
axiswhich, togetherwith theCXCR2/CXCL2
axis, regulates emigration of neutrophils,
as well as other cells, over endothelial
barriers.3,4 Hypogammaglobulinemia is
probably linked to reduced B-lymphocyte
function/migration, also mirrored as
lymphopenia in the blood. Other as-
pects of the disorder are monocytopenia,
a propensity to develop malignancies,
primarily lymphomas, as well as sequelae
of frequent infections (eg, deafness,
bronchiectasis).

For a long time, filgrastim and gamma-
globulin substitution were the major
treatments for WHIM, together with an-
tibiotics.5 That treatment raised the
blood neutrophil counts and gamma-
globulin levels but had little effect on
warts and lymphopenia. Some years ago,
plerixafor (a specific CXCR4 inhibitor
approved for hematologic stem cell
mobilization), given twice daily sub-
cutaneously, was introduced as a specific
means to dampen the overactivity of the
CXCR4 molecule.6 With plerixafor, neu-
tropenias and lymphopenias were reduced,
and regression of warts was observed.
However, the need for twice-daily injections
(due to short blood half-life) is a concern for
compliance with plerixafor.

Dale and colleagues now report that the
oral and specific CXCR4 inhibitor mavorix-
afor, given for up to ;2 years, raised the
absolute blood neutrophil, monocyte, and
lymphocyte counts substantially, reduced

the cutaneous number of warts by 75%, and
decreased the annual infection rate from4.6
to 2.3 episodes, with excellent tolerability. A
phase 3 trial of mavorixafor is underway; it
will provide more information about the
possible differences in efficacy and safety
compared with plerixafor.

There are other interesting aspects of
CXCR4 inhibition in addition to the rare
WHIM syndrome. Some solid tumors
and lymphomas, particularlyWaldenström
macroglobulinemia, have recently been
associated with somatic mutations in
the CXCR4 gene, being WHIM-like. Al-
though the relevance of these mutations
for clinical presentation and survival, as
well as their relationship with resistance
to chemotherapy (eg, ibrutinib), are still
unresolved issues, new treatment alter-
natives open up for these diseases.7 Trials
are underway using plerixafor or mavor-
ixafor for treatment of lymphomaswith the
WHIM-like mutation (eg, NCT04274738).

Despite these advances in the treatment
of WHIM syndrome, a number of ques-
tions remain. Will there be safety issues
related to long-term, and even lifelong,
treatment with mavorixafor that cannot
be foreseen now? Will immunoglobulin
production normalize? How can the im-
pressive (and possibly underestimated)
75% reduction in warts be increased to
100%? Is it a matter of extending treatment
time, or is something additional needed? Is
there also a reduction in genital condylo-
mata? On the same note, is the burden of
papilloma virus reduced by mavorixafor
treatment? Another question is whether the
malignancies associated with the WHIM

syndrome will be prevented or, at least,
reduced in frequency or severity. Because
WHIM is such a rare disorder, combined
efforts from all involved physicians are
needed to increase awareness of this syn-
drome to offer novel treatments for these
patients. Time will tell.
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Comment on Kobayashi et al, page 3004

Distract NK cell killing: give
them a fatty meal
Lisa R. Forbes | Baylor College of Medicine

In this issue of Blood, Kobayashi and colleagues detail how the change in the
transcriptional program of natural killer (NK) cells toward one of lipid me-
tabolism with immunosuppressive tendencies makes them less effective
killers in the lymphoma tumor environment.1

Work dating back to 1974 noted the
suppressive role of fatty acids (FAs) on
lymphocyte function.2 The current study

identifies features of the mature B-cell
lymphoma environment rich in FAs that
impair NK cell function. Michelet and

Reductions of warts on the hands of 1 participant in the
mavorixafor trial. The upper panel shows the hands
prior to start of mavorixafor treatment; the lower panel
after completing 18 months of mavorixafor treatment.
See Figure 5C-D in the article by Dale et al that begins
on page 2994.
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colleagues showed that, in obese mice,
lipids can accumulate within NK cells and
impede the cytotoxic machinery.3 Obe-
sity is associated with an increased risk of
cancer and immune dysfunction. For
these obese mice, FA treatment did not
impair the ability of NK cells to recognize
tumors, just the ability to kill them: In-
creased lipid metabolism was associated
with decreased cytotoxicity. When FA
accumulation was blocked and mito-
chondrial glycolysis was restored, so was
killing efficiency. This observation sug-
gests that blocking either lipid uptake or
lipid metabolism by NK cells could en-
hance their killing ability and provide a
potential adjuvant therapy to cancer
treatment.

The lymphoma microenvironment is en-
riched in FA. Therefore, Kobayashi and
colleagues evaluated lipid-mediated NK
cell dysfunction in lymphoma by exam-
ining NK cells from human diffuse large
B-cell lymphoma (DLBCL) patients and
Em-myc B-cell mice. NK cells go through a
series of coordinated steps to kill, pro-
viding antitumor activity through the se-
cretion of inflammatory cytokines, such as
interferon-g (IFN-g), production, and re-
lease of cytotoxic granule contents (perforin
and granzyme). To accelerate the phases
of killing, changes of cellular metabolism
occur to support growth proliferation and
cellular functions.4 These steps and func-
tions are the hallmark of harnessing the
immune system for effective tumor sur-
veillance. However, immune cell impair-
ment can be driven by deprivation of
nutrients or increase of toxic metabolites
in the tumor environment.

In this study, the authors showed that
NK cells in human DLBCL patient-
derived lymphoma cells displayed nor-
mal distribution of peripheral blood NK
cells, that is, CD56bright (immature cytokine-
producing cells) and CD56dim (mature
cytotoxic)NKcells. Strikingly, the lymphoma-
derived NK cells had lower IFN-g ex-
pression and less CD107a degranulation
pointing to some functional impair-
ment. In the Em-myc mouse model, the
NK cells were reduced in number in

bone marrow and spleen with impaired
IFN-g production. RNA sequencing of
the healthy and Em-myc mice revealed
no differential expression in IFN-g, sug-
gesting the reduced production was due
to posttranslational modifications and
not to an inherent NK cell abnormality.
Analysis of the lymphoma NK cell tran-
scriptome identified upregulation in in-
hibitory receptors Tigit and lag3 as well
as Il10, pointing toward a “negative
regulation of immune system process”
and upregulation of critical regulators
of lipid metabolism, such as Pparg. In
addition, both mouse and human lym-
phoma cells exhibited marked increased
neutral lipid levels.1 Polyunsaturated FAs,
such as linoleic acid and docosahexaenoic
acid, have been demonstrated to blunt the
lipopolysaccharide inflammatory response
in macrophages, increase the secre-
tion of interleukin-10 (IL-10), and impair
NF-kB by activating peroxisome activator
31 receptor-g (PPAR-g) along with im-
pairment of IL-2 production and T-cell
proliferation.5-8 Niavarani et al showed in
a mouse tumor model of melanoma,
breast, and colorectal cancer that surgical
stress increased lipid content in NK cells
leading to impairment in cell cytotoxicity
and tumor control.9 In the Kobayashi study,
treatment of the NK cells with PPAR-g
agonist rosiglitazone partially restored func-
tional NK cells. This contrasts with what is
seen in the obesitymodel in which increase
in FA alone is detrimental to NK cell
function. In the context of mature B-cell
lymphoma microenvironment, lipid me-
tabolism is augmented and may account
for differences in NK function compared
with obesity. Furthermore, other nutrient-
based cellular processes could be af-
fected by lipid metabolism as well. For
example, the mammalian target of rapa-
mycin (mTOR) pathway and glycolysis are
essential to activate NK cell cytotoxicity.3

Kobayashi and colleagues show that in
mature B-cell lymphoma NK cells mTOR
signaling is decreased with decreased
downstream phosphorylation of S6.

In the hypermetabolic environment of
mature B-cell lymphoma, a “fatty meal”
distracts NK cells from effective cancer

immune responses. Manipulating FA/NK
cell interactions therefore represents a
novel immunotherapeutic strategy. More
studies are needed to measure the effect
of increased metabolism on activating
receptors and detailed end-stage NK cell
maturation to ascertain how the in-
creased lipid metabolism can be regu-
lated with a druggable target.
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