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Chimeric antigen receptor-modified T cell (CAR-T) immunotherapy has revo-
lutionised blood cancer treatment. Parsing the genetic underpinnings of T cell
quality and CAR-T efficacy is challenging. Transcriptomics inform CAR-T state,
but the nature of dynamic transcription during activation hinders identifica-
tion of transiently or minimally expressed genes, such as transcription factors,
and over-emphasises effector and metabolism genes. Here we explore whether
analyses of transcriptionally repressive and permissive histone methylation
marks describe CAR-T cell functional states and therapeutic potential beyond
transcriptomic analyses. Histone mark analyses improve identification of dif-
ferences between naive, central memory, and effector memory CD8 + T cell
subsets of human origin, and CAR-T derived from these subsets. We find
important differences between CAR-T manufactured from central memory
cells of healthy donors and of patients. By examining CAR-T products from a
clinical trial in lymphoma (NCT01865617), we find a novel association between
the activity of the transcription factor KLF7 with in vivo CAR-T accumulation in
patients and demonstrate that over-expression of KLF7 increases in vitro CAR-
T proliferation and IL-2 production. In conclusion, histone marks provide a
rich dataset for identification of functionally relevant genes not apparent by
transcriptomics.

In human blood, naive, central memory (CM) and effector memory
(EM) CD8 +T cells can be identified by distinct patterns of expression
of surface antigens such as CCR7, CD45RA and CD45RO. These subsets
differ in homing, proliferative and effector function, as well as in their
propensity to dysfunction, hence their utilities as starting T cell pro-
ducts for manufacturing adoptive cellular immunotherapy'. Chimeric

antigen receptor (CAR)-modified T cell (CAR-T) therapy is effective for
arange of haematologic malignancies®*. Being a “living drug” presents
the opportunity to identify genetic factors in precursor T cells and
CAR-T infusion products (IP) that predict product quality and patient
outcomes. Pre-clinical and clinical trial data highlight the importance
of the differentiation state of the T cell subset-of-origin from which
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CAR-T are manufactured. In immunodeficient, tumour-bearing xeno-
grafted mice treatment with human CAR-T manufactured from naive
or CM CD8+T cells improved survival when compared to CAR-T
manufactured from EM cells’. Furthermore, in clinical trials of CD19
CAR-T immunotherapies in adults and children, higher proportions of
CM and naive cells in apheresis products were associated with
improved persistence and efficacy®*.

Differentiation of T cell subsets is epigenetically programmed and
perpetuated in progeny cells by chromatin states and DNA
methylation’. T cell chromatin is dynamic, and during gene activation
transitions from a condensed, heterochromatin structure, including
trimethylation of lysine 27 of histone H3 (H3K27me3), to an active
chromatin structure marked by dimethylation of lysine 4 of histone H3
(H3K4me2). Histone marks are central to T cell biology. For example,
H3K27me3 marks repression of memory and pro-survival transcrip-
tions factors (TFs) in terminal effector cells®; and permissive H3K4me2
marks master TF regulators of effector T cell differentiation and
function®. To date, there have been no high-throughput, genome-wide,
detailed analyses of histone marks in human CAR-T.

Gene expression signatures arising from T cell activation during
CAR-T manufacturing engender stochastic, statistical transcriptional
noise that can obscure differential expression’. This limits the capacity
to use transcriptomics approaches to identify prognostic factors for
CAR-T therapy®. Furthermore, transcriptomic approaches typically
highlight effector and metabolism genes® while underemphasising low
or transiently expressed genes, like transcription factors, which are
crucial for cell potential and fate’. Sparsity inherent in single-cell
methods also limits the identification of cell fate-associated. The
limitations of transcriptomic approaches are even apparent in the
longitudinal tracking of T cell clonotypes™.

Complementary and orthogonal epigenomic approaches provide
a relatively narrow dynamic range that may address transcriptomic
limitations and thus provide novel insights into T cell and CAR-T
potential. Indeed, histone marks and analyses of open chromatin using
Assay for Transposase-Accessible Chromatin with Sequencing (ATAC-
Seq) better differentiate T cell subsets when compared to RNA-seq®'.
Recent work suggests that histone marks may better reflect stable,
inherited cell potential than open DNA as identified by ATAC-seq".
Chromatin ImmunoPrecipitation with Sequencing (ChIP-Seq) of pro-
tein bound DNA is the most widely employed method for analysis of
histone marks; however, it is limited by inter- and intra-experimental
variation, a low signal-to-noise ratio, low throughput and requirement
for large numbers of cells'. These experimental requirements are a
major impediment to assessment of limited clinical samples. In con-
trast, Cleavage Under Targets and Release Using Nuclease (CUT&RUN)
is a high throughput, low cost, high signal-to-noise ratio technology
that allows deep sequencing of DNA bound to histone marks with
relatively few cells and is less subject to methodological variation
compared to ChlIP-seq"”.

To understand factors contributing to the different capabilities of
distinct CAR-T IPs, we present paired analyses of the transcriptome
using RNA-seq with analyses of H3K4me2 and H3K27me3 marks using
CUT&RUN on human CD8 +T cell subsets and CAR-T manufactured
from these subsets. We show how supplementation of transcriptome
analyses with novel histone mark analyses improves the discriminative
capacity of differentially expressed genes and enables better identifi-
cation of T cell-fate determining genes in human T cell subsets. Fur-
thermore, we demonstrate that histone mark analyses distinguish
CAR-T derived from distinct T cell subsets from healthy donors and
lymphoma patients. This novel platform was used to identify an
association between a transcription factor, KLF7, and CAR-T pro-
liferation in vivo in lymphoma patients; and to show that in vitro
transgenic KLF7 overexpression is associated with an increased
CCR7 +/CD45RA- phenotype and IL-2 production. These data
demonstrate that histone mark analyses provide deep insights into the

potential of T cell subsets and CAR-T immunotherapy products and
define further avenues for the creation of next generation CAR-T cell
products.

Results

High dimensional analyses of histone marks distinguish distinct
human CDS8 + T cell subsets

We set out to compare transcriptomic and epigenomic differencesin T
cell precursors and CAR-T products that might govern therapeutic
potential. CD8 + T cells were sorted from healthy donors (HD) into
CD62L+ CD45RA™ CD45RO- (naive immunophenotype), CD62L +
CD45RA- CD45RO+ (central memory immunophenotype; CM), and
CD62L- CD45RA- (effector memory immunophenotype; EM) subsets
(Supplementary Fig. 1A). The sorted naive, CM, and EM subsets were of
high purity and demonstrated expression of canonical immunophe-
notypic markers of naive, CM, and EM cells (Supplementary
Figs. 1B, C). To investigate the relationship of transcriptomic output
and histone marks in CD8 +T cell subset, we performed RNA-seq
analyses and CUT&RUN analyses of transcriptionally repressive
H3K27me3 and permissive H3K4me2 histone marks on each subset
(Supplementary Fig. 2). Quality check (QC) metrics were satisfied for
RNA-seq samples and data (6 HD, 3 T cell subsets/HD; Supplementary
Fig. 3) and CUT&RUN data (4 HD, 3 T cell subsets/HD; Supplementary
Fig. 4). Across donors, consistent distributions of up- and down-
regulated genes were observed (Supplementary Fig. 5) with differential
signals being unaffected by small variations (Supplementary Fig. 6),
indicating statistical robustness of these datasets. The high quality of
RNA-seq data was confirmed by the observed correlation between
genes differentially expressed in CM vs EM cells in our study with
recently published human CD8+T cell subset data (P=4.85x107",
odds ratio = 31.54 by Fisher’s exact test)”. We observed that H3K27me3
marks were mostly located within gene bodies and in intergenic
regions, whereas a greater proportion of H3K4me2 marks were asso-
ciated with promoter regions (Supplementary Fig. 7A-B), confirming
the specificity of our CUT&RUN profiles. Genomic tracks coding for
TFs that have been typically associated with naive and CM subsets were
marked by low H3K27me3 in naive and CM subsets and low H3K4me2
in EM subsets; and vice-versa for TFs that have been associated with
effector differentiation (Supplementary Fig. 8)'°"%°.

Next, a genome-wide peak calling strategy was implemented to
identify regions enriched for H3K27me3 and H3K4me2 marks. To allow
direct comparison of epigenomic and transcriptomic data, we focused
on gene units, assigning H3K27me3 and H3K4me2 marks within + 1kb
of the transcriptional start site (TSS) to an equivalent transcript, as
previously described (Fig. 1A)". In keeping with the transcriptionally
permissive and repressive nature of H3K4me2 and H3K27me3 marks,
respectively”, the most highly expressed genes had the highest pro-
portion of H3K4me2 marks and the lowest proportion of H3K27me3
marks within +1 kb of the TSS in each subset (Fig. 1A). When comparing
the numbers of genes statistically differentially expressed (DEx) by
RNA-seq or differentially enriched (DEn) by histone marks, larger dif-
ferences were seen between naive and EM subsets than between naive
and CM, and the smallest differences were observed between CM and
EM subsets (Fig. 1B, Supplementary Fig. 9 & Supplementary Data 1),
consistent with known relationships between these subsets'. When
comparing subsets, more DEn genes were identified by CUT&RUN than
DEx genes recognised by RNA-seq, including more DEn TFs between
subsets (Fig. 1B, C). Principal Component Analyses (PCA) and Uniform
Manifold Approximation and Projection (UMAP) more clearly dis-
tinguished T cell subsets using histone mark data compared to RNA-
seq data (Fig. 1D, E). These analyses demonstrate that, even when
comparing equivalent gene units, CUT&RUN profiling of the histone
modifications H3K4me2 and H3K27me3 detects a greater variance and
uncovers more differences between resting HD CD8 + T cell subsets
than RNA-seq.
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Genes marked by different combinations of H3K4me2 and
H3K27me3 exhibit different mean levels of transcript abun-
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dance in CD8 + T cell subsets
The greater distinction between CD8 + T cell subsets by histone marks
compared to RNA-seq led us to examine the associations between
histone marks and transcript abundance. We defined genes that were
positive and negative for H3K27me3 and H3K4me2 using a two-

component Gaussian mixture model to fit histone mark distribution
within +1kb of the TSS (Fig. 2A, B & Supplementary Fig. 10). This
approach allowed us to visualise the enrichment of histone marks
around the TSS and classify all genes as either H3K4me2 or H3K27me3
single-marked, bivalent, or unmarked (Fig. 2C). When integrated with
RNA-seq, most genes with abundant transcripts were marked with
H3K4me2 and not H3K27me3, as expected (Fig. 2D). However,
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Fig. 1| Epigenomic analyses highlight greater differences between CD8 + T cell
subsets than transcriptomic approaches. A Histogram (top row) of average log-
normalised count of sequenced DNA bound to H3K4me2 (left column for each
subset) or H3K27me3 (right column for each subset) within +1kb of the tran-
scriptional start site (TSS). Tornado plots (second row) of CD8 + T cell subsets
(naive, N, left; central memory, CM, middle; effector memory, EM, right) depict the
relationship between transcriptome abundance and histone marks. Each line
represents a genomic region within +1kb of the TSS for an annotated gene. The
genes in rows are ordered by transcript abundance by RNA-seq from high (top) to
low (bottom). The heatmap is coloured by the intensity of H3K4me2 or H3K27me3
marks (histone marks) assessed by Cleavage Under Targets and Restriction Using

Nuclease (CUT&RUN). H3K4me2 and H3K27me3 marks show a direct and inverse
relationship with transcript abundance, respectively. B, C. Numbers of differentially
expressed (by RNA-seq) and differentially enriched (by CUT&RUN) genes (B) and
transcription factors (C) when comparing CD8 + T cell subsets. Genes assigned to
peaks + 1kb of the transcriptional start site (TSS), each NCBI annotated gene
counted only once (adjusted P value < 0.05 and Log, fold change (LogFC) >1).

D Principal component analyses (PCA) and (E) Uniform Manifold Approximation
and Projection (UMAP) of RNA-seq (left) and H3K27me3 (middle left), H3K4me2
(middle right), and H3K27me3 and H3K4me2 (right) histone mark analyses show a
distinction between CD8 + T cell subsets by histone marks that is less apparent by
RNA-seq.

transcripts were also detected in numerous genes that were H3K4me2-
H3K27me3-, H3K4me2+H3K27me3+ or H3K4me2-H3K27me3 +. We
identified a bimodal pattern of transcript abundance, exemplified by
genes exhibiting low or undetected transcript normalised to sequen-
cing depths (RNA'; below 2.5 transcript copies/sample) and genes with
more abundant transcript (RNA™; above 2.5 transcript copies/sample)
(Supplementary Fig. 11). The mean transcript abundance increased in a
linear trend with changes in histone marks from H3K4me2-
H3K27me3+ to H3K4me2-H3K27me3- to H3K4me2+H3K27me3+ to
H3K4me2+H3K27me3- (Fig. 2G-I). Combining the bimodal distribu-
tion of RNA transcript (RNA" and RNA") and the four patterns of his-
tone  marks  (H3K4me2-H3K27me3+;  H3K4me2-H3K27me3-;
H3K4me2+H3K27me3 +; H3K4me2+H3K27me3-) allowed categorisa-
tion of genes into eight groups (Fig. 2) & Supplementary Data 2). In
each CD8+T cell subset, the most frequently observed gene cate-
gories were those that aligned with known correlations of H3K4me2
with transcriptional permission and H3K27me3 with transcriptional
repression (RNA" H3K4me2+H3K27me3- genes, 26.93% in naive,
26.72% in CM, 25.94% in EM; RNA"° H3K4me2-H3K27me3+ genes,
33.24% in naive, 35.76% in CM and 35.22% in EM; Fig. 2K). However,
numerous genes were identified in each subset that did not corre-
spond to the most common histone marks and RNA-seq patterns.

Patterns of combined H3K4me2 and H3K27me3 marks differ in
the absence of differential gene expression when comparing
distinct CD8 + T cell subsets

Statistical noise in high transcript abundance genes and sparsity of
sequencing depth in low transcript abundance genes complicates the
discriminative capacity of RNA-seq’. Because we noted that the mean
transcript abundance for genes was found in an ordinal pattern
(Fig. 2G-1), we considered whether relative differences in combina-
torial histone mark patterns might inform differences between cell
types. We constructed heatmaps to visualise the number of genes that
differ in histone mark patterns when comparing pairs of CD8 + T cell
subsets using genesets comprising highly (RNA™) and lowly (RNA")
expressed genes (Fig. 3A). More genes showed changes in histone
mark patterns within the same transcript abundance category (i.e.,
RNA" vs RNA°; RNA" vs RNA") then across transcript abundance
categories, intimating that histone mark patterns might provide
additional insight into differences between two cell subsets, even
amongst non-DEx genes (Fig. 3A). To further investigate this possibi-
lity, we grouped RNA™ or RNA" genes into DEx and non-DEx groups in
each T cell subset comparison. We found that within each of these
groups, there were numerous genes that differed in histone mark
patterns (Fig. 3B, C & Supplementary Fig. 12A). Within genes that were
DEX, we identified a moderate number of genes with changes in his-
tone mark pattern between subsets, especially between naive and
memory subsets (i.e.,, naive vs CM and naive vs EM; Fig. 3B, C &
Fig. 12A). However, in both RNA" and RNA® subsets there were more
genes with histone mark pattern changes that were not DEx compared
to those that were DEX, a difference most marked when comparing CM
and EM subsets (Fig. 3B, C, Supplementary Fig. 12A). These data show

that histone mark patterns differ between CD8+T cell subsets in
numerous highly and lowly expressed genes, even if those genes are
not DEx between T cell subsets.

Directionality can be ascribed to genes that differ in patterns of
combined H3K4me2 and H3K27me3 marks when comparing
distinct CD8 + T cell subsets

Our finding that patterns of histone marks identified numerous dif-
ferences between subsets that were not identified by RNA-seq
prompted us to determine if directionality could be assigned to
genes with changing histone mark patterns between subsets. This was
feasible for genes that changed from a repressive H3K4me2-
H3K27me3+ to permissive H3K4me2+H3K27me3- pattern, but the
relevance of changes involving bivalent (H3K4me2+H3K27me3 +) and
unmarked (H3K4me2-H3K27me3-) patterns was less clear. Genes with
bivalent patterns were common: approximately 3000-3300 bivalent
genes, representing 8.9%-9.8% of all promoters investigated. The
importance of bivalent patterns was emphasised when we evaluated
RNA" genes in which high fractions of DEx genes were found to be
bivalently marked (Fig. 4A). Furthermore, when RNA™ genes were
categorised according to histone mark patterns, the clearest distinc-
tions between T cell subsets were observed in PCAs of RNA-seq data
from bivalent genes (Fig. 4B cf Fig. 1D). PCAs of RNA-seq data in
transcriptionally permissive H3K4me2+H3K27me3- marked genes did
not effectively distinguish T cell subsets. These data indicate that
classifying genes into distinct patterns of H3K4me2 and H3K27me3
marks enhances the discriminatory capacity of RNA-seq in distin-
guishing T cell subsets, possibly by highlighting genes in states of
active transcriptional flux.

When we analysed DEx RNA™ genes, a characteristic association
emerged between changes in histone mark pattern and the fold
change in transcript abundance between subsets (Fig. 4C). Genes
marked with bivalent or unmarked patterns showed a median fold
change in transcript abundance that was intermediate between that of
genes marked by repressive H3K4me2-H3K27me3+ in one subset and
permissive H3K4me2+H3K27me3- in another. Therefore, directionality
could be ascribed to genes exhibiting distinct histone mark changes
between subsets: either towards a more differentiated cell type
(positive fold change, red box, Fig. 4C) or a less differentiated cell type
(negative fold change, white box, Fig. 4C). This allowed us to identify
other genes associated with differentiation towards EM or dediffer-
entiation towards CM that were not DEx by RNA-seq. We identified
non-DEx RNA" and RNA" genes between T cell subsets that exhibited
changes in histone mark patterns towards CM (Fig. 3B & Supplemen-
tary Fig. 12A, red boxes) or towards EM (Fig. 3B & Supplementary
Fig. 12A, white boxes). Such histone mark pattern analyses uncovered
additional and non-overlapping genes that differed between subsets
compared to those discovered by single H3K4me2 analyses and single
H3K27me3 analyses (Supplementary Fig. 13). The data indicate that
analyses of changes in histone mark patterns can identify genes asso-
ciated with differentiation even in the absence of differential gene
expression, further evidencing the capabilities of epigenomic analyses.
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Comparison of patterns of combined H3K4me2 and H3K27me3
marks in CM and EM CDS8 + T cells identifies T cell
differentiation-associated genes not found by transcriptomics
Being able to identify potentially subtle differences between CM and
EM CD8 +T cells is of importance given that preclinical and clinical
datasets show the superiority of the CAR-T manufactured from the
former when compared to those manufactured from the latter’™. To
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determine if histone mark patterns could identify differences between
CM and EM cells beyond that apparent by RNA-seq, we compared
changes in the patterns of histone marks between CM and EM in all
RNA" genes (Fig. 3B, middle column). This approach uncovered
numerous genes associated with T cell differentiation in genes with
both low and high mean transcript abundance that was not DEx by
RNA-seq (Fig. 4D, E & Supplementary Fig. 12B-C). We identified
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Fig. 2| Diverse patterns of histone mark patterns and transcript abundance can
be identified in CD8 + T cell subsets. A, B Histogram of two-component Gaussian
mixture model (GMM) to characterise distribution of H3K27me3- and H3K4me2-
bound sequenced DNA reads from naive CD8 + T cells within 10 kb of transcrip-
tional start site (TSS). A bimodal distribution of read intensity is noted and mod-
elled by GMM with negative reads depicted in red and positive reads depicted in
blue. The nadir of the distributions is represented by the dashed line, providing a
positive and negative cut-off used to integrate epigenomic and transcriptomics
analyses in subsequent figures. Identical cut-offs were seen with central memory
(CM) and effector memory (EM) cells (see Supplementary Fig.10). C Histogram (top
row) of average log-normalised counts of genes that are deemed positive, negative
and bivalent for H3K4me2- and H3K27me3-specific reads across subsets. Individual
genes, single- or bivalent for each subset, are shown in tornado plots below,

ordered and coloured by intensity of counts. D-F Three-dimensional scatter plots
of naive, CM, and EM CD8 + T cells. Each plot shows H3K27me3 (y-axis) and
H3K4me2 (x-axis) histone mark enrichment signals for single annotated genetic
regions, each region being represented by a single point; transcript abundance (by
RNA-seq) is denoted by the colour of each point, as shown in the legend. Quadrants
are constructed using the nadir of bimodal histograms of each histone mark as per
A. G-1Mean total transcript level +/- SD for all genes (overlayed as data points) with
different patterns of H3K27me3 (K27m3) and H3K4me2 (K4m2) histone marks in
CD8 +T cell subsets. ****P value < 0.0001 by one-way ANOVA with a significant
linear trend. J Four patterns of H3K4me2 and H3K27me3 histone marks in both low
and high transcript abundance states are shown. K Percent annotated genes in
CD8 +T cell subsets within each RNA-seq/histone methylation mark (HMM)
pattern.
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Fig. 3 | Changes in histone mark patterns between CDS8 + T cell subsets occur in
high transcript abundance genes without changes in transcript. A Heatmaps
summarising the number of genes that occur within each histone mark pattern
(H3K4me2 = K4m2; H3K27me3 = K27m3) when comparing a less differentiated cell
type (x axis) to a more differentiated cell type (y axis) for naive vs central memory
(CM), CM vs effector memory (EM), and naive vs EM. Most genes tend to maintain
RNA" or RNA" status and the same histone mark pattern between subsets. The
number of genes is indicated by the colour-coding (maximum depicted colour-
coded count, 500 genes). B, C. Sub-analyses of the heatmap from the top left corner
of each comparative heatmap in A comparing a less differentiated cell type to a
more differentiated cell type for naive vs CM, CM vs EM and naive vs EM. These
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analyses include RNA" genes that do not (B) or do (C) show a significant change in
transcript expression by limma (LogFC >1, adjusted P < 0.05 by Benjamini-
Hochberg procedure) between compared subsets. Genes on the diagonal (top left
to bottom right of each plot) do not change histone mark pattern between subsets.
Genes within red boxes show changes in histone mark patterns that indicate
enrichment in the more differentiated cell types. Genes within white boxes show
changes in histone mark patterns that indicate enrichment in the less differentiated
cell types. Most genes that change histone mark patterns between subsets are not
identified by differential gene expression analyses of RNA-seq data (compare
Bto C).
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statistically significant overlap between these genes and published
gene lists from comparisons of human CM and EM CD8 +T cells by
scRNA-seq and bulk RNA-seq™”" (Supplementary Fig. 14A), indicating
the relevance of the RNA" genes discovered by histone mark patterns.
Although significant, the overlaps were small (Supplementary
Fig. 14B), demonstrating the capacity to discover additional RNA"
genes by analyses of histone mark patterns. We used a similar
approach to compare RNA” genes between CM and EM CDS + T cells.
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As expected, no overlap was identified between histone mark patterns
of RNA® genes and published RNA-seq gene sets (Supplementary
Fig. 14C-D) - because RNA gene sets comprise genes with transcripts
at or below the limit of detection that would not be seen in published
RNA-seq analyses. However, investigating these RNA" genes indivi-
dually, we did identify differences in the patterns of histone marks
between CM and EM subsets in known regulatory genes of T cell dif-
ferentiation and effector function (e.g., LMO2, IDO2, IL23R, ILIR,
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Fig. 4 | Transitional states in histone mark patterns improve subset identifi-
cation by RNA-seq and reveal genes associated with T cell differentiation that
are not differentially expressed. A Stacked bar plots of the percent of all RNA™
genes within each histone mark pattern (H3K4me2 = K4m2; H3K27me3 = K27m3) in
which relative transcript level is either increased in a more differentiated cell-type
(“Up”), increased in a less differentiated cell-type (“Down”) or not differentially
expressed (“notDE”) by limma. B PCA plots of transcript from RNA" genes sub-
setted by the histone mark pattern. The plots demonstrate that transcript differ-
ences in the H3K4me2+H3K27me3+ pattern identify differences between resting
naive, central memory (CM) and effector memory (CM) cells that are not apparent
with RNA-seq alone (compare to Fig. 1D). C Median LogFC in transcript in RNA"
genes (when the number of genes in each pattern > 3) between histone mark pat-
terns when comparing a less differentiated cell type (x axis) to a more differentiated

cell type (y axis) for naive vs CM, CM vs EM and naive vs EM. Red boxes represent
changes in histone mark patterns that represent a shift towards a more differ-
entiated cell type as evidenced by positive (“Up”) median LogFC in transcript. White
boxes represent changes in histone mark patterns that represent a shift towards a
less differentiated cell type as evidenced by negative (“Down”) median LogFC in
transcript. Grey indicates the number of genes in an individual pattern is <3. D MA
plot of genes with a CM to EM histone mark pattern (red box, CM vs EM heatmap,
Fig. 3B) and genes DEx by RNA-seq (in red). Genes with a known association with
effector-directed differentiation are named. E. MA plot of genes with an EM to CM
histone mark pattern (white box, CM vs EM heatmap, Fig. 3B) and genes DEx by
RNA-seq (in red). Genes with a known association with memory-directed differ-
entiation and quiescence are named.

SIGLEC7)*** (Supplementary Fig. 12B), as well as quiescence and
memory states (e.g., GATA2, CDKNIC, KLF7)** (Supplementary
Fig. 12C). These data demonstrate that analyses of differences in pat-
terns of histone marks between CD8 +T cell subsets identify genes
associated with T cell differentiation that were not identified by RNA-
seq alone or DEn of single histone marks.

Histone mark analyses identify biologically relevant differences
between CAR-T manufactured from distinct sources that are not
apparent by RNA-seq
Due to in vitro activation and expansion during CAR-T manufacture, the
transcriptome of infused CAR-T products is dominated by activation-
and cytotoxicity-associated genes that do not necessarily reflect genes
governing cell fate™. Because we established that profiling of histone
marks provides complementary and orthogonal information to RNA-seq,
we next sought to use these approaches to investigate whether analysing
histone marks could succeed in a challenging task: identification of dif-
ferences between CAR-T products manufactured from similar, yet dis-
tinct, CD8+T cell sources. This is clinically important, because the
presence of less differentiated cells in leukaphereses or CAR-T infusion
products has been associated with improved outcomes® ., We manu-
factured CAR-T from naive, CM or EM CD8 +T cells from HD, then iso-
lated CAR-T by flow sorting for the transduction marker truncated
epidermal growth factor receptor (EGFRt)”. PCA analyses of RNA-seq
data did not distinguish naive-, CM- and EM-derived CAR-T (Fig. 5A),
consistent with the finding that few genes were DEx in pairwise com-
parisons between CAR-T manufactured from each subset (naive vs CM;
naive vs EM; CM vs EM; Fig. 5B). In contrast, numerous DEn genes were
identified in pairwise comparisons between CAR-T manufactured from
each subset (Fig. 5B; Supplementary Data 3).

We focused on the differences between CM- and EM-derived CAR-
T to enable subtle but potential, clinically important differences
between similar subsets to emerge. Only three genes were DEx by RNA-
seq between the EM- and CM-derived products (Fig. 5B, C, Supple-
mentary Data 3). No changes in the numbers of DEx genes were found
when we repeated the analyses with modified fold-change and P value
thresholds (Supplementary Fig. 15). In contrast, histone marks dis-
tinguished CM- and EM-derived CAR-T, with 99 and 131 unique genes
being DEn by single H3K4me2 and H3K27me3 analyses, respectively
(Fig. 5B, C). Given that TFs are often expressed transiently and at low
levels, we examined whether we could identify DEn histone marking
among non-DEx TFs in CAR-T products. No DEx TFs were identified by
RNA-seq, whereas two and seven TFs were identified by H3K4me2 and
H3K27me3 histone mark analyses, respectively. All of these were
concordantly validated by data from T cells in a manner consistent
with EM-derived CAR-T displaying a more differentiated/exhausted
phenotype than CM-derived CAR-T (Supplementary Data 4, Fig. 5D, E).
For example, EM-derived CAR-T showed increased repressive
H3K27me3 marks on LEFI - a TF that can induce T cell quiescence/
memory**-consistent with a more differentiated and less “stem-like”
functionality of CAR-T derived from this subset.

We then assessed changes in H3K4me2 and H3K27me3 patterns
when comparing CM- and EM-derived CAR-T (Fig. 6). Because only 3
genes were DEx by RNA-seq between subsets, we included all RNA™
and RNA" genes in analyses to identify genes with histone mark
patterns indicative of EM-derived (red box, Fig. 6A, B) and CM-
derived CAR-T (white box, Fig. 6A, B). Gene ontology (GO) analysis of
RNA" genes showed pathways associated with cell migration and
killing in EM-derived histone mark patterns (Fig. 6C) and immune
and cytokine signalling within CM-derived histone mark patterns
(Fig. 6D). Exhaustion-associated T cell surface marker genes
(HAVCR2, CD160, CD96, CXCR4, CD55, KLRCI, KIR2DL4, TNFRSF9*>™*")
were identified in multiple gene sets associated with an EM-derived
histone mark pattern (WP4494, WP4298, GO:0031341, R-HSA-
1280215, GO:0050778, R-HSA-6798695, GO:0002727) (Fig. 6C, Sup-
plementary Data 5). Conversely, the gene encoding the apoptosis
inhibitor Bcl-xL, BCL2L1, that increases therapeutic potency when
overexpressed in CAR-T*®, was identified within multiple gene sets (R-
HSA-1280215, R-HSA-982446, GO:0051607, GO:0071214) associated
with a CM-derived histone mark pattern (Fig. 6D, Supplemen-
tary Data 6).

We used TRRUST, a literature-curated reference database of
transcriptional regulators and targets, to identify upstream reg-
ulators of genes that differ in histone mark patterns between CM-
and EM-derived CAR-T. We found that RNA" genes that show an EM-
derived histone mark pattern were regulated by exhaustion-
associated genes (NFKB1, RELA, MYC, HDAC3% ***) (Fig. 6E). In con-
trast, STAT1 and E2F1-transcriptional regulators that prevent T cell
dysfunction and maintain T cell homoeostasis, respectively****-were
upstream of genes associated with a CM-derived histone marks
pattern (Fig. 6F). GO analyses of histone mark patterns in RNA® genes
showed pathways associated with development as opposed to T cell
function (Supplementary Fig. 16, Supplementary Data 7 & 8); yet
TRRUST analysis of these same genes revealed regulating factors
known to impact T cell exhaustion and effector maturation (CEBPA,
TALL, RUNX1, CTCF**, Fig. 6G). RNA" genes with a CM-derived his-
tone mark pattern were associated with the regulator of lipid meta-
bolism, SREBF2-a critical TF gene in memory T cell proliferation and
metabolic programming*® (Fig. 6H).

To further challenge the capacity of histone mark analyses, we
compared sorted CAR-T manufactured from two different starting
populations of CM CD8+T cells. One product was manufactured
from CM cells sorted to high purity from HD. The other was manu-
factured from CM cells enriched by two-step CliniMACS immuno-
magnetic selection from large B cell lymphoma (LBCL) PTs on a
phase 1 clinical trial (NCT01865617). Despite both CAR-T products
being manufactured from CM cells, we expected the starting CM
cells immunomagnetically enriched from LBCL PTs would be of
lower purity but might also exhibit evidence of increased differ-
entiation or exhaustion associated with malignancy and/or previous
chemotherapy treatment. PCA using RNA-seq and histone marks
distinguished patient CM-derived CAR-T from HD CM-derived CAR-T
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Fig. 5 | Histone mark analyses uncover differences in transcription factors in
CAR-T manufactured from distinct starting cell subsets that are not detected
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effector memory (EM)-derived CAR-T. B Venn diagram showing numbers of dif-
ferentially expressed (DEx by RNA-seq) or differentially enriched (DEn by
H3K4me2 or H3K27me3) genes when comparing naive-, CM- and EM-derived
CAR-T. C Volcano plot of -log(adjusted P value by Benjamini-Hochberg

-log10(adj.P.Val)

Scaled H3K27me3 + 1

logFC

SCML4
P=0.0006

OLIG3
4 P=0.0469

3
8

@
3
©

@
3

a
&

8
Scaled H3K27me3 + 1
™

Scaled H3K27me3 + 1

°

-log10(adj.P.Val)
S

Scaled H3K27me3 + 1

H3K27me3
.
.
ITeA1 .
.
FASLG .
‘ SCMLA ML.Tﬁ -
.
cery N\l,‘@ﬁ%
ADAMM2 ABes1

IFNG-AS1

Scaled H3K27me3 + 1

Scaled H3K27me3 + 1

DEX by RNA-seq

procedure) of transcript (left panel), H3K4me2 (middle panel) or H3K27me3
(right panel) vs logFC. DEx/DEn genes are denoted purple for expressed/enriched
in CM-derived CAR-T, or green for expressed/enriched in EM-derived CAR-T.
Labelled genes are those DEx from a recently published analysis comparing
healthy donor ex vivo isolated CM and EM cells by RNA-seq"”. D, E Mean scaled
H3K4me2 (D) and H3K27me3 (E) +/- SD signal +1 of transcription factors (TF)
genes differentially enriched in CM- and EM-derived CAR-T. Shown is adjusted P
value by Benjamini-Hochberg procedure.

Nature Communications | (2024)15:8309


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52503-2

K4mz2-
K27m3+

K4mz2-
K27m3-

K4m2+
K27m3+

K4m2+
K27m3-

373

— EM-derived CAR-T cell— »

Kdm2- K4m2- K4m2+ Ki4m2+
K27m3+ K27m3- K27m3+ K27m3-

(¢}

6000 K4m2-

4000 K27m3-

CM -derived CAR-T cells

RNA": EM histone pattern

-log10(P)

B RNA'"

K27m3+ 8000

K4mz2- 6000
4000

2000

K4m2+  Kdm2+
K27m3+ K27m3- K27m3+ K27m3-

K4m2- K4m2-

R-HSA-2262752: Cellular responses to stress

WP4494: Selective expression of chemokine receptors during T-cell polarization
WP4298: Acute viral myocarditis

G0:0031341: regulation of cell killing

G0:0043603: amide metabolic process

R-HSA-1280215: Cytokine Signaling in Immune system
GO0:0006468: protein phosphorylation

G0:0050778: positive regulation of immune response

M122: PID IL2 1PATHWAY

R-HSA-5675221: Negative regulation of MAPK pathway
G0:0031570: DNA integrity checkpoint signaling

WP3932: Focal adhesion: PI3K-Akt-mTOR-signaling pathway
WP4905: 1g21.1 copy number variation syndrome

M228: PID SMAD2 3PATHWAY

G0:1990928: response to amino acid starvation

R-HSA-6798695: Neutrophil degranulation

R-HSA-176187: Activation of ATR in response to replication stress
G0:0002727: regulation of natural killer cell cytokine production
R-HSA-3247509: Chromatin modifying enzymes

hsa05020: Prion disease

RNA": CM histone pattern

R-HSA-8953854: Metabolism of RNA

R-HSA-69278: Cell Cycle, Mitotic

R-HSA-2262752: Cellular responses to stress
R-HSA-1280215: Cytokine Signaling in Immune system
R-HSA-9824446: Viral Infection Pathways

R-HSA-1280218: Adaptive Immune System

R-HSA-73854: RNA Polymerase | Promoter Clearance
R-HSA-69275: G2/M Transition

GO0:0051607: defense response to virus

G0:0071214: cellular response to abiotic stimulus
GO0:0006974: DNA damage response

G0:1903047: mitotic cell cycle process

GO0:0034660: ncRNA metabolic process

G0:0010911: regulation of isomerase activity
GO0:0006351: DNA-templated transcription

hsa05022: Pathways of neurodegeneration - multiple diseases
G0:0007283: spermatogenesis

GO0:0006767: water-soluble vitamin metabolic process
G0:0006362: transcription elongation by RNA polymerase |
WP410: Exercise-induced circadian regulation

10
-log10(P)

EM histone pattern

RNA"

0.5 1.0 15 2.0
-log10(P)

RNAP

1.5 2.0
-log10(P)

0.0 2.5 3.0 3.5

Fig. 6 | Analyses of changes in histone mark patterns between CM- and EM-
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transcription factors and DNA binding proteins that regulate RNA" (E & F) and
RNAP (G & H) genes within histone mark patterns indicative of EM-derived CAR-T
(E & G) or CM-derived CAR-T (F & H). Displayed P value adjusted by Benjamini-
Hochberg procedure.
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Fig. 7 | Comparison of histone marks from CM-derived CAR-T from healthy
donors and CM-enriched CAR-T from patients reveals exhaustion-associated
transcription factors not seen by transcriptomic approaches. A PCA plots of
RNA-seq, H3K27me3 or H3K4me2 marks of CAR-T manufactured from healthy
donor (HD) central memory (CM)-derived and patient (PT) CM-derived

CD8+T cells. B Numbers of differentially expressed (DEx by RNA-seq) or enriched
(DEn by H3K4me2 or H3K27me3) genes when HD CM-derived CAR-T are compared
to patient CM-derived CAR-T. C Volcano plot of -log(adjusted P value by Benjamini-

Hochberg procedure) in transcript (left panel) or H3K4me2 (middle panel) or
H3K27me3 (right panel) signal vs log(fold-change, FC). DEx/DEn genes are denoted
purple for HD CM-derived CAR-T, or peach for patient CM-enriched CAR-T. Named
genes are transcription factors (TFs) that are DEx/DEn in each analysis. D, E Mean
scaled RNA transcript (D), H3K4me2 (E) and H3K27me3 (F) +/- SD signal +1 of
exhaustion resistance-associated TF genes differentially expressed or enriched in
patient and HD CM-derived CAR-T. Shown is adjusted P value by Benjamini-
Hochberg procedure.

(Fig. 7A); however, H3K4me2 and H3K27me3 histone mark analyses
identified 4.4-fold and 5.7-fold more DEn genes than RNA-seq
(Fig. 7B, C, Supplementary Data 9), including more CAR-T exhaus-
tion-associated TFs**. The DEn genes were histone marked in a
manner concordant with patient CM-derived CAR-T displaying a
more exhausted phenotype than HD CM-derived CAR-T (Fig. 7D-F).
Together, these data show that analyses of histone marks, but not the
transcriptome, uncovered key genes associated with T cell homo-
eostasis, function, metabolism, differentiation, and exhaustion that
differed between CAR-T products manufactured from similar, yet
distinct, sources.

Identification of a novel transcription factor in CAR-T products
that associates with robust in vivo CAR-T accumulation in LBCL
patients

The capacity of histone mark analyses to differentiate CAR-T manu-
factured from distinct sources led us to ask if such analyses might
uncover genes in IP that associate with outcomes of CAR-T infusion.
We first embarked on analyses of IP from 30 LBCL patients (Supple-
mentary Data 10) treated on a phase 1 clinical trial of CD19 CAR-T
immunotherapy (NCT01865617). Transcriptomic and epigenomic
analyses did not distinguish the IP of patients who had a complete
response (CR) from those who did not have a CR (non-CR;
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Supplementary Fig. 17A). This was also the case when we compared IP
from patients who received a CAR-T product manufactured from the
same subset (CM-enriched CD8+T cells; Supplementary Fig. 17B),
likely due in part to the complexities of the LBCL tumour
microenvironment (TME).

The in vivo CAR-T count in blood is a major determinant of clinical
outcomes after CAR-T immunotherapy?’;, however, identification of

factors in IP associated with in vivo CAR-T accumulation has been
limited by the effects of activation and in vitro culture during
manufacturing**°. To minimise the confounding impact of the TME,
we studied patients who achieved CR after CAR-T infusion; had similar
pre-treatment tumour burden; received the same lymphodepletion
(LD) regimen; received CAR-T manufactured from the same starting
CM CD8+T cell subset; and received the same CAR-T dose (n=8,
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Fig. 8 | Epigenomic marks in LBCL patient CM-derived CAR-T associated with
in vivo accumulation of CAR-T after adoptive transfer. A PCA plots of RNA-seq,
H3K27me3 or H3K4me2 histone marks of CAR-T manufactured from central mem-
ory (CM)-enriched CD8 + T cells from LBCL patients who achieved CR after CD19-
targeted CAR-T immunotherapy (NCT01865617) and showed peak of expansion
below the median (red, Low_Expander) or above the median (blue, High_Expander).
B Number of differentially expressed (DEx, by limma, LogFC >1, adjusted P< 0.1 by
Benjamini-Hochberg procedure) or enriched (DEn, by H3K4me2 and H3K27me3
histone marks, LogFC > 1, adjusted P < 0.1 by Benjamini-Hochberg procedure) genes
when comparing Low_Expander and High_Expander. C Volcano plot of -log(adjusted
P value by Benjamini-Hochberg procedure) in transcript (left panel) or H3K4me2
(middle panel) or H3K27me3 (right panel) signal vs logFC. Red points indicate genes
enriched in low expanding CAR-T and blue points indicate genes enriched in high
expanding CAR-T. D-F. Mean scaled KLF7 (D), H3K27me3 (E) and H3K4me2 (F) +/- SD
signal +1 of KLF7 target genes in high- vs low-expanding CM-derived patient CAR-T.

Shown is adjusted P value by Benjamini-Hochberg procedure. G Mean fold change
+/- SD in accumulation of KLF7_P2A_GFP- and control P2A_GFP-lentiviral transduced
T cells at increasing viral volumes. n=35 donors; P values by two-way ANOVA with
post-hoc Tukey correction. H Mean change +/- SD in geometric mean fluorescence
intensity (geoMFI) of CellTrace Violet (CTV) as an inverse measure of CAR-T pro-
liferation with and without KLF7 co-transduction when exposed to CD19-negative
K562 cells. n =2 donors in technical duplicate, P value by two-way ANOVA with post-
hoc Tukey correction. I Mean frequency and 95% confidence intervals (dotted lines)
of CD45RA- CCR7+ phenotype cells in CD19-directed CAR-T with and without KLF7
co-transduction. n = 3 donors performed as technical duplicate, P value by two-tailed
t test. J Promoter region of IL2 in the human genome and predicted upstream KLF7
binding site. K Mean frequency and 95% confidence intervals (dotted lines) of IL-2
expressing CAR-T by intracellular cytokine staining with and without KLF7 co-
transduction when exposed to CD19-negative K562 cells. n =3 donors performed as
technical duplicate, P value by two-tailed t test.

Supplementary Data 10). We compared IP from high expanders
(maximal CD8 + CAR-T count in blood after infusion was above the
median for the group) with low expanders (maximal CD8 + CAR-T
count below the median) (Supplementary Fig. 18A). There were no
differences between the cohorts in CD62L + CD45RA- composition in
the IP; or in concentrations of serum LDH or cytokines associated with
CAR-T accumulation in patients (Supplementary Fig. 18B-D).

PCA of histone marks, but not RNA-seq data, distinguished CAR-T
IP from high and low expanding cohorts (Fig. 8A). DEn of H3K4me2 and
H3K27me3 marks identified 30-fold and 10-fold more genes, respec-
tively, than DEx genes by RNA-seq (Fig. 8B, C, Supplementary Data 11).
Five DEn genes overlapped with previously identified genes from RNA-
seq studies of CAR-T exhaustion and tumour-infiltrating lymphocytes
(Supplementary Data 12). One of these genes, SLAMF7, has a known
association with T cell exhaustion; it was H3K4me2 marked in low
expanding CAR-T products®. These data demonstrate shared but not
identical programming in CAR-T cell functions such as expansion and
exhaustion identified by histone modification analyses when compared
to those found by RNA-seq. We found two TFs - KLF7 and ZFP57 — were
identified by histone mark analyses and none by RNA-seq (Fig. 8C, green
boxes). In previous analyses (Fig. 5SE & 7F), we found that Kruppel-like
transcription factors, including KLF7, were associated with less-
differentiated cell subsets and CAR-T products. KLF7 has also been
associated with increased cell proliferation in other cell types®. When
comparing high- and low-expanding infused CAR-T, and we found KLF7
was more H3K27me3-marked (transcriptionally repressed) in low
expanding CAR-T IP (Fig. 8D). To further support a role for KLF7 in high-
expanding CAR-T IP, we identified seven targets of KLF7 from Marbach
et al.”>. that were DEn in our histone mark analyses (Fig. SE, F). All
proposed targets of KLF7 showed an association with proliferation of
various cell types from the literature in keeping with the directionality
of association with CAR-T expansion in our analysis (Supplementary
Data 13). In contrast, recently published analyses of highly expanding
CAR T cell clonotypes by scRNA-seq in patients treated for B cell
malignancies did not identify KLF7 or other transcription factors asso-
ciated with expansion®.

To determine whether KLF7 contributes to increased accumulation
of CAR-T, we assessed cell counts, proliferation, phenotype, and cyto-
kine secretion in T cells and/or CAR-T that were transduced to express
GFP with or without KLF7. We found that KLF7-transduced T cells
showed a dose-dependent increase in accumulation in culture com-
pared to T cells transduced to only express GFP (Fig. 8G). We then
transduced T cells to express a CD19-directed CAR with or without KLF7
and demonstrated enhanced proliferation of KLF7-transduced CAR-T
(Fig. 8H). KLF7-dependent increased accumulation was only observed in
the absence of stimulation through the CAR (Supplementary Fig. 19A). A
higher percentage of CCR7 + CD45RA- CM phenotype cells were iden-
tified in KLF7 + CD8 + CAR-T, consistent with our finding of decreased
KLF7 repression in CD8 + CM-derived CAR-T (Fig. 81 & 5E). Autocrine IL-

2 production has been shown to enhance memory CD8+T cell
expansion®’. To investigate the mechanism of enhanced proliferation in
KLF7 + T cells, we interrogated the /L2 promoter and found a proposed
KLF7 binding site (Fig. 8)). Validating this in silico finding, we found
higher IL-2 production by CD8 + KLF7 + CAR-T that was only observed in
the absence of stimulation through the CAR (Fig. 8K & Supplementary
Fig. 19B). These data demonstrate that histone mark analyses identified
anovel TF and epigenomic regulome in CAR-T IP that is associated with
proliferative competence in T cells and CAR- T.

Discussion

We set out to expand our understanding of factors associated with T
cell and CAR-T potential beyond what is afforded by transcriptomic
approaches. To accomplish this, we employed the biology of the epi-
genome and focused on transcriptionally permissive H3K4me2 and
transcriptionally repressive H3K27me3 marks, which are stable and
heritable in T cell progeny and determinative of differentiation®. Our
analyses show that single H3K4me2 and H3K27me3 marks, and chan-
ges in patterns of combined H3Kme2 and H3K27me3 marks, readily
distinguish human naive, CM and EM CD8 + T cells, and CAR-T manu-
factured using similar, yet distinct, starting CD8 + T cell populations.
This study is focused on CD8+T cells and CAR-T because of the
association of CD8+CAR-T counts with response to CAR-T
immunotherapy>***’.

Analyses of histone marks were complementary to transcriptomic
analyses. We identified DEn genes by histone marks that parse the
identity of T cell subsets and CAR-T with different potentials. The fact
that not all genes uncovered by histone mark analyses overlapped with
those identified by RNA-seq demonstrates the orthogonal nature of
epigenomic analyses. This is likely because the transcriptome is not
necessarily a heritable and transient composite output of histone
modifications and methylation at any particular point in time®.
Accordingly, the complementary and orthogonal view of T cell and
CAR-T genomic activity inferred by histone mark analysis may be a
consequence of therapeutic T cell manufacturing, in which activation-
associated genes tend to be over-represented by transcriptional
analyses'. Compared to transcripts, epigenomic marks are more stable
in T cell progeny and not as subject to activation. The identification of
TFs is particularly demonstrative in this regard. Despite the impor-
tance in governing fate and function, transcription factors are classi-
cally lowly and transiently expressed, thus complicating identification
by RNA-seq”'. Assessing stable, heritable epigenomic binary marks in
the cell circumvents the low dynamic range and ephemeral nature of
TF transcripts. It follows that the narrow dynamic range of epigenomic
data is less susceptible to the effects of highly expressed genes that
overshadow the identification of genes with lower transcript abun-
dance. Statistical noise afforded by high transcript dominance is not
solved by single-cell RNA-seq (scRNA-seq); furthermore, the sparsity of
transcript in scRNA-seq also hinders identification of key TFs, so much
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so that recent publications turn to pseudo-bulk approaches'*°. We are
hopeful that future approaches may enable single-cell analysis of his-
tone marks to further our understanding of CAR-T potential; however,
these methods are also currently hampered by signal sparsity®.

Our analyses identified numerous genes associated with cell
potential that differed between distinct CAR-T products. Most of these
genes were uncovered using histone mark analyses, but not tran-
scriptomic approaches, underscoring the power of histone mark ana-
lyses to overcome limitations of RNA-seq in identifying genes in
activated cells. We progressively subjected the analytical platform to
more challenging tasks, culminating in the identification of genes
associated with T cell exhaustion and expansion in comparisons
between CAR-T products that were manufactured from phenotypically
similar or even identical sources. Previous studies have shown
decreased in vivo efficacy of EM-derived CAR-T in comparison to N-
and CM-derived CD8 + CAR-T cells’. Our RNA-seq data supports this
observation by showing increased expression in EM-derived CAR-
T cells of genes that prevent quiescence and stemness in T cells (e.g.,
LEF1-AS1)®°. Our epigenetic studies both complement and expand
upon transcriptomics by further highlighting the programmatic dif-
ferences between subset-derived CAR-T cells that may not be detect-
able by RNA-seq due to the widespread transcriptional activity
subsequent to activation and expansion during manufacturing.

Finally, we undertook an analysis of patient derived CAR-T cells.
Our initial analysis did not show differences by either RNA-seq or
CUT&RUN between patients who had a response versus no response.
Similar outcomes have been noted after analyses of single cell RNA-seq
data, in which only a small subset of genes and no cell clusters were
associated with responses to CAR-T cell therapy in LBCL - likely a
consequence of factors, such as the tumour microenvironment, that
confound analyses®’. To account for the complexities imposed by the
tumour microenvironment, we focused on CM-derived CAR-T from
patients who had achieved CR after CAR-T cell infusion. We identified
H3K4me2 and H3K27me3 DEn in genes encoding the KLF7 TF and its
targets that are concordantly associated with robust in vivo accumula-
tion of CAR-T after infusion - a critical parameter for efficacy of CAR-T
immunotherapy for B cell malignancies’. Our data showed epigenomic
suppression of KLF7 in EM-derived CAR-T in comparison to CM-derived
CAR-T, and in low proliferating products from CM-derived CAR-T.
Together with previous studies showing associations of KLF7 with early
murine thymocyte differentiation and naive human T cells®>%, this
posits a continuum of function of KLF7 in maintaining a less differ-
entiated CD8 + T cell state®. Furthermore, the in silico predicted bind-
ing of KLF7 upstream of the IL-2 gene may also enable autocrine-driven
expansion, thereby leading to higher CD8 + CAR-T counts in patients.
Thus, transduction of KLF7 during manufacturing to generate less-
differentiated CAR-T cells with enhanced proliferative potential is an
attractive strategy that could be investigated to improve CAR-T efficacy.
Chronic proliferation due to persistent antigen stimulation or tonic
signalling through the CAR can induce CAR-T exhaustion; however, the
mechanisms by which KLF7 support CAR-T proliferation are likely dif-
ferent from those induced by chronic signalling through the CAR, the
latter often being a consequence of CAR design®**°. More studies are
needed to determine if KLF7 augmentation can improve CAR-T pro-
liferation and durable survival without loss of function.

The reported analytical platform is a high throughput, high sen-
sitivity, high efficiency approach to identifying differences in T cell and
CAR-T products that can be performed with few cells-an important
problem in the world of limited clinical samples. This approach opens a
suite of possibilities to compare differences in CAR designs, CAR-T
manufacturing methods, and treatment regimens, all of which may
have heritable effects on CAR-T progeny. It follows that data from
analyses of histone marks in T cells and CAR-T will open a rich vein of
potential genes for further investigation to modify to improve out-
comes of CAR-T immunotherapy.

Methods

Study design

All studies were approved by the Institutional Review Board of the Fred
Hutchinson Cancer Centre and the University of Sydney Human
Research Ethics Committee. All participants provided written consent.
Sample size was determined by known variation in CUT&RUN and
RNA-seq of healthy donor T cells. All data was included except biolo-
gical replicates that failed QC assessments. Sex/gender was self-
reported. There was no bias in sex/gender inclusion in the reported
clinical data.

Flow cytometry and sorting

Cryopreserved healthy human donor peripheral blood mononuclear
cells were thawed, negatively selected using the CD8 + T cell isolation
kit, human (Miltenyi Biotec) and sorted into CD8 + T cell subsets using
the antibodies in Supplementary Data 14 with gating as outlined in
Supplementary Fig. 1A on a BD FACSAria. Flow cytometry was per-
formed using antibodies listed in Supplementary Data 14 at manu-
facturers’ recommendations on a BD FACSymphony or Cytek Aurora
(for KLF7 studies) and analysed on Flowjo. CAR-T were similarly
thawed and sorted by truncated EGFRt.

CAR-T manufacturing and retroviral transduction

patient CM-derived CAR-T were manufactured from CM-enriched
CDS8 + T cells isolated from PTs participating in a phase 1/2 clinical trial,
as described previously’. HD CM- and EM-derived CAR-T were manu-
factured from CM or EM CD8+T cells isolated from apheresis pro-
ducts, as described above, then stimulated and transduced as
previously described”. Human TM-LCL and parental K562 cell lines and
K62 transduced with CD19 used for generation and testing of CAR-T
cells were a gift from the Riddell Laboratory at the Fred Hutchinson
Cancer Center.

CUT&RUN assay

CUT&RUN was performed as previously described". Briefly, live sorted
cells were incubated with concavalin A beads, then permeabilized and
incubated overnight at 4 C with anti-H3K27me3, anti-H3K4me2 or IgG
isotype control with rabbit-anti-mouse as an adaptor (Supplementary
Data 14). Samples were then processed on a Beckman Biomek FX
liquid-handling robot as described®™. Briefly, pA-MNAse is added to
samples, DNA cleaved and released, and chromatin targets purified,
followed by adaptor ligation, Ampure cleanup and PCR amplification
of libraries. QC of amplified DNA was assessed using an Agilent 4200
TapeStation and quantified on a QuBit Fluoremeter (ThermoFisher).
Samples were then pooled and submitted for paired-end sequencing
on an Illumina HiSeq 2500.

CAR-T counts

CAR-T peak expansion was quantified as the highest absolute CD8 +
CAR-T count, determined as the absolute lymphocyte count multiplied
by the percentage of CD8+ EGFRt+ cells in a CD45+ vs SSC lymphocyte
gate as described®’.

CUT&RUN and RNA-seq data processing and analysis

Supplementary Data 16 lists packages and references used for analysis
of differential detection, gene ontology and geneset enrichment ana-
lysis. CUT&RUN data processing and analysis follow the pipeline
published in detail on protocols.io (https://www.protocols.io/view/
cut-amp-tag-data-processing-and-analysis-tutorial-e6nvw93x7gmk/v1)
and as summarised in Supplementary Fig. 2. Peaks were called using
SEACR and we defined epigenomic enriched peaks simultaneously
following two criteria: peaks that are among the top 10% enriched peak
regions and peaks identified above background noise (profiled by IgG
isotype control). To generate the heatmap and summary plot of his-
tone modifications at each TSS region (from 1kb downstream to 1kb
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upstream), the countMatrix and plotHeatmap functions from deep-
Tools version 3.3.1 was used to sum the total signals. RNA-seq raw data
that passed the FASTQC quality check were processed by RSEM using
STAR as the aligner. The expected count is used as the gene expression
raw count. Log-transformed count per million (logCPM) was used to
avoid sequencing depth biases unless otherwise specified. UCSC gen-
ome browser is employed to visualise the epigenomic landscape
around the genes or regions of interest. When integrating RNA-seq and
CUT&RUN gene lists, a single DEx or DEn was counted only once by
selecting the transcript or peak with the highest logFC. KLF7 binding
sequence was derived from MEME suite.

KLF7 transduction and functional assays

T cells were immunomagnetically selected using the Pan T cell isola-
tion kit (Miltenyi) as per the manufacturer’s instructions, activated
with Transact (Miltenyi), and transduced with different volumes of an
epHIV7 lentiviral vector containing either the KLF7 open reading frame
(NM_001270942) with a ribosomal skip sequence and GFP
(KLF7_P2A_GFP) or control P2A_GFP. The cell counts of KLF7_P2A_GFP-
and P2A_GFP-transduced cells were quantitated with acridine orange/
propidium iodine dyes counted on a Cellaca PLX instrument (Revvity).
KLF7 and GFP transcripts were quantitated by RT-qPCR relative to the
housekeeping gene ACTB, using primers listed in Supplementary
Data 15. Fold expansions of KLF7_P2A_GFP- and P2A_GFP-transduced
cells were calculated by normalising to GFP transcript level. For func-
tional CAR-T assays, T cells were transduced with lentivirus encoding a
CD19-directed CAR with or without KLF7_P2A_GFP. Transduced cells
were then sorted on co-expression of GFP and a CAR transduction
marker (EGFRt) to high purity and then cultured for 10 days. Immu-
nophenotyping of CD45RA, CD45RO and CCR7 was performed as
previously described®®. To assess the effects of KLF7 transduction on
functions of CAR-T cells with and without antigen stimulation,
untransduced, control P2A_GFP-transduced, and KLF7_P2A_GFP-
transduced CAR-T cells were co-cultured with CD19-transduced K562
cells (K19), control K562 cells, or with media alone. CAR-T cell pro-
liferation was assessed by Cell Trace Violet dilution at 48, 72 and 96 h
after antigen engagement. Intracellular IL-2 was assessed 24 h after
antigen-engagement by flow cytometry, as previously described**’

Statistical analyses

Supplementary Data 16 includes statistical packages and references
used for analysis. Data processing and analysis were conducted in R,
Python and Linux. The Limma R package was used for differential
detection analyses for both CUT&RUN and RNA-seq data, HD or PTs
were considered as random effect variables to remove donor effect.
Benjamini-Hochberg procedure was used to control for false discovery
rate’®. Principal Component Analyses (PCA) and Uniform Manifold
Approximation and Projections (UMAP) provided visualisations of
high-dimensional data in two-dimensional space. Two-component
GMM was used to characterise the distribution of reads mapping in a
2 kb window surrounding the TSS for each gene and was fitted using
the normalmixEM function from mixtools library in R. Distinct
thresholds at 4.5 for H3K4me2 and 2.5 for H3K27me3 were inferred
from the intersection point of the GMM distribution and separated
genes into positive and negative groups per histone marker. All sta-
tistical tests were two-sided unless otherwise specified.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data that was used to generate the corresponding figures and
Supplementary Figs. are provided as Source Data files. All raw data and
workflow are available as an open-source resource. The raw

sequencing data and the processed normalised bedGraph files gener-
ated in this study have been deposited in the NCBI GEO database under
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE254807 the
CUT&RUN data and for the https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE254808 for the matching RNA-seq data. Both are
available for the public without any restrictions. Source data are pro-
vided with this paper.

Code availability

CUT&RUN data processing and analysis is detailed on protocols.io
available from the following address https://www.protocols.io/view/
cut-amp-tag-data-processing-and-analysis-tutorial-e6nvw93x7gmk/vl1.
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