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ARTICLE INFO ABSTRACT

Keywords: Autoimmune diseases (ADs) are associated with an increased risk not only of lymphoproliferative
Autoimmune disorders but also of myeloid malignancies. The excess risk of myelodysplastic syndromes and/or
Myeloid acute myeloid leukemia is observed across several AD types, including systemic lupus er-
Leukemia

ythematosus, rheumatoid arthritis, inflammatory bowel disorders, multiple sclerosis, among

ZgﬂelOdysP lastic syndromes others. The risk of developing myeloid neoplasms (MNs) is dependent on several variables, in-
RA cluding the specific AD type, chronicity and severity of the AD, type and duration of exposure of
IBD disease modifying anti-rheumatic drugs or cytotoxics/immunosuppressives, and genetic predis-
Azathioprine position risk. Putative triggering factors linking AD to elevated MN risk include AD-directed

medications, shared genetic susceptibilities between the two disease entities, and chronic im-
mune stimulation or bone marrow infiltration by the AD. Molecular mechanisms underpinning
leukemogenesis remain largely speculative and warrant further investigation. Leukemias arising
in patients with AD are not always ‘therapy-related’ in that MNs may develop in certain AD
subtypes even among patients with no prior therapy exposure. Only a few studies have attempted
to determine factors associated with MN development in AD but failed to demonstrate consistent
characteristic clinical or paraclinical features. These reports have failed to demonstrate a clear
correlation between individual agent exposure and subsequent leukemia development due to the
low rates of therapy exposure compounded by the rarity of MN occurrence. Notwithstanding, the
leukemogenic potential is best documented with agents such as azathioprine, cyclophosphamide,
and mitoxantrone; this risk of MN development does not appear to be shared by biologic ap-
proaches such as anti-tumor necrosis factors-alpha inhibitors. In this article, we discuss plausible
biologic mechanisms underlying MN pathogenesis in AD and review the data available on the
development of MNs in patients with AD.

1. Introduction

Myeloid neoplasms (MNs) comprise a heterogeneous group of clonal hematopoietic malignancies characterized by their origin
from precursors of the myeloid lineages with dysregulated proliferation and impaired differentiation. Myeloid neoplasms are broadly
organized into acute myeloid leukemia (AML) and chronic myeloid neoplasms (cMNs) based on the clinical behavior and peripheral
blood and bone marrow (BM) blast percentage. The cMNs are further categorized into myelodysplastic syndromes (MDS), myelo-
proliferative neoplasms (MPNs), MDS/MPN overlap disorders, and myeloid/lymphoid neoplasms of PDGFRA, PDGFRB or FGFR1 [1].
While MN classification is based primarily on blast percentages and degree of dysplasia, the availability of rapidly accumulating
molecular genetic data in parallel with advances in molecular technologies has led to their incorporation in the most recent WHO
2016 revision in an attempt to better define disease entities of prognostic significance [2,3].
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In 2018, 19,520 and 13,980 new AML and cMN cases, respectively, are projected to occur in the United States [4]. Over the past
decade of data (2009-2018), this represents an approximate 52% and 30% increase in incidence rates of AML and cMN, respectively
[4,5]. The varying incidence patterns and prevalence rates according to the disease sub-type support their distinct aetiopathogenesis
and/or susceptible populations [6].

Therapy-related myeloid neoplasms (t-MN) represent a distinct clinical sub-group of myeloid neoplasms (MNs) that compromise t-
AML or t-MDS (or t-MDS/MPN) depending on the blast count [7,8]. t-MNs arise as a late effect of chemotherapy and/or radiation
administered for a primary condition, often a malignant disease, solid organ transplant, or autoimmune disease (AD) [9]. More recent
data suggests that this term should be used selectively to describe the evolution of AML/MDS, but not myelofibrosis [10]. Although
the development of t-MDS/t-AML has often been linked to previous exposure to topoisomerase II inhibitors, alkylating agents, or
radiation, this distinction is no longer recommended [1,8]. The diagnosis of t-MDS/t-AML connotes uniformly poor outcomes and is
often associated with specific cytogenetic abnormalities involving chromosomes 5, 7, 11q23, or 21q22 [11-13]. The global incidence
rates of AML and MDS, as a result of treatment for another cancer, range from 0.06 to 2.6 per 100,000 and 0.06-0.26 per 100,000,
respectively [14]. These estimates are expected to rise with an increase in the number of cancer survivors [15,16].

Chemotherapy exposure for a prior malignancy increases t-MN risk by 4.7-fold compared to population baseline, with certain
factors such as the age at exposure, and/or tumor type and chemotherapy regimen influencing that risk [17-20]. While the decre-
mental use of alkylating agents has resulted in a decreased incidence of t-AML in certain malignancies such as ovarian cancer and
multiple myeloma [17], a reciprocal trend of increased t-AML incidence has been observed in certain other cancer populations due to
growing use of solid organ and stem cell transplant strategies. The association of limited exposure to therapeutic radiation in the
absence of chemotherapy (e.g. for localized breast cancer) with subsequent development of t-MN is more controversial [16,21,22].

Patients with AD who develop a secondary leukemia typically develop AML rather than acute lymphoblastic leukemia (ALL). An
increased incidence of AML has been reported across several AD types such as rheumatoid arthritis (RA), systemic lupus er-
ythematosus (SLE), polymyalgia rheumatica, ankylosing spondylitis, autoimmune hemolytic anemia, systemic vasculitides, perni-
cious anemia, multiple sclerosis (MS), and inflammatory bowel disease (IBD) [23-25] [26-28]. Interestingly, autoimmune diseases
develop in as many as 10% of patients with MDS and MPNs [29]. MDS/MPN-associated AD entities include the vasculitides, Behcet's
disease, IBD, glomerulonephritides, neutrophilic dermatoses, hemolytic anemia, and immune thrombocytopenia [30]. A few large-
scale studies have explored the risk association of MNs with AD. In a SEER population-based study, by Anderson et al., [23] it was
observed that having an AD was associated with a significantly increased AML and MDS risk of 1.29 (95% CI, 1.2-1.39) and 1.5 (CI,
1.35-1.66), respectively. A subsequent population-based registry study in Sweden showed similar results; the risk of AML and MDS
was 1.7 (95% CI, 1.5-1.9) and 2.1 (95% CI, 1.72.6) fold higher among patients with a previous history of AD [31]. The risk of
developing MDS is especially high among those with AD for 10 years or longer [32].

In this article, we review the data available on the development of MNs in AD patients. This topic gains relevance in the era of
expanding treatment options, as there occurs a paradigm shift in the treatment of AD from the use of conventional im-
munosuppressive agents to more selective and targeted approaches such as immunotherapy-based, biologic, and molecular therapies.
In addition, we will review some of the autoimmune manifestations of hematologic disease which may precede or occur concurrently
with the AML or MDS.

2. Factors contributing to MN development in AD

From both a clinical and molecular perspective, myeloid neoplasms are etiologically heterogeneous. A delineation of the leu-
kemogenic mechanisms underlying MNs in patients with AD will not only enhance our understanding of the association between the
two entities but also help identify patients at risk of post-AD MNs who may benefit from pre-emptive strategies (Fig. 1). Furthermore,
understanding MN pathogenesis will be a crucial step toward the management of both the AD as well as the MN.

2.1. Shared genetic predisposition

Molecular/genetic factors predisposing to AML in AD patients remain to be elucidated and are a subject of active investigation.
Mutations in the tumor suppressor geneTP53, phosphatidylinositol 3-kinase/protein kinase B/mammalian Target Of Rapamycin
(PIBK/mTOR) cellular pathway signaling, and cellular apoptosis such as involving the death receptor Fas, are shared by both ADs and
hematologic malignancies (HMs) [33-36]. Certain AD conditions may share common genetic predispositions with MNs. The oc-
currence of acute leukemia among patients who did not receive treatment for underlying AD suggests an intrinsic HLA associated
predisposition [37]. Genes in the HLA-B region of the major histocompatibility complex (MHC) influence susceptibility to AML and
response to chemotherapy [38]. For example, HLA-B27 carriers are predisposed to both ADs as well as AML [37]. The influence of
HLA on the development of malignancies is even stronger for class II MHC genes [39].

IL-1 plays a pathogenic role in a variety of HMs, particularly those involving the myeloid lineage, and may provide a pathogenetic
link between hematopoietic malignancies and ADs [40]. IL-1( has been shown to regulate AML blast proliferation, leukemic cell
tissue invasion, and apoptosis resistance [41,42]. Polymorphisms within the interleukin 1 receptor antagonist gene are associated
with both AD and secondary AML [43,44].

2.2. Chronic immune stimulation and immunologic dysregulation
Immunologic dysregulation is a common feature to both MNs and ADs. Inflammatory cells in the immediate tumor
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Fig. 1. Illustration of the factors contributing to development of myeloid neoplasms in autoimmune disease (AD). MNs may be therapy-related (t-
MN), occurring after prior cytotoxic or immunosuppressive agent exposure. Leukemogenic potential is highest with thiopurines (azathioprine),
alkylators (cyclophosphamide), and topoisomerase inhibitors (mitoxantrone). Important genetic factors influencing t-MN risk are polymorphisms in
DNA-repair and drug metabolizing enzymes. Factors likely implicated in MNs arising in AD-treatment naive patients are shared genetic suscept-
ibilities and/or chronic immune stimulation of the bone marrow environment. * Other ADs such as vasculitides, glomerulonephritides, Behcet's
disease, Sjogren's syndrome have shown to co-occur and are sometimes the first presenting features of MNs.

microenvironment may be co-opted into the neoplastic process leading to activation of several pro-survival signaling pathways [45].
Pro-inflammatory chemokines and cytokines secreted by the inflammatory cells contribute to cytotoxicity, angiogenesis, and tumor
progression, invasion, and metastases. The NF-kB is a central mediator of pro-inflammatory gene induction and is implicated in both
ADs [46] and leukemias [47]. NF-kB contributes to tumor progression by influencing several cellular processes involving survival,
proliferation [48], apoptosis [49] as well promoting tumor angiogenesis [50] and metastasis [51]. NF-kB signaling activation in
tumors may be achieved either intrinsically or by extrinsic factors such as through the increased cytokine release from the tumor
microenvironment [52]. Persistence of NF-xB activating stimuli in chronic inflammatory conditions may eventually outperform
inhibitory feedback circuits leading to an elevated constitutive activity of NF-xB [53]. The higher incidence of cancer in patients with
chronic inflammatory conditions may be explained in part by the constitutive activity of NF-xB exerting a pro-tumorigenic effect.
Another important molecular mechanism triggering acute myeloid leukemogenesis involves the generation of highly reactive oxygen
species by activated leukocytes and phagocytes [54].

A key difference between the dysregulated immune responses in ADs and cancer is the disruption of immunologic surveillance in
the former and maintenance of immunologic tolerance in the latter [55-57]. T-cells play a fundamental role in immune surveillance
constraining the development of neoplastic lesions [58]. Transformed myeloid cells can develop a variety of immune escape me-
chanisms to induce potent tolerance to T-cells, including immunoediting, upregulating negative regulatory pathways, altering the T-
cell repertoire, T-cell deletion, among others [59]. In this context, immunosuppressive treatment may further impair an already
hampered immune surveillance facilitating immune escape and promoting tumor emergence [60]. Alternatively, active self-reactive
cytotoxic T-cells [61] or cytotoxic exposure [62] may lead to the depletion and contraction of the hematopoietic stem cell pool
potentially leading to the recruitment of genetically defective hematopoietic clones harboring genetic abnormalities [61]. Their
gradual expansion and clonal dominance incurred by selection in a contracted stem cell compartment may eventually manifest as a
leukemia. On the other hand, immunosuppressive therapies have been used to treat some forms of lower risk MDS [63,64].

2.3. Medications used to treat AD

The therapeutic armamentarium for ADs includes several classes of drugs including antimetabolites such as methotrexate, 6-
mercaptopurine, and azathioprine; alkylator agents such as cyclophosphamide, and less frequently DNA-topoisomerase II inhibitors
such as mitoxantrone. Therapy related MNs have been described extensively with the use of alkylating agents and topoisomerase II
inhibitors, and to a lesser extent following the use of anti-metabolites [11,65,66]. There does not appear to be an association between
duration of drug exposure with the incidence in development of MNs [67].

In a large population-based study with primary AD, prior azathioprine exposure was associated with a 7-fold increased risk of
MNs compared to the population baseline [67]. Notably, this risk was not shared by other metabolite agents such as methotrexate,
mercaptopurine, or tumor necrosis factor inhibitors. While predisposition to malignancies resulting from treatment with im-
munosuppressive agents is primarily related to impaired immune surveillance, azathioprine may have direct mutagenic effects by
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inducing nonrepaired, DNA double-strand breaks to form mutagenic DNA bases [68,69]. In addition, azathioprine has been shown to
induce defective DNA-mismatch repair [70]. Chromosome 5 and/or 7 deletions are typical of alkylator-induced AML, while balanced
translocations involving chromosome bands 11q23 and 21q22 have been related to previous therapy with DNA-topoisomerase II
inhibitors. The effect of genotoxic agent exposure in secondary leukemogenesis is heavily influenced by individual predisposing
factors, including genetic polymorphisms in drug metabolism and DNA repair processes [70]. Increased susceptibility to leukemo-
genesis has been linked to deficiency of drug-metabolizing enzymes [71] and genetic variants in DNA repair [72] resulting in the
increased production of potentially DNA-damaging reactive intermediates and inefficient drug induced DNA damage, respectively.

3. Autoimmune disorders associated with an increased risk of myeloid neoplasms
3.1. Systemic lupus erythematosus and myeloid neoplasms

SLE is a chronic and complex multi-system autoimmune disorder in which the body's immune system attacks its own tissues,
causing widespread inflammation and tissue damage. The reported prevalence of SLE in the US is 20-150 cases per 100,000 [73,74].
This disorder occurs predominantly in the reproductive age women, with the female-to-male ratio in this group ranging 7:1-15:1
[73,75]. Clinical course can be highly varied, with disease spectrum ranging from a benign illness to fulminant, progressive disease-
causing organ failure and death. The pharmacologic therapeutic approach in the treatment of SLE is guided by disease severity and
predominant clinical manifestations. While patients with mild to moderate lupus involvement usually respond to hydroxy-
chloroquine, short-term glucocorticoids, and/or non-steroidal inflammatory agents, steroid-sparing immunosuppressive agents such
as azathioprine, methotrexate, mycophenolate, cyclosporine, cyclophosphamide, or rituximab [76,77] are required to treat severe
SLE. Several factors including early diagnosis, judicious therapy choices, prompt treatment of disease and complications have sig-
nificantly improved the five-year survival rate in SLE to greater than 90% [78]. Major risks of death in SLE are due to cardiovascular
disease, infection, and renal disease complications [79]. Although the overall risk of death is not increased due to malignancy, certain
hematologic cancers (non-Hodgkins lymphoma (NHL), leukemia) and solid tumor malignancies such as breast, gynecologic, thyroid,
lung, and liver cancers are substantially increased in SLE compared to population baseline [80-84]. Among the HMs, the elevated
malignancy risk is strongest for NHL [80,82,85]. SLE patients have a higher risk of not only developing NHL but are also predisposed
to other hematologic malignancies such as Hodgkin lymphoma (HL), leukemia, and possibly myeloma [86]. In addition to their
elevated incidence risk in SLE, hematologic cancer-related mortality is significantly higher in SLE when compared to the general
population [87,88]. It remains to be clarified whether the poorer prognosis in SLE-related hematologic malignancies is related to a
more aggressive biology, decreased survival related to associated SLE, or due to other factors [89].

Several case reports and case series have reported the association between SLE and AML with a few suggesting a link to prior
cytotoxic/immunosuppressive drug exposure [68,90-97]. This SLE and AML association has been reported across all French-
American-British morphologic subtypes [24]. While the post-AML outcomes in this setting are generally poor, long term remissions
may be achieved with the use of stem cell transplantation [96,98,99]. It is difficult to draw conclusions from these reports whether
the association of AML with SLE is secondary to innate/genetic factors or exogenous exposures.

A few large-scale studies have estimated the risk of HMs in SLE patients (Table 1). In a multisite international SLE cohort
involving 16409 patients observed for 7.4 patient years, 111 HMs were observed, including 18 cases of leukemia [80]. For leukemias,
the standardized incidence ratio (SIR) estimate was 1.75 (1.04-2.76). Similarly, other studies [88,100] have reported a higher than
expected incidence of HMs in SLE compared to the general population. In a study, by Tarr et al., [88] no association was observed
between exposure to a specific therapy and the development of malignancy.

In a recent meta-analysis, by Apor et al., SLE was shown to be associated with increased SIR of leukemia (SIR 2.3, 95% CI 1.9-2.7)
[86]. The increased incidence of HMs was seen regardless of age, sex and geographical region, with some variations in strength of
association. Importantly, the meta-analysis was exclusively of prospective cohort studies to avoid the possibility of reverse causality

Table 1
SLE and hematologic malignancy risk.

Ref No. of patients Cases Malignancy type Calculated risk (95% CI)
Lofstrom et al. [96] 6438 patients 8 AML For Azathioprine: 0.8 (0.1-4.1)
For leukopenia: 14 (1.4-141)
Bernatsky et al. 16409 patients over 7.4 18 leukemia For hematologic malignancies: SIR 3.02 (2.48-3.63)
[80] person-years For leukemia: SIR 1.75 (1.04-2.76)
Tarr et al. [88] 860 patients 5 hematologic For hematologic malignancies: SIR of 1.31, 95% CI 0.424-3.071

Bjornadal et al.
[84]

5715 patients over 30-year
observation period

Not available

malignancies
myeloid leukemia

For acute myeloid leukemia,

SIR for 1-5 years, 5-10 years and 10-15 years SLE latency were
6.1 (95% CI 2.0-14.1), 1.3 (95% CI 0.0-7.4) and 4.1 (95 CI
0.5-14.6),

Parikh-Patel et al. 30,478 patients observed for 29 myeloid leukemia For myeloid leukemia, SIR 2.96 (1.99-4.26).
[101] 157,969 person-years
Chen et al. [100] 11,763 patients 7 leukemia For hematologic malignancies: SIR 4.96; 95% CI 4.79-5.14

For leukemia: SIR 2.64 (2.45-2.84)
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(i.e. hematologic malignancies preceding the SLE) as a reason for the detection of association [86].

Studies specifically designed to assess myeloid leukemia risk in SLE are few. Bjornadal et al. [84] and Parikh-Patel et al. [101]
reported an elevated risk of myeloid leukemia in SLE, with an SIR of 3.4 (95% CI 2.2-5.1) and 2.96 (1.99-4.26), respectively. The low
rate of cytotoxic/immunosuppressive agent exposure combined with the low frequency of occurrence of myeloid neoplasms has made
it difficult to establish the effect of prior treatment exposure on MN incidence.

Although no studies have attempted to evaluate the significance of these agents in SLE-related myeloid malignancies, one large
population-based study specifically investigated the relationship between AML and SLE controlling for possible risk factors for
leukemia development [96]. Lofstrom et al. reported an increased risk of AML in a Swedish national cohort of 6438 SLE patients [96].
The leukemia risk was confined to the subset of patients with preceding prolonged cytopenias', particularly leukopenia. The median
age at diagnosis, SLE-leukemia diagnosis period, and survival post leukemia diagnosis was 60 years, 5 years, and 6.5 months,
respectively. The risk of myeloid leukemia was confined to the subgroup characterized by more men and higher age at onset of SLE.
The study did not identify a difference in the frequency of cytotoxic exposure between the case and control cohorts suggesting that
prior cytotoxic exposure is not a major cause for AML development in SLE [96].

The effect of SLE latency in acute myeloid leukemia development was reported on one study [84]. The SIR in patients with SLE
diagnosis for 1-5 years, 5-10 years and 10-15 years were 6.1 (95% CI 2.0-14.1), 1.3 (95% CI 0.0-7.4) and 4.1 (95 CI 0.5-14.6),
respectively, suggesting a decreasing risk for myeloid leukemias with longer SLE latency. Further research is needed to investigate the
biological association between SLE and myeloid leukemias' and the role that SLE therapy might play on MN carcinogenesis.

3.2. Rheumatoid arthritis and myeloid neoplasms

Rheumatoid arthritis (RA) is a multifactorial, immune-mediated disease characterized by chronic polyarticular joint inflammation
and damage, as well as extra-articular involvement [102]. Extra-articular disease manifestations occur in up to 40% of patients and is
a marker associated with increased mortality in RA [103,104]. Since RA is characterized by acute and chronic synovial inflammation
which is associated with a destructive process in joints, early disease recognition and prompt institution of disease modifying an-
tirheumatic drugs (DMARDs) aimed at reducing inflammation and lowering disease activity remains a cornerstone in RA manage-
ment [105,106]. DMARDs may include non-biologic agents such as hydroxychloroquine, sulfasalazine, methotrexate or biologic
therapies such as TNF-alpha inhibitors, etanercept, infliximab; IL-1 receptor antagonist, anakinra; pegylated Fab fragment such as
certolizumab; IL-6 receptor antagonist, tocilizumab; anti-CD20 antibodies, rituximab, among others [107]. Compared to those in the
general population, patients with RA are at a modestly increased risk in overall malignancy, likely due to increased risk of lymphoma
and lung cancer [108-110]. The incidence is highest in the first five years following diagnosis of RA [111]. Risk factors associated
with increased risk for malignancy development include patient characteristics such as male sex, increased age, and disease features
such as inflammatory activity and increased white blood cell count [110]. Data linking HMs to higher mortality in patients with RA is
conflicting, with one study reporting a worse cancer mortality over general population [112] while such a rise was not observed in a
later report [113].

There do not appear to be major differences based on the type of approach (non-biologic or biologic/TNF) in terms of cancer risk
[114]. However, there is conflicting data suggesting that patients with RA who have been treated with anti-TNF therapy may be at an
increased risk of development of certain cancer types such as invasive melanoma [115], non-melanomatous skin cancers [116], and
lymphomas [117] due to their effects on the immune function [110]. One of the confounding findings in these studies [117] was that
majority of the patients treated with anti-TNF-a therapy were ones who had severe RA and hence were already at an increased risk of
lymphoma development. There is no substantial increase in the risk of leukemias in patients treated with anti-TNF therapy as
compared to those treated with any non-biological DMARDs [118-120].

Several early case reports and case series have reported on the association between AML/MDS and RA, among patients exposed to
azathioprine [68], methotrexate [121], cyclophosphamide [122], anti-TNF agents [123]. This excess leukemia risk was further
confirmed in several population-based cancer registry studies [101,124-126]. A few controlled studies have specifically evaluated
DMARD use and risk of hematologic malignant neoplasms, and found a significant, albeit weak, association with azathioprine and
cyclophosphamide therapies [127-129]. In large-scale prospective cohort study, by Cibere et al., RA was associated with a significant
excess of leukemia SIR 2.47 (95% CI 1.12-4.69). Only 2 of 12 leukemias had a prior exposure to cyclophosphamide or azathioprine

Table 2
Rheumatoid arthritis and AML risk.
Ref No. of patients Malignancy type Cases Calculated risk (95% CI)
Askling et al. [131] Early arthritis = 3703 leukemias AML = 4 SIR 4.3 (1.2-10.9)
CML =0 SIR 0.0 (0.0-17.7)
Advanced RA = 53067 AML = 68 SIR 2.4 (1.9-3.0)
CML = 13 SIR 2.4 (1.3-4.1)
TNF blockers = 4160 AML = 68 SIR 0.0 (0.0-7.4)
CML =13 SIR 2.4 (0.0-27.0)
Hemminki et al. [132] 42262 patients followed over 25 years leukemias AML = 52 For AML, SIR 2.4 (1.79-3.15)

2000-04: SIR 6.90 (95% CI 2.95-13.66)
1990-99: SIR 2.51 (95% CI 1.14-4.80)
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suggesting a link to persistent immune stimulation associated with RA itself [130].

Two population-based studies reported specifically on the relative risk of myeloid leukemias in RA (Table 2). In one study, by
Askling et al., the risk of myeloid leukemia was assessed in three cohorts of rheumatoid arthritis patients retrieved from the Swedish
Cancer Registry [131]. Patients were segregated into three categories, one of patients recruited within one year of RA onset, one of
hospitalized patients with advanced disease, and another, of patients treated with anti-TNF agents. A significant association between
RA and AML risk was observed only in the inpatient advanced [SIR 2.4 (1.9-3.0)] and early-arthritis [SIR 4.3 (1.2-10.9)] cohorts but
not in the TNF-blocker group, which argues for DMARD approach as a critical risk factor in AML development [131]. The SIRs in
patients with RA diagnosis, among the inpatient cohort, for 1-4 years, 5-9 years and 10 + years were 2.2 (1.3-3.2), 1.8 (0.9-3.2) and
2.1 (1.3-3.2), respectively, suggesting no effect of RA latency on the risk for AMLs [131].

Hemminki et al. analyzed the temporal trends in RA-related cancer using a nation-wide Swedish Cancer registry database of
42262 RA patients who were followed from 1980 to 2004 [132]. There was an overall increase in AML risk, with further risk in
patients diagnosed after 1999 and those under the age of 50 years. The risk of AML was increased during the 1-4-year period
following RA diagnosis.

3.3. Inflammatory bowel disease and myeloid neoplasms

Inflammatory bowel disease (IBD) is an umbrella term for two conditions-Crohn's disease (CD) and Ulcerative Colitis (UC)- and is
characterized by chronic inflammation of the digestive tract. Both these disorders carry distinct clinicopathologic characteristics and
differentiation between CD and UC hinges upon a combination of endoscopy, imaging, and histopathologic features [133]. The peak
incidence for onset of IBD is between 15 and 30 years of age [134]. Extra-intestinal manifestations, most commonly involving the
mouth, skin, joints, liver, and eyes, occurs in up to 30% of IBD patients and correlate with increased disease severity at baseline
[135]. Treatment of IBD is individualized based on the disease severity and extent. Established drug categories in the treatment of
IBD include anti-inflammatory drugs (e.g. mesalamine, corticosteroids), immunomodulators (e.g. azathioprine, 6-MP, methotrexate,
cyclosporine), antibiotics (metronidazole, rifaximin), and biologics (anti-TNF agents) [136]. Mild-moderate UC can usually be
managed with low dose 5-amionsalicylate and/or glucocorticoids while patients with severe/fulminant UC require therapy rescue
with agents such as cyclosporine, azathioprine, and anti-TNF agents such as infliximab [137]. Anti-TNF drugs (such as infliximab or
adalimumab) in combination with an immunomodulator, usually a thiopurine (such as azathioprine and 6-mercaptopurine), are
recommended for induction of remission in moderately severe CD followed by long-term maintenance with anti-TNF therapy and
thiopurines or methotrexate [138].

Population-based studies evaluating the leukemia risk in IBD are summarized in Table 3. In one study, by Askling et al., the risk of
leukemia was assessed in 47,679 IBD Swedish patients, retrieved from four population-based data sources, followed for up to 40
years. Patients were grouped into two cohorts: a) regional and population-based cohort, and b) a nationwide and population based
inpatient registry. Myeloid leukemia (acute and chronic) in UC occurred more often than expected, with relative risks between 1.5
and 2.9 in the two cohorts. There was a non-significant trend toward higher relative risks of myeloid leukemia among men and during
the 1990s (v 1980-1989), with the excess number of cases occurring between sixth and tenth year of follow up. In contrast, the
relative risk of myeloid leukemias in CD was not elevated in the regional cohort but there was an increased occurrence of CML in the
inpatient cohort. There was little variation of myeloid leukemia in CD with sex, age, or time. The relative significant excess of AML
specifically in UC, has been observed in other studies [139,140]. One series of patients with IBD [140] treated with sulfasalazine and
steroids showed an excess in AML risk, particularly of the promyelocytic subtype (M3) which is highly curable and associated with
relatively favorable outcomes if promptly diagnosed and treated. A meta-analysis comprising eight population-based cohort studies,
by Pedersen et al., [141] confirmed these observations of an increased risk of leukemias with UC (SIR 2.00, 95% CI 1.31-3.06), but
not CD.

In another study, by Wong et al., [142] SIR of HMs was significantly elevated to 14.1 in CD patients and 2.5 in UC patients, and
the SIRs of leukemia in the CD and UC population were 19.2 (p < 0.01) and 2.92 (p = 0.1), respectively. It must be noted here that
the study does not report the lineage (myeloid/lymphoid or both) and acuity/chronicity of the leukemia population. In this study, the
incidence of HMs was highest in the first year of diagnosis both in UC (SIR 4.8) and CD (SIR 10.2) patients, but not for other cancers.
The early appearance of HMs argues for shared genetic susceptibility or trigger factors. No significant association was found between
effects of the more often used drugs (i.e., ASA, immunomodulators, thiopurine) on HM risk [142].

The role of IBD itself vs. the role of treatment in the development of hematological disorders still needs further exploration [143].
Yadav et al. [144] estimated the overall risk of cancer by medications used to treat IBD in a cohort of 839 IBD patients followed-up for
a median 18 years. Patients treated with immunomodulators and biologic agents were at a numerically, but not statistically, higher
risk of hematologic malignant tumors [144]. The leukemia risk was not specifically evaluated. A meta-analysis of 18 studies including
8808 RA patients did not find an increased incidence of lymphoma or any non-hematologic cancer in patients treated with anti-TNF
therapy (etanercept, infliximab, and adalimumab) [145]. However, the meta-analysis could not speculate about malignancies which
developed after 1 year of follow up.

Other studies have suggested an association between IBD and MDS based on the high frequency of MDS in patients with IBD
[146,147]. The simultaneous development of both entities may be explained by shared immunologic derangements [148,149]. In one
series, most UC patients were diagnosed with IBD before MDS, whereas the diagnosis of CD and MDS were simultaneous in one-half
[146]. Patients with MDS who were diagnosed with a concurrent IBD at an age (median 71 years) much older than expected [146].

In regard to leukemia-related mortality in IBD, two studies reported a statistically significant increase in mortality rate in UC
patients compared to the general population [150,151]. High dose chemotherapy can effect durable remissions [24], and allogeneic
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stem cell transplant should be considered not only in the management of leukemia but also for its therapeutic effects on refractory
cases of CD [152].

3.4. Multiple sclerosis and myeloid neoplasms

Multiple sclerosis (MS) is the most common immune-mediated inflammatory disease of the central nervous system characterized
by focal or multifocal areas of demyelination and relapsing-remitting clinical course [153]. A range of disease modifying im-
munomodulatory agents including injectables such as interferon preparations and glatiramer acetate; neutralizing antibody infusion
therapies such as natalizumab, alemtuzumab, ocrelizumab; oral immunomodulators such as teriflunomide, fingolimod, dimethyl
fumarate, are approved for use in relapsing-remitting and progressive forms of MS [154]. Acute myeloid leukemia is well described
complication in MS, particularly in the context of prior mitoxantrone. Mitoxantrone is a topoisomerase II inhibitor, anthraquinone
antibiotic approved in the treatment of relapsing-remitting or progressive multiple sclerosis [155]. Case reports/series and popu-
lation-studies have associated mitoxantrone treatment with the development of t-AML, particularly the promyelocytic leukemia
subtype [36,156-159]. In a 2011 report of 40 Italian centers, 30 cases of AML were observed among 3220 patients followed over a
median period of 49 months [36]. The median interval from the start of therapy to AML diagnosis was 33 months (range 13-84
months), with 27% developing AML 4 years after mitoxantrone infusion. The authors observed a higher risk of AML (rate
ratio = 4.89) in patients who had had a cumulative mitoxantrone dose > 108 mg/m? indicating a dose dependency on AML risk. A
cumulative dose of 90 mg/m? was the cutoff point best associated with higher AML risk [36]. In a prior study, by Ghalie et al., [160]
the t-AML rate was relatively low (0.5%) likely due to lower cumulative mitoxantrone exposure (mean, 60 mg/ m?) and shorter follow
up time (mean, 36 months). These early observations were further confirmed in a prospective study [161] which demonstrated an
excess risk of AML in mitoxantrone treated MS patients. There did not appear to be an association between AML incidence and age at
disease diagnosis or treatment initiation of MS, MS disease duration, gender or concomitant medications [161].

Overall, these studies [36,158,160,161] show a high incidence of AML, particularly acute promyelocytic leukemia subtype, in
mitoxantrone-treated MS patients. Recent reports found that the outcome of AML in MS patients was not inferior compared to de novo
cases, likely due to the high representation of AML-M3 type which is associated with favorable outcomes [162,163]. The drug is
typically reserved for patients with rapidly advancing disease who have failed other therapies due to its limited clinic benefit and
potential for significant toxicities [164].

3.5. Systemic sclerosis and myeloid neoplasms

Systemic sclerosis (SSc) is a chronic multisystem autoimmune disorder characterized by widespread collagen accumulation in the
skin and other visceral organs. The aim of immunosuppressive therapy (such as methotrexate, cyclophosphamide, mycophenolate) is
to reduce progression and severity of SSc complications (raynaud's phenomenon, digital ulcers, pulmonary arterial hypertension, skin
and lung disease, renal and gastrointestinal involvement) [165]. Sporadic case reports have reported on the association between SSc
and myeloid malignancies such as CML [166,167] and AML [168]. Colaci et al. [169] reviewed SSc patients with HMs who were
described in world literature, from 1954 to 2017. One hundred-thirty SSc subjects were identified, including 28 with leukemia and 16
with myeloproliferative disorders (4 with myelofibrosis, 1 with polycythemia vera, and 11 with CML). Median time from SSc di-
agnosis to identification of myelofibrosis and CML was 15 (5-17) and 3 (0-8) years, respectively [169]. Notably, majority of the
leukemias and CML were diagnosed in the first years of disease, when the immunosuppressors are least likely to have exerted an
iatrogenic effect [169]. Detailed clinical history was available in only a few patients making it difficult to identify SSc-related myeloid
leukemia risk factors.

4. Autoimmune entities preceding or occurring concurrently with the myeloid malignancies

As alluded to before, MDS/AML may coexist with certain ADs or even be preceded by these autoimmune manifestations for
several months to years.

4.1. Vasculitides and myeloid neoplasms

Vasculitides may rarely complicate HMs as an early manifestation of disease, and have been described in association with MDS
[170,171], chronic myelomonocytic leukemia (CMML) [172,173], and AML [174,175]. Secondary vasculitides that develop in the
setting of MDS usually involve small cutaneous vessels and, less commonly, medium-sized muscular arteries [29,30]. ANCA-asso-
ciated and large vessel vasculitides are rare. Fain et al. [170] reported on series of 60 vasculitis patients who were followed-up of 45
months and found to develop at least one malignancy. Vasculitides diagnosed were cutaneous leukocytoclastic (LV, 45%), poly-
arteritis nodosa (PAN, 36.7%), granulomatosis with polyangiitis (GPA, 6.7%), microscopic polyangiitis (MPA, 5%), and Henoch-
Schonlein purpura (HSP, 5%). The median age of patients with associated MDS (n = 21) was 66 years, the majority of whom were
male. Regardless of the type, vasculitides associated to MDS had more frequent renal involvement and a more severe disease evo-
lution [170]. The pathogenesis of vasculitides and their relationship with myeloid malignancies remains to be clarified.
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4.2. Glomerulonephritides and myeloid neoplasms

As alluded to before, MDS can be associated with a host of clinical autoimmune disorders including paraneoplastic glomer-
ulonephritides. In a series of 114 patients with MDS and 11 patients with CMML, the prevalence of paraneoplastic glomerulonephritis
was reported to be 2% (n = 2) and 27% (n = 3), respectively [176]. Aberrant TNF overproduction secondary to MDS associated
autoimmune T-cell response has been suggested to play an important role in the development of paraneoplastic glomerulonephritis
[177]. In a post-mortem study of 94 kidneys obtained post-mortem from patients with leukemia and lymphoma, 9 cases were
detected to have subclinical glomerular immune complex disease; the incidence was highest in patients with acute myelomonocytic
leukemia (16%) [178]. Further evaluation of these immune complexes have identified antigens related to oncornaviruses, suggesting
a possible viral-related etiology in GS pathogenesis [178]. The relatively higher prevalence of nephropathy in CMML [176,179]
suggests a role for monocytosis in disease pathogenesis, based on their tendency to infiltrate visceral organs and secrete TNF alpha at
high levels, although this hypothesis remains to be substantiated [176]. A variety of glomerulonephritides have been reported to be
associated with MDS/CMML/AML including minimal change disease (MCD), focal segmental, mesangioproliferative, and membra-
noproliferative glomerulonephritis [180,181].

Glomerulonephritis (GS) occurs in about 3.6% MPN patients (polycythemia vera, essential thrombocythemia and primary
myelofibrosis) and is of focal segmental and mesangial proliferative GS type [182]. Plasma derived growth factor is key factor in
pathogenesis of MPN-related renal disease has been shown to enhance mesangial proliferation and fibrosis [183]. Treatment with
myelosuppressives for the underlying cMPNs had achieved partial remission of GS in some cases [182].

Rarely, membranoproliferative GS (MPGS), MCD, membranous nephropathy has been reported to be associated with CML
[180,181]. While the indolent clinical course of CML suggests that GS may occur independently of the malignancy, response of GS to
the tyrosine kinase inhibitor for CML [184,185] indicates that CML may be contributing to MPGS pathogenesis.

4.3. Behcet's disease and myeloid neoplasms

Behcet's disease (BD) is a chronic, immune-mediated, inflammatory disorder characterized by oral, genital, and ocular involve-
ment, skin lesions and a positive pathergy test [186]. Less commonly, patients can present with vascular, arthritic, gastrointestinal
and central nervous system involvement. The disease is rare in the US, with an estimated prevalence of 5.2 per 100,000 people [187].
There have been rare case reports of BD associated with MDS [188,189], CML-chronic phase [190,191], and AML [192,193]. Cy-
togenetic aberrations, especially trisomy 8 which occurs in 64-87% of BD-MDS cases [194,195], are thought to play an important
role in the pathogenesis of BD associated with MDS. In a population-based study, by Jung et al., [196] patients with BD had a greater
risk of MDS than the general population (SIR 65.7 [7.9-237.4] in men and 53.9 [11.1-157.4] in women), but not of hematological
cancer. In regard to management of these patients, several of the cases in the aforementioned reports were treated with allogeneic
stem cell transplantation which resulted in the resolution of remission of MDS/AML and BD [188,189,192,193].

4.4. Sjogren's syndrome and myeloid neoplasms

Sjogren's syndrome (SS) is an inflammatory disorder most often affecting the tear and salivary glands, and may either be primary
or secondary (prior rheumatologic disease such as SLE or RA) in origin. Although an association between SS and myeloid malig-
nancies is extremely rare, cases of AML [197], CML [198], and CMML [199] have been described, either as a paraneoplastic syn-
drome or in the context of prior cyclophosphamide exposure.

5. Conclusions

Most studies evaluating the risk of myeloid malignancies evaluating the risk of hematologic malignancies in autoimmune disease
have found a significant excess of MDS and/or AML across several AD types, including SLE, RA, IBD, and MS. Notably, ADs are much
more commonly associated with MDS/AML than chronic myeloid leukemia (CML) or MPNs [23], supporting pathobiologic differ-
ences between the entities. While numerous contributory factors such as medications used to treat the AD, shared genetic predis-
positions between the AD and MN, chronic immune stimulation or bone marrow infiltration by the AD, are possible, studies in-
vestigating mechanisms underlying leukemogenesis are lacking and hypotheses remain largely speculative. Notwithstanding,
leukemias arising in patients with AD are not always ‘therapy-related’ in that myeloid neoplasms may develop among certain AD
subtypes even in patients with no prior cytotoxic exposure.

As alluded to above, therapy related myeloid neoplasms arise as a delayed effect of treatment of AD. Conversely, rheumatologic
syndromes may co-occur with or herald an underlying hematologic malignancy, as a paraneoplastic phenomenon, in which case
resolution of the cancer usually leads to resolution of this syndrome [200,201]. Furthermore, the early appearance of hematologic
malignancies argues for shared genetic susceptibility or trigger factors.

A few large-scale studies and meta-analyses have confirmed the excess risk of HMs, including myeloid leukemias, in SLE and RA.
Among IBDs, the excess risk of myeloid leukemia appears to be confined to UC, for reasons that remain unclear. MS-related AML,
which is predominantly a M3 FAB subtype, has been described in the context of mitoxantrone use. Evidence of association between
myeloid neoplasms and other rarer ADs such as SSc, BD, SS, autoimmune vasculitides and glomerulonephritides, are limited to case
reports and series. Allogeneic stem cell transplant, a standard approach to treating t-MNs, is increasingly being recognized as a viable
option in treating severe, refractory AD.
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Studies specifically designed to evaluate the role of AD-directed therapy in the myeloid neoplasm risk are few and have yielded
conflicting results due to the low rate of cytotoxic/immunosuppressive agent exposure combined with the rarity of occurrence of
MNs. Among the immunosuppressive therapies used in AD, the carcinogenic potential of MNs is best documented with azathioprine,
and to a lesser extent with cyclophosphamide and mitoxantrone [67,68,128]. This excess risk of MNs is not shared by anti-TNF alpha
antagonist therapy in RA or IBD.

In conclusion, there appears to be an excess risk of MN risk in AD, independent of cytotoxic exposure, as suggested by occurrence
of MNs early in the treatment course and among patients with no prior therapy. Not all cytotoxic/immunosuppressive agents are
equivalent in their leukemogenic potential, with the strongest evidence linked to certain agents such as azathioprine, cyclopho-
sphamide, and mitoxantrone. The underlying genetic predisposition of the individual patient further compounds this assessment. A
challenge with identifying patients at risk for AD-related MNs is that studies evaluating MNs in patients with AD have failed to
demonstrate consistent characteristic clinical or paraclinical features. Important future research agendas include evaluation of
molecular defects underlying leukemogenesis in AD and identification of risk factors associated with MN development in AD.

5.1. Practice points

- Myelodysplastic syndromes can coexist with or occur during the course of AD. Clinicians should maintain a low threshold for bone
marrow evaluation in patients with AD and unexplained cytopenias

- While there is still insufficient evidence to inform therapy choices in AD treatment based on their MN risk, certain drug classes
such as thiopurines (azathioprine), alkylators (cyclophosphamide), and topoisomerase inhibitors (e.g. mitoxantrone) should be
carefully considered due to their well-documented leukemogenic potential and preferably substituted with safer treatment al-
ternatives.

- Based on data from a limited number of studies, there does not appear to be an excess risk of MNs with biologic therapies, namely
TNF-inhibitors.

5.2. Research agendas

- Understanding molecular and biologic mechanisms underpinning leukemogenesis in AD

- Development of translational murine autoimmune models to elucidate the impact of bone marrow microenvironment in MDS/
AML pathogenesis and progression.

- Identification of shared genetic predispositions and pathophysiologic pathways in AD and MNs

- Delineation of pre-clinical and clinical risk factors associated with AML/MDS development in AD patients with no prior therapy
exposure.

- Investigating the role of allogeneic stem cell transplant in the successful management of concurrent MN and AD
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