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Abstract

Acute leukemia is a heterogeneous disorder of hematologic malignancies composed
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Medical Center, Dallas, Texas, USA primarily of hematopoietic precursors that have acquired unregulated self-renewal
and proliferation. Hematology classification systems typically divide these neoplasms
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into lymphoid (B- or T-) and myeloid-lineage subtypes, with therapy dependent upon
this distinction. Infrequently, certain acute leukemias may undergo a complete
lineage switch at relapse, subsequently complicating the diagnosis and treatment of
these recurrent diseases. Transformation from B-lineage to myeloid lineage is the
most common switch observed, and is frequently associated with a balanced 1123
translocation, involving KMT2A. The mechanisms involved in the lineage-switch are
unclear, but modern therapies targeting the B-cell-specific marker, CD19, have
proven to promote this conversion as one means of treatment escape. Broadly
speaking, therapy-mediated selection of alternate lineage-committed subclones
derived from the same initial pluripotent progenitors, clonal evolution and reprogram-
ming of lineage-committed blasts, and de novo clonally unrelated leukemias may
account for the clinical impression of lineage switched acute leukemia during treat-
ment. This review will explore the phenomenon and potential mechanisms of lineage

transformation during the treatment of acute leukemia.
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1 | INTRODUCTION

Leukemias develop because of mutations that cooperatively confer
aberrant self-renewal capacity to leukemic cells, ultimately leading to
dysregulated proliferation. For acute leukemias, these proliferating
cells are composed of immature precursors (i.e., blasts) of myeloid or
lymphoid lineage. Rarely, acute leukemia at relapse or during therapy
demonstrates a lineage-switched immunophenotype (e.g., lymphoid
leukemia to myeloid leukemia). To wit, the phenomenon of a lineage
switched acute leukemia at relapse is fundamentally a clinicopatho-
logic observation that is likely a description of a heterogeneous group
of biological processes. The mechanisms by which this occurs are
unclear, but may represent an expanded pre-therapy sub-clone, clonal

evolution of the original leukemia, or development of a new clone

that may be therapy-related. As such, relapsed acute leukemia with a
lineage switch provides both a diagnostic and therapeutic challenge
requiring further study.

The characterization of the lineage of an acute leukemia typically
involves flow cytometric immunophenotyping, and occasionally immuno-
histochemistry.® Blasts that express a combination of the markers CD19,
CD79a, and cytoplasmic CD22 generally make up B-lymphoblastic leuke-
mias, whereas blasts expressing cytoplasmic CD3 typically represent
T-lymphoblastic leukemia. Acute myeloid leukemia consists of blasts
expressing myeloid markers, specifically myeloperoxidase (MPO) or
monocytic markers such as CDé4, CD11c, and CD14, usually in combi-
nation with other markers such as CD117, CD13, or CD33. The diagno-
sis of a lineage switch therefore requires detection (via either flow

cytometry or immunohistochemistry) of the loss of markers associated
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with one lineage and the gain of markers associated with another
(e.g., loss of CD19, CD79a and CD22 and gain of MPO).

2 | LYMPHOID TO MYELOID SWITCH

The frequency of a lineage switch at relapse was initially estimated at
6.7% using FAB lineage assignment criteria; however, this number likely
represents an overestimate when considering the advancement in
immunophenotypic evaluation of leukemias since 1984 coupled with
the more stringent lineage criteria employed by the current WHO clas-
sification system.’™® Most cases of lineage transformation involve a
switch from acute lymphoblastic leukemia (ALL) to acute myeloid leuke-
mia (AML).24"1> Moreover, leukemic lineage switch is more frequently
observed in infant leukemia and in young patients with gene rearrange-
ments of the epigenetic and transcriptional regulator, lysine methyl-
transferase 2A, (KMT2A; formerly MLL1), and often occurs immediately
after or even during induction chemotherapy.>'® The short interval
between therapy and the change in lineage suggests a possible clonal

selection facilitated by specific therapeutic agents.

2.1 | Anti-CD19 therapeutic agents causing lineage
switch in B-ALL

Expression of the B-lineage-specific marker, CD19, characterizes B-
ALL. Within the last decade, two therapies targeting CD19 have
become quite prevalent, including the bispecific T-cell engager (BiTE),
blinatumomab, and CD19-recognizing chimeric antigen receptor T
cells (CAR-T). Both therapies direct the patient's T cells to attack the
CD19-harboring leukemic blasts. It is not surprising, therefore, that
some refractory leukemias develop CD19-negative blasts upon
relapse.r”*® While some relapsed CD19-negative leukemic blasts
show an otherwise identical immunophenotype as the diagnostic dis-
ease, rare cases, particularly those that are KMT2A-rearranged
(KMT2Ar), undergo lineage-switch at relapse as a mechanism to
escape targeted destruction.r”"?” Lamble et al.'® reported 12 of
163 (7.4%) B-ALL treated with CAR-T therapy demonstrated lineage
switch, with 75% of the lineage switched relapses harboring KMT2Ar.
Such cases provide a potential pitfall for lineage-specific minimal
residual disease (MRD) assays that rely on using primarily lymphoid-
associated markers, such as CD19, and suggest that myeloid-oriented
flow panels may need to be routinely utilized for such cases.

KMT2Ar ALL has been observed to undergo lineage-transformation
even prior to the advent of anti-CD19 targeted therapy, but due to its
associated poor prognosis and propensity for relapse, anti-CD19 ther-
apy is likely to be employed for many of these patients.2>?! The poten-
tial for a lineage switch therefore provides a possible diagnostic
challenge during the monitoring of patients during early treatment of
KMT2Ar leukemia. As many patients can show circulating myeloid
blasts after treatment, whether due to marrow regeneration or in
response to growth factor therapy, pathologists and/or hematologists

interpreting flow cytometry may be tasked with determining whether
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the detection of circulating myeloid blasts represents a reactive finding
or the early signs of a myeloid lineage-switch. To this end, it should be
noted that a majority of reported KMT2Ar lineage-switched myeloid
blasts show a myelomonocytic or outright monocytic immunopheno-
type at relapse, a trait that may provide a diagnostic clue in this
setting.6~810152223220) A5 such, if myeloid-oriented MRD assays
are to be used at the time of evaluation, a tube capable of evaluating
immature monocytes, with markers such as CDé4, CD11b, CD14, CD4,
CD34, HLA-DR, CD33, and CD45 may be of utility.2*

Of note, an alternate strategy for targeting leukemic B-lymphoblasts
is to employ anti-CD22 therapy rather than targeting CD19. Interest-
ingly, a study of 34 relapsed/refractory B-ALL patients treated with
CD22 CAR-T therapy after failure of previous CD19 therapy did not

h.25> Whether there is a fundamental

uncover any cases of lineage switc
difference between in the propensity for lineage switch when using anti-
CD19 versus anti-CD22 therapy remains to be seen, but it may be that
the mechanisms regulating CD19, such as PAX5, may be more essential

for maintaining B-lineage commitment than those that control CD22.

3 | MYELOID TO LYMPHOID SWITCH

While most cases of lineage switch are from ALL to AML, AML to ALL
transformations have also been reported, albeit rarely.24=3! Rossi
et al.® found that of their nine cases of lineage switch (identified from
total of 1482 acute leukemia cases), two were from AML M5 to
B-ALL. Nomani et al.3? reported a case of a 54-year-old with AML
with myelodysplasia related changes and monosomy 7 who experi-
enced a lineage switch to MPAL, B/myeloid 180 days from initial
diagnosis with the same karyotype and next generation sequencing
(NGS) findings. Wu et al.? reported two patients with a lineage switch
between B-ALL and AML intermediated by myelodysplastic syndrome
(MDS). Cytogenetic analysis demonstrated complex abnormalities
with evidence of sub-clone heterogeneity and clonal evolution. The
latency interval between completion of induction and lineage switch
appears to be longer in these cases and raises a question if chemo-
therapy induced the secondary leukemias.

4 | PATHOPHYSIOLOGY OF LINEAGE
SWITCHED ACUTE LEUKEMIA

The underlying mechanisms for the apparent lineage switch are not
well-known, and likely involve a multitude of pathways (Figure 1). At
the simplest level, the apparent switch in phenotype may be artifac-
tual, with the subsequent post-therapy “lineage-switched” acute
leukemia representing an unrelated, de-novo leukemia. In contrast,
the blasts at relapse may indeed be clonally related to the diagnostic
neoplasm. In this case, a clonal relationship may reflect a common cell
of origin for the leukemias, but a subsequent divergence in evolution
prior to therapy.®® Alternatively, it may be hypothesized that thera-
peutic intervention promotes evolution of the original blasts, resulting

in lineage transformation.
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Proposed mechanisms of lineage switched acute leukemia. The figure illustrates possible mechanisms by which acute leukemia

may undergo an apparent lineage switch at relapse using B-lymphoblastic leukemia as an example. (1) It is possible an early pluripotent
hematopoietic stem cell acquires initial molecular abnormalities (e.g., KMT2A rearrangement), with subsequent downstream, more lineage-
committed cells acquiring additional mutations leading to leukemogenesis. In this example the B-lymphoid blasts are the predominant clone at
presentation, while neoplastic myeloid cells are rare. Initiation of therapy can promote a lineage switch at relapse by selecting against the
dominant clone (e.g., anti CD19 therapy) and thus expanding the myeloid sub-clone. (2) Anti-ALL therapy may select for reprogrammed cells that
have down-regulated B-lineage transcription factors, such as PAX5, and upregulated myeloid transcription factors, and thus undergone myeloid
lineage-transformation. (3) Cytotoxic therapy itself may induce molecular alterations in bystander hematopoietic progenitors giving rise to a de-
novo myeloid neoplasm. ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia

4.1 | Clonal relation of initial diagnostic and
relapsed leukemias

Comparison of the diagnostic and post-therapy IgH receptor rearrange-
ment and/or cytogenetic and molecular signatures allows for assessment
of a clonal relationship between the two blast populations. To this end,
many reports of apparent lineage switch after therapy have indeed
shown clonal relationships between the diagnostic and relapse sam-
ples.”3*37 A case report of a 25-year-old woman with pro-B ALL at
diagnosis, B-ALL 2 years later at first relapse, and then monocytic leuke-
mia 3 months at first relapse was shown by semi-nested PCR to have
harbored TAF15-ZNF384 translocations in all three samples.® Further,
Rayes et al.”® identified a KMT2Ar infant leukemia that switched to
acute monoblastic leukemia following 15 days of blinatumomab infusion
and showed an identical clonal karyotype, [t(4;11)(g21;23), add(19)(p13)].
Moreover, a patient with congenital KMT2Ar B-ALL, with an abnormal
karyotype, 46, XX, t(1;6)(p36.2; q25.3), t(4;11)(g21;q23), switched to
myeloid lineage on day 100 of induction, yet retained the underlying
cytogenetic abnormalities and JH rearrangement.'® Clonal relationships
have additionally been seen in KMT2Ar T-ALL, as demonstrated by an
adolescent patient with early T-cell precursor acute lymphoblastic leuke-
mia (ETP-ALL) harboring a t(6;11)(q27;q23)/KMT2A-AFDN translocation
which subsequently switched to a monoblastic leukemia by day 30 of

induction therapy, while maintaining the underlying KMT2A rearrange-
ment, structural chromosomal aberrations, and TCR gene rearrange-
ment.%” Finally, a patient with KMT2Ar B-ALL with 46,XX,add(1)(p36),t
(4;11)(921;923)) at diagnosis, underwent blinatumomab therapy fol-
lowed by a switch to AML lineage at relapse, suggesting a cytogenetic
evolution with a newly acquired hyperdiploid karyotype, 54,XX,add(1)
(p36),+2,t(4;11)(q21;q23),+der(4)t(4;11)x2,+6,del(7)(q22q32),4-8x2,add
(12)(p13),+add(12)(p13),4+18x2, yet retention of the original KMT2A

rearrangement and IGH/TCRG gene rearrangements.?®

4.2 | Therapy-mediated selection of sub-clones
from a common pluripotent progenitor

As mentioned above, clonal relationships might be accounted for by
either a shared common cell of origin with pluripotency that acquired
an initial hit and subsequently diverged into two neoplastic popula-
tions, or may represent lineage plasticity of the initial leukemia, which
later reprogrammed upon treatment. Phylogenetic testing of the
leukemic populations can provide a better understanding of when
leukemic populations diverge. Performing a meta-analysis of 1665
transcriptomes from childhood ALL and AML, Khabirova et al.®8 found
that KMT2Ar infant B-ALL displayed an early lymphocyte progenitor
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(ELP) signature. ELPs (CD34+, CD127+, CD10-, and CD19-) have
minimally or unrearranged IgH loci, and give rise to various lymphoid
cells, including B cells (predominantly), as well as T cells and NK cells,
but also show higher expression levels of CD15 and can generate small
numbers of myeloid cells.>? While it is tempting to speculate that the
ELPs represent the cell of origin and that the pluripotency of this devel-
opmental stage might explain the lineage plasticity and subsequent line-
age switches seen in infant KMT2Ar ALL, the reality of the situation is
much less clear. Indeed, Khabirova et al.,3® performed whole genome
sequencing of diagnosis, remission, and relapse samples from a patient
with KMT2Ar infant B-ALL with subsequent lineage switch to AML, and
found that the initial KMT2A-rearrangement occurred in early embry-
onic development, prior to ELP stage commitment. Moreover, the diag-
nostic B-ALL and relapsed AML shared only six base substitutions in
addition to the KMT2A rearrangement, indicating early divergence of
the clones, prior to any subsequent therapy.>®

With respect to KMT2Ar leukemias, the data suggest that clonally
related “lineage switch” could be accounted for by small leukemic
sub-clones of different lineage that then expand after the initial leuke-
mia is targeted. Providing further support for this model, Chen et al.*°
reported two patients treated with CAR-T therapy that were found to
have a pre-therapy blast population with myeloid potential as deter-
mined by scATAC-Seq. The first patient presented with KMT2Ar ALL
and developed lineage switch after treatment with CART-19. Another
KMT2Ar patient was treated with CART-19,
CD19-negative ALL, was subsequently treated with inotuzumab (tar-
geting CD22), and ultimately CART-22 before relapsing with AML. In

both instances, this pre-therapy blast population with myeloid poten-

relapsed with

tial expanded after application of selective treatment pressure. Of
note, under the strictest sense, leukemias composed of two lineage
clones at diagnosis exemplify the bilineal leukemias of mixed pheno-
type acute leukemia (MPAL) by WHO criteria, even if one population
is small; indeed, “lineage switch” after diagnosis is considered a special
type of MPAL*! As such, the lineage switch merely represents the
expansion of a different initial clone. Nevertheless, detection of a
smaller myeloid sub-clone depends on the sensitivity of the assays
employed at diagnosis and may not always be possible.

4.3 | Clonal evolution and transcription factor
reprogramming

While therapy-mediated clonal selection of leukemic sub-clones
derived from a common progenitor may account for a subset of
apparent lineage-switched acute leukemias, reprogramming of a
lineage-committed leukemic clone remains a viable hypothesis for
others. Using a transgenic murine model of E2A-PBX1 B-ALL treated
with CAR-T cells, Jacoby et al.*?> demonstrated that early relapsed leu-
kemia lost CD19 expression while later relapsed leukemias lost addi-
tional B-cell markers and gained a myeloid immunophenotype. In
contrast to the early relapses, later relapse loss of CD19 expression
was not due to alternative splicing of exon 2 of Cd19, but rather

down-regulation of B-cell associated transcription factors, Pax5 and
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Ebf1, with associated loss of H3K27ac signals at these promoter
regions, and gains of H3K27ac signals in myeloid enhancers, including
those for Cebpa and Thap2.*? Moreover, single cell cloning of initial
E2a-PBX1 leukemic cells showed expression of CD19, CD22, CD127,
and CD43, with no overt CD19-negative myeloid leukemias detect-
able, arguing against CAR-T therapy selecting for a pre-treatment
myeloid subclone.*? Similar to the underlying transcriptional changes
observed in E2a-PBX1 mouse model of lineage switched leukemia,
Slamova et al.*® identified increased hypomethylation in the CEBPA
promoter and increased expression of C/EBPa in several patients with
non-KMT2Ar, CD2+ B-ALL that switched to a monocytoid AML har-
boring similar Ig/TCR rearrangements. These findings are congruent
with prior studies that show that ectopic expression of C/EBP« in var-
ious B-lineage cells can induce in vitro differentiation into myeloid
cells, with C/EBPa and PAX5 playing antagonistic roles in myeloid and
B-lymphoid lineage commitment, respectively.*44+>

Interestingly, Wu et al.? report a case of a 23-year-old man who pre-
sented with BCR/ABL negative, KMT2Ar-negative B-ALL with complex
cytogenetics, 45,X,-Y,der(10)t(5;10)(q26;q13)[4]/ 46,X,-Y,der(10)t(5;10)
(926;q13),+-8[7]/46,XY[9], which relapsed 6.5 months after induction
therapy as monocytic AML with further cytogenetic changes, 46,X,-Y,t
(1;18)(q12;921.1),t(4;21)(q12;q22),add(7)(p22),4-8, der(10)t(5;10) (q26;
q13),del(11)(q14g23),del(14)(q24932),add(17)(g25)[20] (58.5% +5q31,
64% trisomy 8), but sharing the -Y, t(5;10) in some of the sub-clones,
confirming a clonal link between the two leukmias. However, after
switching to the AML-specific induction therapy, “7+3,” the patient
eventually relapsed again with B-ALL with an identical immunopheno-
type as the initial leukemia but with cytogenetics overlapping with some
of the clones from the relapsed AML, 45X,-Y,t(1;18)(q12;q21.1),t(4;21)
(012;922),add(7)(p22),4-8,-10, del(11) (g14g23),add(12)(q24.1),del(14)
(024932),add(17)(q25), del(22)(q13) [cp14]/46,XX[5], specifically, the
newly acquired t(1;18), t(4;21),add(7) abnormalities.” Such findings argue
for a degree of lineage plasticity of the more committed leukemic blasts,
with changes in lineage-specific therapy selecting for further evolved
sub-cones present at each time point.

On a related note, the ability of these leukemias to adapt lineage
based on the employed therapy are additionally illustrated by situations
whereupon removal of the anti-CD19 selective pressure results in
recurrence of the original B-lymphoblast population. Wolfl et al.?2
described a patient with KMT2Ar infant B-ALL that developed a
CD19-negative monocytic AML harboring identical KMT2A and IgH
rearrangements after 11 days of blinatumomab therapy, which subse-
quently reverted back to CD19+ B-ALL after cessation of blinatumo-
mab. Similarly, a 40-year-old patient with KMT2Ar B-ALL who
developed myeloid sarcoma after blinatumomab therapy, subsequently

developed B/myeloid MPAL 6 weeks after removal of blinatumomab.*?
44 | Neoplastic stem-like cells and increased
plasticity of KMT2Ar infant leukemia

Therapy-mediated selection of pre-existing lineage committed sub-

clones and clonal evolution with lineage transformation are not
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necessarily mutually exclusive mechanisms by which a leukemia may
evade therapy. Using single cell multi-omics approaches, Chen et al.*°
investigated some of these underlying mechanisms towards lineage
plasticity. They showed that leukemic blasts from KMT2Ar infants
<6 months of age are quite heterogeneous with respect to their stage
of B-cell developmental arrest.*® Moreover, they showed that
the blasts from these patients possess a greater proportion of cells
co-expressing both B- and myeloid-lineage genes, as well as sub popu-
lations of blasts that primarily mapped to a myeloid lineage.*® Using
scRNA-Seq and scATAC-Seq, Chen et al.*® additionally showed that
younger infants with KMT2Ar ALL have increased populations of
circulating hematopoietic stem cell-like cells with KMT2A fusion
transcripts, and that transplantation of these cells into mice could gen-
erate leukemias with a more myeloid immunophenotype. They also
showed that engraftment of CD19+, CD34+, CD38- “immature”
blasts and CD19+, CD33+ blasts could both generate leukemias
predominantly composed of CD19+/CD33 negative blasts with a
significant subpopulation of CD19+/CD33+ blasts.*® These studies
therefore highlight the plasticity of the blast clones of KMT2Ar leuke-
mias, and indicate that both pluripotent leukemic progenitors as well
as apparent lineage-committed blasts with the potential for lineage
transformation can be present in the same leukemia, providing a mul-

titude of ways for the neoplastic cells to evade targeted therapies.

4.5 | Therapy-related myeloid neoplasms
masquerading as lineage switched relapse

Finally, it remains possible that a “lineage switch” identified at
relapse may represent the development of a de novo clone that is

1.3 report the

unrelated to the initial acute leukemia. Gagnon et a
conversion of ALL to AML in a 19-year-old female 30 months after
treatment with vincristine-adriamycin-dexamethasone, with the
relapse and diagnostic leukemias showing no cytogenetic overlap-
ping features. Chung et al.*¢ report a 9-year-old patient with B-ALL
at diagnosis who relapsed with AML 9 months after induction and
consolidation therapy, with the diagnostic and relapsed leukemias
showing two markedly different abnormal karyotypes. One possible
explanation for these cases lies in the cytotoxic therapies themselves
promoting leukemogenesis. Intensive chemotherapy with alkylating
agents, such as cyclophosphamide, and topoisomerases, such as
etoposide, induce mutational changes that can promote a de-novo
leukemia unrelated to the original neoplasm. Generally, alkylating
agent-based therapy would be expected to produce losses of chro-
mosomes 5 and 7, while topoisomerase-based therapy would expect
to yield balanced translocations involving KMT2A at 11923, RUNX1
at 2122 and RARA at 17g21.* Logically, assessment for a clonal
relationship would involve a comparison of the original cytogenetic
and molecular abnormalities identified at diagnosis and relapse, with
the KMT2Ar relapses providing a potential challenge in that KMT2A
is frequently rearranged at diagnosis in lineage-switched leukemia as
well as in therapy-related acute leukemias.*® The rapidity with which

laboratories may carry out these studies clinically, however, will

determine the usefulness of this assessment for disease manage-
ment. Nevertheless, therapy-related myeloid neoplasms are gener-
ally later sequelae of cytotoxic therapy, and the latency with which
alkylating agents (5-10 years) and topoisomerases (1-5 years) cause
therapy-related acute leukemias make therapy-induced de novo leu-
kemia less likely as an etiology for many of the leukemias with
relapsed lineage switch occurring in the midst of the initial therapy.*”

Demonstrative of this latency period, Qing et al.*°

report the case of
a 13-year-old boy who presented with B-ALL and an abnormal kar-
yotype, 47,XY,+X,del(9)(p21p21)[4]/46,XY[16], was treated with
vincristine, daunoruicin, prednisone, and PEG-asparaginase, as well
as intrathecal cytrabine and methrotrexate, achieved initial remission
followed by relapse treated by blinatumomab, but eventually devel-
oped AML with a normal karyotype but a de novo KMT2A rearrange-

ment 4-5 years after the initial diagnosis. Similarly, Li et al.*°

report
a case of Philadelphia chromosome-positive B-ALL that relapsed as
AML therapy without a detectable BCR-ABL transcript 5 years and
4 months after standard induction, consolidation and CD19 CAR-T

therapy.

5 | CONCLUSION

The lineage plasticity seen in some acute leukemias, particularly
KMT2Ar, provides a diagnostic and therapeutic challenge in the mod-
ern age of hematology. While flow cytometric MRD assays for B-ALL
are typically tailored to recognize atypical antigen expression on
immature B cells, these assays typically employ few myeloid markers,
decreasing the likelihood that a small population with an immunophe-
notypic shift will be detected.®® As anti-CD19 therapy becomes
more prevalent, recognition of lineage switch as an adaptive mecha-
nism utilized by certain leukemias (e.g.,, KMT2Ar infant leukemia) to
downregulate CD19 will be vital for future MRD assay development
and gating strategies. At least for KMT2Ar, there may come a time
that it will be necessary to run AML-associated MRD panels in
addition to ALL-MRD assays during therapy. Relatedly, it is unclear
what the therapeutic implications will be of early detection of a line-
age switch prior to overt relapse. Moreover, the ideal treatment strat-
egies to either prevent and/or manage lineage switched leukemia
are unknown. Further work is thus necessary to understand the mech-
anisms of transformation and ultimately appropriately treat these
challenging diseases.
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