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Abstract:Individual naive CD8 T cells activated in lymphoid organs differentiate into functionally
diverse and anatomically distributed T cell phylogenies in response to intracellular microbes. During
infections that resolve rapidly, including live viral vaccines', distinct effector (Ters) and memory (Twew)
cell populations develop that ensure long term immunity?. During chronic infections, responding cells

progressively become dysfunctional and “exhaust”®

. A diverse taxonomy of Tgrr, Tyvem and exhausted
(Tex) CD8 T cell populations is known, but the initial developmental basis of this phenotypic variation
remains unclear*’®. Here, we defined single-cell trgjectories and identified chromatin regulators that
establish antiviral CD8 T cell heterogeneity using unsupervised analyses of single-cell RNA dynamics™™
and an in vivo RNAi screen'. Activated naive cells differentiate linearly into uncommitted effector-
memory progenitor (EMP) cells, which initialy branch into an analogous manifold during either acute or
chronic infection. Disparate RNA velocities in single EMP cellsinitiate divergence into stem, circulating,
and tissue-resident memory lineages that generate diverse Tyem and Tex precursor states in specific
developmental orders. Interleukin-2 receptor (IL-2R) signals are essential for formation and
transcriptional heterogeneity of EMP cells, and promote trajectories toward Terr rather than Tgy States.
Nucleosome remodelers Smarcad and Chd7 differentially promote transcription that delineates divergent
Twmem lineages before cooperatively driving terminal Teee cell differentiation. Thus, the lineage
architecture is established by specific chromatin regulators that stabilize diverging transcription in
uncommitted progenitors.

Main Text:

To clarify the initial origins of T cell memory we generated longitudinal single-cell RNA-
sequencing (scRNA-seq) datasets and used unsupervised methods to map single-cell trgjectories that
developed from naive CD8 T cells specific for Lymphocytic choriomeningitis virus (LCMV) early after
infection of wildtype mice with strains that cause either an acute (Armstrong, LCMV ), Or chronic
(Clone 13, LCMV g15) infection (fig S1A-B) *°. On days and 8 post infection (pi), clonal TCR transgenic
P14 cells that had been adoptively transferred and endogenous polyclonal MHC-I tetramter-reactive CD8
T cells (GP33"), which both recognize the LCMV epitope GPs3 41 in MHC H-2D", were isolated from the
spleens of the same host mice, and libraries were generated in parallel with fresh naive CD8 T cdlls
purified from separate P14 mice. Individual naive cells are recruited into the response over the first ~ 3
days following primary infection °. Due to this asynchrony, we anticipated the time-series sampling

would encompass multiple developmental states that compose initial antiviral CD8 T cell ontogeny.

Dimensionality reduction and Louvain cluster extraction of cells was performed on al samples
simultaneously using similar numbers of randomly sampled cells from each experimenta group to limit
potential biological biases arising from changes in subset compositions at different time points, and the
data are represented in the two-dimensional PAGA initialized force-directed (FA) embedding (Fig 1A
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and fig S1B) 8. Partition-based graph abstraction (PAGA) inferred single-cell paths based on
correlations between clusters *, which were numbered according to pseudotime (P0-P10) to define a
potential developmental order (Fig 1A-B, Table S1). As expected, naive cells (P0) clustered apart from all
activated cells, which separated into multiple clusters (P1-P10) (Fig 1A and fig S1C-D) and the
pseudotime arrangement correctly predicted the actual time dependent emergence of cells in specific
clusters (naive, vs days 5 and 8 pi) (Fig 1C, S1C-D and Table S1). The distribution of P14 and GP33"
CD8 T cells among the clusters was similar in LCMV arm-infected mice (fig S1D and E). P14 cells
isolated from LCMV arm and LCMV ¢13 infected hosts were distributed in similar clusters on day 5 pi, but
contributed differentially to clusters on day 8 pi (Fig 1C and fig S2D and E). Cellular identities of the
clusters were imputed using gene set enrichment analysis (GSEA) and “subtractive” gene expression
signatures extracted from published bulk-RNA-seq data derived from phenotypically defined CD8 T cell
subsets % (Table S2, https://github.com/TCellResearchTeam/T_cell_signature Reference). All major
Terr, Tmem, Tex and naive cell signatures were strongly enriched (p-val <0.05, NES) in at least one
Louvain cluster (Fig 1D and fig S1 J-M), and demonstrated that cells corresponding to all mature Tgrr,
Tmem and Tex cell gene expression states arise within 8 days following acute or chronic LCMYV infection.
The PAGA-inferred paths between these states facilitated precisely defining developmentally regulated
gene expression at the single-cell level, which extends previous longitudinal studies of bulk populations

during acute infection 2.

Naive CD8 T cells differentiate along a linear path into common effector and memory progenitor
(EMP) cells

The unsupervised approach clarified the initial developmental relationship of Tyem, Terr, and Tex
cells in an ubiased fashion (Fig 1B). Naive cells (PO) were connected to cellsin cluster P2, via activated
intermediates (P1 cells, Fig 1E and Table S1). P2 cells were positively enriched with gene expression of
recent TCR stimulation (48h Act up, p = 0.004, NES = 2.1). P4 cells were negatively enriched with this
signature (fig S1K), and both GSEA and pseudotime indicated P4 cells were more developmentally
advanced than those in P2, and were therefore downstream (fig S1J, Best clusters 2, 8 and 10). Thus,
activated naive cells appeared to initially develop along alinear pathway into P2 cells.

Transcriptionally heterogeneous cell clusters on day 5 emerged from P2 cells, which strongly
expressed |12ra (encodes CD25/IL-2Rua, a subunit of the trimeric interleukin-2 receptor that initiates high-
affinity 1L-2 binding?®?®) and were positively enriched with signatures of both central memory (Tcw) and
naive cells, but not those of mature effector memory (Tey), memory stem (Tscu), resident memory (Trm)
or terminal effector (TE) cells (Fig 1D and fig S1L). P2 cells highly expressed a mixture of genes
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85 encoding TFs whose cognate motifs are enriched within cis-acting regions that gain de novo chromatin
86  accessibility during primary TCR stimulation (Runx3, Batf, Irf4, Prdml, Klf2), and that are essential for
87  both Teer and Tyem cell development®*?(fig S1G and H). In addition, genes encoding multiple regulatory
88  factors whose expression is highly differential in established mature TE/Tey (Tbx21, Zeb2, 1d2, Prdmd),
89  Towm/Tsom/Tex™™ (Tcf7, Zebl, Bach2, 1d3), Trw (Hmmr, Aurkb, Prdml) and Tex™™ (Tox, Lag3, Cd160)
90 populations®?’ were coordinately expressed at intermediate levels in P2 cells (fig S1G and H). These
91 “lineage-specific” genes were significantly upregulated or downregulated in cells from clusters at the
92  distal tips of the paths (P10, P7, P3 and P8) compared to P2 cells (Fig 1E, fig S1G and H and Table S1),
93  implying P2 cells promiscuously express regulatory factors that become progressively lineage-restricted.
94  Flow cytometry confirmed that activated naive cells exhibited uniform behavior while undergoing
95 extensive cell division, upregulating CD25 and maintaining expression of Ty cell attributes (CD27 and
96  Tcfl expression), before developing phenotypic features of more mature Tere cells (e.g., high Blimp1l-
97 YFP and KLRG1 expression) (Fig 1F). These divergent subsets emerged near the fina detectable cell
98 division from cells highly expressing both CD25 and the naive and Tcy-associated TF Tcfl (fig SiI).
99 Thus, naive cells initialy differentiate in a linear path into cells that manifest multilineage gene
100  expression, a hallmark of multipotency and cells undergoing lineage-choice **%. On this basis, we

101  classified cellsin cluster P2 as common effector/memory progenitor (EMP™) cells.
102

103 Disparate RNA velocities develop in individual EMP cells and initiate a branched manifold that
104  establishes Tyem and Tex cell diversity

105 Strong connections of EMP™ cells with clusters arranged immediately downstream implied the
106 initia branchpoints of four developmental paths (Fig 1B). To define the trgjectories of cells from each
107  cluster in the PAGA-inferred architecture, their future states were modeled using RNA velocity***? (Fig
108 2A). Nascent RNA expression precedes accumulation of their mature mRNAs by several hours, and RNA
109  veocity describes the rates at which cells are transitioning into new states based on the gene-wise ratios
110 in expression of nascent (i.e. unspliced) to mature (i.e., spliced) mMRNAs genome-wide. Streamline plots
111  after UMAP embedding of all samples from each infection depicted transition probability data derived
112  from the grid average RNA velocities between single-cell clusters (Fig 2A and fig S2A), and defined
113  future cell statesin the lineage architecture (Fig 2B and 2C fig S2A). Strongly divergent RNA velocities
114  in P2 and P5 cells confirmed they were developmenta roots in each infectious context (fig S2B). The
115 RNA veocities of signature genes associated with multiple distinct CD8 T cell states (e.g., naive and
116  Tsom célls: 1d3, Tcf7 and Sell; and TE cells: Prdmi, 1d2, Tbx21 and Zeb2) were all positivein EMP™ cells
117  during LCMV sy infection (Fig 2E, Table S5). This indicates that multilineage gene transcription in
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118  rapidly dividing EMP™ cells establishes the transition potential into diverse future cell states, prior to
119  developmental branching and mature lineage-specific mMRNA expression. Conversely, cellsin cluster P10
120  during LCMV 5, infection, and clusters P7 and P8 during LCMV 13 infection, lacked RNA velocities
121  into other clustersindicating they were terminal statesin the anaysis (fig S2C).

122 Trajectory 1 (T1: P2->P4->P9->P10) only formed in LCMVyrinfected mice and defined
123  formation of cells enriched with signatures of bulk Tgy cells (effector memory precursors, pTew™),
124  classica KLRG1'" CD127"° early effector cells (EE ™) and KLRG1" CD127"° terminal effector (TE) cells
125 (TE™) (Fig 2C-D, fig S1K and M). RNA velocity-derived transition probabilities indicated most EE™
126  cells proceed toward TE™™ cells (Fig 2B). Positive Thx21 RNA velocity was sustained and Zeb2 velocity
127  accelerated in EE™ cells, followed by increased expression of mature Thx21 and Zeb2 mRNAs in TE™®
128  cells, whose velocities continued to increase in TE™® cells***(Figs 2D-E and fig S2D and Table S5).
129  Thus, the initial developmental order of Tcre cells during acute LCMV infection is Tew to Tew to TE
130 cdlls.

131 Trajectory 2 (T2: P2>P5>P3) is likely a main source of Tgry precursor cells (pTrv'™) during
132 LCMVam infection, and exhausted progenitor 2 (Tex™ ™) cells® during LCMVgys infection. In
133  LCMVarinfected hosts, P5 cells were positively enriched with signatures of bulk KLRG1"CD127"
134  “double positive’ (DP) effector and Try cells, and were classified as DP™ cells (Fig 1D and fig S1K).
135 DP™ celsdiverged into pTry™ cells, pTem' cells, and cells enriched with the bulk signature of classical
136 KLRG1°CD127" memory precursor (MP) cells (MP™) (Figs 1B and 2A-C and fig S1K-L). Runx3-
137  dependent gene expression was positively enriched in DP™ and MP™ (fig S1K and S2F), consistent with
138  the requirement of Runx3 for development of these cell states™*, and divergence into pTry™ cells
139  correlated with increased expression of the reprsentative Try Signature gene Hmmr (Fig 2B-D, and fig
140  S1H). In LCMVs-infected hosts P5 cells were also enriched with signatures of DP and Try célls,
141  however, they were classified as Tex™ %™

142 of both Tex™% and Tex cells (Fig 1D and fig S1L-M). In addition, cluster P3 cells were enriched with
prog2-P3

cells because they were positively enriched with the signatures

143 both Try and Tex™°® signatures, and were classified as Tex prog2-PS

cells, but were distinct from Tex
144 cells because they lacked TCR-stimulated gene expression (fig S1K-L). The Tex signature was not
145  strongly enriched in either DP™ or pTry'° cells from LCMV am-infected mice, which confirmed their
146  distinction from homologous cells during chronic infection which were and that strongly expressed Tox*>

147 ¥ (Figs 1D and 2E, and fig SIM).

148 Trajectory 3 (T3: P2>P6>P8) explained initial development of intermediately exhausted (Tex™)
149  and terminally exhausted cells (Tex™®™) during LCMV 13 infection, and formation of classical MP cells
150  during LCMV o infection (Fig 2C). In LCMV amrinfected hosts, MP™ cells were enriched with MP and
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151  EE cell signatures and had transition potential into EE™ cells, providing an alternative conduit into the T1
152  trgectory (Fig 2A-C, fig S1IK-M), and demonstrated classica MP cells are most likely distinct from

NP6 o6l | s because

153  precursors of Tscyw (see below). P6 cells from LCMV ¢ 1s-infected were classified as Tex
154  they manifested signatures of both intermediately exhausted (Tex™) and Tex cells, and flowed directly
155 into cluster P8 cells (Fig 2A-D), which were designated Tex™™™ cells because they were strongly
156  enriched with the Tex™™ cell signature (Fig 1D, fig SIM) and highly expressed Tox, Pdcd1 and Lag3 (Fig
157 1E and G). Thus, Tex™ cells are related to classical MP cells, but exhibit altered transition probabilities
158 into terminal states and fail to establish the Tcrc lineage during LCMV ¢ 13 infection (Fig 2B-D and fig

159  S20).

160 Trajectory 4 (T4: P2> P7) defined formation of precursors of Tscow-like cells during acute
161  (Tsew') or chronic (Tex™@F) LCMV infection (Fig 2C). Tsow'” cells from LCMV - infected hosts
162  were positively enriched with Tscy and Tew cell signatures, and were strongly connected to pTey™ and
163 EE™cdlls (Fig 1D and fig S13-K). Both Tscw'” and pTew™ cells exhibited strong Thx21 RNA velocity,
164  suggesting they both manifest transition potential into Thx21 expressing states. Consistent with this, cells
165 in both clusters exhibited strong transition probabilities into EE™ cells, indicating that Tscy precursors
166  during LCMV am infection are poised with Teer cell potential. In contrast, although Tex™%"" cells from
167 LCMVs-infected hosts were positively enriched with the Tsqy signature, they exhibited reduced Thx21
168  RNA velocity (Table S5), and lacked transition probability into EE™ cells (Fig 2B). In addition, Tex™ "’
169  cells appeared to derive from EMP™?®® cdlls initially, but their strong accumulation by day 8 pi
170  correlated with retrograde transition potentials from all downstream Tex cell clusters except Te™ %™
171  cells, whereas during LCMV o infection, Tsow™” cells derived predominantly from EMP™ cells (Fig 2B-
172 D). Moreover, Tex™ " cells more strongly induced Tcf7 (Fig 2D), highly expressed Lag3, Pdcdl, Tox,
173 Tox2 and Bcl6, were positively enriched with the specific Tex cell signature and were enriched with
174  terminal states (Fig 1D and figs S1H, M and S2C). Thus, the precursors of Tscy cell states during acute

175 and chronic infections have different origins and distinct developmental potentials.
176  1L-2R-dependent transcription establishes EM P cells and transcriptional heter ogeneity

177 The most dynamic genes drive the RNA velocity vector field "2, Those encoding TFs, CRFs,
178  and surface receptors (SRs) during transitions between clusters were identified as potential drivers that
179  compose the antiviral CD8 T cell architecture (Fig 2C and fig S2D-E, Table $4). Strong I12ra dynamics
180 and its transiently high expression in EMP™ cells indicated IL-2R-dependent signals might promote
181  multilineage potential (Fig 3A and B). To define the role of 112ra functionally, single cell trgjectories
182  wereinferred after ScCRNA-seq analysis of wildtype and 112ra-deficient P14 (P14 l12ra’) CD8 T cells 6
183  days after LCMV am infection (Fig 3C and D, as described fig S1B). This second anaysis confirmed the
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184  origina lineage architecture during LCMV 4, infection (Fig 3C and refer to Fig 1A). Louvain clusters
185 fromthell2ra analysis (designated “ Exp-l12ra’) closely matched most clusters identified on days 5 and 8
186 piinthe origina analyses (Fig 3D and refer to Fig 1). PAGA-inferred connectivity and RNA velocities
187  implied analogous intracluster transition probabilities (Fig 3C and E), and analogous single cell behavior
188  of wildtype P14 cells in both the original and Exp-112ra analyses emphasized that the inferred lineage
189  architectureisbiologically robust.

190 P14 I12ra” CD8 T cells distributed within the trajectories aberrantly compared to WT P14 cells.
191 P14 l12ra” cells amost entirely composed cluster Exp-112ra’™ compared to wildtype P14 cells indicating
192  they arrested before transition into EMP™ cells (Exp-112ra™) (Fig 3F and fig S3E, p-value 1.35 x 107).
193  Exp-ll2ra™ cells were activated (data not shown), but lacked RNA velocity into future states indicating
194  they were terminal (fig S3D). Strong differenital expression between Exp-l12ra™ and Exp-l12ra™ cells
195  confirmed ll2rawas essential for transition into EMP™ cells (Fig 31). In addition, differential expression
196  between wildtype and 112ra” P14 cells in cluster Exp-112ra™ confirmed IL-2 signaling was required for
197 EMPcell formation (fig S3G). This required |L-2R-dependent transcription, because genes whose nascent
198 RNA expression required 112ra for upregulation after TCR stimulation (WT*" > WT"™"¢ padj < 0.05)
199  were positively enriched with those upregulated as Exp-112ra™ transitioned into Exp-112ra™ cells (fig
200  S3K, NES = 1.26, pvalue = 0.04), whereas genes that required |12ra for downregulation (WT*" > [12ra”
201 " padj < 0.05) were positively enriched with those downregulated in this transition (fig S3K, NES = -
202  1.16, pvalue = 0.05). Thus, IL-2R-dependent transcription in vivo is essential for gene expression that
203  drivesactivated naive cells to become EMP™ cells.

204 Development beyond the EMP™ cell state aso required IL-2R signals. The transition
205  probabilities of P14 l12ra” cells into other clusters were substantially altered (Fig 3E). I12ra” cells in
206  cluster Exp-l12ra™ lacked transition potential (Fig 3E). Those from cluster Exp-112ra™ did not manifest
207  velocity into Exp-112ra™ (Tgu) cells, and those in Exp-112ra™ were vectored backward into cluster Exp-
208 ll2ra™ (Fig 3E). Consistent with this, P14 Il12ra’ cells were depleted from cluster Exp-112ra”™ cells
209  (pTrw™ analog) (Fig 3F and fig S3E, p-value 0.057), and those that did accumulate in that cluster were
210  negatively enriched with the Try-signature compared to wildtype P14 Exp-112ra™ cells (fig S3F). Thus,
211 l12ra” P14 cells that bypassed the initia developmental block inefficiently formed putative Tgrw
212  precursors. In addition, 112ra” cells in cluster Exp-112ra™ manifested retrograde vectors into Exp-112ra™
213 (Tsowm) célls, unlike wildtype P14 cells (Fig 3E), which correlated with increased P14 l12ra” cell
214  representation in cluster Exp-112ra™ (Tsew” analogs) (Fig 3F and fig S3E, p-value 0.00042). Furthermore,
215 ll2ra-deficient cells inefficiently repressed Tscy Signature genes after TCR stimulation (fig S3J). These
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216  results demonstrate that IL-2R signals promote divergent transcription in EMP cells that establishes
217  trgectoriesinto branching Tyem cell lineages.

218 The bias of EMP-like 112ra’ cells toward Tscy-like states and their reduced contribution to other
219  Tuem precursor states during acute infection prompted examining 1L-2R-regulated genes in EMP™ cells
220  from LCMVgs-infected mice. EMP™ cells during LCMV ¢35 infection less highly expressed |L-2R-Stat5
221  induced genes (Batf3, Ccr5, Gzmb, Chd7 see below) that promote formation of protective Terr and Tyem
222  cels (fig. S3L). The IL-2R-repressed gene signature was enriched with genes whose RNA velocity was
223  greater in EMP™ cells from LCMV¢s-infected mice (fig S3M). Moreover, in LCMV 3 infection,
224 Tex™™7 cells upregulated the IL-2R-repressed gene signature compared to EMP™ cells; whereas this
225  signature was not upregulated as EMP™ transitioned to Tscw” cells during LCMV am infection (fig S3M).
226  Thus, regulation of 1L-2R-dependent genes appear to bias the future states of EMP™ cells during acute

227  and chronic infection.
228

229 Differential utilization of CRFsestablishes antiviral CD8 T cell heter ogeneity

230 Chromatin structure in naive cells is remodeled during initial TCR and IL-2 stimulation and
231  becomes stably differential in distinct Tere, Tmem and Tex cell subsets®. To identify chromatin regulatory
232  factors (CRFs) that might control diverging transcriptional programs during Terr and Tyem cell formation
233  we screened a library of retrovirally delivered microRNA-embeded short hairpin RNAs (shRNAmMirs)
234  targeting nearly al murine CRF genes using a pooled approach in P14 CD8 T cells responding to
235 LCMVanm infection (fig SAA and B, Fig 5A and Table S7)'. Candidate CRFs were identified by
236  sequencing DNA libraries amplified from integrated shRNAmir proviral sequences in FACS-purified
237 CD8 T cell subsets and quantifying differential sShRNAmir representation (RNAi-induced effects) (fig
238 4B, https:/github.com/Y olanda-HT/HSAP). Genes with top RNAi-effects (25" percentiles) affecting in
239  vivo P14 cell accumulation (input vs output), maturation of KLRG1'® CD127° cells into all other
240 phenotypes (EE vs other), and the balance between TE and MP cells (KLRG1"CD127° vs
241 KLRG1°CD127™) were selected as potential candidates (Fig 4B-E and Table S7). Individual follow-up

242  experiments confirmed specific phenotypes of severa top candidates that were previously unknown,

243  including Prmt5, Carml, Tafl, MIl1 (manuscript in preparation) and multiple genes encoding factors in
244  Brgl-associated factor (BAF, mammalian SWI/SNF)* and chromodomian helicase and DNA-binding
245  (Chd) nucleosome remodeling complexes (Fig 4B-D). Thus, concerted activity of many CRFs
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246  differentially control formation of classicaly defined populations defined by KLRG1 and CD127

247  expression during acute viral infection.

248 We pursued Smarcad4 (Brgl) and Chd7 (Chd7), which encode ATPases of nucleosome
249  remodeling complexes that have essential roles in multipotent neural crest cells®, human development

4143 and thymic T cell development™. Their strong phenotype in the screen

250  and immune system function
251  and their dynamics in the single-cell trgjectory, both implied they could have essential functionsin EMP
252  cells. Depletion of either factor alone impaired formation of KLRG1" cells on day 5 pi, and increased the
253  fractions of KLRG1'® CD127"° EE-like cells by day 8 pi, which suggested both factors might promote
254  divergence into TE, DP or MP populations’ (Fig 5B). In addition, RNAi-effects in the primary screen
255 indicated Smarca4 and at least 4 additional BAF subunits (Aridla, Smarccl, Smarcel) were selectively
256  required for TE cell formation (Fig 4C). Four other BAF-subunits (Actl6b, Smarcc2, Smarcdl, and
257  Smarcd3) were preferentially required for MP formation (Fig 4C). Thus, distinct BAF-complex
258  assemblies might differentially bias TE and MP cell development®. To further confirm the role of Chd?7,
259  engineered Chd7 aleles™ were conditionally disrupted in mice using transgenic Cre expression in post-
260  thymic T cells (referred to as Chd7" dLck-Cre sfY FP). Similar to RNAi, Chd7 gene-disruption impaired
261  the frequency of KLRG1" cells 5 days after LCMV arm infection (fig S4C), and reduced formation of TE
262  cells while increasing frequencies of EE- and MP-like cells 8 days after infection, without strongly
263  affecting overall Tere cell numbers (Fig 4E). Thus, both BAF and Chd7 complexes are essentia for the

264  early phenotypic heterogeneity of Tere cells during acute infection.
265
266 Smarca4 and Chd7 arerequired for transcriptional heter ogeneity of EMP cells

267 Distinct RNA dynamics of Smarca4 and Chd7 in the tragjectory implied sequential early functions
268  during initial lineage divergence. Mature Smarca4 mRNA expression was greatest in EMP™ cells, before
269 Chd7 RNA velocity increased in EMP™, DP™ and MP™ cells (Fig 4G). Mature Chd7 transcripts were
270  upregulated in EE™ and TE™ cells (Fig 4G) and in bulk KLRG1" cells on day 5 of LCMV am infection?.
271  Chd7 transcription required I12ra during TCR stimulation (Fig 3K). These data are consistent with
272 Smarcad and Chd7 functioning in an IL-2R-dependent transctiptional network. To examine this
273  possibility, P14 cells depleted of either Smarca4 or Chd7 were analyzed by RNA-seq 5 days after
274  LCMVam infection. Smarcad was required to downregulate genes that are repressed by IL-2R (day 6),
275  and to repress both the Tscw and Tcf7-promoted gene expression signatures 240447 (Fig 4H), whereas
276  Chd7 was required for activation of genes that require IL-2R for expression at later times (day 10)* (Fig
277  4H). In addition, both factors were necessary for promoting gene expression activated by the TF Runx3

278  and repressing gene expression promoted by the TF Tox (Fig 4H). Thus, |IL-2R-dependent transcriptional
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279  heterogeneity that developsin EMP cells early during acute infection required both Smarca4 and Chd7. In
280  addition, the distinct requirements of each factor indicated they differentially promote transcription that
281  drivesdivergence between T1 (pTew), T2 (MP) and T4 (pTscu) trajectories.

282 Smarca4 and Chd7 stabilized transcription that drives formation of the T1 trajectory. Smarcas-
283  depleted P14 cells on day 5 pi expressed significantly less Bhihe40, Chd7, Gzma, Med12l, Runx3, Tbx21
284  and Zeb2 (Fig 41, left); Chd7-depleted cells expressed significantly less Gzma, 1112rb2, 1118rap, Med12l
285 and Zeb2, while expression of Bhlhe40, Batf3, and Thx21 trended lower (Fig 4l, right). In P14 cells
286  depleted of Chd7, T-bet protein expression and TE cell formation was more strongly impaired during
287  LMgpgs infection than during LCMV 4, infection, consistent with grossly impaired 1112rb2 expression
288 (Fig 4l, right), and the increased IL-12 concentrations during LM infection compared to LCMV
289 infection®** (Fig 6J-K and data not shown). Complementation of Smarca4 or Chd7 depleted P14 cells
290  with retrovirally expressed Thx21 restored the normal pattern of TE and MP in each case (fig 4D and E),
291 indicating they each promote Tgy and TE differentiation by ensuring Thx21 expression. However,
292  enforced T-bet expression in the absence of Chd7 did not resuce defective Gzmb expression, indicating
293  that Chd7 is broadly required for cytolytic effector cell programming (data not shown). Because atered
294  gene expression in the absence of Smarca4 and Chd7 is manifest on day 5 pi, prior to EE™ cell formation,
295  these results demonstrate that both CRFs are necessary to establish Terr gene expression prior to when

296  cellswith these phenotypes manifest.
297
298 Chd7isessential for Tyew cell lineage branching

299 P14 cells depleted of Chd7 during LCMVam infection were positively enriched with gene
300 expression signatures of DP™ and MP™ cells on day 5 pi, which correlated with increased frequencies of
301  EE and MP-phenotype cells in Chd7"™ dLck-Cre sfY FP mice 8 days after LCMV o infection (Fig 4F).
302  Thus, cells lacking Chd7 appeared to arrest at the point where EMP™ cells undergo branching into MP™
303  and EE™ cells, well before maturation of TE™° cells, which brought into question whether they correctly
304  stabilized the specific gene expression programs related to each of these flow cytometry phenotypes. To
305  examine thisdirectly, LCMV-specific CD8 T cells from Chd7"* and Chd7"™ dLck-Cre" sfY FP" mice that
306 exhibited MP, EE, DP and TE cell phenotypes 8 days after LCMV am, infection were FACS-purified and
307  analyzed using RNA-seq. Multidimensional scaling showed these populations from wildtype mice were
308  separated from each other, whereas those from Chd7-deficient mice grouped (Fig 4L), indicating that
309 gene expression states which diverged in wildtype Tere subsets did not strongly diverge in the Chd7-
310 deficient populations. Consistent with this interpretation, pairwise analysis showed that compared to
311  wildtype cells, Chd7-deficient TE-phenotypic cells less strongly expressed genes encoding factors
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312  characteristic of TE cells (Zeb2, Med12l, 1118rap, 1112rb2), and Chd7-deficient EE- or MP-phenotypic
313  cells less highly expressed genes that promote MP cell development and formation of long-lived Tyem
314  cels (Tcf7, 1d3, Tox, and Ccr7) (Fig 4M). These results demonstrate that Chd7 is necessary to stabilize
315  divergent transcriptional programs that differentiates circulating Tyem lineage branches and maturing cell

316  states, and promotes terminal Terr maturation.
317
318 Discussion

319 Our study resolves the initial stages of antiviral CD8 T cell ontogenesis. The architecture
320 indicates naive cells differentiate into common EMP cells which diverge along distinct trajectories that
321  develop gene expression states within the first week of acute or chronic vira infection that match all
322  major Terr, Tuem and Tex cell populations found at later times. Additional developmental paths to cells
323  that were not sampled in this analysis could exist (e.g., cells from other tissues)**°. Variable RNA
324  velocities that develop in EMP cells indicates that diverging transcription initiates the branching
325 trajectories before strong differential expression of lineage-specific regulators is established. IL-2R
326  signals were required for EMP cell development and their transcriptional heterogeneity, and altered IL-
327  2R-dependent transcription in EMP cells during chronic infection correlated with development of Tex cell
328  states. Because |l2ra is regulated by IL-2 stimulation and was dynamic during EMP cell formation and
329  divergence, these results suggest variable IL-2 stimulation contributes to initial lineage bias of cellsin the
330  population.

331 We provide evidence that diverse Tyew cell types most likely arise from divergent precursor cell
332  states derived from distinct lineages early in the response. The nucleosome remodeler Smarca4 was
333  necessary for gene expression that initially separates Tsqy and Tey precursor states; Chd7 functioned | ater
334  to mature classica MP cells; and, both factors cooperatively promoted TE cell differentiation. These
335  results provide evidence that diverging transcriptional statesin EMP cells are stabilized by specific CRFs,
336 and implies that chromatin remodeling reinforces initial lineage biases and establishes the branching
337  architecture. Thus, differential chromatin remodeling in divergent Tyem cell precursor lineages might
338  explain the preferential interconversion potentials of distinct mature Tyew cell populations™*, and
339 resistance of Tex cells to chromatin-level reprogramming®®*. The developmental architecture, stepwise
340 transcriptional dynamics and CRF atlas described here suggests many factors with spatiotemporally
341  resolved functions and might suggest strategies for engineering Tyem CD8 T cell formation.
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342  Methods
343 Mice
344 Wildtype 6-8 week old C57BL/6J mice were used as recipients for adoptive transfer experiments

345  and were purchased from the Jackson Laboratory. P14 Thyl.1" mice were a gift from Dr. Rafi Ahmed
346  (Emory University). P14 Thyl.1" Thyl.2" mice were generated by crossing P14 Thyl.1" mice with
347  wildtype C57BL/6J mice. P14 Thyl.1" l12ra’ mice were generated by crossing 112ra’ mice (purchased
348  from Jackson Laboratory) with P14 Thyl.1* mice. Chd7"™ mice were a gift from Dr. Donna M. Martin
349  (University of Michigan) *, and were crossed with Rosa26-EYFP and dLck-Cre (maintained
350 heterozygous) transgenic mice. All mice were maintained in specific-pathogen free facilities and used

351  according to protocols approved by the Ingtitutional Animal Care and Use Committee of TSRI-FL.
352
353 T cdl activation, adoptive transfer and infections

354 Naive P14 CD8" T cells from wildtype mice were isolated by negative selection (EasySep™,
355  Stemcell Technologies). Naive P14 Thyl.1" ll2ra” cells were isolated from 4-5 week old mice by
356  depleting CD44" cells (Biolegend biotin anti-mouse/human CD44, clone IM7, 2ul per spleen). For I12ra”
357  single cell experiment, cells were further sorted for CD44'° with FACS. Purified naive P14 CD8' T cells
358  were resuspended in serum free DMEM and transferred by retro-orbital injection. For scRNA-seq
359  experiments during acute and chronic LCMV infection, 2x10* naive P14 CD8" T cells were transferred
360 per recipient mouse. For I12ra” single cell experiment, 2.4x10° naive P14 CD8" T cells were transferred
361  per recipient mouse (Thy1.1" [12ra’ to Thy1.1* Thy1.2" ratio = 2:1). For retroviral transduction, purified
362 naive CD8' T cells were activated with anti-CD3 and anti-CD28, retrovirus was packaged and cells were
363  transduced as described % with the following modifications. Naive CD8 T cells were activated for 16-18
364  hours, transduced for 4 hours with retroviral supernatants, and immediately transferred to naive 6-8 week
365 old C57BL/6J hosts. 50,000 cells were transferred to each host and were infected with 2x10° PFU of
366 LCMVam, or 500,000 cells were transferred and hosts were administered IP injection of 1.5x10° PFU of
367 LCMVgis, or 1x10* CFU of LMgpss. LCMVam, LCMVgis and LMgpss stocks were produced as
368  described %. Infections were administered ~1 hour after adoptive transfer of transduced T cells, or the
369 following day(s) after naive cell transfer. Virus stocks were stored at -80°C and thawed immediately
370  before dilution. IP injection of 2x10° PFU of LCMV am per mouse was used to initiate acute infection,

371  andretroorbital injection of 2x10° PFU LCMV g3 per mouse was used to initiate chronic infection.
372

373  Flow cytometry analysis and Sorting for single cell sequencing
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374 Single cell suspensions were prepared by disrupting spleen sections by pressing through 70pum
375 cél strainer in DMEM with 10% FBS. The splenocyte suspensions or heparnized periphera blood
376  collections were pelleted and red blood cells were lysed using ACK buffer. Cells were resuspended in
377  FACS buffer, stained for surface proteins and then fixed in 2-4% PFA and permeabilzed for intracellular
378  staining. Anti-mouse CD4 (RM4-5), CD8 (53-6.7), CD44 (IM7), CD62L (MEL-14), CD25 (3C7), CD127
379 (A7R34), KLRGL (2F/KLRG1), CD27 (LG.3A10), TCF-1 (S33-966), CX3CR1 (SA011F11) and were
380  purchased from Biolegend or BD Biosciences. Intracellular staining for TCF-1 was performed using the
381  Foxp3 transcription factor staining kit (eBioscience). For analysis of cells on days 3 or 4 of infection,
382  spleens were cut into 1-2mm pieces and digested with collagenase IV (100 U/mL, Worthington) and
383 DNasel (10 pg/mL, Sigma) in complete T cell media for 10 min at 37°C on a nutator, then disrupted over
384 a 70um cell strainer. For FACS isolation, CD8" T cells were initially enriched from total splenocyte
385  preparations by negative selection with anti-CD4, anti-CD19, anti-B220 and anti-TER119 and magnetic
386  streptavidin beads (Stemcell Technologies). Enriched cells were pre-stained with GP33-AF488 tetramer
387  (NIH tetramer facility) to label endogenous LCMV -specific CD8" T cells, followed by staining with CD8
388 (BV421), Thyl.1 (PE) and Thyl.2 (APC) to label donor P14 CD8" T cells and the cells were sorted using
389 aBD FACSAria™ Fusion.

390
391 Invivo Pooled RNAIi Screen

392 The RNAI screen was performed and analyzed as shown in fig S4A-B and as previously
393  described  with the following modifications and details. Naive P14 CD8 T cells were activated for 18
394  hours using plate bound anti-CD3 and soluble anti-CD28 and transduced for 4 hours in 96 well plates
395  before cells from al wells were pooled. Immediately after pooling (~24hrs post activation) aliguots of
396 500,000 cells were transferred into multiple naive host mice that were rested for ~1 hour after receiving
397  cells before inoculation with 1.5x10° PFU LCMV g3 per mouse, which induces an acute infection in this
398  setting'®. Two entire biological replicates of the screen were performed and used for compuationat
399 analysis, and each replicate was screened in three pools. Each pool of shRNAmirs targeting CRFs was
400  generated from ~500 shRNAmirs shRNAmirs which also included a common set of control sShRNAmirs.
401  Each pool was analyzed in 10 recipient mice to maintain 50-100-fold theoretical representation of each
402  shRNAmir after engraftment. For input samples, ~8x10° transduced cells were FACS-purified 48 hours
403  after transduction. Eight days following infection, 3-8x10° cells from each KLRG1/CD127 gate were
404  recovered by FACS from the spleens of infected mice. Genomic DNA was purified from each sample and
405 used as PCR template to generate libraries for high-throughput sequencing as described **. Sequencing
406 reads are mapped to library fasta file containing shRNA sequence information with custom blast pipeline.
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407 Raw read counts for each shRNA are normalized to total counts, and quantiles of each shRNA were
408 calculated with negative binomia distribution. To calculate the effect size of shRNA in different cell
409  population, the difference between quantilesin different cell population (quantile shift) was calculated for
410 individual shNRAs. To sum up the effect of each gene, the quantile shift for all shRNAs towards each
411 gene were converted to Z-scores, which were averaged and adjusted by p-value (to account for the
412  consistency of effect) to generate the adjsusted Z-Scores for ranking (fig $4B).

413
414  Nascent RNA-seq analysis

415 For nascent RNA-seq of in vitro activated CD8 T cells, chromatin-associated RNA was prepared
416  and total RNA-seq libraries were prepared and sequenced as described . Pair end fastq reads were
417  trimmed with “trim_galore --paired --length 24 --stringency 3”. Trimmed fastq reads were aligned to
418 GRCm38 genome with bowtie? with parameters “-p 16 -X 2000 --fr” *’. Forward and reverse strand reads
419  were separated with samtools *°. Reads per transcript were counted with subread featureCounts *. Counts
420 from forward and reverse strands were merged with custom python script. Differential analysis was
421  performed with DEseqg2 ®.

422

423  Single cell RNA-seq library generation, sequencing and analysis

424 To prepare barcoded scRNA-seq libriaries from multiple libraries, anti-mouse mouse MHC H-2
425  hashtag antibodies (Biolegend TotalSeq™) were used to label separate FACS-purified subsets which
426  were washed, counted and pooled to final concentration of ~1,600 cells/ul. A total of ~50,000 cells were
427  loaded into one lane of the single cell A chip kit (P/N 1000009). Single-cell gel beads in emulsion (GEM)
428  were generated using the 10X Chromium single cell controller (10X Genomics, Pleasanton, CA). Single-
429  cell GEM’s and sequencing libraries were generated using the Single-cell 3’ library and gel bead kit V2
430 (P/N 120267) according to manufacturer recommendations. The fina library size distributions and
431 amounts were assessed using bioanalyzer analysis and further quantified with the NEBNext library
432  quantification kit (P/N E7630). The cDNA and HTO libraries were pooled 10:1 and sequenced to a depth
433  of 50,000 reads per cell for the cDNA and 2,000 reads per cell for the HTO library. Libraries were
434  seguenced on the Illumina NovaSeq with the following 10X read format; Read 1 25bp, index i7 8bp, and
435 Read 2 98bp. Around 500 - 1500 million reads were generated per experiment, yielding 60-90%
436  sequencing saturation and around 1500-3000 median genes per cell after alignment. For hashtag library
437  seguences, 60-75% antibody reads were mapped to cells (usable), yielding around 3000-6000 usable
438  antibody reads per cell.
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439 Cellranger 3.0 was used for fastq generation (cellranger mkfastg) and counting (cellranger count).
440  Standard quality filtering was performed with Scanpy to remove genes expressed in less than 3 cells,
441  doublets or low read cells (with gene / count per cell cutoff), and cells with high mitochondria count
442  percentage ®. Demultiplexing of Biolegend hashtags was performed with a custom python script to
443  exclude doublets and dropouts. After quality filtering, reads were normalized to 10,000 per cell and
444  logarithmized. Highly variable genes were identified with scanpy.pp.highly variable genes and selected.
445  Count matrices were then regressed and scaled with scanpy.pp.regress out and scanpy.pp.scale. Force-
446  directed embedding was generated after PCA (scanpy.tl.pca) and UMAP based nearest neighbor analysis
447  (scanpy.pp.neighbors). Louvain cluster extraction (scanpy.tl.louvain) was performed on force-directed
448  embedding and the extracted clusters were analyzed with PAGA (scanpy.pl.paga) for cluster correlations
449 8B For velocity-based analysis, Velocyto was used to generate spliced / unspliced count matrix *2. The
450  resulting matrix was processed in scVelo for velocity analysis **. For correlation of independent scRNA-
451  seg experiments, Harmonypy was used for batch effect removal on normalized and scaled count matrices
452  of experiments ®2. Dimensionality reduction was performed on batch effect removed matrices with PCA,
453  followed by UMAP projection.

454
455  ChlIP-seq analysis

456 Raw fastq files of ChlP-seq experiments were downloaded from GEO with SRA-Tools fastg-
457  dump. Trimming of fastq files were performed with trim_galore. Trimpped reads were aligned to
458  GRCm38 genome with bowtie2 *’. Aligned sam file were sorted and filtered for PCR duplicates with
459  samtools. Blacklisted regions were filtered with bedtools ®%. Pesks were called with MACS2 and
460  annotated with R package ChlPSeeker . All analytical codes for ChiP-seq are published on Github:
461  https://github.com/TCellResearchTeam/T_Cell ChIP. Visualization of ChIP data is accessible on UCSC
462  Track Hub: T _cell ATAC_ChIP_Pipkin.

463
464 GSEA

465 GSEA was performed with R package clusterProfiler ?°. GSEA signatures were downloaded or
466  generated from published datasets available from GEO database. All signatures and description are
467  available on https:/github.com/TCellResearchTeam/T_cell_signature Reference.
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635 Figurel. Naive CD8T cellsdifferentiatealong a linear path into common effector and memory
636  progenitor (EMP) cells.

637 (A) PAGA initialized force-directed (FA) embedding based on individual cell gene expression profile,
638  each dot represent one cell. PAGA connectivity analysis was performed on indicated clusters PO-P10.
639 Clusters were extracted by Louvain method based on neighborhood graph. Neighborhood graph was
640 caculated with UMAP agorithm.

641 (B) Top: PAGA connectivity graph, each node represent one cluster, node sizes represent relative cell
642  number of cluster, edge widths represent relative PAGA connectivity score. Bottom: heatmap of PAGA
643  connectivity score between clusters.

644 (C) PAGA initialized FA embedding, coloring cells based on origin: day5 /day8, naive (grey) / LCMV arm
645  (purple) / LCMV 13 (orange).

646 (D) GSEA of selected signatures for Louvain clusters, separating LCMV arm / LCMV qj13. GSEA analysis
647  performed on mean of normalized gene expression per cluster. NES represented by color, -log10(padj)
648  represented by dot size. Labels of clustersinferred by GSEA result. (See also fig S1 JM)

649 (E) Mean of scaled expression, showing top signature genes of Louvain clusters. Signature genes were
650  selected based on multiple differential analysis (Wilcoxon rank sum test, t-test, t-test over estimated

651  variances) of cellswithin each cluster v.s. all others, with adjusted p-adj cutoff 0.05 (intersection of all
652  tests) and absolute log2 fold change cutoff 1. Chromatin remodeling factors, transcription factors and
653  surface proteins were selected from the genes that meet the statistical cutoffs for creating the signature
654  genelists. (See also Table S1). Top 10 signature genes ranked by t-test scores are represented in heatmap.
655  (F) Expression of cell surface markersby CTV determined by flow cytometry. 50,000 P14 CD8 T cells
656  weretransferred per recipient mice which were given LCMV arm. Naive cells (grey) and cells from day3
657  (blue) / day4 (purple) post infection are represented in plots.

658 (G) Raw expression (logrithmized and normalized) of selected genes.

659

660 Figure 2. Disparate RNA velocities develop in individual EMP cellsand initiate a branched

661 manifold that establishes Tyew and Tex cell diversity.

662 (A) Stream plot of velocity embedded on PAGA initialized single cell projection, separating LCMV arm /
663 LCMV¢3(including naive cellsin both conditions).

664  (B) Transition probability heatmap between clusters estimated by scVelo, separating LCMV arm /

665 LCMV 3. Color represent transition probability from row cluster to column cluster.

666 (C) Inferred LCMV arm / LCMV 13 developmental rajectory by PAGA connectivity analysis, scVelo
667 transition probability, pseudo-time (see Table S1) and real time.
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668 (D) Spliced transcript abundance (Ms) of representative genes for each of the four inferred trajectory in
669 LCMVam/LCMV¢s.

670 (E) Single cell velocity of selected driver genes, separating LCMV arm / LCMV ¢13. Potential driver genes
671 wereidentified by combining top likelihood genes from analysis of all cells or multiple pairs of clusters
672  with transitioning potential. Transcription factors, chromatin remodelers and surface receptors were

673  selected within the identified likelihood genes (See Table S3).

674

675 Figure3: IL-2R-dependent transcription establishes EMP cellsand transcriptional heter ogeneity.
676  (A) Heatmap of spliced transcript abundance of EMP™ signature driver genes. EMP™ common driver
677  geneswere defined as intersection between driver genes with likelihood > 0.25 in: all cells, P2-P4, P2-P5
678 and P2-P7 (Table S3) P2 signature driver genes were defined as intersection between P2 signature genes
679 (described in Fig 1E and Table S1) and EMP™ common driver genes.

680 (B) Single cell normalized I12ra transcript abundance, spliced (Ms) / unspliced (Mu).

681 (C) PAGA initialized FA embedding based on single cell cell gene expression profile for Exp-112ra.

682  PAGA connectivity analysis was performed on indicated clusters. Clusters were extracted from UMAP
683  neighbor graph by Louvain method.

684 (D) Correlation of clusters between acute v.s. chronic single cell experiment and Exp-112ra. Correlation
685  represented by mean UMAP nearest neighbor graph scores between clusters from two experiments.

686 UMAP projection of single cells from two experiments generated by Harmony integrated normalized
687  count matrix from both experiment.

688  (E) Transition probability between clustersin activated WT and 112ra” cells. Left: al single cellsfrom
689  WT/Il2ra” samplesin PAGA projection. Right: transition probability heatmap.

690 (F) Percentage distribution in Louvain clusters for each cell type. Total percentage in al Louvain clusters
691 add up to 100% for each cell type.

692  (G) Signature gene heatmap for clusters (calculated for all cells, including naive, WT and l12ra™).

693  Method asdescribed in Fig 1E.

694  (H) Heatmap of log2 fold change of WT versus I12ra’ for selected differential genes. Genes were

695  selected from cluster signature gene list (described in Fig 2G). The genes with minimum expression of
696  0.0015in at least one cluster and with absolute log2fc >= 2 in at least one cluster (WT versus I12ra”)
697  wereused.

698 (1) Differentia analysis of transcript abundance comparing Exp-l12ra™ and Exp-l12ra™. X-axis represents
699 log2 fold change, and the y-axis represents -log10(pvalue). The horizontal line indicates pval = 0.05. The
700 vertical linesindicates absolute log2fc = 1. Try and Tscw Signature genes are highlighted in yellow and
701  greenrespectively.
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702  (J) Number of differential nascent transcripts (between WT and I12ra’) at different time points post
703  activation. Differential nascent transcript is determined by DESeq2 (padj < 0.05) .

704  (K) Differential analysis volcano plot of WT versus I12ra’ at 48 hours post activation. The x-axis
705  representslog2 fold change, and y-axis represents -log10(pvalue). The horizontal line indicates pval =
706  0.05. Thevertical linesindicates absolute log2fc = 1. Try and Tscwm Signature genes are highlighted in
707  yellow and green respectively.

708

709  Figure4: Differential utilization of CRFsestablishesantiviral CD8 T cell heter ogeneity.

710  (A) Pooled RNAI screen and analysis simplified schematic (detailed schematic in fig S4A-B).

711 (B-D) Ranked lists of adjusted RNA - effects for input versus output, MP versus TE, and EE versus

712  others. Red/ blue highlight genes that are top / bottom quarter in effect ranking.

713  (E-F) Experiment characterizing endogeneous CD8" T cells response to LCMV ar infection (day 8 pi), in
714  miceof Chd7"™ Chd7™, Chd7"* genotypes. (E) Tota activated CD8 T cell number in spleens. (F)

715  Representative flow cytometry plots showing CD127 and KLRGL staining, and summarized percentages
716  of cellsin each category.

717  (G) Smarcad4 and Chd7 velocity and spliced transcript abundance (Ms) in single cell projection, separating
718 LCMVam/ LCMV 3.

719  (H) GSEA of shChd7 versus shCd4 (control) and shBrgl versus shCd19 (control). Signatures: I1L-2

720  regulated signatures/ key CD8 transcription factor (TF) regulated signatures/ CD8 phenotype signatures /
721 Bestet. a. longitudinal expression dynamic gene signatures.

722 (1) Differential expression of selected genes. Heatmap showing log2 fold change of gene expression

723  comparing shChd7 versus shCd4 (control) or shBrgl versus shCd19 (control).

724  (JK) Comparison of T-bet expression and phenotype between shChd7 versus shCd4 (control) during

725 LCMVam or Listeriainfection. Top: representative and summarized T-bet MFl. Bottom: representative
726  flow cytometry plot showing CD127 and KLRGL1 staining.

727 (L) Multidimensional scaling plot showing similarity / dis-similarity of Chd7"" versus Chd7
728  different stages: naive/ 48h post activation / day8 sorted subsets.

+/+

cellsin

729 (M) Differential expression of selected genes. Heatmap showing log2 fold change of gene expression
730  between Chd7"" versus Chd7™" in day8 sorted subsets (TE, MP, EE).

731
732


https://doi.org/10.1101/2021.08.11.456014
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.11.456014; this version posted August 18, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766

available under aCC-BY-NC-ND 4.0 International license.

Figure S1. Unsupervised approach to define early developmental clusters of antiviral CD8 T cells
during actue and chronic viral infections at single cell level.

(A) Schematic of acute v.s. chronic single cell experiment. Donor naive P14 Thyl.1 CD8" T cellsfrom
were isolated and transferred into 4 groups of WT recipient mice at day -1. LCMV pm and LCMV 13
infections were given at either day 0 or day 3 for each group. P14 Thy1.1 donor CD8" T cells and GP33
Tetramer™ endogenous LCMV responding CD8" cells (Tet) were isolated at the same day for each group.
Cedllsof each different origin were hash-tagged and mixed for sScRNAseq in the same batch.

(B) Schematic of bioinformatic analysis pipeline of acute v.s. chronic single cell experiment. 10x outputs
were converted to fastq files and counted for transcript abundance with Céllranger 3.0. Basic quality filter
and normalization was performed with Scanpy. Biolegend hashtags were demultiplexed with custom
python script. Outliers were detected with DBSCAN (scikit-learn). Cells from each condition were
resampled to 750 — 1250 cells condition. Dimentionality reduction (PCA, UMAP, Force Atlas), clustering
(Louvain) and cluster connectivity analysis (PAGA) were performed with Scanpy functions. The count
matrix was also processed with Velocyto to separate spliced and unspliced transcripts for further velocity
associated analysis with scVelo.

(C) Stacked bar chart showing composition by different cell type for each Louvain cluster PO-P10. For
each cluster, total percentages of all cell types add up to 100%.

(D) Heatmap showing percentage distribution in Louvain clusters for each cell type. For each cell type,
total percentage in all Louvain clusters add up to 100%.

(E) Heatmap represents similarity between cell types based on distribution in Louvain clusters estimated
by bhattacharyya coefficient.

(F) Chi-square analysis of distribution of day 5 LCMV arm/ LCMV 13 P14 CD8' cell distribution in / out
cluster P2.

(G) Vidlin plots of raw expression (logrithmized and normalized) per cluster for selected phenotype
marker genes.

(H) See Fig 1E description: mean of scaled expression heatmap, top 10 genes ranked by t-test score
plotted. Left: al cells; middle and right: separating LCMV orm / LCMV ¢33

(1) Phenotype correl ation between CX3CR1 - CD27 and CD25 - TCF-1 of transferred P14 CD8" cell day
4 post LCMV infection (50k cells transferred).

(J) (K) (L) (M) GSEA of selected signatures for Louvain clusters, separating LCMV arm / LCMV 3.
GSEA analysis performed on mean of normalized gene expression per cluster. Colors of dots represent
NES, and sizes of dots represent -log10(padj) of signature enrichment. Best €t. el. signatures annotated
with longitudinal expression dynamics of genes in the clusters and grouped based on expression dynamics

(plot from original publication).
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767

768  Figure S2. Single cell RNA velocity and root / terminal score indicates P2 & P5 ar e developmental
769  roots.

770  (A) Single cell velocity vectors for each cluster.

771 (B)(C) Root / terminal score analysis, separating LCMV arm / LCMV ¢33 (not including naive cells). Top:
772  Root / terminal score of single cells, overlayed with grid velocity. Bottom: average root / terminal per
773  cluster.

774  (D)(E) Single cell spliced transcript abundance / unspliced transcript abundance for selected driver genes,
775  Separating LCMV am / LCMV 3.

776  (F) GSEA analysisof P14 Runx3” versus WT CD8 T cell gene expression, at day 5/ day 8 p.i. LCMV
777  infection. Positive NES scores indicate signature genes more highly expressed in Runx3” comparing with
778  WT; negative NES scores indicate signature genes more highly expressed in WT comparing with Runx3
779 "

780  FigureS3. IL-2 signaling contribute to EM P formation via transcription regulation
781  (A) Schematic of Exp-l12ra: l12ra” and WT P14 CD8" T cell cogenetic transfer and single cell

782  experiment.

783  (B) Left: PAGA connectivity graph, each node represent one cluster, node sizes represent rel ative cell
784  number of cluster, edge widths represent relative PAGA connectivity score. Middle: heatmap of PAGA
785  connectivity score between clusters. Right: Stacked bar chart showing composition by different cell type
786  for each Louvain clusters. For each cluster, total percentages of all cell types add up to 100%.

787  (C) Exp-ll2ra PAGA initialized FA embedding, highlighting cells of different origin.

788 (D) Termina score of l12ra’” single cellsin Exp-112ra.

789  (E) Chi-square analysis of cell type distribution in Exp-112ra. Top: Cell number distribution in activated
790  clustersin Exp-ll2ra™ or outside of Exp-l12ra™ for WT and | [12ra”". Bottom: Cell number distribution in
791  activated clusters except for P1, comparing WT and [12ra”.

792  (F) GSEA of Try genesignaturein Exp-112ra™ WT versus12ra™.

793  (G) Differential expression volcano plot of WT and I12ra” in Exp-112ra™. The x-axis represents log2 fold
794  change, and y-axis represents -log10(pvalue). The horizontal line indicates pval = 0.05. The vertical lines
795 indicates absolute log2fc = 1. TE signature genes marked in green.

796  (H) Schematic of 112ra’” and WT P14 CD8" T cell in vitro activation and nascent RNA-seq experiment.
797 (1) SeeFig 3H. Dark red and dark blue area represent number of genes genes that are expressed higher in
798  WT than ll12ra’ which are upregulated post activation (each time point versus naive), or genes expressed
799  lower in WT than I12ra” which are downregul ated post activation.
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(J) GSEA of Tscw Signature indicates that 112ra” express Tscw Signature genes at higher level than WT at
48h post activation.

(K) GSEA enrichment of 1L-2 promoted / repressed genesin Exp-112ra™(EMP) versus Exp-112ra™
(Arrested) differential genelist (signature genes selected from DEseg2 analysis of 48h post activation,
WT versus l12ra’” with cutoffs padj < 0.05, absolute log2 fold change > 1.2).

(L) Venn diagrams showing overlap between P2 LCMV arm and LCMV ¢33 differential genes (padj < 0.05)
and |L2-Stat5 promoted / repressed genes. Pie charts showing the percentage of Stat3 bound genesin the
intersection of LCMV arm and LCMV ¢33 differential genes and 1L2-Stat5 promoted / repressed genes.
|L2-Stat5 promoted genes: nascent transcript abundance WT > 112ra’ and WT 48h > WT 6h (DESeq2,
pvalue <= 0.05), intersected with genes that are bound by Stat5 *. |L2-Stat5 repressed genes: nascent
transcript abundance WT < 112ra”” and WT 48h < WT 6h (DESeq2, pvalue <= 0.05), intersected with
genes that are bound by Stat5.

(M) GSEA enrichment of 1L2 repressed signature between LCMV arm and LCMV ¢33 differential velocity
genesin EMP™.

(N) GSEA enrichment of 48h | L2 repressed signature (described in fig S3K) in pTsew” versus EMP™,
separating LCMV ar and LCMV qjs3.

(O) Visualization of ChlP-seq, ATAC-seq and nascent RNA-seq tracks at 116st and Bcl6 regions.
Asterisks represent significant peaks (MACS2, g-value < 0.01).

Figure S4. Identification and functional analysis of CRFsthat isrequired for CD8" T cell lineage
formation
(A) Experimental setup of CRF RNAI screen (See M ethods).

(B) Bioinformatic analysis pipeline of CRF RNAI screen (See M ethods).

(C) Flow cytometry at day5 pi showing KLRG1" population in Chd7"™ is reduced comparing with
Chd7""* .

(D)(E) Flow cytometry of transduced and transferred P14 CD8 T cells post LCMV amy, infection. CD8 T
cells were simultaneously transduced with a combination of retroviral vectors containing shCd4
(Ametrine, control) and empty vector (GFP, control), or acombination of retroviral vectors containing
shSmarca4 / shChd7 (Ametrine) and T-bet cDNA (GFP). Phenotypes of RNAi and T-bet overexpression
were accessed by flow cytometry at day8 pi.

(F(G)(H) Ranked lists of adjusted RNA - effects for input versus output, MP versus TE, and EE versus
others (as described in fig 5B-D), annotating genes from major CRF families.

(1) Six mgjor clusters of CRFs extracted from hierarchical clustering of CRFs based on RNAI effect

scores of 3 categories (MP v.s. TE, EE v.s. Other, Input v.s. Output) from screen.
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(J(K) Flow cytometry of splenic CD8" T cell phenotype day8 pi LCMV arm, comparing transferred P14
CD8™ T cellstransduced with shCd4(control) and multiple shRNAs against Carm1 and Prmt5.

(L) Flow cytometry of peripheral blood CD8" T cell phenotype day7 and day12 pi LCMV arm, cOMparing
congenially transferred P14 CD8 " T cells transduced with shCd19(control) and shTaf1.

Table S1.
Acute versus Chronic infection (LCMV s / LCMV 13) single cell experiment - clusters and cluster

signature genes

Table S2.
GSEA signatures

Table S3.
Acute versus Chronic infection (LCMV arm / LCMV ¢113) single cell experiment - differential expression
of genes between LCMV aorm and LCMV 13

Table $4.
Acute versus Chronic infection (LCMV s / LCMV ¢13) single cell experiment - scVelo likelihood genes

Table Sb.
Acute versus Chronic infection (LCMV s / LCMV ¢13) single cell experiment - spliced / unspliced

transcript abundance and velocity of likelihood genes

Table S6.

Exp-l12ra - clusters and cluster signature genes

Table S7.

RNAI screen of chromatin remodelers: shRNA sequences; scores of each gene in different comparisons
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