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Ras-associated autoimmune leukoproli-

ferative disorder (RALD) is a chronic, non-

malignant condition that presents with

persistent monocytosis and is often associ-

ated with leukocytosis, lymphoproliferation,

and autoimmune phenomena. RALD has

clinical and laboratory features that overlap

with those of juvenile myelomonocytic

leukemia (JMML) and chronicmyelomono-

cytic leukemia (CMML), including identi-

cal somatic mutations in KRAS or NRAS

genes noted in peripheral blood mononu-

clear cells. Long-term follow-up of these

patients suggests that RALD has an in-

dolent clinical course whereas JMML is

fatal if left untreated. Immunophenotyping

peripheral blood from RALD patients shows

characteristic circulating activated mono-

cytes and polyclonal CD101 B cells. Dis-

tinguishing RALD from JMML and CMML

has implications for clinical care and prog-

nosis. (Blood. 2015;125(18):2753-2758)

Introduction

Ras-associated autoimmune leukoproliferative disorder (RALD) is
a nonmalignant clinical syndrome initially identified in a subset of
putative autoimmune lymphoproliferative syndrome (ALPS) patients.1

Similar to patients with ALPS, RALD patients present with lymph-
adenopathy,massive splenomegaly, increasedcirculatingBcells, hyper-
gammaglobulinemia, and autoimmunity.1-3 In contrast to ALPS,
biomarkers such as CD4–/CD8– double negative T-cell receptor ab
(TCRab1) T cells and serum vitamin B12 levels are not always in-
creased, and germline or somatic mutations in FAS, FASL, or CASP10
are absent in RALD. Persistent absolute or relative monocytosis is
a cardinal feature of RALD. Bone marrow and peripheral blood smear
findings overlap with those of juvenile myelomonocytic leukemia
(JMML) in children or chronic myelomonocytic leukemia (CMML) in
older patients. Activating somatic mutations that cause amino acid
substitutions that affect codons 12 or 13 in KRAS or NRAS were
identified in myeloid and lymphoid lineages.2 In 2009, the revised
classification and nomenclature of RALD was adopted to distinguish
it from ALPS.4

JMML is an aggressive malignant hematopoietic neoplasm of
childhood with myelodysplastic and myeloproliferative features.
Patients present with splenomegaly, fever, thrombocytopenia, mono-
cytosis, and excess myelomonocytic cells that infiltrate skin and
vital organs. JMML accounts for 20% to 30% of myelodysplastic/
myeloproliferative disorders in thepediatric population.5Theprognosis
for JMML is poor withmedian survival of 1 year for untreated patients.
Hematopoietic stem cell transplantation has become the standard of
care for JMML.6,7 CMML has a variable course in adults and often re-
quires chemotherapy.

RAS

RAS genes (named for their role in forming rat sarcomas) were first
recognized 50 years ago in tumor-initiating retroviruses (eg, Harvey
sarcoma virus, Kirsten sarcoma virus, andRasheed sarcoma virus),

and their cellular homologs are implicated in myeloproliferative
neoplasms8 and are foundmutated in almost 30%of human cancers.9,10

How RAS proteins contribute to neoplasia and lymphoproliferative
disorders remains to be fully elucidated.9,10 The RAS signaling pro-
teins are ubiquitously expressed in all cells and serve as small guano-
sine triphosphatases (GTPases) that play diverse roles in cell cycle
progression, proliferation, apoptosis, and cytoskeletal motility. In
the immune system, they control B-cell tolerance and production of
autoantibodies.11 Germline RAS mutations have been identified in
nonmalignant conditions, including5neurodevelopmental dysmorphic
syndromes termed “RASopathies” that carry an increased risk of
autoimmunity and malignancy.12-14

Remarkably, the identical KRAS or NRAS mutations found in all
RALD patients are also reported in up to 25% of JMML patients,15

suggesting a shared molecular etiology. Amino acid substitutions in
codons 12 and 13 of KRAS or NRAS noted in our cohort of patients
(Figure 1A) result in constitutive binding of GTP and activation of the
NRAS or KRAS proteins thereby inducing the RAF/MEK/ERK sig-
naling pathway. Increased signaling causes proliferation and down-
regulation of the proapoptotic protein Bim,1 resulting in attenuation of
the intrinsic mitochondrial pathway of apoptosis. In vitro studies
of T cells from RALD showed partial resistance to interleukin-2
withdrawal-induced apoptosis but sensitivity to other intrinsic apopto-
tic pathway stimuli. Farnesyltransferase inhibitors, which block the
function of RAS, restored Bim levels and apoptosis in T cells from
RALD patients.1,2

Although both RALD and JMML share common RAS mutations,
JMML cells apparently accumulate additional genetic abnormalities
that contribute to themalignant phenotype. These include cytogenetic
abnormalities and activating somatic mutations in PTPN11, c-CBL,
ASXL1, and FLT-3.16-20 Additionally, germline mutations in neuro-
fibromatosis type 1 (NF1) syndrome lead to a high risk of developing
JMMLin thefirst decade of life.16NF1 encodes neurofibromin,which
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functions as aGTPase-activating protein that regulates theRAS/RAF/
MEK/ERK signaling pathway.21 Noonan syndrome is also one of the
so-called RASopathies characterized by germline mutations in genes
involved in theRASpathway, includingPTPN11,22KRAS,RAF1, and
NRAS, resulting in an increased risk of developing JMML.14 On the
basis of recent molecular analyses, more than 90% of JMML patients
were found to harbor somatic mutations in NRAS, KRAS, NF1,
PTPN11, and CBL, all of which are thought to act as driver mutations
in the RAS signaling pathway.6,16 Somatic mutations in PTPN11 are
indeed the most commonly identified mutations found in up to 35% of
patients with JMML.17,22 Whole-exome sequencing has led to the de-
tection of secondarymutations involvingSETBP1 and JAK3 in 17%of
JMML patients.23

The current accepted diagnostic criteria for JMML24,25 have been
revised from the World Health Organization 2008 recommendations.
Category 1 criteria (all of the following should be met) include
persistent monocytosis with more than 1000 monocytes per microliter
(13109/L) in the peripheral blood, splenomegaly, less than 20%blasts
in the bone marrow and/or peripheral blood, and absence of the t(9;22)
BCR-ABL translocation. Category 2 criteria (at least 1 of the following

conditions must be met) include somatic mutation in RAS or PTPN11,
clinical diagnosis ofNF1orNF1 genemutation, homozygousmutation
inCBL, or monosomy 7. Category 3 criteria (at least 2 of the following
must be met if category 2 criteria are not satisfied) include circulat-
ingmyeloid precursors, white blood cell (WBC) count ofmore than
10 000/mL (10 3 109/L), increased hemoglobin F for age, clonal
cytogenetic abnormality excludingmonosomy 7, and granulocyte
macrophage–colony-stimulating factor hypersensitivity of myeloid
progenitors in vitro. Of note, 7% to 10% of JMML patients may not
have splenomegaly at presentation; if the remaining category 1 criteria
aremet, in addition to 1 of category2 criteria or 2 of category3 criteria,
a diagnosis of JMML may be made.

Nearly all the RALD patients in our cohort technically meet the
revised diagnostic criteria for JMML. It is yet to be establishedwhether
RALD is a nonmalignant disease, a premalignant condition, or a clonal
indolent malignancy of childhood. On the basis of our data and the
indolent clinical course, our group hypothesizes that RALD is a non-
malignant disease with the potential for malignant transformation in
rare individual cases. Lanzarotti et al26 reported 1 RALD patient who
progressed to severe JMML after 10 years of indolent disease.

Figure 1. (A) Simplified depiction of Ras protein

with sites of mutation noted in Table 1. Combined

structures of KRAS (blue) and NRAS (magenta).

The mutation on the right (closest to bound guanosine

diphosphate [GDP]) is G13, and G12 is on the left

(farthest from bound GDP). (B) Peripheral blood mono-

cytes from 8-year-old RALD patient 381.1 with leukocy-

tosis, monocytosis, and lymphocytosis (31000). (C) Bone

marrow aspirate from same patient showing granulocytic

hyperplasia with mild-to-moderate left shift in myeloid

maturation with less than 5% blasts (3500). (D) Bone

marrow from patient 104.1 showing pelgeroid granulo-

cytes and left shift. (E) Healthy control peripheral blood

(PB) with normal circulating monocytes that are CD16–.

(F) Healthy control PB showing that only monocytes

(turquoise) are positive for CD14 and granulocytes (green

population) are negative for CD14. (G) Healthy control PB

lymphocyte gate demonstrating that CD201 B cells are

largely CD10–. (H) PB CD141 monocyte gate showing

increased expression of CD16 on monocytes in RALD

in comparison with monocytes from healthy control (E).

(I) Prominent increased expression of CD14 on gran-

ulocytes (green) in RALD which is not seen in healthy

controls (F). (J) Peripheral blood lymphocyte gate with

B-cell lymphocytosis (polyclonal) with marked increase in

CD101 circulating late precursor B cells in comparison

with healthy control (G).
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Conversely, per published reports, some JMML patients have an in-
dolent clinical coursewith spontaneous resolutionof disease, especially
those withNRASmutations.27,28 Thus, discrimination of these disor-
ders early in life can be challenging. Additionally, RALD may be
underappreciated as a disease in the differential diagnosis of patients
with splenomegaly, lymphadenopathy, and monocytosis. The key
clinical and laboratory features of RALD have not been previously
elucidated in a large group of patients and are presented here.

Clinical spectrum of RALD

The clinical spectrum of 13 RALD patients with a median follow up of
9 years (range, 4-56 years) at our institution is outlined in Table 1. All
patients included here underwent informed consent process. All of the
patients presented with persistent relative or absolute monocytosis,
hypergammaglobulinemia, B lymphocytosis, and splenomegaly. Only
3 patients underwent splenectomy to attain relief from hypersplenism
and pain as a result of splenic ischemia and necrosis. Some had
increased hemoglobin F for age and mildly elevated serum vitamin
B12 levels (median, 1029 pg/mL; range, 1029-4548 pg/mL; normal,
193-982 pg/mL). Early in life and in adolescence, leukocytosis of
more than 10 000 cells per microliter is common, often with a notable
mild left shift and circulating immature granulocytes and monocytes.
Circulating blasts or nucleated red blood cells are rare in RALD.
Granulocyte macrophage–colony-stimulating factor hypersensitivity
of myeloid progenitors was positive in 3 of 5 RALD patients tested.

Sixpatientshadsomaticmutations inNRASand7hadsomaticmu-
tations inKRAS. Twelve of 13 patients had disease onset as children;
themale-to-female ratio was 7:6. Of note, 6 patients presented within
the first year of life (5 with KRAS mutations and 1 with an NRAS
mutation). To date, evolution tomyeloidmalignancy has not occurred
in any of the 13 patients. The oldest adultmale in our cohort (currently
57 years old) presented at 0.5 years of age, reportedlywith acute leu-
kemia (not subclassified), which resolved following treatment with
oralmedications for a few years. At age 38, he developed a peripheral
B-cell lymphoma, was successfully treated, and continues to have
persistent leukocytosis with neutrophilia, monocytosis, and lympho-
cytosis. Another pediatric patient (a 13-year-old female) died of
undetermined cause, but pericardial effusion and inflammation may
have played a role; autopsy ruled out a malignant cause of death. Of
note, 2 patients have developed pericardial effusions (Table 1), which
may be indicative of the autoimmune or autoinflammatory manifes-
tation of the disease.

Immunophenotypic and morphologic features
of monocytes, granulocytes, and lymphocytes
in RALD

Detection of abnormal antigen expression on neoplasticmonocytes and
granulocytes by flow cytometry has been described in myelodysplastic
syndromes and can help distinguish reactive nonmalignant cells from
their neoplastic counterparts.29,30 Dysplasticmonocytesmay show
aberrant or abnormal higher expression of surface proteins, including
CD56, CD16, CD7, CD2, or CD5 and downregulated or decreased
expression of CD14, CD64, CD33, CD13, CD11b, or CD11c. Dys-
plastic granulocytes often showdecreased side-light scatter associated
withhypogranularity; aberrantmaturationpatterns basedonexpression
ofCD13,CD16, andCD11b; abnormal expressionofCD2,CD7,CD5,

or CD56; increased expression of CD117, HLA-DR, or CD36; or de-
creased expression of CD64 or CD33. Presence of monocytosis with
more than 3 immunophenotypic aberrations favors a neoplastic or
clonal process over a reactivemonocytosis.30Although aberrant immu-
nophenotypic features of monocytes and granulocytes have been de-
scribed in myelodysplastic processes, including JMML and CMML,
similar studies in RALDwere lacking.We performed peripheral blood
flow cytometry in 11 of 13 patients diagnosedwithRALD (Table 1 and
supplemental Table, available on theBloodWebsite) by usingmethods
previously described.31

Peripheral blood monocytes

Median absolute monocyte count was 2700 cells per microliter (range,
1500-9910 cells per microliter), with monocytes being 26% of the
WBC (range, 9.5%-52%). Large predominantly mature monocytes
withcytoplasmicvacuoleswere seen in themajorityof peripheral blood
smears (Figure 1B) with occasional circulating immature monocytes
in 3 patients. In contrast to healthy controls (Figure 1E), 9 (82%) of 11
RALDpatients had a prominent subset of circulatingmonocyteswith
increased expressionofCD16 (Fcg receptor 3A) (Figure 1H)detected
byflowcytometry.Within thisgroup, the averagepercentageofmono-
cytes expressing CD16 was 21% (range, 13%-34%).

At least 1 example of abnormal surface antigen expressionwas seen
in 2 of 11 of RALD patients studied, including CD56 expression on
monocytes in 1 of 11 (supplemental Figure F vs B), decreased CD13
expression in1of 11 (supplemental FigureGvsC), andatypical expres-
sion of CD10 in 1 of 11 (supplemental Figure H vs G). No patients
showed decreased expression of CD11c or abnormal expression of
CD7, CD5, or CD2 on monocytes.

Peripheral blood granulocytes

The averageWBC count was 10 200 cells per microliter (range, 2900-
25 400 cells per microliter; standard deviation, 7.16), and the aver-
age absolute neutrophil count was 4100 cells per microliter (range,
560-11 200 cells permicroliter; standard deviation, 3.4). Three pediatric
patients had neutropenia (,1300 cells per microliter). Both adult pa-
tients had neutrophilia (.8000 cells permicroliter). Atypical expression
of CD14 on granulocytes was the most common finding and was
detected in 7 (64%) of 11 patients (Figure 1I vs F). Pelgeroid gran-
ulocytes were seen on the peripheral blood smears of 2 patients. None
of the RALD patients had circulating blasts greater than 0.5%.

Peripheral blood lymphocytes. The average absolute lympho-
cyte count was 2790 cells per microliter (range, 642-5900 cells per
microliter). B-cell lymphocytosis was common with an average ab-
solute B-cell count of 990 cells per microliter (range, 530-2450 cells
per microliter) with an average of 26.9% B cells (range, 3.5%-54.7%)
in the lymphocyte gate. These B cells were polyclonal. Increased cir-
culatingCD101 late precursor B cells (Figure 1J vsG)were detected in
7 (64%) of 11 of the RALD patients. Fewer than 3 atypical immuno-
phenotypic changes by flow cytometric analysis were seen in 10 (91%)
of 11 patients. Only 1 patient showed 3 atypical immunophenotypic
changes (patient 380.1) of uncertain significance, including the pres-
ence of aCD561 subpopulation ofmonocytes, aCD101 subpopulation
of monocytes, and CD141 granulocytes. All but 1 patient had mod-
estly elevateddouble-negativeTcells (CD31TCRab1andCD4–CD8–

double negative). The median was 66 cells per microliter (1.8%; range,
6-288 cells permicroliter [0.5%-7.6%]); the normal level is 6 to 23 cells
per microliter (,1.5% of total lymphocytes).

Bone marrow features. Bonemarrow specimenswere available
for review in 9 of 13 patients. Overall, marrows were hypercellular for
age with trilineage hematopoiesis and mild-to-moderate left shift in
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myeloid maturation (Figure 1C) with less than 5% blasts. Pelgeroid
neutrophils were seen in 2 bone marrow specimens (Figure 1D).
Overtly dysplastic features inmore than 10%ofmyeloid,monocytic,
megakaryocytic, and/or erythroid lineages were not definitively iden-
tified. Cytogenetic analyses of marrow aspirates revealed a normal
karyotype.

Discussion and spectrum of disease

ThepresenceofRASmutations in thehematopoietic lineagesofpatients
with RALD suggests that RALD is a somatic disorder likely arising in
an early precursor or hematopoietic stem cell leading to myelomono-
cytic and lymphoid hyperplasia with some features resembling JMML
and/or CMML. Cryopreserved umbilical cord blood was available
for testing in 1 patient (patient 381.1) and showed no KRASmutation,
which suggests that the somatic genetic defect develops after birth.
Atypical immunophenotypic changes in peripheral blood monocytes
and granulocytes are detected in RALD. Increased CD16 expression
on monocytes suggests that the monocytic population comprises in-
creased nonclassical32 or activated monocytes that have features of
tissue macrophages,33 cells that are also increased in sepsis and
inflammation.32,34 Polyclonal B-cell lymphocytosis with circulating
CD101Bcells and increasedCD14expressionongranulocytes are also
common in RALD. Although these immunophenotypic changes are
characteristic for RALD, we do not know the diagnostic specificity
because a detailed comparison of the monocyte immunophenotype in
JMML and/or CMML has not been performed.

Current revised diagnostic criteria for the diagnosis of JMML are
suboptimal because these criteria are unable to distinguish JMMLwith
a normal karyotype (a malignant condition) from RALD (an indolent
condition). Given that RALD and its clinical overlap with JMML are
likelyunderrecognized, somepatients diagnosedwith JMMLmayhave
an indolent disease more consistent with RALD. JMML patients have
occasionally been reported to undergo spontaneous regression of pro-
liferative myelomonocytic disease27,35-37 with persistence of autoim-
mune disease, B lymphocytosis, and RAS-mutated clones.35 RAS
activation can indeed alter selection patterns of autoreactive B cells and
antibody production leading to autoimmune manifestations.11 Others
have reported long-term survival of JMML patients without the need
for chemotherapy treatment or bone marrow transplant, and relief
of symptoms by using immunosuppressive agents such as sirolimus,
suggesting indolent autoinflammatory disease.27,35-38 Niemeyer et al39

reported that 65% of JMML patients had hypergammaglobulinemia,
and 22%had signs of autoimmunity, which are also features of RALD.
Interestingly, although PTPN11 mutations result in constitutive acti-
vation of the RAS signaling pathway and are common in JMML17,22

and Noonan syndrome, so far we have not identified PTPN11 mu-
tations in any of the patients being evaluated for RALD. This may be
related to the fact that PTPN11 mutations confer a more aggressive
phenotype and rapidly fatal disease in JMML14 in contrast to the in-
dolent clinical course associated with RALD.

We view RALD and JMML as related diseases within a broad
spectrum. Both share underlying RAS mutations and myeloprolifera-
tion. However, additional genetic alterations are likely obligatory for
progression to JMML. Notably, 1 RALD patient developed an
aggressive clinical phenotype suggestive of JMML 10 years after

RALDdiagnosis.26Themost definitive diagnostic distinctionbetween
RALD and JMML occurs in the setting of a cytogenetic abnormality
(eg, monosomy 7), which excludes RALD and favors a malignant
process. All 9 patients tested in our RALD cohort had karyotypically
normal bone marrow. However, normal bone marrow cytogenetics is
also reported in approximately 65% of JMMLpatients.39Morphologic
evidence of dysplasia, if present, is considered a helpful diagnostic
feature in JMML and/or CMML. However, morphologic features
compatible with dysplasia, such as hyposegmented pelgeroid neu-
trophils, can also be seen in RALD (Figure 1), further obscuring the
distinction.Consensus diagnostic guidelines are critical for distinguish-
ingRALD from JMML in the setting of a normal karyotype in order
to guide appropriate therapy. On the basis of the indolent nature of
the disease, we would recommend very close clinical monitoring for
malignant transformation and/or acquisition of additional dysplastic,
molecular, or clonal karyotypic abnormalties in RALD. We recom-
mend avoiding aggressive interventions such as hematopoietic stem
cell transplantations in RALD patients without clear evidence of
malignancy. Further collaborative investigations with integration of
clinical and laboratory studies, long-term follow-up, and exploration
of targeted therapeutics in modulating RAS pathway dysfunction in
larger cohorts is imperative to distinguish RALD from JMML and to
optimize patient care.
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