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The engineering of autologous patient T cells for adoptive cell therapies has
revolutionized the treatment of several types of cancer'. However, further
improvements are needed to increase response and cure rates. CRISPR-based
loss-of-function screens have been limited to negative regulators of T cell functions**
and raise safety concerns owing to the permanent modification of the genome. Here
we identify positive regulators of T cell functions through overexpression of around
12,000 barcoded human open reading frames (ORFs). The top-ranked genes
increased the proliferation and activation of primary human CD4*and CD8" T cells
and their secretion of key cytokines such as interleukin-2 and interferon-y. In addition,
we developed the single-cell genomics method OverCITE-seq for high-throughput
quantification of the transcriptome and surface antigens in ORF-engineered T cells.

The top-ranked ORF—lymphotoxin- receptor (LTBR)—is typically expressedin
myeloid cells but absent in lymphocytes. When overexpressedin T cells, LTBR induced
profound transcriptional and epigenomic remodelling, leading to increased T cell
effector functions and resistance to exhaustion in chronic stimulation settings
through constitutive activation of the canonical NF-kB pathway. LTBR and other
highly ranked genes improved the antigen-specific responses of chimeric antigen
receptor T cellsand y5 T cells, highlighting their potential for future cancer-agnostic
therapies®. Our results provide several strategies for improving next-generation T cell
therapies by the induction of synthetic cell programmes.

Cellularimmunotherapies with engineered autologous patient T cells
redirected againstachosen tumour antigen have yielded great efficacy
againstblood cancers, resultingin five approvals for chimeric antigen
receptors (CARs) by the USFood and Drug Administration (FDA) so far®.
By contrast, CAR therapy for solid tumours has shown a much lower
efficacy overall, owing to the suppression of T cell effector functionin
the tumour microenvironment. Even for blood malignancies, with the
exception of B acute lymphoblastic leukaemia, most patients do not
experience a durable response, with resistance being primarily due
to T cell dysfunction rather than antigen loss’. Considerable efforts
have been devoted to identifying genes and pathways that contrib-
ute to T cell dysfunction®®. However, comprehensive, genome-wide
screens for modulators of T cell function thus far have been limited
to loss-of-function screens®*.

The advances in CRISPR genome engineering have made it possi-
ble to readily knock out every gene in the genome in a scalable and
customizable manner. Although its large size makes it challenging
(albeit notimpossible'®) to deliver Cas9 via lentivirus to primary T cells,
alternative approaches have been developed, which rely on transient
delivery of Cas9 protein® or mRNA™, or on constitutive Cas9 expression

in engineered isogenic mouse strains®. These approaches, however,
are not amenable to gain-of-function screens in human cells, which
require continuous expression of the transcriptional activator that
drives target gene expression. The large size and immunogenicity of
most Cas9-transcriptional activator fusion proteins have limited their
use in T cell engineering for in vivo or clinical approaches®.

Here we perform a genome-scale gain-of-functionscreeninprimary
human CD4*and CD8" T cells, using a lentiviral library of barcoded
human ORFs. We show that T cells with the strongest proliferation
phenotypes are enriched for both known and unknown regulators
of theimmune response, many of which are not typically expressed
by peripheral T cells. We validate top-ranked ORFs in cells from
screen-independent donors and further demonstrate that these ORFs
not only drive T cell proliferation but also increase the expression of
activation markers and the secretion of key proinflammatory cytokines.
To gain more comprehensive insight into the mechanism of action of
these genes, we develop a single-cell sequencing approach coupled
withdirect ORF capture. Weidentify LTBR—one of the top-ranked ORFs
not expressed by lymphocytes—as akey driver of profound transcrip-
tional and epigenetic remodelling through increased NF-kB signalling,
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Fig.1|Agenome-scale overexpressionscreen toidentify genes thatboost
the proliferation of primary humanT cells. a, Overview of the pooled ORF
screen.CD4"and CD8' T cells were separately isolated from peripheral blood
fromthree healthy donors. The barcoded genome-scale ORF library was then
introducedinto CD3/CD28-stimulated T cells, followed by selection of
transduced cells. After 14 days of culture, T cells were labelled with
carboxyfluorescein succinimidyl ester (CFSE) and restimulated toinduce
proliferation. By comparing counts of specific ORF barcodes before and

after cell sorting, we identified ORFs enriched in the CFSE"" population.

b, Normalized enrichment of individual barcodes for the indicated genesin the
CD4*screen. ¢, Robust rank aggregation of genesinboth CFSE*CD4*and
CFSE"CDS8" T cells, based on consistent enrichment of individual barcodes
foreachgene.d, Enrichmentinindividual donorsand T cell populations of
top-ranked genes (grouped by functionandrelevance to T cell proliferation)
selected for further study. Neutral genes (MHC-Icomplex and cell-type-
specific differentiation markers) areincluded for comparison. Gene names are
coloured onthe basis of the differential expressionin CD3/CD28-stimulated
andresting T cells (green, upregulated; red, downregulated; grey, no change;
black, noexpression)*.

whichresultsinamarkedincreaseinthe secretion of proinflammatory
cytokines and resistance to apoptosis. Finally, we show that top-ranked
ORFs potentiate antigen-specific T cell functions, in the context of
CD19-directed CART cells and broadly tumour-reactive y§ T cells from
healthy donors and patients with blood cancer.

Genome-scale ORF screeninT cells

Toavoid relying on constitutive expression of large bacterial proteins
or chromatin accessibility in the vicinity of target genes®, we decided
to use alentiviral library of human ORFs; this library contains nearly
12,000 full-length genes, with around 6 barcodes per gene' (Fig. 1a,
Extended Data Fig. 1a-g). Previously, genome-scale loss-of-function
screensin human T cells have focused on either CD4* or CD8" T cells.
However, both CD4"and CD8" T cells are required for durable tumour
controlinadoptive therapies™', as further exemplified by FDA approv-
als of anti-CD19 CAR T cells with a defined 1:1 CD4" and CD8" ratio’.
Thus, we decided to use the ORF library to discover genes that boost
the proliferation of both CD4" and CD8" T cells in response to T cell
receptor (TCR) stimulation (Fig. 1a, Extended Data Fig. 1h-j).

We transduced the lentiviral ORF library into CD4*and CD8' T cells
fromthree healthy donors, and after a brief period in culture (14 days)
werestimulated the cellsto identify drivers of proliferationin response
to TCRstimulation. We were able to capture the majority of individual
ORF barcodes, and nearly all ORFs, including the largest ones (Extended
Data Fig. 1k, I). Comparing the relative frequencies of genes in the
most highly proliferative cells to unsorted cells, we found an enrich-
ment of genes that are known to participate in immune processes
among the top-ranked ORFs (Extended Data Fig.1m, n). We identified
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MAPK3 (encoding ERK1), a critical mediator of T cell functions?, the
co-stimulatory molecule CD59%, the transcription factor BATF, and
cytokinesthat areknownto promote T cell proliferation, such asIL12B
andIL23A". Infact, two recent studies showed that overexpression of
IL12B and BATF boosts proliferation, cytotoxicity and cytokine secre-
tionin CART cells®%,

Each ORF in the library is linked to an average of six DNA barcodes
(Extended DataFig.1b). Toincrease confidence in our top-ranked ORFs
fromthepooledscreen, we assessed the enrichment of individual bar-
codes corresponding toagiven ORF in proliferating CD4"and CD8" cells
(Fig.1b, c, Extended Data Fig. 10). For the majority of ORFs, multiple
individual barcodes for each gene were enriched in the highly prolifer-
ating population, thus suggesting that the observed enrichment does
notstem fromspurious clonal outgrowth or PCR bias. Surprisingly, the
mostsignificantly enriched gene was lymphotoxin-p receptor (LTBR),
agenethatisbroadly expressed in stromal and myeloid cells but com-
pletely absentin lymphocytes.

Overall, the enriched ORFs spanned a range of diverse biological
processes. Among the top-enriched Gene Ontology (GO) biological
processes were lymphocyte proliferation, interferon-y (IFNy) produc-
tion and NF-kB signalling (Extended Data Fig. 1p). We observed that
enriched ORFsshowed only aslight preference for genes endogenously
upregulated by T cells during stimulation with CD3 and CD28 (CD3/
CD28),andinfact wererepresentedinall classes of differential expres-
sion (Extended Data Fig. 1q). This result highlights the capacity of the
pooled ORF screen to discover genes that enable T cell proliferation
butthatare not expressed normally during CD3/CD28-mediated activa-
tionand proliferation. For subsequent validation, we decided to test a
broad range of ORFs that functionin diverse pathways of relevance to
T cellfitness, and that showed different modes of endogenous regula-
tion (Fig. 1d).

Top ORFs enhance T cell functions

To validate the top-ranked ORFs and understand their effect on other
relevant aspects of T cell function, we subcloned 33 ORFs from the
libraryinto a vector co-expressing a P2A-linked puromycin resistance
gene from the same promoter. We chose atruncated nerve growth fac-
tor receptor (tNGFR), lackingits intracellular domain, as a control that
has no effect on T cell phenotype®. CD4" and CD8" populations were
separately isolated from several screen-independent healthy donors
and transduced with individual ORFs (Fig. 2a). Using flow cytometry on
representative ORFs, we confirmed that they were stably and uniformly
expressed inboth subsets of T cells for the duration of the experiment
(Extended Data Fig. 2a, b).

Fourteen days afterisolation, we restimulated the cellsand measured
therelativeincreasein cellnumbers. We found that 16 tested ORFs sig-
nificantly improved cell proliferation compared with tNGFR, and that
proliferation was well correlated between CD4" and CD8" cells (Spear-
man’s r=0.61, P=0.002) (Fig. 2b, ¢, Extended Data Fig. 2c-h). Having
established that the top ORFsimprove T cell proliferation, we next tested
whetherthereisalsoachangeinother T cell phenotypes and functions,
suchasincreased cell cycle entry, expression of the activation markers
IL2RA (CD25) and CD40L (CD154), and cytokine secretion. Most of the
ORFs tested showed no difference in cycling (Extended Data Fig. 2i, j),
but showed higher expression of both CD25 and CD154 in T cells after
stimulation (Fig.2d, Extended DataFig. 3a), further corroborating their
effectinimproving the magnitude of T cell responses.

Finally, we measured the secretion of the cytokinesinterleukin-2 (IL-2)
and IFNy after restimulation with CD3/CD28 (Fig. 2e, Extended Data
Fig.3b-e). Although our screen was not designed to identify genes that
modulate cytokine secretion, several ORFs could bothimprove T cell
proliferation and boost IL-2 or IFNy secretion (Fig. 2f). The strongest
effect was observed for LTBR, which increased the secretion of both
these cytokinesin CD4" and CD8" T cells by more than fivefold.
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Fig.2|Overexpression of top-ranked ORFsincreases the proliferation,
activationand cytokine secretion of CD4'and CD8' T cells.a, CD4" and CD8"
Tcellsfromscreen-independent donors were separately isolated and then
transduced with lentiviruses encoding top-ranked ORFs together witha
selection marker. After transduction and selection, T cells were restimulated
before measurement of proliferation, expression of activation markers and
cytokinesecretion. b, Proliferation of T cells transduced with top-ranked genes
astherelative proliferation, whichis defined as the ratio of stimulated cells to
the corresponding unstimulated control, normalized to tNGFR. A minimum of
two donorswas tested per overexpressed gene, in biological triplicate. Boxes
show25th-75th percentiles with aline at the mean; whiskers extend to
maximum and minimum values. DUPDI is also known as DUSP29. ¢, Mean
relative proliferation of ORF-transduced T cellsinCD4"and CD8' T cells,
normalized to tNGFR. Significant genesinboth T cell subsets or either of them

Single-cell analysis of ORF phenotypes

Building on our quantification of how each ORF affects proliferation,
activation and cytokine release, we next sought to better understand
the underlying mechanisms that drive these changes in cell state.
Togainamore comprehensive view of the mechanisms of action of indi-
vidual ORFs, and to provide amultidimensional characterization of the
phenotypic changestheyinduce, we developed asingle-cell sequenc-
ing strategy with direct ORF capture. This approach, OverCITE-seq
(Overexpression-compatible Cellular Indexing of Transcriptomes and
Epitopes by Sequencing) extends previous approaches that we have

IL-2 fold-change

aremarked (Student’s two-sided t test P< 0.05 and false discovery rate < 0.1).

d, Representative expression of CD25 or CD154 after restimulation. The
numbers on the histograms correspond to the percentage of gated cells
(CD8'CD154") or the mean fluorescence intensity (MFI). Dashed lines indicate
the gate used to enumerate CD154" cells (CD8") or MFIfor control (tNGFR) cells.
e,Secretionof IL-2and IFNy after restimulation, normalized to tNGFR. Only
genes that significantlyincrease T cell proliferationin CD4", CD8" or both T cell
subsets are shown. Aminimum of two donors was tested in triplicate per gene.
Boxes show 25th-75th percentiles with aline at the mean; whiskers extend to
maximum and minimum values.f, Intersection between different T cell
activation phenotypesthat are significantly (P < 0.05) improved by agiven ORF
inCD8"or CD4" T cells. The mean log,-transformed fold change, two-sided ¢
test Pvalue and false discovery rate for each ORF and phenotype are shownin
Supplementary Table 6.

developed for quantifying surface antigens? and CRISPR perturba-
tions®, and allows for high-throughput, single-cell analysis of a pool of
T cells with different ORFs. Inbrief, mRNA from lentivirally integrated
ORFsisreverse-transcribed by a primer binding to a constant sequence
of the transcript downstream of the ORF and barcoded, along with the
cell transcriptome, during template switching. The resulting cDNA
poolisthensplit for separate construction of gene expressionand ORF
expression libraries (Fig. 3a, b, Extended Data Fig. 4a).

We optimized and applied OverCITE-seq to a pool of around 30
ORFstransduced into CD8" T cells from a healthy donor. The cell pool
was either left unstimulated (‘resting’) or stimulated with CD3/CD28
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insingle cells. b, ORF assignment rate inresting and CD3/CD28-stimulated
Tcells. ¢, Antibody-derived tag sequencing (ADTs; right) yields similar NGFR
expressionin tNGFR-transduced T cells to flow cytometry (left) with
tNGFR-transduced T cells. Untransduced cells (left) or cells assigned a
non-tNGFR ORF (right) are shownin grey. d, Uniform manifold approximation
and projection (UMAP) representation of single-cell transcriptomes after
unsupervised clustering of OverCITE-seq-captured ORF singlets. Theinsetin
the top leftidentifies stimulated and resting T cells as given by treatment
hashtags. For each cluster, asubset of the top 20 differentially expressed genes
isshown. HISTIHIBis also known as HI-5and HISTIH3Cis also known as H3C3.

e, ORF prevalenceintworepresentative clusters. Standardized residual values
arefroma chi-squared test. ORFs of interest are shown.

antibodies to mimic TCR activation. To gain confidence in how well
ORFsare assigned to each single cell, we leveraged the fact that the pro-
tein produced by the control gene, tNGFR, is expressed on the cell
surface and can thus be captured with a DNA-barcoded antibody?.
The proportion of cells designated as tNGFR positive was consistent
when measured by CITE-seq or flow cytometry (Fig. 3¢). An analysis
of the entire ORF pool showed that single cells assigned with a given
ORF had overall the strongest expression of the corresponding gene
(Extended Data Fig. 4b-d), indicating that our ORF capture strategy
reliably assigned a genetic perturbation to each single cell.

Unsupervised clustering showed clear separation for stimulated and
resting T cells. Within these activation-driven super-clusters we could
observe individual clusters associated with a particular cell state or
function, suchascell cycle (clusters1and 9), macromolecule biosynthe-
sis (cluster 2), type I IFN signalling (cluster 3), cytotoxicity (cluster 6),
T cell activation and proliferation (cluster 10), and stress response
and apoptosis (cluster 11) (Fig. 3d). Although in many cases several
ORFs contributed to agiven cluster phenotype (Extended DataFig. 4e),
we observed a notable enrichment of two ORFs, CDK1 and CLIC1, in
cluster 1, characterized by the increased expression of genes that are
responsible for chromosome condensationin preparation for cell cycle
(Fig. 3e). An even stronger enrichment was observed for cluster 10,
which was almost exclusively composed of cells expressing LTBR.

To investigate the mechanisms of genetic perturbations with the
strongest transcriptional changes, we looked at the transcriptomic
profiles of CD3/CD28-stimulated ORF T cells compared to unstimu-
lated control T cells (Extended Data Fig. 4f-i). This approach allowed
ustoidentify gene modules that are shared between perturbations or
that are perturbation-specific. For example, LTBR and CDK1 showed
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the strongest enrichment of genes involved in RNA metabolism and
cell cycle (CDK4, HSPAS and BTG3), as well as in the tumour necrosis
factor (TNF) signalling pathway (TNFAIP3, TRAFI and CD70). FOSB
appeared to drive an opposite programme to LTBR in terms of genes
involved in TCR signalling (CD3D, CD3E, LAPTMS and LAT), cytokine
responses (GATA3and TNFRSF4) and the NF-kB pathway (NFKB2, NFKBIA
and UBE2N). Finally, we determined that the observed phenotypes
were aresult of a genetic perturbation rather than an outgrowth of a
single clone because virtually every single cell expressed aunique TCR
clonotype (Extended Data Fig. 4j). This result highlights the utility of
OverCITE-seq’s multimodal capture approach, yielding each T cell’s
transcriptome, clonotype, cell surface proteome, cell hashing (for
treatment or stimulation conditions) and lentiviral ORF identity.

LTBR improves multiple T cell functions

Havingidentified LTBR as a strong driver of proinflammatory cytokine
secretion (Fig. 2e) and profound transcriptional remodelling (Fig.3d, e),
wedecided toinvestigate its mechanisms of actionin more detail. LTBR
belongs to the tumour necrosis factor receptor superfamily (TNFRSF)
andis expressed onavariety of non-immune cell types and onimmune
cells of myeloid origin, but is absent from lymphocytes (Extended Data
Fig.5a,b). Using bulk RNA sequencing (RNA-seq), we compared global
gene expression between LTBR- and tNGFR-transduced cells, with or
without TCRstimulation (Fig.4a, b, Extended DataFig. 5c). Inaddition to
upregulation of MHC-land Il genes (HLA-C, HLA-B, HLA-DPBI, HLA-DPA1
and HLA-DRB6) and transcription factors necessary for MHC-Il expres-
sion (RFX5 and CIITA), LTBR cells also expressed the MHC-Il invariant
chain (encoded by CD74). Notably, CD74 has been shown in B cells to
activate the pro-survival NF-kB pathway, in particular through upregu-
lation of the anti-apoptotic genes TRAFI1 and BIRC3 (both of which are
alsoupregulated in LTBR-overexpressing cells)?. Similarly, LTBR cells
strongly upregulated BATF3, which has been shown to promote the
survival of CD8" T cells*. We also observed upregulation of JUNB, a
transcription factorinvolvedinIL-2 production®, and TCF7 (encoding
TCF1), akey transcription factor responsible for T cell self-renewal®.
We confirmed the RNA-seq results at the protein level (Extended Data
Fig.5d-i). LTBR cells were also more resistant to activation-induced cell
death and retained greater functionality after repeated stimulations
(Fig.4c, d, Extended Data Fig. 5j-m).

LTBR signalling in its endogenous context (in myeloid cells) is
triggered either by a heterotrimer of lymphotoxin-a (LTA) and
lymphotoxin-f3 (LTB) or by LIGHT (encoded by the TNFSF14 gene).
AsLTA,LTBand LIGHT are expressed by activated T cells, we sought to
elucidate whether addition of exogenous LTA or LIGHT could modu-
late the cytokine secretion, differentiation or proliferation of CD3/
CD28-stimulated LTBR-overexpressing T cells; however, we found no
effect of exogenous ligands on LTBR T cell function (Extended Data
Fig.6a-e). Thus, although LTBR could potentiate the TCR-drivenT cell
response, it does not drive activation on its own—which would be a
potential safety issue and resultin loss of antigen specificity of the engi-
neered T cellresponse. We also determined that constitutive expression
of LTBRis required for maintenance of its phenotype but that there is
asubstantial lag time between loss of detectable LTBR expression and
loss of phenotype (Extended Data Fig. 6f-i), indicating that transient
expression of LTBR may be asafe avenueintoatherapeutic application.

Finally, to identify the key domains of the LTBR protein that drive
itsactivityin T cells, we designed a series of point or deletion mutants
of LTBR (Fig. 4e, Extended Data Fig. 6j). In general, we found that the
N terminus of LTBR was less sensitive to deletions than the C terminus.
Similarly, a partial reduction of the LTBR phenotype was achieved
by introducing three alanine point mutations in the key residues for
LTA and LTB binding®, or by removal of the signal peptide. Using our
C-terminal deletions, we found that amutant version of LTBR that lacks
residues 393-435 showed no difference compared with full-length
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b, Significantly enriched GO biological processes in LTBR-overexpressing
Tcells (p<0.05).c, Cellviability of CD8" T cells transduced with LTBR or
tNGFRlentivirus, either restimulated with CD3/CD28 for four days or left
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of CD3/CD28beads every three days, for up to three rounds of consecutive
stimulation. e, ICAM-1expression (resting) and IL-2 secretion (activated) by
Tcellstransduced with Flag-tagged LTBR mutants, normalized to wild-type
LTBR (n =6 replicates across two experiments). f, Enrichment of transcription
factor motifs in differentially accessible chromatin (top 10 motifs fromeach
comparison). g, Quantification of phosphorylated RELA (phospho-RELA) in

LTBR, whereas the deletion of residues 377-435 completely abrogated
the LTBR phenotype, despite being expressed at acomparable—if not
higher—level (Extended Data Fig. 6k), probably owing to the loss of
abinding site for TRAF2, TRAF3 or TRAF5%. Moreover, a deletion of
the self-association domain®® (324-377) also completely abrogated
the phenotype.

LTBR acts through canonical NF-kBin T cells

LTBR overexpression was shown to induce broad transcriptomic
changesin T cells, accompanied by changesin T cell function (Fig. 4a, b).
Thus, we sought to determine whether the perturbations in gene
expressionin LTBR cells were accompanied by epigenetic alterations,
leveraging the assay for transposase-accessible chromatin by sequenc-
ing (ATAC-seq) (Extended Data Fig. 7a-g). Comparing the enrichments
of specific transcription factor motifs in differentially accessible chro-
matin regions, we identified NF-kB p65 (RELA) as the most enriched

LTBR or tNGFRT cells stimulated with CD3/CD28 antibodies for the indicated
periods oftime. h, i, Quantification of phosphorylated IkBa (h) or mature
NF-kB2 (i) in resting or CD3/CD28-stimulated (15 min) LTBR or tNGFR cells.
j,IFNysecretion by stimulated LTBR or tNGFR cells after CRISPR knockout of
theindicated genes (n=18,3sgRNAsin2 donorsin3biological replicates). IFNy
quantities are normalized to corresponding non-targeting (NT) controls
(either LTBR or tNGFR) to allow comparisons of the relative effects of gene
knockoutonT cell activation. k, Expression levels of core LTBR genes (n =274
genes) in LTBRand tNGFR cells after CRISPR knockout of RELA or RELB
(normalized to non-targeting control in LTBR cells). Boxes show 25th-75th
percentileswithaline atthe median; whiskers extendto1.5timesthe
interquartile range. Unpaired two-sided ¢ test Pvalues (¢, g-k): not significant
(NS) P>0.05,*P<0.05,**P<0.01,**P<0.001, ****P < 0.0001 (exact Pvalues are
inSupplementary Table15). Error bars, s.e.m.; n=3biological replicates, unless
stated otherwise.

transcription factor in LTBR cells (Extended Data Fig. 7h, i). Of note,
NF-kB p65 and NFAT-AP-1 were the two most enriched transcription
factorsin open chromatinin stimulated versus resting T cells (both
LTBR and tNGFR), in line with their well-established role in T cell acti-
vation®, but only NF-kB p65 showed strong enrichment in LTBR cells,
with and without stimulation (Fig. 4f). This result suggests that LTBR
induces a partial T cell activation state but still requires signal 1 (TCR
stimulation) for full activation.

We then decided to investigate changes in protein expression and/
or phosphorylation of the members of the NF-kB signalling pathway.
We observed amore rapid phosphorylation of p65 (RELA) and astrong
increase in phosphorylation of an NF-kB inhibitor, IkBa, targeting IkBa
for degradation; both of these effects enhance NF-kB activationor tran-
scription (Fig. 4g, h, Extended Data Fig. 8a-c). In addition to changes
in the canonical NF-kB pathway, we also detected an upregulation of
key mediators of the non-canonical NF-kB pathway, RELB and NF-kB
p52 (Fig. 4i, Extended DataFig. 8b, ¢).
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Having established that LTBR activates both the canonical and the
non-canonical NF-kB pathways, we sought to determine the molecular
basis of this phenomenon by perturbing key genes in the LTBR and
NF-kB pathways by co-delivery of LTBR or tNGFR and CRISPR constructs
that target 11 genes involved in the LTBR signalling pathway** (Fig. 4,
Extended DataFig.8d-0). Knockout of LTB, TRAF2 and NIK (also known
as MAP3K14) significantly reduced the secretion of IFNy from LTBR
cellsbut not (or to alesser extent) from control (tNGFR) cells, whereas
perturbations of LIGHT (also known as TNFSF14), ASK1 (also known as
MAP3KS) and RELA had astronger effect on control cells thanon LTBR
cells. The effect of LTBloss on T cell activationin LTBR cells supportsthe
observation that alanine mutagenesis of key residuesinvolved in LTA or
LTBbinding (Fig. 4e) partially reduced the LTBR phenotype. Notably, we
observed thatloss of either TRAF2 or TRAF3 boosted IFNy secretionin
tNGFR cellsonly, inline with previous findings that T cells from TRAF2
dominant negative mice are hyperresponsive to TCR stimulation®,

Toinvestigate the potential roles of canonical versus non-canonical
NF-kBsignallingin LTBRT cells, we decided to analyse the global effects
of RELA or RELB loss on the LTBR-driven gene expression profiles. Using
bulk RNA-seqonT cells overexpressing LTBR or tNGFR, we discovered
that only the loss of RELA significantly downregulated the expres-
sion of ‘core’ LTBR genes, whereas loss of RELB had no effect (Fig. 4k,
Extended Data Fig. 8p).

ORFs enhance antigen-specific responses

Thus far we have shown that top-ranked genes from the ORF screen
improve T cell function using a non-specific, pan-TCR stimulation.
We next sought to determine whether asimilarimprovement could be
observed using antigen-specific stimulation (Fig. 5a). To that end, we
co-expressed several top-ranked genes with two FDA-approved CARs
that target CD19, aB cell marker (Extended Data Fig. 9a-d). Using LTBR
asan example, we demonstrated that ORF expressionis achievable with
this tricistronic vector (Extended Data Fig. 9e-i).

Since both CARs use different costimulatory domains, from CD28
or4-1BB, we wanted to determine whether top-ranked genes that were
selected using CD28 co-stimulation could also work in the context
of 4-1BB co-stimulation. Nearly all of the top-ranked genes tested,
with the exception of AKR1C4, improved upregulation of CD25 and
antigen-specific cytokine secretion, with no major differences in the
differentiation or exhaustion phenotype (Fig. 5b, ¢, Extended Data
Figs. 9j-p,10a-d).

Although production of IL-2and IFNy is crucial for the clonal expan-
sion and antitumour activity of T cells, another vital component of
tumour immunosurveillance is direct cytotoxicity. Top-ranked genes
had an overall stronger effect on the cytotoxicity of CD28 CART cells
than 4-1BB CAR T cells (Fig. 5d-f, Extended Data Fig. 10e, f). Notably,
we observed that CART cells co-expressing LTBR tended to form large
cell clusters; these clusters were typically absent in wells with control
cellsbutare consistent with the overall higher expression of adhesion
molecules such as ICAM-1in LTBR-expressing cells (Extended Data
Fig.10g). Another important feature of effective antitumour T cells
is the ability to maintain functionality despite chronic antigen expo-
sure. In line with our previous findings in the context of LTBR alone
(Fig. 4d), CART cells expressing LTBR showed a better functionality
than matched CART cells expressing tNGFR after repeated challenge
with target cells (Fig. 5g, Extended Data Fig. 10h-j).

Tcellsfrom healthy donors are relatively easy to engineer and rarely
show signs of dysfunction in culture, whereas autologous T cells in
patients with cancer are often dysfunctional, showing limited prolifera-
tionand effector functions®. Toinvestigate whether top-ranked genes
canimprove CART cell response not only in healthy T cells but alsoin
potentially dysfunctional T cells derived from patients, we transduced
CD19 CARs co-expressed with LTBR or a control gene into peripheral
blood mononuclear cells (PBMCs) from patients with diffuse large B cell
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lymphoma. After co-incubation with CD19" target cells, we observed a
similarincreaseinthe secretion of IL-2and IFNy from LTBR CAR T cells
to that seenin healthy donors, indicating that identified ORFs can be
successfully used to engineer T cells from patients with [ymphoma ex
vivo (Fig. 5h, Extended Data Fig. 10k). Of note, there was no secretion
of cytokinesinresponse to CD19™ cells, indicating that overexpression
of LTBR does not induce a spurious, antigen-independent response.

Thescreenand subsequent validations were performedinaff T cells,
the predominant subset of T cellsinhuman peripheral blood. Although
immunotherapy based on of T cells has shown considerable potentialin
theclinic, y§ T cells present an attractive alternative, owing to their lack
of MHC restriction, ability to target broadly expressed stress markersin
acancer-type-agnostic manner and more innate-like characteristics®.
We therefore sought to determine whether the top genes validated
inaf T cells translated to yS§ T cells. After co-incubation with leukae-
mia or pancreatic ductal adenocarcinoma cancer cells, we observed
anincrease in IL-2 and IFNy secretion from y& T cells that were trans-
duced withtop-ranked genes (Fig. 5i, Extended Data Fig.101-p). Thus,
top-ranked genes from our screen can act on signalling pathways that
areconserved between even highly divergent T cell subsets, highlight-
ing their broad applicability for cancer immunotherapy.

Discussion

Insummary, here we developed a genome-scale gain-of-functionscreen
in primary human T cells, in which we examined the effects of nearly
12,000 full-length genes on TCR-driven proliferation in a massively
parallelmanner. The largest—to our knowledge—previously published
gain-of-function studyin primary T cellsinvolved 36 constructs, includ-
ing full-length genes and synthetic receptors®. Thatapproachrelied on
construct delivery via donor DNA and Cas9-mediated targeted inser-
tion. Although using donor DNA for target gene delivery allows for
more flexibility in terms of construct design, especially for engineer-
ing synthetic receptors, that method is less scalable and less accessi-
ble in terms of cost and complexity than the lentiviral library that we
used here. Thus, we believe that ORF-based gain-of-function screens
arereadily applicable to a plethora of T cell phenotypes and settings,
and that they offer the opportunity for clinical translation. In fact, all
FDA-approved CAR therapies already rely on lentiviral or retroviral
integration of a CAR transgene, and therefore an addition of an ORF to
this system should pose no major manufacturing or regulatory chal-
lenges. The use of ORF-encoding mRNA delivered to CART cells before
infusion is another translational route, especially if there are safety
concerns about the mode of action of a particular ORF.
Gain-of-function screens have the potential to uncover regulators
thataretightly controlled, restricted to a specific developmental stage
or expressed only in certain circumstances. As shown here, LTBR is
canonically absent from cells of lymphoid origin, but, owing to the
intactsignalling pathway, it can have asyntheticrole whenintroduced
to T cells. Although constitutive activation of other TNFRSF members
might resultin a similar phenotype, one of the features that distin-
guishes LTBR (and plausibly led toits enrichment, but not that of other
TNFRSF members, inthe screen) is the formation of an autocrine loop
whereby the receptor and its ligands are present in the same cell. It is
particularly noteworthy that expression of LTBR boosts IL-2 secretion,
asthis cytokineis produced exclusively by T cells and not by cell types
that endogenously express LTBR. In addition to boosting cytokine
secretion, overexpression of LTBR promoted stemness (expression of
TCF1) and decreased activation-induced apoptosis, as well as offered
alevel of protection against phenotypic and functional hallmarks of
T cell exhaustion—all of which are features not recapitulated by cell
types that endogenously express LTBR. Previous work using overex-
pression of LTBR in cell lines showed that LTBR has a pro-apoptotic
role®, indirect contrast to the phenotype that we observed in primary
Tcells. Transcript- and protein-level analyses revealed that LTBR drives
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Fig.5| Top-ranked genesimprove antigen-specific T cell responses and
tumourKkilling. a-g, Co-delivery of anti-CD19 CARs and ORFs to T cells from
healthy donors. a, Schematic of tricistronic vectorand CART cell experiments.
b, ¢, Secretion of IFNy (b) and IL-2 (c) after overnight co-incubation of CD8"
Tcellswith Nalmé cellsatal:1ratio (n =3 biological replicates, representative
of2donors).d, Representative images of Nalmé GFP" cells co-incubated for

48 hwith CART cells or untransduced control T cells. Scale bar,200 pm.

e, Nalmé6 GFP* cell proliferation (normalized total GFP per well) after
co-incubationwith T cells co-expressing19-282 CARand LTBR or tNGFR
(negative control) at the indicated effector-to-target ratios. f, Quantification of
Nalmé GFP* clearance for T cells co-expressing 19-28z or 18-BBz CARs and
top-ranked genes (n =3 biological replicates, representative of 2donors),
normalized to tNGFR atan effector-to-target ratio of 0.25 and after 48 h of
co-incubation.g,19-BBz CART cells co-expressing LTBR or tNGFR were
co-incubated atal:1ratiowith Nalmé cells every 3 days for up to 3 rounds of

the constitutive activation of both canonical and non-canonical NF-kB
pathways. However, using epigenomic profiling and CRISPR-based
functional perturbations we showed that the phenotypic and func-
tional changes resulting from LTBR expression are mediated primarily
through activation of the canonical NF-kB pathway, whereas changes
in the non-canonical pathway may not be essential for the observed
phenotypes—in contrast to the well-established role of non-canonical
NF-kB activation in cells that endogenously express LTBRY.

Gene overexpression has been used for pre-clinical enhancement of
CART cell therapiesin numerous studies. For example, armouring CAR
T cells with cytokines such asIL-12 or IL-18, which are not typically pro-
ducedby T cellsbutare knowntoimprove T cell function when secreted
by other cell types, was shown to improve their antitumour activity®*.
Notably, a previous study found that CART cell exhaustion can be alle-
viated by overexpression of c-JUN, atranscription factor identified by
RNA-seq as specifically depleted in exhausted cells*’. We suggest that
enhancing CART cells through expression of LTBR (full-length or a
truncated version) and other top-ranked genes identified here could
result in the development of a new generation of cellular therapies.
We envision further extensions of the screening approach presented
here to more sophisticated models, for instance involving co-culture
of edited T cells with antigen-presenting orimmunosuppressive cells
to identify genes that can modulate cell-cell cross-talk, a crucial fea-
ture oftheimmune response. Future studies that adapt genome-wide
gain-of-function screens to relevant models of immunotherapy will

Tcells +
Jurkat

ORF

stimulation (n =3 biological replicates). Seven days after repeated antigen
stimulation, CAR T cells were re-exposed to Nalmé cells. IFNy secretion was
measured after overnightincubation. h, Co-delivery of anti-CD19 CARs and
ORFsto total PBMCs from a patient with diffuse large B celllymphoma.
Transduced T cells were incubated alone, or co-incubated with CD19* Nalmé or
CD19 Jurkatcelllinesatal:1ratio (n =3 biological replicates, representative of
2 patients). Secretion of IFNy and IL2 was measured after overnightincubation.
For the Nalmé condition, numbers above indicated column pairs are the fold
increasein cytokine secretion by LTBR cells over tNGFR (negative control)
cells.i, Delivery of ORFsto Vy9V&2 T cells. Secretion of IFNy and IL-2 after
overnight co-incubation with the pancreatic ductaladenocarcinoma (PDAC)
line Capan-2, pre-treated with zoledronate to boost phosphoantigen
accumulation (n =3 biological replicates). Dataare mean +s.e.m.where
appropriate.

lead to advanced target selection for engineering synthetic cellular
therapies that can overcome the immunosuppressive tumour micro-
environment and eradicate established cancers.
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Methods

Isolation and culture of primary humanT cells

Regular buffy coats containing peripheral blood from de-identified
healthy donors were collected by and purchased from the New York
Blood Center under an IRB-exempt protocol. All donors provided
informed consent. Peripheral blood mononuclear cells (PBMC) were
isolated from buffy coats using Lymphoprep (Stemcell) gradient centrifu-
gation. For most assays, CD8"and CD4"* were isolated sequentially from
the same donor. First, CD8" T cells were isolated by magnetic positive
selection using the EasySep Human CD8 Positive Selection Kit Il (Stem-
cell). Then, CD4" T cells wereisolated from the resulting flowthrough by
negative magnetic selection using the EasySep Human CD4+T cell Isola-
tionKit (Stemcell). y§ T cells were isolated by magnetic negative selection
using the EasySep Human Gamma/Delta T cell Isolation Kit (Stemcell).
Immediately afterisolation, T cells were resuspended in T cellmedium,
which consisted of Immunocult-XF T cell Expansion Medium (Stemcell)
supplemented with 10 ng ml™ recombinant human IL-2 (Stemcell).

Activation of T cells was performed with Immunocult Human
CD3/CD28 T cell Activator (Stemcell) using 25 pl per 10 cells per ml.
Typically, T cells were transduced with concentrated lentivirus 24 h
afterisolation. For some experiments, T cells were electroporated with
in-vitro-transcribed mRNA 24 hafterisolation or with Cas9 protein48 h
after isolation. At 72 h after isolation, lentivirally transduced T cells
were selected with 2 pg ml™ puromycin.

Every2-3days, T cells were either split or had the medium replaced
to maintain a cell density of 1 x10°-2 x10° cells per ml. Lentivirally
transduced T cells were maintained in medium containing 2 pg ml™*
puromycin for the duration of culture. T cells were used for pheno-
typic or functional assays between 14 and 21 days after isolation, or
cryopreserved in Bambanker Cell Freezing Medium (Bulldog Bio).
Y8 T cellswere further purified before functional assays using anti-Vy9
PE antibody (Biolegend) and anti-PE microbeads (Miltenyi Biotec)
according to the manufacturer’s recommendations, in the presence
of dasatinib, a protein kinase inhibitor, to prevent activation-induced
cell death resulting from TCR cross-linking*?. PBMCs from patients
with diffuse large B celllymphoma were obtained from the Perlmutter
Cancer Center under a protocol approved by the PerImutter Cancer
Center Institutional Review Board (S14-02164).

Vector design and molecular cloning

All vectors used were cloned using Gibson Assembly (NEB). For the
experiments showninFig.1, we used the lentiviral backbone from the
pHAGE plasmid™. For all other experiments, the backbone from len-
tiCRISPRv2 (Addgene 52961) was used. ORFs were PCR-amplified for
cloning from the genome-scale library used in the screen.

After adding Gibson overhangs by PCR, ORFs and P2A-puro were
inserted into Xbal- and EcoRI-cut lentiCRISPRv2. The sgRNA cassette
was removed from lentiCRISPRv2 using Pacl and Nhel digest. For LTBR
overexpressionand knockout experiments, the sgRNA cassette was not
removed. CARs were synthesized as gBlocks (IDT). For CAR-ORF cloning,
CAR-P2A-puro-T2A(partial) werefirstinserted into Xbal-and EcoRI-cut
lentiCRISPRv2. For subsequent ORF insertion, the plasmid was cut with
Hpallocated within the partial T2A and EcoRI. The following vectors
were deposited to Addgene: pOT_01 (lenti-EFS-LTBR-2A-puro, Addgene
181970), pOT_02 (lenti-EFS-tNGFR-2A-puro, Addgene 181971), pOT_03
(lenti-EFS-FMC6.3-28z-2A-puro-2A-LTBR, Addgene181972), pOT_04 (lenti-
EFS-FMC6.3-BBz-2A-puro-2A-LTBR, Addgene 181973), pOT_05
(lenti-EFS-FMC6.3-28z-2A-puro-2A-tNGFR, Addgene 181974) and pOT_06
(Ienti-EFS-FMC6.3-BBz-2A-puro-2A-tNGFR, Addgene 181975).

Nuclease and CRISPR guide RNA design

All sgRNAs were designed using the GUIDES webtool*. We selected
guides that target initial protein-coding exons (with the preference
for targeting protein family domains enabled in GUIDES) as well as

minimizing off-target and maximizing on-target scores (Supplemen-
tary Table 16). For Cas9 nuclease nucleofection, we used purified
SNLS-SpCas9-sNLS nuclease (Aldevron).

Preparation of ORF library plasmids for paired-end sequencing
We re-amplified a previously described genome-scale ORF library™*
using Endura electrocompetent cells (Lucigen). The identity of ORFs
and matched barcodes was confirmed by paired-end sequencing (Sup-
plementary Table 1). In brief, the plasmid was first linearized with I-Scel
meganuclease, which cuts downstream of the barcode. Then, the lin-
earized plasmid was tagmented using TnY transposase**. Then, the frag-
mented plasmid was amplifiedina PCR reaction, using aforward primer
bindingtoahandleintroduced by TnY and areverse primerbindingtoa
sequence downstream of the barcode. All transposons and PCR primer
oligonucleotides were synthesized by IDT (Supplementary Table 2).
The resulting amplicon was sequenced on a NextSeq 500. The forward
read (containing the ORF) was mapped to GRCh38.101 CDS transcriptome
annotations using STARv.2.7.3a (map quality > 10)*. Using the paired-end
read, we also captured the 24 nucleotide barcode downstream of the
constant plasmid sequence. We tabulated ORF-barcode combinations
and further curated this table by eliminating any spurious pairs that
might be due to sequencing or PCR error. Specifically, a permutation
test was performed to identify the maximum number of ORF-barcode
combinations expected by random chance, after which we only kept ORF-
barcode combinations with a count thatexceeded this maximum number.
We excluded all non-coding elements from the reference and then col-
lapsed barcodes that were within a Levenshtein distance less than 2.

Cell culture

HEK293FT cells were obtained from Thermo Fisher Scientific and cul-
turedinDulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% Serum Plus-1l (Thermo Fisher Scientific). Nalmé, Jurkat and
BxPC3 cells were obtained from ATCC and cultured in RPMI-1640 sup-
plemented with 10% Serum Plus-Il. Capan-2 cells were obtained from
ATCCand cultured in McCoy’s medium supplemented with10% Serum
Plus-11. For y6 co-incubation experiments, cell lines were pre-treated
with 50 pM zoledronic acid (Sigma) for 24 h. Cell lines were routinely
tested for mycoplasma using MycoAlert PLUS (Lonza) and found tobe
negative. Cell lines were not authenticated in this study.

Lentivirus production

We produced lentivirus by co-transfecting third-generation lentiviral
transfer plasmids together with packaging plasmid psPAX2 (Addgene
12260) and envelope plasmid pMD2.G (Addgene 12259) into HEK293F T
cells, using polyethyleneimine linear MW 25000 (Polysciences). After
72 h, we collected the supernatants, filtered them through a 0.45-pm
Steriflip-HV filter (Millipore) and concentrated the virus using Len-
tivirus Precipitation Solution (Alstem). Concentrated lentivirus was
resuspended in T cell medium containing IL-2 and stored at —80 C°.

Pooled ORF library screening

For pooled ORF library screening, CD4" and CD8' T cells wereisolated
fromaminimum of 500 x 10° PBMCs from 3 healthy donors. Theamount
of lentivirus used for transduction was titrated to resultin 20-30%
transduction efficiency, to minimize the probability of multiple ORFs
beingintroduced into asingle cell. The cells were maintainedin T cell
medium containing 2 pg ml™ puromycin and counted every 2-3 days
to maintain a cell density of 1 x 10-2 x 10¢ cells per ml. On day 14 after
isolation, T cells were collected, counted, labelled with 5 uM CFSE
(Biolegend) and stimulated with CD3/CD28 Activator (Stemcell) at
1.56 pl per1x10°cells. Analiquot of cells representing 1,000x coverage
ofthelibrarywas frozen down at this step to be used as a pre-stimulation
control. After 4 days of stimulation, cells were collected and analiquot
of cells representing 1,000x coverage of the library was frozen down
tobeused asapre-sort control. The remaining cells were stained with
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LIVE/DEAD Violet cell viability dye (Thermo Fisher Scientific), and
CFSE"™ cells (corresponding to the bottom 15% of the distribution)
were sorted using a Sony SH800S cell sorter (all antibodies and dyes
are listed in Supplementary Table 3). Genomic DNA was isolated, and
tworounds of PCR to amplify ORF barcodes and add Illumina adaptors
were performed* (Supplementary Table 2).

Pooled ORF screen analysis

For most of the analyses, equal numbers of reads from all three donors
were combined per bin before trimming and alignment. The barcodes
were mapped to the reference library after adaptor trimming with
Cutadaptv.1.13(-m 24 -e 0.1--discard-untrimmed) using Bowtie v.1.1.2
(-v1-m1--best--strata)*’*%, All subsequent analyses were performed in
RStudiov.1.1.419 withR4.0.0.2. To calculate individual barcode enrich-
ment, barcode counts were normalized to the total number of reads per
sample (with pseudocount added) and log,-transformed. To calculate
ORF enrichment, raw barcode counts were first collapsed by genes
before normalization and log, transformation.

We performed enrichment analyses at both the barcode and
gene level (Supplementary Tables 4, 5). Statistical analysis on barcode
enrichment was performed using MAGeCK*, comparing CFSE™" sam-
plesto correspondinginputs (pre-stimulation), using CD4"and CD8" as
replicates. Statistical analysis on ORF enrichment was performed using
DESeq2*°. We obtained raw gene counts by collapsing barcodesinto corre-
spondinggenes. CFSEY samples were compared to correspondinginputs
(both pre-stimulation and pre-sort), using CD4* and CD8" as replicates.
GO enrichment (biological process) on genes passing DESeq2 criteria
(log,-transformed fold change > 0.5, P,; < 0.05) was performed using the
topGO package™. For the genes enriched in the CFSE™" screen (DESeq2
analysis), we overlapped these genes with differentially expressed genes
after CD3/CD28 stimulation using datafrom the Database of Immune Cell
eQTLs, Expression, Epigenomics (DICE; https://dice-database.org/)*.
For differentially expressed genes, we used the following DICE datasets:
‘Tcell, CD4, naive’versus ‘T cell, CD4, naive [activated]’, ‘T cell, CD8, naive’
versus ‘T cell, CD8, naive [activated]. Significant differential expression
was as givenin the DICE dataset (P, < 0.05).

Proliferation assays
Transduced T cells were collected at day 14 after isolation, counted and
plated at2.5 x10* cells per wellinaround bottom 96-well plate, in 2 sets of
triplicate wells per transduction. One set of triplicate wellswas culturedin
Immunocult-XF T cell Expansion Medium supplemented with 10 ng mi™
IL-2 and another set of triplicate wells was further supplemented with
1.56 pl CD3/CD28 Activator per 1 ml of medium. The cells were cultured
for 4 days, and then were collected and stained with LIVE/DEAD Violet
cellviability dye. Before flow cytometric acquisition, the cells were resus-
pendedin D-PBS with10% v/v Precision Counting Beads (Biolegend). For
quantification, the number of viable cell events was normalized to the
number of bead events per sample. Then, for each ORF the normalized
number of viable cellsin wells supplemented with CD3/CD28 Activator
was divided by the mean number of viable cells in control wells to quantify
T cell proliferation. To enable comparisons between donors and CD4"/
CDS8' T cells, the proliferation of T cells transduced with a given ORF
was finally normalized to the proliferation of amatched tNGFR control.
In addition to the counting beads assay, we also measured prolif-
eration using a dye dilution assay. For this assay, transduced T cells
were collected at day 14 after isolation, washed with D-PBS and then
labelled with 5 pM CellTrace Yellow (CTY) in D-PBS for 20 min atroom
temperature. The excess dye was removed by washing with a fivefold
excess of RPMI-1640 supplemented with 10% Serum Plus-II. The labelled
cells were then plated at 2.5 x 10* cells per well on a round bottom
96-well plate. One set of triplicate wells was cultured in unsupple-
mented Immunocult-XF T cell Expansion Medium (that is, without IL-2)
and another set of triplicate wells was supplemented with 10 ng ml™
IL-2 and 1.56 pul CD3/CD28 Activator per 1 ml of medium. The cells

were cultured for 4 days, and then were collected and stained with
LIVE/DEAD Violet cell viability dye. For quantification of the prolifera-
tionindex, events were first gated on viable T cells in FlowJo (Treestar)
and exported for further analysis in R/RStudio using the flowFit and
flowCore packages®. Unstimulated cells were used to determine the
parent population size and position to account for differencesin stain-
ingintensity between different samples. These fitted parent population
parameters were then used tofitthe CTY profiles of matched stimulated
samples, modelled as Gaussian distributions assuming log,-distanced
peaks as aresult of cell division and dye dilution. Fitted CTY profiles
wereinspected visually for concordance with the original CTY profiles
and used to calculate the proliferation index. The proliferation index
is defined as the sumof cellsinall generations divided by the computed
number of parent cells present at the beginning of the assay.

Flow cytometry for cell-surface and intracellular markers

All antibodies and dyes used for flow cytometry are listed in Supple-
mentary Table 3. For CD25 (IL2RA) and CD154 (CD40L) quantifica-
tion, T cells were restimulated with CD3/CD28 Activator (6.25 pl per
10° cells) for 6 h (CD154 staining in CD8") or for 24 h before staining
(CD25 staining in both CD4" and CD8*, and CD154 staining in CD4").
For Ki-67 and 7-amino-actinomycin D (7-AAD) staining, T cells were
rested overnightin Immunocult-XF T cell Expansion Medium without
IL-2 and then activated with CD3/CD28 Activator (25 pl per 10° cells)
for 24 h.In other cases, T cells were stained without stimulation. For
detection of secreted proteins, T cells were stimulated for 24 h with
CD3/CD28 Activator (25 pl per 10° cells) (LTA, LIGHT), and protein
transportinhibitors brefeldin A (5 pg ml™) and monensin (2 uM) were
included for the last 6 h of stimulation (IL12B, LTA, LIGHT).

First, thecellswere collected, washed with D-PBS and stained with LIVE/
DEAD Violet cell viability dye for 5 min at room temperature in the dark,
followed by surface antibody staining for 20 min onice. After surface
antibody staining (where applicable) the cells were washed with PBS and
acquired onaSony SH800S cellsorter or taken forintracellular staining.
For intracellular staining, the cells were resuspended in an appropri-
ate fixation buffer. The following fixation buffers were used for specific
protein detection: Fixation Buffer (Biolegend) for IL12B and MS4A3 stain-
ing; True-Nuclear Transcription Factor Fix (Biolegend) for BATF, TCF1
and FLAG staining; and FoxP3/Transcription Factor Fixation Reagent,
(eBioscience) for Ki-67. After resuspension in the fixation buffer, cells
were incubated at room temperature in the dark for 1 h. Following the
incubation, the cellswere washed twicein the appropriate permeabiliza-
tion buffer. The following permeabilization buffers were used: Intracel-
lular Staining Permeabilization Wash Buffer (Biolegend) for IL12B and
MS4A3 staining; True-Nuclear Perm Buffer (Biolegend) for BATF, TCF1and
FLAG staining; and FoxP3/Transcription Factor Permeabilization Buffer
(eBioscience) for Ki-67. After permeabilization, the cells were stained
with the specific antibody or isotype control for 30 min in the dark at
roomtemperature. Finally, the cells were washed twice in the appropriate
permeabilization buffer and acquired onaSony SH800S flow cytometer.
For cell-cycleanalysis, the cells were further stained with 0.5 pg ml™ 7-AAD
for 5 minimmediately before acquisition. Gating was performed using
appropriate isotype, fluorescence minus one and biological controls.
Typically, 5,000-10,000 live events were recorded per sample.

Flow cytometry detection of phosphorylated proteins

T cellswererested for 24 hinin Immunocult-XF T cell Expansion Medium
without IL-2 before detection of phosphorylated proteins. The rested
cells were stimulated with CD3/CD28 Activator (25 pl per 10° cells) for
the times indicated in the corresponding figure. Immediately after the
stimulation period, the cells were fixed with a 1:1 volume ratio of the
pre-warmed Fixation Buffer (Biolegend) for 15 min at 37 °C and washed
twice with the cell staining buffer (D-PBS +2% FBS). As per the manufac-
turer’s protocol, the cells were resuspended in the residual volume and
permeabilized in 1 ml of pre-chilled True-Phos Perm Buffer (Biolegend)
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while vortexing. The cells were incubated in the True-Phos Perm Buffer for
60 minat-20 °C. After permeabilization the cells were washed twice with
the cell staining buffer and stained with anti-CD4, anti-CD8, anti-RELA and
anti-phospho-RELA antibodies (or isotype controls) for 30 minat room
temperature. After staining, the cellswere washed twiceinthe cell staining
bufferandacquired onaSony SH800S cell sorter. Gating was performed
on CD4" or CD8" cells, and the levels of RELA and phospho-RELA were
determined using appropriate isotype and biological controls.

Westernblot detection of proteins and phosphorylated proteins
T cells expressing tNGFR or LTBR, resting or stimulated for 15 min with
CD3/CD28 Activator (25 pl per 10° cells), were collected, washed with
1x D-PBS and lysed with TNE buffer (10 mM Tris-HCI, pH 7.4, 150 mM
NaCl,1 mMEDTA, 1% Nonidet P-40) in the presence of a protease inhibi-
tor cocktail (Bimake B14001) and aphosphatase inhibitor cocktail (Cell
Signaling Technologies 5872S) for 1 h on ice. Cell lysates were spun for
10 minat10,000g, and the protein concentration was determined with
the BCA assay (Thermo Fisher Scientific). Equal amounts of cell lysates
(25 mg) were denatured in Tris-Glycine SDS Sample buffer (Thermo
Fisher Scientific) andloaded onaNovex4-12 or4-20 % Tris-Glycine gel
(Thermo Fisher Scientific). The PageRuler pre-stained protein ladder
(Thermo Fisher Scientific) was used to determine the proteinsize. The gel
was runin 1x Tris-Glycine-SDS buffer (IBI Scientific) for about 120 min at
120 V.Proteins were transferred onanitrocellulose membrane (BioRad)
in the presence of prechilled 1x Tris-Glycine transfer buffer (Thermo
Fisher Scientific) supplemented with20% methanol for 100 minat100 V.
Immunoblots were blocked with 5% skimmed milk dissolved in 1x PBS
with 1% Tween-20 (PBST) and incubated overnight at 4 °C separately
with the following primary antibodies: rabbit anti-GAPDH (0.1 mg ml™,
Cell Signaling, 2118S), mouse anti-IKKa (1:1,000 dilution, Cell Signal-
ing, 3G12), rabbit anti-IKKf (1:1,000 dilution, Cell Signaling, D30C6),
rabbit anti-NF-kB p65 (1:1,000 dilution, Cell Signaling, D14E12), rab-
bit anti-phospho-NF-kB p65 Ser536 (1:1,000 dilution, Cell Signaling,
93H1), mouse anti-IkBa (1:1,000 dilution, Cell Signaling, L35A5), rab-
bit anti-phospho-IkBa Ser32 (1:1,000 dilution, Cell Signaling, 14D4),
rabbit anti-NF-kB p100/p52 (1:1,000 dilution, Cell Signaling, 4882)
and rabbit anti-RELB (1:1,000 dilution, Cell Signaling, C1E4). After the
primary antibody, the blots were incubated with IRDye 680RD donkey
anti-rabbit (0.2 mg ml™, LI-COR 926-68073) or with IRDye 800CW don-
key anti-mouse (0.2 mg ml™, LI-COR 926-32212). The blots were imaged
using Odyssey CLx (LI-COR) and quantified using Image]J v.1.52. The
uncropped and unprocessed blots are shown in Supplementary Fig. 1.

Quantification of cytokine secretion

For measurement of secreted IFNy and IL-2, T cells were first collected
and rested for 24 hin medium without IL-2. Then, they were counted,
plated at2.5 x 10* cells per wellin around bottom 96-well plate and incu-
bated inmedium without IL-2, with or without CD3/CD28 Activator (25 pl
per10°cells) for 24 h. Then, cell supernatants were collected, diluted and
used for cytokine quantification with an enzyme-linked immunosorb-
ent assay (Human IL-2 or IFNy DuoSet, R&D Systems), using an Infinite
F200 Pro (Tecan) plate reader. Multiplexed quantification of secreted
cytokines and chemokinesinresting or stimulated T cells (Supplemen-
tary Table 7) was performed using the Human Cytokine/Chemokine
48-Plex Discovery Assay Array (Eve Technologies).

T cellkilling assays

CD19" Nalmé6 cells were first transduced with alentiviral vector encod-
ing EGFPd2PEST-NLS and a puromycin resistance gene*. The trans-
duced cells were keptin puromycin selection throughout the culture,
to maintain stable EGFP expression, and puromycin was only removed
from the medium before the killing assay. T cells were transduced
with a vector encoding a CAR specific for CD19, using either a CD28
stalk, CD28 transmembrane and CD28 signalling domain or CD8 stalk
and CD8 transmembrane domain with 4-1BB signalling domain, and

CD3Csignalling domain®*. Fourteen days after transduction, trans-
duced T cells were combined with 5 x 10* Nalmé GFP* cellsin triplicate
atindicated effector:target ratios in a flat 96-well plate pre-coated
with 0.01% poly-L-ornithine (EMD Millipore) in Immunocult medium
without IL-2. The wells were then imaged using an Incucyte SX1, using
20xmagnificationandacquiring4imagesperwellevery2 hforupto120 h.
For each well, the integrated GFP intensity was normalized tothe 2 h
time point, to allow the cells to fully settle after plating.

In vitro mRNA preparation

The template for in vitro transcription was generated by PCR from a
plasmid encoding LTBR or tNGFR with the resulting ampliconincluding
aT7 promoter upstream of the ORF (Supplementary Table 2). The puri-
fied template was thenused for in vitro transcription with capping and
poly-Atailing using the HiScribe T7 ARCA mRNAKit with Capping (NEB).

Primary T cell nucleofection

Activated T cells were nucleofected with in-vitro-transcribed mRNA
at 24 h after activation or with Cas9 protein at 48 h after activation.
The cells were collected, washed twice in PBS and resuspended in P3
Primary Cell Nucleofector Solution (Lonza) at 5 x 10° cells per 20 pl. Imme-
diately after resuspension,1 ug mRNA or 10 pg Cas9 (Aldevron) were added
(not exceeding 10% v/v of the reaction) and the cells were nucleofected
using the EO-115programona4D-Nucleofector (Lonza). After nucleofec-
tionthe cells wereresuspendedin pre-warmed Immunocult mediumwith
IL-2and recovered at 37 °C with 5% CO, for 20 min. After recovery, the cells
were plated at 1x 10° cells per ml and used in downstream assays.

OverCITE-seq sample preparation and sequencing

For single-cell sequencing, CD8" T cells were individually trans-
duced with ORFs and kept, separately, under puromycin selection for
14 days. Then, transduced cells were combined and split into two condi-
tions: one was cultured for 24 h only in the presence of IL-2; the other
was further supplemented with 6.25 pl CD3/CD28 Activator per 10°
cells. After stimulation, the cells were collected, counted and resus-
pended in staining buffer (2% BSA + 0.01% Tween-20 in PBS) at 2 x 10’
cells per ml. Then, 10% (v/v) Human TruStain FcX Fc Receptor Block-
ing Solution (Biolegend) was added, and the cells were incubated at
4 °Cfor10 min. After Fcreceptor blocking, the cell concentration was
adjusted to 5 x10° cells per ml and the stimulated and unstimulated
cells were split into 4 conditions each. Each condition received a dif-
ferent oligonucleotide-conjugated (barcoded) cell hashing antibody
to allow for pooling of different conditions in the same 10x Genomics
Chromium lane®. After 20 min co-incubation on ice, the cells were
washed 3 times with staining buffer and counted using Trypan blue
exclusion. Cell viability was typically around 95%.

Then, cells stained with different hashing antibodies were
pooled together at equal numbers and stained with the following
oligonucleotide-conjugated (barcoded) antibodies for quantification
of cell surface antigens: CD11c (0.1 pg), CD14 (0.2 pg), CD16 (0.1 pug),
CD19 (0.1 png), CD56 (0.2 ug), CD3 (0.2 pg), CD45 (0.01 pg), CD45RA
(0.2 pg), CD45R0 (0.2 pg), CD4 (0.1 pg), CD8 (0.1 pg), CD25 (0.25 pg),
CD69 (0.25 pug) and NGFR (0.25 pg) (TotalSeq-C, Biolegend). The cells
were stained for 30 min on ice, washed 3 times with staining buffer,
resuspended in PBS and filtered through a40-pm cell strainer. The cells
were then counted and the concentration was adjusted to 1 x10° ml™.
Forloadinginto the10x Genomics Chromium, 3 x 10* cellswere combined
with Chromium Next GEM Single Cell 5’ v2 Master Mix (10x Genomics)
supplemented with a custom reverse primer binding to the puromycin
resistance cassette for boosting ORF transcript capture at the reverse
transcription stage (Supplementary Table 2). The customreverse primer
wasadded atal:3ratiotothe poly-dT primerincludedin the Master Mix.

For cDNA amplification, additive primers for amplification of sam-
ple hashing and surface antigen barcodes were included®, as well as
anested reverse primer binding to the puromycin resistance cassette



Article

downstream of the ORF. Following cDNA amplification, SPRI beads
were used for size selection of resulting PCR products: small-size (fewer
than300 bp) sample hashing and surface antigen barcodes were physi-
cally separated from larger cDNA and ORF amplicons for downstream
processing. Sample hashing and surface antigen barcodes were also
processed?. Amplified cDNA was then separated into three conditions,
for construction of the gene expression library, afs TCR library and ORF
library. The ORF library was processed similarly to the af TCRlibrary,
using nested reverse primers binding downstream of the ORF (Sup-
plementary Table 2). The quality of produced libraries was verified on
BioAnalyzer using the High Sensitivity DNA kit (Agilent). The libraries
were sequenced on a NextSeq 500. For the gene expression library,
more than 25,000 reads per cell were generated. For other libraries,
more than 5,000 reads per cell were generated.

OverCITE-seq data analysis

Gene expression unique molecularidentifier (UMI) count matrices and
TCR clonotypes were derived using 10x Genomics Cell Ranger 3.1.0.
Hashtag oligo (HTO) and antibody UMI count matrices were gener-
ated using kallisto v.0.46.0> and bustools v.0.39.3%¢. ORF reads were
firstaligned to plasmid references using Bowtie2 v.2.2.8” and indexed
to the associated OREF, after which kallisto and bustools were used to
generate UMI count matrices. All modalities were normalized using a
centred log ratio (CLR) transformation. Cell doublets and negatives
were identified using the HTODemux>® function and then excluded
from downstream analysis. The UMI cut-off quantile for HTODemux was
optimized to maximize singlet recovery using grid search with values
between 0 and 1. ORF singlets were identified using MULTIseqDemux®.
We then excluded cells with low-quality gene expression metrics and
removed cells with fewer than200 unique RNA features or greater than
5% of reads mapping to the mitochondrial transcriptome.

Count matrices were then loaded into and analysed with Seurat
v.4.0.1°°. Cell cycle correction and scaling of gene expression data was
performed using the CellCycleScoring function with default genes,
followed by scaling the data using the ScaleData function. Principal
component (PC) optimization of the scaled and corrected data was
then performed using JackStraw®., in which we selected all PCs up to
the first non-significant PC to usein clustering. Clustering of cells was
performed using a shared nearest neighbour (SNN)-based clustering
algorithm and visualized using UMAP dimensional reduction® to pro-
jectcluster PCsinto 2D space. Cluster marker analysis was performed
using the FindAlIMarkers function with the hypothesis set defined as
positive and negative markers present in at least 25% of cluster cells
and withalog,-transformed fold change threshold of 0.25as compared
tonon-cluster cells (top genes per cluster are listed in Supplementary
Table 8). Differential expression analysis of ORFs was performed using
DESeq2*° to identify genes up and downregulated in ORF-expressing
cellsas compared to NGFR (control) cells, with differential expression
defined as those with g < 0.1 calculated using the Storey method®.

Bulk RNA-seq and analysis

CD4"and CD8'LTBR- or tNGFR-transduced T cells were stimulated for
24 hwith CD3/CD28 Activator (25 pl per10° cells) or left unstimulated
(n=3Dbiologicalreplicates). Total RNA was extracted using the Direct-zol
RNA purification kit (Zymo). The 3’-enriched RNA-seq library was pre-
pared as described before®. In brief, RNA was reverse-transcribed
using SMARTScribe Reverse Transcriptase (TakaraBio) and apoly(dT)
oligo containing a partial Nextera handle. The resulting cDNA was then
PCR-amplified for 3 cycles using OneTaq polymerase (NEB) and tag-
mented for 5 min at 55 °C using homemade transposase TnY**, Imme-
diately afterwards, the tagmented DNA was purified on a MinElute
column (Qiagen) and PCR-amplified using OneTaq polymerase and bar-
coded primers for12cycles. The PCR product was purified using adual
(0.5x-0.8%) SPRI clean-up (Agencourt) and the size distribution was
determined using Tapestation (Agilent). Samples were sequenced ona

NextSeq 500 (Illumina) using av2.575-cycle kit (paired end). Paired-end
reads were aligned to the transcriptome (human Ensembl v.96
reference®) using kallisto v.0.46.0%* and loaded into RStudio 1.1.419
with R 4.0.0.2 using the tximport package®®. Differential gene expres-
sion analysis was performed using DESeq2*°(Supplementary Tables
9-12). GO enrichment (biological process) on genes passing DESeq2
criteria (log,-transformed fold change > 1, P, < 0.05) was performed
using the topGO package®’.

ATAC-seq library preparation

CDS8'LTBRand tNGFRT cells were stimulated for 24 h with CD3/CD28
Activator (25 pl per 10° cells) or left unstimulated (n =2 biological
replicates). We performed bulk ATAC-seq as previously described**.
In brief, cellmembranes were lysed in the RSB buffer (10mM Tris-HCL
pH7.4,3 mMMgCl,, 10 mM NaCl) with 0.1% IGEPAL freshly added. After
pipettingup and down, nuclei were isolated by centrifugation at 500g
for 5 min at 4 °C. After discarding the supernatant, the nuclei were
resuspended in the Tagmentation DNA (TD) Buffer** with homemade
transposase TnY protein** and incubated at 37 °C for 30 min. After
purification on a MinElute column (Qiagen), the tagmented DNA was
PCR-amplified using a homemade Pfu X7 DNA polymerase** and bar-
coded primers for 12 cycles. The PCR product was purified viaa 1.5x
SPRIclean-up (Agencourt) and checked for acharacteristic nucleosome
banding pattern using TapeStation (Agilent). Samples were sequenced
on aNextSeq 500 (Illumina) using the v2.5 75-cycle kit (single end).

ATAC-seq analysis

Single-end reads were aligned to the Gencode hg38 primary assembly®’
using Bowtie2v.2.4.4%". We then used SAMtools v.1.9% to filter out align-
ments with low-mapping quality (MAPQ < 30) and subsequently tosort
andindex the filtered BAM files®®. Read duplicates were removed using
Picardv.4.1.8.1°°. Peaks were called using MACS3 v.3.0.07° with default
parameters (-g 2.7e9 -q 0.05).

To construct the union feature space (‘union peaks’) used for much of
the downstream analyses, we began by performing intersections on pairs
of biological replicate narrowPeak files using BEDTools v.2.29.0 (using
bedtoolsintersect), keeping only those peaks found inbothreplicates™.
After marking the shared peaks between replicates, we used bedtools
merge to consolidate the biological replicates at each shared peak (at
least 1bp overlap). In this new peak BED file, each shared peak includes
allsequence found under the peak in either of the biological replicates.
Next, we took the union of each of these peak files (LTBR resting, LTBR
stimulated, tNGFR resting, tNGFR stimulation); we combined any peaks
withatleast1bp overlap. Using the union peaks, we generated a peak read
count matrix (union peaks x ATAC samples), in which each entry in the
matrix corresponds to the number of reads overlapping that peakinthe
specified sample—we term this the per-peak ATAC matrix. The overlap-
ping reads are taken directly from the BAM files (converted to BED) that
provideanalignment for eachsample. Thus, the matrix includes acolumn
foreachbiological replicate. Although samples had minimal differences
inaligned reads, we normalized each entry in the matrix by the number
ofreads thatoverlapped the TSSregionsin each sample. In thismanner,
any difference in read or alignment depth between samples would be
normalized appropriately. In addition to the per-peak ATAC matrix, we
alsoconstructed a per-gene ATAC matrix as follows: we assigned agene’s
total ATACreads as the sum of normalized reads from the per-peak ATAC
matrix for all peaks within 3 kb of agene’s start or end coordinates.

We imported these two ATAC matrices (per-peak and per-gene)
into Rv.4.1.1 for gene and peak enrichment analysis using DESeq2
v.1.32.0 (Supplementary Tables 13, 14). For comparison between
ATAC-seq and RNA-seq, we used a statistical threshold of adjusted
Pvalue < 0.05and either log,-transformed fold change > O (forincreases
in ATAC or RNA) or log,-transformed fold change < O (for decreasesin
ATAC or RNA). For transcription factor-motif analysis we used Chrom-
VARV.1.14.0" as follows: For each of the test versus control conditions,



we constructed SummarizedExperiment objects using column and
sample subsets of the per-peak matrix and the union feature space.
We used the matchMotifs function to annotate transcription factor
motifs. We computed enrichment deviations between test and control
conditions using the computeDeviations function.

To produce read pile-up tracks at specific genomic loci, we pooled
de-duplicated reads from biological replicates (BAM) using samtools
merge. We converted these pooled-replicate BAM files to bigWig files
by using the bamCoverage function from deeptoolsv.3.4.2 and setting
the scaleFactor to the relative number of TSSs found in the pooled bio-
logical replicates compared to all other sample aggregates”. Using the
bigWig files, read pileups were plotted with pyGenomeTracks v.3.6™.

Finally, we performed k-means clustering on ATAC peaks near
genes with increased chromatin accessibility. First, using DEseq2 on
the ATAC per-gene matrix, we identified genes with log,-transformed
fold change >1and adjusted Pvalue < 0.05 (thatis, genes withincreased
chromatinaccessibility) in either of two comparisons: (1) LTBR stimu-
lated versus tNGFR stimulated; (2) LTBR resting versus tNGFR resting.
Afteridentifying these genes, weisolated all accessibility peaksin the
per-peak ATAC matrix within 3 kb of the gene body; this subset of peaks
from the per-peak ATAC matrix was used as input for the clustering.
Then, using deeptools (computeMatrix and plotHeatmap functions)
on this subset of ATAC peaks, we performed k-means clustering with
k=4 clusters and 6 kb read windows.

Statistical analysis

Databetween two groups were compared using atwo-tailed unpaired
Student’s t-test or the Mann-Whitney test as appropriate for the type
of data (depending on the normality of the distribution). Unless oth-
erwise indicated, a P value less than or equal to 0.05 was considered
statistically significant for all analyses, and not corrected for multiple
comparisons. In cases in which multiple comparison corrections were
necessary, we adjusted the P value using the Benjamini-Hochberg
method. Allgroup results are represented as mean + s.e.m, if not stated
otherwise. Statistical analyses were performed in Prism (GraphPad)
and RStudio (Rstudio PBC). Flow cytometry data were analysed using
FlowJo v.10.7.1 (Treestar).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig.1|Design of the human ORF library screenin primary
Tcells.a, Barcoded vector design for ORF overexpression. b, Distribution of
thenumber of barcodes per ORFinthelibrary.c, Vector design for

quantifying the effect of different promoters and ORF insert sizes on lentiviral
transduction efficiency. EFS - elongation factor-la short promoter, CMV -
cytomegalovirus promoter, PGK - phosphoglycerate kinase-1 promoter.

d, Sequential gating strategy and representative histograms of cells
transduced with marker gene rat CD2 under different promoters. e, Percentage
of positive cellsand f, mean fluorescence intensity (MFI) of rat CD2 (rCD2)
expressed fromthe EFS and CMV promoters, following puromycin selection of
transduced primary CD4+ T cells. Each data pointindicates individual
transduction (n =3 biological replicates). Error bars are SEM. g, Distribution of
ORFsizesinthe genome-scalelibrary. The size of TCR-rCD2 constructtestedin
panelseand fis marked. h, Titration of CD3/CD28 antibodies. T cells were
labelled with CFSE, stimulated and incubated for 4 days. Gate for proliferating
Tcellswasset toinclude cells that proliferated at least twice (third CFSE peak).
i, Expansion of T cells from three healthy donors transduced with the ORF
library.j, Representative CFSE profile of restimulated CD8+and CD4+T cells
before thesort. The CFSE"" sort gate is marked. k, Recovery of individual

barcodes or corresponding ORFsintransduced T cells and plasmid used for
lentivirus production. Respective samples from three donors were
computationally pooled together at equal number of reads prior to counting
how many barcodes or ORFs were present witha minimum of one read.

1, Distribution of reads corresponding to ORFs of different sizes. ORFs were
assignedto ten quantiles based on their size, with Q1 being smallest size and
Q10 beingthe largest size (n=1,161 ORFs per quantile). Box shows 25-75
percentile with aline at the median; whiskers extend to1.5 x interquartile
range.m, Enrichment of genesinboth CFSE"" CD4+and CD8+ T cells,
calculated by collapsingindividual barcodes into corresponding genes.
Significantly enriched genes (log, fold change higher than 0.5 and adjusted
p-value lower than 0.05) are marked inred. Immune response genes of
interestare marked. n, Overlap of significantly enriched genes from

panel minindividual screen populations (CD4+, CD8+) analysed separately.
o,Normalized enrichment of individual barcodes for indicated genesin the
CD8+screen. p, GO biological processes for significantly enriched genesin
panel m. q, Overlap of significantly enriched genes with differentially
expressed genes between CD3/CD28 stimulated and naive T cells*.
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Extended DataFig.2|Overexpression ofselect ORFsinscreen-
independentdonors. a, Histograms of selected ORF expressionin T cells after
puromycinselection. b, Quantification of tNGFR expressionintransduced
CD4+and CD8+T cells. Puromycin selection was complete after 7 days post
transduction. Tomaintain T cellsin culture, they were restimulated with
CD3/CD28ondays21and42.c, Correlation between ORF sizes and changes
inproliferationrelative to tNGFR. Mean log, fold-changes are shown.

d, Proliferation of restimulated CD8+or e, CD4+ T cells relative to tNGFR in
individual donors (n =3 biological replicates). Mean and SEM are shown.

f, g, Proliferation of T cells transduced with ORFs that significantly improved
Tcell proliferation (see Fig. 2c) measured by dilution of CellTrace Yellow.
Representative CellTrace Yellow histograms and fitted distributions (f) as well
as quantifications of the proliferationindex (g) are shown (n =3 biological

replicates). Pvalues: <0.0001,0.0008,<0.0001,0.011,0.0031,
0.0007,<0.0001,0.28,0.004,<0.0001, 0.58,0.01,0.0003,< 0.0001, 0.036,
0.0049 (left toright). h, Viability of ORF-transduced T cells 4 days after CD3/
CD28restimulation. Representative data from one donor (out of4 donors
tested) are shown (n =3 biological replicates). i, j, Cell cycle analysis of T cells
stimulated with CD3/CD28 for 24 h. Gating was performed based onisotype
and fluorescence minus one controls. Representative gating (i) as well as

(j) quantification of cellsin the S-G2-M phases (for stimulated T cells) are shown
(n=6Dbiological replicates from two donors). Pvalues:1,0.29,0.0065,0.17,
0.0051,1,0.13,0.55,0.0004, 0.98,0.0088,0.68,0.91,0.7,1 (left to right).
Statistical significance for panels g and j: one way ANOVA with Dunnett’s
multiple comparisonstest*p <0.05,**p <0.01, ***p < 0.001, **** p < 0.0001.
Errorbarsindicate SEM.
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Extended DataFig. 3 | Functional response of ORF-overexpressing T cells.
a, Quantitative expression of CD25 or CD154 following restimulation.
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significantincrease T cell proliferationin CD4+, CD8+ or both T cell subsets are
shown.Meanand SEM are shown.b, ¢, Sensitivity to antigen dose. T cells were
incubated withindicated anti-CD3 antibody concentrations for 24 hand the
amount of secreted IFNy was quantified. Representative dose-response curve
fitting (b) and IC, quantifications (c) are shown (n =2 biological replicates).

d, Quantification of secreted IL-2and IFNyin T cellsincubated alone or with
CD3/CD28 antibodies for 24 h. Representative data from one out of four donors
(n=3Dbiological replicates) are shown. e, Multiplexed quantification of
selected secreted cytokines and chemokines by ORF-transduced T cells after
24 hof CD3/CD28 stimulation. Means of duplicate measurements (from
independent samples) z-score normalized to tNGFR are shown. Absolute
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TcellsareshowninSupplementary Table 7.
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Extended DataFig. 4 |See next page for caption.




Extended DataFig. 4 |OverCITE-seqidentifies ORFs and their
transcriptional effects. a, Quality parameters of cells as identified by gel bead
barcodes. Negative, singletsand doublets are assigned based on cell hashing.
b, Proportion of stimulated and resting T cells among cells assigned to each
OREF. Chi-squared test p-values are shown for ORFs with significantly shifted
(uneven) distributions of stimulated and rested cells. ¢, Cell-cycle corrected
scaled expression of the overexpressed genein the cells transduced with the
respective ORF and negative control (tNGFR). Two-sided Wilcoxon test
p-valuesshown above the violin plotsindicate the statistical significance of
gene expression level between specific ORF and tNGFR-transduced T cells. Box
shows 25-75 percentile with aline at the median; whiskers extend to maximum
and minimum values. N=71(ADA),147 (AHCY),190 (AHNAK), 119 (AKR1C4),124
(ATF6B),179 (BATF), 137 (CALML3),189 (CDK1),129 (CDK2),236 (CLIC1), 84
(CRLF2),91(CXCL12),88 (CYP27A1),129 (DBI), 26 (DCLRE1B), 261 (DUPD1), 25
(FOSB),119 (GPD1),124 (GPN3),199 (IFNL2), 60 (IL12B), 70 (ILIRN), 156 (ITM2A),
74 (LTBR), 88 (MRPL18),167 (MRPL51),107 (MS4A3), 69 (NFYB), 355 (NGFR), 261
(RAN), 182 (SLC10A7),and 56 (ZNF830) single cells. d, Expression of all ORF

genesby cells assigned each ORF.Each row is z-score normalized.

e, Distribution of individual ORF frequenciesin clusters. Numbers of ORF cells
and the chi-squared test residuals are displayed. Chi-squared test p-values
indicating whether ORF distributionin each cluster significantly differs from
overall ORF distribution are shown on top of the plot. Proportions of
stimulated and resting T cellsin each cluster are shown underneath the cluster
label. f, g, Spearman correlations between transcriptional profiles of selected
ORF cellsinresting (f) and stimulated (g) populations. h, Fold change of top
differentially expressed genes between cells with the indicated ORFsinresting
and stimulated T cells. For each condition, the ORFs with the strongest
transcriptional changes (compared to tNGFR cells) are shown. i, Differential
geneexpressioninstimulated ORF T cells compared to resting T cells. Genes
with significantexpression changesinatleast one ORF are shown (DESeq2
adjusted p <0.05).For all genes, we display log, fold-change of each ORF
(stimulated) to tNGFR (resting), normalized to log, fold-change of tNGFR
(stimulated) to tNGFR (resting). Genes of interest in each cluster are labelled.
j.MeanTCRclonotype diversity in ORF cells.
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Extended DataFig. 5|See next page for caption.



Extended DataFig. 5| Functional analysis of LTBR overexpressioninT cells.
a,LTBRexpressionintheindicated human primary tissues from the Genotype-
Tissue Expression (GTEX) project v8”° (n =948 donors). Box shows 25-75
percentile with alineatthe median. b, LTBR expressionin peripheral blood
mononuclear cells (PBMCs) from 31,021 cells from 2 donors™. Cell types
indicated are derived from Harmony tSNE clustering of single-cell
transcriptomes. ¢, Overlap betweensignificantly upregulated genesin LTBR
cellscompared to tNGFR cells identified in single-cell or bulk RNA-seq.

d,e, TCFlexpressionin LTBRor tNGFRtransduced T cells. d, Representative
histograms of TCF1expression and the gate for TCF1+cells (dashed line) are
shown, aswell as e, quantification of TCF1+ cells (n = 3 biological replicates).
f-h,ICAM-1,CD70, CD74,and MHC-ll expressionin LTBRand tNGFR T cells.
Representative histograms (f), quantification (g) inn=3 donors (CD8+)orn=4
donors (CD4+) and time course (h) of expressionin LTBR and tNGFR cells after
CD3/CD28 stimulation (n =3 biological replicates). i, Differentiation

phenotype of NGFRand LTBR transduced T cells (n =4 donors, CD4+and CD8+
separately). CM: Central memory. EM: Effector memory. Differentiation was
defined based on CD45RO and CCR7 expression (naive: CD45RO™& CCR7’,

CM: CD45R0O" CCR7", EM: CD45RO"* CCR7"¢, effector CD45R0O"*¢ CCR7"%).
Jj,Representative dot plots of T cell viability after CD3/CD28 stimulation. Viable
cellsareinthe lower left quadrant. k, Cell viability of CD4+ T cells transduced
with LTBR or tNGFR lentivirus, either restimulated with CD3/CD28 for four days
orleftunstimulated (n=2donors with 3 biological replicates each).l, m,LTBR
and tNGFR cells were stimulated with a 3:1excess of CD3/CD28 beads every
three days for up to three rounds of stimulation. Following repeated
stimulation, expression of TIM-3 and LAG-3 (I) was measured inresting cells,
andsecretion of IFNyand IL2 (m) was measured in restimulated cells (n=3
biological replicates). Statistical significance for panelse, i, and k:two-sided
unpaired t-test; for panel g: two-sided paired t-test. Error barsindicate SEM.
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Extended DataFig. 6 | LTBRligands and expression of LTBR viamRNA or
withdeletionand point mutants. a, IL2 secretion after 24 hstimulation with
CD3/CD28 antibodies. Whereindicated, recombinant soluble LTA (1 ng/mL) or
LIGHT (10 ng/mL) were added together with CD3/CD28 antibodies. CD4+
Tcellsfromone donor were tested intriplicate. b, c, CD4+and CD8+ T cells
fromtwo donors were co-incubated for 24 hwith CD3/CD28 antibodies or
recombinant soluble LTA or LIGHT and then IL2 (b) and IFNy (c) were measured.
(n=3biological replicates).d, e, Differentiation phenotype (d) or proliferation
(e) after restimulation of tNGFR and LTBR transduced T cells (n =3 biological
replicates) incubated either with IL2 alone or with LTA (1 ng/mL) or LIGHT

0
———LTBRPE —FLAG APC

(10 ng/mL) for the duration of culture. CM: Central memory. EM: Effector
memory. Unpaired two-sided ¢-test p values are shown. f-i, Transient LTBR or
tNGFR expression viamRNA nucleofection (f). T cells were either nucleofected
with LTBR or tNGFR mRNA (n =3 biological replicates), and the surface
expression of LTBR(g), tNGFR (h) or four genes upregulated in LTBR cells

(i) was monitored over 21days. At each timepoint the expression of target
genes was normalized to matched tNGFR control. j, Schematic representation
of FLAG-tagged LTBR mutants. k, LTBRand FLAG expressionin T cells
transduced with LTBR mutants. Error bars indicate SEM.
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Extended DataFig.7|Chromatinaccessibility in LTBR T cells. a, Principal
component (PC) analysis of global accessible chromatin regions of LTBR

and tNGFRT cells, either resting or stimulated with CD3/CD28 for 24 h.

b, Differentially accessible chromatin regions between stimulated and resting
tNGFR, stimulated and resting LTBR, resting LTBR and resting tNGFR, and
stimulated LTBR and stimulated tNGFR. Numbers of peaks gained/lost are
shown (using absolute log, fold change of1and adjusted p value <0.1as
cut-off). c,d, Changes in chromatin accessibility (c) for differentially expressed
(adjusted p < 0.05) genes or ingene expression (d) for differentially accessible
(adjusted p < 0.05) regions. Two-sided t-test p values are shown. Box shows
25-75percentile withaline at the median; whiskers extend to 1.5 x interquartile
range. N =614 genes (c) or genomicregions (d). e, f, Chromatin accessibility

profilesatlocimore (e) orless open (f) in LTBR compared to tNGFR cells,
resting or stimulated for 24 h. The y-axis represents normalized reads (scale:
0-860 for BATF3,0-1950 for /L13,0-1230 for TRAF1,0-1000 for TNFSF4,0-300
for PDCD1,0-2350 for LAG3).g, Chromatin accessibility in resting or stimulated
LTBR and tNGFR cells. Each row represents a peak significantly enriched in
LTBR over matched tNGFR control (log, fold change > 1, DESeq2 adjusted
pvalue <0.05). Peaks were clustered using k-means clustering and selected
genes at/near peaks fromeach cluster areindicated. h, Correlations for each
ATAC sample (biological replicate) based on the bias-corrected deviations.

i, Top transcription factor (TF) motifs enriched in the differentially accessible
chromatinregionsinresting LTBR cells comparedto restingtNGFR cells.
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Extended DataFig. 8 |See next page for caption.



Extended DataFig. 8| Proteomic and functional genomic assays of NF-kB
activation. a, Phospho-RELA staining by intracellular flow cytometry in LTBR
and tNGFR cells. Gating for identification of phospho-RELA+ cellsis shown.

b, ¢, Westernblot quantification of key proteinsin the NF-kB pathway in LTBR
and tNGFR cells, resting or stimulated with CD3/CD28 for 15 min. Representative
gels (b) or quantification of band intensity relative to GAPHD (c) are shown
(n=3biological replicates). Unpaired two-sided t test p values are shown.

d, Representation of the LTBR signalling pathway. Each geneis coloured based
onthedifferential expressionin LTBR over matched tNGFR cells (CD4+and
CD8+ T cells, resting or stimulated for 24 h). e-g, Simultaneous gene knockout
via CRISPR and ORF overexpression. T cells were transduced with alentiviral
vector co-expressing asingle guide RNA (sgRNA) and the LTBR ORF. After
transduction, Cas9 protein was delivered vianucleofection. f, Representative

expressionof target genesin LTBR cells co-expressing an sgRNA targeting B2M,
an essential component of the MHC-1complex, or TRBCI/2, an essential
componentofthe o TCR. g, Quantification of IFNy after restimulation (n =3
sgRNAs). h-o, Representative protein-level based quantification of gene
knockout efficiency. Representative histograms (h, j, 1) and quantification of
relative expression levels of LTA, LIGHT, and RELA (i, k, m) are shown (n=3
sgRNAs). Dashed lines represent gates used to enumerate cells expressing a
given protein. Representative gel (n) and quantification of RELB expression
(o) areshown (n =3 sgRNAs for RELB and 2 non-targeting control sgRNAs).

p, Identification of 274 genesidentified asenriched in both CD4+and CD8+

T cellstransduced with LTBR over matched tNGFR controls (“core LTBR”
genes).See Supplementary Fig.1for uncropped gelimages. Error barsindicate
SEM.
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Extended DataFig.9|Co-delivery of ORFs with CD19-targeting CARs.

a, Transduction efficiency of CAR+ORF lentiviral vectors or ORF alone (n=4
biological replicates). b, c, CAR expression level as determined by staining with
anti-mouse Fab F(ab’),. Representative histograms (b) and quantification of
CARexpressionrelative to tNGFR (c) is shown for two healthy donors and two
patients with diffuse large B celllymphoma (DLBCL). d, Expansion curves of
CAR+ORF transduced T cells (n = 4 biological replicates). e, LTBR expressionin
autologous CD14+monocytesand T cells transduced with LTBR alone or
CAR+LTBR.f-1,Expression of ICAM-1(f), CD70 (g), CD74 (h) and MHC-II (i) by
Tcellstransduced with LTBR ORF only, CAR + LTBR or CAR + tNGFR. Alldataare

normalized to tNGFR only (no CAR). Unpaired two-sided t test p values are
shown.j-m, Expression of exhaustion markers PD-1(j), TIM-3 (k), LAG-3 (I) and
CD39 (m) in CAR+ORF T cells. n, Differentiation phenotype of CAR+ORF T cells.
CM: Central memory. EM: Effector memory. Differentiation was defined based
on CD45R0 and CCR7 expression (naive: CD45R0™¢ CCR7*, CM: CD45RO"
CCR7',EM: CD45R0O" CCR7"¢, effector CD45RO™e CCR7"®¢). 0, p, Expression of
activation markers CD25 (0) and CD69 (p) in CAR+ORF T cellsincubated alone
orwith Nalmé cells for 24 h. Error bars indicate SEM. N = 3 biological replicates,
unlessindicated otherwise.
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Extended DataFig.10|Top-ranked genes from the ORF screenboost
antigen-specific T cellresponses. a, b, Co-delivery of anti-CD19 CARs and
ORFsto T cells fromhealthy donors. a, IFNyandb, IL2 secretion after overnight
co-incubation of CD4+ T cells with Nalmé cellsat1:1ratio (n = 3 biological
replicates, representative of two donors). ¢, d, IFNy (c) or IL-2 (d) secretion by
CAR+ORF or ORF only T cells co-incubated for 24 h either alone or with Nalmé
cells. e, Cytotoxicity of 19-BBz CART cells expressing tNGFR or LTBR ORF after
co-incubation with Nalmé GFP cells. f, Quantification of Nalmé clearance
(relative to Nalmé co-incubated with untransduced T cells) for CAR+ORF or
ORF alone T cells at different effector:target ratios. Unpaired two-sided t-test
pvalues: 0.011,1.3x107%,0.072,0.02,0.021,0.52,0.087,1, 0.51 (left to right).

g, Representativeimages of T cells transduced with19-282 CAR and NGFR or
LTBR, co-incubated with CD19+Nalmé6 GFP cells for 48 hat1:1ratio. Scalebar:
200 um. h-j, Repeated stimulation of CAR+ORF T cells with Nalmé6 cells. IL-2

secretion (i), or Nalmé survival (j), by 19-BBz CARLTBR or tNGFR T cells
re-challenged with Nalmé after repeated stimulation with Nalmé cells every
three days, for up to three rounds of stimulation. k, Secretion of cytokines IL2
and IFNyby CAR/LTBR or CAR/tNGFRT cells from two patients with DLBCL
after overnightincubation with Nalmé target cells. Two-sided paired ¢-test
pvalueisshown.l, Representative staining of ORF-transduced T cells
endogenously expressing Vy9V82 TCR. m, Quantification of ORF-transduced
Tcellsexpressing Vy9V62 TCR. n, 0,1L2 (n) or IFNy (o) secretion after 24 h
co-incubation of ORF transduced Vy9V62 T cells with leukaemia cell lines. p, IL2
orIFNysecretion after 24 h co-incubation of ORF transduced Vy9V62 T cells
with BxPC3, a pancreatic ductaladenocarcinoma cellline. Cell lines in panels
n-p were pre-treated with zoledronic acid prior to co-incubation. Error bars
indicate SEM. N =3 biological replicates are shown, unless indicated otherwise.



	A genome-scale screen for synthetic drivers of T cell proliferation

	Genome-scale ORF screen in T cells

	Top ORFs enhance T cell functions

	Single-cell analysis of ORF phenotypes

	LTBR improves multiple T cell functions

	LTBR acts through canonical NF-κB in T cells

	ORFs enhance antigen-specific responses

	Discussion

	Online content

	Fig. 1 A genome-scale overexpression screen to identify genes that boost the proliferation of primary human T cells.
	Fig. 2 Overexpression of top-ranked ORFs increases the proliferation, activation and cytokine secretion of CD4+ and CD8+ T cells.
	Fig. 3 Single-cell OverCITE-seq identifies shared and distinct transcriptional programs that are induced by gene overexpression in T cells.
	Fig. 4 LTBR overexpression improves T cell function through activation of the canonical NF-κB pathway.
	Fig. 5 Top-ranked genes improve antigen-specific T cell responses and tumour killing.
	Extended Data Fig. 1 Design of the human ORF library screen in primary T cells.
	Extended Data Fig. 2 Overexpression of select ORFs in screen-independent donors.
	Extended Data Fig. 3 Functional response of ORF-overexpressing T cells.
	Extended Data Fig. 4 OverCITE-seq identifies ORFs and their transcriptional effects.
	Extended Data Fig. 5 Functional analysis of LTBR overexpression in T cells.
	Extended Data Fig. 6 LTBR ligands and expression of LTBR via mRNA or with deletion and point mutants.
	Extended Data Fig. 7 Chromatin accessibility in LTBR T cells.
	Extended Data Fig. 8 Proteomic and functional genomic assays of NF-κB activation.
	Extended Data Fig. 9 Co-delivery of ORFs with CD19-targeting CARs.
	Extended Data Fig. 10 Top-ranked genes from the ORF screen boost antigen-specific T cell responses.


