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SUMMARY

Adoptive transfer of genetically-modified immune cells holds great promise for cancer
immunotherapy. CRISPR knock-in targeting can improve cell therapies, but more high-throughput
methods are needed to test which knock-in gene constructs most potently enhance primary cell
functions /n vivo. We developed a widely adaptable technology to barcode and track targeted
integrations of large non-viral DNA templates, and applied it to perform pooled knock-in screens
in primary human T cells. Pooled knock-in of dozens of unique barcoded templates into the TCR-
locus revealed gene constructs that enhanced fitness /n vitroand in vivo. We further developed
Pooled Knock-In Sequencing (PoKI-Seq), combining single-cell transcriptome analysis and
pooled knock-in screening to measure cell abundance and cell state ex vivoand in vivo. This
platform nominated a novel TGFBR2-41BB chimeric receptor that improved solid tumor
clearance. Pooled knock-in screening enables parallelized re-writing of endogenous genetic
sequences to accelerate discovery of knock-in programs for cell therapies.
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Pooled Knock-in Screens in Human T Cells
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Development of a platform to assess the functional effects of pools of knock-in constructs
targeting one locus allows discovery of constructs promoting anti-tumor activity in T cells.

INTRODUCTION

Genetically engineered immune cell therapies have proven effective for treatment of some
cancer types (Esensten et al., 2017; Fesnak et al., 2016; June and Sadelain, 2018; Sadelain et
al., 2017), but they still cannot cure most tumors. Antigen-specific human T cells can be
generated ex vivo by non-targeted viral transduction of defined T cell receptors (TCRs),
chimeric antigen receptors (CARS), or other synthetic receptors (Esensten et al., 2017).
More recent work has revealed potential advantages of targeted integrations of antigen
receptor genes into defined genomic loci (Eyquem et al., 2017), which can be achieved with
programmable nucleases such as CRISPR-Cas9 along with viral or non-viral knock-in
templates (Gwiazda et al., 2016; Eyquem et al., 2017; Roth et al., 2018).

CAR T cells are now approved therapy for some hematological malignancies, but have not
proved effective for solid tumors. While engineering the antigen specificity of T cells can
target them to tumors, the cells must also maintain their functionality in the face of
challenging immunosuppressive tumor microenvironments (Anderson et al., 2017,
Binnewies et al., 2018). Suppressive cytokines such as TGF can be co-opted by tumors to
inhibit T cell function (Dahmani and Delisle, 2018; Thomas and Massagué, 2005). Tregs,
myeloid derived suppressor cells (MDSCs), and dendritic and stromal cell populations
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within the tumor can deprive T cells of necessary co-stimulatory signals or induce inhibitory
signals (Chen and Mellman, 2013; Ostrand-Rosenberg et al., 2012). The excessive antigen
density and kinetics of antigen exposure in solid tumors can drive exhaustion or dysfunction
of T cells (Khan et al., 2019; Wherry, 2011). Next-generation cellular immunotherapies will
likely need to be engineered with enhanced function to overcome these challenges presented
by solid tumors (Rafiq et al., 2019).

Engineering immune cells that lack inhibitory checkpoint pathways is one strategy that is
being widely pursued to enhance cellular therapies. Immune checkpoint inhibitors such as
antibodies to PD-1 and CTLA4 have shown dramatic clinical success in re-activating the
functionality of endogenous T cells in a subset of patients and tumor types (Weiner et al.,
2010). CRISPR-Cas9 genetic ablation of checkpoint targets such as PD-1 in adoptive T cell
therapies has also shown increased functionality in certain models and is being persued
clinically (Ren et al., 2017; Rupp et al., 2017; Stadtmauer et al., 2020; Su et al., 2016).

CRISPR is not only being used to knockout well-studied checkpoint genes, but CRISPR
screens can inform target selection. Genome-scale pooled CRISPR loss-of-function screens
now allow forward genetic studies in many mammalian cell types (Wang et al., 2014;
Shalem et al., 2014) including primary T cells where they have identified genes that may be
targeted in future immunotherapies (Dong et al., 2019; Shifrut et al., 2018; Wei et al., 2019).
Coupling pooled CRISPR gene knockouts with single cell RNA sequencing provides a
powerful approach to assess the effect of each gene perturbation on cell state (Adamson et
al., 2016; Datlinger et al., 2017; Dixit et al., 2016; Jaitin et al., 2016). Loss-of-function
selections and transcriptome sequencing can reveal critical gene pathways to target.

While gene ablation can enhance cell therapies, the translational potential for knock-in of
large gene cassettes to re-write cell programs is even greater. Next-generation T cell
therapies are being engineered with transgenes designed to overcome suppressive signals in
the tumor environment (Kloss et al., 2018; Lynn et al., 2019; Yamamoto et al., 2019).
Decades of studies of T cell signaling and function, especially in murine models, suggest
numerous candidate gene products that may enhance cell therapies. However, to date we
have lacked rapid methods to test and directly compare the functions of large DNA knock-in
integrations in human primary cells, which would accelerate the development of more
effective cell therapies.

Here, we developed a robust new platform to assess the functional effects of pools of knock-
in constructs targeting the same locus in parallel and determine which would be most
effective at promoting anti-tumor activity. We used nonviral CRISPR targeting to introduce
libraries of candidate immunotherapeutic knock-in constructs into a defined genome position
in human T cells allowing us to compete the cells against each other /n vitroand in vivoto
test which constructs enhance T cell function. We designed a 36-member library of barcoded
knock-in templates that included published and novel dominant negative receptors, synthetic
“switch” receptors with engineered intracellular domains, and heterologous transcription
factors, metabolic regulators or receptors. High-throughput pooled screening of targeted
cells identified distinct members of the library that promoted T cell fitness under various
resting, stimulated and immunosuppressive /7 vitro conditions. Direct competition among
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adoptively transferred human T cells targeted with the pool of constructs in immunodeficient
mice bearing human melanoma cells revealed a subset of constructs that promoted /in vivo
accumulation of tumor infiltrating lymphocytes (TILs). Pooled knock-ins combined with
single-cell sequencing of template barcodes and transcriptomes independently confirmed the
constructs that promoted /n7 vivo tumor accumulation, and also revealed high-dimensional
cellular phenotypes induced by each construct ex vivoand in an /n vivo tumor
microenvironment. A TGFBR2-41BB chimeric receptor enhanced cell fitness in TGFp-
treated cells /n vitro and tumor accumulation /n7 vivo and also promoted gene expression of
key effector cytokines. The knock-in cassette encoding a defined TCR and TGFR2-41BB
improved clearance of a solid tumor model /7 vivo, nominating a potential lead construct for
further clinical development. Overall, these studies demonstrate the power of pooled knock-
in technology to discover and functionally characterize complex synthetic gene constructs
that can be written into targeted genome sites to generate more effective cellular therapies.

Pooled non-viral knock-in targeting of barcoded DNA templates

The ability to pool cells with a panel of different large sequence modifications at a specific
endogenous genome locus and directly compare the functional consequences would
accelerate engineering of cell therapies (Sanjana, 2017). We aimed to develop an adaptable
platform to introduce multiple DNA-barcoded templates into a specified genomic target and
assess effects on human T cell behavior ex vivo or in vivo with phenotypic screens or single-
cell transcriptome analysis (Figure 1A). As a clinically relevant proof-of-concept, we
hypothesized that pooled knock-in of an HDR template library, where each member contains
a constant defined TCR-a and TCR-f pair (the cancer antigen targeted NY-ESO-1 TCR,
clone 1G4, was used throughout the study) along with a unique third gene product, could
rapidly identify new polycistronic DNA sequences that modify T cell function in
therapeutically-relevant contexts (Figure 1B and Figure S1).

Functional assessment of knock-in DNA sequences in pools depends on quantitation of the
“on-target” integration of each construct in the cell population before and after selective
pressures. We developed a deep sequencing strategy that selectively captures on-target
knock-in constructs while avoiding NHEJ-edited or un-edited target genomic sequences,
non-integrated HDR templates, or off-target integrations (Figure 1B and Figure S2A).
Briefly, the majority of a HDR template’s homology arm sequences are not incorporated
with on-target HDR integrations (Paquet et al., 2016) and a short DNA sequence that does
not match the target genomic locus can be introduced into one homology arm without a
large reduction in knock-in efficiency (Figure 1B and Figure S2B). PCR primers that anneal
to the inserted knock-in sequence and to the genomic flanking sequence can then selectively
amplify successful on-target HDR events (Figure S2A). Addition of a barcode unique for
each insert within degenerate bases of the TCR-a sequence enabled a rapid DNA sequence
readout by PCR of the abundance of each individual on-target insert in the pooled
population by either of two complementary methods: 1) sequencing directly from genomic
DNA (gDNA), or 2) sequencing from reverse transcribed mRNA (cDNA) (Figure 1B).
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We first demonstrated that expected DNA barcodes could be selectively sequenced from
cells expressing the corresponding knock-in encoded protein products. We performed non-
viral genome targeting (Roth et al., 2018, Nguyen and Roth et al., 2019) of a two-member
barcoded library encoding GFP and RFP. Sorting cells with successful HDR knock in (based
on expression of the NY-ESO-1 TCR) that co-expressed either GFP+ or RFP+ strongly
enriched for the appropriate DNA barcode isolated sequenced from either gDNA or cDNA
(Figure 1C and Figure S2C-E). Pooled screening approaches have been challenged by
template switching that complicate interpretation of DNA barcode readouts (Hanna and
Doench, 2018; Hegde et al., 2018; Sack et al., 2016). In addition, multiple barcoded
templates introduced in the same cell could complicate interpretation of each one’s effects
(Feldman et al., 2018; Roth et al., 2018). We therefore assessed the rates of biallelic
integrations and template switching during pooled knock-in experiments using the GFP and
RFP duplexed barcoded library. Only ~25% of cells showed evidence of multiple
integrations (Figure 1D and Figure S2E). Template switching varied based on the stage of
library production when constructs were pooled, and we chose to pool all subsequent knock-
in construct libraries at the electroporation stage (Figure 1E). With this pooling strategy only
~10% of cells showed evidence of template switching (e.g. nine in ten knock-in positive
cells will have the correct combination of knock-in construct and barcode) (Figure 1E and
Figure S2C-J). ~ 90% of barcodes from sorted GFP+ cells were correct (Figure S2J). These
results showed that engineered cell phenotypes could be quantitatively tracked in pooled
knock-in experiments through DNA barcode sequencing.

Pooled knock-in of a multiplexed library of large DNA constructs

We next examined whether a larger library of 36 pooled templates could also be introduced
and tracked by their DNA barcodes. Quantitative barcode sequencing demonstrated that even
with the larger library all knock-in constructs were well-represented across multiple pooled
knock-in experiments performed in four independent human donors (Figure 2A). The library
contained large knock-in constructs ranging from 2 kb to 3 kb and even the largest
constructs were well-represented across these biological replicates (Figure 2B). The 36-
member library contained the GFP and RFP templates previously tested in the 2-member
library, and when gating on knock-in positive cells (by dextramer staining for the introduced
NY-ESO-1 TCR), GFP+ and RFP+ cells could be identified (Figure 2C). As expected, the
percentage of reads with the GFP or RFP sequencing barcodes closely corresponded to the
percentage of GFP or RFP positive cells observed at the protein level across four human
donors (Figure 2D).

We next directly validated the homology arm mismatch sequencing strategy (Figure 1B) to
selectively amplify on-target barcodes using the larger 36-member pooled knock-in library.
For both gDNA and cDNA sequencing conditions, when GFP+ or RFP+ cells were sorted
from the cells with successful on-target knock-in (NY-ESO-1 TCR+), the correct barcodes
were selectively sequenced when using primers that bound the genomic sequence at the rate
predicted when taking multiple integrations and template switching into account (Figure 2E
and STAR Methods). However, as expected, primers complementary to the template
homology arm mismatches — which should preferentially amplify non-HDR integrated
templates — did not show the same enrichment for correct barcodes in the sorted populations
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(Figure 2E). Finally, we were able to readily track the relative abundances of knock-in
construct barcodes over time in an expanding population of T cells cultured in interleukin 2
(IL-2). Barcode abundance was maintained throughout expansion for all constructs, with a
notable exception of the knock-in construct encoding IL2RA, the high affinity receptor for
the interleukin (IL-2), which enriched over time in culture consistent with its known roles
promoting T cell fitness (Figure 2F-G). These results showed large pooled knock-in libraries
can be generated and their barcodes can be quantitatively sequenced in a human T cell
population.

Pooled knock-in screens identify gene constructs to improve context-dependent fitness of
human T cells

Next, the barcoded knock-in construct library was introduced into a population of cells with
various selective pressures applied to identify constructs that could enhance T context-
dependent cell fitness. We used this modified T cell library to discover synthetic constructs
that can be written into the endogenous 7/RAC locus in primary human T cells to enhance
functions relevant for cancer immunotherapies. The 36-member library of long DNA
sequences that we designed included published and novel dominant negative receptors
(Chen et al., 2017; Gorelik and Flavell, 2000; Kim et al., 2017; Kloss et al., 2018; Shin et
al., 2016), synthetic “switch” receptors with engineered intracellular domains (Arber et al.,
2017; Leen et al., 2014; Liu et al., 2016; Oda et al., 2017; Prosser et al., 2012; Shin et al.,
2012; Tay et al., 2017; Yamamoto et al., 2019), and heterologous transcription factors,
metabolic regulators and receptors (Figure 3A and Figure S3A). We chose to include
synthetic knock-in constructs that could alter cellular responses to suppressive or apoptotic
signals (e.g. with chimeric synthetic receptors designed with extracellular domains that
recognize inhibitory signals linked to intracellular domains from stimulatory receptors), as
well as constructs that would overexpress natural gene products associated with cell fitness
or activation (such as IL2RA or 41BB). Each member of the library was cloned with self-
cleaving peptide sequences between the TCRp (full-length) and TCRa (V-region only)
along with 7RAC locus homology arms. Non-viral genome targeting with each member of
this HDR template library achieved successful knock-in demonstrated by expression of the
newly integrated NY-ESO-1 TCR (Figure S3B-E).

We first tested which DNA sequences inserted into the 7RAC locus would enhance T cell
expansion upon /n vitro stimulation. Following anti-CD3/CD28 stimulation, we observed a
striking enrichment of constructs encoding various synthetic versions of the Fas receptor
(Figure 3B). Fas is a TNF super family surface receptor that mediates apoptosis through
interactions with its ligand, FASL (Strasser et al., 2009). The pooled knock-in screens
confirmed the functional effects of a recently described truncated Fas receptor (Yamamoto et
al., 2019) included as a positive control, and also identified novel synthetic Fas switch
receptors, including one with a 4-1BB intracellular domain, that also promoted T cell fitness
in stimulated conditions (Figure 3B). In contrast, a truncated CTLAA4 protein decreased T
cell fitness in the same conditions across four donors, likely due to competition for CD28
co-stimulatory signaling (Figure 3B). These data established a flexible discovery platform to
identify synthetic knock-in programs that promote selectable T cell phenotypes.

Cell. Author manuscript; available in PMC 2021 April 30.
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Effective adoptive T cell therapies for cancer must function even in immunosuppressive
environments. To identify gene modifications that enhance T cell fitness upon various
challenges, we repeated the pooled screen in diverse /n vitro conditions designed to mimic
aspects of tumor micro-environments (Figure 3C and Figure S4A-D). With excessive
stimulation, which partially mirrors antigenic abundance in tumor environments, the
transcription factor TCF7 (encoding the protein TCF1) slightly increased cell abundance,
although this effect did not reach statistical significance (Figure S4B). TCR stimulation
without anti-CD28 co-stimulation selected for various chimeric receptors with intracellular
CD28 domains such as TIM3-CD28 and CTLA4-CD28 (Figure S4C). Finally, addition of
the immunosuppressive cytokine TGFB1 gave cells expressing engineered TGFBR receptors
a selective fitness advantage, including both a previously described truncated TGFBR2
receptor (Gorelik and Flavell, 2000; Kim et al., 2017; Kloss et al., 2018) included as a
positive control and a novel chimeric TGFpR2-41BB receptor (Figure 3D and Figure S4D-
E). The results of these pooled targeted knock-in screens were reproducible across multiple
biological replicates, technical replicates, sorting conditions and pooling conditions (Figure
S4F-H). These data from pooled knock-in screens highlight condition-specific functional
enhancements conferred by synthetic proteins or forced expression of key regulators.

Pooled knock-in hits individually validated and improved in vitro cancer cell killing

Pooled knock-in screens identified gene constructs that conferred competitive advantages to
knock-in cells in the targeted population. We wanted to validate the pooled knock-in
screening platform and confirm that the knock-in construct “hits” would similarly improve T
cell fitness in individual knock-in experiments (Figure 4A). First, we tested to ensure that
the DNA knock-in constructs resulted in expression of the expected protein products.
Surface and intracellular staining of cells with eight individual knock-in constructs revealed
robust expression for each expected protein, including increased expression of Fas and
CD25 (IL2RA) above endogenous expression levels in stimulated T cells (Figure 4B and
Figure S5A). We next directly validated for eight individual knock-in constructs the fitness
benefits identified in the context dependent /n vitro pooled screens (Figure 3C). Indeed, the
anti-apoptotic FAS-41BB chimera and anti-suppressive TGFBR2-41BB chimera both
promoted context-dependent increased expansion relative to controls (Figure 4C and Figure
S5B). Increased cell expansion induced by the TGFBR2-41BB construct correlated with
evidence of increased cell proliferation in the presence of TGFp (measured by CFSE
dilution relative to control cells) (Figure 4C and Figure S5B). These findings validated the
pooled library-based approach to identify individual knock-in sequences to engineer T cell
function.

We next tested to see if the identified knock-in constructs that promoted context-dependent
T cell ex vivo expansion could also enhance /n vitro cancer cell killing. Although this was
not the phenotype initially tested in the pooled screens, the TGFBR2-41BB increased target
in vitro cancer cell killing in T cells from four human blood donors across a range of
effector to target cell ratios (Figure 4D-E). In contrast, a truncated CTLA4 construct showed
reduced cell killing (Figure 4D-E), consistent with its impaired fitness in the pooled knock-
in screens (although diminished proliferation assessed by CFSE was not observed with this
individual construct, Figure S5B). Finally, we examined if the TGFpR2-41BB chimeric
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receptor also showed further context-dependent improvements in /in vitro cancer Killing. In
the presence of exogenous TGF, the TGFBR2-41BB construct successfully rescued the
impaired cancer cell killing across experiments performed from four healthy human donors
(Figure 4F). Although the pooled screens focused on cell-intrinsic effects on T cell fitness,
they also successfully identified novel gene constructs that can enhance /n vitro anti-cancer
cell efficacy.

PoKI-Seq: Pooled knock-ins with single-cell transcriptome analysis to assess abundance
and cell state

Pooled screening approaches reveal modifications that affect cellular abundance in a
population. However, cell abundance measures only one aspect of cellular function, and an
ideal screening methodology would allow systematic assessment of modified cell states as
well. Recently, novel barcoding strategies have overcome this and allowed pooled
populations of CRISPR knock-out cells to be assessed by scRNA-seq (Adamson et al., 2016;
Datlinger et al., 2017; Dixit et al., 2016; Jaitin et al., 2016), including primary human T cells
(Shifrut et al. 2018). We next tested whether pooled knock-in screening could similarly be
coupled with scRNA-seq to generate high-dimensional phenotypic information on modified
cell states while also recording each cell’s specific knock-in construct barcodes, a method
we term PoKI-Seq (Pooled Knock-In Sequencing) (Figure 5A). Briefly, the mRNA library
converted to cDNA following single cell droplet isolation (10X) was split, with part used for
scRNA-seq and the other for targeted amplicon sequencing of the knock-in barcode (Figure
S6A).

First, to validate that the fidelity of PoKI-Seq template barcodes is maintained throughout
the experimental pipeline, we repeated GFP and RFP sorting experiments with the single
cell platform. Sorting GFP+ or RFP+ cells from the pooled knock-in positive population
(NY-ESO-1 TCR+) strongly enriched for the expected template barcodes, confirming the
ability of PoKI-Seq to accurately assign specific knock-in constructs to cells (Figure 5B).
One advantage of PoKI-Seq over bulk amplicon sequencing of pooled knock-ins is the
ability to discriminate cells with a single knock-in construct from those that have received
more than one (most likely from biallelic integrations). The overall proportion of cells
assigned two knock-in constructs (Figure 5C) closely corresponded with predicted
frequencies based on GFP/RFP 2-member library experiments (Figure 1D). As expected,
when sorted GFP or RFP positive cells were assigned two knock-in constructs, at least one
of the knock-in constructs assigned was almost always either GFP or RFP respectively
(Figure 5C). Droplet doublets could also appear as multiple barcode calls, but the predicted
doublet rate of ~2% (Zheng et al., 2017) would account for only a fraction of the cells with
more than one barcode. Overall, these experiments confirmed the molecular biology of
PoKIl-seq and also demonstrated its ability to phenotype individual cells with either single or
multiple knock-in constructs.

We next used PoKI-Seq to assign template barcodes to single cell transcriptomes in a large
population of cells with the full pooled knock-in library. We performed PoKI-Seq on cells
from two human blood donors following ex vivo stimulation in the presence or absence of
exogenous TGF. Distinct clusters of cell states emerged, especially with addition of

Cell. Author manuscript; available in PMC 2021 April 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roth et al.

Page 10

exogenous TGFB (Figure 5D-E). Over 40,000 individual cells were sequenced, of which
~58% were successfully assigned one (monoallelic) or two (biallelic) barcodes (Figure 5F).
Quality control metrics following PoKI-Seq confirmed robust rates of gene and UMI
identification per cell and an average >130X coverage of cells assigned to each knock-in
construct (per blood donor and per ex vivo condition tested) (Figure S6B-C). Single cell
template barcode assignments were confirmed further as transcripts encoded by
corresponding knock-in constructs tended to be expressed at increased levels, similar to what
had been observed at the protein level with delivery of individual knock-in constructs
(Figure 4B and Figure S6D). These metrics together established the fidelity of barcode
assignment to single cell transcriptomes for the PoKI-Seq platform.

Next, we examined whether PoKI-Seq could measure cell state changes in ex vivohuman T
cells caused by specific knock-in constructs. Each knock-in construct caused distinct
enrichment patterns in individual cell clusters in both TCR stimulation and stimulation plus
TGFp conditions that broadly corresponded to results from the /n vitro pooled knock-in
screens (Figure S6E). Density plots for individual knock-in constructs revealed significant
cell state differences in T cells modified with TGFBR2-derived constructs compared to
control and non-TGFBR2-derived constructs in the stimulation plus TGFp culture condition
(Figure 5G). Specifically, cells possessing TGFBR2-derived constructs were more likely to
be found in clusters otherwise associated with the stimulation-only condition rather than the
stimulation + TGF condition, including cluster 8, characterized by genes associated with
cell proliferation, and cluster 12, characterized by genes associated with cell killing (Figures
5E, H and S6E-F). Similarly, the TGFBR2-derived knock-in constructs were relatively
depleted from cells in the clusters otherwise promoted by TGFp treatment (Clusters 2, 4 and
6) (Figure 5H). Clustering of knock-in constructs across all genes differentially expressed in
the identified single cell clusters showed strong similarity between the TGFBR2-derived
constructs in the presence of TGFP and revealed downstream target genes that are
modulated by the receptors. Hierarchical clustering revealed that exposure to TGFp drove
the greatest transcriptional changes (Figure 51 and Figure S6G). For example, in the
presence of exogenous TGFR, TGFPR2-derived chimeric receptors promoted continued
expression of various hallmark proliferative genes such as MKI167 and TOP2A, while these
genes were inhibited by TGFp in cells expressing other KI constructs. PoKI-Seq confirmed
the shared biological effects of multiple TGFBR2-derived receptors, which convert a
suppressive signal into a signal that promotes cell proliferation and an effector cell state.
More generally PoKI-Seq was able to reveal target gene pathways and context-dependent
changes in cell state modulated by individual knock-in constructs.

In vivo PoKIl-seq of engineered human T cells in a solid tumor microenvironment

Despite the flexibility of /n vitro assays, certain aspects of cancer immunobiology can only
be assessed /n vivo. We therefore tested if PoKI-Seq could also be used to assess /n vivo
fitness of engineered human T cells in a solid tumor model (Figure 6A). We performed /in
vivo pooled knock-in screen using an antigen specific human melanoma xenograft model
(Roth et al., 2018), followed by either bulk amplicon sequencing (Figure 1B) or PoKI-Seq
with combined single cell amplicon and RNA-sequencing (Figure 4A). A pooled modified T
cell population was transferred into immunodeficient NSG mice bearing human melanoma
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cells expressing the NY-ESO-1 antigen, and T cells were extracted from the tumor five days
later (Figure S7A). Due to the lower number of human T cells isolatable from individual
solid tumor xenografts (generally 10,000-20,000 cells per mouse), greater variance between
replicates and donors was observed in the /77 vivo screens than in the /n vitro screens (Figure
S7B-C). Nonetheless, across four individual human donors, several knock-in constructs
promoted statistically significant /n vivo accumulation of engineered T cells in the tumor
environment (Figure 6B), including a construct not identified in the /n vitro screens. The
TCF7 knock-in construct that only showed mild effects /in7 vitro (not reaching statistical
significance) promoted accumulation of T cells in the tumor microenviroment across four
donors (Figure 6B). These results underscore the power of complementary in vitroand in
Vvivo assays to assess synthetic gene functions.

Increased abundance may not always correspond to functional efficacy of TILs. SCRNA-seq
also revealed each knock-in construct’s effect on the transcriptome in both the input and
tumor-infiltrating T cells. We next used PoKI-Seq to compare the transcriptomes of ex vivo
expanded T cells with pooled knock-in templates and sorted pooled knock-in T cells from
the /in vivo tumor microenvironment (Figure 6C and Figure S7TC-F). A UMAP
representation of the single cell transcriptomes showed a high degree of overlap between
cells from two human donors and marked differences between the ex vivo (input) cell
population and tumor infiltrating (in vivo) T cells including differential expression of genes
associated with proliferation or effector function (Figure 6C). We next examined whether the
knock-in programs that increased TIL abundance enriched or depleted in subsets of the TIL
population expressing hallmark genes for naive, effector, and other cell populations (Figure
6D). While both the transcription factor TCF7 and TGFBR2-derived synthetic receptors
increased T cell abundance in solid tumors, they induced different cell states. Strikingly, the
TCF7 construct was relatively enriched in CCR7+ TILs, while TGFBR2-41BB was
relatively enriched in both IL-2+ and IFNG+ TIL populations (Figure 6D). These data
suggest that TCF7 promotes a more naive or quiescent state, whereas the TGFpR2-41BB
construct promotes accumulation of cells expressing key effector cytokine genes. Consistent
with this model, in mouse chronic viral infection and syngeneic tumor models, TCF7+ cells
have increased proliferative potential and less differentiated phenotypes during
immunotherapies (Kurtulus et al., 2019; Siddiqui et al., 2019; Wu et al., 2016), but TCF7
expression was lost upon differentiation into effector cells (Siddiqui et al., 2019). To further
investigate the differences in cell state between these two cell abundance hits, we compared
the /n vivo transcriptional programs induced by TCF7, the switch receptor TGFR2-41BB,
and controls (GFP and mCherry) using pseudo-bulked transcriptional data from all cells with
each knock-in construct barcode (Figure 6E). While both TCF7 and TGFpR2-41BB
promoted expression of genes such as TNFSFR9 (4—1BB) relative to control cells, the
TGFBR2-41BB knock-in induced a distinct transcriptional program compared to TCF7
knock-in cells, with higher expression of effector cytokines such as IFN-y that could
enhance tumor clearance.
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A novel TGFBR2-41BB chimeric receptor nominated by in vitro and in vivo pooled knock-
in screens improves solid tumor clearance by primary human T cells

Finally, we examined /n vivo the functional capacity in a solid tumor xenograft model
(Figure 7A) of two hits from TIL abundance screens which promoted distinct cell states,
TCF7, which enriched in CCR7+ TIL sub-populations, and TGFpR2-41BB, which enriched
in IL-2+ and IFNG+ TIL sub-populations (Figure 6D). T cells engineered with a
polycistronic knock-in construct expressing a NY-ESO-1 specific TCR (1G4 clone) along
with either a control construct (tNGFR), the transcription factor TCF7, or the chimeric
TGFPR2-41BB receptor all showed statistically significant reductions in tumor size relative
to vehicle only injections of media (Figure 7B). Consistent with TCF7 promoting TIL
abundance, but not promoting mature effector cytokine expressing cells, the TCF7 cell
population did not enhance tumor control relative to tNGFR controls (Figure 7B). In
contrast, the TGFBR2-41BB receptor construct that promoted abundance and effector
cytokine gene expression in TILs markedly reduced tumor sizes (P < 0.0001 at day 33 vs
TCR+tNGFR). Cells with the TGFBR2-41BB construct were the only ones that successfully
cleared the solid tumor model at the doses tested here, an effect that was reproducible in
many of the mice tested with modified T cells from 4 human blood donors (Figure 7B-C).
Taken together, pooled knock-in screening combined with sScRNA-seq can rapidly reveal
new DNA sequences with potential to enhance therapeutic T cell functions.

DISCUSSION

Genetically engineered T cell therapies — including CAR T cells and TCR-modified T cells —
are approved treatments for some hematological cancers and under active clinical
development for a wide range of diseases. Mounting evidence suggests that for many clinical
applications engineering antigen specificity will not be sufficient to cure disease. For
example, T cell function is often suppressed by tumors and further engineering of antigen-
specific T cells will be required to promote more effective cell states. Loss-of-function
studies in T cells have revealed genes that can be ablated to enhance T cell responses (Dong
et al., 2019; Shifrut et al., 2018; Wei et al., 2019). Many groups now are testing candidate
transcription factors (Lynn et al., 2019) or synthetic cell receptors (Kloss et al., 2018;
Yamamoto et al., 2019) that can be overexpressed to reprogram CAR T cells, prevent
exhaustion, or convert suppressive extracellular signals to activating signals. The field needs
a systematic approach to compare complex transgene constructs head-to-head and determine
which are most effective for specific disease indications. The pooled knock-in platform
presented here offers a new opportunity to screen systematically for large gene constructs
that can be added to a T cell to modulate critical functions for effective cell therapies.

Targeted non-viral pooled knock-in screens have notable advantages over other systems that
potentially could be used to discover effects of gene gain-of-function. Most over-expression
studies have been performed with lentiviral or retroviral vectors. Although these viral
vectors could be pooled, several important technical factors would limit their applications.
These vectors have variable integration copy numbers and integrate at semi-random genome
sites, which can cause variability in transgene expression and altered cell phenotypes due to
insertional mutagenesis (Cavazzana-Calvo et al., 2010; Romero et al., 2013). These sources
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of variability could complicate interpretation of pooled screens, introducing both false
positives and false negatives. In addition, lentiviral and retroviral library preparation is
laborious and can lead to significant barcode swapping due to viral recombination (Sack et
al., 2016). In contrast to lentiviral and retroviral transgenesis, pooled non-viral HDR
templates allow for targeted integration at a defined site with relatively consistent transgene
expression levels and low rates of barcode mis-assignment without requiring viral packaging
steps.

Pooled, non-viral knock-in screens add to a growing constellation of CRISPR technologies
to enable scalable gain-of-function screening, especially CRISPR-activation (CRISPRa)
approaches to increase expression of endogenous genes (Chavez et al., 2015; Gilbert et al.,
2013, 2014). Technical challenges have limited CRISPRa applications in therapeutically
relevant primary human cell types. Furthermore, CRISPRa can only induce natural gene
products encoded in the genome and does so with variable efficiency. Gain-of-function
screens can be accomplished in cell lines at targeted genomic sites with CRISPR-mediated
saturating mutagenesis (Hess et al., 2016; Ma et al., 2016). CRISPR-based pooled knock-in
of short oligos and the functional assessment of single nucleotide variants is possible at an
endogenous locus in a cell line (Findlay et al., 2014; Findlay et al., 2018). In contrast to
these technologies that have shown promise for screening small mutations in immortalized
cells lines, we now present a new CRISPR platform to test large knock-in candidate
therapeutic constructs in primary human cells, which should accelerate the development of
improved cellular therapies.

Our integrated pooled knock-in platform nominated a lead hit (TGFpR2-41BB) that
increased T cell fitness /n vivo and promoted key effector cytokines including IFNy. TGFp
is a key suppressive cytokine normally produced by immune cells but which can be co-opted
by tumors to suppress effective immune responses (Batlle and Massagué, 2019; Gigante et
al., 2012). Knock-in of large genetic constructs enables the engineering of synthetic
receptors to re-wire the signal T cells receive when exposed to TGF in the tumor
microenvironment, including switching the suppressive TGFp signal to a stimulatory 41BB
signal. This lead construct indeed showed markedly enhanced clearance of an /n vivo solid
tumor model. The preclinical success of a novel construct nominated by pooled knock-in
screens highlights the power of the platform. The pooled knock-in platform will also enable
follow-up screens to optimize the lead construct’s efficacy and safety.

Barcoded knock-in libraries have even broader potential to study functional effects of
sequence variation at any selected site in the genome. A major challenge to quantitative
tracking of targeted genomic integrations of pooled knock-in constructs has been the
abundance of non-integrated DNA templates (viral or non-viral) in targeted cells and the risk
of template switching during molecular steps of pooled library production, integration, and
sequencing. Here we overcame these technical limitations with a widely adaptable
technology to barcode and track on-target integrations of HDR templates in a pooled library.
The HDR knock-in modifications all occur at the same genome locus and are tested in cells
by head-to-head competition against each other. Each knock-in construct can be tracked in
the targeted cell population under diverse in vitroand in vivo conditions to reveal the most
effective modifications. Effective barcoding of targeted knock-in sequences also allowed
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single-cell transcriptome readouts in a pool of modified cells to assess the effects of each
knock-in construct on cell state, a method we term Pooled Knock-In Sequencing (PoKI-seq).
This allowed us not only to screen for constructs that increased cell abundance with different
in vitro and in vivo selective pressures, but also to perform high dimensional analysis of the
cellular phenotypes resulting from each large knock-in DNA cassette. Perturb-seq
technologies have been transformative for systematic assessment of gene ablations. PoKI-
seq offers a complementary single-cell approach to study large knock-in perturbations in
pooled experiments. Barcodes could be sequenced from either cDNA or genomic DNA,
which suggests future pooled phenotypic screens will be possible to assess function of
coding and non-coding regions of the genome. Furthermore, multiplexed knock-in targeting
is achievable (Roth et al., 2018), so future studies could examine the combinatorial effects of
DNA inserts at multiple loci in the same cell. We will be able to scale knock-in construct
size and the number of members in each library as we continue to improve knock-in
efficiency and reduce costs of DNA synthesis.

Overall, the ability to rapidly integrate diverse libraries of new genetic sequences at defined
sites in the genome will open many new avenues for understanding the functional rules of
the human genome code and for reprogramming enhanced cell therapies. Barcoded pools of
non-viral HDR templates can now be used to explore the /n vitroand in vivo functions of
diverse sequence variants at targeted coding and non-coding elements in the genomes of
primary human cells. Future studies will be able to extend similar approaches to additional
genomic loci, additional panels of candidate knock-in constructs, additional selectable /n
vitro and in vivo phenotypes and additional cell types. Engineered cell therapies are an
emerging “drug” class, alongside small molecules and biologics (Fischbach et al., 2013).
Non-viral pooled knock-in screening will accelerate the discovery and development of
synthetic DNA sequences to reprogram the specificity and function of adoptive cellular
therapies.

STAR Methods
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed and will be
fulfilled by the lead contact, Alexander Marson (alexander.marson@ucsf.edu). Plasmids
generated in this study have been deposited to Addgene (Table S1) or are available upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Isolation and culture of human primary T cells—Primary human T cells were
isolated from either fresh whole blood or residuals from leukoreduction chambers after
Trima Apheresis (Blood Centers of the Pacific, San Francisco, CA) from healthy donors.
Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood samples by
Lymphoprep centrifugation (STEMCELL) using SepMate tubes (STEMCELL). T cells were
isolated from PBMCs from all cell sources by magnetic negative selection using an EasySep
Human T Cell Isolation Kit (STEMCELL). Isolated T cells were either used immediately
following isolation for electroporation experiments or frozen down in Bambanker freezing
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medium (Bulldog Bio) per manufacturer’s instructions for later use. Freshly isolated T cells
were stimulated as described below. Previously frozen T cells were thawed, cultured in
media without stimulation for 1 day, and then stimulated and handled as described for
freshly isolated samples. Fresh blood was taken from healthy human donors under a protocol
approved by the UCSF Committee on Human Research (CHR #13-11950).

XVivol5 medium (Lonza) supplemented with 5% fetal bovine serum, 50 uM 2-
mercaptoethanol, and 10 mM A-acetyl L-cystine was used to culture primary human T cells.
In preparation for electroporation, T cells were stimulated for 2 days at a starting density of
approximately 1 million cells per mL of media with anti-human CD3/CD28 Dynabeads
(ThermoFisher), at a bead to cell ratio of 1:1, and cultured in XVivo15 media containing
IL-2 (500 U mI~1; UCSF Pharmacy), IL-7 (5 ng mI~1; ThermoFisher), and 1L-15 (5 ng mI~1;
Life Tech). Following electroporation, T cells were cultured in XVivol5 media containing
IL-2 (500 U miI~1) and maintained at approximately 1 million cells per mL of media. Every
2-3 days, electroporated T cells were topped up, with or without splitting, with additional
media along with additional fresh IL-2 (final concentration of 500 U mI~1). When necessary,
T cells were transferred to larger culture vessels.

In Vivo Mouse Solid Tumor Xenograft—An NY-ESO-1 melanoma tumor xenograft
model was used as previously described (Roth et al., 2018). All mouse experiments were
completed under a UCSF Institutional Animal Care and Use Committee protocol. We used 8
to 12 week old NOD/SCID/IL-2Ry-null (NSG) male mice (Jackson Laboratory) for all
experiments. For pooled knock-in experiments (Figure 4), mice were seeded with tumors by
subcutaneous injection into a shaved right flank of 1x108 A375 human melanoma cells
(ATCC CRL-1619). The length and width of the tumor was measured using electronic
calipers and volume was calculated as v = 1/6 * = * length * width * (length + width) / 2.
Indicated numbers of T cells with the pooled knock-in library were resuspended in 100 pl of
serum-free RPMI and injected retro-orbitally. A bulk edited T cell population (10x10°)
containing at least 10% NY-ESO-1 knock-in positive cells was transferred. Five days after T
cell transfer, single-cell suspensions from tumors and spleens were produced by mechanical
dissociation of the tissue through a 70 um filter, and T cells (CD45+ TCR+) were sorted
from bulk tumorcytes by FACS. For individual /n vivo validation experiments (Figure 6B—
C), mice were seeded with 0.5x108 A375 cells. At nine days post tumor seeding, 1.5x10°
sorted NY-ESO-1+ T cells from the indicated edited populations were adoptively
transferred. Investigators were blinded to experimental treatment group during sizing
measurements. All animal experiments were performed in compliance with relevant ethical
regulations per an approved IACUC protocol (UCSF), including a tumor size limit of 2.0 cm
in any dimension.

METHOD DETAILS

RNP production—RNPs were produced by complexing a two-component gRNA to Cas9.
The two-component gRNA consisted of a crRNA and a tracrRNA, both chemically
synthesized (Dharmacon or IDT) and lyophilized. Upon arrival, lyophilized RNA was
resuspended in 10 mM Tris-HCL (7.4 pH) with 150 mM KCI at a concentration of 160 uM
and stored in aliquots at —80 °C. Poly(L-glutamic acid) (PGA) MW 15-50 kDa (Sigma) was
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resuspended to 100mg/mL in water, sterile filtered, and stored in aliquots at —80C. Cas9-
NLS (QB3 Macrolab) was recombinantly produced, purified, and stored at 40 uM in 20 mM
HEPES-KOH, pH 7.5, 150 mM KClI, 10% glycerol, 1 mM DTT.

To produce RNPs, the crRNA and tracrRNA aliquots were thawed, mixed 1:1 by volume,
and annealed by incubation at 37 °C for 30 min to form an 80 uM gRNA solution. Next,
PGA mixed with freshly-prepared gRNA at 0.8:1 volume ratio prior to complexing with
Cas9 protein for final volume ratio gRNA:PGA:Cas9 of 1:0.8:1 (2:1 gRNA to Cas9 molar
ratio) and incubated at 37 °C for 15 min to form a 14.3 uM RNP solution (Nguyen et al.,
2019; Roth et al., 2018). RNPs were electroporated immediately after complexing.

Double-stranded HDR DNA Template Production—Each double-stranded homology
directed repair DNA template (HDRT) contained a novel/synthetic DNA insert flanked by
homology arms. We used Gibson Assemblies to construct plasmids containing the HDRT
sequences and then used these plasmids as templates for high-output PCR amplification
(Kapa Hot Start polymerase). The resulting PCR amplicons/HDRTs were SPRI purified
(1.0x) and eluted into H»O. The concentrations of eluted HDRTs were determined, using a
1:20 dilution, by NanoDrop and then normalized to 1 pg/uL. The size of the amplified
HDRT was confirmed by gel electrophoresis in a 1.0% agarose gel. All HDR DNA template
sequences used in the study are listed in Table S1.

Primary T cell electroporation—For all electroporation experiments, primary T cells
were prepared and cultured as described above. After stimulation for 48-56 hours, T cells
were collected from their culture vessels and the anti-human CD3/anti-CD28 Dynabeads
were magnetically separated from the T cells. Immediately before electroporation, de-
beaded cells were centrifuged for 10 min at 90g, aspirated, and resuspended in the Lonza
electroporation buffer P3. Each experimental condition received a range of 750,000 — 1
million activated T cells resuspended in 20 uL of P3 buffer, and all electroporation
experiments were carried out in 96 well format.

All electroporations were done using a Lonza 4D 96-well electroporation system with pulse
code EH115. Unless otherwise indicated, 3.5 ul RNPs (comprising 50 pmol of total RNP)
were electroporated, along with 1-3 pl HDR Template at 1 ug pl~! (1-3 pg HDR template
total). Immediately after all electroporations, 80 ul of pre-warmed media (without cytokines)
was added to each well, and cells were allowed to rest for 15 min at 37 °C in a cell culture
incubator while remaining in the electroporation cuvettes. After 15 min, cells were moved to
final culture vessels and media supplemented with 500 U mlI~1 IL-2 was added.

Flow cytometry and cell sorting—All flow cytometric analyses were performed on an
Attune NXT Acoustic Focusing Cytometer (ThermoFisher). FACS was performed on the
FACSAria platform (BD). Cell surface staining for flow cytometry and cell sorting was
performed by pelleting and resuspending in 25 uL of FACS buffer (2% FBS in PBS) with
antibodies diluted accordingly (STAR Methods) for 20 min at RT in the dark. Cells were
washed once in FACS buffer before resuspension and analysis.
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In Vitro Proliferation Assay—Non-virally edited T-cells were expanded in independent
cultures prior to the assay. The unsorted, edited populations were pooled after approximately
two weeks of expansion (with 500 U/mL of IL-2 supplemented every 2—3 days) for a
competitive mixed proliferation assay.

For the NY-ESO-1 competitive mixed proliferation assay, we pooled unsorted samples with
either 1G4+dnTGFPR2+ or 1G4+tNGFR+ T cells. To determine the input number of each
population, we took into account the number of viable 1G4+TCR+ in either population
(knock-in% * total viable cell count), as determined by flow cytometry analysis. The pooled
sample was then distributed into round bottom 96 well plates at a total starting cell count of
50,000. The distributed samples were then cultured without stimulation or with Immunocult
(CD3/CD28/CD2). All samples were cultured in XVivol5 media supplemented with IL-2
(500 U/mL) with or without the addition of TGFR1. After 5 days in culture, samples were
analyzed on flow cytometry and the relative outgrowth of 1G4+dnTGFBR2+ and
1G4+tNGFR+ subpopulations was quantified.

In Vitro Cytokine Release Assay—T cells were stimulated with CD3/CD28 Dynabeads
(1:1 ratio) or Dynabeads plus 25 ng/ml TGF@ (Miltenyi Biotec, Bergisch Gladbach,
Germany). 24 hours later eBioscience Brefeldin A Solution (1000X) (ThermoFisher
Scientific) was added and incubated for 4 hours. Cells were stained with extracellular
antibodies 7-AAD, CD8-APC/Cy7, CD4-FITC (BioLegend) and intracellular antibodies
IFN-y-PE, IL-2-APC (BD Biosciences) and TNF-a-PacificBlue (BioLegend) using FIX &
PERM Cell Fixation & Cell Permeabilization Kit (ThermoFisher Scientific) according to the
manufacturer’s information.

In Vitro Antigen Specific Killing Assay—A375-nRFP (NY-ESO-1* HLA-A*0201")
melanoma cell lines stably transduced to express nuclear RFP (Zaretsky 2016 NEJM) were
seeded approximately 24 h before starting the co-culture (~1,500 cells seeded per well).
Modified T cells were added at the indicated E:T ratios. The killing assay was performed in
cRPMI with IL-2 (50 U/mL) and glucose, and for indicated assays TGFB1 (25 ng/mL). RFP
time lapse imaging using an IncuCyte ZOOM (Essen) was performed for 4-5 days. Cancer
cell clearance (“A375 Clearance”) was defined as: (# RFP+ cells in A375 only wells - # RFP
+ cells in indicated co-culture well) / (# RFP+ cells in A375 only wells) relative to a control
T cell population (e.g. TCR + tNGFR). The control T cell population clearance value was
divided by the experimental T cell population clearance value such that an A375 clearance
value greater than 1 indicates more cancer cell killing relative to control T cells, while a
value less than 1 indicates decreased cancer cell killing relative to control T cells.

Pooled Knock-in Screening—Targeted pooled knock-in screening was performed using
the non-viral genome targeting method as described, except with ~10bps of DNA
mismatches introduced into the 3° homology arm of the TRAC exon 1 targeting HDR
template used to replace the endogenous TCR (Roth et al., 2018). A barcode unique for each
member of the knock-in library was also introduced into ~6 degenerate bases at the 3’ end of
the TCRaVJ region of the HDR template (Figure 1B). The 36 constructs included in the
pooled knock-in library (Table S1) were designed using the Benchling DNA sequence editor,
commercially synthesized as a dsSDNA geneblock (IDT), and individually cloned using
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Gibson Assemblies into a pUC19 plasmid containing the NY-ESO-1 TCR replacement HDR
sequence (except for pooled assembly conditions, whereas all geneblocks in the library were
pooled prior to assembly). The library was pooled at various stages as described in figure
legends (Figure S3), but unless otherwise noted HDR templates were pooled prior to
electroporation.

The modified T cell libraries generated by pooled knock-ins were electroporated, cultured,
and expanded as described, before being subjected to a variety of in vitro assays beginning
at day 7 post electroporation and ending at day 12 post electroporation. In stimulation
assays, the modified T cell library was stimulated with CD3/CD28 dynabeads at a 1:1 bead
to cell ratio, and at a 5:1 bead to cell ratio for the excessive stimulation condition. In the
TGFp assay, 25 ng/mL of human TGFp was added to the culture media. For the CD3
stimulation only condition, a 1G4 TCR (NY-ESO-1 specific) binding dextramer (Immudex)
was bound to cells at 1:50 dilution in 50 uL (500,000 cells total) for 12 minutes at room
temperature, prior to return to culture media. All in vitro assays began with 500,000 sorted
NY-ESO-1+ T cells unless otherwise described.

At the conclusion of the in vitro or in vivo assays, T cells were pelleted and either genomic
DNA was extracted (QuickExtract) or mRNA was stabilized in Trizol. mMRNA was purified
using a Zymo Direct-zol spin column according to manufacturer’s instructions, and
converted to cDNA using a Maxima H RT First Strand cDNA Synthesis (Thermo) according
to manufacturer’s instructions. Unless otherwise stated, libraries were made from isolated
MRNA/cDNA. A two-step PCR was performed on the isolated genomic DNA or cDNA. The
first PCR (PCR1) included a forward primer binding in the TCRa.\VJ region of the insert and
a reverse primer binding in the genomic region overlapping the site of the mismatches in the
3" homology arm (Figure S2 and Table S1), and used Kapa Hifi Hotstart polymerase for 12
cycles, followed by a 1.0X SPRI purification. The second PCR used NEB Next Ultra Il Q5
polymerase for 10 cycles to append P5 and P7 Illumina sequencing adaptors and sample-
specific barcodes, followed again by 1.0X SPRI purification. Normalized libraries were
pooled across samples and sequenced on an Illumina Mini-Seq with a 2X150 bp reads run
mode.

PoKI-Seq: Pooled Knock-in Screening plus Single-Cell RNA Sequencing—
Single-cell RNA sequencing was performed on 8 separate samples (2 donors, 2 recipients
per donor, matched pre- and post-implantation cells) with the Chromium Single Cell 3
Reagent Kit, v3 chemistry (10x Genomics, PN-1000092) following the manufacturer’s
protocol. Briefly, TCR-positive cells were sorted by FACS (BD FACS Aria) and
resuspended at 1000 cells/ul in PBS + 1% FBS for a targeted recovery of 6000 cells per
condition. We performed 11 cycles of PCR for cDNA amplification after GEM recovery, and
25% of each cDNA sample was carried into transcriptome library preparation. We
performed 13 cycles of PCR to introduce Chromium i7 multiplex indices (10x Genomics,
PN-120262). cDNA was diluted 1:5 in Buffer EB and quantified by Bioanalyzer DNA High
Sensitivity (Agilent, 5067-4626) and/or Qubit dsDNA High Sensitivity (Thermo Fisher,
Q32854) reagents. Samples were pooled equally and sequenced on a NovaSeq S4 flow cell
(Illumina) using read parameters 28x8x91. Raw fastq files were mapped to the human
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transcriptome (GRCh38) using Cell Ranger (10x Genomics, version 3.0.2) and further
analyzed using Seurat (version 3.0.1).

After the initial 11 cycle cDNA amplification step described above, 50% (20ul) of each
cDNA sample was loaded into a KAPA HIFI 2x PCR reaction using 1uM p5 forward primer
(AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC) and 1uM
of a custom TCRa-read2 reverse primer
(GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGAGGAACCAGCCTTATTGTTC
A TCCGTA) and run with the following parameters: 98C for 45”, [98C for 20", 67C for 30",
72C for 30”] x 10, 72C for 607, hold at 4C. The PCR products were purified with 0.8x
AMPure XP (Beckman Coulter, A63882) and eluted in 45ul Buffer EB (Qiagen, 1014608).
We performed 9 cycles of PCR to introduce Chromium i7 multiplex indices (10x Genomics,
PN-120262). cDNA was diluted 1:5 in Buffer EB and quantified by Tapestation DNA High
Sensitivity (Agilent, 5067-5593) and/or Qubit dsDNA High Sensitivity (Thermo Fisher,
Q32854) reagents. Samples were pooled equally and sequenced on a NovaSeq SP flow cell
(IMlumina) with 25% PhiX using read parameters 28x8x98.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—Statistical details for all experiments, including value and definition
of n, error bars, and significance thresholds can be found in the Figure Legends.

Predicted Amount of Template Switching—An estimation of the total amount of
template switching (barcode switching) during a large pooled experiment where there is
some distance between a DNA barcode and the functional DNA sequence with which the
barcode is associated can be inferred using the observed amount of template switching from
a small library (Figure 1E). A simple model requires two assumptions.

Assumption 1. Template switching is random, and any barcode that is swapped is equally
likely to switch to any other barcode.

Assumption 2. A template that has switched once is equally likely to switch again.

Using a two-member library where DNA barcodes are associated with observable functional
DNA sequences (e.g. encoding a detectable surface marker or fluorescent protein), cells that
are confirmed to express the functional DNA sequence can be isolated from all other cells
that express the other (e.g. sorting for GFP+ cells) and their DNA barcodes sequenced. The
percentage of the sequenced DNA barcodes that does not match the barcode associated with
the functional DNA sequence is thus the observed amount of template switching,
represented as a ratio.

X = Observed rate of template switching
Y = Actual rate of template switching

In a two-member library half of the actual template switching will occur with another
template that contains the same barcode, and is thus not detected. Therefore, the observed
amount of switching must be multiplied by 2.
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Y =2%X 1)

However a template that has switched once is equally likely to switch again, and therefore
additional rounds of switching after the first can occur.

Y = 2#X 425 X2 424X 4+ .. 425 X" 2)

Simplifying the equation yields:

Y/X=24+2%X+25X24+25X° 4 ... 42%X" 3)
Y/X=2+Y 4

(Y/IX)-=Y =2 5)
Y*(1/X—-1)=2 6)

Y =2/(1/X - 1) 7)

Thus, a general equation for total template switching (Y) can be derived from the observed
amount of template switching (X) in a two-member library. For example, if the observed
template switching rate was 0.2 (20% of total reads contained an incorrect barcode), then the
actual predicted rate of template switching would be 0.5 (50% of the reads are predicted to
have switched, but because many switched to a template containing the same barcode, they
were not observed). In a library of arbitrarily large size, there will be no significant
switching with templates containing the same barcode, and thus the observed and actual
amounts of template switching will converge.

With the parameters of the pooled knock-in library design (~400 bps between unique library
insert and its corresponding barcode, separated by the new knocked in TCR-a specificity)
described here (Figure 1B), the amount of predicted template switching with pooled
assembly reactions was ~50%, and with a pooled electroporation condition was only ~10%.

Predicted Correct Knock-in Barcode Frequency—Experiments using a two member
GFP and RFP pooled knock-in library enabled direct measurements of the rate of bi-allelic
integrations and template switching. Biallelic knock-in rate was estimated to be ~25% of
total knock-in positive cells (Figure 1D and Figure S2E), while the rate of template
switching in the pooled electroporation condition used throughout the study was determined
to be ~10% (Figure 1E). Using these values, the predicted frequency of sequenced barcodes
containing the correct knock-in barcode for an individual construct that has been sorted from
an arbitrarily large knock-in population (e.g. sorted GFP+ cells from the 36-member knock-
in library) can be calculated.
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Given 1000 sorted knock-in positive cells, 75% will possess a monoallelic
knock-in (750 cells, 750 knock-in alleles), while 25% will possess biallelic
knock-ins (250 cells, 500 knock-in alleles).

Half of the alleles in biallelic knock-in cells will have a different knock-in
construct/barcode than the sorted (GFP) knock-in construct/barcode, assuming
an arbitrarily large knock-in library.

Therefore, out of 1250 total alleles, 1000 would be predicted to contain the
correct knock-in construct/barcode before accounting for template switching.

Assuming a 10% rate of template switching, 100 out of 1000 alleles with the
correct knock-in construct (GFP) will contain a barcode for a different construct.

In total then, 900 out of 1250 alleles, or 72% of alleles, will contain the correct

knock-in barcode.

Analysis of Pooled Knock-in Screens—To identify negative and positive hits in our
screens, abundance of guides was first determined in R using PDict on the raw sequenced
fastq files using exact matching for knock-in construct specific barcodes (Table S1). Log2
fold change (LFC) was calculated for each knock-in construct, defined throughout as the

log2 fold change over indicated input population. All donor replicates in each screen were

grouped for statistical analysis to account for biological noise.

Analysis of PoKI-Seq Screens—~Pre-processing of the Illumina sequencing results from
the 10X Genomics V2 libraries was performed with CellRanger software, version 2.0.0. This
pipeline produces sparse numerical matrices for each sample, with gene-level counts of
unique molecular identifiers (UMI) identified for all single cells passing default quality
control metrics. These gene expression matrices were processed with Seurat R package

(Butler et al., 2018), as described elsewhere (https://satijalab.org/seurat/

pbmc3k_tutorial.html). Only cells with more than 500 genes identified were used for

downstream analyses. Using Seurat, counts were log normalized, regressing out total UMI
counts per cell and percent of mitochondrial genes detected per cell, and scaled to obtain

gene level z-scores. Of note, all samples were processed simultaneously in the same
experiment and thus sample origin was not regressed out (Butler et al., 2018). We then

applied principal component analysis (PCA), using the 1,000 most variable genes across

cells. The first 30 PCA components were used to construct a uniform manifold

approximation and projection (UMAP) to visualize single cells in a two dimensional plot, as
in Figure 5D. Clustering in Figure 5E, was performed by the Louvain algorithm on the
shared nearest neighbor graph, as implemented by the FindClusters command from the
Seurat R package. For synthetic bulk differential gene expression in Figure 51 and Figure 6E,
UMI counts per gene were summed for all cells with control knock-ins in each sample, and
the DESeq2 R package was used to determine differentially expressed genes. For gene list
enrichment analysis in cell clusters, the REACTOME database (Fabregat et al., 2018) was

used as reference to generate Figure S6E.

To associate guides with identified cell barcodes, we processed both fastq files from the 10X
libraries and from the separately amplified cDNA PCR. The read?2 files were matched to the
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knock-in construct library using matchPattern as implemented in the ShortRead R package
(Morgan et al., 2009). The pattern used was the 3’ end of the sequence of the inserted TCR
alpha gene containing the specific knock-in barcode within degenerate bases, allowing for 1
mismatch total. The mate Read1 pairs for reads with matched knock-in construct barcodes
were used to determine the cell barcode and UMI assignment. We filtered out reads
appearing less than twice and cells with more than two assigned knock-in barcodes. The
Chi-square test was used to determine over-representation of cells with guides for the same
gene target across cell-state driven clusters. Standardized residuals from the chi-square test
were scaled and used to generate Figure 5H. Additional specific details for the generation of
individual plots and analysis are contained in the associated figure legends in Figure 5 and
Figure S6.

DATA AND CODE AVAILABILITY

PoKI-Seq and scRNAseq data are available on GEO (GSE143417). Amplicon sequencing
data from pooled knock-in screens, annotated DNA sequences for all constructs, and all
custom scripts used for amplicon sequencing data processing, single cell RNA sequencing
data filtering, and for generation of the presented analysis have not been deposited in a
public repository but are available from the corresponding author on request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Method for pooled knock-in screens of large DNA sequences at targeted
genomic loci

Rapid discovery of novel synthetic constructs to enhance primary human T
cell fitness

PoKI-Seq combines pooled knock-ins with single-cell RNA sequencing /n
vitroand in vivo

Novel chimeric TGFBR2-41BB receptor hit promotes solid tumor clearance
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Figure 1. Development of targeted pooled knock-in screening
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(A) Adaptable platform to integrate libraries of multiple DNA-barcoded templates into a
specified genomic target and dissect human T cell behavior ex vivo or in vivo with

phenotypic screens or single-cell transcriptome analysis.

(B) Strategy for selective amplification and sequencing of successful on-target knock-in
DNA construct barcodes. A short region of DNA mismatches is introduced into one
homology arm of the HDR templates. The on-target HDR knock-ins that have both primer
binding sites will be selectively amplified from genomic DNA (gDNA) or cDNA (Figures

S2A).

(C) Percent of amplicon sequencing reads with GFP or RFP barcodes in the indicated sorted
populations 7 days after pooled knock-in of a barcoded two-member library with each
construct encoding the same TCR specificity (NY-ESO-1 1G4 clone) plus a distinct

additional insert (GFP or RFP) and corresponding DNA barcode.

(D) Calculation of knock-in multiplicity in individual cells based on dual GFP / RFP 2-
member library knock-in experiments (Figure S2C—E). The predicted percentage (right) of
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cells with biallelic integrations is estimated to be twice the observed percentage (left) of dual
GFP+RFP+ cells as GFP+GFP+ and RFP+RFP+ biallelic cells would be observed in single
positive gates.

(E) Quantification of template switching in pooled knock-in experiments. The frequency of
template switching at each stage of the protocol (left panel) was estimated by sorting single
positive populations of T cells edited with the 2-member barcoded library (NY-ESO-1 TCR
+GFP and NY-ESO-1 TCR+RFP) and using the homology arm mismatch priming strategy
to selectively amplify the barcodes of on-target integrations. The predicted frequency of
template switching in an arbitrarily large N-member library (N>2) can be calculated from
the observed template switching for a 2-member library (STAR Methods). The pooled
electroporation condition (bold) was used for subsequent pooled knock-in screens.

n=2 (C-E) individual healthy human donors.

See also Figure S1-S2 and Table S1
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Pooled Knock-ins with Multiplexed Barcoded Library
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Figure 2. Pooled knock-in screening of a multiplexed library of large DNA inserts.
(A) Non-viral targeted pooled knock-in of a 36-member construct library into the 7RAC

locus in primary human T cells and subsequent sequencing of knock-in barcodes 7 days
post-electroporation. All construct barcodes in the 36-member library were consistently
well-represented with even library distribution (Gini coefficient = 0.048).

(B) A weak negative correlation between knock-in efficiency and insert size was observed
(A2 =0.11). Even the largest library members (~3 kb inserts) were well represented.

(C) Flow cytometry identified all knock-in positive cells that stained for the NY-ESO-1 TCR
(introduced to the TRAC locus; off-target integrations should not yield NY-ESO-1 TCR+
cells). The percentage of knock-in positive cells that expressed GFP or RFP protein could be
assessed and these cells sorted.
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(D) The percentages of knock-in cells that expressed GFP (NY-ESO-1 TCR+GFP+) or RFP
(NY-ESO-1 TCR+RFP+) corresponded closely with sequenced frequencies of GFP or RFP
template barcodes. ns = not significant (Paired two-way T test).

(E) Validation of homology arm (HA) mismatch priming strategy with a 36-member large
knock-in library. Knock-in positive cells were sorted based on NY-ESO-1 TCR expression
as well as either GFP+, RFP+ or neither. When sequencing on-target knock-ins using primer
matching the genomic sequence (and lacking the mismatches introduced into the homology
arms, Figure S2A), the percent of sequenced reads with a GFP or RFP barcode in their
respective populations closely matched the predicted percentage after correction for
expected template switching and biallelic integrations (Figure S2 and STAR Methods
However, as expected, sequencing with a primer binding the template homology arm
(containing the mismatch sequences) did not strongly enrich the on-target knock-ins
barcodes.

(F-G) Distribution of library members (barcode frequencies) was consistent throughout T
cell expansion over 10 days of post-electroporation ex vivo culture in IL2. IL2RA-encoding
construct showed an increased abundance over input. Dotted lines represent maximum and
minimum relative abundances of control library members (GFP, RFP, tNGFR). *~ < 0.05,
****P<0.0001 (two-way analysis of variance with Holm-Sidak’s multiple comparisons
test).

Unless otherwise indicated, all experiments were analyzed seven days after electroporation
of primary T cells from n=4 (A-D, F-G) or n=2 (E) individual healthy human donors.
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Pooled Knock-in Screen to Enhance T Cell Function
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Figure 3. Targeted pooled knock-in screens in primary human T cells to assess context-
dependent fitness benefits

(A) A 36-member pooled knock-in library was designed with dominant negative receptors,
synthetic “switch” receptors with engineered intracellular domains, and heterologous
transcription factors, metabolic regulators and receptors (details in Figure S3).

(B) Log?2 fold change in barcode frequency 5 days after in vitro TCR stimulation relative to
the input population. Constructs derived from the apoptotic mediator FAS receptor protein
increased in relative frequency across donors (**£< 0.01, ***£< 0.001, ****P< 0.0001,
two-way analysis of variance with Holm-Sidak’s multiple comparisons test).

(C) Assessment pooled knock-in constructs in T cells under diverse /in vitro selective
pressures. Fitness effects are quantified as log2 fold change of barcode frequencies after 5
days of in vitro culture relative to input frequencies. IL2RA heterologous expression
preferentially expanded in the absence of stimulation (corresponding to data shown in Figure
2F-G). With excess TCR stimulation, Fas derived receptors (Blue) preferentially expanded,
and a polycistron encoding transcription factor TCF7 (Orange) also trended towards
increased expansion (Figure S4). Checkpoint receptors engineered with intracellular-CD28
domains (Grey) drove expansion in cells treated with antigen (dextramer) stimulation only
(no anti-CD28 co-stimulation). TGFPR2-derived chimeric proteins (Red) drove selective
expansion in the presence of exogenous TGFB. Dots represent mean of experiments from 4
independent healthy donors (see also Figure S4).

(D) Distribution of log2 fold changes over the input for cells stimulated in the presence of
exogenous TGFB. Under these conditions, multiple FAS-derived receptors and TGFBR2-
derived receptors increased relative expansion.
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**p<0.01, ****P< 0.0001 (two-way analysis of variance (ANOVA) with Holm-Sidak’s
multiple comparisons test).

n=4 (BD) individual healthy human donors

See also Figure S3-S4 and Table S1.
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Figure 4. Functional validation and improved in vitro cancer cell killing with novel gene
constructs identified by pooled knock-in screens.

(A) Arrayed knock-in experiments validated the improved context-dependent fitness in
pooled knock-in screens for selected library members (FAS-41BB, TGFBR2-41BB, IL2RA,
TIM3-CD28, CTLA-CD28) compared to control constructs (tNGFR), neutral constructs that
did not cause statistically-significant fitness improvements in the contexts tested (TCF7,
PD1-41BB, tBTLA), and a negative hit from the screens (truncated CTLA4; tCTLAA4).
(B) Flow cytometry confirmed overexpression of expected protein product encoded in

knock-in constructs (Blue) relative to control cells (Red) 7 days post-electroporation of
stimulated T cells (TIM3 was assessed on Day 10), gated on knock-in positive cells (NY-

ESO-1+, see also Figure S5A).

(C) Relative expansion (compared to input cell number; Left, Middle) and proliferation
(CFSE Staining, Right) for eight individual knock-in constructs five days after stimulation
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(Left). Stimulation + TGFp (Middle, Right) mirrored the effects seen in pooled screens for
the FAS-41BB and TGFpR2-41BB constructs.

(D) In vitro cancer cell killing 72 hours post co-culture of indicated sorted NY-ESO-1+ T
knock-in cells with A375 human melanoma target cells. TGFBR2-41BB (Red) significantly
improved target cell killing compared to control cells ({INGFR, Green) at multiple effector (T
cell) to Target (A375 cancer cell) ratios. In contrast, tCTLA4 (Black), impaired killing
(Figure S5C).

(E) Time course data for cancer cell killing data from D, averaged across 4 donors. Y-axis
quantifies A375 cancer cell counts per well.

(F) The TGFBR2-41BB knock-in construct enhanced NY-ESO-1+ cancer cell killing /n
vitro both in the absence and presence of exogenous TGFp1 compared to knock-in cells
with a control tNGFR construct.

Experiments performed in n=4 (B—F) independent human donors. *P < 0.05, **P< 0.01,
***P< 0.001, ****P < 0.0001 (paired two-tailed T test).

See also Figure S5.
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PoKI-Seq: Pooled Knock-in Screening + Single Cell RNA sequencing
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Figure 5. PoKI-Seq combines pooled knock-in screening with single-cell RNA sequencing.
(A) Design of pooled knock-in experiments paired with single cell RNA-sequencing, termed

PoKIl-seq. This platform provides high-dimensional assessment of cell phenotypes caused by
each knock-in construct’s genotype (Figure S6A).

(B) To validate the molecular assignment of knock-in construct barcodes to each individual
cell, bulk knock-in positive cells expressing the integrated NY-ESO-1 TCR were sorted, as
were NY-ESO-1+ cells that also expressed either GFP+ or RFP+. In the sorted GFP+ and
RFP+ populations, the vast majority of template barcodes corresponded to the expression of
the expected protein product (Figure 1E).

(C) PoKI-seq identified cells with multiple integrations. The frequency of observed cells
with multiple knock-in barcodes likely to due to biallelic integrations closely matched those
predicted based on 2-member GFP/RFP library knock-in experiments (Figure 1D). As
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expected, in sorted GFP+ or RFP+ cells with biallelic integrations, one of the barcodes
corresponded to GFP or RFP respectively.

(D) UMAP representation of all single cell states identified /n vitro with pooled knock-in T
cell populations. 7 days following pooled knock-in of a 35-member library (all constructs in
Figure S3A except tNGFR), sorted knock-in positive T cells (NY-ESO-1 TCR+) were
stimulated at a 1:1 ratio with CD3/CD28 beads in the presence or absence of exogenous
TGFp and PoKI-seq was performed 4 days later.

(E) Nearest neighbor clustering (Louvain) overlaid on the UMAP representation revealed
single cell populations corresponding to distinct cell states and associated hallmark genes.
(F) Assignment of knock-in constructs for each single cell in D. Over 58% of cells were
assigned a knock-in construct. Approximately 3.4% of cells were assigned 3 or greater
knock-in barcodes, potentially due to sequencing cell doublets, rare imperfect integration of
multiple templates or template switching.

(G) Density plots (in the UMAP representation of single cell states) for cells with indicated
knock-in constructs in TGFp-treated conditions.

(H) Over-representation analysis for cells with select knock-in constructs in defined single
cell clusters as measured by observed vs. expected frequencies (Chi-square residuals). In the
context of stimulation only (top row), the FAS-41BB construct enriched in the proliferative
cluster 8. With the addition of exogenous suppressive cytokine TGFp, cells with TGFpR2-
derived knock-in constructs showed strong enrichment in clusters corresponding to
proliferative (cluster 8) and effector states (cluster 12), and depletion from the clusters
associated with response to TGFp (clusters 2, 4, 6).

(I) Gene expression heatmap for select knock-in constructs in PoKI-seq experiment. Gene
list was generated from genes in the clusters examined in H with absolute log fold change of
>0.8 compared to all other clusters. Transcriptional effects of TGFpR2-derived constructs
strongly correlated with each other in the presence of exogenous TGF@ but not in the
stimulation-only condition. TGFBR2-derived constructs altered the transcriptional response
to TGFB, maintaining expression of genes otherwise associated with the stimulation-only
condition, such as proliferative markers MKI67 and TOP2A.

Experiments performed in n=2 (B-1) independent human donors.

See also Figure S6.
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In Vivo PoKI-Seq in Solid Tumors Primary Human T Cell In Vivo Pooled KI Screen
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Figure 6. In vivo PoKI-seq in primary human T cells captures cell abundance and cell state in
solid tumor microenvironment.

(A) Layout of /n vivo pooled knock-in screens in a solid tumor xenograft model (A375 cells)
of human melanoma. After either ex vivo expansion only (Input), or 5 days after adoptive
transfer of 10 million T cells (~1 million knock-in positive cells) into tumor bearing NSG
mice, live TCR+ T cells were sorted for analysis. Either bulk amplicon sequencing of knock-
in barcodes was performed to capture cell abundance, or single cell droplets were generated
and PoKI-Seq was performed to capture both cell abundance and cell state.

(B) Average log2 fold change in barcode abundances within the TILs compared to input
cells is shown for each donor (horizontal lines represent max and min values for control
constructs). The transcription factor TCF7 and synthetic TGFPR2-derived receptors
enriched in abundance within tumor infiltrating T cells. *£< 0.05, **/<0.001 (two-way
analysis of variance with Fischer’s LSD test).

n=4 donors (2 bulk amplicon sequencing, 2 single cell PoKI-seq) (n=2 donors).

(C) UMAP representation of all single cell states identified ex vivoand in vivo with pooled
knock-in cell populations from two human blood donors. Normalized gene expression (Z-
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Score) on the UMAP representation revealed differences in expression within the /n vivo
population in markers of differentiation/proliferation status (CCR7and MK167) and effector
function (GZMB and IFNG).

(D) Subpopulations /n vivo could be defined by scRNAseq using hallmark genes for cell
states such as naive-like T cells (CCRY?), proliferation (MK167) and effectors (/L2and
IFNG). Subpopulations were defined as the top 10% of cells expressing each gene. Chi-
squared residuals are displayed (n=2 independent donors).

(E) /n vivotranscriptional signatures observed in tumor-infiltrating T cells with
polycistronic constructs encoding NY-ESO-1 TCR plus control, TCF7, or TGFpR2-41BB.
All cells assigned a specific knock-in construct were pseudo-bulked and differentially
expressed genes with absolute value of log2 fold-change of >0.8 are displayed.

See also Figure S7.
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Figure 7. A novel TGFBR2-41BB chimeric receptor identified by pooled knock-in screening
improved clearance of an in vivo solid tumor model.

(A) Individual constructs nominated by pooled knock-in screens and scRNAseq analyses
were adoptively transferred into NSG mice implanted with A375 melanoma tumors.

(B) Tumor sizing after adoptive transfer of vehicle alone (saline, Grey) or T cells targeted
with a various polycistrons encoding NY-ESO-1 antigen specificity and potential therapeutic
constructs. Engineered cells with any NY-ESO-1 TCR constructs showed statistically
significant reductions in tumor size compared to vehicle (media only) alone. TGFpR2-41BB
construct performed significantly better than the tNGFR control, and was the only construct
that resulted in complete tumor clearance (19 out of 26 tumors). Mean + SD from n=4
(INGFR, TGFBR2-41BB) or n=2 (TCF7) unique healthy human donors. ****P < 0.0001
(two-way analysis of variance with Holm-Sidak’s multiple comparisons test).

(C) Individual /n vivotumor growth curves of A375 melanoma xenograft mode are shown
for mice treated with T cells with TGFpR2-41BB and NY-ESO-1 TCR knock-in and
controls, as in (B). While variability was observed across the four donors tested, TGFpR2-
41BB cells showed statistically significant reductions in tumor burden. In 19 out of the 26
mice tested with T cells from four different human blood donors, the TGFBR2-41BB knock-
in cells cleared the tumor, which was not observed at these doses in any of the control mice.
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