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Rank aggregation of
independent genetic screen
results highlights new strategies
for adoptive cellular transfer
therapy of cancer

Vianca V. Vianzon, Rylee M. Hanson, Ishita Garg,
Gwenyth J. Joseph and Laura M. Rogers*

Department of Immunology, Mayo Clinic, Rochester, MN, United States

Efficient intratumoral infiltration of adoptively transferred cells is a significant
barrier to effectively treating solid tumors with adoptive cellular transfer (ACT)
therapies. Our recent forward genetic, whole-genome screen identified T cell-
intrinsic gene candidates that may improve tumor infiltration of T cells. Here,
results are combined with five independent genetic screens using rank
aggregation to improve rigor. This resulted in a combined total of 1,523
candidate genes - including 1,464 genes not currently being evaluated as
therapeutic targets - that may improve tumor infiltration of T cells. Gene set
enrichment analysis of a published human dataset shows that these gene
candidates are differentially expressed in tumor infiltrating compared to
circulating T cells, supporting translational potential. Importantly, adoptive
transfer of T cells overexpressing gain-of-function candidates (AAK14N2°
SPRR1B, and EHHADH) into tumor-bearing mice resulted in increased T cell
infiltration into tumors. These novel gene candidates may be considered as
potential therapeutic candidates that can aid adoptive cellular therapy in
improving T cell infiltration into solid tumors.

KEYWORDS

cancer immunotherapy, T cell trafficking, CAR-T, adoptive transfer therapy,
Sleeping Beauty

Introduction

Adoptive cellular therapies (ACT) have emerged as a promising treatment for cancer,
with some patients exhibiting durable clinical responses. T cell ACT is the autologous or
allogeneic transplant of tumor infiltrating lymphocytes, T cell receptor (TCR) engineered,
or chimeric antigen receptor (CAR) expressing T cells (1). ACTs encompass the largest
number of agents in current development for immunotherapy of cancer (2). While most
cancers in humans are solid tumors (~90%), less than half of all ACT clinical trials are
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directed toward solid tumors with a bias toward specific cancer
types including melanoma, central nervous system malignancies,
and liver cancer (2). This is due to unique challenges of targeting
solid tumors that often have an immunosuppressive
microenvironment and an extracellular matrix that excludes T cells.

T cell infiltration is critical for ACT success and current efforts
are focusing on improving intratumoral T cell accumulation using
approaches that include radiotherapy and oncolytic viruses to
remodel the tumor microenvironment (3). However, T cell
intrinsic mechanisms may represent attractive therapeutic targets,
given that many ACT products are genetically manipulated ex vivo
before being administered to the patient and providing the
opportunity to genetically improve trafficking capabilities. We
recently performed a whole genome Sleeping Beauty (SB) screen
in T cells and identified 856 (FDR < 0.01) gene candidates that may
improve intratumoral accumulation of adoptively transferred T
cells (4). These candidates encode proteins with diverse functional
annotations that may support T cell priming, proliferation,
migration, and persistence in the tumor microenvironment.

Here, we combine our screen results with those from several
independent genetic screens in T cells to assess the selected
candidates more rigorously. This was accomplished through two
complimentary approaches: simple overlap analysis and formal
rank aggregation. Using gene set enrichment, we demonstrate
that the T cell gene candidates are differentially expressed in
tumor infiltrating versus circulating T cells in a published human
dataset. Importantly, we directly validate gain-of-function (i.e.,
overexpressed) gene candidates highly ranked in both our SB
screen as well as the formal rank aggregation of several
independent genetic screens in a series of adoptive transfer
experiments (4). These gene candidates (AAKI, SPRRIB, and
EHHADH) are novel and should be considered as therapeutic
targets in combination with ACT to improve T cell infiltration
into solid tumors.

Methods
Mice

All mice were housed in specific pathogen-free facility at Mayo
Clinic. The Mayo Clinic Animal Care and Use Committee (IACUC)
approved all uses in this study. Mice were purchased from Jackson
Laboratories (JAX stock #000664 and #003831).

Overlap analysis

Peer-reviewed publications of in vivo mouse primary T cell
genetic screens were manually identified and hand curated. The
number of independent screens that identified each gene candidate
was calculated and the full results appear in Supplemental Table SI.
In the table, “NA” indicates that the gene was not tested in that
screen, “k + 1” indicates that the gene was tested but not found to be
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a significant candidate by original authors, and fields containing
numbers represent a significant candidate ranking (range 0-1)
within the individual screen. Genetic drivers of T cell malignancy
identified in a separate genetic screen (5) were filtered out of the
final overlap list. Column I is the count of screens that identified
each gene, and column J is the count of screens that tested each gene
plus the Collier tumor driver screen. Column K is the percent of
screens that tested each gene that identified it as a
significant candidate.

Rank aggregation

Rank aggregation (RA) is a process of formally combining
multiple ranked lists, or base rankers, into one ranked list, or
aggregated ranker (6). Data from independent screens included a
list of all gene candidates tested by screen and ranked on the
significance measure chosen by original authors (e.g., p-value or
FDR). Specifically, genes for which the significance measure was less
than 0.05 were assigned a rank from 1 to k, and genes tested but not
identified as significant were assigned the rank k + 1. These
independent base rankers were then aggregated using the R
package, ‘TopKLists’ (Figure 1A) using the Genome Reference
Consortium Mouse Build 38 (GRCm38) genome as the
underlying space. The rank aggregated output from the TopKLists
geometric analysis is in Supplemental Table S2.

Aggregated candidate pathway
enrichment analyses

Overrepresentation analysis was performed on all rank
aggregated gene candidates using g:Profiler2 v0.2.1 (7) and the
gene ontology (GO) biological pathways (BP) (8) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) genes (9). The
enrichment plot in Figure 1C was generated using GOSemSim
v2.26.0 (10). Gene set enrichment analysis (GSEA) was performed
using the top 100 rank aggregated gene candidates as the gene set
and differential gene expression on tumor-infiltrating T cells versus
peripheral T cells in treatment-naive cancer patients from Zheng, et
al. (11). Count data - including cluster, patient, source, and
clonotype metadata — were downloaded from Zenodo (https://
zenodo.org/record/5461803#.Y9fe4-xMHG6Y). Original T cell
cluster annotation was maintained, and analyses focused on 47
treatment-naive cancer patients from which both tumor and
peripheral blood samples were taken. For each cluster, T cell data
were bifurcated into two groups: tumor-infiltrating and non-
infiltrating. Differential gene expression between tumor-
infiltrating and non-infiltrating groups was determined using the
Seurat (v4.3.0) FindMarkers function in R and ranked using the
following equation: -log;o(adjusted P-value)*(average log,FC).
GSEA was performed against the top 100 ranked genes from our
Aggregated Gene List using the GSEAPreranked tool (GSEA v4.1.0)
from the Broad Institute (12).
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Novel gene candidates from five independent genetic screens were identified to regulate T cell infiltration into inflamed tissues. (A) Gene candidates
from six independent screens were formally combined using a rank aggregation algorithm that accounts for variable genome coverage. The final
aggregated list is ranked in descending order of selection strength (Supplemental Table S2). (B) Of the combined significant gene candidates, 59 are
current targets for therapeutic development and the remaining 1,464 genes are novel therapeutic target candidates. (C) Aggregated gene candidates
are significantly enriched in T cell signaling and cell adhesion functional annotations. Specific gene ontology (GO) terms with significant enrichment
are displayed. Adjusted p-values are represented by dot color and the number of candidate genes represented in each GO term is represented by
dot size. Enriched GO terms were subsequently grouped according to term similarity and gene overlap between terms. Groupings are depicted by
the tree hierarchy structure and cluster themes. (D) Aggregated gene candidates are significantly enriched in KEGG pathways related to T cell
activation and migration. Adjusted p-values are indicated (*** p < 0.005, ** p < 0.001, ** p < 0.05). (E) Gene set enrichment analysis (GSEA) revealed
that the top 100 aggregated gene candidates are differentially expressed in human T cells located in peripheral blood (P) compared to intratumoral T

cells (T) (FDR = 0.195).

Tumor cell lines

Cell lines are tested annually for mycoplasma and were negative
at time of last test. Cell lines were authenticated by STR analysis in
2018 (IDEXX BioResearch). EG7 cell lines were cultured in R10
medium (Gibco).

In vivo adoptive T cell transfer

Full length EHHADH, SPRRIB, or truncated AAKI
(AAKI*N12) ¢DNA was cloned into retroviral backbone MSCV
(Takara) with a P2A-Thyl.1 reporter. An empty vector with an
eGFP reporter was used as a control. Splenocytes from wild-type
C57BL/6] mice were harvested, activated with Concanavalin A (2.5
pg/ml), and cultured in complete growth media supplemented with
IL-2 (50 U/ml). HEK293T cells were transfected with pCL-ECO
packaging vector and MSCV retroviral vector that overexpress the
constructs indicated above. After two days in culture, the
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polyclonally activated splenocytes were transduced with the virus
generated from the transfected HEK293T cells, and transduction
efficiency were determined using Thyl.l or eGFP reporter
expression via flow cytometry. Tumor cells were resuspended in
sterile PBS and 1x10° EG7-OVA cells were injected subcutaneously
into the rear flank(s) of 6 to 12-week-old mice. Tumor growth was
monitored by caliper measurement and mice were euthanized
before tumors reached 2 cm at largest diameter. Statistical
methods were used to determine cohort size and researchers were
not blinded. Seven days post tumor injection, 3.0x10° transduced
cells combined with 3.0x10° empty vector with eGFP control were
adoptively transferred intravenously.

Flow cytometry to quantify intratumoral T
cell infiltration

Tumors, spleens, or draining lymph nodes were excised and
homogenized in RPMI using a gentleMACS dissociator (Miltenyi
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Biotec). Tumors were further processed with an enzymatic tumor
dissociation kit (Miltenyi Biotec) followed by a mouse TIL positive
selection kit (Miltenyi Biotec). Cell suspensions were passed
through a 70 um mesh filter and red blood cells were lysed with
ACK buffer. Single cell suspensions were labeled with Ghost Red
viability dye (Tonbo) and the following antibodies (BioLegend):
TCRP (H57-597), thyl.1 (OX-7), CD4 (GK1.5), CD8o. (53-6.7), and
Cxcr3 (CXCR3-173). Labeled cells were fixed and counted on an
Attune NxT flow cytometer (Thermo Fisher). Flow data was
analyzed using FlowJo software (Supplemental Figure S1).
Experimental schematic was created with BioRender.

Transwell migration assay

Splenocytes from WT C57BL/6] mice were transduced with
12N125 with

a Thyl.1 reporter. These cells were then placed on top of the

either an empty vector with an eGFP reporter or AAK

porous membranes of Transwells with a 5.0 um pores (Corning
HTS Transwell), and the bottom of the wells contained either
media only, CXCL9, or CXCL10 (Peprotech). After incubating for
90 minutes at 37°C, CountBright counting beads (Invitrogen)
were added to each well, and the cells were stained for flow
cytometry. Migration was analyzed based on the number of cells
that migrated to the bottom of the wells compared to the total
number of cells.

Cytotoxicity and cytokine
production assays

EG7-OVA viability upon co-culture with activated and
genetically modified T cells was measured using two
complementary assays. In the first assay, EG7-OVA cells, stained
with CellTrace Violet (Invitrogen) were co-cultured with
transduced T cells in a flat-bottom 96 well plate for an effector to
target cell ratio of 25:1 and incubated at 37°C and 5% CO2 for 4
hours. Following co-culture, cells were labeled for flow cytometry
with Ghost Red viability dye (Tonbo) and thyl.1 (OX-7)
(BioLegend). In the second assay, EG7-OVA cells were seeded at
10,000 cells per well on flat-bottom 96-well plates coated with
Fibronectin and incubated overnight at 37C. T cells, three days post
transduction, were added to tumor cells at the indicated effector-to-
target ratios followed by the addition of YOYO-3 Iodide
(Invitrogen). YOYO-3 fluorescence was quantified with IncuCyte
ZOOM (Essen BioScience) every 4 hours for 72 hours.

Cytokine production by T cells pre-treated for 5 hours with Cell
Activation Cocktail (BioLegend) and Protei Cells were then labeled
with Ghost Red viability dye (Tonbo) and the following antibodies
(BioLegend): thyl.l1 (OX-7), CD4 (GK1.5), CD8a (53-6.7), IL-10
(JES5-16E3), and IL-4 (11B11) and IFNy (Invitrogen, XMG1.2).
Labeled cells were then quantified using an Attune NxT flow
cytometer (Thermo Fisher), and subsequent analysis were
performed using Flow]Jo software.
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Statistical analysis

P values were calculated using the tests described in the
individual figure legends using Graphpad Prism 9 (Graphpad
Software) or R.

Data sharing statement

All data and code are available online (https://github.com/
RogersLabGroup/Rank-Aggregation).

Results

Overlap analysis identifies loss-of-function
gene candidates identified by
multiple screens

Unbiased and high-throughput forward genetic screens are
instrumental in candidate identification, and we recently reported
results from a genome-wide Sleeping Beauty (SB) screen to identify
T cell genes regulating intratumoral T cell infiltration (4). To
compare our results to similar screens, we identified five
independent screens that interrogated T cell-intrinsic biology
including activation, proliferation, and tissue infiltration (Table 1)
(13-16). This large collection of complementary studies provides a
unique opportunity to increase the strength of each underlying
study by rigorously combining the results. A simple overlap
between all six screens was calculated by counting the number of
screens that identified each individual gene as a significant
candidate. Gene candidates that were identified as driving
oncogenes in T cell malignancies were removed (5). This yielded
27 genes that were identified in two or more independent screens
including Lag3, Dgkz, and Tnfrsf18 (Supplemental Table S1). All 27
are expected to be loss-of-function, as only the SB screen could
produce gain-of-function mutations by inducing expression of full
or truncated proteins. While these genes are likely to improve
infiltration of adoptively transferred cells, the most strongly selected
gain-of-function candidates uniquely identified in the SB screen
were not considered using this overlap approach. Thus, we adopted
a more rigorous approach to formally combine the independent
screen results.

Rank aggregation highlights gain-of-
function mutations as strongest candidates

Loss-of-function was tested in all screens, while gain-of-
function (overexpression) mutations were tested in just one.
Further, the coverage of each individual screen differed widely,
ranging from 25 genes to whole genome, such that not all genes
were tested in every screen (Table 1). To compensate for the
differences in coverage of the underlying screens, a rank
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TABLE 1 Independent genetic screens to increase intratumoral T cell presence.

Screen  Mutagenized @ Organism Coverage Method Biology tested
Tool Cell

shRNA Primary T cells Mouse 248 T cell anergy/exhaustion genes and In vivo Antigen-specific T cell proliferation and (13)
(OT-1) 1171 kinase/phosphatase genes (ACT) intratumoral accumulation

CRISPR Primary T cells Mouse Whole genome In vivo Antigen-specific T cell proliferation and (14)
(OT-1) (ACT) intratumoral accumulation

CRISPR Primary T cells Mouse 25 genes (TCR/cytokine signaling, In vivo Regulation of CD8+ T cell response to (15)
(P14 and OT-1) costimulation, and metabolism) (ACT) LCMV and MC38-Ova

CRISPR Primary T Mouse 1,568 genes (membrane proteins) In vivo T cell infiltration into glioblastoma (16)
cells (polyclonal) (ACT)

SB Primary T Mouse Whole genome In vivo T cell proliferation and (4)
cells (polyclonal) (endogenous) | intratumoral accumulation

aggregation approach was adopted. Rank aggregation is the process
of integrating several ranked base lists into a single aggregated
ranking, weighting relative selection strength within the base list
(Figure 1A). Based on a recent publication benchmarking
algorithmic approaches for combining partial lists (e.g., 25 genes
tested) with full lists (e.g., whole genome), the R package
“TopKLists” with geometric output was chosen (6). The full,
aggregated gene candidate list contains 1,523 genes, ranked in
descending order of selection strength (Table 2, Supplemental
Table S2).

Cancer immunotherapy targets in all therapy categories,
including ACT, and at all stages of development were exhaustively
listed by the Cancer Research Institute and published in 2018 (30). To
determine the number of novel candidate targets identified by genetic

TABLE 2 Top 15 ranked T cell gene candidates after screen aggregation.

Functional Description

Gene Symbol

screens, the aggregated gene list was compared to the current
immunotherapy targets list. Fifty-nine gene candidates were found
to already be in therapeutic development (Figure 1B), while the
remaining 1,464 represent novel candidate targets. Gene ontology
enrichment analysis indicates that the novel candidates identified are
significantly enriched for functions involved in T cell receptor (TCR)
signaling, adhesion and migration, and T cell differentiation,
indicating that activated T cell genes are well-represented
(Figure 1C). Similarly, overrepresentation analysis with the Kyoto
Encyclopedia of Genes and Genomes (KEGG) indicates the
aggregated gene list is significantly enriched in T cell activation and
adhesion processes (Figure 1D). These results are consistent with
known biological processes important for T cell infiltration,
supporting the validity of the genetic screen approaches.

# Screens |dentified/
# Tested

Predicted
LOF/GOF

Novel
Target

AAK1 Kinase that regulates CXCR3-mediated chemotaxis (4) v 1/3 (33%)
LAG3 T cell inhibitory coreceptor (17) 2/5 (40%)
EHHADH Mitochondrial peroxisomal fatty acid metabolism enzyme (18) v 1/3 (33%)
RGS16 Expression inversely correlates with T cell migration after activation (19) LOF v 1/4 (25%)
MACROD2 Epigenetic regulator frequently deactivated in ALL (20) LOF v 1/2 (50%)
CKB Kinase that enhances cytokine production and proliferation (21) GOF v 1/3 (33%)
DGKZ Kinase that limits T cell antitumor functions (22) LOF 2/4 (50%)
TOX Transcription factor that promotes T cell exhaustion (23) LOF 1/3 (33%)
NR4A2 Transcription factor that limits T cell effector functions (24) LOF 1/3 (33%)
RNF214 Unknown GOF v 1/2 (50%)
PDCDI1 Receptor important for maintaining peripheral T cell tolerance (25) LOF 2/5 (40%)
SPRRIB Promotes proliferation and migration (26), T cell function unknown _ v 1/2 (50%)
PTPN2 Phosphatase that promotes T cell dysfunction (27) LOF 1/5 (20%)
SON Splicing co-factor required for mitosis (28), T cell function unknown GOF v 1/2 (50%)
CCL4 Chemokine that supports T cell adherence and migration (29) LOF 1/3 (33%)

(GOF, gain-of-function mutation; LOF, loss-of-function mutation)
Shadings represent the three genes validated.
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The top 100 T cell gene candidates predicted to regulate T cell
infiltration into inflamed tissues were used to define a custom “T
cell infiltration” gene set for gene set enrichment analysis (GSEA).
We hypothesized that the T cell infiltration gene set would be
differentially expressed in intratumoral versus circulating T cells. T
cell gene expression data from a publicly available human cancer
patient dataset was used to compute T cell differential gene
expression by location (11). Specifically, gene expression data
were subsetted into tumor-infiltrating (T) or peripheral (P)
locations, and differential expression was calculated for GSEA.
Significantly differentially expressed genes by location were
enriched for the T cell infiltration gene set (FDR <0.25)
(Figure 1E). Enrichment varied by T cell subcluster, suggesting
there may be opportunity to alter intratumoral accumulation of
specific T cell subsets (Supplemental Table S3).

Expressing gain-of-function candidates
improves intratumoral accumulation
in ACT

AP2 associated kinase 1 (Aakl) was the strongest selected gene
candidate in the SB screen, and Aakl was subsequently observed to
play a role in chemokine receptor endocytosis and T cell migration (4).
Importantly, AakI remained the strongest selected gene candidate even
after integrating our screen results with additional independent screens
and was chosen for experimental validation. In addition, two other
strongly selected genes were chosen, Sprr1b and Ehhadh. All three were
uniquely identified as gain-of-function (i.e., overexpression) mutations
by our SB screen (4), and none of them are currently being considered
for therapeutic development (Table 2).

The SB screen selected for overexpression of full-length Sprrib
and Ehhadh and truncated Aakl (Aak1*N'?%). Thus, polyclonally
activated splenocytes from wild-type C57BL/6 mice stably
transduced with either AAKI*N'?°, SPRRIB, or EHHADH (P2A-
Thyl.1 reporter) or with an empty vector (P2A-EGFP reporter) for
a competitive infiltration experiment. After five days of expansion,
genetically modified T cells were combined at a 1:1 ratio (gene of
interest to empty vector control) and adoptively transferred into
EG7-OVA tumor-bearing mice (tumor growth day seven). Seven
days after adoptive transfer, gene-of-interest (thyl.1) and control
(GFP) transduced T cells in tumors, tumor draining lymph nodes,
and spleens were quantified by flow cytometry (Figure 2A).

AAKI*N'?® expression doubled the number of adoptively
transferred T cells in tumors (both CD4" and CD8") while no
significant differences in accumulation of adoptively transferred T
cells were observed in the tumor draining lymph node or spleen
(Figures 2B, C, Supplementary Figure S2). This suggests that
AAKI*N'? selectively augments T cell trafficking and infiltration
into inflamed tissues, consistent with its role in promoting CXCR3-
mediated chemotaxis (4). Indeed, in vitro T cell migration toward
CXCR3 ligands CXCL9 and CXCL10 was enhanced upon
AAKIAN12S expression (Figure 2D). In contrast, SPRRIB
significantly increased accumulation of adoptively transferred T
cells in both the tumor (2.8-fold) and spleen (6.6-fold). The splenic
increase may indicate a role in improving engraftment and/or in
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vivo proliferation of adoptively transferred cells consistent with the
role of SPRRIB in supporting proliferation (26), though in vitro
proliferation of SPRRIB expressing cells does not appear altered.
Finally, EHHADH expression significantly increased accumulation
of CD8+ T cells in tumors, but not CD4+ T cells, suggesting that
EHHADH expression impacts T cell subsets differently.

In addition to efficient delivery of T cells to the solid tumor
microenvironment, maintaining or augmenting other T cell
functions, such as cytotoxicity and cytokine production, could
enhance ACT efficacy. Importantly, cytotoxic capability of T cells
expressing any of the three candidates was retained (Supplementary
Figure 4). Expression of EHHADH resulted in increased production
of IFNy and IL-4 by CD4+ T cells, and expression of AAKANIZS
modestly increased IL-4 production. Production of cytokines IFNY,
IL-4, and IL-10 by CD4+ T cells were unchanged by SPRRIB
expression. Together, these results confirm that AAKIAN'??,
SPRRIB, and EHHADH are good candidates to improve tissue
infiltration of adoptively transferred cytotoxic T cells.

Discussion

While ACT such as CAR-T cell immunotherapy have shown
promising clinical results against liquid tumors, its therapeutic
efficacy against solid tumors remains poor (31-33). Migrating T
cells face numerous physical and biological barriers that prevent
infiltration of tumors in addition to metabolic and physical barriers
within the tumor microenvironment that prevent effective killing of
tumor cells (31-33). Multiple generations of CAR-T constructs
have been engineered with improvements meant to address
unwanted effects such as cytokine release syndrome and
overcome limitations such as persistence of the cells in patients
with liquid cancers (34, 35). Additional innovations are needed to
overcome limitations specific to solid tumors, like on-target/off-
tumor killing and efficient delivery of therapeutic cells to the tumor.
These can be addressed by intratumoral injection of immune cells;
however, injections can be more invasive than intravenous delivery
and regional delivery is less effective against metastases (36). Thus,
identification of T cell intrinsic mechanisms governing this process
could provide a unique avenue for therapeutic intervention.

The development of genetic tools such as RNAi, SB, and
CRISPR has led to the advent of high-throughput screens,
allowing for the identification of novel targets (37). Because these
tools utilize different mechanisms of genetic manipulation, results
using one technology may be used to preliminarily cross-validate
results from another, thereby strengthening both sets of results.
Thus, we established a manually curated list of independent datasets
to combine based on cell type and the biology tested. Screens were
required to have been performed in T cells, and all screens selected
for efficient intratumoral infiltration regardless of screen tool used,
thus it was deemed appropriate to combine results. Importantly,
combining results from these complementary technologies
collectively identified ~1500 T cell-intrinsic regulators of
intratumoral T cell accumulation, 27 of which were identified as
common targets by overlap analysis. Because the coverage ranged
from a library of 25 genes to the whole genome, overlap analysis
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Infiltration of transduced T cells into solid tumors increased compared to empty vector control. (A) Experimental schematic of the adoptive transfer
of cells transduced with empty vector (GFP) combined at 1:1 ratio with cells transduced with either empty, AAK14N'?> SPRR1B, or EHHADH vector
(Thy1.1) into EG7 tumor-bearing mice. Schematic created with BioRender. (B) Ratio of cells expressing gene-of-interest to empty vector (thyl.1:GFP)
of CD8* and CD4* T cell populations in tumors. P values were calculated using a one-way ANOVA with multiple comparison correction. (C) Ratio of
TCRb+ cells expressing gene-of-interest to empty vector (thyl.1:GFP) within the draining lymph nodes and spleens. P values were calculated using a
one-way ANOVA with multiple comparison correction. (D) In vitro transwell migration assay with primary murine T cells transduced with either
empty vector (black circles) or Aak1™'?® (red squares) toward CXCR3 ligands CXCL9 and CXCL10. The y-axis reflects the ligand-induced % of
migrated cells as a fold change over no-ligand baseline. P values were calculated using a two-sided t test. (E) In vitro cytokine production by CD4+
T cells after 24 hours co-culture with tumor cells. P values were calculated using a one-way ANOVA with multiple comparison correction.

alone yields an incomplete picture, with many candidates not
considered across all the screens. While every screen was
equipped to identify loss-of-function mutations, the SB screen
was also able to identify gain-of-function mutations (Table 1).
Hypothesized gain-of-function mutations that were uniquely
identified in the SB screen and that were highly ranked were not
identified by loss-of-function screens. Thus, a more formal analysis
was implemented.

Rank aggregation is an algorithm to combine screen results based
on the relative ranks of novel candidates in the base screen and
accounting for screen coverage (6). This ranking approach may be
used to combine any independent screen data where similarities in
screen design are shared. Aggregation of the six curated screens in
Table 1 resulted in a ranked list of all ~1500 gene candidates, with
higher ranks associated with stronger genetic selection. Some of the
genes identified are currently being targeted by immunotherapies of
various developmental stages (e.g., Pdcdl, Lag3), but many represent
truly innovative, non-immune checkpoint targets with great potential
to synergize with immune checkpoint manipulations.

While pathway analyses did reveal significant enrichment in
genes involved in TCR signaling (which includes some immune
checkpoints), there was also substantial enrichment in T cell
migration and adhesion genes that support trafficking into tumors
(38). Further, the GSEA of the top 100 gene candidates shows
enrichment in the tumor compared to peripheral blood from a
human cancer patient dataset indicating accumulation within the
tumor ( (11), Figure 1E). Together, these support the idea that the
gene candidates identified may present novel therapeutic targets
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that can improve T cell infiltration of tumors and be
complementary to immune checkpoint biology.

Aakl was the most strongly selected in both the SB screen as well
as the aggregated gene list and is hypothesized to have a gain-of-
function mutation ( (4), Table 1). Aakl is a kinase that promotes
clathrin mediated endocytosis of multiple receptors and has been
shown to modulate T cell trafficking in vitro migration toward
chemokines CXCL9 and CXCL10 (4). The genetic selection for
overexpression of a truncated mutant Aak1*™'?® suggested that loss
of the N-terminus would promote in vivo infiltration. The truncation
of amino acids 1-125 disrupts key residues previously shown to have

AN125 could

kinase activity, which lead us to hypothesize that Aakl
also lack kinase activity and may function in a dominant-negative
fashion (39), though additional experimental evidence is required.

SprriB and Ehhadh are two strongly selected gene candidates that
are also overexpressed as full-length proteins. SPRR1B has been
shown to play a role in cellular proliferation while EHHADH is an
enzyme involved in the fatty acid B-oxidation pathway (26, 40).
SPRRIB may be oncogenic in epithelial cells, while EHHADH has
also been linked with non-lymphoid cancers (41-44).
Mechanistically, overexpression of Sprrlb in human oral squamous
cell carcinoma cell lines has been found to impact MAP kinase
signaling (45) but none of these candidates have been studied in T
cells. Importantly, overexpression of all three chosen gene candidates
- AAKI*'*3, SPRR1B, and EHHADH - led to increased infiltration
of transduced T cells, validating these as novel candidates.

The in vivo validation performed here utilized polyclonally
activated cells. In the future, the candidates validated here may be
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combined with a tumor-specific engineered receptor (CAR or TCR)
to increase delivery of therapeutic cells to the tumor
microenvironment. There were interesting and potentially
important differences in infiltration observed between the three
candidates. AAKI*N'*® increased infiltration of both CD4+ and
CD8+ T cells, while SPRRIB and EHHADH increased the
infiltration of only CD8+ T cells (Figure 2A). The presence of
CD8+ tumor infiltrating lymphocytes (TILs) has been shown to
have better tumor killing and has been associated with better
clinical prognosis (46, 47). In contrast, the presence of CD4+
TILs is associated with both positive and negative prognosis and
tumor killing depending on tumor type, but overall may be
beneficial to anti-tumor efficacy (47-49). This knowledge could
be beneficial in choosing which candidate is appropriate for the
desired outcome. For example, CD4+ CAR-T cells were better than
CD8+ CAR-T cells at controlling glioblastoma growth (50).
Further, CD4+ T cells have been shown to help alleviate
exhaustion of CD8+ T cells during chronic infection, and CD4+
T cells have been shown to have longer persistence and better
potency in glioblastoma (50, 51), so AAKIAN125 expression in these
settings could be desirable. Alternately, CD4+ CAR-T cells can
exacerbate cytokine release syndrome in liquid tumors (52). If the
same is true for solid tumors, SPRR1B or EHHADH may be better
choices. Further, interferon-gamma (IFNY) production has been
associated with CD4 CAR T-cell tumor killing and increased patient
survival, and IL-4 production by CD4+ T cells has been shown to
impact tumor growth, which would support EHHADH as a good
candidate [(53, 54), Figure 2E].

Engraftment and persistence of adoptively transferred cells also
present a major challenge. While the experimental approach adopted
in this paper does not directly address engraftment or persistence
longer than seven days, it is interesting to note that SPRRIB
expressing cells, but not AAKI*N'25 or EHHADH, were also
significantly enriched in the spleen. While SPRR1B may improve
overall engraftment and infiltration, the infiltration does not appear
to be tumor specific, which may decrease translational interest in this
gene candidate. We hypothesize that this could result from enhanced
engraftment and aim to test this directly in future work.

Overexpression of these three candidates could also impact an
endogenous T cell response at earlier steps than tumor infiltration (e.g.,
T cell priming), which were captured by the original screen design but
not evaluated in this experiment. A role in promoting T cell priming is
less relevant for ACT, where T cells are stimulated ex vivo prior to
genetic modification. However, efficient priming is critical in therapies
boosting endogenous T cell reactions like immune checkpoint
blockade, and future experiments exploring the impact of these gene
candidates on additional T cell processes will be important.

In summary, forward genetic screens are an efficient approach to
identify truly innovative gene candidates without a priori knowledge
of the importance of different biological pathways. We and others have
performed screens in T cells to identify drivers of T cell infiltration
into solid tumors using a variety of technical approaches. These
collective data can be used to strengthen observations in each
individual dataset, but the method of combining datasets must be
carefully considered. Rank aggregation was chosen as the best method
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to rigorously combine candidates from independent screens. Finally,
three of three novel candidates chosen for validation were successful in
improving infiltration of adoptively transferred cells, though the
mechanisms by which they do so are likely different based on the
observed differences in CD4+/CD8+ subsets and tissue distribution
post transfer. This study provides rationale for investigating all top
gene candidates, and especially AAK1*N'*, EHHADH, and SPRRIB,

for therapeutic consideration in cancer immunotherapy.
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Representative gating strategy of intratumoral T cell populations.
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Adoptively transferred T cells are also detectable in spleen and tumor draining
lymph node at time of tumor harvest. (A), Frequency of bulk intratumoral
TCRb+ cells (of live/singlets) expressing empty vector control (GFP) or gene-
of-interest with fold-increase (thyl.1/GFP) as indicated. AAKIAN'2S (¥,
P=0.0234) and SPRR1B (**, P=0.0014) induced significantly more overall
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