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Determinants of response and resistance to CD19
chimeric antigen receptor (CAR) T cell therapy of
chronic lymphocytic leukemia
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Tolerance to self-antigens prevents the elimination of cancer
by the immune system'2, We used synthetic chimeric antigen
receptors (CARs) to overcome immunological tolerance and
mediate tumor rejection in patients with chronic lympho-
cytic leukemia (CLL). Remission was induced in a subset of
subjects, but most did not respond. Comprehensive assess-
ment of patient-derived CAR T cells to identify mechanisms
of therapeutic success and failure has not been explored. We
performed genomic, phenotypic and functional evaluations to
identify determinants of response. Transcriptomic profiling
revealed that CAR T cells from complete-responding patients
with CLL were enriched in memory-related genes, including
IL-6/STAT3 signatures, whereas T cells from nonresponders
upregulated programs involved in effector differentiation,
glycolysis, exhaustion and apoptosis. Sustained remission
was associated with an elevated frequency of CD27-CD45RO-
CD8* T cells before CAR T cell generation, and these lym-
phocytes possessed memory-like characteristics. Highly
functional CAR T cells from patients produced STAT3-related
cytokines, and serum IL-6 correlated with CAR T cell expan-
sion. IL-6/STAT3 blockade diminished CAR T cell prolifera-
tion. Furthermore, a mechanistically relevant population of
CD27PD-1'CD8* CAR T cells expressing high levels of the
IL-6 receptor predicts therapeutic response and is responsible
for tumor control. These findings uncover new features of CAR
T cell biology and underscore the potential of using pretreat-
ment biomarkers of response to advance immunotherapies.
Patients with relapsed or refractory CLL have dismal prognoses.
With the possible exception of allogeneic stem cell transplanta-
tion, CLL is incurable with available therapies. Targeted inhibitors
of B cell-signaling pathways, such as ibrutinib and idelalisib, have
demonstrated remarkable activity in CLL but are not curative’;
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prolonged treatment has substantial medical, social and economic
costs, and patients who become resistant have very poor outcomes".
Clinical trials of CD19-targeted T cell (CTL019) therapy have shown
durable antitumor responses in CLL?, but in only 26% of patients®.
This finding contrasts with relapsed or refractory acute lympho-
blastic leukemia, in which anti-CD19 CAR T cells induce complete
remission (CR) in over 90% of cases’. This disparity in therapeutic
efficacy may be attributed to innate, humoral and cellular immune
deficiencies, including inherent T cell defects that are characteristic
of CLL and worsen with disease progression. To date, it has not been
possible to identify patient- or disease-specific factors that predict
why only certain patients with CLL have such dramatic responses
to CTL019 treatment. Therefore, a detailed analysis is necessary to
determine the T cell intrinsic mechanisms by which patients with
CLL who have complete responses to CTL019 are able to maintain
sustained antitumor effects.

We studied 41 patients with advanced, heavily pretreated and
high-risk CLL who received at least one dose of CD19-directed
CAR T cells (patient characteristics in Supplementary Table 1).
Some of these patients had been included in our original clinical
trial®. In agreement with our previously reported findings, we were
not able to identify patient- or disease-specific factors predicting
which subjects responded best to CTL019 therapy®. Efficacy was
not related to patient age, prior therapy, peripheral tumor burden,
P53 status or other typical factors (Supplementary Table 1). Patients
who responded to CTLO19 exhibited dramatic in vivo expansion
of CAR T cells (Fig. 1a) coincident with B cell aplasia (Fig. 1b) in
the first two weeks after infusion, which was followed by a log-
normal decay in peripheral blood; in contrast, nonresponding (NR)
patients displayed limited or, in most cases, no in vivo T cell prolif-
eration (Fig. 1a). NR patients, compared with responding subjects,
also exhibited a limited degree of B cell aplasia in the peripheral
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Fig. 1| The intrinsic potency of CAR T cells from patients with CLL drives response to therapy. a, Expansion kinetics of peripheral blood CTLO19 cells
from patients with CLL. b, Peripheral blood B cell counts from matched patients. In a and b, graphs show mean +s.d.; shaded areas, detection limit

(CR, n=8; PRp, n=3; PR, n=5; NR, n=25). ¢, Peak expansion of CTLO19 cells (log;, copies per microgram genomic DNA). d, Persistence of CTLO19 cells
in evaluable patients, shown by AUC calculations (log,, copies per microgram genomic DNA from day O to maximum expansion time by day 180). In
cand d, P values were calculated with two-tailed Mann-Whitney tests. Symbols, individual patients; bars, s.e.m. (CR, n=8; PR;; n=2-3; PR, n=5; NR,
n=25). e, Flow cytometric plots of peripheral blood CAR T cells (top) and B cells (bottom) in two CR patients at 1and 5.5 years postinfusion, compared
with a control subject (representative of 2 independent experiments). f, Top, schema of CAR T cell transfer into leukemic mice. Bottom, longitudinal tumor
burden (BLI) of CTLO19-treated mice (each line represents one mouse). g, Longitudinal weight loss in mice. Data are shown as mean + s.e.m. (tumor alone,
n=11; NR, n=13; CR, n=14; healthy donor, n=8 for f and g). h, Peak CAR T cell counts in mice treated with CR (n=8) or NR (n=7) patient T cells (each
symbol indicates one animal; boxes extend from the twenty-fifth to seventy-fifth percentiles; middle line, median; whiskers, minimum and maximum).

i, Kaplan-Meier analysis of survival. P values were determined with two-tailed log-rank Mantel-Cox tests. The numbers of animals at risk in each group at
specific time intervals are listed below the survival curve.
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blood during the first 6 months of therapy (Fig. 1b). The best overall
response, clinical outcomes and toxicities for responding patients are
summarized in Supplementary Table 2. The median peak expansion,
expressed in CAR copy number per microgram genomic DNA in
the peripheral blood, was 58,570 (range, 18,003-409,645 copies/pg)
in patients who achieved a CR and 13,257 (range, 2,951-63,168
copies/ug) in partially responding (PR) subjects. A small subset of
patients (PRpp) had highly active T cell products (Fig. 1a) but later
relapsed with CLL that had transformed into aggressive B cell lym-
phoma. All three of these patients had a clinical cytokine-release
syndrome requiring intervention and rapid clearance of bulky,
extensive disease that was unrelated to lymphodepleting chemo-
therapy. PRy, patients exhibited a peak T cell expansion (median,
130,258 copies/ug; range, 3,480-160,977) equally robust to that in
CR patients (Fig. 1c). In contrast, the peak expansion of CTL019
cells was minimal in NR patients (median, 205 copies/pg; range,
7-19,169) and was significantly lower than that in individuals in the
CR, PR and PRy, categories (Fig. 1c). When expressed as area under
the curve (AUC), the CAR copy number per microgram DNA from
the time of peak expansion to 6 months postinfusion in evaluable
patients with complete and durable remission was significantly
higher than that in PR and NR subjects, thus suggesting that the
infused CAR T cells persisted over the long term in CR patients
(Fig. 1d). In extended follow-up analyses, we observed CR endur-
ing beyond 5 years, and these CR patients still possessed detectable
CTLO19 cells in the peripheral blood (Fig. 1e). Furthermore, ongo-
ing B cell aplasia was seen (Fig. 1e), thus demonstrating that the per-
sisting CAR T cells remained functional. Therefore, CTL019 cells
in responding patients expanded dramatically in vivo and persisted
with ongoing functional activity to induce long-lasting remission. It
appears that all effective CD19 CAR T cells—regardless of the co-
stimulatory domain, the specific T cell subset enriched or the dis-
ease type treated—require in vivo cell expansion to be effective®'.

To evaluate whether the antitumor activity of CTLO019 cells in
patients with CLL is dictated by the intrinsic potency of the T cell
infusion product independently of disease type and burden, we
used clinically manufactured CAR T cells to treat NOD/SCID/yc ™~
(NSG) mice engrafted with NALM-6 leukemia cells. CD19-directed
CAR T cells generated from CR patients significantly decreased
tumor progression (Fig. 1f), thereby resulting in diminished mor-
bidity (Fig. 1g). Similarly to our clinical findings, CAR T cells from
CR patients exhibited robust in vivo expansion (Fig. 1h) accompa-
nied by significant prolongation of survival (Fig. 1i), as compared
with CTL019 cells produced from NR subjects (Fig. 1h-i). These
observations support the notion that the response of CLL to CAR T
cell therapy is influenced by the composition of the cellular product
and/or intrinsic T cell fitness.

Because typical patient and disease characteristics did not
explain the differences in response rates among patients with CLL,
we explored other factors that might influence CAR T cell activity.
The robust in vivo expansion of CTL019 cells in CR patients that
led to sustained CR suggested that intrinsic T cell factors such as the
differentiation state of the final CTLO019 cells obtained after ex vivo
expansion may be an important determinant of therapeutic efficacy.
Accordingly, we compared the transcriptomes of T cells expanded
from patients with complete, partial or no response to CTL019
therapy. The gene expression profiles of CAR T cells generated from
CR and PRy, patients were markedly different from those generated
from PR and NR patients (Fig. 2a and Supplementary Table 3). Both
t-distributed stochastic neighbor embedding (Fig. 2b) and principal
component analysis (Supplementary Fig. 1) confirmed that CTL019
cells derived from CR and PR patients who relapsed with trans-
formed disease had similar expression profiles that were distinct
from those of PR patients with lower levels of CAR T cell persis-
tence as well as NR subjects. Gene set enrichment analysis revealed
that CAR T cells from CR and PRy, patients were enriched in gene
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expression profiles involved in early memory differentiation, such
as the expression of TCF7 and LEFI (Fig. 2c-e and Supplementary
Table 4). In contrast, CTLO019 cells from PR and NR patients exhib-
ited elevated expression of key regulators of late memory as well
as effector T cell differentiation, apoptosis and aerobic glycoly-
sis, which effector T cells rely on to produce energy, hypoxia and
exhaustion (Fig. 2¢.f,g).

In accordance with our previous findings demonstrating that
stimulation through a CAR can metabolically regulate T cell-fate
differentiation’?, we sought to functionally validate the glycolytic-
gene signature that was enriched in PR and NR patient CAR T cells.
CAR-specific stimulation of retrospective cellular infusion-prod-
uct samples increased glycolysis (Supplementary Fig. 2a) and the
uptake of a glucose analog (Supplementary Fig. 2b), thus providing
evidence that T cells in patients with CLL can undergo metabolic
modulation through ligation of a synthetic CAR. CAR-stimulated
T cells from PR/NR relative to CR/PRy, patients demonstrated a
higher uptake of a glucose analog (Supplementary Fig. 2¢), a finding
consistent with the transcriptional profiles of these cells (Fig. 2¢,f).
Furthermore, inhibition of glycolysis with 2-deoxy-D-glucose
decreased effector differentiation and resulted in increased fre-
quencies of CAR T cells with a central memory phenotype
(Supplementary Fig. 2d,e). Pharmacologic inhibition of glycolysis
concomitantly promoted the formation of memory CTL019 lym-
phocytes with enhanced proliferative capacity after re-stimulation
with CD19-expressing tumor cells (Supplementary Fig. 2f). These
results indicate that T cells generated from CR and PRy, patients
show a gene expression profile that may confer properties of per-
sistence as well as robust antitumor potency, and that decreasing
glycolytic metabolism may be an actionable cellular manufacturing
improvement for enhancing CAR T cell efficacy'.

The proliferative and survival capacities of T lymphocytes that are
largely a consequence of their differentiation status strongly corre-
late with the antitumor activity of adoptively transferred T cells'*~"°.
We observed that CAR T cells from individuals who achieved CR
and PRy, compared with CTL019 cells obtained from PR and NR
patients, exhibited superior expansion during clinical manufactur-
ing, (Fig. 3a). Overall, the ex vivo expansion potential of patient-
derived CAR T cells directly correlated with their degree of in vivo
proliferation (Fig. 3b). To explore whether responses to CTL019
therapy were linked to the CAR T cell replicative history, we ret-
rospectively analyzed the telomere lengths of preinfused CTL019
cells generated from patients with CLL. We did not observe signifi-
cant differences in telomere lengths among CR, PRy, PR and NR
patients with CLL (Fig. 3c and Supplementary Fig. 3a). Telomere-
length assessment by Southern blotting was concordant with gPCR-
based measurements (Supplementary Fig. 3b). Similarly, telomerase
activity in patient CTLO019 cells after stimulation through the CAR
or endogenous T cell receptor was uninformative in terms of pre-
dicting CAR T cell replicative capacity in vivo (Supplementary
Fig. 3c,d). These results were consistent with a similar evaluation
of expanded autologous tumor-infiltrating lymphocytes'® but were
in contrast to results from a different trial in which telomere length
in tumor-infiltrating lymphocytes was found to be a predictor of
clinically meaningful tumor regressions'’. These inconsistencies are
likely to be associated with the heterogeneity of adoptively trans-
ferred cells across studies and the challenges associated with telo-
mere-length assessment in bulk populations of lymphocytes. Thus,
telomere length may not be a consistently reliable biomarker for
predicting the antitumor efficacy of cellular products generated for
T cell therapy.

To further determine whether the persistence of high frequen-
cies of CAR T cells in CR patients was attributed to the func-
tional quality of the cellular product, we stimulated preinfusion
CTLO19 cells with a novel bead-bound anti-CAR19 idiotypic
antibody, which serves as a surrogate for cognate CD19 antigen'?,

565

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.


http://www.nature.com/naturemedicine

a CR PR, PR NR b
HEE CR
——— = = 2 -
= o = = CR PR
= - = = —=—= NR
f— — CR
== ===== >0 & 1 PRTCD;R .
=— = = == == Normalized CR g NR RR
= e = ; o D
= = = = = = expression o NR NR
—==—— = Z 04 PR A NR
;: 7: = — — - NRNR NR NR NR
e — = NR PR
= = NR
== = -1 4 NR R
== 5 = NRNR
== — NR
== == —2 NR
= — == = NR
Sm———= = T T T T T T T
e = -3 -2 -1 0 1 2 3
- £SNE 1
c d e
CR PR;, PR NR Early _ ~
P I memory 40 - P=00%43 Memory 6o - _P=00213
N | | Early memory T cell 50 o 40
|| Nonexhausted T cell g 8 ole
| | Naive vs. activated T,;2 Cd4" T cell 2 0 - g 20
Unstimulated vs. stimulated memory T cell ‘3)3 g 0 -
Resting vs. bystander activated CD4"* T cell @ -50 5 5
[ Conventional vs. effector memory T cell 8 @ 207 °
|| Multipotent vs. progenitor CD4* T cell -100 —40 -
Memory vs. effector CD8" T cell Late Effector
Exhausted vs. effector T cell memory —150 T T —-60 T T
Exhausted T cell CRIPR;,  PR/NR CRIPR;,  PRINR
Activated T,,2 vs. naive CD4" T cell f g
Stimulated vs. unstimulated memory T cell _ _
Glycolysis Glycolysis P =0.0064 Exhaustion P =0.0002
H ; high 100 high 100
ypoxia
Effector vs. memory CD8" T cell o 50 ° o °
Apoptosis 5 3 d
O 2]
- B
Gene 2 0 o 0
Pvalue set score @ 2
C [}
. L O
E' o _50 | _50 |
Glycolysis —100 I I Exhaustion —100 I I
] Dd> DUNONYY
RERS APASNY low CRIPR,,  PRINR low CRIPR,,  PRINR

Fig. 2 | Transcriptional profiles of CAR T cellular products reveal T cell-intrinsic quality attributes associated with clinical response. a, Genes
differentially expressed in CTLO19 cellular infusion products from patients with CLL. Each column depicts an individual sample, and each row represents
an individual gene, shaded to indicate normalized expression. The top 200 genes in either direction are shown. b, RNA-sequencing results from

CART cell infusion products, shown as a t-distributed stochastic neighbor embedding (t-SNE) visualization. Each point depicts data from an individual
patient sample labeled according to clinical response. ¢, Heat map of selected pathways enriched in genes significantly upregulated or downregulated
in CTLOT9 cells from CR (blue bar), PRy, (green bar), PR (red bar) and NR (black bar) patients. For each pathway, a single sample enrichment score was
calculated, and the mean was taken per response group. A color gradient ranging from dark blue to dark red indicates the mean normalized enrichment
score (ranging from -3 to +3) of pathways enriched in induced (red) or repressed (blue) genes. d, Enrichment of an early memory T cell differentiation

signature in preinfusion CTLO19 cells from patients with CLL, for different response categories. e-g, Gene signature sets for T cell memory compared with
effector (e), glycolysis (f) and exhaustion (g), as assessed by single-sample enrichment analysis. In d-g, each point represents the relative enrichment of
these signatures in individual patient T cellular product samples. Boxes indicate the twenty-fifth to seventy-fifth percentiles; middle line, median; whiskers,

minimum and maximum. The normalized enrichment score for each gene set is plotted on the y axis. P values were calculated with two-tailed Welch's

t tests (c-g). For a-g, CR,n=5; PR;,, n=3; PR, n=5; NR, n=21.

and performed RNA-sequencing-mediated transcriptome analy-
sis (Supplementary Table 5a,b). After anti-CD19-specific CAR
stimulation, CAR T cells from CR and PRy, patients exhibited a
significantly more robust increase in T cell activation genes (mean
49-fold induction) than did CAR T cells from PR and NR patients
(mean 16-fold induction; Fig. 3d). As another parameter of how T
cell intrinsic fitness may be associated with therapeutic efficacy,
we evaluated the profiles of cytokines and chemokines produced
from CTLO19 cells derived from CR, PR;p, PR and NR patient

566

infusion products after CAR stimulation. CD19-directed T cells
generated from CR and PRy, subjects, compared with PR and NR
subjects showed higher levels of STAT3 signaling mediators and
targets, including IL-6, IL-17, IL-22, IL-31 and CCL20, a find-
ing consistent with IL-6/STAT3-pathway upregulation in evalu-
able CR and PRy, patient CTLO19 cells that were CAR stimulated
(Fig. 3f). These findings suggest that activation of STAT3 in CAR
T cells might be involved in the generation of potent, less-differ-
entiated T lymphocytes'>'5".
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Fig. 3| CART cell replicative capacity, activation potential and IL-6/STAT3-pathway enrichment define therapeutic response and failure. a, Ex vivo
proliferation of CTLO19 cells during clinical manufacturing, stratified according to clinical response (CR, n=7; PR;p, n=3; PR, n=5; NR, n=25). P values were
calculated with two-tailed Mann-Whitney tests. b, Spearman’s rho correlation (two-tailed) between the ex vivo expansion potential and maximum in vivo
proliferative capacity (measured by the cellular population doubling number) of adoptively transferred CTLO19 cells in matched patients with CLL (n=40).
¢, Comparison of telomere lengths between bulk, preinfused CTLO19 cells in responding and nonresponding patients (CR, n=8; PR;,, n=3; PR, n=5; NR,
n=20). Graphs in a and ¢ show mean=+s.e.m. d, Single-sample enrichment analysis of T cell-activation gene signatures in the CTLO19 gene expression
profiles from CR/PR;p, patients (n=38; left) and PR and NR subjects (n=26; middle) who received mock or CAR-specific stimulation. The rightmost panel
depicts the magnitude of change in a T cell activation-associated gene-set score from mock- to CAR-stimulated CTLO19 preinfusion cells from patients
belonging to the respective response categories. P values were calculated with two-tailed paired t tests. e, Levels of soluble cytokines produced from CAR-
stimulated CTLO19 cells subtracted from baseline levels; matched, unstimulated controls in evaluable patient samples were used (CR, n=6; PR, n=3;

PR, n=5; NR, n=21). P values were calculated with two-tailed Mann-Whitney tests. Graphs show mean with s.e.m. overlaid; symbols represent individual
patient samples. f, Single-sample gene set enrichment analysis of the IL-6/STAT3 pathway in CAR-stimulated CTLO19 cells from patients in each response
group (P values were determined with two-tailed Welch's t tests). Bars represent the mean +s.e.m. g, Representative flow cytometry showing levels of
pSTAT3 in preinfusion CTLO19 cells from a CR and NR patient after overnight stimulation with isotype-control antibody-coated beads (mock stimulated)

or beads coated with an anti-idiotypic antibody against CAR19 (CAR19 stimulated) (left). Pooled data from patients with highly functional (CR, n=3; PRyp,
n=2) versus poorly functional (PR, n=3; NR, n=11) CAR T cells are shown in box plots (right). Boxes indicate the twenty-fifth to seventy-fifth percentiles;
middle line, median; whiskers, minimum and maximum. Each symbol denotes an individual patient sample. The change in fluorescence intensity (AMFI) was
calculated by subtracting the MFI of pSTAT3 in stimulated cells from that in unstimulated cells. The P value was calculated with a two-tailed Mann-Whitney
test. h, Spearman’s rho correlation (two-tailed) shown between the maximum in vivo proliferative capacity of adoptively transferred CAR T cells (C,,,) and
peak levels of serum IL-6 (n=41; left) or IL-6/STAT3 gene enrichment in patient-matched CAR-stimulated (as above) CTLO19 cells (n=34; right).
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We then investigated whether levels of phosphorylated STAT3
(pSTAT3) could segregate highly active CR/PRy, patient CAR T cells
from those of PR/NR subjects with poor functionality. CAR-specific
pSTATS3 activity was significantly elevated in CTLO019 cells from CR/
PR;p, patients compared with CAR T cells expanded from PR/NR
patients (Fig. 3g). In line with these findings, we observed a strong
direct correlation between the maximum degree of in vivo CAR
T cell expansion and serum IL-6 as well as IL-6/STAT3-pathway
gene enrichment in preinfusion CTLO19 cells after stimulation
(Fig. 3h). Accordingly, pharmacologic blockade of STAT3 signaling
in CTL019 cells diminished their proliferative capacity after serial re-
stimulation with CD19-expressing leukemia cells (Supplementary
Fig. 4a-c) without affecting viability (Supplementary Fig. 4b,c).
Because STAT?3 signaling plays a role in the generation and mainte-
nance of memory T cells®, induction of this pathway (Fig. 3f,g) not
only might indicate a demarcation of less differentiated cells in the
CAR T cell product but also may be functionally important for their
expansion and long-term survival after infusion.

Because CAR T cells from CR/PRy, patients expressed key
regulators of cellular memory differentiation and maintenance,
we explored whether the transcriptomes of premanufactured
T cells from these patients differed from those of subjects exhibiting
limited or very poor CAR T cell activity. Similarly to the results of
our transcriptional analyses of CAR T cell infusion products, tran-
scriptomic profiles of ex vivo T cells from CR/PRyy, patients showed
marked differences compared with those from nonresponders
(Supplementary Fig. 5a and Supplementary Table 5c). The genes
significantly upregulated in unmanipulated T cells from NR patients
were enriched in the functions of T cell exhaustion, activation, gly-
colysis and apoptosis (Supplementary Fig. 5b and Supplementary
Table 5¢). These additional findings provide a framework that may
inform future clinical trials in which patients most likely to respond
to CAR T cell treatment could be selected before a somewhat costly
and complex cellular manufacturing process.

According to the results of our transcriptomic analyses, the pres-
ence of specific memory populations at the preexpansion stage of
cellular therapy may be a predictive indicator of clinical response.
This indicator might be used to inform efforts to enrich the most
efficacious starting subset of T cells for large-scale clinical expan-
sion. We therefore investigated whether, before ex vivo expansion,
T cells collected by leukapheresis from patients with CLL who
responded to CTLO019 differed from nonresponders in the composi-
tion of naive, stem cell memory, central memory, effector memory or
effector CD4* and CD8" subsets'**'. The median frequency of stem
cell memory T cells was modestly higher in CR/PRy;, than PR/NR
patient groups (Fig. 4a). Notably, supervised analysis showed that the
frequency of CD45RO"CD27+CD8* T cells from CR/PRyy, patients
at the time of leukapheresis was significantly higher than that in
PR/NR patients (Fig. 4b,c). To confirm this finding, we performed
unbiased computational analysis of flow cytometric data. Our ini-
tial approach was based on an unsupervised clustering algorithm
(cluster identification, characterization and regression (CITRUS))
that is agnostic to population gating thresholds and instead uses
the expression levels of all phenotypic markers to identify clinically
prognostic cell subsets™. Two clusters, 48223 and 48236, were iden-
tified during the CITRUS analysis as relevant biologic segregators
of CR/PRy;, from PR/NR patient T cells (Supplementary Fig. 6a).
Cells in both clusters expressed high levels of CD27 and low levels
of CD45RO (Supplementary Fig. 6a). We found a population with
a very similar predictive phenotype when comparing extreme-
response CR/NR patient groups (Supplementary Fig. 6b).

To further substantiate the validity of this biomarker profile, we
applied a second computational approach by performing logical
transformation of flow cytometric data and subsequent gate deter-
mination for each marker to effectively separate positive and neg-
ative cell populations. All possible biomarker profiles were then
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extracted with the flowType algorithm® to identify T cell phe-
notypes associated with a significant difference between patient
response categories. Using this conceptually different approach, we
identified several CD8* T cell subsets with phenotypes concordant
with those discovered during the CITRUS analysis, including many
consistently defined by parental CD45RO- and CD27* profiles
that segregated CR from NR patients (Supplementary Table 6a).
In contrast, we did not identify a differentiation phenotype that
stratified CR from NR patients in leukapheresed CD4* T cells
by using this computational method (Supplementary Table 6b).
A second independent cohort of eight patients with advanced CLL
treated with CTLO19 cells was analyzed for CD45RO-CD27+CD8*
T cell frequency at the time of leukapheresis, and this biomarker
identified CR patients with a high degree of sensitivity and speci-
ficity (Fig. 4c).

The CD45RO-CD27* subset of CD8* T cells is composed of
non-naive, antigen-experienced lymphocytes that persist in a
resting state and possess properties of long-lived memory cells*.
Furthermore, CD45RO-CD27+*CD8" T cells represent a small pro-
portion of both total and antigen-specific CD8* T cells that rapidly
expand and acquire effector functions after antigen reexposure®?".
The levels of CCR7 were significantly lower on these cells than on
both naive and central memory T cells, but were significantly higher
than those on effector memory T cells (Supplementary Fig. 7a). We
also examined the proliferative capacity and differentiation phe-
notype of purified CD45RO"CD27*CD8* T cells over time, after
stimulation with anti-CD3/CD28 agonistic antibodies. Similarly to
conventional memory T cells, CD45RO-CD27*CD8* T lympho-
cytes divided extensively (Supplementary Fig. 7b) and maintained
a less differentiated phenotype in extended culture, even after this
potent stimulus (Supplementary Fig. 7c). These cells also expressed
low levels of IL-2 after acute stimulation (Supplementary Fig. 7d), a
result consistent with previous reports on the ex vivo functionality
of early memory T cells'>**. We then selected CD45RO-CD27+CD8*
T lymphocytes for the generation of CAR-engineered T cells and
demonstrated that they potently lysed CD19-expressing tumor tar-
gets. This cytotoxic effector capacity was similar to that mediated by
gene-modified central memory T cells (ref. * and Supplementary
Fig. 7e). In further support of this cell type persisting as a stable
quiescent pool of memory T cells with phenotypic characteristics
of both memory and effector cells*, we observed elevated levels
of granzyme B (Supplementary Fig. 7f) and a lower frequency of
Ki-67-expressing cells (an indicator of cycling status; Supplementary
Fig. 7g) in ex vivo CD45RO-CD27+*CD8" patient T cell populations
compared with their CD45RO*CD27* counterparts. Thus, enriched
CD45RO-CD27+*CD8* T cells at the time of leukapheresis are asso-
ciated with complete and durable responses to CTL019 therapy for
CLL, a finding consistent with less differentiated T cells mediating
robust antitumor activity as a result of enhanced proliferation and
persistence after adoptive transfer'*-'°.

Additional makers such as the CD4*/CD8" ratio'*'® of the infused
cells and the differential expression of inhibitory molecules'® can
affect both the survival of CAR T cells and their effector function in
vivo. The typical compositional characteristics of CLL patient leu-
kapheresis samples and CTL019 cellular infusion products as well
as the total CTLO19 dose infused did not segregate subjects accord-
ing to clinical outcome (Supplementary Table 7). NR patients did
exhibit a significantly higher CD4*/CD8* T cell ratio after large-
scale expansion of their CTLO19 cells, relative to the leukapheresis
time point (Supplementary Fig. 8). However, the CD4*/CD8* T cell
ratio of the CAR T cell infusion product did not differ among CR,
PR, PR and NR subjects, thus suggesting that the CD4*/CD8*
T cell ratio within CTL019 products may not influence therapeutic
efficacy in the setting of CLL (Supplementary Fig. 8). Additional
clinical studies of CAR T cells in CLL with larger numbers of
patients will be required to independently validate these findings.
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Fig. 4 | The presence of mechanistically relevant T cell populations in patients can predict response to CTLO19 therapy. a, Frequencies of naive (T,),
stem cell memory (T, central memory (T¢,,), effector memory (Tg,,) and effector (T) CD8* T cells from patients in each response group (CR, n=7;
PR:p, n=3; PR, n=4; NR, n=24) at the time of leukapheresis. b, Representative contour plots examining the proportions of CD45RO-CD27+*CD8* T cells
from CR, PRyp, PR and NR CTLO19 patients (3 independent experiments). ¢, Summary of leukapheresis CD27+CD45RO-CD8* T cell frequencies in patients
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value, 92.59%). A CD45RO-CD27+CD8* T cell frequency >28.6% segregated CR (n=4) from non-CR (SD (stable disease) + PR; n=4) patients with CLL
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(right). d, Percentages of CD8* T cells expressing PD-1and coexpressing PD-1and LAG-3 or TIM-3 in preinfusion CTLO19 cells (CR, n=6; PR;p, n=3; PR,
n="5; NR, n=21). For a, ¢ and d, two-tailed Mann-Whitney tests were used for comparisons between groups. Graphs show mean and s.e.m. e, Receiver
operating characteristic (ROC) curve for multiple biomarkers that define different T cell populations in the CAR T cellular product. ROC curves are based
on the total dose (cells/kg) of CTLO19 cells infused into CR (n=6) versus NR patients (n=21). AUC values, shown in parentheses, represent areas under
the respective ROC curves and provide an overall measure of predictive power. f, Top, experimental setup, showing transfer of retrospective CR CAR T cell
infusion products with (bulk) or without CD8*CD27+PD-1- lymphocytes (depleted) from patients with CLL into fully leukemic NSG mice (tumor alone,
n=20; bulk CTLO19, n=10; depleted CTLO19, n=12). Bottom, longitudinal tumor burden (BLI) of NALM-6-bearing mice treated with CAR T cells (each
line indicates one mouse). g, Weight loss in mice, shown over time. h, Kaplan-Meier curves showing survival of mice. P values were calculated with two-
tailed log-rank Mantel-Cox tests. Numbers of mice at risk in each group at specific time points are listed below the survival curve.
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We also examined other phenotypes that might be associated
with CAR T cell activation differentiation and exhaustion, includ-
ing PD-1, TIM-3 and LAG-3, all of which can function as inhibi-
tory receptors on CD8* T cells'>*-*. The frequencies of preinfusion
CD8" CTLO019 cells expressing PD-1, TIM-3 and LAG-3 varied
widely across the entire population of treated patients with CLL
(Fig. 4d). CR patients, compared with PR and NR patients, had sig-
nificantly lower percentages of CAR T cells with a CD8*PD-1* phe-
notype (Fig. 4d). Analysis of PD-1 coexpression with LAG-3 and
TIM-3 revealed that both CD8*LAG-3* and CD8*TIM-3* CTL019
cells coexpressing PD-1 were associated with poor responses,
whereas individuals who had complete and durable remissions
were infused with products containing significantly lower frequen-
cies of these cells (Fig. 4d). Interestingly, the percentages of CD8*
T cells expressing these inhibitory receptors at the time of leuka-
pheresis did not correlate with clinical outcome (Supplementary
Fig. 9), thus suggesting that changes in these inhibitory phenotypes
across response groups may be an activation-driven phenomenon.
Because most T cells expressed CD45RO after our expansion pro-
cess (data not shown), we conducted unbiased computational
analysis of flow cytometry data from CTLO19 infusion products to
identify cell populations predictive of clinical response at the end
of the cellular manufacturing process. Evaluation of 1,696 phe-
notypes identified the PD1-CD27* parental population of CD8*
T cells as a phenotype that strongly segregated CR from NR patients
(Supplementary Table 8). In accordance with previous data'” and
our collective findings, we noted a highly significant association
between the likelihood of responding to CTL019 therapy and the
infusion of high doses of CD27*PD-1-CD8* CAR T cells (Fig. 4 and
Supplementary Fig. 10).

To determine whether the CD27*PD-1- subset was responsible
for mediating tumor control, we treated fully leukemic NSG mice
with retrospective CR patient CAR T cells that contained enriched
or depleted CD27+*PD-1"CD8" T cell populations. Removal of this
population resulted in a loss of tumor control in mice, as compared
with treatment with CR patient infusion products containing high
frequencies and absolute numbers of CD27+PD-1-CD8* CAR
T cells (Fig. 4f). The magnitude of these antitumor responses was
directly associated with the degree of morbidity in these animals
(Fig. 4g) as well as the overall length of their survival (Fig. 4h).
Mechanistically, we found that the CD27*PD-1-CD8* subset com-
prised the population that upregulated pSTAT3 in response to IL-6
stimulation (Supplementary Fig. 11a), as a result of their markedly
high levels of the IL-6 receptor-f chain (Supplementary Fig. 11b).
Therefore, the effectiveness of CAR T cell therapy for CLL may be
increased by treating patients with cellular products enriched in
CD27*PD-1"CD8* cells.

We also investigated blood-based biomarkers in the setting of
predicting clinical response. The observed rise in IL-15 that peaked
within the first 28 d after CTL019 infusion segregated NR patients
from CR (P<0.05) and PRy, (P=0.01) patients (Supplementary
Table 9), thus suggesting that adoptively transferred genetically
redirected T cells that exhibit robust expansion in vivo are respon-
sive to homeostatic cytokines. In contrast, IL-2 levels were not sig-
nificantly different across response groups (Supplementary Table 9).
The higher levels of serum IL-6 seen in CR and PRy, patients
compared with NR patients (P<0.05 and P=0.010, respectively;
Supplementary Table 9) may be indicative of the superior potency
and persistence of CTLO019 cells in subjects who have more durable
responses to this therapy, a possibility supported by the infusion
of CD27*PD-1"CD8" CAR T cells that express genes and activate
pathways such as STAT3 and consequently confer long-term cell
persistence and durable clinical remission.

In summary, we explored the integrated genomic and pheno-
typic characteristics as well as the functional determinants and
mechanisms associated with clinical response and resistance to CAR
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T cell therapy for CLL, providing evidence that intrinsic T cell fit-
ness mediates long-term CR. Tumor burden and disease- or patient-
specific characteristics alone are not sufficient to distinguish clinical
outcomes and predict response. The specific baseline T cell quali-
ties reported here, however, make it possible to delineate classes of
predicted treatment outcome. A pretreatment biomarker is valuable
not only in helping to prognosticate responses but also in predict-
ing immunological failure and tailoring alternative therapies. It will
be important to test whether the biomarker-driven approaches to
CAR T cell therapy proposed here can be extended to other can-
cer types, particularly solid tumors. Our findings also highlight
the utility of selecting cultures with high absolute numbers of a
mechanistically relevant subpopulation responsible for mediating
tumor control and consequently increasing the efficacy of geneti-
cally redirected T lymphocytes. Generation of CAR T cells with
optimal differentiation potential as well as effector activity might
also be achieved by minimizing culture time, using alternative cyto-
kines or performing metabolic engineering or other approaches,
such as IL-6/STAT3-pathway modulation. Finally, the ability to use
biomarkers to identify the individuals most likely to respond should
dramatically change patient selection and provide critical informa-
tion that may allow immune modification to improve the efficacy
of this approach.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41591-018-0010-1.
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Methods

Patient samples. Samples were acquired from patients with CLL who enrolled

in clinical trials of single-agent CTLO019 therapy, which were approved by the
Institutional Review Board (IRB) of the University of Pennsylvania. All subjects
provided written informed consent according to the Declaration of Helsinki and
the International Conference on Harmonization Guidelines for Good Clinical
Practice. All ethical regulations were followed. These studies have been registered at
ClinicalTrials.gov (identifiers NCT01029366, NCT01747486 and NCT02640209).

Vector production, T cell isolation and generation of CTL019 cells. A lentiviral
vector containing a transgene encoding the CD19-specific CAR with 4-1BB/CD3(
domains (GeMCRIS 0607-793) was constructed and produced as previously
described®*. Autologous T cells were collected by leukapheresis and activated with
anti-CD3 and anti-CD28 monoclonal-antibody-coated polystyrene beads, then
transduced with the above lentiviral vector™”. CAR T cell expansion was carried
out for 9-11 d (ref. °). Absolute cell counts during large-scale CTL019 cell culture
were obtained with a Coulter counter (Beckman Coulter). The following equation
was used to calculate the number of cellular population doublings during culture:
A,=A,2", where n is the number of doublings, A, is the number of cells seeded, and
A, is the total cell number.

Correlative assays. Pre- and postinfusion sample processing, flow cytometry,
serum cytokine quantification and qPCR analyses were carried out as previously
described’. These correlative studies were performed at protocol-defined time
points in conjunction with disease response assessments as part of completed and
ongoing clinical trials (NCT01029366, NCT01747486 and NCT02640209)°.

Cell lines. NALM-6, K562 and IMR-90 cell lines were acquired from the American
Type Culture Collection (ATCC). Low-passage working banks of cells were tested
for mycoplasma with a MycoAlert kit (Lonza), according to the manufacturer’s
instructions. Cell-line authentication was performed by the University of Arizona
Genetics Core, on the basis of criteria established by the International Cell Line
Authentication Committee. Short-tandem-repeat profiling revealed that these cell
lines were above the 80% match threshold. Mycoplasma testing and authentication
were routinely performed before and after molecular engineering.

Mouse systemic tumor model. Mouse experiments were carried out with

equal numbers of 8- to 12-week-old male and female NOD/SCID/IL-2Ry-null
(NSG) mice (Jackson Laboratory), under an Institutional Animal Care and Use
Committee protocol approved by the University of Pennsylvania. Mice were
engrafted with 1 X 10° click beetle green luciferase-green fluorescent protein
(CBG-GFP)-expressing NALM-6 leukemia cells through intravenous injection,
then with 1xX10° CAR T cells 7 d later. Tumor burdens are very even with this
cell line, and therefore, no mice were excluded before treatment. Imaging of
animals and survival measurements were carried out by an operator who was
blinded to treatment groups. For some experiments, mice were treated with bulk,
unmanipulated retrospective CTL019 infusion products from patients with CLL.
Depletion experiments were carried out by sorting bulk infusion products and
matched samples with CD27*PD-1- cells removed from the CD8 compartment
with a FACSAria II cell sorter (BD). Longitudinal bioluminescence imaging was
performed with a Xenogen IVIS Imaging System, and absolute cell counts as well
as morbidity assessments were carried out as previously described’*.

RNA-sequencing and bioinformatics analysis. Total RNA was purified from
CTLO19 cells or bulk CD3* T cells (leukapheresis samples) with an RNeasy Mini
Kit according to the manufacturer’s instructions (Qiagen), and integrity was
verified with an Agilent TapeStation (RIN). Preparation for sequencing was then
performed with a TruSeq RNA v2 prep kit (Illumina). To identify, accurately
quantify and determine differential gene and transcript expression, we performed
high-throughput sequencing on an Illumina HiSeq 2500 platform to a target depth
of 50 million paired-end reads per sample. Reads were aligned to the reference
human genome (build hg19) in STAR". Next, mapped reads were assembled into
transcripts, and transcript abundance was estimated and normalized in Cufflinks*'.
Finally, HTSeq was used to count the number of reads mapping to each gene*.
Data normalization for differential expression analysis was carried out with the
edgeR R package”. Differential gene expression between CR/PR;j, and PR/NR
patients was performed with the edgeR R package for fitting generalized linear
models with a design matrix. Dispersions were estimated with the Cox-Reid
profile-adjusted likelihood method, and differential expression was determined
with a generalized-linear-model likelihood-ratio test. The gene signatures used
were as follows: T cell differentiation'>*, T cell exhaustion*>*, T cell activation’-*,
hypoxia™ and IL-6/STAT3 (ref. °'). For metabolic gene profiles, ‘CP:REACTOME:
Reactome gene sets’ and ‘GO biological process sets’ were also selected:
http://www.broadinstitute.org/gsea/msigdb/.

Flow cytometry. Routine longitudinal measurements of the expansion and
persistence of CTLO019 cells, as well as peripheral B-CLL burden, were conducted as
previously described with a six-parameter Accuri C6 flow cytometer (BD)**. For

T cell deep immunophenotyping, PBMC or CTL019 infusion products (bulk
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T cells or specific subsets purified by flow cytometry) were preincubated with Aqua
Blue dead cell exclusion dye (Invitrogen) and subsequently surface stained with
commercially available flow cytometry antibodies. CAR19 protein expression was
detected with an Alexa Fluor 647-conjugated anti-idiotype monoclonal antibody™.
All antibodies were titrated before use, and fluorescence-minus-one controls

were created for each antibody panel to set gates for positive events. Information
pertaining to all flow cytometry antibodies used in this study can be found in
Supplementary Table 10. Cells were acquired on a custom 17-color, 19-parameter
special-order LSRFortessa instrument (BD). Data were analyzed in FlowJo
software (TreeStar).

Measurement of lactate production and glucose uptake by CAR T cells from
patients with CLL. Retrospective CTLO019 cells from patients with CLL were
thawed and rested in 24-well tissue culture plates (BD) at 1 x 10° cells/mL, then
stimulated overnight with anti-idiotypic antibody-coated beads to trigger the
anti-CD19BB({ CAR™. Similarly conjugated isotype antibody-coated beads were
used as the mock control. Beads were added in a ratio of three beads per cell
according to the transduction efficiency of each patient infusion product. Lactate
levels were measured with an Enspire Multiparameter Bioanalytical System (Model
2300, PerkinElmer). Enzymatic diagnostic kits (Sigma) were used according to the
manufacturer’s instructions. The signals generated from a range of concentrations
of this metabolite were used to construct a standard curve. Cellular supernatants
from mock- and CAR-stimulated T cells were collected and applied to the
instrument.

After overnight stimulation, cells were washed and refed with fresh RPMI, and
2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG;
Sigma Aldrich) was added at a final concentration of 500 uM. After a 30-min
incubation with 2-NBDG, cells were placed on ice and stained for flow cytometry
to detect CAR* T cells that had taken up the fluorescently labeled glucose analog.

Metabolic modulation of CAR T cells. Anti-CD19BB{ CAR T cells were produced
as previously described” in the presence or absence of the glycolysis inhibitor
2-deoxyglucose (2-DG; Sigma-Aldrich). After 9 d of culture, the differentiation
phenotype of these cells was determined by flow cytometry. CAR* T cells were
sorted on a FACSAria II cell sorter (BD) and combined 1:1 with irradiated K562
cells expressing CD19 (K562-CD19)°. CTL019 cells were restimulated three times
with K562-CD19 targets. During the proliferation assay, absolute cell counts were
obtained with a Luna automated cell counter (Logos Biosystems).

Cytokine analyses. CTL019 products were cultured overnight with anti-idiotypic
antibody-coated beads or isotype-control antibody-coated beads as described
above, and supernatants were collected. Serum was isolated through centrifugation
of the whole blood of patients at baseline and at defined time points after CTL019
treatment. Serum samples were then divided into aliquots and stored at -80 °C.
Measurement of cytokines in the above culture supernatants and serum samples
was performed with a Luminex bead array platform (Life Technologies) according
to the manufacturer’s instructions. All samples were analyzed in triplicate and
compared against multiple internal standards with a nine-point standard curve.
Data were acquired on a FlexMAP-3D system (Luminex), and analysis was
performed in XPonent 4.0 software (Luminex) as well as through five-parameter
logistic regression’.

Measurement of pSTAT3 and STAT3 blockade in CAR T cells. CTL019 cells
from infusion products of patients with CLL were thawed and stimulated with
anti-idiotypic antibody-coated beads or mock beads as described above. For
some experiments, cells were stimulated for 10 min with recombinant human
IL-6 (Miltenyi) at a final concentration of 10 ng/mL. In cell-subset-evaluation
experiments, populations of interest were stained for surface markers and sorted
on a FACSAria IT (BD) cell sorter before acute stimulation with IL-6. After
stimulation, cells were fixed with Phosflow Lyse/Fix Buffer (BD) for 12 min at
37 °C, then permeabilized with Phosflow Perm Buffer III (BD). Intracellular
staining was carried out for 60 min at room temperature with an anti-STAT3
(pY705) antibody (BD). Samples were immediately acquired on an LSRFortessa
instrument (BD).

Blockade of the STAT3 pathway was carried out through generation of anti-
CD19BB( CAR T cells” in the presence or absence of the STAT3-specific inhibitor
Stattic (Selleckchem) at a final concentration of 5uM. An equivalent amount of
dimethyl sulfoxide (DMSO) served as a vehicle-alone negative control. The ability
of Stattic to inhibit STAT3 signaling was assessed through Phosflow staining
as described above. Serial restimulation assays using sorted CAR T cells and
irradiated K562-CD19 cells were also carried as described above. Absolute cell
numbers and viability were simultaneously measured during the course of CAR
T cell expansion with a Luna automated cell counter (Logos Biosystems).

Computational analyses of flow cytometric data. We used two conceptually
different data-driven approaches for biomarker identification. The aim was to
identify cellular phenotypes that correlated with clinical response to CTL019
therapy. Pregating was first performed to limit analyses to viable singlet
populations of lymphocytes. Pregated data were subsequently used for data
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mining and biomarker identification with the automated biostatistical algorithms
CITRUS* (Cytobank) and flowType* (based in R*; The R Foundation). CITRUS is
agnostic to preestablished gating thresholds and instead uses the expression levels
of all phenotypic makers, beginning with unsupervised identification of subsets

of phenotypically similar cells. These clusters are then hierarchically ordered by
clustering cell events that express similar makers. This algorithm is based on the
assumption that clinically predictive cell populations of a given phenotype will

be identified as events that robustly recur in the aggregate data®>. The CITRUS
algorithm conservatively dictates by default that T cell populations of interest must
comprise at least 5% of measured events®.

FlowType uses a clustering algorithm to partition every channel/marker density
to separate a positive and a negative cell population; this procedure is based on the
assumption that the there are two distinct populations®. These partitions are then
combined to produce a set of multidimensional phenotypes. This algorithm generates
a total number of 3 X n possible phenotypes, where n represents the number of
phenotypic markers. In this study, we limited the length of any given phenotype to be
defined by a maximum of four markers to allow for the identification of biologically
meaningful phenotypes. We chose this number because too many markers would
extract populations consisting of very low cell counts, thus rendering their predictive
relevance difficult to interpret in our patient cohorts. These processes allowed us to
examine many possible phenotypes collectively in leukapheresis (premanufactured)
and CAR T cell infusion product (postmanufactured) samples. The most statistically
significant phenotypes were selected for manual confirmation that was carried out
using FlowJo software (TreeStar).

Telomere-length and telomerase-activity assessments. CTL019 cells or IMR-
90 cells were thawed and subjected to genomic DNA isolation with an iPrep
Purification Instrument (Invitrogen). For Southern blot analysis, 2 ug genomic
DNA was digested overnight at 37 °C with the restriction enzymes Hinfl and
Rsal. Digested DNA samples were separated on a 0.8% agarose gel under 50 V

at 4 °C for 17 h. After electrophoresis, Southern blot procedures were performed
with a TeloTAGGG Telomere Length Assay kit (Roche). After depurination

in 0.4% hydrochloric acid for 15min at room temperature, the DNA gel was
rinsed for 30 min in denaturation buffer containing 0.5 M sodium hydroxide and
1.5M sodium chloride. Separated DNA fragments were subsequently blotted
onto a nylon membrane through an overnight capillary-transfer procedure

with 20X saline sodium citrate buffer at room temperature. After blotting, the
nylon membrane was fixed, washed and probed according to the manufacturer’s
instructions (Roche). Finally, telomeres were visualized by autoradiography. The
sizes of the telomeres were determined by densitometry analysis.

Measurement of relative telomere length by qPCR was carried out as previously
described™. Briefly, two sets of PCR reactions were performed in triplicate,
and each reaction contained 10 ng of the genomic-DNA template. The first set
amplified telomere-repeat DNA (T reaction), and the second amplified a single-
copy gene (36B4; S reaction). The PCRs were performed with a ViiA 7 Real-Time
PCR System, and the accumulation of amplified DNA was detected through SYBR
green fluorescence (Applied Biosystems). Each plate contained dilutions of a
reference sample of genomic DNA to generate a standard curve for determining
the relationship between threshold cycle (Ct) values and input genomic-DNA
mass for T and S reactions. Test samples were normalized to the standard curve to
generate relative T and S values and T/S ratios.

Telomerase activity was measured in CTL019 cellular infusion products
unstimulated or stimulated with CD3/CD28-coated beads (Dynabeads;
ThermoFisher Scientific) compared with a bead-bound anti-idiotypic antibody
that recapitulates triggering of the anti-CD19BB({ CAR by CD19 (ref. **). This assay
was based on a SYBR green quantitative telomeric-repeat amplification protocol
(Q-TRAP)*"* in which telomeric-repeat sequences are added to the 3’ end of an
oligonucleotide. Briefly, T cells were collected and lysed as previously described****,
and total protein concentrations were measured with a BCA protein kit (Pierce)
according to the manufacturer’s instructions. Telomerase-positive 293 human
embryonic kidney cells were used as a standard. Telomerase-mediated extension of
an oligonucleotide primer by the cell extracts and amplification of the telomerase-
extended primer products was carried out as described above. Ct values for each
sample were determined from amplification plots (i.e., log increase in fluorescence
versus cycle number) and compared against standard curves generated from the
serially diluted 293 cell lysates.

Functional evaluations of the CD27*CD45RO-CD8* T cell subset. Primary bulk
human T cells were sorted into subsets on the basis of expression of CD27 and
CD45RO, with a FACSAria II cell sorter (BD). Cells were stimulated with anti-
CD3/CD28 antibody- or isotype-control antibody-coated beads for functional
assessments of proliferation through carboxyfluorescein succinimidyl ester

(CFSE) dilution and cytokine production, as previously described”. CTL019 cells
were generated from cell subsets, and cytolytic capacity was determined with a
luciferase-based assay incorporating NALM-6 (CBG-GFP) tumor targets®

Statistical analyses. Descriptive statistics were computed for study variables.
Normality was assessed for all data with the D’Agostino—Pearson omnibus
test. When the sample size was too small to adequately examine normality,
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nonparametric statistics were used. Specific statistical tests used for different study
variables are described below and in the figure legends. With the sample sizes
available in each response group (n=11 for CR/PRy, and n=30 for PR/NR),

we had 80% power to detect a minimum effect size of 1.0 (in s.d. units) using

a two-sided unpaired ¢ test, and 74% power to detect the same effect size if the
nonparametric Mann-Whitney test was used. Although we recognize that this
effect size is large, and we do not have prior data available to determine whether
such an effect size is biologically meaningful, the results of the current study may
be useful for planning future confirmatory investigations.

The current study is a secondary correlative investigation using samples
collected from existing clinical trials. Thus, the sample sizes in this report were
determined by the original clinical trial designs and sample availability; no
additional inclusion/exclusion criteria were applied. The clinical trials were single-
treatment studies; the comparison groups in the current study were defined by
the observed clinical responses. Investigators were blinded to clinical responses,
because correlative assays were conducted on deidentified subject samples.
Estimates of variation within each group of data are presented with error bars in
figures indicating either the s.d. or s.e.m. Descriptive statistics on the measures of
central tendency and variability of the data distribution, including the minimum,
twenty-fifth percentile, median, seventy-fifth percentile, maximum, mean, s.d. and
s.e.m., are listed for the appropriate figures in Supplementary Table 11. In cases
in which the distribution of data was normal, parametric tests (for example, Welch’s
t test) were used to accommodate the possibility of unequal variance.

The significance of associations among the four response groups (CR,

PRp, PR and NR) and characteristics listed in Supplementary Tables 1, 7

and 9 were examined using Fisher’s exact test for categorical variables or the
nonparametric Kruskal-Wallis exact test for continuous variables. The Mann—
Whitney exact test was used for comparisons between two individual or combined
response groups. Assessments of differential gene expression/enrichment and

T cell functional markers were compared with a ¢ test for paired or unpaired
samples. CTL019 expansion levels were measured through PCR-based detection
of transferred cells above the lower detection limit (25 copies/pg DNA). Peak (that
is, maximum) levels of expansion, in vitro CTL019 expansion, telomere length,
cytokine/chemokine production by stimulated CAR T cells, T cell differentiation
and inhibitory phenotypes as well as serum cytokine levels in patients were
compared with the Mann-Whitney exact test between two individual or combined
(for example, CR/PRyy, versus PR/NR) response groups. To measure the predictive
power of each phenotype identified through computational approaches, we used

a t test for unpaired samples to examine differences in cell frequencies (i.e., the
number of cells of a particular phenotype divided by the total number of cells in
the parent population) between clinical response groups. ROC curves based on
different T cell populations from patients with CLL, alone or in combination, were
generated; the predictive values were then evaluated through examination of the
AUC. In the case of the CD45RO-CD27*CD8" T cell leukapheresis biomarker, the
optimal cutoff frequency satisfied the criteria maximizing the Youden index as
well as the shortest distance to top left corner (0, 1) of the ROC curve (i.e., perfect
classification). A Spearman’s rho (p) test was used to perform the nonparametric
correlations presented in main and supplementary figures. A Wilcoxon sign-rank
test was used for evaluating significant differences in the CD4/CD8 ratio between
leukapheresis samples and patient-matched CTLO019 products. Descriptions of
statistical tests for all other data can be found in the figure legends.

Analyses were performed with SAS (SAS Institute Inc.), Stata 14.0 (StataCorp)
or GraphPad Prism 6 (GraphPad Software). All tests were two sided. A P value
<0.05 was considered statistically significant. The present study was exploratory,
given its post hoc nature. When appropriate, exact unadjusted and adjusted P
values are reported in figures and/or in Supplementary Table 11. The Holm-Siddk
method was used to compute adjusted P values when controlling for multiple
comparisons.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary.

Data availability. Patient-related data not included in the paper were generated
as part of completed or ongoing clinical trials and may be subject to patient
confidentiality. Therefore, these data may be restricted. With regard to RNA-
sequencing data, counts of sequencing reads are presented in the supplementary
information. All associated raw data files have been submitted to the database of
Genotypes and Phenotypes (dbGaP; accession numbers pending). Any other data
that support the findings of the study are available from the corresponding author
upon reasonable request.

References

36. Milone, M. C. et al. Chimeric receptors containing CD137 signal
transduction domains mediate enhanced survival of T cells and increased
antileukemic efficacy in vivo. Mol. Ther. 17, 1453-1464 (2009).

37. Laport, G. G. et al. Adoptive transfer of costimulated T cells induces
lymphocytosis in patients with relapsed/refractory non-Hodgkin lymphoma
following CD34*-selected hematopoietic cell transplantation. Blood 102,
2004-2013 (2003).

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.


http://www.nature.com/naturemedicine

LETTERS

38.

39.

40.

4

—

42.

43.

44.

45.

46.

Ruella, M. et al. The addition of the BTK inhibitor Ibrutinib to anti-CD19
chimeric antigen receptor T cells (CART19) improves responses against
mantle cell lymphoma. Clin. Cancer Res. 22, 2684-2696 (2016).

Fraietta, J. A. et al. Ibrutinib enhances chimeric antigen receptor T-cell
engraftment and efficacy in leukemia. Blood 127, 1117-1127 (2016).

Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29,
15-21 (2013).

. Trapnell, C. et al. Differential gene and transcript expression analysis of

RNA-seq experiments with TopHat and Cufflinks. Nat. Protoc. 7,

562-578 (2012).

Anders, S., Pyl, P. T. & Huber, W. HTSeq: a Python framework to work with
high-throughput sequencing data. Bioinformatics 31, 166-169 (2015).
Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139-140 (2010).

Luckey, C. J. et al. Memory T and memory B cells share a transcriptional
program of self-renewal with long-term hematopoietic stem cells.

Proc. Natl. Acad. Sci. USA 103, 3304-3309 (2006).

McKinney, E. E, Lee, J. C,, Jayne, D. R,, Lyons, P. A. & Smith, K. G. T-cell
exhaustion, co-stimulation and clinical outcome in autoimmunity and
infection. Nature 523, 612-616 (2015).

Wherry, E. J. et al. Molecular signature of CD8* T cell exhaustion during
chronic viral infection. Immunity 27, 670-684 (2007).

47.

48.

49.

50.

5

—

52.

53.

54.

55.

NATURE MEDICINE

Abbas, A. R. et al. Immune response in silico (IRIS): immune-specific genes
identified from a compendium of microarray expression data. Genes Immun.
6, 319-331 (2005).

Bangs, S. C. et al. Human CD4* memory T cells are preferential targets for
bystander activation and apoptosis. J. Immunol. 182, 1962-1971 (2009).
Ramirez, K. et al. Gene deregulation and chronic activation in natural killer
cells deficient in the transcription factor ETS1. Immunity 36, 921-932 (2012).
Winter, S. C. et al. Relation of a hypoxia metagene derived from head

and neck cancer to prognosis of multiple cancers. Cancer Res. 67, 3
441-3449 (2007).

. Campia, I. et al. An autocrine cytokine/JAK/STAT-signaling induces

kynurenine synthesis in multidrug resistant human cancer cells. PLoS One 10,
€0126159 (2015).

Jena, B. et al. Chimeric antigen receptor (CAR)-specific monoclonal
antibody to detect CD19-specific T cells in clinical trials. PLoS One 8,
€57838 (2013).

Cawthon, R. M. Telomere measurement by quantitative PCR.

Nucleic Acids Res. 30, e47 (2002).

Kim, N. W. et al. Specific association of human telomerase activity with
immortal cells and cancer. Science 266, 2011-2015 (1994).

Herbert, B. S., Hochreiter, A. E., Wright, W. E. & Shay, J. W. Nonradioactive
detection of telomerase activity using the telomeric repeat amplification
protocol. Nat. Protoc. 1, 1583-1590 (2006).

NATURE MEDICINE | www.nature.com/naturemedicine

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.


http://www.nature.com/naturemedicine

natureresearch Conesponding auhols: Jon . weirrs, 0

Life Sciences Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list
items might not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

Please do not complete any field with "not applicable" or n/a. Refer to the help text for what text to use if an item is not relevant to your study.
For final submission: please carefully check your responses for accuracy; you will not be able to make changes later.

» Experimental design

1. Sample size

Describe how sample size was determined. The current study is a secondary correlative investigation using samples collected from
existing clinical trials. Thus, the sample sizes in this report were determined by the original
clinical trial designs and sample availability. Samples from all evaluable CLL patients were
included in this study through a specific cut-off date to ensure adequate representation of
patients in each response group.

2. Data exclusions

Describe any data exclusions. Because the sample sizes in this report were determined by the original clinical trial designs
and sample availability, no additional inclusion/exclusion criteria were applied.

3. Replication

Describe the measures taken to verify the reproducibility ~ Cellular phenotypes unbiasedly identified through computational approaches were validated

of the experimental findings. using a conceptually different method as well as manual conformation. To verify the
reproducibility of the predictive power of the cellular apheresis phenotype, we constructed
ROC curves from our discovery data set and determined an optimal cut-off frequency
satisfying the criteria that maximize the Youden's index as well as the shortest distance to top
left corner (0,1) of the ROC curve (i.e., perfect classification). This cut-off was then applied to
an independent patient validation cohort.

All in vitro and animal experiments were repeated with primary cells from different subjects
in each separate experimental run. All attempts at replication of these experiments were

successful.
4. Randomization
Describe how samples/organisms/participants were The clinical trials were single-treatment studies; the comparison groups of patients in the
allocated into experimental groups. current study were defined by the observed clinical responses.

For animal studies, tumor burdens are very even with the Nalm-6 cell line, and therefore, no
mice were excluded prior to treatment and no randomization or blinding methods were used.
We have stated this in the methods section of the text.

5. Blinding
Describe whether the investigators were blinded to Investigators were blinded to clinical responses as correlative assays were conducted using
group allocation during data collection and/or analysis. de-identified subject samples. For animal studies, tumor burden and survival measurements

were carried out by an operator who was blinded to treatment groups. This has been stated
in the methods section of the text.

Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used.
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6. Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

Test values indicating whether an effect is present
Provide confidence intervals or give results of significance tests (e.g. P values) as exact values whenever appropriate and with effect sizes noted.

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
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XX X XXX X X

Clearly defined error bars in all relevant figure captions (with explicit mention of central tendency and variation)
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See the web collection on statistics for biologists for further resources and guidance.

» Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this Bioinformatics analysis of RNA sequencing data was done using edgeR R package
study. (Bioconductor). Manual analysis of flow cytometric data was carried out using FlowJo

software (TreeStar). Unbiased computational analyses were performed using CITRUS
(Cytobank, Inc.) and flowType (based in R+; The R Foundation). Multiplex cytokine data was
analyzed using XPonent 4.0 (Luminex Corp.). Statistical analyses were performed with SAS
(SAS Institute Inc.), Stata 14.0 (StataCorp) or GraphPad Prism 6 (GraphPad Software). This is
stated in the text.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability

Indicate whether there are restrictions on availability of B. Jena and L. Cooper (MD Anderson Cancer Center) provided the CAR anti-idiotype
unique materials or if these materials are only available detection reagent. The functional anti-idiotypic antibody that was used for in vitro CAR
for distribution by a third party. stimulation experiments was provided by Novartis Pharmaceutical Corporation.

9. Antibodies

Describe the antibodies used and how they were validated = Antibodies used for flow cytometry are listed in Supplemental Table 10. All antibodies used in

for use in the system under study (i.e. assay and species).  this study were titrated prior to use, and fluorescence minus one (FMO) controls were
created for each antibody panel to set gates for positive events. All research samples were
analyzed in the Product Development and Correlative Sciences laboratories at the University
of Pennsylvania and all antibodies were validated in these laboratories.
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10. Eukaryotic cell lines
a. State the source of each eukaryotic cell line used.

b. Describe the method of cell line authentication used.

c. Report whether the cell lines were tested for
mycoplasma contamination.

d. If any of the cell lines used are listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

NALM-6, K562 and IMR-90 cell lines were originally obtained from the American Type Culture
Collection (ATCC).

Cell line authentication was performed by the University of Arizona (USA) Genetics Core
based on criteria established by the International Cell Line Authentication Committee. Short
tandem repeat (STR) profiling revealed that these cell lines were above the 80% match
threshold.

Low passage working banks of cells were tested for mycoplasma using the MycoAlert
detection kit according to the manufacturer’s (Lonza) instructions. Mycoplasma testing and
authentication are routinely performed before and after molecular engineering.

NALM-6, K562 and IMR-90 cell lines are not listed in the latest version of the database of
commonly misidentified cell lines maintained by ICLAC (Version 8.0, released 1 December
2016).

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide all relevant details on animals and/or
animal-derived materials used in the study.

Mouse experiments were carried out with equal numbers of male and female 8- to 12-week-
old (median = 9 weeks of age) NOD/SCID/IL-2Ry-null (NSG) mice (Jackson Laboratory), under

a University of Pennsylvania Institutional Animal Care and Use Committee-approved protocol.

At 9 weeks of age, male mice weigh 30g (standard deviation = 2; n =200) and female mice
weigh 23.5g (standard deviation = 1.6; n =197). All animal research at the University of
Pennsylvania (UPenn) is conducted under humane conditions with appropriate regard for
animal welfare. The animal care facility staff is headed by a chief veterinarian and includes a
veterinary assistant, animal care technicians and administrative support. All facility staff are
members of the American Association of Laboratory Animal Science. In addition, UPenn has
developed institutional standards for the humane use and care of animals, which has been
established to assure compliance with all applicable federal and state regulations for the
purchase, transportation, housing and research use of animals. UPenn has filed appropriate
assurance of compliance with the Office for Protection of Research Risks of the National
Institutes of Health. All animal protocols undergo a strict approval process with the
Institutional Animal Care and Use Committee (IACUC) at UPenn. The issues of pain and
distress are addressed throughout this process. We are required to perform annual literature
searches for less painful alternatives to our procedures and to ensure that our research does
not unnecessarily duplicate previous work. The methods of euthanasia to be used are
consistent with the recommendations of the Panel on Euthanasia of the American Veterinary
Medical Association.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population
characteristics of the human research participants.

Human research participant characteristics are listed in Supplemental Table 1. These included
sex, age, the number of previous therapies received prior to CAR T cell treatment, baseline
tumor burden as well as p53 mutation status. The best overall response, clinical outcomes
and toxicities for responding patients are summarized in Supplemental Table 2. This
information is provided for descriptive purposes. We did not perform formal covariate
analyses in this secondary correlative investigation.
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Flow Cytometry Reporting Summary

Form fields will expand as needed. Please do not leave fields blank.

» Data presentation

For all flow cytometry data, confirm that:
[X] 1. The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

< 2. The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of
identical markers).

[ ]3. All plots are contour plots with outliers or pseudocolor plots.

[X]4. Anumerical value for number of cells or percentage (with statistics) is provided.
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» Methodological details

5. Describe the sample preparation. For T cell deep immunophenotyping, PBMC or CTLO19 infusion products (bulk T
cells or specific subsets purified by fluorescence-activated cell sorting) were pre-
incubated with Aqua Blue dead cell exclusion dye (Invitrogen), followed by surface
staining with commercially available flow cytometry antibodies. CAR19 protein
expression was detected using an Alexa Fluor 647-conjugated anti-idiotype
monoclonal antibody

6. ldentify the instrument used for data collection. Research samples were acquired on a custom 17-color, 19-parameter special order
LSRFortessa (BD Biosciences). Routine longitudinal measurements of the expansion
and persistence of CTLO19 cells, as well as peripheral B-CLL burden were
conducted with a six-parameter Accuri C6 flow cytometer (BD Biosciences)

7. Describe the software used to collect and analyze Data were analyzed using FlowJo software (TreeStar). Pre-gated data were
the flow cytometry data. subsequently used for data mining and biomarker identification using the

automated bio-statistical algorithms, CITRUS (Cytobank, Inc.) and flowType (based
in R+; The R Foundation). CITRUS is agnostic of pre-established gating thresholds
and instead uses the expression levels of all phenotypic makers, beginning with
unsupervised identification of subsets of phenotypically similar cells. FlowType
uses a simple threshold or clustering algorithm to partition every channel/marker
density to a positive and a negative cell population; this is based on the assumption
that the expression of a marker is either “on” or “off” (i.e., there are two distinct
populations). These partitions are then combined to generate a set of multi-
dimensional phenotypes.

8. Describe the abundance of the relevant cell Cell frequencies/abundances are listed on the flow plot (insets).
populations within post-sort fractions.

9. Describe the gating strategy used. Figure legends specify the gating strategies used. Figures 1le, 3b and Supplemental
Figures 2d and 7a depict gating strategies.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information. [X]
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