured using ﬂow cytometry.
Aak1i increased intratumoral CD4þ T-cell inﬁltration in all mice
treated with Aak1i (Fig. 4E). However, Aak1i did not signiﬁcantly
affect CD8þ T-cell inﬁltration (Fig. 4F), nor did it directly affect
tumor cell proliferation in vitro (Supplementary Fig. S4). Together,
these results supported the hypothesis that therapeutically targeting
Aak1 could enhance T-cell inﬁltration into tumors.
Similar to the mouse studies presented in Fig. 4, primary human
T cells from 5 healthy individuals were activated, and their ability to
migrate toward CXCL10 was measured. Migration of T cells toward
CXCL10 was enhanced by Aak1i treatment (Fig. 5A), suggesting
Aak1 played a role in human T-cell trafﬁcking. Aak1i, although
primarily targeting Aak1, also has off-target inhibitory effects on
related BMP-2–inducible Protein Kinase and Cyclin G–Associated
Kinase (13). Therefore, we tested the role of Aak1 in T-cell migration
using complimentary genetic approaches. Primary human T cells were
engineered to overexpress the truncation mutant dN80 AAK1,
which is designed to mimic the mutation produced by SB transposon insertion. In transwell assays, genetic modiﬁcation of AAK1
enhanced T-cell migration toward CXCL10 in 5 of 7 individuals
(Fig. 5B). This supported the hypothesis that the dN80 truncation
disrupted Aak1 kinase activity. Together with the clustered insertion site pattern (Fig. 4B), which suggested a gain- or change of
function, this suggests that the dN80 mutant functions as a dominant-negative mutation.

Discussion
T-cell–mediated immunotherapy, including but not limited to
CAR-T therapy, has the potential to be more effective if T-cell
inﬁltration into the tumor microenvironment could be enhanced.
The screen reported here was designed to identify genes that might
be modiﬁed to enhance such inﬁltration. This screen has two
advantages over previously reported screens. First, it allows for
detection of both gain- and loss-of-function mutations. Second, it is
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Figure 4.
Inhibition of Aak1 kinase activity enhances mouse T-cell migration. A, Publicly
available, published microarray data (7) were used to evaluate Aak1 gene
expression of intratumoral T cells compared with splenic T cells from the same
mice (n ¼ 3 mice). Probe data for Aak1 were pulled, and differential expression P
values were determined by two-sided t test for individual probes. All probes
hybridized to exon 21 of Aak1. Bars indicate population mean, SD, and min/max.
Asterisk refers to probe location in B. B, Aak1 was the most frequently mutated
gene in our screen. Transposon insertions were predominately clustered in
intron 2, as indicated by the red triangles, with a few other insertion sites
elsewhere in the gene (gray triangles). Though insertions were tightly clustered,
transposon orientation was unbiased. Asterisk and blue triangle represent the
region covered by microarray probes in A. C, Cell-surface expression of Cxcr3 on
activated, primary mouse T cells treated with Aak1i or DMSO control for 1.5 hours
was measured by ﬂow cytometry. Each dot represents a technical replicate, and
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data are representative of three biological replicates (one-way ANOVA, error
bars represent SD, and experiment was replicated three times). MFI, mean
ﬂuorescence intensity. D, Migration of primary mouse T cells toward CXCL10
with Aak1i or DMSO vehicle control treatment ( , P ¼ 0.03;    , P ¼ 0.0004; and

, P < 0.0001, two-way ANOVA with multiple comparisons, and horizontal
lines indicate means). E and F, B16F0 melanoma tumors treated with Aak1i or
DMSO vehicle control were harvested at tumor growth day 21, and CD4þ (E) and
CD8þ (F) T-cell inﬁltration was measured by ﬂow cytometry. Each dot represents an individual mouse. Signiﬁcance determined by one-way ANOVA. Data
shown are representative of three replicates with 5 mice/group in each replicate.

CANCER IMMUNOLOGY RESEARCH

Downloaded from http://aacrjournals.org/cancerimmunolres/article-pdf/8/9/1206/2342689/1206.pdf by guest on 18 May 2022

148×
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an unbiased, whole-genome screen performed in vivo. This
approach allows for more comprehensive genomic interrogation
to identify genes that might be modiﬁed to enhance intratumoral
T-cell presence. This easy-to-use screen approach is ﬂexible and
can be readily adapted to other treatment types, temporal studies, or
for screening additional immune cell types, including natural killer
or B cells, by virtue of using alternative Cre transgenic mice (e.g.,
Granzyme B-CreERT2; ref. 33).
The tumor model or treatment affected genetic selection, suggesting
there were likely complex microenvironmental differences between
tumor models that inﬂuenced T-cell trafﬁcking. However, some genes
were identiﬁed across all screen conditions, suggesting some commonalities existed that might allow for enhanced trafﬁcking of T cells
across tumor types and treatments. The imperfect overlap in gene
candidates between screen cohorts may also be explained, in part, by
the fact that screen saturation points had likely not been reached.
Additional gene targets could be found that are common across tumor
types and treatment strategies with additional screening.
Therapeutic strategies modulating these candidate genes or their
products could be promising in combination with immune checkpoint blockade, as evidenced by the impact of anti–PD-1 therapy on
gene selection and T-cell inﬁltration in preclinical tumor models.
The effects of the Aak1 inhibitor were complex and likely reﬂected
the impact of the inhibitor on other molecular targets and cells
other than T cells. This highlights the value of identifying ubiquitously expressed genes that can be genetically targeted in T cells,
and have been overlooked as potential targets for cancer immunotherapy. Well-known immune checkpoint molecules, including
Ctla4, Pdcd1 (PD-1), CD274 (PD-L1), and Pdcd1lg2 (PD-L2), and
a number of TNF family members (Tnfsf8, Tnfsf15, Tnfrs1b, Tnfrs8,
Tnfrs11a, Tnfrs19, Tnfrs22, and Tnfrs23) were identiﬁed as having
more insertions in intratumoral T cells versus splenic T cells but did
not reach the signiﬁcance cutoff during gCIS analysis. The mutations that did reach statistical signiﬁcance were, in large part, those
affecting key signaling molecules that function downstream of
receptors including immune checkpoints. It may be that changes
in such downstream molecules are more efﬁcient in enhancing
intratumoral T-cell presence than changes in the receptors themselves. For example, ENPP1 is upregulated in T cells upon PD-1
receptor stimulation, and was identiﬁed during the screen (34).
Thus, although most of the identiﬁed candidates have not previously been considered as immunotherapy targets, they may be
capable of promoting T-cell inﬁltration if modiﬁed. Although many
of these genes play vital roles in other tissue types, this does not
prevent consideration of modifying them speciﬁcally in T cells that
are being adoptively transferred as is done for CAR-T therapy.
Because many of the same biological processes required for an
antitumor immune response are co-opted in T-cell leukemias
and lymphomas (e.g., cell proliferation), it is also important to
understand whether the gene candidates we identiﬁed might be
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platforms include the ability to easily mutagenize endogenous
T cells and the capacity to induce gain-of-function mutations
that may be unique targets to enhance T-cell–mediated immunotherapies. Once validated, gene candidates (including AAK1)
could be genetically modiﬁed to beneﬁt immune checkpoint blockade and adoptive T-cell therapies by enhancing T-cell inﬁltration
into tumors.

Disclosure of Potential Conﬂicts of Interest

protumorigenic. Previously published work indicated that inducing
SB mutagenesis using a CD4-Cre approach was successful in
identifying genetic drivers of T-cell malignancies (24). Thus, the
following precautions were taken to distinguish tumorigenic mutations from those that were predicted to enhance intratumoral T-cell
accumulation. First, this screen was performed in young mice (6–
9 weeks) before tumor development would be expected (average
latency approximately 50 weeks). Second, clonal expansion in the
spleen was used to establish a background mutation signature in
each individual mouse. Third, little overlap was observed in the
present screen candidates with genes previously identiﬁed as T-cell
cancer drivers in SB models or human T-ALL. Combined, these
data support the conclusion that these screen results have potential
to be safely translated into adoptive transfer therapies.
In summary, we developed a screening strategy utilizing the
SB transposon system to identify T-cell genes that could enhance
T-cell–mediated immunotherapies by increasing the number
of intratumoral T cells. The advantages over other current screening
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Figure 5.
Inhibition of Aak1 kinase activity enhances human T-cell migration toward
CXCL10. A, Primary human T cells (n ¼ 5) were isolated and cultured in vitro
with Aak1i at the indicated concentrations or DMSO vehicle control. Migration
of human T cells toward CXCL10 was assessed and presented as fold change.
P ¼ 0.0300, one-way ANOVA with multiple comparisons, and lines represent individual donors. B, Migration of primary human T cells genetically
modiﬁed (or not) to overexpress mutant AAK1 (dN80 AAK1) toward
CXCL10. P ¼ 0.1216, paired two-tailed t test, and bars represent mean,
min, and max, with dots representing individual donors.
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