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ABSTRACT

Background Cell culture conditions during manufacturing
can impact the clinical efficacy of chimeric antigen
receptor (CAR) T cell products. Production methods have
not been standardized because the optimal approach
remains unknown. Separate CD4* and CD8* cultures offer
a potential advantage but complicate manufacturing and
may affect cell expansion and function. In a phase 1/2
clinical trial, we observed poor expansion of separate CD8*
cell cultures and hypothesized that coculture of CD4* cells
and CD8" cells at a defined ratio at culture initiation would
enhance CD8* cell expansion and simplify manufacturing.
Methods We generated CAR T cells either as separate
CD4* and CD8" cells, or as combined cultures mixed

in defined CD4:CD8 ratios at culture initiation. We
assessed CAR T cell expansion, phenotype, function,

gene expression, and in vivo activity of CAR T cells and
compared these between separately expanded or mixed
CART cell cultures.

Results We found that the coculture of CD8" CAR T cells
with CD4" cells markedly improves CD8* cell expansion,
and further discovered that CD8" cells cultured in isolation
exhibit a hypofunctional phenotype and transcriptional
signature compared with those in mixed cultures with
CD4" cells. Cocultured CAR T cells also confer superior
antitumor activity in vivo compared with separately
expanded cells. The positive impact of CD4* cells on CD8*
cells was mediated through both cytokines and direct

cell contact, including CD40L-CD40 and CD70-CD27
interactions.

Conclusions Our data indicate that CD4" cell help during
cell culture maintains robust CD8* CAR T cell function,
with implications for clinical cell manufacturing.

INTRODUCTION

Chimeric antigen receptor (CAR) T cell
therapy has demonstrated promising but
inconsistent potency in the treatment
of hematological malignancies,l_5 with
sustained remissions remaining elusive for
the majority of patients. Since phenotypic
features of infused CAR T cells correlate with
clinical potency,”” optimizing cell culture
conditions may improve the function of
infused cells.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Selection of CD4" and CD8* T cells, expanding in
separate cultures, and infusing at a defined ratio
overcomes the negative impact of contaminating
myeloid cells that occurs with manufacturing chi-
meric antigen receptor (CAR) T cell products from
unselected peripheral blood mononuclear cells
(PBMC). However, this adds cost and complexity
to manufacturing. Additionally, while the impact
of CD4* cell help on CD8" cells in vivo is known,
whether CD4™ cells impact CD8* cell function in ex
vivo T cell cultures, in the absence of antigen pre-
senting cells, has not been well studied.

WHAT THIS STUDY ADDS

= This study provides new insights that CD8* CAR
T cells expanded in the absence of CD4™ cell help
exhibit a hypofunctional phenotype, and that this is
rescued by coculture with CD4* cells, which impact
CD8* cell function and phenotype through cytokines
as well as cell-contact dependent mechanisms, in-
cluding CD40L-CD40 and CD70-CD27 interactions.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our data suggest that the function of separately
cultured CD8* CAR T cells can be improved by co-
culturing with CD4™ cells. Additionally, together with
previous data demonstrating benefits of CD4* and
CD8* selection over the use of unselected PBMC,
our results suggest that combining CD4* and CD8*
cells at a defined ratio at culture initiation may be a
more effective method of CAR T cell manufacturing
than the most common methods currently in use.

Several previous studies have demonstrated
advantages of generating CAR T cell products
from selected T cells rather than unselected
peripheral blood mononuclear cells (PBMC).
One limitation of using unselected PBMC is
that contaminating myeloid cells negatively
impact cultured T cells,'” ' a problem that
can be overcome by starting manufacturing
with enriched T cells.' ™
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Figure 1 Effect of coculture of CD4* and CD8* CART cells on cell growth and composition of cell products. CD4* and CD8*

T cells were isolated from apheresis products from healthy donors or patients, activated by anti-CD3/CD28 beads, cultured as
either CD4" cells only, CD8" cells only, or a 60:40 CD4:CD8 ratio of mixed cells. Cells were transduced with 1.5.3-NQ-28-BB-z
anti-CD20 CAR lentiviral vector and restimulated on day 7 with irradiated CD20* LCL cells. At day 7 prior to restimulation and
again at day 14, cells were analyzed by flow cytometry for CD4, CD8, and tCD19 transduction marker expression. The fold
expansion of CD4" and CD8" T cell subsets expanded in separate (red) or in mixed (blue) cultures is shown for cells harvested
(A) at day 7 prior to restimulation (n=23: 17 patients (open circles) and 6 healthy donors (filled circles)), or (B) at day 14 following
restimulation (n=22: 16 patients (open circles) and 6 healthy donors (filled circles)). Bars represent the median+SEM. For C-F,
cells were cultured as in A, B but at a variety of CD4:CD8 ratios from healthy donors (n=4 for 90:10, 80:20, and 70:30, n=6 for
ratios 60:40, 50:50, and 40:60, n=3, for 30:70, n=2 for 20:80 and 10:90) or lymphoma patients (n=13 for day 7 ratios 90:10 and
80:20, n=17 for 70:30, 60:40, 50:50, and 40:60, n=5 for 30:70; day 14 n was equivalent to day 8 n—1). The ratio of CD4* to CD8*
cells at day 7 (C, D) or day 14-15 (E, F) for total T cells (orange) or gated on tCD19* T cells (green) is shown. The median ratios
with IQR are shown along with individual values. NS, not significant.
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In addition to improving manufacturing yields, T cell
selection also appears to increase the potency of the final
product. CD3" enrichment generates CAR T cells with a
higher fraction of naive and central memory phenotype
and improved cytotoxic function compared with products
generated from unselected PBMC."*In the clinical setting,
products made from CD4/CD8-selected cells were asso-
ciated with improved CAR T cell expansion, peak cyto-
kine levels, and clinical responses compared with those
generated from unselected PBMCs.'* Additionally, T-cell
selection minimizes the risk that contaminating tumor
cells are transduced with the CAR construct, potentially
leading to antigen masking and subsequent relapse by
functionally antigen-negative disease."”

Controlling the relative fractions of CD4" and CD8'
cells in the infused product may have additional bene-
fits. Patients with B-cell malignancies have highly variable
ratios of CD4" and CD8' cells in the blood’ '® and in CAR
T cell products.6 2 1n animal models, infusing separately
cultured CD4" and CD8" CAR T cells at a defined ratio
significantly improves antitumor activity compared with
unselected T cells.'® 7 In the clinical setting (lisocabta-
gene maraleucel (liso-cel)), defined-ratio products yield
clinical safety and efficacy outcomes that compare favor-
ably with unselected CAR T cell products.'**

The apparently superior efficacy of liso-cel compared
with tisagenlecleucel (tisa-cel),’™ another CD19-
targeted 4-1BB-containing CAR T cell product that
involves simple CD3" enrichment during manufacturing,
supports the concept of a more controlled CD4:CD8 ratio
of infused CAR T cells. Although a CD4:CD8 ratio of 1:1
yielded the best results in animal models, 3:1 and 1:3 (but
not 9:1 or 1:9) ratios led to improved survival compared
with unfractionated Cells,17 suggesting that there is an
optimal effective range of CD4:CD8 ratios.

Collectively, these data supported our decision to
manufacture clinical products through parallel CD4"
and CDS8" cell cultures, subsequently formulated for
infusion at a 1:1 ratio, in a phase 1/2 clinical trial eval-
uating third-generation CDZ20-targeted CAR T cells
(NCT038277729).*' ** Surprisingly, we observed subop-
timal growth of CD8" cell cultures from the initial patients
in this trial. Based on the physiological role played by
CD4" cells during CD8" cell priming and clonal expan-
sion under some conditions,%_25 we hypothesized that
CDS8" cell proliferation may be impaired in the absence
of CD4" support during ex vivo cell culture and explored
the impact of combining CD4" and CD8" cells at various
defined ratios at the initiation of cell manufacturing. We
report here that CD8" cells manufactured in separate
cultures exhibit inferior ex vivo expansion, a hypofunc-
tional phenotype, and aberrant gene expression signa-
ture, all of which can be avoided through coculture with
CD4" cells. The mechanisms underlying these findings
involved both cytokine-mediated and contact-dependent
mechanisms involving CD40L-CD40 and CD70-CD27
interactions.

RESULTS

CD8* expansion and final cell product composition depend on
initial CD4:CD8 ratio

To evaluate the impact that combining CD4" and CD8"
T cells at different ratios at culture initiation has on
expansion and CD4:CD8 composition of the final CAR
T cell product, we isolated CD4" and CD8" cells from
cryopreserved PBMCs collected from healthy donors and
patients with relapsed B-cell lymphomas. The cells were
activated, mixed at various CD4:CDS8 ratios, transduced
with 1.5.3-NQ-28-BB-z (third-generation anti-CD20 CAR)
lentiviral vector, restimulated at day 7 with an irradiated
CD20" cell line to boost growth and enrich CAR" cells,
and harvested at days 14-15, concordant with the manu-
facturing process used at the initiation of our ongoing
clinical trial. We measured expression of CD4, CDS,
and truncated CD19 (tCD19, a marker of transduction
encoded in the lentiviral vector® (online supplemental
figure 6D) by flow cytometry and counted cells at day 7
prior to restimulation and at the end of production on
day 14.

We observed significantly higher fold expansion at both
day 7 and day 14 of CD8" CAR T cells mixed with CD4"
cells compared with CD8" cells cultured in isolation, for
both healthy donors and patients (figure 1A,B, online
supplemental figure 1). The expansion of CD8" cells
was positively correlated to increasing fractions of CD4"
cells, and CD4" cell expansion was largely unaffected by
coculture. The fraction of CD4" and CD8" cells at the end
of manufacturing was proportional to the starting ratios
(figure 1C-F, online supplemental figure 2).

The final CD4:CDS8 ratios of the transduced (tCD19%)
T cells were similar to those of the total cell population
(figure 1C-F), excluding the possibility that there were
differences in transduction efficiency between CD4" and
CDS8" cells. The starting ratio that yielded a final median
CD4:CD8 ratio of tCD19" cells closest to 1 was 50:50 for
healthy donors both at day 7 (0.96) and day 14 (0.86),
and 70:30 for patients at both day 7 (1.1) and day 14
(0.97) (figure 1C-F).

The superior CD8" cell expansion in the presence
of CD4" cells allowed us to modify the manufacturing
process to eliminate the restimulation step and shorten
the cell culture time to 8-9days. Using this process, we
similarly found that CD8" CAR T cells expanded in mixed
cultures exhibited approximately a threefold higher
median expansion than cells cultured in the absence of
CD4" cells (online supplemental figure 3).

To evaluate whether these results were a function of the
CD20 third generation CAR construct, we repeated the
experiments using a second-generation CDI19-targeted
CAR (hCD19-BB-z). We similarly observed significantly
higher fold expansion in mixed cultures of CD8" T
cells transduced with the CD19 CAR or even an empty
vector, comparable to the effect with the CD28-41BB
CD20-targeted CAR (online supplemental figure 4).
We conducted additional experiments using second-
generation CAR T cells with a CD28 costimulatory
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domain. As with the previous experiments, we found
that CD8" T cells modified with the 1.5.3-NQ-28-z CD20
CAR exhibited significantly higher fold expansion when
cocultured with CD4" cells than when cultured separately
(online supplemental figure 5).

Impact of mixed cultures on CAR T cell immunophenotype
Given these profound effects of CD4" cells on CD8" CAR
T cell expansion, we inquired whether CD8" cells might
also exhibit phenotypic and functional differences. As
noted above, we employed two manufacturing processes:
(1) a process of 14-15days involving a restimulation
step with CD20" target cells at day 7 and (2) a process
of 8-9days without a restimulation step. While we have
since adopted the second process for use both in the labo-
ratory and in our clinical trial, the first process provides
an opportunity to assess CAR T cell phenotype following
antigen encounter, as occurs after cell infusion. We, there-
fore, present immunophenotypic and functional results
for both processes throughout this report.

At both day 8 (without restimulation) or day 14
(following CD20" restimulation), CD8" CAR T cells
cultured in the absence of CD4" cells exhibited lower
postexpansion levels of markers associated with memory
and a less-differentiated state, and higher levels of exhaus-
tion and terminal differentiation markers, compared with
cocultured cells (figure 2A,B,D,E, online supplemental
figure 6). CD19 CAR'T cell products with a higher fraction
of CD27"/PD-1" cells within the CD8" T cell subset have
been shown to yield clinical remissions more frequently
in patients with CLL.”® We found that percentages of
CD27'/PD-1" CD8" cells were significantly increased in
mixed CD4:CD8 cultures compared with CD8" CAR T
cells expanded separately (figure 2C,F). CD4" CAR T cell
immunophenotypes were largely similar regardless of
the culture method (online supplemental figure 7). We
observed a similar pattern of decreased memory markers
and higher exhaustion markers among hCD19-BB-z CAR
CD8" T cells (online supplemental figure 8) and 1.5.3-
NQ-28-z CAR T cells (online supplemental figure 9) from
isolated cultures, indicating that these differences were
not specific to CD20 CAR constructs, and were seen in
CAR T cells across a variety of costimulatory domains
(CD28-only, 4-1BB-only, or CD28-4-1BB).

Hypofunctional phenotype of CD8* CAR T cells expanded in
absence of CD4" cells

At both day 8 and day 14, FACS-sorted CD8" CAR T cells
(1.5.8-NQ-28-BB-z) cultured without CD4" cells secreted
significantly lower levels of IFN-y, IL-2, and TNF-o. on
stimulation with CD20" Raji lymphoma cells than those
expanded in mixed cultures (figure 3A,C). Likewise,
proliferative capacity of CD8" CAR T cells was lower when
cultured without CD4" cells (figure 3B,D). In contrast,
cytokine secretion and proliferative capacity of CD4" cells
were minimally impacted regardless of culture method
(online supplemental figure 10). The hCD19-BB-z and
1.5.3-NQ-28-z transduced cells similarly exhibited lower

levels of cytokine secretion (though TNF-o for hCDI19-
BB-z and IFN-y for 1.5.3-NQ-28-z did not reach statistical
significance) and less proliferation in CD8" CAR T cells
cultured in the absence of CD4" cells (online supple-
mental figures 11,12E,G). We also evaluated granzyme
B secretion and cytotoxicity in second-generation CD20
CD8" CAR T cells but found no differences between CD8"
CART cells expanded separately versus in CD4" coculture
(online supplemental figure 12F,H), indicating that these
cells are not fully dysfunctional but retain cytotoxic func-
tion despite impaired cytokine secretion and proliferative
capacity.

To evaluate the impact of separate versus mixed CD4"/
CD8" CAR T cell cultures on in vivo anti-lymphoma
activity, we employed a CD20" Raji mouse xenograft
model, using suboptimal CAR T cell doses to distinguish
differences in activity, since larger cell doses are curative
using separate cell cultures infused at a 1:1 ratio.”® We
found that mice treated with third-generation CD20 CAR
T cell products manufactured in CD4"/CDS8" cocultures
exhibited superior tumor control compared with mice
treated with equivalent doses of CD4" and CD8" CAR
T cells expanded separately and infused at a I:1 ratio
(figure 4, online supplemental figure 13).

Altered gene expression profiles of CD8* cells expanded in
absence of GCD4" help
In view of the marked differences in ex vivo expansion,
immunophenotype, and function between CDS8" cells
from mixed versus separate cultures, we hypothesized
that the hypofunctional phenotype of CD8" CAR T cells
generated in the absence of CD4" help is driven by an
altered transcriptional program. We, therefore, analyzed
transcriptional profiles of FACS-sorted CD8" CAR T cells
expanded in mixed cultures with CD4" cells compared
with those in separate CD8-only cell cultures. At both day
8 of cell culture, and at day 14 (7 days after restimulation),
there were large numbers of differentially expressed
genes (false discovery rate<0.05and fold change >1.5),
indicating profoundly different gene expression patterns.
At both timepoints, CD8" CAR T cells cultured separately
expressed significantly higher levels of genes associated
with exhaustion and dysfunction, and lower levels of genes
associated with memory formation compared with CD8"
cells expanded in cocultures. Differentially expressed
genes were strongly correlated between day 8 and day
14 (figure 5A,B, online supplemental figure 14A-C and
dataset S1). A broad array of costimulatory molecules and
inhibitory receptors were upregulated in the separately
cultured CD8" cells, a characteristic of dysfunctional T
cells.”” Full RNA-seq gene expression data from day 8
and day 14 are available at the NCBI Gene Expression
Omnibus (accession number GSE245427, https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgiracc=GSE245427) %
We assessed which pathways were over-represented by
the differentially expressed genes. At day 8, CD8" CAR
T cells expanded in the presence of CD4" cells exhibited
stronger TCR signaling, CD28 costimulation, and IFN-y
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Figure 2 Phenotypic differences between CD8" CART cells cultured alone or those cultured with CD4" T cells. CD4" or

CD8" enriched PBMC from healthy donors (filled circles) or patients (open circles) were stimulated, then either mixed at a
60:40 CD4:CD8 ratio or maintained in separate cultures, then transduced with 1.5.3-NQ-28-BB-z CD20 CAR lentiviral vector. (A-
C) Cells were harvested on day 8 of cell culture without restimulation, or (D-F) restimulated with irradiated CD20* LCL cells on
day 7 and harvested on day 14. Markers of memory and differentiation (A, D), exhaustion (B, E), or percentage of CD27* PD1~
cells (C, F) were measured by flow cytometry. Gating strategy and representative histograms are shown in online supplemental
figure 6. Data represent the fold increase in geometric mean fluorescence intensity (MFI) over isotype control, gated on viable
CD8" tCD19" CAR T cells at day 7 (n=14: 5 patients and 9 healthy donors for A, B and n=9: 4 patients and 5 healthy donors for
(C) or at day 14 (n=13: 7 patients and 6 healthy donors). P values were determined using paired two-tailed t-tests for markers
meeting criteria for normality based on D’Agostino and Pearson or Shapiro-Wilk tests, or Wilcoxon matched-pairs signed rank
test for markers not meeting normality criteria. CAR, chimeric antigen receptor; NS, not significant; PBMC, peripheral blood

mononuclear cell.

Lee SY, et al. J Immunother Cancer 2023;11:¢007803. doi:10.1136/jitc-2023-007803


https://dx.doi.org/10.1136/jitc-2023-007803
https://dx.doi.org/10.1136/jitc-2023-007803

Day 8
IFN-y IL-2 TNF-o
1000007 P = 0.004 100000y P =0.006 P =0007 .
8 o Healthy Donor
— 10000{ ¢ 3 10004 @
= R — = 1000 ‘ = g S © Ppatient
S E ° S 3 o
B 100003 g e > o > °
a NNy a 100 o & 100{ o
° 3
o 10 o
11— 10 r
+®b 0@@ dg’b Q,ﬂ"\’@
W S W
S )

§ .
0] © .
| Mixed T o104 © » T
] “ Separate =3 g o 3
=4 >
i . \ 5 § 8§ 3
f | ER N
2 e | 2 °
H \ Pud
\ [3)
2
0. \
—>
Cell Trace Violet
Day 14
C IFN-y IL-2
P =0.001 P =0.077
100000 .—l 100000 .
. » Healthy Donor
S 10000
100004 °© » ° .
= . g € 1000 g * = o Patient
= = o L
<y LS 8 100 € i <y
1000{ e 5 -
10
° 8
100 T T 1 T T
S 2 > @
@_@ %{z‘,\ @_‘g; (g\q‘,\
R R
) S
D o P=0.002 P=0.015
10049 "-U‘ 64
Mixed - ° 1001 o
2 ] Separate = e 3 e
E 41 g 2 8
2 s0] \ 5] o > °
| 5 S s
§ 40 ‘ B o] © 8 X e
20+ | E g
, 04— T 01— .
-Im3 ":1 'ma ‘m‘ Imﬁ <<§.e’b Q}'z}@ @gp (b{é@
- ~ ~
Cell Trace Violet < )

Figure 3 CD8" CART cells cultured in the absence of CD4" cells have impaired cytokine secretion and proliferation in vitro.
CD4" and CD8" enriched PBMC from patients (open circles) or healthy donors (filled circles) were stimulated, then either mixed
at a 60:40CD4:CD8 ratio or maintained in separate cultures, transduced with 1.5.3-NQ-28-BB-z CD20 CAR, and expanded.
Cells were harvested on day 8 without restimulation (A, B) or restimulated with irradiated CD20* LCL cells on day 7 and
harvested on day 14 (C, D). FACS-sorted CD8* tCD19" T cells labeled with Cell Trace Violet (CTV) were incubated with irradiated
CD20* Raji-ffLuc cells (1:1 ratio). (A, C) supernatants were harvested at 24 hours and the indicated cytokines were measured

by Luminex assay (n=9: 4 patients and 5 healthy donors for day 7; n=12: 4 patients and 8 healthy donors for day 14). (B,

D) proliferation of the sorted cells after 4 days based on CTV dilution was assessed by flow cytometry. representative histograms
are shown in the left panel, and summary data of geometric MFI ratio of unstimulated to stimulated cells and % divided cells
are shown in the right panels (n=13: 4 patients and 9 healthy donors for day 7; n=6: 2 patients and 4 healthy donors for day 14).
P values were determined using paired two-tailed t-tests for samples meeting criteria for normality based on D’Agostino and
Pearson or Shapiro-Wilk normality test, or Wilcoxon matched-pairs signed RANK test for samples not meeting normality criteria.
CAR, chimeric antigen receptor; MFI, mean fluorescence intensity; PBMC, peripheral blood mononuclear cell.
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Impact of mixed versus separate CD4* and CD8" CART cell cultures on in vivo antitumor activity. NSG mice (n=8 per

experimental group, n=5 for untransduced and no treatment groups, n=1 for no tumor group) bearing 7 day Raji-ffLuc tumors,
received a suboptimal dose of 2x10° tCD19* 1.5.3-NQ-28-BB-z CD20-targeted CAR T cells cultured at a 60:40 CD4:CD8 ratio
or expanded in separate parallel CD4" and CD8* cultures and formulated at a 1:1 ratio prior to injection. The mixed cells were
at a 1:1.9 CD4:CD8 ratio at the time of infusion. Untransduced T cells expanded in mixed cultures were included as a control.
Mice were imaged twice weekly by bioluminescence imaging. (A) Experimental schema. (B) Average tumor burden per group
over time as measured by total body bioluminescence. The mean luminescence values+SEM are shown. The tumor burden
over time was greater in the separate group compared with the mixed group based on a two-way repeated measures ANOVA,

time x treatment group, F )=34.64, p<0.0001; time factor, F

3, 42)

(1.158, 16.21)

=40.05, p<0.0001; treatment group factor, F , ,,=37.24,

1,14

p<0.0001. (The overall model including no treatment, untransduced, separate, and mixed groups showed: time x treatment

group, F 4 ,=21.49, p<0.0001; time factor, F

1.054,29.51

)=76.63, p<0.0001; treatment group factor, F(

=35.70, p<0.0001; for

3, 28)

one mouse who died between day 15 and day 19 in the no-treatment group, the day 15 body flux value was carried forward as
the day 19 value). (C) Dorsal images of each mouse at day 19 are shown. ANOVA, analysis of variance; CAR, chimeric antigen

receptor.

signaling, and lower levels of G-protein coupled receptor
signaling and IL-10 signaling (online supplemental figure
15). At day 14 following restimulation, CDS8" cells from
mixed cultures were distinguished primarily by upreg-
ulation of pathways associated with proliferation and
cell cycle (online supplemental figure 14D). We also
performed gene set enrichment analysis (GSEA) using
the rankings of differential expression p values for all the
genes. At day 8, consistent with our immunophenotypic
findings, CD8" CAR T cells from mixed cultures overex-
pressed genes that are upregulated in less differentiated
CDS8' T cells (figure 5C). At day 14, the GSEA results were
more heterogeneous, with mixed CD8" T cells sharing
upregulated genes with less differentiated cells from
some gene sets and more differentiated or exhausted
cells from other gene sets (online supplemental figure
14E), possibly reflecting the overlap of genes differen-
tially expressed in both activated and exhausted states.

Mechanisms underlying improved CD8* cell growth in CD4*
cocultures

Because cytokines impact CD8' cell proliferation® and
promote expansion of naive and/or memory T cells,”
we hypothesized that some of the observed differences
between separate versus mixed CD8" cells might be medi-
ated by cytokines secreted by CD4" cells. We measured

the concentrations of several cytokines in CD4-only, CD8-
only, or mixed cultures at early timepoints during cell
culture (days 1 and 4) and found that mixed cultures had
higher levels of IFN-y, IL-2, TNF-o, and IL-15 than CDS8-
only cultures at day 1, and higher levels of IFN-y, TNF-q,
and IL-21 at day 4 (online supplemental figure 16).

We next performed experiments to evaluate the relative
effects of soluble versus cell contact-dependent factors of
CD4" cells on CD8" cells. Both-generation second and
third-generation CD20-targeted CD8" CAR T cells sepa-
rated from CD4" cells by a transwell insert exhibited
inferior expansion to CD8" cells in fully mixed cultures,
but superior to CD8" cells cultured in complete isolation
(online supplemental figures 17A and 18A), suggesting
that both cytokine-mediated and cell contact-dependent
mechanisms contribute to ex vivo expansion. However,
on antigen stimulation of CD8" CAR T cells, improved
proliferative capacity was only observed in fully mixed
cultures, indicating that cell-cell contact was required
(online supplemental figures 17B and 18B). The impact
of soluble factors on cytokine secretion was less clear,
with third generation CD8" CAR T cells in transwell
cultures demonstrating increased TNF-0, and granzyme
B, but not IL-2 or IFN-y (online supplemental figure
17C,D) compared with cells in separate cultures, but no
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Figure 5 CD8" CART cells cultured in presence or absence of CD4* T cells exhibit distinct transcriptional signatures. Gene
expression profiles of flow-sorted CD8" tCD19* 1.5.3-NQ-28-BB-z CAR T cells cultured either with CD4" cells (“mixed”) or alone
(“separate”) were evaluated by bulk RNA-seq on day 8 (n=6: 2 patients and 4 healthy donors). (A) Volcano plot of false discovery
rate (FDR) (-log, ) versus fold change (log,) showing differentially expressed genes between mixed versus separate CD8* CAR T
cells (FDR<0.05and [log,FC|>0.585 [>1.5fold change]), with upregulated and downregulated genes shown in orange and blue,
respectively. (B) Heat map of fold change (log,) of selected genes (all with FDR<0.05) between mixed versus separate CD8"
CART cells in the 6 individual subjects. (C) Normalized enrichment scores from GSEA using selected gene sets related to CD8
naive, memory, effector, and exhausted cells from the MSigDB C7 database, using the rankings of differential expression p
values for all the genes. Positive/negative scores indicate enrichment of the gene sets in upregulated or downregulated genes
when comparing mixed versus separate CD8" CAR T cells. The FDR was <0.06 for all the gene sets shown here. GEO datasets
are indicated in parentheses. CAR, chimeric antigen receptor; GSEA, gene set enrichment analysis;

differences in cytokine secretion with second-generation
CDS8" CAR T cells (online supplemental figure 18C,D).
With respect to immunophenotypic signatures, we
evaluated the memory and exhaustion markers previ-
ously found to be significant between mixed versus
separate CD8" CAR T cells (figure 2A,B, online supple-
mental figure 9C,D) and found no significant differ-
ence in these markers between cells expanded in
separate cultures or in transwell cultures for either
second or third generation CD8" CAR T cells (online

supplemental figures 17E,F and 18E,F). Instead, differ-
ences were only observed between transwell and fully
mixed cultures, indicating that soluble factors from
CD4" cells were not solely responsible for the observed
phenotypic differences but rather that direct cell-
cell contact was required. Cumulatively, these results
suggested that although soluble factors from CD4" cells
contribute to superior CD8" cell expansion ex vivo and
possibly cytokine secretion, cell contact-dependent
mechanisms are required for the improved function
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and less differentiated phenotype of CD8" CAR T cells
cultured with CD4" cells.

In light of previous reports that activated CD8" cells
express CD40, and that CD40 ligation may provide a
direct costimulatory signal independent of the well-
known effects of CD40L on antigen-presenting cells
(APCs),”™ we hypothesized that the contact-dependent
effect of CD4" cells on CD8" cells might be mediated
through CD40L-CD40 interactions. We also hypothesized
that given the improved outcomes reported in patients
with higher levels of CD27" cells,® that CD70-CD27 inter-
actions may also contribute. We first measured expression
of these markers over time and found that in addition
to the expected strong upregulation of CD40L on CD4"
cells on days 1-4, there was also a small but significant
concurrent upregulation of CD40 on CD8" cells (online
supplemental figure 19). CD8" cells also expressed robust
levels of CD27, and both CD4" and CD8" cells expressed
CD70, which was upregulated after activation, but present
even on resting cells prior to stimulation.

We then tested the impact of CD40 and CD27 signaling
on ex vivo expansion, phenotype, and function, using
antagonistic anti-CD40L or anti-CD70 antibodies in mixed
CD4"/CD8" cultures to block receptorligand interactions,
or by using agonistic anti-CD40 or anti-CD27 antibodies in
isolated CD8" cultures. Anti-CD40L or anti-CD70 antibodies
significantly impaired CD8" CAR T cell expansion in mixed
cultures, and agonistic CD40 or CD27 antibodies increased
CD8" cell expansion in separate cultures (figure 6A-D),
suggesting that CD40 and CD27 signals contribute to
improved CD8" ex vivo expansion.

We found that neither blocking CD40L/CD40 or
CD70/CD27 interactions between CD4" and CD8" CAR
T cells with antagonistic antibodies, nor treatment of
CDS8" cells with agonistic anti-CD40 or anti-CD27, reca-
pitulated the phenotypic changes observed between
separate versus mixed-culture CD8" cells (online supple-
mental figure 20). However, antagonistic anti-CD40L or
anti-CD70 antibodies reduced the proliferative capacity
of CD8" CAR T cells in mixed cultures (figure 6FH).
Agonistic anti-CD40 or anti-CD27 antibodies did not
impact proliferative capacity, IL-2 secretion, or granzyme
B secretion of CD8" CAR T cells but did increase IFN-y
and TNF-o secretion (figure 6E,G,ILJ). Taken together,
the data suggest that CD40 and CD27 signals on CD8"
CAR T cells received from CD40L and CD70 on CD4"
cells contribute to the improved ex vivo expansion and
effector function observed in cocultured CD8" CAR T
cells but do not explain the less differentiated phenotype,
which appears to require both soluble factors as well as
direct cell contact with CD4" cells.

DISCUSSION

The various methods of T cell selection, activation, provi-
sion of supplemental cytokines, and culture duration
currently used in CAR T cell manufacturing likely impact T
cell function,(’_9 16173436 11t the optimal conditions are not

known. T-cell enrichment avoids the deleterious effects of
contaminating myeloid cell subsets and minimizes the risk
of transducing circulating tumor cells that can occur with
unselected PBMC." '** Infusion of CAR T cells at a defined
CD4:CDS8 ratio leads to superior outcomes in preclinical
studies compared with products generated from unselected
PBMC,16 17 and while no direct comparisons have been made
in human clinical trials, CAR products with defined 1:1 ratios
compare favorably with those generated from unselected
PBMC.! 2* However, the need to generate, maintain, and
qualify two separate cultures for each patient adds cost and
complexity to the manufacturing process and increases the
risk of a nonconforming product.

In this study, we evaluated whether CAR T cell manufac-
turing could be improved by combining CD4" and CD8"
cell at a defined ratio at the initiation of cell cultures. It is
well established that, in vivo, CD4" cells play an important
role in CD8" T cell priming, memory formation and
maintenance, effector differentiation, and sustaining
functionality during chronic antigen exposure,” *"*
and that these effects are primarily mediated through
APCs. However, the direct impact of CD4" cells on CD8"
cells during ex vivo CAR T cell culture, which does not
depend on APCs, has not been well characterized. Our
results reveal that CD4" coculture with CD8" cells mark-
edly enhances not only CD8" cell ex vivo expansion, but
also phenotype and function. CD8" cells cultured in the
absence of CD4" cells have a more exhausted phenotype,
correlating with inferior in vitro proliferation, cytokine
secretion, and in vivo antitumor activity. Importantly,
these findings were reproducible across a variety of types
of CAR constructs.

The observed phenotypic and functional differences
were driven by distinct transcriptional programs. CD8"
cells cultured alone expressed lower levels of genes asso-
ciated with memory formation and higher levels of genes
associated with exhaustion and terminal differentiation.
Cocultured CD8" cells, by contrast, had an early effector
phenotype consistent with their superior in vitro and in
vivo function. These differential gene expression patterns
persisted following restimulation with target cells,
suggesting that formation of the hypofunctional transcrip-
tional program is durable and occurs early during cell
culture. The results of the mouse experiments, in which
equal numbers of CD4" cells were infused along with
the CD8" cells, further suggest that the hypofunctional
phenotype is epigenetically imprinted during cell manu-
facturing and is not rescued by the provision of CD4" help
at the time of infusion, but future studies are needed to
evaluate this possibility. Despite their diminished capacity
for cytokine secretion and proliferation, CD8" cells
cultured in isolation retained at least short-term cytotoxic
function, consistent with a terminal effector phenotype
rather than one that is fully dysfunctional.

The impact of CD4" cells on CD8" cells in culture was
mediated through both soluble factors and contact-
dependent mechanisms. In CD8" cell cultures containing
CD4" cells, we observed higher levels of cytokines known
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Figure 6 CD4" cells augment CD8* Tcell growth and function through both CD40L-CD40 and CD27-CD70 interactions. CD8*
cells from healthy donors (filled circles) or patients (open circles) were activated with «CD3/CD28 beads, cultured separately

(A, C, E, G, |, J) or at a 60:40 ratio with CD4" cells (B, D, F, H), transduced with 1.5.3-NQ-28-BB-z CD20 CAR lentivirus, and
expanded in the presence of plate-bound agonistic anti-CD40 (A, E, I), plate-bound agonistic anti-CD27 antibody (C, G,

J), soluble antagonistic anti-CD40L (B, F), or soluble antagonistic anti-CD70 antibody (D, H). (A-D) Fold expansion of CD8* cells
at day 8 is shown. (E-H) At day 8, cells were harvested, labeled with Cell Trace Violet (CTV), and restimulated with irradiated
CD20* Raji-ffLuc cells (1:1 ratio). Proliferation of the CD8* cells after 4 days based on CTV dilution was measured by flow
cytometry, with geometric MFI ratio of stimulated to unstimulated cells shown. (I-J) Supernatants from E, G were harvested

24 hours after restimulation, and levels of the indicated cytokines were measured by Luminex. Data represent mean values
(xSEM). For (A), n=15 (6 patients and 9 healthy donors); for (B), n=14 (5 patients and 9 healthy donors); for (C), n=7 healthy
donors; for (D), n=9 healthy donors; for (E, F, I), n=9 (2 patients and 7 healthy donors); for (G, H, J), n=7 healthy donors. P values
were determined using paired two-tailed t-tests for samples meeting criteria for normality based on D’Agostino and Pearson or
Shapiro-Wilk normality test, or Wilcoxon matched-pairs signed rank test for samples not meeting normality criteria. MFIl, mean
fluorescence intensity; NS, not significant.
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to improve CD8" T cell proliferation and promotion of a
memory phenotype, including IFN-y, IL-2, TNF-o., IL-15,
and IL-21, suggesting that cytokines contributed to the
distinct CD8" cell phenotypes in mixed cultures. However,
direct contact between CD4" and CD8" cells was required
for full preservation of CD8" cell functionality, which was
mediated, at least in part, through both CD40L-CD40
and CD70-CD27 interactions. Because CD40L and CD70
expressed on CD8" cells were insufficient to provide an
adequate costimulatory signal in isolated CD8" cultures,
we postulate that these signals come from activated CD4"
cells.

CD40L, which is primarily observed on activated CD4"
cells, is transiently expressed and engages its cognate
receptor, CD40, on various immune cells to help prop-
agate antigen-specific immune responses. The critical
signals provided by CD4" cells in vivo during CD8" T cell
priming and memory development® ***' depend in large
part on CD40L-CD40 interactions, through licensing of
cognate APCs.” ** However, CD40 is also expressed at
low levels on activated T cells and can play a costimula-
tory role 3?34 Indeed, direct CD40L-CD40 interactions
between CD4" and CD8" cells can enhance memory func-
tion in CD8" cells, independent of CD40 on APCs.** Our
data suggest that CD40 ligation on CD8" CAR T cells by
CD40L on CD4" cells provides an important costimula-
tory signal that, together with soluble factors from CD4"
cells, increases ex vivo expansion and contributes to a
more functional phenotype.

This costimulatory role of CD40 in CD8" cells appears
to be important primarily in non-infectious settings or
under conditions in which T cells receive suboptimal acti-
vation signals.* Other studies conducted in the setting
of infection show that CD40 is not required for normal
T cell function and memory formation in CDS8" cells,
perhaps because in a state of inflammation, other signals
bypass the requirement for CD40 signaling.** * Thus, a
costimulatory role for CD40 on CD8" cells may be limited
to sterile conditions such as cell culture, where additional
inflammatory cues are lacking. It is also possible that the
need for CD4" help in CD8" cell cultures could be over-
come through the provision of optimal combinations of
exogenous cytokines.

CD27 is a costimulatory receptor expressed by naive
CDS" cells that is important for T cell memory, antitumor
responses, and resistance to apoptosis.*** The ligand for
CD27 is CD70, which is transiently expressed on activated
B and T cells as well as mature dendritic cells, and was
confirmed to be expressed on CD4" and CD8" cells in
our CAR T cell cultures. Our results suggest that CD27
signaling in CD8" cells following ligation with CD70 from
CD4’ cells contributes to improved ex vivo expansion and
effector function.

Our experiments isolating the impact of soluble factors
from CD4" cells, or CD40L-CD40 or CD70-CD27 interac-
tions, did not recapitulate the memory-like immunophe-
notype of cocultured CD8" cells. This suggests that the
less differentiated transcriptional program is preserved

either through integrated signals from some combination
of cytokines, CD40, and CD27, or through as-yet unidenti-
fied ligand-receptor interactions between CD4" and CD8"
cells.

Our findings help to inform the design of CAR T cell
manufacturing processes, for which the optimal condi-
tions remain undefined. Starting with unselected PBMC
is expedient but has drawbacks as previously discussed.
Infusing a defined CD4:CD8 ratio may have advantages
but is more cumbersome, expensive, and, as our data
suggest, may yield CD8" cells that could be further func-
tionally improved through CD4" coculture. We recognize
that a limitation of our study is that we did not compare
products generated from selected but unfractionated T
cells with those generated from defined CD4:CD8 ratios
at culture initiation. We did not include unselected T
cells as a control since the goal of the project was to opti-
mize our own process rather than compare all existing
methods. However, in addition to the aforementioned
advantages of T cell selection, it is also uncertain whether
the same beneficial effect of CD4" cells on CD8" cells
would occur in products generated from patients with
very low CD4" cell fractions; starting at a defined ratio
ensures that adequate numbers of CD4" cells are present
to support optimal CD8" cell function.

In summary, our data provide insights into the biology of
CD8" CART cells that should be considered when designing
a CAR T cell production platform. We found that CD8" CAR
T cells cultured in the absence of CD4" cells or cytokines
other than IL-2 acquire a hypofunctional phenotype driven
by a distinct transcriptional program that persists after
restimulation with target antigen and is not rescued by CD4"
cells at the time of cell infusion. Coculture of CD4" and CD8"
cells in a defined ratio at culture initiation bypasses these
problems, and we demonstrate that the salutary effects of
the CD4" cells are mediated by both cytokines and contact-
dependent mechanisms, including CD40L-CD40 and CD70-
CD27 interactions. CD8" CAR T cells cultured with CD4"
cells exhibit superior ex vivo expansion, facilitating shorter
culture times, and a final CD4:CD8 ratio in the cell product
that is proportional to the ratio at culture initiation. Based
on these results, we have modified the cell manufacturing
process in our ongoing clinical trial, with promising prelimi-
nary activity associated with this change.*' **

METHODS

Culturing of CAR T cells using various CD4:CD8 ratios

PBMCs were obtained by apheresis from healthy donors or
patients with relapsed or refractory B-cell lymphomas. For
healthy donors, PBMCs were enriched for CD4" and CD8" T
cells by positive selection with CliniMACS beads (Miltenyi),
cryopreserved, and thawed 1 day prior to the planned exper-
iment. Cryopreserved patient apheresis products were
thawed 1 day prior to the planned experiment, and CD4" and
CD8" T cells were positively and negatively selected, respec-
tively, using EasySep immunomagnetic selection (Stemcell
Technologies) on the day of stimulation.
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On day 0 of culture, selected CD4" and CD8" T cells
were washed, activated with anti-CD3/CD28 beads ata 3:1
bead:cell ratio, and then mixed (or not) to generate the
various CD4:CD8 ratios shown in the figures. Cultures were
established at a total cell number of 1x10° cells/well in
24-well tissue culture plates and cultured in T-cell culture
medium (RPMI1640 media with 10% fetal bovine serum,
1% penicillin/streptomycin, 1% L-glutamine, and 501U/
mL rhlL-2 (Stemcell Technologies)). One day following
stimulation, T cells were transduced by centrifugation at
2100rpm for 60 min at 32°C with concentrated lentiviral
supernatant encoding third-generation 1.5.3-NQ-28-BB-z
anti-CD20  CAR,*® second-generation 1.5.3-NQ-28-z
CAR,* fully human CD19-BB-z CAR (hCD19-BB-z),” or
empty vector,” supplemented with polybrene (5pg/mL).
On day 4, magnetic beads were removed.

In some experiments, cells were restimulated at day
7 by coculturing with irradiated CD20" lymphoblastoid
cell line (LCL) cells at a 1:1 ratio of LCL to T cells, and
further expanded until harvest at day 14 or 15. In other
experiments, cells were harvested at day 8 or 9 without
an LCL restimulation step. For cells manufactured with
the 14-15days process, cells were counted at day 7 prior
to restimulation and at days 14-15, and with the non-
restimulation process, cells were counted at days 8 or 9.
At the same time points for counting, cells were also eval-
uated for immunophenotype, transcriptional profile, and
function as described in more detail below and in online
supplemental methods.

Cytokine production and proliferation

Truncated CD19" (tCD19") CD4" and tCD19* CD8" T
cells were sorted from CD20 CAR vector-transduced T cell
cultures at 8 or 14 days after culture initiation, and stimu-
lated with irradiated CD20 expressing Raji-ffL.uc cells at a
1:1 stimulator to responder ratio. After 24 hours of cocul-
ture, supernatants were harvested. Cytokine levels were
also measured in culture supernatants from stimulated
and transduced CD4-only, CD8-only, and 70:30 CD4:CD8
mixed CAR T cell cultures at early time points (days 1,
4), with supernatants collected before media change.
Levels of secreted IL-2, TNF-o,, and IFN-y were quantified
from supernatants using a Luminex microbead sandwich
immunoassay. Assays were read on a Luminex 200 instru-
ment (Millipore) and analyzed with Luminex xPonent
software (V.4.3, V.4.2, or V.3.1). To investigate cell prolif-
eration, sorted cells were labeled with 5 pmol/L CellTrace
Violet (CTV) (Molecular Probes, ThermoFisher) and
stimulated with irradiated CD20 expressing Raji-ffL.uc
cells for 96 hours. Dye dilution of CTV-labeled cells was
analyzed by flow cytometry.

Transwell cell culture experiments

CD8" and CD4" cells were isolated by immunomagnetic
selection, activated, and expanded either as separate
CD4" and CD8" cell cultures of 1x10° cells each, or a
mixed 60:40 CD4:CD8 cell culture. Cells were transduced
with 1.5.3-NQ-28-BB-z anti-CD20 CAR lentivirus 1day

after bead stimulation. For the transwell group, imme-
diately following T cell transduction, 0.6x10°CD4" cells
were plated to the lower compartment of 24 well plate,
and 0.4x10°CDS8" cells were placed in an upper tran-
swell compartment (Corning). The cells were scaled up
to 12-well transwell plates as needed when cell density
increased. At day 7, cells were harvested, counted, and
evaluated by flow cytometry for expression of CD4, CD8,
and tCD19. Proliferation, cytokine secretion, and pheno-
type were also assessed using the methods described
above.

Online supplemental methods include flow cytometry,
cytotoxicity, RNA-seq, evaluations of CD40L-CD40 and
CD70-CD27 interactions, and in vivo experiments.

STATISTICS

Statistical comparisons of two experimental groups were
made using GraphPad Prism software, using two-tailed
paired t-tests for datasets meeting normality criteria
by Shapiro-Wilk or D’Agostino-Pearson testing, and
Wilcoxon matched-pairs signed rank tests for paired data
not meeting normality criteria. For comparisons of tumor
burden over time between treatment groups in the mouse
experiments, we used a two-way repeated measures anal-
ysis of variance. For all comparisons, values of p<0.05
were considered statistically significant.
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