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Anti-CD19 chimeric antigen receptor (CAR) T-cell therapy induces
high response rates and durable remissions in relapsed/refractory
large B-cell lymphoma (LBCL).1 However, there is a need to eluci-
date relapse mechanisms to enable next-generation strategies.
We evaluated CD19 antigen characteristics from pretreatment
(N 5 100) and postrelapse (N 5 20) tumor biopsies, at
protein and transcriptional levels, in patients with relapsed/
refractory LBCL treated with axicabtagene ciloleucel (axi-cel;
#NCT02348216) in the ZUMA-1 study and determined their asso-
ciation with clinical response.1,2 Of 20 relapsed biopsies, 18 had
paired pretreatment and postrelapse biopsies tested using immu-
nohistochemistry. Twenty-two pretreatment, 3 progression, and 6
paired biopsies also had sufficient tissue available for analysis by
RNA sequencing. The study was conducted in accordance with
the Good Clinical Practice guidelines of the International Confer-
ence on Harmonization. Additional information is provided in the
supplemental methods, available on the Blood Web site.

Pretreatment biopsies showed variable CD19 and CD20 protein
expression (H-score range, 0 to 300). Despite prior treatment
with anti-CD20 antibody-containing chemotherapy in all patients,
most biopsies pre–axi-cel showed CD20, alongside CD19 expres-
sion, and exhibited CD20 H-scores comparable or higher relative
to CD19 (Figure 1A; supplemental Figure 1A-B). Reverse tran-
scription polymerase chain reaction and western blot analysis con-
firmed variable CD19 messenger RNA and protein levels in CD19
CAR-T-naive LBCL tumors (supplemental Figure 1C-D; supple-
mental Table 1). CD19 H-scores pre–axi-cel were not significantly
different across either best response (supplemental Figure 2A) or
ongoing response groups (Figure 1B). Peak CAR T-cell levels
post–axi-cel relative to tumor burden (TB), a correlate of clinical
efficacy,3 were also comparable between pretreatment CD19
H-score groups across clinical response categories (Figure 1B).

CD192 (vs CD191) relapses were enriched in patients with lower
pretreatment TB, most of which exhibit high CAR-T expansion
(50% vs 21%) or in those experiencing the longest median time
to relapse (9 vs 3 months; Figure 1C; supplemental Figure 2B-C).
There was no difference in product attributes between CD192

and CD191 relapses (supplemental Figure 2D). Importantly, in
evaluable CD191 relapse patients, peak expansion (and persis-
tence) was lowest in patients with highest CD19 H-score at

progression (Figure 1C; supplemental Figure 2E-F). These findings
are consistent with higher selective pressure of axi-cel against
CD191 cells in a patient subset with increased CAR T-cell expan-
sion and lowest TB and implicate 2 differential relapse mecha-
nisms: (1) target-related through evasion with low/no CD19
tumor expression; and (2) suboptimal in vivo CAR T-cell expansion
relative to TB potentially attributed to premature exhaustion,
impaired trafficking, or immunosuppressive mechanisms in the
tumor microenvironment (TME) contributing to CD191 relapses.3

The latency of CD192 relapses in patients with higher pretreat-
ment TB and low CAR T-cell expansion suggests a low frequency
of CD192 cells, escaping under selective pressure after initial
responses, potentially attributed to favorable TME.

Among 18 paired biopsies, 5 (28%) exhibited substantially lower
CD19 protein levels at relapse (Figure 1D-E). CD19-low or nega-
tive relapses occurred after partial or complete responses and
manifested at selected preexisting or new sites, suggesting het-
erogeneity in CD19 expression across different tumor sites within
an individual (Figure 1D; supplemental Figures 3-4). Among 20
evaluable relapsed tumors (supplemental Table 2), most
expressed other B-cell antigens (95% CD20, 90% CD22, and
95% CD79a), independent of CD19 expression level (supplemen-
tal Figures 5-6). However, greater heterogeneity was observed in
CD22 protein expression vs CD20 and CD79a (supplemental Fig-
ure 5). Notably, several relapsed biopsies examined by immuno-
fluorescence and confocal microscopy confirmed preservation of
CD20 on the cell surface despite prior anti-CD20 antibody treat-
ment (supplemental Figure 6), pointing to CD20 as an additional
CAR target in LBCL. These data alongside prior studies4 suggest
that multiantigen targeting could mitigate CD19 low or negative
relapse. Finally, we observed pan absence of B-cell antigens at
progression, on the background of myeloid gene enrichment in
1 relapse patient and 2 nonresponders (supplemental Figure 7).
Although a myeloid switch has been reported in high-risk leuke-
mia,5 we cannot rule out major myeloid cell infiltration into the
TME as an alternate explanation to our findings.

Collectively, our data described above suggest that CD192 relap-
ses likely emerge because of selective pressure after axi-cel. This
contrasts with CD191 relapses generally ascribable to lower prod-
uct activity in vivo, manifested through reduced CAR T-cell
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Figure 1. Association between CD19 levels at pretreatment or relapse and response. (A) Pretreatment CD19 H-score distribution in ZUMA-1 patients (N5 100) ordered
by CD20 H-score: 90% CD191, 93% CD201, and 98% CD191, and/or CD201. CD19 and CD20 positivity was defined as H-score .5. (B) Association between pretreatment
CD19 H-score with engraftment index (CAR T Peak/SPD) and clinical response. (C) Swimmer plot of relapse patients (N 5 20) by CD19 status and peak CAR T-cell level. (D)
Positron emission tomography scans and tumor biopsies from patient 21 at the indicated time points post–axi-cel. Brown staining shows positive signal from the respective
immunohistochemistry marker with 340 original magnification. Arrows show sites of tumor biopsy. (E) CD19 and CD20 H-scores in paired pretreatment-progression biopsies
from relapsed patients (N5 18). CR, complete response; H&E, hematoxylin and eosin; PD, progressive disease; PR, partial response; SD, stable disease; SPD, sum of product
of perpendicular diameters.
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Figure 2. Association between CD19 splice variants at pretreatment or relapse and response. (A) CD19 splicing events scheme. (B) Distribution of CD19 splice variants
in pretreatment biopsies by CD19 H-score. (C) Association between pretreatment CD19 gene (transcript per million) and protein expression (left) and their respective rela-
tionship with ongoing response (middle and right). (D) Sashimi plots depicting characteristic ASEs in representative biopsies. (E) Prevalence of CD19 splice variants in paired
pretreatment-relapse biopsies. (F) CD19 splice variants in relapse biopsies shown in panel E. Numbers denote impacted exons. (G) Response (left) and CD19 H-score (right)
of patients shown in panel E. (H) Integrated Genomics Viewer snapshots showing CD19 mutations detected in paired pretreatment-relapse biopsies (representative patient
10). Blank, others; NR, nonresponder; O, ongoing response; Pt., patient; RE, relapsed.
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expansion relative to pretreatment TB.3 Our data demonstrate
that alternate B-cell antigens are frequently preserved indepen-
dent of CD19 status at relapse.

Because the epitope for the anti-CD19 FMC63 antibody clone
used in axi-cel generation is presumably a conformational epitope
spanning exons 3 and 4,6,7 alternatively spliced exons (ASEs) and/
orCD19mutationsmay result in surface CAR-binding epitope loss
and antigen evasion-mediated relapse without global impact on
CD19 protein.8 Such genomic events are described in acute lym-
phoblastic leukemias relapsing after anti-CD19 CAR T-cell ther-
apy8 but are not well characterized in LBCL. We observed that
CD19 isoforms with partial or complete exon 2 and/or exons 5
to 6 deletions were present along with full-length CD19 isoforms
in LBCL tumors not previously exposed to selective pressure with
anti-CD19 CAR T cells (supplemental Figures 8-9; supplemental
Tables 3-4) and, interestingly, even in normal B cells (supplemental
Figure 10). Although exon deletions occur frequently, the data
suggest that these splice variants coexist alongside full-length
CD19 isoforms, without global loss of FMC63 binding epitope.
Association between CD19 immunohistochemistry, detecting
the cytoplasmic domain, and surface staining further support
this notion (supplemental Figures 5-6).

Using the rMATS algorithm,9 we next analyzed RNA sequencing
data from LBCL tumors in ZUMA-1 patients and found multiple
ASEs in CD19 (Figure 2A). Interestingly, pretreatment samples
showed enrichment of mutually exclusive exons in higher CD19
H-score biopsies (Figure 2B; supplemental Figure 11). Impor-
tantly, given the low number of events, all splice variants created
by these events were likely subclonal, coexisting with the full-
length CD19 isoform. Pretreatment CD19 transcript abundance
was significantly associated with CD19 H-score but not with clini-
cal response (Figure 2C).

In addition, analysis of 6 paired pretreatment-relapse and 3
unpaired progression samples revealed that ASEs and mutations
are common, and CD19 transcript levels appeared lower in
relapsed vs pretreatment tumors (Figure 2D-H; supplemental Fig-
ure 12A-B; supplemental Tables 5-8). These variants may be
reflective of diverse tumor subclones, or alternatively, multiple iso-
forms may be present in any cell. Indeed, splicing events at
relapse were not associated with clinical responses or CD19
H-score (Figure 2G; supplemental Figure 12C-D). ASEs and muta-
tions that may alter the FMC63 epitope were more frequent at
relapse vs pretreatment. However, coexpression of the full-
length CD19 isoform in all cases and the low number of splicing
(or mutation) events suggest that selection of unique epitope
loss variants is unlikely to be a main mechanism of relapse. Sche-
matic models of detected CD19 splice variants and mutations are
provided (supplemental Figure 12G-H).9,10

In summary, CD192 relapse occurs in �30% of patients after axi-
cel in LBCL likely because of indirect treatment-related selection
of tumor cells with substantially low CD19 protein expression in
the context of targeted antigen-positive tumor cell removal rather
than ASEs orCD19mutations. Our findings align with the ability of
CD28-based CARs to control low antigen tumors.11-13 Alternate
mechanisms underlying target-related evasion reported in the lit-
erature are disrupted CD19 cell membrane transport after endo-
plasmic reticulum,11,14 accidental insertion of CARs in tumor
cells,15 or possible suboptimal bystander FAS-mediated killing

of CD192 cells,16 further driving their selection. This mechanism
of relapse complements other recently described mechanisms
consisting of suboptimal product T-cell fitness andCAR expansion
in vivo,3 or the role of immune TME-related factors that may influ-
ence outcomes.17 Together with evidence of preservation of alter-
nate B-cell antigens at relapse in most tumors irrespective of
CD19 levels, this work provides a rationale for multiantigen target-
ing in conjunction with optimizing T-cell product attributes to
improve clinical outcomes.
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