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Simple Summary: Erdheim—Chester disease (ECD) is a rare, non-Langerhans cell histiocytic disease,
characterized as a clonal hematopoietic malignancy in 2016. MAP kinase and PI3K-AKT pathway
somatic mutations and/or fusion genes play significant roles in disease pathogenesis. These mutations
now shape the landscape of targetable treatment options for this patient population. Additionally,
previous research has shown that patients with ECD have a higher frequency of concomitant myeloid
neoplasms as well as mutations traditionally related to clonal hematopoiesis detected in peripheral
monocytes. The goals of this study are to examine treatment outcomes with the use of small molecule
inhibitors versus conventional therapy in ECD over a longitudinal period. We also aim to identify
relevant trends in laboratory parameters, specifically peripheral blood monocytes, that may offer
insight into the mechanisms driving disease progression.

Abstract: A retrospective analysis of 20 adult patients with histopathological and clinical diagnoses of
ECD was conducted at a single institution over a twenty-year period (2002-2022). Clinical responses
were compared on the basis of treatments rendered, which included chemotherapy, immunotherapy,
systemic corticosteroids, surgery and radiation, or targeted agents, referring to any small molecular
inhibitors. Treatment response evaluation varied by the anatomic site(s) of disease, the extent of
disease at diagnosis, and the imaging modality employed. In this analysis, patients were treated with
a combination of targeted agents, myelosuppressive therapies, and radiation at various points in
their disease courses. Of these, the most common treatment modality rendered was targeted therapy,
employed in 11 of 20 patients. Partial responses or better were observed in 15 of 20 patients. Rates
of stable disease trended towards being more frequent with targeted therapy versus conventional
therapy but did not reach significance (p = 0.2967). Complete response rates trended towards being
more common with conventional therapy than molecular (p = 0.5) but were equivocal overall. Trends
of peripheral blood absolute monocytes with relation to disease activity were reviewed as recent
literature implied that monocyte levels surrounding disease progression were of potential prognostic
significance in histiocytic diseases. Amongst the patients who progressed at any point during their
treatment course, absolute monocyte count (in K/puL) was identified at the closest available timepoint
prior to or following disease progression and at the lowest value (nadir) following re-institution
of therapy prior to any additional agent(s) being employed. There was no statistically significant
difference in either of these monocyte values nor in disease outcomes with respect to treatments
rendered within our cohort. However, our cohort consists of a heterogenous population of patients
with ECD with data that highlights several trends over a longitudinal period, spanning the advent of
targeted therapy. Significant differences are anticipated in ongoing analyses.

Keywords: Erdheim—Chester; histiocyte; monocyte

1. Introduction

Erdheim~-Chester disease (ECD) is a rare, non-Langerhans cell histiocytosis classified
as a hematopoietic neoplasm in 2016 by the World Health Organization based on the
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identification of clonal signatures within patients [1-3]. ECD was first classified as a “lipoid
granulomatosis” in 1930 and later evolved to be recognized as a non-Langerhans cell histio-
cytosis. For many years, ECD was recognized as an inflammatory or reactive condition.
The evolution of this disease from a clinical and scientific standpoint now spans the era of
targeted molecular therapy, further shaping its understanding and management. Despite
1500 documented cases in the literature through 2019, there continues to be a scarcity of
data on ECD, lending to the heterogeneity of diagnostic evaluation and management [4-6].
ECD is characterized by the infiltration of foamy macrophages, surrounding fibrosis or
xanthogranulomatosis within tissues and organs throughout the body, including the central
nervous system, retroperitoneum, long bones, and large vessels. More life-threatening
presentations often have a component of central nervous system or cardiac involvement [1].
Clinical presentation can be widely variable based on anatomic involvement. A diagnosis of
ECD is made based on cumulative clinical, radiologic and histologic findings [6,7]. Touton
giant cells are occasionally seen on microscopic analyses. The classical immunohistochem-
istry profile in ECD histiocytes is CD 68+, CD 163+, factor XIlla+ and CDla— [6]. Clonal
signatures vary and are not required to make a diagnosis but commonly include mutations
in the MAP/kinase signaling pathway, including BRAF, MAP2K1, and N/KRAS [1,4,7].

Prior to the advent of molecular therapies, conventional therapy for ECD consisted pri-
marily of chemotherapy or immunosuppressive therapy and was associated with mortality
rates up to 60% at three years from diagnosis. Subsequently, interferon-alpha became the
standard therapy, resulting in modest improvements in survival outcomes [8]. However,
IFN-alpha is often poorly tolerated and ineffective in more severe forms of the disease,
including in patients with CNS and cardiac involvement [9]. More recently, in the era
of targeted molecular therapy, Ras/MAP kinase pathway inhibitors have demonstrated
efficacy in inducing disease remission and improving mortality rates [8-16]. Such agents,
including the BRAFV600E inhibitor, vemurafenib, and the MEK 1/2 inhibitor, cobimetinib,
have gained FDA approval for Erdheim—Chester in 2017 and 2022, respectively. Our study
specifically aimed to evaluate treatment outcomes in patients treated with conventional
therapy versus targeted molecular therapy over a longitudinal period. Additionally, we
aimed to evaluate if peripheral monocytes could be used as a marker for disease activity
and response to therapy.

2. Materials and Methods

A retrospective analysis of 20 patients diagnosed with ECD at a single institution over
a twenty-year period (2002-2022) was conducted. Inclusion criteria included a histopatho-
logic diagnosis of ECD without secondary malignancies within the same microscopic field
obscuring the diagnosis. Data pertaining to the supporting histological evidence of ECD for
each patient are included in Supplemental Table S1. The diagnosis of ECD in this cohort (or
in any patient, for that matter), was based on collective characteristic clinical, radiographic,
and immunohistochemical findings (for instance CD1a, CD68, and CD163 positivity) and
was not solely derived from tissue analysis.

Clinical information collected included biological sex, age at diagnosis, molecular
testing (if utilized), immunohistochemistry, imaging results, therapies administered and
best treatment outcomes. Clinical, imaging, and molecular data were translated into binary
data (“yes” or “no”) for descriptive statistical analysis. Comparison of outcomes with
respect to treatment type, time to diagnosis, and use of targeted agents was analyzed. A
comprehensive summary with demographic data, diagnostic imaging modalities, molecular
testing used (if applicable), treatment(s) rendered, and disease responses is included in
Table S1.

Mean values were generated for continuous variables and categorical variables were
summarized as frequencies or proportions using GraphPad Prism 9 © software. Continuous
variables included age at diagnosis and time of presentation to diagnosis (in months).
Categorical variables included biologic sex, whether molecular diagnostics were utilized
(including which techniques and associated results), disease presence by imaging (if so,
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which modality), anatomic site(s) of involvement, treatment(s) received, and best treatment
response (if available). Central nervous system (CNS) involvement was defined by the
presence of lesions involving the meninges and brain parenchyma; craniofacial structures
(e.g., maxillae, mandible) were not included under this designation.

Treatment response assessments varied for each patient based on several factors,
including site of initial disease and imaging used to diagnose and monitor disease ac-
tivity. To standardize patient outcome assessments in our retrospective analysis, we
employed three specific criteria including clinical, PERCIST or RECIST (Table 1), when
applicable [17,18]. The response assessment utilized for each of the patients in this cohort
is documented in Table S1. Clinical outcomes were evaluated by the authors in conjunction
with the treating hematologist and diagnostic radiologist. All radiological studies refer-
enced herein pertaining to the initial diagnosis and subsequent management of patients
with Erdheim—Chester were reviewed during the period of care by a radiologist. Imaging
demonstrating comparative pre- and post-treatment responses, where relevant, could not
be included for individual patients; however, the Supplemental Table S1 provides detailed
information on each patient’s treatment course.

Table 1. Response assessment criteria for this retrospective study ECD = Erdheim-Chester disease.
Physicians performed objective clinical response assessments. Metabolic responses required compari-
son between nuclear positron emission tomography (PET)-generated images, with the use of positron
emission tomography response criteria in solid tumors (PERCIST). Serial comparison was conducted
between either computed tomography (CT) or magnetic resonance imaging (MRI) using RECIST 1.1
criteria (response evaluation criteria in solid tumors) when applicable. SUL = standardized uptake by
lean body mass, TLG = total lesion glycolysis.

Response Stable Disease Partial Response Complete Progressive
Assessment Tool Utilized in (SD) (PR) Response (CR) Disease (PD)
Grossly
unchanged by Grossly regress ed Grossly resolved
- . by serial physical . . Grossly enlarged from
serial physical examina- by serial physical rior baseline b
Clinical Localized ECD examination . examination p .. y
. tion and/or . examination and/or
and/or serial . and/or serial . . .
photoimaging or hot?)?rrr?al in photoimaging serial photoimaging
laboratory values P sing
. >30% increase
Normalization of . o
>30% decrease all lesions to an (minimum 0.8 units) in
PERCIST [17] Disseminated Not meeting (minimum SUL equal to SUL peak or >75% TLG
disease by PET other criteria 0.8 units) quat | increase in the 5 highest
. surrounding tissue . ;
in SUL peak o metabolically active
and mean in liver .
lesions
].Dlssemlr}ated, Sum >30% Complete . .
visceral disease Not meetin decrease in disappearance Sum >20% increase in
RECIST 1.1 [18] or neurologic cung . PP diameter of
. other criteria diameter of target of any target .
disease by CT . . target lesion
and/or MRI lesion lesions

Treatment response assessments (rates of stable disease, partial response, or complete
responses) were then analyzed with respect to treatment administered. Given the nature
of this retrospective study, patient records were objectively examined for clinical disease
characteristics, diagnostics utilized, treatment(s) administered, and response(s) achieved,
as detailed above. Concurrent autoimmune disease was uncommon (only one patient had
rheumatoid arthritis and was on methotrexate) and was thus not included as a discrete
data point in this analysis. The swimmer’s plot in Supplemental Figure S1, depicts disease
responses with respect to treatments rendered throughout each patient’s clinical course.
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This information is also included in a narrative format under the “Treatment Summary’
column in Supplemental Table S1.

Finally, the peripheral blood absolute monocyte count (in K/uL) was documented at
multiple points including prior to initiation of therapy, at the time of disease progression,
after reintroduction of therapy (when applicable), and at the most recently available (i.e.,
present) timepoint.

3. Results

Of the 20 patients in this analysis, 9 were female and 11 were male (Figure 1A). Age at
diagnosis ranged from 14 to 78 years old (mean, 51.2 years). Imaging studies, including
CT, MRI, and whole-body PET CT were employed in 7, 6, and 5 patients, respectively.
Extranodal primary disease was common (18 patients) specifically with osseous (12),
dermal (10), the central nervous system (8), and cardiac (4) structure involvement. Six
patients did not have evidence of bone involvement at the time of diagnosis (Figure 1B).
Eight patients were diagnosed within 12 months of symptom onset, while 9 patients were
diagnosed > 24 months from symptom onset (Figure 1C).

Anatomic Site Distribution
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Figure 1. (A). Males diagnosed more frequently than females (11 versus 9 patients, respectively),
which is consistent with known disease phenotype. (B). Disease site varied, with extranodal lesions
being most common. (C). Time from initial presentation to diagnosis of ECD.

Molecular diagnostics or surrogates for molecular diagnostics in immunohistochem-
istry were utilized in all 20 patients, (immunohistochemistry for BRAF in 18, sequencing for
BRAF in 4). BRAFV600E mutation was detected in eight patients, seven of which by IHC
and one by molecular diagnostics. Collectively, the most expressed cell surface markers by
immunohistochemistry were in CD68 (8), followed by CD163 (7) and S100+ (5) (Figure 2A).
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Figure 2. (A). Cumulative immunohistochemistry staining highlights propensity for BRAF V600E
mutation and CD68 cell surface marker within ECD. (B). Targeted molecular therapy was utilized
most often within our cohort of patients. (C). Depiction of mutations observed within our cohort of
ECD patients. MAP kinase pathway related mutations, specifically BRAFV600E, were most common.
Sequencing data is limited within our cohort to four patients total, three of which had mutations
identified, as depicted above.

Regarding disease management, targeted molecular therapy was utilized most of-
ten (11 patients), followed by myelosuppression or steroids (8), immunotherapy and
radiation (2) (Figure 2B). Second line treatment was required in eleven patients due to
progressive disease, with seven of these patients also experiencing side effects from ini-
tial therapy. Of the eleven patients with progressive disease, three patients received
targeted molecular therapy as first line treatment. Targeted therapy was discontinued
in two of these patients due to toxicity and one patient due to progressive disease. Of
these eleven patients, five patients had CNS or cardiac involvement at the time of initial
diagnosis. Second line therapy selection was widely variable, with targeted molecular
treatment being used after retrospective identification of BRAFV600E mutation in two
patients. Other second line agents included cladribine (1 = 2), pembrolizumab (1), local
radiation therapy (2), binimetinib (1), cobimetinib (1), and dabrafenib (1). One patient with
advanced CNS involvement progressed following vinblastine, rituximab, lenalidomide,
clofarabine, and local radiation therapy. Mortality rate was 0% in this cohort at the time of
treatment analysis.

Amongst the patients with MAP Kinase pathway mutations, one patient was identified
to have a t (1,7) RNF11-BRAF fusion, somatic diploid GNAS amplification, WT1 and WNT2
positive, but did not have germline mutations. The other patient was identified to have
a Tier II (variant of potential clinical significance) NRAS mutation c.182A>G, p.Q61R, at
a variant allele frequency of 5% within the bone marrow and spleen. Both patients with
MAP kinase mutations were negative for the BRAFV600E mutation (Figure 2C).

Regarding outcome assessments, management was designated as “molecular” in
patients who received any small molecule inhibitor targeting the Ras/MAP kinase pathway
and “conventional” for all other non-targeted therapies, including surgery, radiation, and
myelosuppressive therapy (immune/chemotherapy). Responses were then evaluated
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with respect to therapy rendered. Data presented henceforth will be reported as raw
values but then depicted graphically as percentages to allow for direct comparison of
responses, since the total number of patients in each category (e.g., partial and complete
responders) differed.

Treatment responses were analyzed with respect to type of treatment rendered (con-
ventional versus targeted molecular therapy), as well as time to diagnosis. Best treatment
response with respect to active therapy at that time was utilized for the data that follows.
This is important to note, as several patients were treated with both conventional and
targeted molecular therapy.

Stable disease was observed in five patients out of ten treated with targeted therapy,
compared to one patient out of five treated with conventional therapy (p = 0.2967). A partial
response was observed in one patient out of five treated with conventional therapy and
one patient out of ten treated with targeted therapy (p = 0.6221). A complete response was
observed in three patients out of five treated with conventional therapy and four patients
out of ten treated with molecular therapy (p = 0.5). Stable disease was observed in two
patients diagnosed early (<12 months from symptom onset) and similarly in two patients
diagnosed late (>24 months from symptoms onset). Complete response was observed
in four out of six patients diagnosed within 12 months of symptom onset, compared to
three out of six patients diagnosed >24 months after symptom onset. In total, there were
three patients with unknown disease response (Figure 3). Due to the small sample size, the
raw values presented are not suggestive of significant differences within this cohort. The
timeframe of response assessments for each patient are included in Supplemental Table S1.

Differential response assessment by treatment rendered
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Figure 3. Differential response assessment by therapy administered.

Finally, an evaluation of peripheral blood absolute monocytes in all patients who
had progressed in therapy identified a decrease in pre-progression absolute monocytes
compared to post-progression monocytes after re-initiation of therapy by a mean value of
0.2 K/uL, which did not reach significance (p = 0.3125, 95% CI —0.2373 to 0.6373, Figure 4A).
A trend toward decrease in pre-therapy absolute monocytes compared to post-therapy
monocytes was observed as well, but a significant difference was not reached (averages of
0.49 and 0.33, respectively; p = 0.0988, 95% CI —0.0302 to 0.3408, Figure 4B).

Regarding outcomes beyond treatment responses, data on therapy-related toxicities,
duration of treatment and reasons for discontinuation (where applicable) are summarized
for each patient in Table S1. Long-term sequelae stemming from cytotoxic and targeted
therapies, to date, have not been observed in this cohort, nor have secondary lymphoid
myeloid neoplasms. The mean time from date of diagnosis to most recent follow-up was
109.9 months.
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Figure 4. Peripheral monocytes decreased by an average of 0.2 K/uL between disease progression
and following re-initiation of therapy (A). There was an average decrease by 0.16 K/uL, between
pre-therapy absolute monocytes compared to post-therapy monocytes (B).

4. Discussion

Our current study highlights several challenges in diagnosing, treating, and reporting
disease outcomes in a rare and heterogenous disease. Despite this, we found trends in
the data to suggest that even in patients treated with several different therapies, higher
rates of stable disease were observed more frequently with targeted therapy compared to
conventional. While we observed higher complete response rates in patients treated with
conventional therapy, we attribute this to the relatively short follow-up periods since initia-
tion of targeted therapy compared to that of conventional therapy. We acknowledge that
given the small cohort size, statistical significance was not observed with these outcomes;
however, we find value in reporting trends in disease outcomes given the rarity of the
disease. Furthermore, the relatively new recommendation for use of targeted therapy as
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first line therapy in ECD necessitates longitudinal analyses like these, to better understand
disease monitoring, outcomes and side effects of therapy.

The current proposed diagnostic and treatment pathways for patients newly diag-
nosed with ECD, per the consensus guidelines published in 2019, recommends BRAF
testing as the first branchpoint in diagnosis [2,8,10]. Supporting data for these guide-
lines included several studies demonstrating recurring mutations in BRAF V600E and
other activating alterations in the MAP kinase and PI3K-AKT pathways [1,2,8-16]. Based
on these guidelines, it is recommended that if a patient has mild BRAF V600E-positive
disease, then targeted BRAF inhibition or conventional therapy (INF-alpha versus other
myelosuppressive agent) should be implemented as first line treatment. Cohen Aubart
et al. recommends use of targeted molecular therapy with vemurafenib or dabrafenib first
line [1,8,10] in patients with moderate/severe ECD (i.e., cardiac or neurologic involvement)
or with end organ involvement. In patients with BRAF WT and moderate/severe disease,
they recommend evaluation for other MAPK-ERK mutations. Notably, treating empirically
with MEK inhibitors in patients with acutely severe ECD without an identifiable MAPK
mutation is also a reasonable strategy [19-23].

Since these recommendations have been published, few studies have been conducted
evaluating treatment efficacy, outcomes, and tolerability of BRAF and MEK inhibitors
in ECD [5,8-16]. A study conducted in 2017 by Cohen Aubart et al., was the first to
demonstrate vemurafenib efficacy with long-term follow-up in a cohort of 54 patients who
were included in the French Histiocytosis Registry. Findings here included an 88% response
rate of partial metabolic response (PMR, n = 35) or complete metabolic response (CMR,
n = 7) at six months after treatment initiation [1,8,15]. Collectively, this study was able
to follow a cohort of patients treated solely with targeted molecular therapy, whereas
ours followed a more diverse patient population with respect to treatments rendered.
Furthermore, we evaluated disease response with both clinical exam and imaging, rather
than imaging alone. This is important to note, as reduced FDG-avidity on PET-CT does
not always correspond to complete disease regression due to the extensive fibrosis often
seen in this disease and the persistent end-organ histiocytic infiltration despite metabolic
responses on imaging [8]. Most importantly, we were able to compare treatment outcomes
of molecular versus conventional therapies, although we acknowledge that statistical
significance was not observed due to the small sample size within our cohort.

Another observational cohort study of 60 patients with ECD enrolled in the National
Human Genome Research Institute clinical protocol from 2011 to 2015 reported on clinical
outcomes with both conventional and targeted molecular therapy in ECD [7]. The majority
of their patients were treated with conventional rather than targeted therapy (23 versus
8 patients, respectively). Here, clinical examination and radiographic imaging were both
utilized to define therapeutic response, making this an ideal comparator to our cohort. Their
findings differ from ours, in that they observed higher rates of stable disease in patients
treated with conventional therapy versus targeted therapy, a difference likely explained
by a smaller number of patients treated with targeted therapy within their cohort. Both
studies also demonstrated higher relapse rates with conventional therapy when compared
to targeted agents. Our study also differs in that we were able to follow our patients over a
twenty-year period compared to five years.

In further exploring the landscape of targeted therapy evaluation in ECD, several
trials have been designed to better understand the efficacy of BRAF inhibitors. A systemic
review published by Aziz et al. in 2022, for instance, identified three clinical trials each
aiming to identify treatment efficacy of vemurafenib in patients with ECD [5]. This review
included data from three sources: an open-label non-randomized phase two clinical trial
of 22 patients from Diamond et al. (2018), a cohort study of 122 patients (18 of whom had
ECD or LCH) with the BRAFV600E mutation (including patients with non-melanomatous
cancers) being treated with vemurafenib by Hyman et al. (2015), and finally, an open study
of 8 patients with ECD with either CNS or cardiac involvement treated with vemurafenib
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by Haroche et al. (2015) [21]. These three trials each demonstrated treatment response to
vemurafenib to varying degrees [5,21-23].

Critical evaluation within the ECD literature has also brought to our attention a
lack of standardized use of sensitive genomic sequencing techniques in the diagnostic
evaluation of patients with ECD. One recent systematic review across 760 studies, 133 arti-
cles, and 311 ECD patients emphasized the importance of implementing such evaluations
when approaching the disease [19]. Authors reported, for instance, on BRAF mutations
as being associated with neurologic disease (183 of 273 patients, 67%, p < 0.001), KRAS
and NRAS with cutaneous and pleural involvement (583 and 44% of patients, respec-
tively), and MAP2K1 with peritoneal and retroperitoneal lesions (4 of 11 patients, 36.4%,
p = 0.01); PIK3CA was not associated with specific organ involvement. This study uniquely
stressed the influence of a possible baseline early mutation within monocytes within ECD
and further argues for a thorough genetic analysis in these patients [11,13,19]. In an effort to
bring these findings into clinical practice, the 2020 consensus ECD guidelines recommended
the use of sensitive genetic sequencing techniques in standard polymerase chain reaction,
droplet digital PCR or targeted-capture next-generation sequencing in samples with nega-
tive or equivocal immunohistochemistry (IHC) for BRAFV600E, arguing that IHC is not
sensitive for evaluation of mutational status in ECD tissue. Authors also recommended that
NGS be used in patients without the BRAFV600E mutation to identify additional targetable
mutations within the MAP-ERK and PI3K-AKT pathways (KRAS, NRAS, ARAF, RAF1,
MAP2K1, MAP2K2, BRAF indels, and PI3KA) [5,10,19].

Lastly, there are multiple potential etiologies to explain the relative (albeit insignif-
icant to-date) peripheral monocytosis at the time of disease progression, followed by a
relative decrease at time of re-institution of therapy observed within our cohort. One
explanation is that, in response to a progression in tumor burden, monocytes expand and
differentiate into dendritic cells, which upregulate major histocompatibility class II expres-
sion [24]. Another possibility is that peripheral blood monocytes themselves are simply a
component of circulating disease and expand as ECD is progressing. Prior examinations
into histiocyte ontogeny would support this theory. Specifically, research has suggested
that histiocytic disorders arise from pre-existing clonal hematopoiesis whereby clonal
hematopoietic progenitors harboring TET2 mutations later differentiate into circulating
monocytes that acquire BRAF mutations and circulate as ECD [25-29]. With this theory,
relative peripheral monocytosis at time of progression, followed by reduction while on
therapy, might be reflective of patients” ECD responding to therapy.

The authors recognize that the monocyte data provided herein is not significant, owing
to small study numbers. We wish to acknowledge even these negative findings as the
trends are relevant and are expected to reach significance in ongoing analyses within our
cohort. This is further supported by similar findings seen within histiocytic diseases in
2023 studies by Razanmahery et al. and Reynolds et al. [28,29]. While these trends remain
under expansive investigation, the aforementioned studies and cumulative clinical data
now serve as the basis for ECD management as set forth by the guidelines from the National
Comprehensive Cancer Network [30].

5. Conclusions

To our knowledge, this study is one of the first of its kind to compare treatment
outcomes of both conventional and targeted therapy in adults with Erdheim—Chester
disease. Based on our data, early recognition of targetable mutations and utilization of
targeted therapy are both associated with higher rates of disease stability and at least a
partial response to therapy by clinical exam and imaging. Within our cohort, stable disease
was more often observed in patients treated with targeted therapy whereas complete
response was observed more often in patients treated with conventional therapy. This is
likely due to relatively short follow-up periods since initiation of targeted therapy in this
cohort, compared to that of conventional therapy. We expect higher complete response
rates with targeted therapy in ongoing analyses with longer periods of follow-up. It is



Cancers 2024, 16, 1299 10 of 12

also important to note that this study spans a large period of 20 years, during which time
the landscape of treatment for ECD has changed significantly, spanning the introduction
of molecular diagnostics and targeted molecular therapies. With that, we acknowledge
the potential for confounding within our data set. Separately, in a correlative translational
study, we plan to perform next generation sequencing of our existing cohort of patients
with ECD and identify patterns between the extent of mutational heterogeneity (as well as
the exact mutations) in ECD and how they relate to clinical outcomes. Finally, the findings
on relative monocytosis are intriguing and require cohort expansion to determine clinical
significance with regard to its use as a prognostic tool.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers16071299/s1, Table S1: Demographics, diagnostics, and
treatment responses for patients within this cohort. Figure S1. Swimmer’s plot for all 20 evaluated
patients. Different colors designate each type of response (complete, partial, progressive, and
mixed) for visualization of data with respect to therapy during treatment course. All treatments
(indicated by a different colored circle) were included as follows: local therapies (intralesional
injections and surgery), radiation, corticosteroids, chemo and immunotherapy (referring to any
chemotherapeutic/immunomodulatory agent or monoclonal antibody), corticosteroids, and targeted
agents (referring only to small molecule inhibitors of Ras/MAP kinase signaling). Additional
outcomes visualized on the plot included treatment discontinuation due to adverse effects/intolerance
and loss of patients to follow-up or death.

Author Contributions: Conceptualization, S.R.W., S.B.R. and A.Z.A.; methodology, S.R.W.; for-
mal analysis, S.R.W.; investigation, S.R.W.; resources, S.R.W.; data curation, S.R.W. and S.B.R;
writing—original draft preparation, S.R.-W.; writing—review and editing, SR.W., S.B.R. and A.Z.A;
supervision, A.Z.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This research did involve human participants and was
conducted in accordance with the Declaration of Helsinki. The study was performed under The
University of Michigan Institutional Review Board (IRB) Study ID HUM00214315. The most recent
amendment approval date was on 5 January 2024.

Informed Consent Statement: Informed consent was waived as no identifiable protected health
information was used in this study.

Data Availability Statement: Primary data included patient-specific details including treatments
and outcomes. These are provided in Table S1. These data were used to generate supporting data
within this manuscript.

Conflicts of Interest: The authors declare no potential conflicts of interest nor financial disclosures.

References

1.

Cohen Aubart, F; Emile, J.-F; Carrat, E; Charlotte, F.; Benameur, N.; Donadieu, J.; Maksud, P; Idbaih, A.; Barete, S.; Hoang-Xuan,
K. et al. Targeted therapies in 54 patients with Erdheim-Chester disease, including follow-up after interruption (the LOVE study).
Blood 2017, 130, 1377-1380. [CrossRef] [PubMed]

Goyal, G.; Heaney, M.; Collin, M.; Cohen-Aubart, F.; Vaglio, A.; Durham, B.; Hershkovitz-Rokah, O.; Girschikofsky, M.; Jacobsen,
E.; Toyama, K; et al. Erdheim-Chester disease: Consensus recommendations for evaluation, diagnosis, and treatment in the
molecular era. Blood 2020, 135, 1929-1945. [CrossRef] [PubMed]

Melloul, S.; Hélias-Rodzewicz, Z.; Cohen-Aubart, F.; Charlotte, F,; Fraitag, S.; Terrones, N.; Riller, Q.; Chazal, T.; Héritier, S.;
Moreau, A.; et al. Highly sensitive methods are required to detect mutations in histiocytoses. Haematologica 2018, 104, €97-€99.
[CrossRef] [PubMed]

Haroche, J.; Cohen-Aubart, E; Emile, J.-F.; Arnaud, L.; Maksud, P.; Charlotte, F.; Cluzel, P.; Drier, A.; Hervier, B.; Benameur,
N.; et al. Dramatic efficacy of vemurafenib in both multisystemic and refractory Erdheim-Chester disease and Langerhans cell
histiocytosis harboring the BRAF V600E mutation. Blood 2013, 121, 1495-1500. [CrossRef] [PubMed]

Aziz, S.; Proano, L.; Cruz, C.; Tenemaza, M.; Monteros, G.; Hassen, G.; Baskar, A.; Argudo, ].; Duenas, ].; Fabara, S. Vemurafenib
in the Treatment of Erdheim Chester Disease: A Systematic Review. Cureus 2022, 14, €25935. [CrossRef] [PubMed]

Haroche, J.; Cohen-Aubart, E.; Amoura, Z. Erdheim-Chester disease. Blood 2020, 135, 1311-1318. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/cancers16071299/s1
https://www.mdpi.com/article/10.3390/cancers16071299/s1
https://doi.org/10.1182/blood-2017-03-771873
https://www.ncbi.nlm.nih.gov/pubmed/28667012
https://doi.org/10.1182/blood.2019003507
https://www.ncbi.nlm.nih.gov/pubmed/32187362
https://doi.org/10.3324/haematol.2018.201194
https://www.ncbi.nlm.nih.gov/pubmed/30262559
https://doi.org/10.1182/blood-2012-07-446286
https://www.ncbi.nlm.nih.gov/pubmed/23258922
https://doi.org/10.7759/cureus.25935
https://www.ncbi.nlm.nih.gov/pubmed/35844342
https://doi.org/10.1182/blood.2019002766
https://www.ncbi.nlm.nih.gov/pubmed/32107533

Cancers 2024, 16, 1299 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Estrada-Veras, ].; O’brien, K.; Boyd, L.; Dave, R.; Durham, B.; Xi, L.; Malayeri, A.; Chen, M.; Gardner, P; Enriquez, J; et al. The
clinical spectrum of Erdheim-Chester disease: An observational cohort study. Blood Adv. 2017, 1, 357-366. [CrossRef] [PubMed]
Vaglio, A.; Diamond, E.L. Erdheim-Chester disease: The “targeted” revolution. Blood 2017, 130, 1282-1284. [CrossRef] [PubMed]
Arnaud, L.; Hervier, B.; Néel, A.; Hamidou, M.; Kahn, J.; Wechsler, B.; Pérez-Pastor, G.; Blomberg, B.; Fuzibet, J.; Dubourguet,
F; et al. CNS involvement and treatment with interferon-« are independent prognostic factors in Erdheim-Chester disease: A
multicenter survival analysis of 53 patients. Blood 2011, 117, 2778-2782. [CrossRef]

Diamond, E.L.; Dagna, L.; Hyman, D.M.; Cavalli, G.; Janku, F.; Estrada-Veras, J.; Ferrarini, M.; Abdel-Wahab, O.; Heaney, M.L.;
Scheel, PJ.; et al. Consensus guidelines for the diagnosis and clinical management of Erdheim-Chester disease. Blood 2014, 124,
483-492. [CrossRef]

Chetritt, J.; Paradis, V.; Dargere, D.; Adle-Biassette, H.; Maurage, C.A.; Mussini, ].M.; Vital, A.; Wechsler, J.; Bedossa, P. Chester-
Erdheim disease: A neoplastic disorder. Hum. Pathol. 1999, 30, 1093-1096. [CrossRef] [PubMed]

Haroche, J.; Charlotte, F.; Arnaud, L.; von Deimling, A.; Hélias-Rodzewicz, Z.; Hervier, B.; Cohen-Aubart, F; Launay, D.; Lesot,
A.; Mokhtari, K,; et al. High prevalence of BRAF V600E mutations in Erdheim-Chester disease but not in other non-Langerhans
cell histiocytoses. Blood 2012, 120, 2700-2703. [CrossRef] [PubMed]

Diamond, E.L.; Durham, B.H.; Haroche, J.; Yao, Z.; Ma, J.; Parikh, S.A.; Wang, Z.; Choi, J.; Kim, E.; Cohen-Aubart, F; et al. Diverse
and Targetable Kinase Alterations Drive Histiocytic Neoplasms. Cancer Discov. 2016, 6, 154-165. [CrossRef] [PubMed]

Emile, J.-F.; Diamond, E.L.; Hélias-Rodzewicz, Z.; Cohen-Aubart, E; Charlotte, F.; Hyman, D.M.; Kim, E.; Rampal, R.; Patel, M.;
Ganzel, C.; et al. Recurrent RAS and PIK3CA mutations in Erdheim-Chester disease. Blood 2014, 124, 3016-3019. [CrossRef]
[PubMed]

Hervier, B.; Haroche, J.; Arnaud, L.; Charlotte, E.; Donadieu, J.; Néel, A.; Lifermann, F.; Villabona, C.; Graffin, B.; Hermine, O.;
et al. Association of both Langerhans cell histiocytosis and Erdheim-Chester disease linked to the BRAFV600E mutation. Blood
2014, 124, 1119-1126. [CrossRef]

Gianfreda, D.; Nicastro, M.; Galetti, M.; Alberici, F.; Corradi, D.; Becchi, G.; Baldari, G.; De Filippo, M.; Ferretti, S.; Moroni, G.;
et al. Sirolimus plus prednisone for Erdheim-Chester disease: An open-label trial. Blood 2015, 126, 1163-1171. [CrossRef]
O,].H,; Lodge, M.A.; Wahl, R.L. Practical PERCIST: A Simplified Guide to PET Response Criteria in Solid Tumors 1.0. Radiology
2016, 280, 576-584. [CrossRef] [PubMed]

Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.; Mooney,
M.; et al. Faculty opinions recommendation of New Response Evaluation Criteria in solid tumours: Revised RECIST guideline
(version 1.1). Fac. Opin.—Post-Publ. Peer Rev. Biomed. Lit. 2015. [CrossRef]

Bartoli, L.; Angeli, F.; Stefanizzi, A.; Fabrizio, M.; Paolisso, P.; Bergamaschi, L.; Broccoli, A.; Zinzani, P.L.; Galie, N.; Rucci, P; et al.
Genetics and clinical phenotype of Erdheim—-Chester disease: A case report of constrictive pericarditis and a systematic review of
the literature. Front. Cardiovasc. Med. 2022, 9, 876294. [CrossRef]

Haroun, E; Millado, K.; Tabbara, I. Erdheim—Chester Disease: Comprehensive Review of Molecular Profiling and Therapeutic
Advances. Anticancer Res. 2017, 37, 2777-2783. [CrossRef]

Haroche, J.; Cohen-Aubart, F.; Emile, J.; Maksud, P.; Drier, A.; Tolédano, D.; Barete, S.; Charlotte, F.; Cluzel, P.; Donadieu,
J.; et al. Reproducible and Sustained Efficacy of Targeted Therapy with Vemurafenib in Patients with BRAFV600E-Mutated
Erdheim-Chester Disease. J. Clin. Oncol. 2015, 33, 411-418. [CrossRef] [PubMed]

Diamond, E.L.; Subbiah, V.; Lockhart, A.; Blay, J.; Puzanov, I.; Chau, L; Raje, N.; Wolf, J.; Erinjeri, J.; Torrisi, J.; et al. Vemurafenib
for BRAF V600-Mutant Erdheim-Chester Disease and Langerhans Cell Histiocytosis. JAMA Oncol. 2018, 4, 384-388. [CrossRef]
[PubMed]

Hyman, D.M.; Puzanov, I; Subbiah, V.; Faris, J.; Chau, I1; Blay, J.; Wolf, J.; Raje, N.; Diamond, E.; Hollebecque, A.; et al.
Vemurafenib in Multiple Nonmelanoma Cancers with BRAF V600 Mutations. N. Engl. ]. Med. 2015, 373, 726-736. [CrossRef]
[PubMed]

Jongsma, M.L.M.; Neefjes, ].; Spaapen, R.M. Playing hide and seek: Tumor cells in control of MHC class I antigen presentation.
Mol. Immunol. 2021, 136, 36—44. [CrossRef] [PubMed]

Papo, M.; Cohen-Aubart, F,; Trefond, L.; Bauvois, A.; Amoura, Z.; Emile, ].F.; Haroche, J. Systemic Histiocytosis (Langerhans
Cell Histiocytosis, Erdheim-Chester Disease, Destombes-Rosai-Dorfman Disease): From Oncogenic Mutations to Inflammatory
Disorders. Curr. Oncol. Rep. 2019, 21, 62. [CrossRef] [PubMed]

Emile, J.-F.; Abla, O.; Fraitag, S.; Horne, A.; Haroche, J.; Donadieu, J.; Requena-Caballero, L.; Jordan, M.B.; Abdel-Wahab, O.;
Allen, C.E; et al. Revised classification of histiocytoses and neoplasms of the macrophage-dendritic cell lineages. Blood 2016, 127,
2672-2681. [CrossRef] [PubMed]

Guilliams, M.; Ginhoux, F; Jakubzick, C.; Naik, S.H.; Onai, N.; Schraml, B.U.; Segura, E.; Tussiwand, R.; Yona, S. Dendritic cells,
monocytes and macrophages: A unified nomenclature based on ontogeny. Nat. Rev. Immunol. 2014, 14, 571-578. [CrossRef]
[PubMed]

Razanamabhery, J.; Samson, M.; Guy, J.; Racine, J.; Row, C.; Greigert, H.; Nicolas, B.; Francois, S.; Emile, ].-F.; Cohen-Aubart, F; et al.
Specific blood monocyte distribution in histiocytoses correlates with vascular involvement and disease activity. Haematologica
2023, 108, 3444-3448. [CrossRef]


https://doi.org/10.1182/bloodadvances.2016001784
https://www.ncbi.nlm.nih.gov/pubmed/28553668
https://doi.org/10.1182/blood-2017-07-795054
https://www.ncbi.nlm.nih.gov/pubmed/28912295
https://doi.org/10.1182/blood-2010-06-294108
https://doi.org/10.1182/blood-2014-03-561381
https://doi.org/10.1016/S0046-8177(99)90228-9
https://www.ncbi.nlm.nih.gov/pubmed/10492045
https://doi.org/10.1182/blood-2012-05-430140
https://www.ncbi.nlm.nih.gov/pubmed/22879539
https://doi.org/10.1158/2159-8290.CD-15-0913
https://www.ncbi.nlm.nih.gov/pubmed/26566875
https://doi.org/10.1182/blood-2014-04-570937
https://www.ncbi.nlm.nih.gov/pubmed/25150293
https://doi.org/10.1182/blood-2013-12-543793
https://doi.org/10.1182/blood-2015-01-620377
https://doi.org/10.1148/radiol.2016142043
https://www.ncbi.nlm.nih.gov/pubmed/26909647
https://doi.org/10.3410/f.722540738.793503102
https://doi.org/10.3389/fcvm.2022.876294
https://doi.org/10.21873/anticanres.11629
https://doi.org/10.1200/JCO.2014.57.1950
https://www.ncbi.nlm.nih.gov/pubmed/25422482
https://doi.org/10.1001/jamaoncol.2017.5029
https://www.ncbi.nlm.nih.gov/pubmed/29188284
https://doi.org/10.1056/NEJMoa1502309
https://www.ncbi.nlm.nih.gov/pubmed/26287849
https://doi.org/10.1016/j.molimm.2021.05.009
https://www.ncbi.nlm.nih.gov/pubmed/34082257
https://doi.org/10.1007/s11912-019-0810-6
https://www.ncbi.nlm.nih.gov/pubmed/31115724
https://doi.org/10.1182/blood-2016-01-690636
https://www.ncbi.nlm.nih.gov/pubmed/26966089
https://doi.org/10.1038/nri3712
https://www.ncbi.nlm.nih.gov/pubmed/25033907
https://doi.org/10.3324/haematol.2023.282739

Cancers 2024, 16, 1299 12 of 12

29. Reynolds, S.B.; Wilcox, S.; Li, Q.; Ahmed, A.Z. Investigating the correlation between small molecular inhibitor utilization,
peripheral blood monocytes, and treatment outcomes in Rosai Dorfman disease. Ann. Hematol. 2024, 103, 37-59. [CrossRef]

30. Referenced with Permission from the NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) for Guideline Name
V.X.202X. © National Comprehensive Cancer Network, Inc. 202X. All Rights Reserved. To View the Most Recent and Complete
Version of the Guideline. Available online: https://www.nccn.org/ (accessed on 6 March 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00277-023-05494-x
https://www.nccn.org/

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

