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LYMPHOID NEOPLASIA
EBV-driven lymphoid neoplasms associated with
pediatric ALL maintenance therapy
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KEY PO INT S

•A large proportion of
post-ALL lymphoid
neoplasms are
associated with an
immunodeficient state
precipitated by ALL
maintenance therapy.

• Treatment strategies
for these lymphoid
neoplasms are distinct
from sporadic NHL
because they may
respond to reduction of
immunosuppression.
The development of a second malignancy after the diagnosis of childhood acute
lymphoblastic leukemia (ALL) is a rare event. Certain second malignancies have been
linked with specific elements of leukemia therapy, yet the etiology of most second neo-
plasms remains obscure and their optimal management strategies are unclear. This is a
first comprehensive report of non-Hodgkin lymphomas (NHLs) following pediatric ALL
therapy, excluding stem-cell transplantation. We analyzed data of patients who devel-
oped NHL following ALL diagnosis and were enrolled in 12 collaborative pediatric ALL
trials between 1980-2018. Eighty-five patients developed NHL, with mature B-cell lym-
phoproliferations as the dominant subtype (56 of 85 cases). Forty-six of these 56 cases
(82%) occurred during or within 6 months of maintenance therapy. The majority exhibited
histopathological characteristics associated with immunodeficiency (65%), predominantly
evidence of Epstein-Barr virus–driven lymphoproliferation. We investigated 66 cases of
post-ALL immunodeficiency-associated lymphoid neoplasms, 52 from our study and 14
additional cases from a literature search. With a median follow-up of 4.9 years, the 5-year
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patients with immunodeficiency-associated lymphoid neoplasms was 67.4% (95% confi-
overall survival for the 66
dence interval [CI], 56-81). Five-year cumulative risks of lymphoid neoplasm– and leukemia-related mortality were 20%
(95% CI, 10.2-30) and 12.4% (95% CI, 2.7-22), respectively. Concurrent hemophagocytic lymphohistiocytosis was
associated with increased mortality (hazard ratio, 7.32; 95% CI, 1.62-32.98; P = .01). A large proportion of post-ALL
lymphoid neoplasms are associated with an immunodeficient state, likely precipitated by ALL maintenance therapy.
Awareness of this underrecognized entity and pertinent diagnostic tests are crucial for early diagnosis and optimal
therapy.
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Introduction
The cure rate of childhood acute lymphoblastic leukemia (ALL)
is now above 90%. This has been achieved by an intensive
remission induction therapy, followed by consolidation ther-
apy, and finally, an oral maintenance treatment with daily
mercaptopurine and weekly methotrexate until 2 to 3 years
from leukemia diagnosis.1 The development of a second
malignancy after the diagnosis of childhood ALL is a rare
event, associated with significant morbidity and mortality.2-4

Certain second malignancies have been linked with specific
elements of leukemia therapy, including an association
between cranial irradiation and subsequent central nervous
system (CNS) neoplasms5 and a significantly elevated risk for
myeloid leukemia after intensive epipodophyllotoxin therapy.6

Nevertheless, the etiology of most second neoplasms remains
obscure, and their optimal management strategies are
unclear. A previous international study reported 642 patients
with second malignant neoplasms diagnosed after childhood
ALL.7 To our knowledge, this is the first comprehensive study
of the characteristics, treatment, and outcome of non-Hodgkin
lymphomas (NHLs) diagnosed after pediatric ALL therapy,
excluding hematopoietic stem cell transplantation (HSCT).
We describe a previously underrecognized disorder of
immunodeficiency-associated (IA) lymphoid neoplasms occur-
ring during ALL maintenance therapy or shortly thereafter,
whose management strategies are distinct from sporadic NHL
because these lymphoid neoplasms may recede in response to
reduction of immunosuppression.

Patients and methods
Study design
The study integrates 2 phases of data capture. The first phase
focuses on the epidemiology and features of NHL that occurred
after ALL diagnosis. The second phase investigates the char-
acteristics, treatment, and outcome of IA–lymphoid neoplasms
following pediatric ALL.

Phase 1: epidemiology and characteristics of non-
Hodgkin lymphoid neoplasms arising after pediatric
ALL diagnosis Data on NHL following ALL therapy were
collected from the databases of pediatric ALL cooperative study
groups belonging to the Ponte di Legno childhood ALL con-
sortium, an international network established to investigate rare
subsets of patients with childhood ALL. Twelve international
consortia participated in this study, encompassing patients
aged 0 to 21 years when enrolled onto pediatric ALL clinical
trials between 1980 and 2007 and were subsequently diag-
nosed with NHL. Nine of the cooperative groups extended the
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time frame of the study up to 31 December 2018 (supplemental
Table 1, available on the Blood website). The investigators
classified cases as mature B-cell lymphoproliferations, lympho-
blastic lymphomas (LBLs), peripheral T-cell lymphomas, follic-
ular lymphomas, NHL with no further classification, or other
lymphoid neoplasms. Data collection from patients with ALL
who did not develop NHL was not part of the study. Patients
who underwent HSCT before a lymphoid neoplasm diagnosis
were excluded from further analysis.

Phase 2: characteristics and outcome of IA–lymphoid
neoplasms after pediatric ALL therapy Data on IA–
lymphoid neoplasms following pediatric ALL were extracted
from 3 sources (Figure 1):

1. Ponte di Legno Childhood ALL Working Group study of
lymphoid neoplasms after childhood ALL (phase 1). Only
patients whose tumors harbored evidence of association
with an immunodeficient state were included.

2. International survey: a case survey was conducted through
professional pediatric ALL networks, including the Interna-
tional BFM Study Group and St. Jude Global, disseminated
through emails and conferences, seeking patients diagnosed
with lymphoid neoplasms that harbored evidence of associ-
ation with an immunodeficient state and occurring during ALL
therapy or within 6 months from the cessation of therapy that
included methotrexate/thiopurine maintenance therapy.
Patients aged 0 to 21 years who started ALL therapy between
1980 and 2020 and subsequently developed lymphoid neo-
plasms (excluding Hodgkin lymphoma) were eligible. Patients
who received methotrexate/thiopurine maintenance therapy
in the context of relapsed ALL therapy were included, pro-
vided they had not undergone previous HSCT.

3. Literature search: a literature search was conducted to
identify additional reports of IA–lymphoid neoplasms after
ALL diagnosis. A computer-aided search of MEDLINE was
performed using the following terms: “lymphoprolifer-
ative”, “lymphoma”, or “lymphomatoid,” combined with
ALL. The search was restricted to English language publi-
cations between 1980 and 2020.

Cases were carefully reviewed to exclude double reporting
from different sources.

Patient evaluation
Patient data included clinical and biological characteristics of leu-
kemia and the second neoplasm, treatment details, and outcome.
In cases where data on leukemia therapy, drug doses, or schedule
were unavailable, the patients were assigned the treatment
regimen described in the ALL protocols they were enrolled in.
ELITZUR et al
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Figure 1. CONSORT diagram.
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The classification of lymphoid neoplasms was based on histo-
pathology, according to the contemporary World Health
Organization (WHO) classification system8 (supplemental
Table 2). Epstein-Barr virus (EBV) association was determined
in biopsy samples using EBV-encoded RNA in situ hybridization
or latent membrane protein immunohistochemical detection.
When available, the results of the quantitative polymerase chain
reaction for EBV DNA in the blood or serum were reported. The
following characteristics were considered as evidence of asso-
ciation with an immunodeficient state: tumor EBV positivity
and/or distinctive histopathological entities such as lympho-
matoid granulomatosis9 or histopathological subtypes defined
by the current WHO classification under IA lymphoid neo-
plasms.8-13 The tumor stage was defined according to the
St Jude childhood and adolescent NHL staging system.14

Ethical approval
All patients were treated after obtaining a written informed
consent from the patient, the patient’s parents, or legal
guardians. All clinical trials had been approved by review
boards or ethics committees. Patient data for the Ponte di
Legno Childhood ALL Working Group study were collected as
part of each trial and shared with the investigators at the Uni-
versity Hospital Rigshospitalet, Copenhagen, Denmark. The
international survey was conducted by the investigators at
Schneider Medical Center of Israel with the approval of review
boards or ethics committees of all participating centers.
EBV-ASSOCIATED LYMPHOID NEOPLASMS AFTER ALL
Statistical analysis
Lymphoid neoplasm–related death was defined as any death
occurring when NHL was not in complete remission or resulting
from lymphoid neoplasm therapy. Leukemia-related death was
defined as any death resulting from leukemia progression or
because of leukemia therapy, provided that the lymphoid
neoplasm was in remission at the time. The overall survival (OS)
was calculated from the time of lymphoid neoplasm diagnosis
to death, whereas event-free survival (EFS) was defined as the
time from lymphoid neoplasm diagnosis to leukemia relapse or
death from any cause; time was censored at the date of last
patient contact if no event had occurred. The Kaplan–Meier
method was used to estimate survival rates; curves were
compared using the two-sided log-rank test. Cumulative inci-
dence functions were constructed using the method of Kalb-
fleisch and Prentice and compared with the Gray test after
adjusting for competing risks of other events. A Cox propor-
tional hazards regression model was used to estimate hazard
ratios (HR) and their 95% confidence intervals (CI) for prognostic
factors. Cause-specific hazard rates were estimated by the Fine-
Gray subdistribution hazard model15 to assess the association of
groups with the 2 competing events (lymphoma- and leukemia-
related death). Other comparisons were performed using the
Fisher exact test and the Brown-Mood median test for
comparing medians. A two-sided P value of ≤ .05 was consid-
ered statistically significant. All analyses were performed with
the R Project for Statistical Computing, version 3.4.2.
16 FEBRUARY 2023 | VOLUME 141, NUMBER 7 745
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Results
Epidemiology of non-Hodgkin lymphoid neoplasms
after pediatric ALL
In phase 1, 12 international collaborative groups reported 95
patients who were diagnosed with lymphoid neoplasms after an
ALL diagnosis (supplemental Table 1). Ten cases were excluded
because of an HSCT before the lymphoid neoplasm. The
remaining 85 cases included 56 mature B-cell lymphoprolifer-
ations (66%), 22 LBLs (26%), 2 peripheral T-cell lymphomas
(2%), and 5 NHLs with no further classification (6%) (Figure 2A;
Table 1). The median interval between ALL and lymphoid
neoplasm diagnoses was 2.3 years (Figure 2B), with mature B-
cell lymphoproliferations occurring after a significantly shorter
interval than those with LBLs (median: 2.2 years vs 3.7 years,
respectively; P < .01) (Table 1; Figure 2C and supplemental
Figure 1). Five-year EFS did not differ significantly between
patients diagnosed with mature B-cell lymphoproliferations and
those diagnosed with LBLs (Figure 3). Among the 56 cases
classified as mature-B cell lymphoproliferations, 46 (82%)
occurred during, or within 6 months from completion of main-
tenance therapy, vs 8 out of 22 (36%) in patients with LBLs (P <
.01) (Table 1). Thirty of the mature-B cell lymphoproliferations
(65%) that occurred during this time frame exhibited histo-
pathological characteristics similar to lymphoid neoplasms that
arise in the setting of immunodeficiency, including polymorphic
lymphoproliferative disorders (LPDs) (n = 12), lymphomatoid
granulomatosis (n = 5), EBV-positive diffuse large B-cell lym-
phoma (n = 11), and LPD with no further classification (n = 2).
Overall, EBV positivity was reported in 23 of these 30 cases. For
the other 16 cases occurring during, or within 6 months from the
T-LBL

Mature B-cell
lymphoproliferations

(n = 56)
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completion of maintenance therapy, more elaborate histo-
pathological data had not been recorded and tissue EBV-
association analyses had not been performed. None of the
cases that occurred more than 6 months after maintenance
therapy completion were reported to harbor characteristics
associated with immunodeficiency.
7

IA–lymphoid neoplasms after pediatric ALL
Data of this cohort were obtained from 3 sources:

1. Patients whose lymphoid neoplasms exhibited evidence of
association with an immunodeficient state from the Ponte di
Legno ALL Working Group study described in “Phase 1”
(n = 30).

2. The international survey yielded 22 additional cases
exhibiting evidence of association with an immunodefi-
cient state. Nine of these had not been reported to their
respective national databases as secondary malignancies.
Of note, 2 patients with primary LBL who had been treated
with an ALL therapy that included methotrexate/thiopurine
maintenance and had developed LPDs during mainte-
nance therapy were included. Histopathological speci-
mens from both cases were reviewed by international
experts, and the subsequent malignancies were deter-
mined to be molecularly and pathologically distinct from
the primary LBL.

3. Finally, a literature search identified 14 additional case
reports of IA–lymphoid neoplasms occurring after ALL
(summarized in supplemental Table 4), providing a total
cohort of 66 patients.
 (n = 20)
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Table 1. Characteristics of 85 patients who developed lymphoid neoplasms after ALL diagnosis, without prior HSCT

Characteristic
Total*
(n = 85) LBL (n = 22)

Mature B-cell
lymphoproliferations

(n = 56)

P value†:
Mature B
vs LBL

Sex, n (%)

Male 52 (61) 14 (64) 33 (59) .79

Female 33 (39) 8 (36) 23 (41)

Age at ALL diagnosis, n (%)

<10 years 67 (79) 20 (91) 43 (77) .21

≥10 years 18 (21) 2 (9) 13 (23)

Age at lymphoid neoplasm diagnosis, n (%)

<10 years 49 (58) 11 (50) 35 (63) .32

≥10 years 36 (42) 11 (50) 21 (37)

Leukemia lineage, n (%)

B-ALL 64 (75) 16 (73) 44 (79) .12

T-ALL 12 (14) 5 (23) 5 (9)

Unknown 9 (11) 1 (4) 7 (12)

Interval between leukemia and lymphoid neoplasm diagnoses,
years

Median (IQR) 2.28 (1.58-4.01) 3.7 (2.18-9.35) 2.2 (1.45-2.96) <.01

Lymphoid neoplasm diagnosed during maintenance or within 6
months of its completion, n (%)

59 (69) 8 (36) 46 (82) <.01

Lymphoid neoplasm diagnosed >6 months of maintenance
cessation, n (%)

26 (31) 14 (64) 10 (18)

Data from the Ponte di Legno Childhood ALL Working Group study.

IQR, interquartile range.

*The total number of patients includes patients with LBL (n = 22) and mature B-cell lymphoproliferations (n = 56) in addition to patients with peripheral T-cell lymphoma (n = 2) and NHL with
no further classification (n = 5), as described in more detail in “Results”.

†Fisher exact test or Brown-Mood median test.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

22 21 17 15 14 13 12 10 9 7 7

56 47 45 41 41 36 36 34 33 33 31

100%

75%

50%

25%

P = .57

0%

No. at risk

Su
rv

iva
l

Time from lymphoid neoplasm diagnosis

Mature B-cell lymphoproliferations,
5-yr EFS 73.6% (62.5-86.6)

LBL, 5-yr EFS 63.9% (45.2-90.4)

Figure 3. Outcomes of lymphoid neoplasms after ALL. 5-year EFS of mature
B-cell lymphoproliferations vs LBL.
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Altogether, 66 patients with IA–lymphoid neoplasms occurring
during ALL maintenance therapy or within 6 months of its
completion were identified (Figure 1).

For the whole IA–lymphoid neoplasm cohort (n = 66), the
median follow up from ALL and lymphoid neoplasm diagnoses
were 7.1 years (range, 1.1-22.7 years) and 4.9 years (range, 0.3-
20.4 years), respectively.

Demographics and lymphoid neoplasm characteristics
of the IA–lymphoid neoplasm cohort (n = 66) Patient
characteristics are summarized in Table 2. The median ages at
leukemia and lymphoid neoplasm diagnoses were 4.5 years
(range, 0.2-29 years) and 6.3 years (range, 2.5-31 years),
respectively. The male-to-female ratio was 1.4:1. All patients
diagnosed with IA–lymphoid neoplasms had prior exposure to
the maintenance thiopurine/methotrexate combination. The
median duration of exposure to the maintenance therapy
before lymphoid neoplasm diagnosis was 14 months (range,
0.5-30 months). In 40% of cases, maintenance regimens
included intermittent vincristine and corticosteroid therapy. Six
cases (9%) occurred in individuals with Down syndrome. No
other known genetic predisposition syndromes were reported
16 FEBRUARY 2023 | VOLUME 141, NUMBER 7 747



Table 2. Characteristics of 66 patients with IA–lymphoid
neoplasms after pediatric ALL therapy

Characteristic no (%) or median (IQR) Value

Sex

Male 38 (58)

Female 28 (42)

Genetic predisposition

Down syndrome 6 (9)

Unknown 60 (91)

Underlying malignancy-lineage

B-ALL 51 (77)

T-ALL 4 (6)

T-LBL* 2 (3)

ALL with unspecified lineage 9 (14)

Underlying malignancy-type

Newly diagnosed 62 (94)

Relapsed 4 (6)

Age at ALL diagnosis

Age < 10 y 51 (77)

Age ≥10 y 15 (23)

Median (IQR) 4.5 (2.95-9.25)

Age at lymphoid neoplasm diagnosis

Age <10 y 45 (68)

Age ≥10 y 21 (32)

Median (IQR) 6.25 (4.5-12)

Lymphoid neoplasm: treatment era

Before 1 January 2000 24 (36)

After 1 January 2000 42 (64)

Interval between leukemia and lymphoid
neoplasm diagnoses (y)

Median (IQR) 1.89 (1.38-2.4)

Range 0.35-4.06

Time from maintenance initiation to lymphoid
neoplasm diagnosis (mo)

Median (IQR) 14 (7-20.88)

Range 0.5-96

Timing of lymphoid neoplasm diagnosis

During maintenance 57 (86)

After maintenance completion 9 (14)

Median (range); mo 2 (0.25-6)

Table 2 (continued)

Characteristic no (%) or median (IQR) Value

Maintenance regimen, no. (%)

Mercaptopurine/methotrexate only 34 (52)

Vincristine/corticosteroid pulses during
maintenance

26 (39)

Asparaginase/etoposide during maintenance 3 (4.5)

Unknown 3 (4.5)

IQR, interquartile range; T-LBL, T-cell lymphoblastic lymphoma.

*Two patients with T-LBL were treated with ALL therapy including methotrexate/thiopurine
maintenance and developed LPDs during maintenance therapy. Histopathological speci-
mens were reviewed by international experts and the 2 subsequent malignancies were
determined to be molecularly and pathologically distinct. D
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for any of the patients, nor was there any significant history of
familial cancer or immunodeficiency.

Lymphoid neoplasm characteristics are depicted in Table 3.
Histopathology encompassed a wide spectrum of lymphoid
neoplasms, including polymorphic B–LPDs (n = 24),
748 16 FEBRUARY 2023 | VOLUME 141, NUMBER 7
monomorphic B-cell LPD (n = 16), monomorphic T-cell LPD (n =
2), lymphomatoid granulomatosis (n = 15), and EBV-positive
mucocutaneous ulcer (n = 2). Of 55 cases with available data
regarding tumor EBV status, 53 cases (96%) exhibited EBV
positivity, and 2 cases were negative. Nondestructive (early)
lesions had not been reported.

Lymphoid neoplasms were often diagnosed at advanced III/IV
stages (n = 49; 82% of 60 patients with available data), with
frequent extranodal involvement, including pulmonary, gastro-
intestinal, and CNS involvement in 60%, 25%, and 20% of
patients, respectively (Figure 4A-B). Bone marrow involvement
was not reported. In 49 cases, fever was reported as a pre-
senting symptom, and in 18, an infectious mononucleosis-like
prodrome was noted days to weeks before the lymphoid
neoplasm diagnosis. Three cases were diagnosed post mortem.
Eight of 15 patients with gastrointestinal tract involvement
presented with multiple bowel perforations. In 5 cases (8%),
lymphoid neoplasms were accompanied by hemophagocytic
lymphohistiocytosis (HLH). The median time from symptom
onset to the diagnosis of lymphoid neoplasm (data available for
36 of the patients) was 5 weeks (range, 1 day-11 months).
Treatment Treatment strategies are summarized in Table 3
(full data available for 58 patients) and supplemental Tables 3-
4. Maintenance therapy was discontinued in all but 1 patient
with surgically resected localized disease (50 of 51 patients with
on-therapy lymphoid neoplasms). Fourteen study patients
received rituximab monotherapy. Fourteen additional patients
received rituximab with systemic chemotherapy; 8 of these
were treated with NHL protocols (supplemental Table 3) and 6
received low-dose chemotherapeutic regimens (cyclophos-
phamide, vincristine, and corticosteroids, as previously
described16,17). Overall, 28 study patients (48%) were treated
with rituximab. Nine patients received systemic chemotherapy
without rituximab; 7 of these were treated with NHL protocols
and 2 with low-dose regimens. Overall, 23 of 58 patients (40%)
were treated with systemic chemotherapy. Additional treatment
modalities included surgery (n = 14), radiotherapy (n = 3), and
EBV-specific cytotoxic T lymphocytes (n = 3). HSCT was per-
formed in 5 cases because of a presumed, yet undiagnosed,
genetic predisposition to lymphoid malignancies. In 10 cases,
maintenance therapy was resumed after lymphoid neoplasm
remission, leading to lymphoid neoplasm recurrence in 4 cases
ELITZUR et al



Table 3. Characteristics and treatment strategies of 66
cases of IA-lymphoid neoplasms after ALL

Characteristics and treatment
strategies

Value, n (% of cases
with available data)

Histopathology

Polymorphic LPD resembling
polymorphic PTLD

24 (36)

Monomorphic LPD

B cell – DLBCL 16 (24)

T cell 2 (3)

Lymphomatoid granulomatosis 15 (22)

EBV+ mucocutaneous ulcer 2 (3)

LPD, not further specified 7 (12)

Clonality (data available for 22 cases)

Monoclonal 17 (83)

Polyclonal 5 (17)

Tumor EBV status (data available for 55
cases)

Positive by IHC/ISH 53 (96)

Negative 2 (4)

EBV PCR in peripheral blood (copies per
mL) (data available for 24 cases)

Positive 21 (88)

Median (range) 40750 (17-1 500 000)

Negative 3 (12)

Staging (data available for 60 cases)

I 4 (7)

II 6 (10)

III 38 (63)

IV 12 (20)

Lymphoid neoplasm treatment
strategies (data available for 58 cases)

No systemic chemotherapy or
rituximab

21 (36)

Rituximab without systemic
chemotherapy

14 (24)

Systemic chemotherapy 23 (40)

NHL protocol 15

Low-dose chemotherapeutic
regimen*

8

With rituximab 14

Without rituximab 9

Maintenance reinitiation (data available
for 58 cases)

Yes 10 (17)

No 41 (71)

Lymphoid neoplasm diagnosed after
maintenance completion

7 (12)

DLBCL, diffuse large B-cell lymphoma; IHC, immunohistochemistry; IQR, interquartile
range; ISH, in-situ hybridization; PCR, polymerase chain reaction; PTLD, post-transplant
lymphoproliferative disorder.

*Low-dose chemotherapeutic regimen containing a cyclophosphamide/vincristine/corti-
costeroid as previously described.16
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(Figure 4C). Two of these 4 patients resumed maintenance once
again after an additional period of therapy discontinuation or
rituximab treatment. Overall, 8 patients successfully resumed
maintenance therapy.

Outcome The 5-year EFS and OS from the lymphoid
neoplasm diagnosis for the IA–lymphoid neoplasm cohort (n =
66) were 66.6% (95% CI, 55.3-80.1) and 67.4% (95% CI, 56-
81.1), respectively (Figure 5A). Five-year cumulative risks of
lymphoid neoplasm– and leukemia-related mortality were
20.2% (95% CI, 10.2-30) and 12.4% (95% CI, 2.8-22), respec-
tively. In total, 13 patients died because of lymphoid neoplasm–

related factors: progressive lymphoid neoplasm (pulmonary, n =
7; CNS, n = 1), concurrent HLH (n = 4), and therapy-related
toxicity (n = 1). The median time to lymphoid neoplasm–

related death was 1.6 months (range, 0-6.1 months) from
diagnosis. Of those who attained remission from their lymphoid
neoplasms, 7 patients experienced leukemia relapse, 6 of
whom died. For patients who experienced leukemia relapse
after lymphoid neoplasm diagnosis (n = 7; 5 of them aged >10
years or <1 year), the median duration of administered main-
tenance therapy before lymphoid neoplasm diagnosis was 7
months, vs 14.5 months for those who did not experience leu-
kemia relapse (P = .08). The 5-year EFS did not differ signifi-
cantly between patients diagnosed with lymphoid neoplasm
before the year 2000 (n = 24) and those diagnosed after the
year 2000 (n = 42); P = .4 (Figure 5B). In multivariate analysis,
including age, sex, treatment era, duration of maintenance
therapy before lymphoid neoplasm diagnosis, histological
subtype, CNS and pulmonary involvement, and concurrent HLH
(performed in 58 patients with sufficient data), concurrent HLH
was the single variable associated with increased mortality (HR,
7.32; 95% CI, 1.62-32.98; P = .01) (Table 4; supplemental
Figures 2-4). In this cohort, a significant impact of different
therapeutic strategies upon lymphoid neoplasm–related mortal-
ity or upon leukemia-related mortality could not be shown
(supplemental Figures 3-5).

Discussion
To our knowledge, this is the first comprehensive report
regarding lymphoid neoplasms following pediatric ALL diag-
nosis. Here, we report that most lymphoid neoplasms occurring
after ALL are mature B-cell lymphoproliferations, 82% of which
occurred during maintenance therapy or shortly thereafter.
These lymphoid neoplasms were predominantly EBV-driven or
harbored additional histopathological characteristics associated
with immunodeficiency. All were diagnosed after prior expo-
sure to the maintenance thiopurine/methotrexate combination.
Our findings suggest that these lymphoid neoplasms are
associated with an immunodeficient state, likely precipitated by
ALL maintenance therapy.

We further report the characteristics and outcome of an inter-
national cohort of 66 patients diagnosed with a range of IA–
lymphoid neoplasms, generally EBV-related, during (or shortly
after) pediatric ALL maintenance therapy. Several distinctive
clinical features characteristic of this disorder have emerged
because of our study. Patients often presented with an
aggressive clinical picture (stage III/IV disease in 82%) with
frequent extranodal involvement, including prominent pulmo-
nary (60%), bowel (25%), and CNS (20%) involvement.
16 FEBRUARY 2023 | VOLUME 141, NUMBER 7 749
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Table 4. Multivariate OS analysis using Cox proportional hazards model (n = 58, 17 events)

Parameter Hazard ratio

95% CI

P valueLower Upper

Sex (male vs female) 3.143 0.954 10.347 .060

Age (>10 vs ≤10 y) 1.240 0.375 4.103 .724

Treatment era (lymphoid neoplasm diagnosis before 1 January 2000 vs
after 1 January 2000)

1.827 0.609 5.482 .282

Early (<1 y) vs late (≥1 y) since maintenance therapy initiation 0.852 0.275 2.640 .782

Lymphoid neoplasm subtype (monomorphic LPD vs other) 0.384 0.089 1.659 .200

CNS involvement (yes vs no) 0.219 0.026 1.843 .162

Pulmonary involvement (yes vs no) 1.729 0.492 6.077 .393

Concurrent HLH (yes vs no) 7.318 1.624 32.978 .010
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Concurrent HLH was associated with an increased risk of mor-
tality (HR, 7.32; 95% CI, 1.62-32.98; P = .01). Lymphoid neo-
plasms were diagnosed well into maintenance therapy (median
14 months), suggesting a cumulative, or delayed, effect of
maintenance medication exposure. The predominance of
advanced-stage (III/IV) disease and the absence of reported
nondestructive (early) lesions suggest that maintenance-
associated lymphoid neoplasms may be underdiagnosed as
well as underreported. Furthermore, the lack of recognition of
this clinical entity might have contributed toward its belated
diagnosis (median 5 weeks from symptom initiation), high inci-
dence of intestinal perforations (8 out of 15 with gastrointestinal
involvement), and fatality rates, which have not significantly
improved over the years. With the decreased use of radio-
therapy and epipodophyllotoxins in contemporary ALL pro-
tocols, leading to a decreased rate of their associated
secondary malignancies, maintenance-associated lymphoid
neoplasms may now represent a significant subtype of subse-
quent malignancies.18

Lymphoproliferations that arise in patients treated with immu-
nosuppressive drugs for autoimmune disease or conditions
other than in the post-transplant setting are classified by the
WHO (supplemental Table 2) as IA-LPDs, specifically as other
iatrogenic IA-LPDs, 8 a distinct category that is very rarely
reported in a pediatric population. Both methotrexate and thi-
opurines have previously been associated with LPD in the
adult population: in methotrexate therapy of autoimmune dis-
orders19,20 and in patients treated with thiopurines due to
inflammatory bowel disease.21,22 In the contemporary WHO
classification, the full range of lymphoproliferations uncovered
in our study are not encompassed under 1 category; most
subtypes are formally recognized in the post-transplant setting
only.13 Additional entities encountered in our study, lympho-
matoid granulomatosis9 and EBV-positive mucocutaneous
ulcer23 (together accounting for 26% of cases in the IA–
lymphoid neoplasm cohort), both predominantly EBV-driven,
are also known for their association with an immunodeficient
state. Thus, the data emerging from this study refine and
expand our knowledge regarding the full repertoire of
EBV-ASSOCIATED LYMPHOID NEOPLASMS AFTER ALL
histopathological findings that may be found in this specific
immunodeficient setting.

The crucial importance of recognizing IA–lymphoid neoplasms
lies in the therapeutic implications: these neoplasms may
regress in response to a reduction in immunosuppression. This
has a major effect upon treatment strategies (Figure 6).
Reduction in immunosuppression, namely maintenance ther-
apy discontinuation, is a primary step toward control of
IA–lymphoid neoplasms by the restoration of cellular immu-
nity.24,25 In our study, systemic chemotherapy was adminis-
tered only to 38% of the cohort, a third of whom received
low-dose, de-escalated chemotherapeutic regimens, whereas
rituximab was administered to 45% of the patients. Our data
support a sequential, stepwise treatment strategy in selected
patients, similar to that used in post-transplant LPDs.16,17,26-29

This strategy may include, as a first step, maintenance
discontinuation and rituximab administration.30-32 Low-dose
chemotherapy16,17 may be given in combination with ritux-
imab, or added sequentially, if the tumor response to ritux-
imab is insufficient. Standard NHL therapeutic regimens may
be used as a salvage therapy for progressive disease. Adop-
tive immunotherapy using third-party EBV-specific cytotoxic T
lymphocytes may be utilized.33-36 Rare histopathological sub-
types of IA–lymphoid neoplasms, such as Burkitt lymphoma37

and natural killer T-cell lymphoid neoplasms,38 may be treated
with histology-specific treatment regimens.39 Novel immuno-
therapeutic approaches, including checkpoint inhibitors,40

chimeric antigen receptor T cells,41 daratumumab,42 and
brentuximab,43 are currently being explored in the post-
transplant setting. When a patient is diagnosed with a
lymphoid neoplasm after ALL, tumor assessment for EBV is an
integral part of the standard workup, and communication with
the pathologist is of paramount importance to ensure the
delivery of optimal tailored therapy. Although the prospective
monitoring of EBV DNA is recommended in certain high-risk
post-transplant populations,44,45 routine surveillance during
maintenance therapy of pediatric ALL does not appear justi-
fied because of the rarity of this disorder and a potentially low
yield of such an approach.
16 FEBRUARY 2023 | VOLUME 141, NUMBER 7 751
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Early truncation of maintenance therapy may adversely affect
leukemia outcome.46,47 However, the optimal duration of the
maintenance phase of therapy, which differs between leukemia
subtypes,48 has not yet been determined.49 Fortunately, a large
proportion of IA–lymphoid neoplasms occur at advanced stages
of maintenance therapy (median, 14 months). Here, mainte-
nance therapy was successfully reinitiated in 8 of 10 attempted
cases. The decision to restart maintenance therapy must be
carefully weighed considering potentially life-threatening
recurrences of lymphoid neoplasms. Maintenance therapy
may be reinitiated in patients who have not completed a sig-
nificant portion of their maintenance therapy, provided that
complete remission from lymphoid neoplasm has been attained
and that the patient is in good clinical condition. The lymphoid
neoplasm subtype and staging as well as leukemia subtypes
should also be considered. Maintenance reinitiation, if under-
taken, should be closely monitored, both clinically and radio-
logically. Longitudinal monitoring of EBV viral loads in these
cases is recommended.

The limitations of this study include its retrospective design and
the absence of a central review of histopathological specimens.
The size of the cohort and heterogeneity of lymphoid neoplasms
preclude the drawing of statistically definitive conclusions
regarding therapy. The overall risk for subsequent hematological
malignancies after ALL diagnosis is reportedly 1% to 2% in
current collaborative protocols,50 with NHL accounting for
16% of these cases. The majority of subsequent hematological
752 16 FEBRUARY 2023 | VOLUME 141, NUMBER 7
malignancies (80%) occur within the first 5 years from ALL diag-
nosis.7 However, the exact incidence of maintenance-associated
IA–lymphoid neoplasms is difficult to estimate because of
underreporting, even among patients treated on clinical trials.
Here, 30 of 46 post-ALLmature B-cell lymphoproliferations (65%)
occurring during maintenance therapy or shortly thereafter
harbored a histopathological evidence of association with
immunodeficiency, yet the other 16 cases lacked sufficient
recorded data, suggesting that the extent of this phenomenon
may be greater than estimated. Future prospective studies may
enable a true assessment of its incidence, dose-response rela-
tionship, and latency frommaintenance therapy and may lead to
the identification of patients who are at risk for this rare
complication.

The majority of EBV infections have a self-limited clinical course
in immunocompetent patients. In certain settings, patients may
have an impaired ability to control EBV infection, with ensuing
life-threatening complications, including malignancy and
HLH.51 EBV-driven lymphoid neoplasms result from the prolif-
eration of infected B cells in the setting of deficient cytotoxic
T-cell surveillance. Our findings suggest that the pathogenesis
of post-ALL IA–lymphoid neoplasms is related to an immune
dysregulation occurring specifically during or after the exposure
to maintenance therapy. Maintenance therapy exerts cytotoxic
and immunosuppressive effects, both of which may play a
role in inducing lymphoid neoplasms. Thiopurine-induced
strand breakage, through displacement of purine nucleotide
ELITZUR et al
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incorporation into DNA, may predispose to carcinogenesis.52-56

Multiple mechanisms have been postulated for the immuno-
modulatory effects of methotrexate57 and thiopurines,
including the unique role of thiopurines in the induction of
T-cell apoptosis.58-61 Several studies have reported the immune
effects of ALL therapy.62-69 Although significant neutropenia is
rare during maintenance therapy, lymphopenia is common,
persisting months after treatment completion.63-66 B-cell counts
are severely suppressed during maintenance therapy, with dif-
ferential reconstitution rates of various B-cell subpopulations
after therapy cessation. The extent of T-cell suppression during
ALL therapy varies between different reports.62,67-69 A slow
reconstitution of the T-cell compartment following therapy
completion has been reported, with a prolonged T-cell subset
imbalance.62,68 Whether a synergistic effect of combined thio-
purine and methotrexate therapy or an additive immunomod-
ulatory effect of previous intensive chemotherapy contributes to
the pathogenesis of IA–lymphoid neoplasms 62,70 remains to be
established.

Despite a low incidence of sporadic NHL71-73 in patients with
Down syndrome74 and although this patient subset accounts
for only 1% to 3% of patients in childhood ALL clinical
studies,75 in our study, 6 out of 66 (9%) patients were indi-
viduals with Down syndrome. This relatively high incidence
suggests that an inherent underlying immune dysregulation
may further predispose these individuals to this disorder.
Indeed, patients with Down syndrome have a significantly
higher risk for treatment-related mortality during maintenance
therapy,75,76 yet the mechanisms underlying their particular
vulnerability to this phase of therapy are poorly understood.
None of the other study patients were reported to have any
known genetic predisposition syndrome or history of immu-
nodeficiency. However, most children who receive ALL main-
tenance therapy do not develop IA lymphoid neoplasms,
suggesting a role for host genetic predisposition,77-80 which
may be further investigated in the future. Thus, although
maintenance therapy plays a pivotal role in contemporary
pediatric ALL therapy,48 our report of maintenance therapy-
associated lymphoproliferations further illustrates that the
precise nature of the prolonged immune dysregulation asso-
ciated with this phase of ALL therapy remains unclear and
requires further investigations.

In conclusion, this is the first comprehensive report regarding
immunodeficiency-associated lymphoid neoplasms after pedi-
atric ALL diagnosis and their association with maintenance
therapy. Physicians engaged in the treatment of pediatric ALL
should be aware of this life-threatening, but treatable, compli-
cation of ALL maintenance therapy.
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