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Fig. S1. Optimization of lentiviral production and transduction in primary human T cells.
(A) Schematic of factors leading to increased lentiviral titers in production protocols. (B)
Representative example of transduction using previous vectors and protocols, versus after
optimization as measured by flow cytometry. (C) Dose-response characterization of transduction
efficiencies in primary T cells with indicated factors in lentiviral production. The table below
contains full details for each condition. Each point represents percent gated positive for the
fluorescent marker. N=2 donors. (D) Comparison of transductions after harvesting lentivirus at

indicated time points. N=2 donors.
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Fig. S2. CRISPRa-SAM system enables robust gene activation in primary human T cells.
(A and B) Lentiviral constructs used for dCas9-VP64 (A) and sgRNA, PCP-P65-HSF1 delivery
(B). (C and D) Flow cytometry surface staining after delivery of double dCas9 and sgRNAs
transduction targeting indicated genes or a non-targeting control sgRNA. Scatter plots showing
surface marker correlation with mCherry-2A-dCas9-VP64 expression are shown in (C) and
histograms in (D). (E) Quantification of (D) by gating. Points represent percent of cells gated in
each donor. (N=4 donors).
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Fig. S3. Genome-wide CRISPRa screens for cytokine production in stimulated primary
human T cells. (A) Timeline of restimulation, GolgiPlug with brefeldin A, and fixation/staining.
(B) Control stain of screen cells with anti-CD8 in addition to anti-CD4. (C) Representative flow
cytometry plots showing CD4 staining compared to IL-2 and IFN-y staining. (D) Gating strategy
used for sorting screens with representative flow cytometry plots. (E and F) Pairwise Pearson
correlation matrices for Calabrese Set A (E) and Calabrese Set B (F) library samples.
Correlations are calculated using sgRNA log»-fold change from the original plasmid pool. (G
and H) Volcano plots for IL-2 (in CD4"* T cells) (G) and IFN-y (in CD8" T cells) (H) screens.
Points represent each gene’s median log>-fold change followed by averaging two donors with
selected gene targets labeled. Dashed lines represent cut-offs for hit calling, with positive and
negative hits colored in red and blue, respectively.
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Fig. S4. Genome-wide CRISPRIi screens for cytokine production in primary human T cells.
(A) Lentiviral constructs used for dCas9-KRAB and sgRNA delivery. (B) Representative
histograms of indicated cell surface protein knockdown after delivery of sgRNAs targeting their
transcriptional start site or a non-targeting control. (C and D) Pairwise Pearson correlation
matrices for Dolcetto Set A (C) and Dolcetto Set B (D) library samples. Correlations are
calculated using sgRNA log- fold change from the original plasmid pool. (E) sgRNA log>-fold
changes for genes of interest in IL-2 (in CD4" T cells, left) and IFN-y (in CD8" T cells, right)
screens. Bars represent the mean logz-fold change for each sgRNA across two donors. Density
plots above represent the distribution of all sgRNAs.
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Fig. S5. CRISPRi and CRISPRa dropout screens identify fitness genes. (A) Schematic of
samples used for dropout analysis. The sgRNA distribution in the plasmid pool before virus
production was compared to the distribution in CD4™~ and CD4" cells, respectively, without
subsorting for cytokines. (B) Log>-fold change distributions of sgRNAs targeting gold-standard
essential and nonessential genes in CRISPRi screens. (C and D) Gene scatter plot of log,-fold
change from plasmid pool to CD4" and CD4 ™~ “unsorted” populations in CRIPSRi (C) and
CRISPRa (D) screens. Points represent median of sgRNAs and mean of two donors. Notably, the
vast majority of genes are highly correlated, with just CD4, LCK, and SPSB4 discordant
(bolded). The CD4 difference is likely an artifact of the sorting strategy because CD4
knockdown cells will not be found in the CD4" gate. Perturbations affecting LCK, and SPSB4
may also cause loss of CD4 expression. (E) GSEA of KEGG pathways significantly enriched in
CRISPRa and CRISPRi dropout screens. Points are scaled to —logio FDR adjusted P-value. (F)
GSEA of KEGG Apoptosis pathway in CRISPRa dropout. Top ranked genes in the set are listed

on the right.
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Figure S6

IFN-y Screens:
KEGG T CELL RECEPTOR SIGNALING PATHWAY

o
1

3]
f

o Screen Hit

P
L) CRISPRa Only
R . (L R CRISPRI Only
° CRISPRI and CRISPRa

e KEGG TCR pathway but
not a Hit
Not KEGG TCR pathway

o
J

CRISPRa IFN-y Screen Z-score (IFN-y"/IFN-y*)
I
(&)

|
o
1

10 0 10 20
CRISPRI IFN-y Screen Z-score (IFN-y*1FN-y")

Fig. S6. Comparison IFN-y CRISPRi and CRISPRa screens for genes belonging to the T
cell receptor signaling pathway. Genes annotated as T cell receptor signaling pathway (KEGG

pathways) are indicated in colors other than gray. Scales represent Z-score of log>-fold change,
with positive regulators of IFN-y production having positive Z-scores.
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Figure S7
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Fig. S7. Expression of CRISPRa hits of interest in immune cells. (A) Distributions of gene
mRNA expression of CRISPRa cytokine screen hits in resting and restimulated CD4* T cells in
control CRISPRa cells transduced with non-targeting sgRNAs (see methods, “Bulk RNA-seq”).
The expression of genes tested in the arrayed sgRNA panel (Fig. 3B) are indicated. (B) Heatmap
showing the expression of indicated genes in indicated human immune cell types, from the
Database of Immune Cell Expression (DICE) (57). Values represent the median logx TPM for
each gene. (C) Heatmap showing the expression of indicated genes in indicated mouse immune
cells, from the Immunological Genome Project (Immgen) gene skyline database (58). (D)
ATAC-seq tracks from unstimulated human CD3" T cells (from ENCODE ID ENCSR258RSH)
for indicated genes.
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Figure S8
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Fig. S8. Pathway gene set enrichment in CRISPRa and CRISPRIi cytokine screens.

(A) Comparison IL-2 CRISPRi and CRISPRa screens with NF-kB pathway regulators of interest
labeled. (B) Significantly enriched KEGG pathways from CRISPRa/CRISPRi screen log»-fold
change gene ranks. Points are scaled according to —logio FDR adjusted P-value. (C) s-LDSC
enrichment of heritability for immune and non-immune traits in a window of 100 kb

around genes that were hits in the indicated screens. Traits were meta-analyzed using inverse-
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variance weighting; bars represent average enrichment + standard error. (D) Unique and
common positive and negative regulators identified across CRISPRa and CRISPRi screens. For
CRISPRa, positive regulators are defined as having a positive log>-fold change (high/low bins),
and for CRISPRIi a negative logz-fold change (high/low). (E) Discordant hits across CRISPRi
and CRISPRa hits for IL-2 in CD4" T cell and IFN-y in CD8" T cell screens, where perturbations
identified as positive regulators are colored and red, and negative regulators in blue. Discordant
hits between IL-2 and IFN-y screens include EOMES and CBFB, encoding transcription factors
known to have key roles in the differentiation of T cell subsets. The proximal kinase responsible
for CD3( phosphorylation, LCK, and its activating phosphatase, CD45 (encoded by PTPRC), are
discordant between CRISPRi and CRISPRa screens, suggesting appropriately balanced
expression in this module is critical for optimal TCR signal transduction.
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Figure S9
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Fig. S9. Genome-wide CRISPRa screens for cytokine production in CD4" T cells allow for
direct comparison of cytokine regulators. (A) Gating strategy for screens. Isolated CD4" T
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cells were sorted according to the strategy shown here. (B) Scatter plots of median sgRNA log»-
fold change (high/low sorting bins) for each gene, comparing screens in two blood donors, for
indicated cytokine screens. (C) Scatter plots comparing common hits in primary CRISPRa
screens in CD4"/CD8* T cells (Fig. 1), and CD4" only screens. Commons hits are defined as
FDR<0.05 and an absolute log>-fold change Z-score >2 in both screens. (D) Scatter plot
comparisons of gene median logz-fold change values in these three supplemental screens for
different cytokines in CD4" T cells. (E) Heatmap comparison of top positive and negative hits in
these supplemental CD4" T cell screens. Genes with a top-25 ranking by MAGeCK are shown.
Only points with an FDR<0.1 are shown.
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Figure S10
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Fig. S10. RT-qPCR validation of on-target gene activation in an arrayed CRISPRa panel.
(A) Logz-fold change in mRNA expression for target sgRNAs compared to mean of non-
targeting controls. Each facet represents the measurement of the indicated transcript and its
measurement with two non-targeting control sgRNAs or two sgRNAs targeting its TSS. (B)
deltaCt summary of (A), showing mean non-targeting controls and mean targeting sgRNA
deltaCt values for each sgRNA. N=4 human donors.
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Fig. S11. Flow cytometry staining in an arrayed CRISPRa panel. (A) Schematic of gating
strategy. Note, [FN-y and TNF-a are not shown here, but follow the same strategy as IL-2. (B)
Complete data of summary shown in Fig. 3D. Points represent the percentage of cells gated as
positive for expressing a given cytokine in the indicated donors, across multiple stimulation
doses. Low, medium, and high doses represent 3.125, 6.25, and 12.5 pl/ml of anti-
CD3/CD28/CD2 ImmunoCult, respectively.
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Fig. S12. Examining the single-cell relationship between IL-2 and IFN-y production in
arrayed CRISPRa panel by flow cytometry. Given that IL-2 and IFN-y can be expressed from
mutually exclusive populations (59), we asked if CRISPRa-driven changes in IL-2 and IFN-y
cytokine production are driven by single or double-positive cells. We observed that most positive
regulator sgRNAs could increase both the single and double-positive populations. (A and B)
Representative flow cytometry plots of intracellular IFN-y and IL-2 staining with indicated
sgRNAs in CD4" (A) or CD8" (B) T cells. Two-dimensional gates for double-negative, single-
positive, and double-positive populations are shown. (C) Quantifications of IFN-y/IL-2 two-
dimensional gating. Bars represent mean + standard deviation. *¢<0.05, **¢<0.01. Mann—
Whitney U test with g-value multiple comparison correction. N=4 donors. (D) Surface staining
gating for CD45RA and CD62L of resting CD4" T cells transduced with the arrayed sgRNA
panel. *P<0.05, **P<0.01 Mann—Whitney U test, testing for percent CD62L".
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Fig. S13. CRISPRa gain-of-function findings can translate to transgenic cDNA
overexpression and TCR stimulation with antigen. (A) Schematic of arrayed overexpression
experiments with cDNA. (B) Flow cytometry plot for ¥4V or Control cDNA (puromycin
resistance only) overexpression after stimulation with Immunocult. (C) Mean Percentage of cells
in cytokine positive gates from after stimulation with Immunocult. *P<0.05, **P<0.01, Mann—
Whitney U test compared to control. N=5 Donors. (D) Mean Percentage of cells in cytokine
positive gates after stimulation with NALMS6 target cells engineered to express NY-ESO-1
antigen in an HLA-A0201 context at multiple effector-to-target cell ratios. *P<0.05, **P<0.01,
**%P<0.001, two-way dose-response ANOVA compared to control. N=3 Donors (Two donors
were excluded due to poor TCR transduction).
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Fig. S14. Secreted cytokine measurements in an arrayed CRISPRa panel. (A) Cytokine
measurements of 4 human donors in two non-targeting control sgRNA samples after stimulation
(2 individual sgRNAs). (B) Measurements of IL-2, IFN-y, and TNF-a in samples with indicated
sgRNAs. N=4 Donors. The effect of IL2RB on IL-2 production was not concordant with
intracellular staining, perhaps due to reuptake caused by increased IL-2 receptor levels. (C)
Unsupervised clustering of full cytokine panel measurements across different sgRNAs. Each tile

represents the median value of 4 donors, Z-score scaled across each cytokine. (D) Type 1 and

Type 2 category grouped cytokine measurements across different sgRNAs. N=4 Donors. Type 1

group includes IFN-y, IL-2, TNF-a, and TNF-f. Type 2 group includes IL-4, IL-5, and IL-13.

Each point represents a donor, cytokine measurement, Z-score scaled for each cytokine.
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Fig. S15. FOXQ1 overexpression transcriptionally reshapes the cytokine response in CD4*
T cells. (A) Schematic of RNA-seq experiment in CD4" T cells after FOXQ1 overexpression via
CRISPRa. (B) PCA across all samples in RNA-seq transcript quantifications. (C and D)
Differential gene expression volcano plots, between FOXQ!I sgRNA and non-targeting control
sgRNA in resting (C) and stimulated (D) T cells. (E) Differential expression volcano plot of
FOXQ1I sgRNA versus non-targeting control in non-stimulated cells colored according to hit
score, where hit score is defined as the number of screens which identified the gene was
identified as a positive regulator (positive hit score) or negative regulator (negative hit score) of
cytokine production. FOXQ1 overexpression increased expression of core cytokine regulators
identified in the CRISPRa and CRISPRi screens (CD28, LCP2, RAC2, VAVI) and reduced
expression of core negative regulators (CBLB, SLA2), suggesting FOXQ1 may sensitize T cells
to stimulation by increasing overall levels of proximal signaling components. (F) Heatmap
representation of FOXQ! differentially expressed genes across all samples shows that FOXQ!
overexpression remodels the T cell stimulation response. Selected genes represent any that have
an FDR adjusted P-value <10 in FOXQ1 sgRNA versus control differential expression tests.
Selected cytokine genes of interest are indicated on the right. (G) mRNA expression of Type 1
signature cytokine genes (/L2, IFNG, TNF, LTA), and Type 2 signature cytokine genes (/L4, IL5,
IL13) across RNA-seq samples shows that FOXQ! overexpression amplifies Type 1 signature
cytokines and dampens Type 2 signature cytokines compared to control. FDR adjusted P-values
between control and FOXQ1 sgRNA samples are shown at top. (H) mRNA expression of T
helper cell lineage defining transcription factors across RNA-seq samples. FDR adjusted P-
values between control and FOXQ1 sgRNA samples are shown at top. 7BX2/ defines Thl,
GATA3 defines Th2, RORC defines Th17, and FOXP3 defines Treg. (I) Comparison of log>-fold
changes in mRNA and secreted protein expression (Fig. 3H and fig. S14) resulting from FOXQ!
overexpression. FOXQ! overexpression drove transcriptional modulation of cytokine genes,
which correlated well with secreted cytokine measurements.
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Fig. S16. Development of sgRNA direct-capture CRISPRa-SAM Perturb-seq. (A) Overview
of candidate sgRNA vector designs with direct-capture sequence integrated at various points of
the SAM modified sgRNA scaffold. (B) Flow cytometry to measure gene activation with test
sgRNA targeting EGFR using constructs described in (A). Design I was chosen for the CRISPRa
Perturb-seq experiment because of its gene activation efficacy and its predicted fragment size
compatibility with 10x Genomics library preparation protocols.
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Fig. S17. Direct-capture CRISPRa Perturb-seq assigns sgRNAs to cells. (A) Histogram of
number of sgRNAs detected per droplet. Droplets with >1 sgRNA were removed from
downstream analysis (B) Distribution of the number of sgRNA unique molecular indices (UMIs)
detected in each singlet shown in (A). (C) Number of cells assigned to each sgRNA in the
library. sgRNAs targeting genes with <100 assigned cells (right of dashed lines) in the
restimulated or resting conditions were removed from downstream analysis. (D) Heatmap of
differential expression of CRISPRa target genes in the Perturb-seq library. Points represent
differential expression of cells assigned to sgRNAs (x-axis) over no-target control cells for the
indicated genes’ expression (y-axis). (E) UMAP projection of all cells colored by resting or
restimulated conditions. (F) Contour density plots of cells assigned to indicated donors in UMAP
space. (G) Distribution of CD4/CDS scores in both conditions. Dashed lines represent the cutoffs
for calling cells as CD4" or CD8". (H) Fraction of CD4*, CD8", or undefined cells for cells
assigned to each sgRNA target. The majority of undefined cells was due to no detection of either
CD4 or CD8A/CDSB transcripts.
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Fig. S18. Developing a T cell activation gene signature score. (A) Volcano plot showing
differential expression of genes in no-target sgRNA control cells between resting and
restimulated conditions. Top differentially expressed genes and manually selected commonly
used activation markers are indicated. Only genes with an absolute logz-fold change >0.25, and
detected in 10% of restimulated or resting cells are shown. Activation scores are weighted by
log>-fold change values shown here. (B) Violin plots showing the distributions of activation
scores CD4*, CD8", and undefined T cells in the restimulated condition. (C) Scatter plots of all
cells in the restimulated condition, comparing activation scores with expression of single
negative markers of activation (IL7R, CD52) and positive markers of activation (/L2RA, CD6Y,
IFNG, GZMB). Generalized additive models are shown in blue.
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Fig. S19. Differential expression of cytokine/effector genes by CRISPRa Perturb-seq. (A
and B) Pseudobulk differential expression analysis of cytokine/effector genes for cells assigned
to indicated sgRNAs, compared to no-target control cells for all T cells (A) or split by
CD4'/CD8" assignment (B) in the restimulated conditions. Only cytokine/effector genes with
substantial detection in the dataset were analyzed (detected in >20% of cells in at least 1 sgRNA
group). Only sgRNA targets with >=1 statistically significant (FDR<0.05) differentially
expressed cytokine gene are shown. (C) Percent of no-target control cells in the restimulated
condition with the indicated cytokine/effector gene transcript detected. Cytokine genes
(GO:0005125) with <1% of cells having a detected transcript are not shown. (D) Pseudobulk
differential expression of cytokine genes in resting condition in the same format as (B).
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Fig. S20. Unsupervised clustering of CRISPRa Perturb-seq T cells in resting condition. (A)
UMAP projection of post-quality control filtered resting T cells, colored by donor. (B)
Distribution of CD4" and CD8" T cells across resting T cell UMAP projection. Each bin is
colored by the average log>(CD4/CD8) transcript levels of cells in that bin. (C) Resting T cell
UMAP with cells colored by cluster. (D) Heatmap of differentially expressed marker genes in

25

St



Submitted Manuscript: Confidential
Template revised February 2021

each cluster. The top 50 statistically significant (FDR<0.05) differentially upregulated genes for
each cluster are shown, with genes that are upregulated in multiple clusters being given priority
to the cluster with the higher log> fold change for the given gene. The top marker genes by log-
fold change in each clusters’ section are listed to the right. Top overrepresented sgRNAs in each
cluster by odds ratio are listed to the next right (full data represented in G). Top differentially
upregulated cytokine genes in each cluster are listed to the next right. Mean cell log2(CD4/CDS)
cell transcript values in each cluster are shown on the far right. (E) Resting T cell UMAP with
the expression of indicated genes shown. (F) Contour density plots of resting cells assigned to
indicated sgRNA targets in UMAP space. The no-target control contour is shown in greyscale
underneath. “Perturbed Cells” represents all cells that did not receive a no-target control sgRNA.
(G) Heatmap of sgRNA target over/under-representation in clusters shown in Fig. 4G and fig.
S20C. Fisher's exact test with g-value multiple comparison correction. Only interactions with a
q<0.05 are shown.
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