
decreased ribosome stability. Finally,
Messling et al took advantage of a small-
molecule inhibitor of RIOK2 (1-[2-(2-thia-
zolyl)diazenyl]-2-naphthalenol) that had
been found to be effective in delaying
prostate cancer growth,9 to show that
pharmacological inhibition of RIOK2 has
antileukemic effects, both in vitro and in
vivo. Importantly, the RIOK2 inhibitor has
no substantial cross-reactivity with
RIOK19 and only mild cross-reactivity
with RIOK3, which is not necessary for
the proliferation of AML cells.

This exciting report from Messling et al
provides proof of concept that targeting
the ribosome assembly machinery may
expand the range of therapeutic options
in AML. An important caveat is that the
RIOK2 inhibitor reduced protein synthesis
in vivo for only a short time, promoting a
slight, but not significant, increase in the
survival of leukemic mice. However, phar-
macological optimization of the com-
pound or alternative dose regimens is
likely to circumvent this issue in future.

An important concern raised by this study
is whether there is merit in developing
drugs targeting proteins such as RIOK2
that are encoded by “pan-essential”
genes.10 However, existing clinical trial
data already indicate that there is a
potential therapeutic window for target-
ing ribosome assembly in hematologic
malignancies. For example, an inhibitor
of the ribosome nuclear export receptor
exportin-1 (selinexor) is approved for the
treatment of diffuse large B-cell lym-
phoma and multiple myeloma, while the
ribosomal DNA transcriptional inhibitor
CX5461 has shown responses in mye-
loma and diffuse large B-cell lym-
phoma.11 The study by Messling et al
provides considerable optimism that tar-
geting RIOK2 will provide a PI3K/AKT/
mTOR–independent route to reduce pro-
tein synthesis for AML therapy.
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Histiocytoses converge
through common pathways
Elaine S. Jaffe1 and John K. C. Chan2 | 1National Cancer Institute; 2Queen
Elizabeth Hospital

In this issue of Blood, Kemps et al1 provide an expanded view of the patholog-
ical, genomic, and clinical features of anaplastic lymphoma kinase (ALK)-
positive histiocytosis, and demonstrate the clinical efficacy of ALK inhibition,
with durable responses in 11 of 11 patients, including 10 with central or
peripheral nervous system disease.

ALK-positive histiocytosis was first recog-
nized by Chan et al,2 who identified 3
cases of a novel form of histiocytosis pre-
senting in early infancy and associated
with systemic involvement of bone mar-
row, spleen, and liver. The discovery of
this condition was perhaps accidental,
based on the frequent involvement of
ALK in one of the more common forms
of T-cell lymphoma in childhood: ALK-
positive anaplastic large cell lymphoma.
The early reports focused on cases pre-
senting in the pediatric age group, but
expanded examination of histiocytic
lesions in children and adults showed a
broader spectrum of this condition, with
cases in adults more often presenting
with localized disease, including involve-
ment of skin and soft tissue, breast, and
gastrointestinal tract.3,4 It also emerged
that this condition was most often associ-
ated with a KIF5B-ALK fusion,5 a finding
confirmed in the current report.

The current report in Blood is the largest
series reported to date and includes 39
confirmed cases. The authors have shown
that ALK-positive histiocytosis is clinically
heterogeneous. They divide their cases
into 3 clinical cohorts. Group 1A includes
cases in infants with systemic disease,
similar to the original report.2 Group 1B
comprises children and adults with multi-
system disease and frequent involvement
of the central nervous system. Group 2
includes patients presenting with a single
site of involvement, with some variation in
age (0-41 years), but mainly presenting in
infants and children (20 of 23; 87%). In
comparison with prior cases reported in
the literature, the current series identified
fewer cases in adults, perhaps reflecting
the personal interests and expertise of
the authors, many of whom are experts in
pediatric pathology and hematology.

The classification of histiocytic and den-
dritic cell neoplasms has evolved in fits
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and starts. Although the classification of
B-cell and T-cell lymphomas developed
from a concerted effort to relate the
tumors to developmental and functional
subsets of the normal immune system,6

many of the histiocytoses were initially
thought to be reactive or inflammatory
conditions. This list includes Erdheim-
Chester disease (ECD), Rosai-Dorfman-
Destombes disease, and Langerhans cell
histiocytosis (LCH), all initially identified
as clinical syndromes.

The modern and unifying landscape of
the histiocytic and dendritic cell neo-
plasms has emerged through study of
their molecular pathogenesis. Both the
“histiocytoses,” which are typically formed
by benign-appearing histiocytes and den-
dritic cells, and the histiocytic/dendritic
cell (H/DC) sarcomas are characterized by
frequent mutations in the MAPK path-
way (see figure).7,8 A smaller subset of
cases show evidence of activation of the
phosphatidylinositol 3-kinase signaling
pathway.9 These insights have led to
advances in therapy, with the

introduction of targeted therapy of H/
DC tumors, through inhibition of com-
ponents of the pathway including RAS,
RAF, MEK, and mTOR.9,10 Nevertheless,
many of the observed mutations are not
specific to any individual entity. For exam-
ple, BRAF V600E mutations can be
encountered in all members of the disease
family, inclusive of isolated LCH, systemic
ECD, and H/DC sarcomas. The precise
pathogenetic lesions that specifically
define the clinical manifestations remain to
be elucidated. Addition of ALK-positive
histiocytosis to the umbrella concept of
histiocytosis brings a new dimension to
the spectrum of driver mutations in histio-
cytoses, implicating a receptor tyrosine
kinase gene. ALK fusion leads to activation
of many different signaling pathways,
among which the MAPK pathway is highly
relevant, reflecting convergence on a com-
mon pathway of tumorigenesis.

The current report focuses on the suc-
cessful use of ALK inhibitors for the treat-
ment of ALK-positive histiocytosis, which
led to sustained remissions in all treated

patients. The authors also identified 10
histiocytic lesions that showed ALK immu-
noreactivity, but in which RNA sequencing
(RNAseq) failed to identify an ALK fusion.
The results of fluorescence in situ hybridi-
zation (FISH) are not reported. The
authors fear that use of the term “ALK-
positive histiocytosis” for these cases may
lead to inappropriate or ineffective ther-
apy with an ALK inhibitor. None of the 10
cases received an ALK inhibitor clinically,
so a failure to respond is speculative in
this setting. We also note that in lesions
with low tumor cell content, RNAseq may
lead to false-negative results; we have
encountered cases that were negative by
RNAseq but positive by FISH for ALK rear-
rangement. Furthermore, 2 of the 6 group
1A cases with classical clinical manifesta-
tions do not have demonstrable ALK
fusion. It would seem discrepant to
include these 2 cases in this histiocytosis
category, but not the 10 cases with ALK
immunostaining but no demonstrable
ALK fusion by RNAseq.

The current report continues to illuminate
the diverse spectrum of histiocytic neo-
plasms. An unanswered question is how
ALK-positive histiocytosis relates to the
broad category of juvenile
xanthogranuloma, particularly because
one-third of cases exhibit histologic fea-
tures similar to juvenile xanthogranuloma.
Is it a specific disease entity or a genetic
variant within a larger group with overlap-
ping clinical features and biology? This
question, however, will likely be difficult
to resolve, given the lack of specific crite-
ria to define juvenile xanthogranuloma.

Conflict-of-interest disclosure: The authors
declare no competing financial interests. n

REFERENCES
1. Kemps PG, Picarsic J, Durham BH, et al.

ALK-positive histiocytosis: a new
clinicopathologic spectrum highlighting
neurologic involvement and responses to
ALK inhibition. Blood. 2022;139(2):256-280.

2. Chan JK, Lamant L, Algar E, et al.
ALK1 histiocytosis: a novel type of
systemic histiocytic proliferative disorder
of early infancy. Blood. 2008;112(7):
2965-2968.

3. Gupta GK, Xi L, Pack SD, et al. ALK-positive
histiocytosis with KIF5B-ALK fusion in an
adult female. Haematologica. 2019;104(11):
e534-e536.

4. Kashima J, Yoshida M, Jimbo K, et al. ALK-
positive histiocytosis of the breast: a
clinicopathologic study highlighting spindle
cell histology. Am J Surg Pathol. 2021;45(3):
347-355.

The histiocytoses show variation in clinical and pathologic features, but the molecular alterations that drive
the neoplastic process typically converge on common signaling pathways. The same pathway is targeted in
primary and secondary H/DC sarcomas, which typically show more marked cytologic atypia. The presence of
specific inhibitors that can target components of the pathway has led to advances in clinical management
and improved prognosis in neoplasms of the histiocytic and dendritic cell lineages. The figure has been
adapted from Figure 1 in the article by Kemps et al that begins on page 256.

158 blood® 13 JANUARY 2021 | VOLUME 139, NUMBER 2

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/139/2/157/1858858/bloodbld2021014529c.pdf by guest on 19 M

ay 2023



5. Chang KTE, Tay AZE, Kuick CH, et al. ALK-
positive histiocytosis: an expanded
clinicopathologic spectrum and frequent
presence of KIF5B-ALK fusion. Mod Pathol.
2019;32(5):598-608.

6. Jaffe ES, Harris NL, Stein H, Isaacson PG.
Classification of lymphoid neoplasms: the
microscope as a tool for disease discovery.
Blood. 2008;112(12):4384-4399.

7. Diamond EL, Durham BH, Ulaner GA, et al.
Efficacy of MEK inhibition in patients with
histiocytic neoplasms. Nature. 2019;
567(7749):521-524.

8. Egan C, Nicolae A, Lack J, et al. Genomic
profiling of primary histiocytic sarcoma

reveals two molecular subgroups.
Haematologica. 2020;105(4):
951-960.

9. Shanmugam V, Griffin GK, Jacobsen ED,
Fletcher CDM, Sholl LM, Hornick JL.
Identification of diverse activating mutations
of the RAS-MAPK pathway in histiocytic sar-
coma. Mod Pathol. 2019;32(6):
830-843.

10. Emile JF, Cohen-Aubart F, Collin M, et al.
Histiocytosis. Lancet. 2021;398(10295):
157-170.

DOI 10.1182/blood.2021014529

PHAGOCYTES, GRANULOCYTES, AND MYELOPOIESIS

Comment on Wilson et al, page 281

Mitochondria shape
neutrophils during hypoxia
Mariana J. Kaplan | National Institute of Arthritis and Musculoskeletal and
Skin Diseases

In this issue of Blood, Wilson et al describe a new mechanism by which neu-
trophils adapt to conditions of low oxygen and prolong their lifespan. These
findings have important implications for a variety of acute and chronic inflam-
matory conditions.1

Cells require adenosine triphosphate
(ATP) synthesis to support crucial biologic
functions during homeostasis and disease.
This process becomes impaired during
hypoxia.2 Hypoxia is a major stressor
involved in various pathologic states,
including microbial infections, acute and
chronic inflammatory conditions, cancer,
trauma, and cardiovascular diseases.
Because adapting to hypoxia is key to sur-
vival, key adjustments in biologic mecha-
nisms have evolved in mammals. Indeed,
oxygen levels in tissue or in nutrient avail-
ability are important triggers of metabolic

reprogramming. Neutrophils, the first res-
ponders against infections and other
external insults, must rapidly adapt meta-
bolically to low oxygen levels in tissues to
perform their antimicrobial functions.Neu-
trophils themselves also contribute to
decreased oxygen availability at inflamed
sites through the generation of reactive
oxygen species (ROS). Conventionally,
mature neutrophils were considered to
have lower mitochondrial mass, and mito-
chondria were not thought to play major
roles in ATP generation in these cells,3

although they did regulate apoptosis3 and

neutrophil extracellular trap formation.4

The exact mechanisms by which neutro-
phils adapt to hypoxia to be able to sur-
vive and perform their host defense
mechanisms remain incompletely charac-
terized. Wilson et al have identified a new
role for the mitochondria and the respira-
tory chain in neutrophil biologyby identify-
ing that mitochondrial ROS (mROS)
formation stabilizes hypoxia inducible
factor 1a (HIF-1a), a crucial transcriptional
regulator that promotes oxygen delivery
to hypoxic regions, and that this process
relies on the glycerol-3-phosphate (G-3-P)
shuttle pathway.

Glucose is a major source of ATP pro-
duction through glycolysis and the tricar-
boxylic acid (TCA) cycle. During
glycolysis, glucose is converted into pyru-
vate, and phosphates are transferred to
adenosine 59-diphosphate to generate
ATP. Pyruvate can also be converted into
acetyl-coenzyme A, which enters the
TCA cycle. The TCA cycle produces
byproducts that fuel oxidative phosphor-
ylation (OXPHOS) in the mitochondria to
produce ATP.2 In addition, the G-3-P
shuttle is a pathway that, in certain cells,
translocates electrons produced during
glycolysis across the inner membrane of
mitochondria for OXPHOS, by oxidizing
cytoplasmic reduced NAD to NAD1.5

Hypoxia is an important driver of glycoly-
sis, given the limited amount of OXPHOS
that is available with low oxygen levels.
As glucose becomes crucial in the bioen-
ergetic process during hypoxia, HIF-1
plays a fundamental role, because it
induces the expression of glycolytic
enzymes that can sustain ATP synthesis
under these stress conditions. Indeed,
HIF-1 is a crucial transcriptional regulator
of inflammatory responses, and its signal-
ing is regulated through the stability of
its a subunit. In various cell types, hyp-
oxia can increase mROS, which further
affects HIF-1a stability, making the main-
tenance of mitochondrial membrane
potential important in oxygen sensing.2

Stabilization of this molecule has been
shown to be important in myeloid func-
tion and survival in inflamed tissues
exposed to hypoxia.6 Whereas HIF-1a is
crucial in establishing proinflammatory
effects of hypoxia, dysregulation in its
expression can be linked to chronic
inflammatory conditions. HIF-1a is
expressed in neutrophils, where it may
modulate inflammatory responses and
environmental adaptation to respond to
changes in energy requirements in the

Hypoxia
Glucose uptake

GPD shuttle flux

mROS uptake

HIF-1 stabilization
and cell survivalHypoxic

neutrophil
Neutrophil

Mitochondria play important role in modulating metabolic responses of neutrophils during hypoxia. During
hypoxic conditions, neutrophils synthesize enhanced mROS formation, which stabilizes HIF-1a, a transcrip-
tional regulator that promotes oxygen delivery to hypoxic regions. This process relies on the G-3-P shuttle
pathway. Modulation of glycolysis leading to increased flux through the G-3-P shuttle promotes enhanced
mitochondrial membrane potential and mROS release during hypoxia. GPD2, the mitochondrial component
of the G-3-P shuttle, is involved in promoting mROS synthesis, HIF-1a stabilization, and neutrophil survival
during hypoxia. Professional illustration by Patrick Lane, ScEYEnce Studios.
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