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Abstract

Ras-associated autoimmune leukoproliferative disorder (RALD) is a clinical entity initially identified in patients evaluated for an
autoimmune lymphoproliferative syndrome (ALPS)-like phenotype. It remains a matter of debate whether RALD is a chronic
and benign lymphoproliferative disorder or a pre-malignant condition. We report the case of a 7-year-old girl diagnosed with
RALD due to somatic KRAS mutation who progressed to a juvenile myelomonocytic leukemia phenotype and finally evolved
into acute myeloid leukemia. The case report prompted a literature review by a search for all RALD cases published in PubMed
and Embase. We identified 27 patients with RALD. The male-to-female ratio was 1:1 and median age at disease onset was 2 years
(range 3 months—36 years). Sixteen patients (59%) harbored somatic mutations in KRAS and 11 patients (41%) somatic mutations
in NRAS. The most common features were splenomegaly (26/27 patients), autoimmune cytopenia (15/16 patients), monocytosis
(18/24 patients), pericarditis (6 patients), and skin involvement (4 patients). Two patients went on to develop a hematopoietic
malignancy. In summary, the current case documents an additional warning about the long-term risk of malignancy in RALD.

Keywords Autoimmunity - KRAS - NRAS - malignancy - Ras-associated autoimmune leukoproliferative disorder

Introduction

The autoimmune lymphoproliferative syndrome (ALPS), the
most common genetic disorder of lymphocyte apoptosis, is
caused by germline or somatic mutations in the gene encoding
FAS (a cell-surface receptor from the TNF receptor superfam-
ily), germline mutations in Fas ligand (FASLG), or caspase 10
(CASP10) [1-3]. Patients develop early-onset chronic spleno-
megaly frequently associated with lymphadenopathy and
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present a high incidence of autoimmunity (mainly cytopenias)
as well as an increased risk for the development of hemato-
logical malignancies, including both Hodgkin and non-
Hodgkin lymphoma [3].

In 2007, Oliveira et al. reported a patient with an ALPS-like
disease caused by a somatic mutation in NRAS [4]. Later, two
additional patients with similar phenotype of non-malignant
lymphoproliferation and autoimmune cytopenias were found
to have mutations in KRAS [5]. Previously designated ALPS
type IV, these patients are now reclassified under a new clin-
ical entity termed RALD, for Ras-associated autoimmune
leukoproliferative disorder.

Somatic mutations in the 3 RAS genes (HRAS, KRAS,
NRAS) are found in almost 30% of human cancers, solid as
well as hematological where they act as oncogenes [6]. The
NRAS and KRAS mutations observed in RALD patients are
heterozygote-dominant and gain-of-function mutations, simi-
lar to the ones described in tumors and in a subpopulation of
patient with juvenile myelomonocytic leukemia (JMML) [7]
with which RALD shares some clinical and laboratory find-
ings. However, the question arises as to whether RALD is a
chronic and benign lymphoproliferative disorder or a pre-
malignant state.
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We describe a case of RALD evolving into myeloid malig-
nancy. We review all RALD patients reported so far in the
literature to broaden the current understanding of the clinical
aspects, laboratory features, and outcome of the disease.

Case Description

A girl born from non-consanguineous Caucasian parents was
first noted to have hepatosplenomegaly with lymphadenopa-
thy when admitted at the age of 15 months for fever and
purpura. Her past medical history was characterized by recur-
rent otitis media, stomatitis, panniculitis, and gastro-enteritis,
and one episode of mastitis. Blood analysis revealed the pres-
ence of hemolytic anemia with positive direct Coombs test,
thrombocytopenia, and neutropenia. Lymphocytes count was
normal and monocytosis was noted (1420/uL). Serum
immunoglobin levels were normal. Immunophenotyping of
peripheral blood lymphocytes revealed increased B cell per-
centage (CD20+, 3055/uL) and increased TCRo+3+ CD4-/
CD8- double-negative T (DNT) cells (3.0%). Biomarkers typ-
ically associated with ALPS, such as IL-10 and sFASL, were
normal, and Sanger sequencing failed to show a mutation in
FAS. Bone marrow aspiration revealed normal cellularity
without clonal cytogenetic abnormalities. A diagnosis of
ALPS-like disease was proposed.

Whole exome sequencing showed a ¢.38 G>A
(p.Gly13Asp) KRAS somatic mutation in peripheral blood
mononuclear cells evoking a diagnosis of RALD.
Interestingly, an inherited microduplication 22q11.2 was also
observed, although the patient has no apparent physical or
intellectual disabilities related to this condition.

During the following 4 years, the clinical course was com-
plicated by persistently recurrent infections including pneu-
monia (5 episodes, one with pleural effusion) and cellulitis
(4 episodes), requiring hospitalizations. The patient subse-
quently developed severe autoimmune and auto-
inflammatory manifestations, including arthritis and recurrent
pericarditis. She was treated sequentially with methylprednis-
olone, mycophenolate mofetil, sirolimus, and later with
methotrexate.

At the age of 5.5 years, bone marrow aspiration showed
evolution into a mixed myelodysplastic and myeloprolifera-
tive syndrome without blast excess. Because of progression
into JMML phenotype in addition to serious autoimmune
manifestations and hematologic disease, hematopoietic stem
cell transplantation (HSCT) was considered.

One month later, a biological work-up revealed
hyperleukocytosis with a white cell count of 8§6.000/uL.
Bone marrow aspiration showed a diagnosis of acute myeloid
leukemia (AML) with 57% of blast cells. Karyotype was nor-
mal, 46 XX. A comprehensive genetic characterization of
AML samples was performed by a 50 genes panel PCR-
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based next generation sequencing platform (TruSight™
Myeloid Sequencing Panel, Illumina, San Diego, CA, USA)
and identified a mutation in NPM1 gene. The patient was
treated according to the NOPHO-DBH AML2012 protocol
[8] and achieved complete remission. She received a HSCT
from her haploindentical father following a conditioning reg-
imen consisting of thiotepa-busulfan-fludarabine. She re-
ceived post-transplant cyclophosphamide followed by tacroli-
mus and mycophenolate mofetil as graft versus host disease
(GVHD) prophylaxis. The HSCT was complicated by a BK
virus-associated hemorrhagic cystitis and a grade 11 GVHD.
The immunosuppressive therapy was stopped 14 months post-
HSCT. At last follow-up, 26 months post-HSCT, the patient
has a full donor chimerism with no signs of AML or RALD.

Literature Review

We searched all cases diagnosed as RALD in PubMed and
Embase published between May 2007 and February 2020.
The keywords used were “Ras-associated autoimmune
leukoproliferative disorder,” “NRAS (and) autoimmunity,”
and “KRAS (and) autoimmunity.” Publications in English or
French were considered. The data set regarded demographic
characteristics (age and gender), clinical phenotype including
autoimmune and lymphoproliferative complications, labora-
tory explorations, RAS mutation, management, and outcome.

Demographics and Initial Presentation

Our review identified 14 publications describing 27 RALD
patients [4, 5, 9-20]. The clinical and laboratory characteris-
tics of the patient population are outlined in Table 1. The
male-to-female ratio was 1.1. The median age at disease onset
was 2 years (range, 3 months to 36 years): 9 patients had onset
within the first year of life (33%) and only 2 of the patients had
late-onset disease (i.e., 13 and 36 years). Median follow-up
was 7 years with a range of 1 to 56 years.

Sixteen out of these 27 patients (59%) had somatic muta-
tions in KRAS and 11 (41%) had somatic mutations in NRAS,
involving the 12th or 13th codon. These mutations were pres-
ent only in cells of the hematopoietic lineage (myeloid and
lymphoid) but not in skin-derived fibroblasts or mouth swab
samples. The initial age of presentation of the RALD patients
who were subsequently found to have a NRAS mutation was
younger (median 9 months) than of the KRAS patients (medi-
an 3 years old).

The first disease manifestations were cytopenia and lym-
phoproliferation (n = 10), cytopenia (n = 2), lymphoprolifera-
tion (n=2), or cutaneous involvement (n=1). A history of
recurrent infections that began months prior the onset of au-
toimmune and/or lymphoproliferative manifestations was re-
ported in 5 patients and included bronchitis, bronchiectasis,



J Clin Immunol

uonejuedsuen

1199 was onatodojeway 7HSH ‘oprwueydsoydojoko g ‘mejowr sjejouaydodiur ,Jpypy ‘surnqojSountuul 57 ‘SproIdjsooniod §9) ‘Apoquue [iydonnu-nue Ny ‘Apoquue jo[eie[d-nue Jy ‘Apoquue yYNJSP
-Iue YA/(JSP ‘SQIpoquue Ies[onunue YAy ‘ssrpoquue urdijorpieonue )y ‘JueinSeoonue sndnj y7 959} Apoquue 10011p 7 V(7 “eruadonnau y ‘eruadojfooquiony 7 ‘enuoue oNAoway 77 POUTIINND J0U (TN

auimboio[yoAxoIpAy asin
SILIYLE JUSWIOAOAUE SNOSUETIN) NN I AT ‘SO an an 00T 81T VNV ‘VNAsP ‘LVa L - SVIN aAIE 9 v El 0T LT
SISE)IAMYIUOIq dpruoun(ya| J€1D
SUONORJUT JURLINORL ‘SHLIYLY EARCCLITRNe) TL an 0€8 6291 VNV ‘VNAsP ‘LVa L + SVAN aAIE ‘L I I 0T 9T
SUONIAJUI JUSLINIAX .w_:nudo_koﬂ VYOV asin
JUOIIAOAUE SIOIUEIND ‘SHEMY S[AL'SD 6t an 06L1 1€€T VNV ‘VNAsP ‘Lvd L'VH + SVAN oAIE Y € I 0T ST
JUSWIIA|OAUE STOSUEIN) SO [eardoy an an + - VNV - + STID SV e ‘g 9 W 61 1T
SLAI V1 )
SppreoLIad ‘SUONORJUT JURIMYY  ‘GEIXMI AN ‘dD ‘SO 6T an an LLLS VNV ‘VNASP ‘dV ‘Lvd L'VH + SV AIE T 4 El 81 €T
Kwoyoouayds VEID
SUONORUI JUDLINGSY ‘upAwreder ‘S ‘51 Al 9T an 0191 0591 va L'VH + SV aAIE 9 SLO El L@
SHLRE Aojeuelyus NN ‘2utidoryeze og1D
/S9YOEPBAU/UOISTYD [BIPIBOLIO] ‘4D “qeurxmu ‘g0 [ewwou an an 00T LVA 'VNGSd VNV N°‘L‘VH + SV aAIE S| v I 91 1T
o£19
Uoj0d 1e 193]} NN ‘SO an an 069 6vLT Jnisod L'VH + SV aAIE ‘ST €1 W S1 0z
OWMOm_ﬁ «0&;@@ &m:::\::mﬁﬂ Um 1 mu
[EuSoyuL BB [EYME/dSH a1y “un0dsopAd ‘g SLT 80 9g€ 8101 JnesoN L'VH - SV SAIE ‘AN € I SLPL 61
VNasa-hue acion
1049 JULINOTY Adesoyy ou 90 8'€ bss 0LTC VAV VNV ‘VOV V1 L'VH + SVIN aNIE ‘AN I El €l 81
Vdv acion
aunoxdsofokd ‘5 LTI-S9 an 434 €10 ‘VNASPVOV VNV N'L‘VH + SVAN aAIE ‘AN S0 El €l Ll
uonexjijoid qeurxnL O€1D KoueuSijew
1199 € dHOo/SHUME/SIpIEOLId  ‘Awojoaudlds B AT SO an an an 00+8 an L‘VH + SV poseasap ‘07 S El 91
an an an 00Ty 0£01 an an AN STID SVIN oAl g SLO W 6 Sl
aco
an an an 00LE 061 VNV VOV ‘V1'Lvd an an SVIN NI 61 4 W 6 ¥l
agion
snuydouo[niswoln an an an 0012 0SLT v1iva an an SVAN OAIE 6 ST0 W 6 €1
agio
an an an 008 001Z VNV YOV ‘Lvd an an SVAN aAIE 9 ST0 W 6 Tl
ATID
an an an 00€°p1 0LS1 an an an SVIN e S $TO I 6 11
RI3D)
SpIpIEOLIg an an an 0081 0LE1 v11va an an SV A T] 4 El 6 01
an an an 0081 0191 VNV VOV ‘Lvd an AN STID SV aAIE €] € W 6 6
uopewwE] A740)
~UL [9MOQJUSLISA[OAU SNOAUTIN) NN ‘SO an an 00001 0Pl VNV ‘V1°Lvd an an SV OAIE ‘gh 9€ El 16 8
o£19
an an an 001T 01p1 VNV ‘V1°'Lvd an an SV aAIE 0] v d 6 L
ason
an an an 00t°6t 0sPT VOV VNV ‘Lvd an an SV AIE ‘0T I El 6 9
azion
JUSLLIDA[OAUI SNOAUEIN) an ! Lo 0061 [([444 VNV VOV V1 N‘L‘VH + SV aAIE T] S El 01’6
£ €] e asned pauruiLiapur jo J€¢1D
UIEAP/SUONOAUI JUSLINOYSHPIEILd an 80 an 00S1 0€1T dv ‘NV VOV L'VH + SV paseadap ‘g| v El 01’6
1OSH asio
‘ouiqereifo ‘ST Al SD Il 61 o1s 7981 NV ‘VNASP VNV ‘Lva L'VH an SV SAIE ‘AN S0 El S €
VOV ‘YNAsp acion
e) vl 90 09L L90€ VAV ‘VNV ‘Lva L'VH + SV AIE ‘LT SLO W s C
agion
0K 7¢ 18 HN'/0K 1 1¢ eiwoyna ajnoe an 0T an 00LE 011 ¥d VOV YNV ‘Lvd an + SVAN dAIE ‘LS S0 W 67 1
(1)
(%) (%) unood Lo0uow (1P saIpoqruEOINE owoono £ ‘yosuo
suonesrdwo) (spuoumear], INQ-g» A9H Jnjosqy /3wr) D3| aAnIsoq eruadolk) DINS AV uonemnpy A ‘e 98y JO 98y 10puon) (S)00oudIdfoy
syuoned TV JO seImjed) A1ojeloqe| pue [eorur]) | d|qel

pringer

Qs



J Clin Immunol

pneumonia, cellulitis, otitis, and severe viral infections (e.g.,
herpes simplex virus and cytomegalovirus).

The initial diagnosis retained included ALPS (n=4), sys-
temic lupus erythematosus (n =4), JIMML (n = 3), Evans syn-
drome (n=2), immune thrombocytopenic purpura (n=2),
and hemophagocytic lymphoplasmocytosis (n = 1).

Autoimmune, Lymphoproliferative, and Cutaneous
Manifestations

Splenomegaly was documented in almost all patients (26/27,
96%) and generally occurred early in the course of the disease.
Five patients underwent splenectomy, because of
hyperplenism, pain, or large splenic infarct. No bacterial sep-
sis after splenectomy has been reported. Chronic lymphade-
nopathy was also frequent (14/16, 88%).

At initial presentation, cytopenias were found in 13 out of
16 patients for whom data are available: autoimmune hemo-
lytic anemia (AIHA) in 1 patient, immune thrombocytopenia
(ITP) in 4 patients, and simultancous AIHA and ITP in 8
patients. In 3 of these patients, a second cytopenia only devel-
oped afterwards. A concurrent neutropenia was reported in 3
cases. Two other patients with initial normal blood test devel-
oped Evans syndrome during disease progression.

Gastrointestinal manifestations were recorded in 4 KRAS
patients. Colonoscopy was performed in all of them and
displayed B cell proliferation (n = 1), colic inflammation re-
quiring resection (n=1), and ulcerations (n =2). Patient 19
was diagnosed as Behget colitis and treated with adalimumab
associated with clinical benefit.

Other autoimmune and/or inflammatory complications
were pericarditis and/or pericardial effusion (n = 6), arthralgia
and/or inflammatory arthritis (n =5), and glomerulonephritis
(n=1). All but one of these patients harbored a KRAS muta-
tion. Neurological findings, of uncertain relation with RALD,
were reported in patient 21 and consisted in headaches with
microinfarcts as demonstrated by MRI.

Four patients (2 with KRAS mutation and 2 with NRAS
mutation) developed recurrent or persistent unspecified ery-
thematous and edematous plaques at onset (n=1) or during
the course of the disease (n = 3). Histologic examination, per-
formed in 2 cases, demonstrated perivascular and interstitial
infiltrate of immature myeloid cells. Interestingly, molecular
studies performed on extracted DNA from skin histologic
slides reported same KRAS mutation that in hematopoietic
cells [19]. One patient developed recurrent Henoch-
Schonlein purpura.

Malignancy
A total of 3 malignancies occurred in 2 patients: (i) patient 1

presented an atypical history of two hematopoietic malignan-
cies: an acute leukemia (not subclassified) in childhood and a
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non-Hodgkin’s B cell lymphoma in early adulthood; and (ii)
patient 16 developed acute and fatal myeloproliferation with
pulmonary infiltration diagnosed as JMML at the age of
20 years old.

Laboratory Results

Initial blood examination showed normal or mildly increased
total lymphocyte numbers. Monocytosis (> 1000/uL) was ob-
served in all but six patients (18/24, 75%). Most patients ex-
hibited hyper-gamma-globulinemia (range 13-84 g/L). DNT
cells were modestly increased (> 1.5%) in 7 out of 14 patients
(median 2.9%, range 2.0-12.7%). B cell lymphocytosis was
frequently noted. Increased plasmatic vitamin B12 was report-
ed in 2 out of 5 patients. Twenty-three of the 24 cases tested
(96%) showed positivity for various autoimmune antibodies,
mainly antinuclear antibody, anti-double-stranded DNA, and
direct Coombs test. Decreased complement (C3 and C4) has
been reported in 4 out of 5 patients tested.

Evaluation of the intrinsic pathway of apoptosis was per-
formed in 18 patients and revealed defective IL-2 withdrawal-
induced apoptosis associated with the markedly decreased ex-
pression of pro-apoptotic protein BIM. A multiplex inflam-
matory cytokine immunoassay was used to quantify circulat-
ing levels of cytokines in the plasma of 9 RALD patients.
Compared with healthy donors, the levels of IL-2, IL-6, and
IL-10 were found significantly increased in RALD patients
[21].

Bone marrow aspirate performed in 19 patients showed
normal or hypercellular marrow without blast excess.
Cytogenetic analyses revealed a normal karyotype in all cases.
BCR/ABL rearrangement was not detected when assessed.
Granulocyte-macrophage colony-stimulating factor hypersen-
sitivity of myeloid progenitors was positive in 7 of 11 patients
tested (64%) while some had increased hemoglobin F for age.

Lymph node biopsy specimens from 4 patients were stud-
ied for histology. Two revealed reactive follicular hyperplasia
with non-specific proliferation of histiocytes, but without the
extrafollicular expansion of DNT cells typical for ALPS. In
contrast, samples from patients 16 and 20 showed histological
features of Rosai-Dorfman disease. This rare non-Langerhans
cell histiocytosis is characterized by sinus expansion of large
histiocytes and plasma cells associated with expression of the
histiocytic markers CD68 and S100 upon immunological
staining.

Treatment and Outcome

Thirteen of the 15 patients for whom we have information
about disease management received a first-line treatment with
corticosteroids. Ten patients underwent second-line immuno-
modulatory treatments in order to control cytopenias and/or
autoimmune manifestations. These included mTOR
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inhibitors, mycophenolate mofetil, cyclosporine, cyclophos-
phamide, leflunomide, and rituximab. Conversely, patient
18, who displayed AIHA and ITP, exhibited progressive im-
provement, without receiving any specific therapy.

Other therapeutic interventions included intravenous im-
munoglobulin, cytarabine, hydroxycholoroquine, platelet
transfusion, and topical steroids. The latter were sufficient to
induce remission in patient 24, who presented with late-onset
disease (6 years) limited to skin manifestations and mild lym-
phoproliferation. Patient 3 was treated with HSCT due to
steroid-refractory autoimmune manifestations. Outcome was
unknown.

Median age at last follow-up was 10 years (range 2 to
57 years), and all but 2 patients were alive (25/27, 93%).
The two deaths were reported in patient 6 who experienced
an aggressive form of JMML and patient 4 who passed away
suddenly at age 13.

Discussion

RALD, an intrinsic lymphocyte apoptosis defect, is extremely
rare, with only twenty-seven patients described in the litera-
ture. All patients with RALD described so far harbor somatic
gain of function mutations in KRAS or NRAS, which occur in
hematopoietic progenitors or stem cells and are subsequently
found in lymphocytes and monocytes. Lymphoproliferation
and autoimmune manifestations, including immune cytope-
nia, are the main clinical features while
hypergammaglobulinemia and monocytosis are frequently
present. A history of recurrent infections is reported in a few
patients, suggestive of immune deficiency. Differential diag-
nosis includes ALPS, JMML, and systemic lupus erythema-
tosus. In particular, distinguishing between RALD and ALPS
may be challenging because RALD patients may display sev-
eral diagnostic markers of ALPS including elevated DNT cells
and increased plasmatic IL10 and vitamin B12. The patient we
report extends the clinical phenotype. In addition to lympho-
proliferation and autoimmune cytopenia, our patient evolved
into acute myeloid leukemia, a complication that, to the best of
our knowledge, has not been reported so far.

Cellular death is regulated to a large extent by pro- and anti-
apoptotic sensors of the BCL2 family, especially the pro-
apoptotic protein BIM [22]. The balance of these factors de-
termines whether mitochondria become depolarized, leading
to formation of a mitochondria-derived complex called the
apoptosome that in turn promotes caspase activation for cell
death [23]. RAS mutations are responsible for a hyperactiva-
tion of the MAPK (RAF/MEK/ERK) pathway inducing the
phosphorylation and destruction of the pro-apoptotic protein
BIM [24]. Consequently and contrary to ALPS, RALD pa-
tients exhibit normal Fas-mediated apoptosis but present a

specific defect in the intrinsic pathway of apoptosis character-
ized by persistent proliferation after IL-2 withdrawal [4].

Autoimmunity is a key feature of RALD. Combinations of
autoimmune cytopenias, concomitantly and/or sequentially,
are typical, with AIHA and ITP as the most common combi-
nation. These findings are associated with autoantibodies in-
cluding frequently a positive direct Coombs test. Among the
other autoimmune manifestations, pericardial effusion seems
to be the main life-treating condition and is mostly reported in
patients harboring KRAS mutations. As previously described
in patients with RASopathies such as type-1 neurofibromato-
sis or Noonan syndrome [25], patients with RALD meet some
or full classification criteria for systemic lupus erythematosus
[26] including low C3 and C4 levels, antinuclear, lupus anti-
coagulant, and anti-dsDNA antibodies. In a study evaluating
the clinical and laboratory autoimmune features in patients
affected by RASopathies, autoimmune diseases and autoanti-
bodies were observed in 14 and 52%, respectively, suggesting
an association between those entities [27]. These observations
strongly suggest that a genetic defect leading to overactivation
of the RAS pathway could predispose to the development of
autoimmunity.

The incidence and pattern of malignancies in RALD are
not clearly defined. Herein, we report the second case of evo-
lution into myeloid malignancy, the first one describing a
RALD patient who progressed to severe and fatal JIMML after
more than 15 years of indolent lymphoproliferation [12].
Consequently, with a median follow-up of 7 years, it cannot
be excluded that other patients of this series may develop
cancer later in life. Closely monitoring of RALD patients is
therefore recommended.

JMML is a rare, aggressive myeloproliferative/
myelodysplastic disorder unique to childhood, characterized
by increased infiltration of the peripheral blood, bone marrow,
and various organs by abnormal myelomonocytic cells.
Patients show hepatosplenomegaly, lymphadenopathy, skin
rash, fever, and pallor [28]. Although spontaneous remission
may occur in some patients [29], the prognosis of IMML is
usually poor, with a median survival of children who do not
undergo HSCT of less than 12 months [28].

The diagnosis of JMML is usually made using the World
Health Organization classification of myeloid neoplasms [30].
Interestingly, the majority of RALD patients described to date
fulfill all required diagnostic criteria of IMML that, in addition
to mutations of Ras pathway genes, include peripheral blood
monocyte count > 1000/uL, blast percentage in peripheral
blood and bone marrow <20%, splenomegaly, and absence
of t(9;22)BCR/ABL fusion gene. Hypersensitivity of JIMML
myeloid progenitor cells to granulocyte-macrophage colony-
stimulating factor (GM-CSF), a hallmark of the disease and
important diagnostic tool for many years [31], is still needed
to establish the diagnosis for the patients without a detectable
known molecular defect. In RALD, hypersensitivity to GM-
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CSF was present in 64% of the patients tested. While all
RALD patients have normal bone marrow karyotypes, pa-
tients with JMML may harbor monosomy 7 or other karyo-
typic abnormalities [32]. However, normal karyotypes are de-
scribed in about two-thirds of JMML cases [28].
Consequently, RALD is difficult to distinguish from normal
karyotype IMML even if the new JMML criteria are applied.
Based on this, Meynier et al. performed functional in vitro
apoptosis assays in T cells from patients with JIMML harbor-
ing KRAS or NRAS mutations [33]. Compared with RALD,
the JIMML patient’s cells displayed normal intrinsic apoptosis
pathway including normal levels of BIM expression but a
defect in the extrinsic apoptosis pathway related to a FASL
downregulation. These observations hold out the prospect of
functional apoptosis assays as an accurate diagnostic discrim-
ination between RALD and JMML.

About 85% of JIMML patients harbor somatic and/or
germline mutations in genes involved in RAS/MAPK sig-
naling pathway such as PTPNI1, NRAS, KRAS, NF1, and
CBL [32]. In particular, patients with RASopathies are
prone to develop JMML [34, 35]. Interestingly, RALD
and up to 25% of patients with JMML share identical
somatic KRAS and NRAS mutations. Lanzarotti et al.
therefore hypothesize that these clinico-biological entities
are not distinct diseases but opposite ends of the same
spectrum [12]. Various additional genetic or epigenetic
events (in addition to RAS pathway activation) could
therefore contribute to the autoimmune or malignant phe-
notype [24]. Takagi et al. reported 6 JMML patients har-
boring KRAS or NRAS mutations who experienced spon-
taneous regression of proliferative myelomonocytic dis-
ease but with persistence of RAS-mutated clones and au-
toimmunity, years after remission [36]. These patients
showed hypergammaglobulinemia, positivity for autoim-
mune antibody, autoimmune cytopenia, and/or persistent
monocytosis. These findings are compatible with a RALD
diagnosis. Unlike what is observed in other tumors, het-
erozygous somatic Ras mutations have long been consid-
ered to be the initiating and unique event in JMML, even
though the five mutational targets alone do not fully ex-
plain the phenotypic diversity of JMML [37]. The appli-
cation of NGS and deep sequencing of target genes in
JMML patient cohorts recently revealed new insights into
the pathogenesis and progression of JMML. Secondary
genetic mutations within and outside of the Ras pathway
have been reported and are associated with a worse prog-
nosis. Mutations occurred in genes involved in DNA
methylation as well as Ras pathway genes, spliceosome
members, transcription factors, and SETBPI [38—41].
Noticeably, very high levels of methylation were associ-
ated with disease progression and significantly poorer sur-
vival [39]. Duplication of oncogenic KRAS from acquired
uniparental disomy was also associated with aggressive
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transformation of JMML [42]. Based on these observa-
tions, the initial hypothesis of mutually exclusive RAS
pathway mutations in JMML would be rebutted. These
findings confirm the urgency to identify early genetic or
epigenetic markers of leukemic development to enable
early treatment.

While some authors recommend avoiding aggressive ther-
apy due to the hypothesized benign clinical course of the
RALD [9], optimal treatment is unknown. Most patients re-
quire corticosteroid and/or immunosuppressive drugs to treat
autoimmune complications including refractory cytopenia and
pericardial effusion. Premature death occurred in patients re-
ported in the literature due to malignancy [12] or unexplained
sudden death [9]. HSCT, the only curative treatment, has been
applied in one patient who suffered from steroid-refractory
autoimmunity [5]. It is likely that there may be several sub-
populations of RALD patients with different predisposition to
develop hematological malignancy, even after years of non-
malignant clinical course [43]. Improve understanding of the
molecular defects that underlying these evolutions will help to
determine the indication and optimal timing of HSCT in treat-
ment of RALD. Small molecule inhibitors of kinase effectors
of Ras-GTP have been developed as anticancer agents (e.g.,
phosphoinositide 3-kinase inhibitor, RAF inhibitor). In
RALD, Oliveira and colleagues showed that the use of specif-
ic inhibitors of MEK, a downstream component of the Raf/
MEK/ERK pathway, corrected the apoptotic defect in vitro
and rescued BIM protein expression in NRAS mutated-
human lymphocytes [4]. Moreover, ERK inhibition also re-
stored apoptosis after IL-2 withdrawal. All this suggests en-
couraging prospects for the use of RAS-inactivating drugs in
the treatment of disorders of lymphocyte homeostasis in addi-
tion to cancer.

In summary, this is the first review and largest case series of
patients with RALD that provides further details about the
clinical spectrum and outcome of this new clinical disease,
which lies between ALPS and JMML. The current case doc-
uments an additional warning about the long-term risk of ma-
lignancy. Further studies are needed to establish clinical and
biological hallmarks that could differentiate RALD from
JMML, predict evolution, and determine the optimal treat-
ment such the potential role of HSCT for RALD patients.
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