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ABSTRACT Downregulation of surface epitopes causes postimmunotherapy relapses in
B-lymphoblastic leukemia (B-ALL). Here we demonstrate that mRNA encoding CD22
undergoes aberrant splicing in B-ALL. We describe the plasma membrane-bound CD22 Aex5-6 splice iso-
form, which is resistant to chimeric antigen receptor (CAR) T cells targeting the third immunoglobulin-like
domain of CD22. We also describe splice variants skipping the AUG-containing exon 2 and failing to produce
any identifiable protein, thereby defining an event that is rate limiting for epitope presentation. Indeed, forc-
ing exon 2 skipping with morpholino oligonucleotides reduced CD22 protein expression and conferred resist-
ance to the CD22-directed antibody-drug conjugate inotuzumab ozogamicin in vitro. Furthermore, among
inotuzumab-treated pediatric patients with B-ALL, we identified one nonresponder in whose leukemic
blasts Aex2 isoforms comprised the majority of CD22 transcripts. In a second patient, a sharp reduction in
CD22 protein levels during relapse was driven entirely by increased CD22 exon 2 skipping. Thus, dysregulated
CD22 splicing is a major mechanism of epitope downregulation and ensuing resistance to immunotherapy.

The mechanism(s) underlying downregulation of surface CD22 following CD22-directed
immunotherapy remains underexplored. Our biochemical and correlative studies demonstrate that in B-ALL,
CD22 expression levels are controlled by inclusion/skipping of CD22 exon 2. Thus, aberrant splicing of CD22
is an important driver/biomarker of de novo and acquired resistance to CD22-directed immunotherapies.

See related commentary by Bourcier and Abdel-Wahab, p. 87.
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INTRODUCTION

Every year, children with high-risk B-lymphoblastic leukemia
(B-ALL) account for a substantial number of pediatric cancer-
related deaths. Outcomes for adults with B-ALL are even
worse, with 5-year event-free survival less than 50% (1). A major
breakthrough in the treatment of B-ALL has been the devel-
opment of immunotherapeutics, particularly those directed
against CD19. Examples include the CD19/CD3 bispecific
T-cell engager blinatcumomab, as well as tisagenlecleucel and
axicabtagene ciloleucel, CD19-directed chimeric antigen recep-
tor (CAR) T cells (2). Despite these successes, relapses occur
in approximately 50% of B-ALL patients treated with CD19
CAR T cell immunotherapy by two broad mechanisms: (i)
immune rejection and CAR T cell exhaustion usually leading
to CD19-positive relapses and (ii) lymphoid-to-myeloid lineage
switch or targeted epitope loss causing CD19-negative relapses
(3-6). We and others previously reported that the emergence of
surface CD19-negative relapses is driven by a combination of
loss-of-function mutations, protein misfolding, and/or aber-
rant splicing (AS; refs. 7-11; reviewed in ref. 12). While several
B-lineage markers, such as CD20 and CD79B, are considered
to be promising targets (13, 14) in B-cell malignancies, CD22
has emerged as a prevalent and excellent alternative to CD19
for immunotherapeutic targeting in B-ALL relapse and increas-
ingly in the first-line setting (15).

CD22 expression is restricted to B cells where it acts primarily
to inhibit B-cell receptor (BCR)-mediated signaling through its
immunoreceptor tyrosine-based inhibitory motifs (ITIM) in the
cytoplasmic tail (16, 17). The canonical form of CD22 also acts
as a highly glycosylated sialic acid-binding receptor composed
of seven extracellular immunoglobulin-like (Ig-like) domains
at its N-terminus. These N-terminal domains can be targeted
with CD22-directed immunotherapies, including anti-CD22
CART cells (18) and the antibody-drug conjugate inotuzumab
ozogamicin (19-22). These modalities have achieved remark-
able success in inducing remissions in children and adults with
chemotherapy-refractory B-ALL. Nonetheless, a significant frac-
tion of patients relapse over time due to downmodulation of
CD22 expression without complete protein loss.

Molecular mechanism(s) underlying this phenomenon
remain poorly understood (23). The fact that CD22 pro-
tein downregulation after CD22-directed CAR T cell immu-
notherapy is not always commensurate with a decrease in
CD22 mRNA (18) suggests a possible posttranscriptional
mechanism of protein loss, such as AS. In fact, CD22 is
known to undergo AS, and prior studies have suggested
that the C-terminal truncation of CD22 may contribute to
a more aggressive phenotype (24, 25). However, the role of
CD22 splice isoforms in the context of immunotherapeutic
response have not previously been characterized. Here, we
report the identification of a novel CD22 Aex5-6 isoform and

several CD22 Aex2* variants present at baseline in human
B-ALL and investigate their potential involvement in de novo
and acquired resistance to CD22-directed immunotherapies.

RESULTS
CD22 Transcript Is Aberrantly Spliced in B-ALL

To characterize comprehensively splicing variations
within the CD22 transcript that are prevalent in B-ALL, we
obtained RNA sequencing (RNA-seq) data from a cohort
of 219 pediatric B-ALL samples from the NCI Therapeuti-
cally Applicable Research to Generate Effective Treatments
(TARGET) consortium (26) and compared them with the
RNA-seq data of normal B-cell subpopulations derived from
11 healthy donors through the BLUEPRINT consortium
(27) and the leukemia biorepository at the Children’s Hos-
pital of Philadelphia Center for Childhood Cancer Research
(CHOP CCCR). By applying the previously developed Mod-
eling Alternative Junction Inclusion Quantification (MAJIQ)
algorithm (28), we quantified numerous local splicing vari-
ations (LSV) in pediatric B-ALL. CD22 emerged as a highly
aberrantly spliced transcript, with noncanonical isoforms
involving nearly all exons, particularly those corresponding
to the extracellular domain of the protein. Furthermore,
among existing B-cell immunotherapeutic targets, CD22
demonstrated the highest degree of splicing complexity
as measured by the total number of LSVs within the gene,
even when normalized by exon count (Fig. 1A; Supplemen-
tary Fig. S1). The splicing variations involved not only the
previously studied 3’-terminal exon 12 (24, 25), but also
exons 5 and 6 (Fig. 1B), which encode the third and fourth
extracellular Ig-like domains of CD22 and therefore could
affect responses to immunotherapy. We also identified five
isoforms that skipped exon 2 and variably connected exon
1 to several possible downstream exons, collectively termed
CD22 Aex2* variants (Fig. 1C).

Further quantitative comparisons of TARGET pediatric
B-ALL samples versus normal B cells using exon junction
read counts revealed that CD22 Aex5-6 is a cancer-selective
isoform in pediatric B-ALL with minimal expression in nor-
mal B-cell types (Fig. 1D and E). In addition, the CD22 Aex2*
variants comprise over half of the CD22 transcripts in many
leukemias (Fig. 1F and G). To validate these isoforms, we
performed RT-PCR on 18 primary diagnostic pediatric B-ALL
samples previously obtained from the CHOP CCCR leukemia
biorepository (29). By generating primers that spanned CD22
exons 1 through 7, we validated the existence of Aex2, Aex2alt
(which uses an alternative 3’ splice site in exon 3), Aex2-3,
and the very common Aex5-6 and Aex2-6 isoforms using the
B-ALL cell line Nalmé6 (Fig. 1H; Sanger sequencing in Sup-
plementary Table S1). CD22 Aex2-4 was not visually detected,

>

Figure 1. Alternative splicing of CD22 in human B-ALL. A, Quantification of LSVs across transcripts encoding major B-cell immunotherapeutic targets
from pediatric B-ALL samples from the NCI TARGET consortium. B, CD22 splice graph depicting splicing events across the 14 exons of CD22 in B-ALL,
with specific depiction of CD22 Aex5-6 and CD22 Aex2* variants. C, Relative frequencies of reads originating in exon 1 (blue numbers) or terminating

in exon 7 (green numbers) in normal B-cell precursors (top) and B-ALL (bottom). D and E, Stack plots depicting relative abundance of CD22 isoforms
including/skipping exon 5 and 6 across TARGET dataset (n = 219) and normal B-cell subtypes (n =25, from 11 individuals), respectively. BP, datasets
corresponding to B-cell precursors obtained through the BLUEPRINT project; ped, pediatric samples. F and G, Stack plots depicting relative abundance
of CD22 Aex2* variants across TARGET dataset and normal B-cell subtypes, respectively. H, RT-PCR analysis validating CD22 isoforms in the Nalm6

cell line. I, ONT-based long-read RNA-seq of CD22 transcripts in cells from a TCF3-HLF B-ALL PDX model (ALL1807). CD22 Aex5-6 and Aex2* variant

transcripts are highlighted in yellow and purple, respectively.
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consistent with the low abundance of this isoform in the
TARGET dataset. Finally, to demonstrate that exon 2- and
exon 5-6-skipped splice variants could be detected as long
polyadenylated transcripts, we performed Oxford Nanopore
Technologies (ONT) long-read RNA-seq (30) on ALL1807,
a patient-derived xenograft (PDX) model established from
a pediatric patient with relapsed TCF3-HLF-driven B-ALL
treated with and resistant to inotuzumab (31). We observed
that skipping of 5’-terminal exons in this sample did not result
in premature polyadenylation, with exon 14-derived sequences
apparent in all reads (Fig. 1I).

CD22 Aex5-6 mRNA Isoform Encodes a Functional,
HA22 Immunotherapy-Resistant Protein

To investigate the role of CD22 splice isoforms in B-ALL
further, we profiled CD22 Aex5-6 mRNA expression by RT-
PCR across a panel of primary pediatric B-ALL samples from
the CHOP CCCR leukemia biorepository comprised of vari-
ous genetic backgrounds. We detected CD22 Aex5-6 expres-
sion in 16 of 18 assessed samples without obvious specificity
for discrete B-ALL genetic subtypes (Fig. 2A). In the samples
where CD22 Aex5-6 was not detected, overall CD22 gene
expression was also notably low.

To determine whether this isoform can exist as a protein, we
expressed the CD22 Aex5-6 open reading frame ectopically. To
this end, we deleted the endogenous CD22 gene via CRISPR/
Cas9 genome editing in the human B-cell lymphoma cell
line OCI-Ly8 characterized by robust BCR signaling. We then
reconstituted these CD22-negative cells with an empty retro-
viral vector, CD22 Aex5-6, or canonical full-length CD22 (CD22
FL). Both spliced isoforms were readily detectable by Western
blotting using a conventional anti-CD22 antibody (Fig. 2B).
However, endogenous CD22 Aex5-6 protein was not detecta-
ble by this technique in any of the 18 samples from Fig. 2A. To
increase sensitivity, we immunoprecipitated reactive proteins
from the lysates of several B-cell lines (Karpas422, Nalm6, and
Reh) with a polyclonal CD22 antibody and then performed
Western blotting using a different CD22 antibody. This two-
step procedure yielded the dominant CD22 FL isoform and
several minor bands, one of which corresponded to the size of
CD22 Aex5-6 (Supplementary Fig. S2).

To demonstrate conclusively the existence of the endoge-
nous CD22 Aex5-6 protein, we developed isoform-specific anti-
bodies. We immunized BALB/c mice with a peptide spanning
the junction between exons 4 and 7 (Fig. 2C) and generated a
panel of monoclonal antibodies (mAb). To test these antibod-
ies, we selected an array of cell lines and PDX models express-
ing CD22 Aex5-6 mRNA as evidenced by RT-PCR (Fig. 2D).
The majority of generated mAbs, exemplified by clone 11F11,
exclusively recognized the engineered Aex5-6 isoform (Fig. 2E,
left). Using 11F11, we detected immunoreactive bands of the

expected size in both B-ALL cell lines (most prominently Reh,
Fig. 2E, middle) and B-ALL PDXs (Fig. 2E, right). These experi-
ments allowed us to conclude that endogenously expressed
CD22 Aex5-6 mRNA is translated into protein.

To elucidate the functional properties of CD22 Aex5-6, we
performed flow cytometry on live cells using an antibody rec-
ognizing the N-terminus of all CD22 isoforms. We observed
that both FL and Aex5-6 isoforms were readily detected on
the cell surface (Fig. 2F). Consistent with being transported
to the plasma membrane, the Aex5-6 isoform acquired the
heavy glycosylation pattern of CD22 FL (32) as evidenced
by the electrophoretic mobility shift after treatment with
deglycosylating enzymes (Fig. 2G). Ligation of the BCR with
an anti-IgM antibody leads to downstream signaling events
such as BLNK phosphorylation (33, 34). While the loss of
CD22 enhanced BCR signaling, both FL and Aex5-6 isoforms
dampened phospho-BLNK levels (Fig. 2H and I). On the
other hand, no effects of either isoform on cell viability were
detected (Supplementary Fig. S3).

To explore the implications of CD22 Aex5-6 expression for
CD22-targeted immunotherapies, we performed in vitro killing
assays with HA22-based CAR T cells, whose single-chain variable
fragment (scFv) was based on the RFB-4 antibody (35). This par-
ticular CAR construct was chosen for initial experiments because
the HA22 CAR specifically recognizes the epitope encoded by
CD22 exon 5 (36, 37). Unlike the CD22 FL-expressing cells,
CD22 Aex5-6 cells were inherently refractory to killing by the
HA22 CAR (Fig. 2]). The same specificity was observed in kill-
ing assays with the prototype antibody RFB-4 combined with a
drug-conjugated secondary antibody (Supplementary Fig. S4).
This stood in contrast to the more commonly utilized m971
scFv-based CAR, which recognized a more membrane-proximal
epitope than HA22 and demonstrated similar cytotoxicity
against CD22 FL and Aex5-6 isoforms (Fig. 2K). On the basis
of these data, we concluded that CD22 Aex5-6 could contribute
to immunotherapeutic resistance, but such resistance would be
restricted to agents that target the affected RFB-4/HA22 epitope.

CD22 Protein Expression In Vitro Is Limited by
Exon 2 Inclusion

To identify broader mechanisms of immune escape, we
tested whether CD22 Aex2* variants missing the initiation
codon could mediate antigen escape through downmodula-
tion of total CD22 protein output. As predicted, after recon-
stituting CD22-deleted OCI-Ly8 cells with CD22 FL and
CD22 Aex2-6, only the cells expressing CD22 Aex2-6 failed
to show any flow cytometric staining by multiple anti-CD22
antibodies (Fig. 3A). The same negative result was observed
when cells expressing the vesicular stomatitis virus G pro-
tein (VSVg)-tagged form of CD22 Aex2-6 were stained with
an anti-VSVg antibody (Supplementary Fig. S5). We were

>

Figure 2. Biochemical and functional characterization of the CD22 Aex5-6 isoform. A, RT-PCR detection of CD22 Aex5-6 across 18 diagnostic

de novo B-ALL samples driven by various genetic alterations. B, Western blotting using N-terminus-directed anti-CD22 antibody performed on CD22-
deleted OCI-Ly8 cells engineered to express CD22 Aex5-6 or FL isoforms. KO, knockout. C, Amino acid sequence of the peptide used for mAb production.
D, RT-PCR detection of CD22 Aex5-6 in OCI-Ly8 cell lines from B, human B-ALL cell lines, and B-ALL PDXs. E, Western blotting using the 11F11 mAb
performed on cells from D. F, Flow cytometric detection of CD22 KO, CD22 FL, and CD22 Aex5-6. FSC-A, forward scatter area. G, Western blotting dem-
onstrating electrophoretic mobilities of CD22 isoforms treated with deglycosylating enzymes with or without denaturation. H, Western blotting detecting
(D22 and total and phosphorylated (p) BLNK in derivatives from B treated with an anti-IgM antibody for indicated time intervals. I, Quantitation of pBLNK
bands from H. The experiment was replicated twice with concordant results. J and K, In vitro killing assays performed on cells from B using HA22- and
m971-based CD22 CART cells (CART22), respectively (n = 2 technical replicates). Data in both panels are represented as mean values £ SD error bars.
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unable to identify any protein products corresponding to
CD22 Aex2-6 by Western blotting, even when probed with the
anti-CD22 antibody recognizing its intracellular C-terminus
(Fig. 3B; Supplementary Fig. S6).

To confirm further that loss of exon 2 precludes CD22
mRNA translation, we designed a morpholino antisense oli-
gonucleotide spanning the junction between exon 2 and
intron 2 to interfere with exon 2 inclusion (Fig. 3C). Indeed,
when this splice site blocker was transfected into Reh B-ALL
cells at 10 pmol/L and 100 umol/L concentrations, the total
CD22 mRNA levels did not change (as measured by the
expression of the constitutive exon junction CD22 ex13-14),
but the ratio of exon 2-skipping to exon 2-including iso-
forms increased in a dose-dependent manner (Fig. 3D; Sup-
plementary Table S2). Although we saw the greatest increase
in Aex2 and Aex2alt expression, the morpholino induced
expression of the other CD22 Aex2* variants as well (Fig. 3D).
Accordingly, the CD22 protein output as measured by West-
ern blotting and quantitative flow cytometry (Fig. 3E and F,
respectively) was reduced to one seventh that of parental cells
using the 100 pmol/L morpholino concentration. Together,
these results show that CD22 Aex2* transcripts do not utilize
alternative start codons and are in essence noncoding.

We then set out to determine whether exon 2 skipping con-
tributes to increased resistance to inotuzumab ozogamicin,
an immunoconjugate based on the humanized version of the
mS5/44 antibody recognizing the very N-terminus of CD22 (38).
We predicted that cells expressing CD22 Aex5-6 should remain
sensitive to inotuzumab, but cells expressing CD22 Aex2* vari-
ants should acquire some degree of resistance to the drug.
Indeed, in cell viability assays utilizing inotuzumab, ICs, curves
corresponding to CD22 Aex2-expressing and CD22 knockout
(KO) cells were indistinguishable from each other but attested
to decreased sensitivity (1-log rightward shift) compared with
the ICsy curves generated for CD22 Aex5-6 cells (Fig. 3G and
H). Most importantly, treating Reh B-ALL cells with the mor-
pholino exon 2 splice site blocker also resulted in increased
resistance to inotuzumab (Fig. 3I and J).

CD22 Protein Expression on Leukemic Blasts
Is Limited by Exon 2 Inclusion in Patients with
B-ALL on the AALL1621 Phase Il Inotuzumab
Clinical Trial

To extend our biochemical observations to a relevant clini-
cal setting, we obtained 22 B-ALL bone marrow or peripheral
blood samples from pediatric patients who were treated

with inotuzumab on the Children’s Oncology Group (COG)
AALL1621 phase II clinical trial (NCT02981628; Supplemen-
tary Table S3). Included in the samples were paired speci-
mens from four patients who subsequently relapsed after
inotuzumab treatment with at least 5% residual disease. Of
these patients, two demonstrated concurrent downregulation
of CD22 surface expression with loss of response to inotu-
zumab, and one patient failed to have an initial response to
inotuzumab. We measured CD22 RNA levels using qRT-PCR
and RNA-seq and quantified the median number of surface
CD22 molecules per cell via flow cytometric site density
assays (39). We observed that while CD22 cell surface protein
expression did not correlate with total CD22 transcript levels
(Fig. 4A, left), it did correlate with expression levels of the
CD22 exon 2-including isoform (Fig. 4A, right). This phe-
nomenon suggested that exon 2 inclusion is rate limiting for
CD22 protein expression.

To evaluate the possible role of CD22 exon 2 skipping in ino-
tuzumab resistance, we performed deep RNA-seq and splicing
analysis of pretreatment primary cells from patients enrolled
on AALL1621. Once again, we noted the frequent skipping of
CD22 exons 5 and 6 (Supplementary Fig. S7), while Aex2-6
was by far the most prevalent and abundant isoform among
the Aex2* variants (Fig. 4B), approximately matching the
prevalence of CD22 Aex2-6 in the TARGET dataset (Fig. 1F).
In one patient (PAYYZW, Fig. 4B, yellow arrow), this was the
only CD22 isoform expressed at detectable levels, and not sur-
prisingly, this patient had failed to respond to inotuzumab.
Hence, prominent expression of the CD22 Aex2-6 isoform in
primary leukemias may create the potential for splicing-based
de novo resistance in some patients.

We then focused on three pediatric B-ALL cases with
significant downregulation of surface CD22 during disease
progression after inotuzumab therapy. In the first patient
(PAWUXD), we observed a two-thirds reduction in CD22
surface expression from pretreatment to posttreatment speci-
mens as measured by flow cytometry (Fig. 4C; Supplemen-
tary Fig. S8). When we performed RNA-seq-based mutation
calling, we discovered a de novo AA>GG mutation at the
junction between exon 2 and intron 2 in 27% of reads in the
post-inotuzumab relapse sample. This two-nucleotide sub-
stitution alters the 5’ splice site from the canonical GTAAGT
to the less favorable GTGGGT hexad at intronic positions
+1 to +6 (Fig. 4D). We hypothesize that this substitution
could contribute to frequent skipping of exon 2, although
downregulation of CD22 protein in this sample was largely

-

Figure 3. CD22 protein expression in B-cell malignancies is limited by exon 2 inclusion. A, Flow cytometric detection of exogenously expressed CD22
protein in CD22-deleted OCI-Ly8 cells using anti-CD22 antibodies directed toward either the extreme N-terminus (S-HCL-1) or the C-terminal region (RFB-4)
of the extracellular domain. KO, knockout. B, Western blotting detection of CD22 in the same cell lines and parental controls using anti-CD22 antibodies
directed toward the N-terminus (R&@D Systems, MAB19681) and the C-terminus (Boster Bio, PB9691). C, Schematic annotating the CD22 exon splice
junctions (gray arches) assayed using junction-spanning qPCR primers following treatment with Ex2In2 morpholino. Bottom right, morpholino sequence is
shown in red, with complementary exon-intron junction sequence shown in blue/white. D, gqRT-PCR detection of various CD22 mRNA isoforms in Reh B-ALL
cells transfected for 48 hours with Ex2In2 (10 umol/L and 100 pmol/L). Constitutive expression of ex13-14 junction was used as a measure of total CD22
expression (n=6, 2 independent experiments with 3 technical replicates each).*, P < 0.05;**, P < 0.01; **, P < 0.001; ***, P < 0.0001. ns, not significant. E and
F, Detection of CD22 protein in the morpholino-treated Reh cells by Western blotting and flow cytometric site density assay, respectively (n= 2 independent
experiments). G, Viability assay performed on CD22-deleted OCI-Ly8 cells reconstituted with indicated CD22 isoforms and treated for 24 hours with indi-
cated concentrations of inotuzumab (n =3 technical replicates). ICsy 95% confidence intervals (Cl) were as follows: 54-119 ng/mL for CD22 KO, 25-85 ng/mL
for CD22 Aex2, and 5-11 ng/mL for CD22 Aex5-6. H, Bar graph representing |Csq values from G. P values were determined using an unpaired t test. I, Viability
assay performed on Ex2In2-treated (48 hours) and inotuzumab-treated (24 hours) Reh cells (n = 3 technical replicates). Cell viability was assessed using
the WST-1 assay. ICsq 95% Cls were 29-72 ng/mL for Ctrl treatment and 119-333 ng/mL for Ex2In2 treatment. J, Bar graph representing ICsg values from
lon the log scale. P values were determined using an unpaired t test. Data in D, F, H, and J are presented as individual and mean values = SD error bars. Data

in G and Il are presented as mean values £ SD error bars.
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concordant with the decrease in total CD22 RNA-seq read
counts (Fig. 4E). A similar pattern of CD22 protein changes
was also observed in serial B-ALL bone marrow samples from
a child with recurrently relapsed B-ALL treated at the Chil-
dren’s Hospital of Philadelphia (CHOP) with commercially
available inotuzumab outside of the AALL1621 trial. Namely,
we detected decreased B-ALL cell-specific CD22 protein
levels after an incomplete clinical response to inotuzumab
and subsequent recovery of CD22 expression upon comple-
tion of immunotherapy (Supplementary Fig. S9A); the CD22
RNA levels closely followed the same trend (Supplementary
Fig. S9B). This concordance between CD22 mRNA and pro-
tein levels was indicative of a predominantly transcriptional
mechanism of antigen downmodulation.

However, in a second set of paired pre- and post-inotuzumab
specimens from the AALL1621 patient PAVDRYV, we detected
an approximately 99% reduction in surface CD22 (Fig. 4F;
Supplementary Fig. S8) without a commensurate downregu-
lation of the CD22 transcript. In 22% of reads, we discovered
a de novo C>T mutation in exon 8 introducing a premature
TGA stop codon (Fig. 4G). However, as this mutation was
subclonal, it was unlikely to be a dominant means of CD22
protein downregulation. We also found an acquired subclonal
mutation (26% reads) in the 5’ splice site of exon 4 (G>A at
intronic position +1), which could contribute to CD22 AS,
in particular to the apparent increase in CD22 Aex5-6 usage
(Supplementary Fig. S10A and S10B). While we did not
observe alterations in the 5’ or 3’ splice sites surrounding
exon 2, there was a profound shift from exon 2-including
(purple) to exon 2-6-skipping (teal) isoforms (Fig. 4H),
sharply reducing the amount of translatable CD22 mRNA.
These discoveries directly implicate AS of CD22 in resistance
to CD22-directed immunotherapy.

DISCUSSION

Herein, we present evidence supporting the role of AS in
mediating resistance to CD22-targeted therapies in patients
with B-ALL. These events fall into two broad categories
defined by skipping of CD22 exons 5-6 or exon 2 (alone or
with the downstream exons). In the first case, we show that
the Aex5-6 event preserves surface localization, maintains
the functional intracellular domain of CD22, and does not
diminish sensitivity to anti-CD22 m971 CAR T cell immu-
notherapy in in vitro assays. However, the Aex5-6 AS event
does result in loss of the RFB-4 epitope, with ensuing resist-
ance to RFB-4-based immunotherapeutics such as HA22
CAR T cells and the RFB-4 antibody itself when combined
with a secondary antibody-drug conjugate. While HA22 is

not being developed further in the clinic, the RFB-4/HA22-
based immunoconjugate moxetumomab pasudotox is FDA
approved for the treatment of patients with hairy cell leu-
kemia (40, 41). Interestingly, moxetumomab did not show
appreciable efficacy in children with relapsed B-ALL in a
phase II clinical trial (42), and we speculate that CD22 Aex5-6
may have played a role in this failure.

Of even broader significance could be the pervasive skipping
of CD22 exon 2 in which the open reading frame starts. This
AS event limited the amount of translatable CD22 transcripts
in two independent cell lines (as shown in the morpholino
experiments) and in primary patient ALL specimens. Most
importantly, the forced switching from protein-coding to
noncoding Aex2* variants conferred resistance to inotuzumab
in vitro. This could be highly relevant in clinical settings, as the
CD22 Aex2-6 isoform was prevalent in many AALL1621 diag-
nostic samples. In the most extreme case (PAYYZW), Aex2-6
was the only detectable CD22 isoform, which correlated with
the lack of response to inotuzumab. Even in less extreme cases,
the near-ubiquitous presence of Aex2* variants in B-ALL speci-
mens suggests that some patients could already be primed to
develop rapid splicing-mediated antigen escape at diagnosis.
This appears to be the case with patient PAVDRYV, wherein AS
was the predominant form of dysregulation of the CD22 tran-
script, as opposed to subclonal nonsense mutations described
previously for CD19 (7, 9, 11). On the other hand, leukemias
with moderate preexisting dysregulation of splicing, such as
PAWUXD, may be more dependent on transcriptional mecha-
nisms such as epigenetic silencing.

Our discovery of de novo mutations within relevant splice
junctions further elucidates a possible means by which
splicing changes occur. Interestingly, exon 2 splice site
mutations were observed in the relapse sample that had
not demonstrated significant AS-mediated antigen escape.
Conversely, they were not detectable by RNA-seq in the
relapse sample with strong evidence of AS-associated escape,
suggesting that CD22 splicing dysregulation can occur by
both “slow” mutational and “fast” nonmutational mecha-
nisms, such as well-documented dysregulation of RNA-
binding proteins (43). The recent emergence of inotuzumab
as a potential first-line therapeutic agent for patients with
B-ALL (15) will undoubtedly provide additional specimens
for experimental study to elucidate the molecular mecha-
nisms of CD22 AS. Then molecular determinants of CD22
AS could become useful predictive biomarkers, similar to
splicing polymorphisms in CD33 that are implicated in
responses to gemtuzumab, a CD33 immunoconjugate, in
patients with acute myeloid leukemia (44). And if splicing
aberrations prove to be druggable, they could provide novel

<

Figure 4. (D22 protein expression is limited by exon 2 inclusion in B-ALL cells. A, Correlation analysis of CD22 site density versus CD22 mRNA levels
in pretreatment primary B-ALL bone marrow or peripheral blood specimens obtained from children enrolled on the COG AALL1621 phase Il clinical trial.
CD22 mRNA levels were measured by gRT-PCR using primers specific for the exon 13-14 (left) or exon 1-2 (right) junctions. CD22 expression was normal-
ized to that of B-actin. Regression coefficients and P values are shown for each comparison. B, Relative expression of CD22 exon 2-containing and exon
2-skipping splice variants within baseline AALL1621 B-ALL specimens. Each stack plot represents a single patient (designated by the COG unique speci-
men identifier). Yellow arrow highlights PAYYZW as a sample apparently devoid of protein-coding CD22 mRNA isoforms. The legend shows color-coded
CD22 splice variants. C, Flow cytometric quantitation of CD22 molecules in paired pre- and post-inotuzumab treatment (pre-ino/post-ino) bone marrow
specimens from AALL1621 patient PAWUXD with multiply relapsed B-ALL. D, CD22 mutational analysis of the paired PAWUXD samples. E, CD22 exon

2 splicing analysis of the paired PAWUXD samples. For color coding, refer to legend in B. F, Flow cytometric quantitation of CD22 molecules in paired
pre- and posttreatment (pre-ino/post-ino) bone marrow specimens from AALL1621 patient PAVDRV with multiply relapsed B-ALL. G, CD22 mutational
analysis of the paired PAVDRV samples. H, CD22 exon 2 splicing analysis of the paired PAVDRV samples. For color coding, refer to legend in B.
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means to achieve robust and stable expression of CD22
and sustained responses to antibody- and cell-based CD22-
directed immunotherapies.

METHODS
Human Primary ALL Specimens and PDX Models

Patients treated with inotuzumab on the AALL1621 trial
(NCT02981628) received one or more cycles of the drug administered
as 0.8 mg/m? on day 1, 0.5 mg/m? on day 8, and 0.5 mg/m? on day 15
(20). Disease evaluations were conducted at study entry prior to ino-
tuzumab administration, on day 28 of each cycle after inotuzumab
treatment, or at alternative time points as clinically indicated. Viably
cryopreserved Ficoll gradient-purified mononuclear cells from pri-
mary bone marrow or peripheral blood from children with relapsed/
refractory B-ALL were obtained via written informed consent on
Institutional Review Board-approved research protocols of COG
and CHOP in accordance with the Declaration of Helsinki. Pri-
mary ALL cells were thawed for downstream flow cytometry analysis
(described below) or subjected to nucleic acid extraction using
Qiagen RNeasy kits for qRT-PCR and RNA-seq analysis. Pediatric
ALL PDX modeling of some samples was performed as described pre-
viously (31, 45, 46). All animal studies were approved by the CHOP
Institutional Animal Care and Use Committee.

Dataset Usage

We accessed RNA-seq data from the TARGET ALL phase I and II
projects (https://portal.gdc.cancer.gov/projects) and from the BLUE-
PRINT consortium (http://dcc.blueprint-epigenome.eu). TARGET
ALL data used for this analysis were accessed under project #10088:
“Alternative splicing in pediatric cancers” (request 41466-5).

RNA-seq Analysis

RNA-seq reads were first trimmed to remove adapters (BBTools
version 38.87) and were then aligned using STAR version 2.7.3a to
the hg38 reference genome while providing known gene isoforms
through the GENCODE annotation version 32. In addition, we used
STAR flags “~-quantMode GeneCounts” and “-alignSJoverhangMin
8” to quantify genes and ensure spliced reads had an overhang of at
least eight bases. Junction spanning reads were obtained from the
STAR “*_S]J.out.tab” result files, and each entry was normalized by
dividing by the total number of junction-spanning reads and multi-
plying by a factor of 1 million. Visualization and downstream analy-
ses were conducted in R using the ggplot2 and tidyverse packages.
Single-nucleotide variations, insertions, and deletions were identified
using the SAMtools (47) and BCFtools (48) packages.

MAJIQ Splicing Analysis

The MAJIQ algorithm (28) was run with each sample being quanti-
fied individually on a build comprising 219 TARGET B-ALL samples
with de novo junction detection but without intron retention detec-
tion. Samples were run against the Ensembl hg38 GFF3 annotation
(v94) and required a minimum of five reads per sample per junction
for quantification. For the splice graphs showing average junction
quantification in CD22, a second MAJIQ build was used, compar-
ing the B-ALL group (TARGET samples) against the B-cell subtypes
(derived from seven healthy donors from BLUEPRINT and four
healthy donors from the CHOP CCCR biorepository).

qRT-PCR

Total RNA was isolated using the Qiagen RNeasy kit and reverse
transcribed using SuperScript IV (Invitrogen; 18090010). Primers
used for each CD22 mRNA isoform are listed in Supplementary
Table S2. qRT-PCR was performed using PowerSYBR Green PCR

Master Mix (Life Technologies). Reactions were performed on an
Applied Biosystems Viia7 machine and analyzed with Viia7 RUO
software (Life Technologies). When indicated, individual PCR prod-
ucts were gel purified (QIAquick Gel Extraction Kit; Qiagen) and
Sanger sequenced.

ONT Long-read Sequencing

Total RNA was extracted from the ALL1807 PDX model sample
(31) using the Qiagen RNeasy kit following manufacturer’s instruc-
tions. The mRNA was isolated from 100 pg of total RNA using Dyna-
beads mRNA DIRECT kit (Invitrogen) and subjected to direct RNA
(SQK-RNA002, ONT) library preparation. Subsequently, each library
was loaded into a Spot-ON Flow Cell R9 version (FLO-MIN106D,
ONT) and sequenced in a MinION Mk1B device (ONT) for 48 hours.
Raw FastS5 files were converted to fastq with guppy (v3.4.5), followed
by alignment to the gencode version of hg38 (v30) using minimap2
(v2.18); the resulting bam file was visualized using the Integrative
Genomics Viewer (v2.9.0).

Quantitative Flow Cytometry and Antigen Site
Density Analysis

Viably cryopreserved B-ALL patient specimens from the COG
AALL1621 trial were used for single-cell flow cytometry analysis of
viability and CD22 site density as described previously (39) using a
FACSVerse flow cytometer (BD Biosciences). Human B-ALL samples
were stained with Fc block (BioLegend; #422301), Zombie Aqua via-
bility dye (BioLegend; #423101), and PE-conjugated anti-CD22 (BD
Biosciences; #347577); Quantibrite beads (BD Biosciences; #340495)
were used to enumerate CD22 molecules/cell.

Cell Lines and Cell Culture

Human diffuse large B-cell lymphoma OCI-Ly8 and B-ALL Reh
cell lines were cultured and maintained in RPMI1640 medium sup-
plemented with 10% FBS, 2 mmol/L r-glutamine, and antibiotic-
antimycotic at 37°C and 5% CO,. The use of Reh cells has been
described previously (29). The OCI-Ly8 cell line was a kind gift from
the laboratory of Raju Chaganti (Memorial Sloan Kettering Cancer
Center, New York, NY). Cell line authentication for OCI-Ly8 and Reh
was performed by short tandem repeat profiling in 2021. All cell lines
were routinely confirmed to be Mycoplasma free via Sartorius EZ-PCR
Mycoplasma Detection Kit.

Genome Editing

CD22-CRISPR/Cas9-KO plasmid (using a cocktail of single-guide
RNAs homologous to exons 3 and 5) was obtained from Santa Cruz
Biotechnology and transfected into OCI-Ly8 cells via electroporation
using the AMAXA system program 0-006 and Reagent V (Lonza).
CD22-deficient cells were sorted 4 days after transfection and plated
individually in 96-well clusters for single-cell clone selection and expan-
sion. CD22 knockdown was confirmed by flow cytometry and Western
blotting. CD22 FL, CD22 FL-VSVg (with VSVg tag placed in exon
2 after the signal peptide), CD22 Aex2-6, CD22 Aex2-6-VSVg (with
VSVg tag placed in exon 7 after putative ATG site and signal peptide),
CD22 Aex5-6, and CD22 Aex5-6-VSVg (with VSVg tag placed in exon 2)
were synthesized and cloned into the pMXs-IRES-Blasticidin retroviral
vector. CD22-deleted cells were reconstituted with retroviral vector
pMXs-IRES-Blasticidin bearing no insert (“empty vector”) or the con-
structs described above. Selection of infected cells was performed with
10 pug/mL blasticidin over the course of 1 week.

BCR Ligation

BCR ligation was performed by incubating 2 x 107 cells with 10 pg/mL
of pre-BCR-specific o-IgM Jackson ImmunoResearch antibody for indi-
cated time points at room temperature as described previously (33).
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Deglycosylation Assay

Whole-cell protein lysates were obtained and treated with a deglyco-
sylation mix in denaturing and nondenaturing buffers (New England
BioLabs; #P6039S) in the presence of protease and phosphatase
inhibitors (Thermo Scientific; #78446) following manufacturers’
instructions. Control and deglycosylated lysates were loaded onto
7.5% NuPAGE gels for Western blotting analysis.

Western Blotting and Immunoprecipitation

For Western blotting, cells were lysed in RIPA buffer and loaded
on 7.5% or 10% NuPAGE gels. For detection of murine and human
proteins, primary human anti-CD22 antibodies (Boster Bio, PB9691;
R&D Systems, MAB19681) were used in combination with anti-
rabbit or anti-mouse horseradish peroxidase-linked secondary
antibodies (Cell Signaling Technology) and Amersham Enhanced
Chemiluminescence Western Blotting Detection Reagent (GE Life
Sciences). Immunoprecipitation was performed on precleared whole-
cell lysates in nondenaturing NP-40 lysis buffer. After overnight incu-
bation with primary antibody at 4°C, protein A agarose beads were
added to lysate and incubated for 1 hour at 4°C. Beads were washed
three times in lysis buffer, and proteins were eluted in Laemmli sam-
ple buffer for further Western blotting analysis.

In Vitro CAR T Cell Killing Assay

OCI-Ly8 ACD22 cells expressing CD22 FL, CD22 Aex5-6, or empty
vector together with pELNS-CBR-T2A-GFP were used as targets for
T-cell cytotoxicity assay as described previously (9). Briefly, target cells
were incubated with effector T cells (CD22 CAR T cells) at the indicated
effector-to-target cell ratios for 24 hours. p-luciferin (Goldbio; #LUCK-
1G) was then added to the cell culture, and bioluminescence imaging
was performed on a Xenogen IVIS-200 Spectrum camera. Target killing
was analyzed using the software Living Image 4.3.1 (Caliper LifeSciences).

Morpholino Treatment

Control and Ex2In2 morpholinos (1 mmol/L stock concentra-
tion; see Supplementary Table S2) were electroporated into 1 x 10°
Reh cells via the Neon transfection system using concentrations of
10 pmol/L and 100 pmol/L in 2-mL suspensions. Cells were seeded in
triplicate in a 6-well plate. After 48 hours, cells were harvested for pro-
tein and RNA to conduct Western blotting and qRT-PCR. Aliquots of
live cells were also saved to conduct CD22 site density analysis.

In Vitro Inotuzumab Killing Assay

OCI-Ly8 ACD22 cells expressing CD22 FL or CD22 Aex5-6 were
seeded in triplicate at 2 x 10° cells in 100 uL of RPMI at specified
concentrations of inotuzumab in a 96-well plate. After 48 hours of
incubation, cell viability was assayed via CellTiter-Glo (Promega)
as per manufacturer’s instructions. Bioluminescence was analyzed
using BioTek Synergy 2. Morpholino-treated Reh cells incubated
with inotuzumab for 48 hours as described above were assayed for
cell viability using the WST-1 cell proliferation reagent according to
the manufacturer’s protocol (Sigma-Aldrich; 05015944001). Absorb-
ance was measured using the BioTek Synergy 2 instrument.

Data Availability

RNA-seq data generated for the PAWUXD and PAVDRYV paired spec-
imens are deposited at the NCBI Sequence Read Archive and can be
accessed online with the BioProject ID PRINA764243. Gene expression
data for the remaining primary COG AALL1621 specimens referenced
in the article are included in Supplementary Gene Expression Data.
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