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Abstract

The outcome of therapy with CAR-modified T-ells is strongly influenced by the subset origin of
the infused T-cells. However, since polyclonally activated T-cells acquire a largely
CD45RO*CCR7~ effector memory phenotype after expansion, regardless of subset origin, it is
impossible to know which subsets contribute to the final T-cell product. To determine the
contribution of naive (Tnaive), memory stem (Tscm), central memory (Tcm), effector memory
(Tem) and terminally differentiated effector (Tepmra) T-cell populations to the CD3 and CD28-
activated CAR-T-cells that we use for therapy, we followed the fate and function of individually
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sorted CAR-T-cell subsets after activation with CD3 and CD28 antibodies (CD3/28), transduction
and culture alone or after reconstitution into the relevant subset-depleted population. We show that
all subsets are sensitive to CAR transduction and each developed a distinct T-cell functional profile
during culture. Naive-derived T-cells showed the greatest rate of proliferation but had more limited
effector functions and reduced killing than memory-derived populations. When cultured in the
presence of memory T-cells, naive-derived T-cells show increased differentiation, reduced effector
cytokine production, and a reduced re-proliferative response to CAR stimulation. CD3/28-
activated T-cells expanded in IL-7 and IL-15 produced greater expansion of Tgcm- and Tom-
derived T-cells compared to IL-2. Our strategy provides a powerful tool to elucidate the
characteristics of CAR T-cells, regardless of the protocol used for expansion, reveals the functional
properties of each expanded T-cell subset and paves the way for a more detailed evaluation of the
effects of manufacturing changes on the subset contribution to /in vitro expanded T-cells.

Introduction

Adoptive T-cell immunotherapy with CAR-modified T-cells (CAR-T-cells) targeting tumor
antigens have been incorporated into cancer treatment with promising efficacy in distinct
settings (1-4). CARs are genetically engineered immunoreceptors comprising a single-chain
antibody fragment (scFv) linked to cytosolic endodomains from costimulatory receptors
and/or the T-cell receptor (TCR)C chain (5-7). The structure of the CAR, including the
affinity of the scFv, the type of spacer and costimulatory endodomains, the design of the
clinical protocol and the disease targeted profoundly affect the fate and function of CAR T-
cells, as does the manufacturing protocol that determines the character of the T-cell product
infused. (2-4, 8-23). Data regarding the best T-cell subset from which to derive CAR T-cells
for infusion are inconclusive and controversial and most patients receive CD4* and CD8* T-
cells whose subset derivation is unknown (2-4, 11-20). The ultimate objective of T-cell
therapy is to transfer a long-lived T-cell population with the capacity to differentiate into
potent tumor-specific effectors and to self-renew (8, 24). Short-lived effector T-cells (Tggg)
possess potent effector function 7n vitro, however, appear less attractive for adoptive
immunotherapy because of their limited proliferation and engraftment in vivo (25-27).
Memory T-cells subsets have been shown to expand substantially /77 vivo and are long-lived
with their self-renewal capacity being inversely proportional to their differentiation state
(28). Recently, it has been reported that antigen-experienced memory T-cell subsets directly
promote the phenotypic and functional differentiation of naive T-cells, which as a
consequence lost anti-tumor potential when transferred /n vivo (29).

Expression of the lymph node homing molecules CCR7 and the leucocyte common antigen
(CD45) isoforms RA and RO distinguishes memory from naive T-cells and allows the
dissection of the memory/effector T-cell compartment at least into four main subsets (30,
31): Memory stem T-cells (Tgcp), central memory T-cells (Tcp), effector memory (Tgm)
and terminally differentiated effector T-cells (Tgpmra) (24, 30, 31). Ty co-express CCR7
and CD45RO0, having lost CD45RA during naive — memory transition (32). Upon
antigenic restimulation T¢y lose CCR7 expression and differentiate into Tgy (32, 33) and
finally into Tgmra, Which are considered to be terminally differentiated. Tepmra lack both
CCR7 and CD45RO0 and re-express CD45RA (34). A 4™ memory subset Tgcp resides
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phenotypically within the naive-like T-cell compartment (CD45RO~CD45RA*CCR7Y),
distinct from naive T-cells by their expression of CD95 (Fas) (24, 31). Each T-cell subset has
distinct engraftment capacities and function following adoptive transfer in preclinical trials
(31-33, 35). In particular, Tcp are thought to have superior engraftment and persistence
compared to more differentiated memory T-cell subsets (24, 28, 30-33, 35-39). The recently
described Tgcpn Subset may represent the earliest stage of memory T-cell differentiation and
may have the ability to transfer stem cell-like T-cells for improved long-term efficacy (40,
41).

To identify the characteristics and subset derivation of CAR T-cells polyclonally expanded
on CD3 and CD28 antibody-coated plates as used in our clinical studies (2—4, 11-20), we
sorted each T-cell subset and followed its fate and function after activation, CAR-
transduction and culture alone and after reconstitution into the corresponding subset-
depleted, polyclonally activated bulk peripheral blood mononuclear cells (PBMC). In a
proof-of-concept study, we demonstrate that each T-cell subset is sensitive to CAR
transduction, and each displays a specific functional profile. Naive T-cell-derived
populations showed the most rapid expansion and dominated the cultures by the end of the
culture period, but had reduced effector functions and killing compared to memory subsets.
Furthermore, Tpaive-derived cells cultured in the presence of memory T-cells differentiate
more than when cultured alone, and show coincidentally reduced effector cytokine
production and ability to proliferate in response to CAR stimulation. Tgcp show the most
rapid expansion of all subsets, but due to their low frequency at the start of culture, they
represented only a minor fraction at the end. Finally we found that compared to IL-2, a
combination of IL-7 and IL-15, increased the yield of Tgcwm and Ty derived T-cells within
the bulk cultures. Irrespective of the protocol used for expansion, our comprehensive
approach reveals the characteristics of CAR T-cells polyclonally expanded from PBMC,
demonstrates the functional properties of each expanded T-cell subset and underlines the
importance of culture conditions to influence the desired T-cell populations. To this end, our
strategy allows a meticulous assessment of the effects of manufacturing changes on the
subset contribution to /n vitro expanded T-cells.

Materials and Methods

Cell culture

All PBMC and T-cell cultures and all assays were performed using complete media (45%
RPMI 1640 (Hyclone, CA, USA), 45% Click’s (Irvine, CA, USA)) supplemented with 5mM
L-glutamine (Invitrogen, Carlsbad, CA), penicillin (1001U/ml), and streptomycin (Hyclone,
Logan, UT), containing 10% fetal bovine serum (Hyclone), in humidified incubators at 37°C
and 5% CO.,.

Blood samples

For all experiments, blood samples were collected with informed consent from healthy
volunteers on protocols approved by the Baylor College of Medicine Institutional Review
Board (IRB). Peripheral blood mononuclear cells were isolated from blood by lymphoprep
density gradient centrifugation (Stem Cell Technologies, Vancouver, BC).
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T cell isolation and sorting

Cell lines

Constructs

PBMCs were enriched for CD3* T-cells with the pan T-cell “untouched” Isolation Kit I
(Miltenyi Biotech) following the manufacturer’s instructions. Cells were labeled with
fluorescent antibodies to CD3, CD45R0, CD95, CCR?7 (all purchased from Biolegend) and
CD45RA (Beckman Coulter). FACSorting was performed for Ty (CCR7YCD45RA7), Tem
(CCR7CD45RA"), TEMrA (CCR7"CD45RA™), Tgcpm (CD45RATCCR7*—CD95%) and
Thaive (CD45RA*CCR7*—CD957) (24, 30, 42) on a BD FACSAriall SORP (BD
Biosciences). Postsorting analysis of purified subsets revealed greater than 98% purity.

NIH 293T, JEKO and HDLM-2 cell lines (ATCC city state) were cultured in IMDM
(BioWhittaker, Walkersville, MD) supplemented with 10% FCS (Hyclone, Logan, UT) and
5 mM L-glutamine (Thermo Fisher, Waltham, MA). 2"d generation GD2.CAR
(1492a.CD28( CAR) transduced T-cells were directed to the disialoganglioside (GD2) to
assess specific /77 vitro re-expansion and effector function. Expanded 2" generation
CD19.CAR* (FMC63.CD28C CAR) and CD19.CAR-NGFR* (FMC63.CD28C-I-NGFR
CAR) T-cells were analyzed for their ability to produce cytokines in response to CAR-
antigen-expressing target cells, which constituted JEKO (CD19%) and HDLM-2 (CD19")
cell lines.

We used CAR constructs directed to the disialoganglioside, GD2, and the B-cell marker,
CD19, that have been targeted in many clinical studies. 2" generation GD2.CAR
(1492a.CD28-(C) and the CD19.CAR (FMC63.CD28() cloned into SFG vectors have
previously been described (43-45). The CD19.CAR construct was used alone and or cloned
upstream of an IRES-NGFR or IRES mOrange to facilitate selection and detection.

Retroviral supernatant

Transient retroviral supernatants were produced by co-transfection of NIH 293T cells with
the MoMLYV gag/pol expression plasmid PegPam3(-env), the RD114(-env) expression
plasmid RDF, and SFG vectors at a ratio of 3:2:3, respectively, with a total of 10ug DNA.
The transfection was facilitated with GeneJuice reagent (Calbiochem). The supernatant was
harvested 2 and 3 days after transfection, filtered (using a 0.45um filter), snap-frozen, and
stored at —80°C in 5mL aliquots.

Cell stimulation and expansion

PBMC or FACSorted T-cells were activated on CD3 (from the OKT3 hybridoma: ATCC
#CRL 8001, Manassas, VA) and CD28 (Becton Dickinson BD, Franklin Lakes, NJ)
antibody-coated plates at (500 pL of 1pug/mL each in the presence of recombinant human
(rh) IL-2 (501U/mL) or rhiL-7 and rhIL-15 (each at 10ng/mL). In some experiments,
CD3/28 antibody-activated subsets were transduced on day 2 after activation, then
reconstituted into CD3/28-activated Tgygser-depleted PBMC on day 3 of culture at their
initial frequency or cultured separately. The medium and cytokines were changed every 3
days during culture or when passaging the T-cells for splitting during expansion.
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Transduction

T cells or T-cell subsets were transduced 2 days after activation: Non-tissue-treated 24-well
plates were coated with 500uL 1mg/mL retronectin (Takara Biochemicals, Shiga, Japan)
overnight. After removing the retronectin, 1.5 — 2mL of retroviral supernatant was added per
well and centrifuged at 2000 x g for 1 hr at 25°C to allow vector adherence. The supernatant
was removed prior to the addition of CD3/28 activated peripheral blood derived T-cells or
FACSorted T-cell subsets. Cells were incubated for 2 days on the virus-coated plate in the
presence of 501U/ml rhIL-2 (Proleukin, Chiron Corp., Emeryville, CA, USA) or 10ng/mL
rhlL-7 and 10ng/mL rhlL-15 (Peprotech), then transferred to tissue-culture-treated plates.
Where indicated, one day after transduction, each Tsygsgt Was reconstituted at its initial
frequency into the corresponding subset-depleted population.

Flow cytometry, antibodies and intracellular staining

Following antigen specific stimulation, cytokine production (IFN+y, TNFa, IL-2) was
determined by intracellular fluorescence staining. All antibodies were purchased from
Biolegend, unless indicated otherwise. GD2* JF cell lines (serving as stimulator cells for 2nd
generation GD2.CAR T-cells) and CD19* JEKO cell lines (serving as stimulator cells for
2"d generation CD19.CAR T-cells) were added to T-cells at a stimulator to responder ratio of
10:1. HDLM-2 cells lack GD2 and CD19 were used as controls and respective background
responses have been subtracted from CAR-specific cytokine production. For effector
cytokine detection, cultured T-cells were re-stimulated for 6 hrs in the presence of 1ug/mL
brefeldin A (BFA; Sigma-Aldrich). After harvesting, phenotype staining was performed
using monoclonal antibodies for CD3 (OKT3), CD4 (SK3) and CD8 (RPA-T8). To define
memory subsets, T-cells were extracellularly stained for CCR7 (G043H7), CD45RA
(H1100), CD45R0O (UCHLZY) and CD95 (DX2). In particular experiments a aNGFR
(C40-1457, BD) antibody was used to stain for NGFR expression on CD19.CAR-NGFR* T-
cells. Transduction efficacies were assessed by staining for the CAR expression on the T-cell
surface utilizing antibodies targeting GD2 (1A7) (46) or CD19.CAR (goat anti-human-1gG
(H+L)) (Jackson ImmunoResearch, West Grove, PA). To exclude dead cells, live/dead-
discrimination staining-dye (Invitrogen) was added. Subsequently, cells were permeabilized
with Perm2 solution (BD Biosciences) and stained for IFNy (4S.B3), TNFa (MAb11), and
IL-2 (MQ1-17H12). Cells were analyzed on a LSR-II flow cytometer and FlowJo Version 10
software (Tree Star). Lymphocytes were gated based on the FSC versus SSC profile and
subsequently gated on FSC (height) versus FSC to exclude doublets.

Assessment of cytotoxic activity

A modified vital assay was used for cytotoxicity testing as described previously (24, 47, 48).
Briefly, the JEKO cell line served as a CD19-positive target cell for 2" generation
CD19.CAR T-cells, while HDLM-2 cells that lack CD19 were used as control targets. JEKO
cells were labeled with 10uM carboxyfluorescein succinimidyl-ester (CFDA-SE; Molecular
Probes). As controls, CD19™ HDLM-2 were labeled with 5uM dimethyldodecylamine
oxide-succinimidyl-ester (DDOA; Invitrogen). Cells were co-cultured in duplicate for 16 hrs
in T-cell / target cell ratio of 1:1 and 10:1. Labeled cells were analyzed as duplicates using
LSR-1I flow cytometer. Samples without T-cells, containing only targets and non-targets
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(CD19* JEKO cell lines or CD19~ HDLM-2) displayed as internal controls. Cells were
gated using live/dead-discrimination staining-dye negative cells (Invitrogen). The mean
percent survival of CD19" JEKO target cells was calculated relative to CD19~ HDLM-2
controls. Percentage target cell lysis was calculated as follows: mean percent survival of
targets in cultures containing defined numbers of effector T-cells in comparison to control
cells without T-cells.

Statistical analysis and calculations

Results

Statistical analysis was performed with GraphPad Prism version 6. Data were analyzed
using repeated measures 1-way ANOVA, 2-way ANOVA or paired t-test as indicated, after
verifying Gaussian distribution with the Kolmogorov-Smirnov test. p-values < 0.05 were
considered significant: *p<0.05, **p<0.01, ***p<0.001. T-cell subset fold expansion
expresses T-cell subset numbers (assessed by FACS) in relation to total cell numbers of the
indicated days post-initial stimulation and day 1.

Comparative proliferation of isolated T-cell subsets cultured alone

To analyze the characteristics of each T-cell subset transduced with a GD2.CAR we
compared their proliferation and phenotype following CD3/28 antibody activation (in the
presence of IL-7 and IL-15) and cytokine production following stimulation via the CAR
using the CAR antigen (diasialoganglioside: GD2). First CD3* T-cells were enriched from
PBMC by magnetic bead sorting, then Tcy (CCR7*CD45RA"), Tgm (CCR7-CD45RA"),
Temra (CCR7-CD45RAY), Tscm (CD45RATCCR7*—CD95™) and Tpaive
(CD45RA*CCR7+—CD95™) were isolated by polychromatic fluorescence-activated cell
sorting (FACSorting) (Fig. 1A). The average frequency of each T-cell subset from pre-sorted
CD3™* T-cells was 21.5+6.2% for Ty, 17.8+8.8% for Tgy, 9.8+5.5% for Tgpmra, 0.940.2%
for Tscm and 50.5£9.2% for Thaive (Fig. 1B). To determine if all T-cell subsets isolated from
PBMC were sensitive to retroviral transduction, we transduced each subset with a 2"
generation CAR (1492a.CD28-() targeting GD2 (43) on day 2 after stimulation.

As presented in Figure 1C, the GD2.CAR could be expressed in all T-cell subsets with
median transduction efficacies of 60.2+10.2%, 60.1+7.2%, 66.6£7.9%, 61.2+7.1% and
64.6+6.1% for CD4* Teemc: Tems TEMs TEMRA: Thaive and 65.6£20.7%, 70.8+15.4%,
75.3+12.3%, 61.7+16.8%, 66.6+19.2% and 82.7+7.9% in CD8" Tpgmc, Tem: TEM» TEMRA:
Tscms Thaives respectively (summarized in Fig. 2A). We observed a trend towards higher
transduction efficacies in CD8* compared with CD4* T-cells (62.5% in CD4* T-cells and
70.4% in CD8* T-cells) (Fig. 2A). As shown in Figure 2B, we detected a preferential
expansion of CD8" T-cells compared to CD4* T-cells within Tpgmc, Tems TEM: TEMRA.
Tscm, but not in Tpaive populations. As previously reported for Tgop-derived cells (24), we
observed almost exclusive proliferation of CD8* Tgcpm, Whereas CD4™ Tgcp expansion
could not be detected. However, all other expanded T-cell subsets showed a balanced CD4* /
CD8" ratio (Fig. 2A, B). When cultured individually, all T-cell subsets proliferated in
response to CD3/28 stimulation, confirming their viability after separation and all
transduced T-cell subsets showed rapid expansion with the highest expansion at day 14 from
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Tscm-derived (311463 fold) followed by Tpaive-derived (210124 fold), Tcp-derived
(150465 fold), and lower expansion of Tgp-derived (88+31 fold), and Tgpra-derived
(61£22 fold) cells (Fig. 2C). All transduced subsets differentiated during culture so that by
day 14, CCR7-CD45R0O™" T cells predominated in Tgpmra- and Tgp —derived subsets,
whereas a substantial proportion of CCR7*CD45RO" Ty cells was present in Tem-, Thaive-
and Tgcm-derived cultures (Fig. 2D), demonstrating that naive T-cells develop a memory
phenotype in response to CD3/28 stimulation /n vitro.

Cytokine production and proliferation of TgygsgTs in response to CAR stimulation

To examine CAR-specific effector functions, we stimulated each transduced subset on day
14 with the GD2-positive JF neuroblastoma cell line and a GD2-negative Hodgkin
lymphoma (HDLM2) and measured IFNvy cytokine expression in intracellular cytokine
assays (Fig. 2E). GD2-specific IFNy production from CD4* and CD8* Tcpm-, Tpemc- and
Tscm-derived cells was greater than from Tpaive-, TEMRrA- @and Tgy-derived cells. No IFNy
was produced by non-transduced T-cells in response to JF cells (data not shown). To
compare T-cell subset proliferation in response to CAR stimulation each transduced subset
was stimulated with plate bound GD2 (used to avoid tumor-derived activating or inhibitory
signals) in the absence of exogenous cytokines on day 14 of culture. Intriguingly, TEmrA-
and Tpajve-derived cells failed to proliferate, whereas Tgcm-, Tem- and Tep-derived cells
showed robust re-expansion in response to CAR antigen over 7 days of culture (Fig. 2F).
However, Tnaive-derived cells did proliferate (18-fold expansion) when IL-7 and I1L-15 were
added to the re-expansion culture (data not shown) indicating greater dependence on
exogenous cytokines than memory-derived T-cells.

In summary, all tested T-cell subsets were susceptible to CAR transduction and expanded
when activated via the TCR with greatest fold expansion by Tscm- > Thaive- > Tem- > Tem-
> Temra-derived cells. While lower in Tgpm- and Tepmra-derived cells, all subsets produced
IFNy following CAR-stimulation and acquired a memory T-cell phenotypic profile. Tscm-,
Tcom- and Tepm-derived cells showed a greater capacity to expand in response to CAR
stimulation than Tepra- and Tpaive-derived cells.

Naive derived T-cells expand preferentially within polyclonally activated PBMC but show
reduced effector cytokine production and killing

To evaluate the characteristics of each T-cell subset when reconstituted into the bulk subset-
depleted PBMC population, each T-cell subset was purified from PBMC by FACS (Fig. 3A,
B) then activated with CD3 and CD28 antibodies and transduced with a retroviral vector
encoding both a 2" generation CD19.CD28( CAR and a truncated rerve growth factor
receptor (NGFR) (CD19.CAR-NGFR) separated by an IRES to allow flow-cytometric
detection following expansion. In parallel, each subset-depleted PBMC population was
CD3/28-activated and transduced with the same 2"d generation CD19.CAR, but without
NGFR (Fig. 3C, D). One day after transduction, each TgygseT Was reconstituted at its initial
frequency into the corresponding subset-depleted population. This design allowed us to
distinguish the depleted bulk transduced PBMC from the reconstituted transduced T-cell
subset by flow cytometric detection of NGFR (Fig. 3D). All T-cell subsets were sorted to
greater than 98% purity as shown in Figure 3B and 3C and transduced with frequencies
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exceeding 80% (Fig. 3E). CD19.CAR transduction did not affect the survival or expansion
of any T-cell subset compared to non-transduced subsets cultured alone in parallel (data not
shown).

Differences in the rate of proliferation of each transduced subset cultured alone or within the
transduced bulk population could not be detected (Fig. 4A). However, the rate of expansion
of T-cell subsets within the bulk culture was much greater for Tpajve- (CD3* 23436 fold
expansion) and Tgcpm-derived cells (CD3* 621+189 fold expansion) than for Tgpra- and
Tem-derived cells (CD3* 44+6 and 54+9 fold expansion), while Tcp-derived cells showed
an intermediate rate of expansion (CD3* 204+48 fold expansion) (Fig. 4A), so that by day
14 Tpaive-derived cells dominated the cultures (76+19% of CD3™ T-cells) with Tcp-derived
cells comprising a mean of 30+12% of CD3* T-cells (Fig. 4B, C). CD4* and CD8" Tgpmra-
and Tgpm-derived cells could barely be detected because of the other more rapidly expanding
subsets (Fig. 4B, C). Hence, bulk CD3/28-activated T-cells were derived almost entirely
from naive CD8* T-cells and naive and Tcp CD4 T-cells, with little or no contribution
from Tgp and Temra Subsets (Fig. 4B, C). Of note, despite their high rate of expansion
when cultured in bulk PBMC, Tgcpm-derived cells represented less than 2% of the bulk
cultures on day 14 because of their low starting frequency.

By day 14 of culture, T-cells with a Tgp phenotype (CCR7-CD45R0O*) dominated all subset
derived-cultures (Supplemental Fig. 1A, B). However a substantial proportion of T-cells with
a Tcm phenotype could be detected within expanded Tcop- (CD4+ 20.4+2.9%;

CD8+ 13.5+2.6%), Tnaive- (CD4™ 45.2+6.9%; CD8* 18.5+2.4%) and CD8+ Tgcp-derived
cells (19.4+2.7%) as well as in bulk PBMCs-derived cells (CD4" 12.4+2.8%;

CD8" 15.7+3.9%).

To evaluate cytokine production in response to CAR stimulation by T-cell subset-derived
cells expanded within bulk PBMC, we performed intracellular flow and co-stained with
antibodies to NGFR (the marker for the subset) and to the spacer/hinge region of the
CD19.CAR (Fig. 5A, B) to distinguish subset- and bulk-derived T-cells. Figures 5C-D show
IFNy, TNFa and IL-2 production from each T-cell subset (CD4™: red- CD8* blue bars) and
from the T-cell subset-depleted bulk population (CD4™: black- CD8* white bars) in response
to a CD19* mantle cell lymphoma (JEKO) and a CD19~ Hodgkin lymphoma (HDLM2).
Thaive-derived cells produced relatively low levels of all cytokines compared to bulk-derived
T-cells and to other subsets, which showed similar capacities to produce cytokines in
response to CAR stimulation, even when their frequencies within the co-cultures were low
(Fig. 5C, D and E).

We next tested the killing capacity of each subset cultured alone and its respective subset-
depleted and subset-reconstituted PBMC cell preparation (Fig. 6A). Figure 6B shows the
killing capacity of each T-cell subset cultured alone, T-cell subset-depleted bulk population
and T-cell subset-reconstituted bulk population in response to a CD19* mantle cell
lymphoma (JEKO) and a CD19~ Hodgkin lymphoma (HDLMZ2). Intriguingly, killing of
CD19" JEKO was significantly reduced in cultures where Ty and Tgy were depleted from
the bulk PBMC population (Fig. 6B upper panel). By contrast T-cell subset-reconstituted
populations showed little variance in their killing (Fig. 6B middle panel). Comparison of the
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T-cell subsets cultured alone revealed a significantly lower Killing capacity of Tpjye-derived
cells (Fig. 6B lower panel).

In summary, Tnaive-derived cells expand preferentially within polyclonally activated PBMC,
express a memory T-cell surface marker profile but show reduced effector cytokine
production and killing compared to memory-derived subsets.

Naive derived T-cells show increased differentiation when cultured in the presence of bulk
(memory) T-cells and show reduced effector cytokine production and re-expansion
capacity in response to CAR stimulation

To evaluate the phenotypic and functional characteristics of each T-cell subset cultured in the
presence of the whole PBMC preparation compared to T-cells cultured alone, we followed
the experimental setup presented earlier, comprising the transduction of each T-cell subset
using a retroviral vector encoding both a 2" generation CD19.CD28( CAR and a truncated
NGFR (CD19.CAR-NGFR) and in parallel transduction of each subset-depleted PBMC
population with the same 279 generation CD19.CAR, but without NGFR. Initially, we
followed the fate of individually sorted CAR-transduced T-cell subsets after activation,
transduction and culture alone or after reconstitution into the relevant subset-depleted
population (Fig. 7A). Each T-cell subset differentiated during culture and by day 7 of culture
T-cells with T¢p and Tgp phenotypes (CCR7*CD45RO™ and CCR7-CD45RO",
respectively) dominated all subset-derived cultures (Fig. 7A, B). We defined the Tom
proportion of each T-cell subset as a measure of differentiation. When comparing the
phenotype of each transduced subset cultured alone or within the transduced bulk PBMC
population we found significantly higher proportions of phenotypically less-differentiated
Tcwm cells in separately cultured Teowm- and Thaive-derived cells (day 14: Tow-derived cells
cultured in bulk: CD4* 13.1+2.6%; CD8* 12.9+1.4% versus Tcy-derived cells cultured
alone: CD4* 21.7.1+9.9%; CD8" 21.2+5.4% and T,,jve-derived cells cultured in bulk:

CD4" 14.8+4.7%; CD8* 11.2+1.1% versus Tp,jve-derived cells cultured alone:

CD4* 39.8+7.8%; CD8* 29.1+6.6%) (Figure 7A, B). A substantial proportion of T-cells
with a Tcm phenotype could also be detected within expanded CD8* Tgcwm-derived cells
(day 14: Tgcp-derived cells cultured in bulk: 15.3+1.7% versus Tgcp-derived cells cultured
alone: 22.6+0.9%)(Fig. 7A, B). Of note, T-cell cultures derived from less-differentiated
Tscm- Tem- and Thaive had more stable CAR expression in long-term cultures up to day 21,
whereas Tgpm- and Temra-derived cultures showed partial loss of their CAR (Supplemental
Fig. 2).

When comparing intracellular cytokine production in response to CAR stimulation (using
the CD19" mantle cell lymphoma: JEKO) of each transduced subset cultured alone or within
the transduced bulk PBMC population, Tpajve-derived cells produced less IFNy when
cultured within the transduced bulk PBMC population than when cultured alone, whereas all
other subsets showed similar capacity of IFNy production, regardless of whether cells were
cultured in the presence of the whole PBMC preparation or alone (Supplemental Fig. 3).
Thaive-derived cells produced relatively low levels of IFNy compared to other T-cell subsets
that produced similar cytokine levels in response to CAR stimulation (Supplemental Fig. 3).

J Immunol. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schmueck-Henneresse et al. Page 10

Finally, we compared T-cell subset proliferation in response to CD19.CAR stimulation. Each
transduced subset cultured alone or T-cell subset-derived cells expanded within bulk PBMC
was stimulated on day 14 of culture using CD19" JEKO cells in the presence or absence of
exogenous cytokines (IL-7 and IL-15) (Fig. 8A) and fold T-cell subset expansion was
measured 7 days later. To assess the expansion of each subset cultured in the presence of the
whole PBMC preparation, we used antibodies to NGFR (T-cell subset) and to the spacer/
hinge region of the CD19.CAR before and after CAR stimulation (Fig. 8A). In the absence
of exogenous cytokines Tepmra- and Tpaive-derived cells failed to proliferate, whereas
Tscm- Tem- and Tgp-derived cells expanded to a similar degree regardless of whether
cultured alone or within the transduced bulk population (Fig. 8B). When culture with
cytokines, only Temras did not expand. As expected the expansion of the remaining subsets
was much greater than without cytokines (Fig. 8C), and notably, Tpajye-derived cells showed
significantly greater expansion when cultured alone than when cultured within the
transduced bulk population (65-fold for CD4* and 36-fold for CD8* alone compared to 43-
fold for CD4* and 15-fold for CD8™ cultured in bulk) (Fig. 8C). In contrast, all other subsets
showed slightly greater expansion when cultured in bulk (Fig. 8C).

In summary, Taive-derived cells differentiate more when cultured in the presence of
memory T-cells than when cultured alone, and show coincidentally reduced effector
cytokine production and re-expansion capacity in response to CAR stimulation. Overall,
Thaive-derived cells show reduced effector cytokine production compared to memory-derived
subsets, and lack the ability to respond to stimulation in the absence of cytokines.

The yield of Tgcpm- and Tey-derived T-cells is increased by culture in IL-7 with IL-15,
compared to culture in IL-2

Because the Tpajve-derived CAR-cells that dominated our cultures showed inferior CAR-
mediated effector function, and may have limited longevity, we aimed to increase the
frequencies of Tcp- and Tgcowm-derived cells during expansion of the cultures. We therefore
compared the effects of the two cytokine regimens on relative T-cell subset expansion. To
determine how IL-2 could influence the outgrowth of Tcp and Tsep Within bulk cultures,
we reconstituted FACSort-purified Tcyp and T as described earlier (Fig. 9A) followed by
polyclonal activation with CD3 and CD28 antibodies in the presence of either IL-2
(501U/mL) or IL-7 and IL-15 (each at 10ng/mL) and transduction with a retroviral vector
encoding mOrange. We reconstituted each subset into its respective subset depleted
population on day 3, then assessed the fate of T¢p and Tsem by tracing their path in the
course of expansion (Fig. 9B). The medium and cytokines were changed every 3 days during
culture and expansion. The frequency and absolute numbers of each subset was assessed
weekly for up to day 35 after the initial stimulation (Fig. 9C). Although the trend to higher
frequencies of CD4* or CD8* T¢p- and Tgem-derived cells induced by culture in IL-7 and
IL-15 (Fig. 9C), did not reach significance, we plan to enhance this trend using cytokine
modifications and to use our separation approach to validate the changes. Owing to the
higher overall fold expansion rate of T-cells expanded in IL-7 and IL-15 the absolute
numbers of Topm- and Tgep-derived cells were significantly higher than in IL-2-grown
cultures (Fig. 9D). Furthermore, T-cells cultured in IL-2 showed an earlier contraction
defined by reduction of cell numbers from day 20, whereas T-cells cultured in IL-7 and
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IL-15 expanded long-term with no signs of culture contraction up to day 35 (Fig. 9D). These
results confirm that IL-7 and IL-15 better supported the expansion of both Tcp and Tsem
within bulk cultures (24, 41).

Discussion

The central purpose of our study was to understand the contribution of naive and effector/
memory T-cell subsets to the bulk /n vitro-stimulated CAR T-cell products that are
eventually infused into patients on our clinical trials. To this end, we developed an approach
to assess the fate of each T-cell subset by tracing its path in the course of expansion after
transduction with either a GD2.CAR or a CD19.CAR and cultured alone or after
reconstitution into the relevant subset-depleted PBMCs that had been activated and
transduced in parallel (e.g. Tscm into Tgcp-depleted PBMC). In our proof-of-concept study
we show that all subsets were similarly susceptible to transduction, and the rate of TgygseT
expansion was unchanged by transfer into the subset-depleted population. The greatest rate
of expansion was observed in Tgcpm-derived T-cells, but since Tgcpm represented less than
1% (0.9+0.2%) of the starting population, their descendants comprised less than 2% of the
final product on day 14. Naive-derived T-cells showed the second greatest rate of expansion,
and this population dominated the cultures by day 14, comprising up to 89% of CD19.CAR-
modified T-cells. Ty showed the 37 greatest rate of proliferation and comprised up to 44%
of the final population. Tgp- and Temra-derived populations proliferated relatively poorly
and were poorly represented in the final population (<5% and <3%, respectively). Despite
the greatest proliferative response to TCR stimulation, the dominant naive-derived T-cell
majority showed relatively poor cytokine production, killing and poor proliferative responses
to CAR stimulation. Further, Tpajve-derived cells differentiated to a greater extent when
cultured in the presence of memory T-cells compared to when cultured alone, and show
reduced re-expansion capacity in response to CAR stimulation. IL-7 and IL-15 induced
greater total fold expansion of CD3/28-activated T-cells and produced higher frequencies of
Tem— and Tgepm—derived cells than IL-2.

Successful CAR-T cell therapy depends on multiple cell and patient-dependent factors.
Among these, the T-cell subset origin of the final T-cell product infused may be critical to
the final outcome by contributing to post infusion T-cell expansion, effector function and
long-term persistence (28, 36, 39). However, while the effector memory phenotype of the
final CAR-T cell product infused is often described, the T-cell subset of origin is rarely
investigated, so that functional dissection of the infusion product (Tggg cell products)
remains a prerequisite to better understand and correlate therapy outcome with T-cell
product input. While individual subsets have been expanded in isolation, neither their
expansion and function after reconstitution into the bulk population, nor the subset
contribution to the final T-cell product have been reported. Of note, we analyzed the T-cell
subset contribution only of PBMCs activated on CD3 and CD28-coated plates in the
presence of either IL-7 and IL-15 or IL-2, which are the methods we have used to expand
CAR-T-cells on our clinical trials. Many other methods are used by other groups, including
CD3/28-coated beads, soluble CD3 and CD28 or PHA, and these may produce different
results. Regardless, our strategy presents a means to evaluate the effects on T-cell subsets
resulting from any changes in culture conditions.
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There is intense discussion of the optimal phenotypic T-cell profile and optimal T-cell subset
for immunotherapeutic use with regards to longevity, engraftment and anti-tumor effector
function (24, 28, 30, 33, 36-39). Berger et al., showed that cytomegalovirus (CMV)-specific
Terr clones derived from Tcy exhibited superior engraftment capacities compared to clones
derived from Tgp, and were long-lived and established persistent memory T-cell in a
primate model in which TCR stimulation was provided by endogenous CMV (32). Other
groups have suggested that the naive T-cell population is important since this subset may
contain precursors for tumor-specific antigens that could contribute to tumor elimination
(49). The question of whether naive-derived T-cells displaying memory T-cell phenotypic
characteristics have the capacity for long-term survival /n vivo, particularly if they do not
encounter their cognate antigen remains an important subject for investigation. Naive to
memory T-cell conversion is a very complex process that requires multiple encounters with
antigen and occurs in secondary lymphoid organs that provide an environment for such
conversion (50-53). Several studies reported effective /n vitro T-cell priming for multiple
viral and tumor antigens, however, their clinical efficacy remains to be demonstrated (54—
62). In our studies, naive-derived T-cells developed effector functions /in vitro, but these
were less potent than memory-derived T-cells. Whether such naive-derived T-cells with a
memory phenotype have long-term memory potential /n vivo and whether in vivo CAR-
stimulation by tumor cells can induce true memory conversion remains to be demonstrated.

Recently Sommermeyer et al. showed that when modified with a CD19.CAR, a combination
of CD4" naive- and CD8" T¢-derived T-cells showed the most potent anti-tumor function
in vitro and in preclinical models and in combination had synergistic anti-tumor effects in an
EBV-positive lymphoma xenograft model (Raji) (63). This combination is currently under
clinical evaluation. A possible advantage of the T¢p population is that it contains T-cells
specific for endogenous viruses that may provide antigenic stimulation after infusion.

Gattinoni and colleagues described the existence of stem cell-like T-cells (Tscpm) within the
phenotypically naive (CD45RA*CCR7*) T-cell population (31). The expression of CD95
distinguished Tscp (CD45RAYCCR7*CD95*) from Thaive (CD45RA*CCR77CD957), and
in a murine xenograft model only Tgc\ Were able to serially transfer GVHD (41). The
distinct functional and unique homeostatic properties of Tscym have also been demonstrated
in a nonhuman primate model during the course of simian immunodeficiency virus
infection. In this report, Tscy Were described as the least-differentiated memory subset,
functionally distinct from conventional memory cells and served as precursors of Tcp (40).
In a human study, Xu and colleagues suggested that the frequency of Tgcm-like cells within
the infused T-cell product correlated with /n vivo expansion following adoptive transfer (38)
while Biasco et al. showed that Tscpm produced the greatest contribution to long-term
reconstitution in gene therapy studies using T-cells (64). Hence, Tscp may have even
greater potential for expansion and long-term persistence than Ty (41), but to date, the
relative benefits of Tcop- and Tgem-derived CAR T-cells in clinical trials have not been
reported. Our data suggest that standard strategies for CAR T-cell manufacturing may
preferentially expand naive T-cells with some contribution from Ty, but little contribution
from T, despite the fact that they expand exponentially 7 vitro when cultured alone or
within PBMC. Further studies are required to evaluate the long-term fate of Tcyp and Tsom-
derived cells, both in culture and in patients.
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The ultimate T-cell subset composition will likely also be affected by the CAR structure and
endodomains, but our system provides a way to test these effects on the final infusion
product. We show that culture conditions profoundly affect the subset composition of
expanded T-cells. IL-2 expansion produced lower total fold expansion than IL-7 and IL-15
and thus decreased the numbers of Tgcp and Tewm in the final product. Although not
significant, IL-7 and IL-15 also produced higher frequencies of T¢y— and Tgop—derived
cells than IL-2. Further efforts to improve the relative frequency of Tep/ Tscm-derived cells
over naive-derived T-cells could be validated using our strategy. Other culture manipulations
including culture vessels, media formulation and type of initial stimulus will likely also
influence the degree to which each subset contributes to the final population. Indeed in our
prior study, we found that Tgc\m-derived CMV-specific T-cells did not expand within the
bulk population if they received stimulation with CMV peptides rather than CD3 and CD28
antibodies (24). A more direct way to obtain the desired T-cell subset is to separate it from
the starting population prior to culture, but this increases the expense and complexity of
manufacture (63). It would be instructive to know whether the manufacturing strategies used
in various clinical trials promote the outgrowth of Ty and Tscowm and useful to develop cell
culture strategies that enhance their expansion within bulk cultures, without the requirement
for separation strategies. We provide a strategy to evaluate the subsets of origin of T-cells
grown under any conditions using PBMCs from patients or healthy donors. Our study
supports the importance of IL-7 and IL-15 for the expansion of Ty and Tgeop-derived
effector T-cells, at least using our manufacturing strategy (38).

Although the different T-cell subsets were not differentially transduced by retroviral vectors,
their dissimilar rates of proliferation led to changes in their relative frequencies in the final
population, which was dominated by naive-derived T-cells (76+19% of CD3* T-cells). Tcum-
derived populations maintained their frequencies (30£12% of CD3* T-cells) and Tscm-
derived populations were maintained or slightly increased (mean of 1.5+0.3% of CD3* T-
cells), while Tgp and Tepmra frequencies were reduced (mean of 4.7+£1.6% and 2.8+1.3% of
CD3™* T-cells, respectively). Although the majority of each subpopulation differentiated into
cells with a Tgpm-like phenotype, their functionalities differed with respect to cytokine
production and proliferation in response to CAR stimulation. Tpajve- and Tepmra-derived
cells produced lower levels of cytokines and proliferated poorly in response to CAR
stimulation compared to Tcp and Tsep-derived cells. This may be of little import for
TEMRA. Since they comprise only a minor fraction of the final product, but a high frequency
of poorly functional Tyjye-derived cells may be less effective after infusion. Our results
confirm reports suggesting that naive-derived T-cells possess poor effector functions (39).
However, we cannot exclude the possibility that naive-derived T-cells will acquire improved
function after multiple stimulations /n vivo via the CAR, although they responded relatively
poorly to a single CAR stimulation /in vitro. Our data confirms the recent report by
Klebanoff and colleagues showing enhanced phenotypic and functional differentiation of
naive-derived T-cells that have been cultured in the presence of antigen-experienced memory
T-cell (29). Naive-derived T-cells cultured in bulk PBMC preparations show reduced re-
expansion capacity in response to CAR stimulation, and hence may lack anti-tumor potential
when transferred /in vivo. Nevertheless, when we cultured naive-derived T-cells separately,
re-expansion to CAR stimulation was reduced compared to Tscp-, Tem- and Tem-derived
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cultures. Hence, if naive T-cells are to be used for adoptive immunotherapy, we would
propose culture in isolation to avoid the negative effects of culture with antigen-experienced
memory T-cells. Further in vitroand in vivo studies over longer time periods are required to
determine the long-term consequences of infusing a preponderance of Tpgjve-derived cells,
but without some form of differential gene-marking, this may be difficult.

Our strategy could also be used in cases in which short-lived effectors are desirable for
safety reasons, for example to test a novel T-cell manipulation. Regardless, our strategy can
be a powerful tool to evaluate the effects of manufacturing changes on the subset
contribution to /n vitro expanded T-cells. Certainly, a one-size fit all strategy for the
generation of CAR-modified Tgrr may not be expected because of tumor cell biology and
patient characteristics, but a better understanding of the characteristics of the generated
CAR-maodified T-cell products will help identify the subsets with most clinical efficacy. To
this end, our strategy provides a powerful tool to elucidate the characteristics of CAR T-cells
polyclonally expanded from PBMC on CD3 and CD28 antibody-coated plates, and to reveal
the functional properties of each expanded T-cell subset.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Strategy for T-cell subset sorting, activation and transduction
(A) Hlustrates the strategy for sorting T-cell subsets from PBMC according to their

expression of CD3*, CD45RA*, CCR7* and CD95". Prior to FACSorting, CD3* T-cells
were enriched from PBMC by untouched MACS separation. They were then sorted into the
following subsets: Ty (CCR7*CD45RA™), Tem (CCR7-CD45RA™), TEMRA
(CCR7-CD45RA"), Tscpm (CD45RATCCR7T—CD95%) and Tpaive
(CD45RA*CCR7*—CD95"). (B) FACSort purified T-cell populations were isolated to
greater than 98% purity. (C) Strategy for polyclonal activation and retroviral transduction of
PBMC-derived T(TPBMC)a TCM-derived (T(TCM))v TEM-derived (T(TEM)), TEMRA-derived
(T(remRrA)), Tscm-derived (T(rscmy) and Tpgive-derived (T(rnaive)) Cells. FACSort purified
TsugseT Were activated with CD3 and CD28 antibodies and cultured in the presence of IL-7
and IL-15 at 10ng/mL each and transduced on day 2 with a 2"d generation GD2.CAR
(1492a.CD28-C CAR). Shown are examples of GD2.CAR transduction efficacies in
separately cultured PBMC-, Tcm-, Tem- TemMraA- Tscm- and Tpaive-derived populations on
day 7 post activation. Transduction efficacies were assessed by fluorescence staining for the
GD2.CAR expression on the T-cell surface using the 1A7 antibody targeting 14g2a.
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FIGURE 2. Fold Expansion and phenotype of separately cultured GD2.CAR-modified

TsuBseTs in response to GD2 stimulation
(A) FACSort purified TgygseT Were cultured according to Fig. 1. GD2 transd

uction

efficacies from 6 donors: left graph: CD4*; right graph: CD8" TsygsgeT-derived
(T(rsusseT)) populations on day 14 after CD3/28-activation. (B) CD4*/CD8* proportion

within GD2.CAR* TsyugseTs. (C) TsupseT expansion in response to CD3/28
(measured as fold increase) analyzed for each TgygseT On days 7 and 14. (D)

stimulation
Quantification

of CCR7 and CD45R0 expression 14 days after CD3/28-activation in each Tgygsgt-derived
population: Tcp (CCR7*CD45R0OY), Tgp (CCR7-CD45ROY), Temra (CCR7-CD45R0O™)
and Tpaive (CCR7*CD45R0O™). Left graph: CD4*; right graph: CD8" Tgygsgt-derived
populations. (E) CD3/28-expanded Tsygsgt-derived populations were re-stimulated via the
CAR using a GD2-positive neuroblastoma cell line, JF at a stimulator to responder ratio of

10:1 14 days after the initial CD3/28 activation and a non-CAR control stimu

lation (GD2~

Hodgkin lymphoma: HDLM-2). Shown is background-subtracted (negative control:
HDLM-2) IFNy production to JF by CD4* (left graph) and CD8* (right graph) TsygseT-
derived populations and was determined by intracellular staining 6 hrs after co-culture. Cells

were permeabilized and stained for IFNy, CD3, CD4 and CDS8. (F) TsugseT

expansion

(measured as fold increase) was analyzed for each cell subset between days 14 and 21 after
stimulation with plate-bound GD2 on day 14. Mean data from 6 healthy donors are
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presented, and error bars represent SEM. Data were analyzed using repeated measures 1-
way ANOVA, after verifying Gaussian distribution with the Kolmogorov-Smirnov test. p-
values < 0.05 were considered significant: *p<0.05.
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FIGURE 3. Experimental design to assess the fate of TsygseTs polyclonally expanded within
PBMC

(A) Hlustrates the strategy for FACSort-purification of T-cell populations: Tcym, Tem,
TEMRA: Thaive and Tgcpm Were FACSort-depleted from PBMC (B: TsygseTs; C: PBMC-
Tcm, PBMC-Tgpm, PBMC-Tgpmra, PBMC-Thaives PBMC-Tscp)- After isolation each
TsusseT and each single subset-depleted PBMC population was activated with CD3 and
CD28 antibodies in the presence of IL-7 and IL-15, then transduced on day 2 with a
CD19.CAR construct encoding a marker gene (NGFR), while Tsygset—depleted cells were
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transduced with the CD19.CAR alone (CD19.CD28(C CAR). Each activated and transduced
TsugseT Was reconstituted into the appropriate activated and transduced TsygsgT —depleted
PBMC at their initial frequencies one day after transduction to allow tracking of the subset
within the bulk population after reconstitution (details in methods). (D) Representative
FACS plots are shown for the flow cytometric detection of each reconstituted CD19.CAR-
NGFR* TqypseT-derived (T(TSUBSET)) population (CD4* T(TSUBSET) indicated in red dots;
CcDs* T(TSUBSET) indicated in blue dOtS) and CD19.CAR* PBMC-TsygseT (P'TSUBSET,
gray dots) by the assessment of the CD19.CAR and the CD19.CAR-NGFR*, respectively.
(E; upper graph) CD19.CAR-NGFR transduction efficacies for CD4* and CD8* Tcm, Tem:
TemRA, Tscm and Tpaive-derived (T(rsusseT)) Population and (E; lower graph) CD19.CAR
transduction efficacies for CD4* and CD8* PBMC-TsygseT (P-TsusseT)-
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FIGURE 4. Fate of TgygsgTs polyclonally expanded within PBMC: naive-derived T-cells
expand preferentially within polyclonally activated PBMC

CAR-modified Tgygsgt Were reconstituted into CD19.CAR modified, subset-depleted
PBMC according to Figure 3. (A) Fold expansion of CD19.CAR-NGFR* Tsygset-derived
(T(rsusseT)) population cultured alone or after reconstitution into the PBMC-TsygseT:
CD4" (upper graph), CD8* (middle graph) and whole CD3* (lower graph). (B) Analysis on
day 14 post initial polyclonal activation of each T(rsygseT) (CD19.CAR-NGFR™) within
PBMC-TgygseT expanded T-cells (CD19.CAR™) showing higher frequencies of CD4* (red,
upper graph), CD8* (blue, middle graph) and whole CD3* (lower graph) T(Tnaive) and
T(rcm) cells compared to other T(rsygseT). Data were analyzed using repeated measures 1-
way ANOVA, after verifying Gaussian distribution with the Kolmogorov-Smirnov test. p-
values < 0.05 were considered significant: *p<0.05. (C) Frequency of each TgygseT Within
CD3* PBMC (ex vivo) and frequency at day 14 of CD4" (red, upper graph) and CD8* (blue,
lower graph) CD19.CAR-NGFR™ T(tsygseT) Within PBMC-TsygsgT expanded T-cells.
Mean data from 6 healthy donors are presented, and error bars represent SEM.
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FIGURE 5. Cytokine production by reconstituted T-cell subsets in response to CAR-stimulation
CAR-modified T-cell subsets were reconstituted into CD19.CAR maodified, subset-depleted

PBMC according to Figure 3. On day 14, cultures were stimulated with a CD19~ (HDLM-2)
or CD19* JEKO lymphoma cells for 6 hrs at a stimulator to responder ratio of 10:1.
Cytokine production was measured by intracellular cytokine staining. (A) Shows a
representative FACSplot in which IFNy and TNFa production by Tpaive—derived cells in
response to HDLM-2 (upper plots) or JEKO (lower plots) is shown. TgygsgTs could be
distinguished from the depleted fraction by their expression of NGFR (B). The fraction of all
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subsets producing IFN+y, TNFa, IL-2 is shown for CD4* and CD8* T-cells in C, D and E.
Cytokine production by transduced and non-transduced PBMC is also shown. Black bars
represent PBMC-Tggset—derived CD4* T-cells, red bars represent Tgypse—derived CD4*
T-cells, white bars represent PBMC-Tgygser—derived CD8* T-cells, blue bars represent
TsupseT—derived CD8* T-cells. Data from TgypseT—derived (CD19.CAR-NGFRY) and
PBMC-Tgypset—derived (CD19.CAR™*) populations within one approach were analyzed
using paired t-test, after verifying Gaussian distribution with the Kolmogorov-Smirnov test.
p-values < 0.05 were considered significant: *p<0.05. Mean data from 3 healthy donors are
presented, and error bars represent SEM.
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FIGURE 6. Cytotoxic killing capacity of each TgygseT—derived population cultured alone and
its respective TgypsgT-depleted and TgygseT-reconstituted PBMC cell preparation

Assessment of cytotoxic activity by flow cytometric vital assay. CAR-modified T-cell
subsets were cultured alone or reconstituted into CD19.CAR modified, subset-depleted
PBMC according to Figure 3. (A) CFDA-SE* CD19* JEKO cell lines (serving as stimulator
APC for 2"d generation CD19.CAR T-cells) were used as targets, whereas DDOA* CD19~
HDLM-2 cells lack CD19 were used as control targets. Cells were co-cultured for 16 hrs in
T-cell / target cell ratio of 1:1 and 10:1. Samples without T-cells, containing only APC
(CD19* JEKO cell lines or CD19~ HDLM-2) displayed as internal control. The mean
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percent survival of CD19" JEKO incubated targets was calculated relative to CD19~
HDLM-2 controls. (B) Shows the killing capacity of each TgygseT-depleted bulk population
(upper panel), TsygseTt-reconstituted bulk population (middle panel) and TsygsgT cultured
alone (lower panel). Data from Tgygsgt—derived population cultured alone, TsygseT-
depleted and TgygseT-reconstituted PBMC cell preparations were analyzed using paired t-
test, after verifying Gaussian distribution with the Kolmogorov-Smirnov test. p-values <
0.05 were considered significant: *p<0.05. Mean data from 3 healthy donors are presented,
and error bars represent SEM.

J Immunol. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Schmueck-Henneresse et al. Page 29

CD19.CAR —

182,2

CD45RQ —»

B cultured within PBMC =
M cultured alone

(vy)
(5]
(=]

B
ki

cD4* cbDsg*

CD19.CAR aoo CD19.CAR apo
CD19.CAR-NGFR  CD18.CAR-NGFR  cp19.cAR-NGFR  CD19.CAR-NGFR

(%]
?

% CD45RO*CCR7*
of CD4*CAR* T cells
n
o

-
b

5 1 ',f:
: i 1 0-
i | i 555558 559558 559558 558638
Fiéd St Nl i A | -,
CD‘PQ.CAR:NGFR e E F T(TCM] T(TEM) T{TEMRA] T(Tnaive)
i ‘ H 50,
463 1914 836 - . @ I cultured within PBMC *
i i 5 40 O cultured alone ¥
1 1 E &
] i OF 30{ =
- LB o o
i i x I |
] L ] O 20
0,55 10,26 00,74 0,23 a2z
. 1 »-._.---1 ¥ " 'l:‘ v-._.-o-t Loy 4 v L: 8 104
='5
0

GERGEN SEEHEN oEELEE o8 HET sE8.3E

Terem)  Terem) Tremra) T(tnaive) T(rscm)

FIGURE 7. T-cells with Tcpm and Tgp phenotypes dominate all TgygsgT—derived populations
during culture

CAR-modified T-cell subsets were cultured alone or reconstituted into CD19.CAR modified,
subset-depleted PBMC according to Figure 3. (A) Representative FACS plots illustrating
flow cytometric detection of CCR7 and CD45R0O expression on days 7, 14 and 21 post
initial activation of Tsygsgr-derived (T(tsusseT)) populations (cultured alone) and of
Tsusser-derived (T(rsugseT)) Populations within the relevant PBMC-TsygseT preparation
(cultured within PBMC): (B) Results for Tcy phenotype (CCR7*CD45R0) at indicated
time-points (days 7, 14 and 21) for all subsets of CD4*CAR* and CD8*CAR™* T-cells. Data
from Tgypser—derived (CD4*CD19.CAR-NGFR™ cultured alone: black bars;
CD8*CD19.CAR-NGFR* cultured alone: white bars versus CD4*CD19.CAR* cultured
within PBMC preparations: red bars; CD8*CD19.CAR™* cultured within PBMC
preparations: blue bars) were analyzed using paired t-test, after verifying Gaussian
distribution with the Kolmogorov-Smirnov test. p-values < 0.05 were considered significant:
*p<0.05. Mean data from 3 healthy donors are presented, and error bars represent SEM.

J Immunol. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Schmueck-Henneresse et al. Page 30

A
CD19.CAR app
d14 d21 CD19.CAR-NGFR
I I > (cultured within PBMC)
Tsypser + JEKOCD19+ T cell count l
* 0 !
w/ and w/o IL-7 / IL-15 Tsupser(%) | CD19.CAR-NGFR
s (cultured alone)
g v
[=]
O 2 M n o o @
B CD19.CAR-NGFR ———»
T{TPBMC}" +HDLM-2 T reemey] +HOLM2
T, B cultured alone Tireemeyt—" O cultured alone
B cultured within PBMC T B cultured within PBMC
T (TSCM)
(Tnaive)
T(Tnalve}
T{T EMRA)
T TITEMRA}
(TEM) T{TEM)
T{TCM> T{TCM}
© "\? 59 \'OQ ‘bQ R q,Q bsQ Q,Q Q,Q
fold expansion of CD4* Tggser fold expansion of CD8" Tggger
C
+IL-7 /IL-15 +IL-7/IL-15
T P—a +HDLM-2 T 13— +HDLM-2
(TPane) B cultured alone T{TPBMC} [ cultured alone
—
T ithi PEBMC)7
(TPBMC) B cultured within PBMC '{rT ) [ cultured within PBMC
T(Tnalve} :I * (rsem
TiTnaivey 1+
T{TEMR}\} T
(TEMRA)
T
(TEM) T(TEM)
Tercmy Tro) e —
N S © S R Q S © RN R
fold expansion of CD4* Tgygser fold expansion of CD8" Tggger

FIGURE 8. Proliferation of CD19.CAR-modified TgygseTs cell cultured alone or expanded
within bulk PBMC in response to CAR stimulation

CAR-modified Tgygsgt Were cultured alone or reconstituted into CD19.CAR modified,
subset-depleted PBMC according to Figure 3. (A) Each CD3/28-expanded transduced
TsupseT-derived population cultured alone or within bulk PBMC were stimulated via the
CAR using vital CD19* JEKO cells in the presence or absence of exogenous cytokines (I1L-7
and IL-15) at a stimulator to responder ratio of 10:1 14 days after the initial CD3/28
activation. The frequency of each subset was measured by co-staining with antibodies to
NGFR and to the spacer/hinge region of the CD19.CAR at assay initiation and post 7 days
of consecutive expansion. (B and C) TgygseT expansion (measured as fold increase) was
analyzed for each cell subset between days 14 and 21 after stimulation with CD19" JEKO
cells on day 14 in the absence (B) or presence (C) of exogenous cytokines (IL-7 and IL-15).
Data from Tgygser—derived (CD19.CAR-NGFR* cultured alone versus cultured within
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PBMC preparations) were analyzed using paired t-test, after verifying Gaussian distribution
with the Kolmogorov-Smirnov test. p-values < 0.05 were considered significant: *p<0.05.
Mean data from 3 healthy donors are presented, and error bars represent SEM.
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FIGURE 9. A combination of IL-7 and IL-15 increases the yield of Tscy and T derived T-
cells compared to IL-2

Tcm and Tgep were FACSort-depleted from PBMC, activated with CD3 and CD28
antibodies in the presence of either IL-2 (501U/mL) or IL-7 and IL-15 (each at 10ng/mL)
and transduced on day 2 with a retroviral vector encoding mOrange. mOrange™ Ty and
Tscm Were reconstituted on day 3 to the respective TgygseT-depleted PBMC. The medium
and cytokines were changed every 3 days during culture or when passaging the T-cells for
splitting during expansion. (A) Shows the frequency of Tgcn and Ty in PBMC. (B)
Representative plot showing the frequency of mOrange-positive Tcy-derived (T(tcm)) and
Tscm-derived (T(rscmy) populations in reconstituted cultures on day 11. Cells were stained
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for CD3, CD4 and CDS8. (C) Frequencies of reconstituted CD4* Ty (upper graph), CD8*
Tcm (middle graph) and CD8* Tgcm (lower graph) during expansion from day 2 to 35 of
culture in either IL-2 or IL-7 and IL-15 (T¢-derived: T(rcmy; Tscm-derived: Tirscmy)- (D)
Expansion within the bulk population of reconstituted CD4* Ty (upper graph), CD8* T
(middle graph) and CD8" Tscp (lower graph) measured as fold increase of mOrange™ T-
cells over 35 days of culture in IL-2 or IL-7/15 (T¢p-derived: T(rcmy; Tscm-derived:
T(rscm))- Data were analyzed using repeated measures 2-way ANOVA, after verifying
Gaussian distribution with the Kolmogorov-Smirnov test. p-values < 0.05 were considered
significant: *p<0.05. Mean data from 4 healthy donors are presented.
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