
umbilical cord blood CD341 cells with
Baclofen, a clinically approved GABA
agonist,9 improved engraftment in xeno-
transplant models.

In summary, Shao et al have illuminated a
functional role for a neurotransmitter,
GABA, and its receptor, GABBR1, in
B-cell lineage differentiation and HSCs.
Although it is known that there are many
ways in which the nervous system inter-
acts with HSCs during development and
into adulthood,10 the authors present the
provocative model that mature B cells
themselves secrete GABA, which acts
on bone marrow lymphoid progenitors,
creating a signaling feedback loop. It will
be interesting to determine if GABA
or additional molecules active in the
communication between cells of the
nervous system function in other lineages
to establish similar feedback loops. In-
deed, Zhu et al recently reported that
the GABA/GABBR1 axis participates in
megakaryocyte regulation.6 Although
Shao et al and Zhu et al report slightly
different findings (eg, Zhu et al observed
perturbed myeloid repopulation after
transplant of Gabbr12/2 HSPC, while
Shao et al mainly observed disrupted
lymphoid reconstitution6), together these 2
studies firmly establish a role for GABA in
hematopoiesis andGABBR1 as an attractive
new molecular target for pharmacologic or
biologic intervention to enhance human
HSC engraftment.
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Synergy of MALT1 and
mTOR inhibition in DLBCL
Jürgen Ruland | Technical University of Munich

Mucosa-associated lymphoid tissue (MALT)1, a key regulator of normal and
pathological B-cell receptor (BCR) signaling, is a promising target for lymphoma
therapy. In this issue of Blood, Fontan et al report that mammalian target of
rapamycin (mTOR) inhibitors can sensitize diffuse large B-cell lymphoma (DLBCL)
to pharmacological MALT1 targeting and synergize with MALT1 inhibitors to kill
DLBCL cells.1

The BCR is critical for the function of normal
B cells, but aberrant BCR signaling can also
sustain malignant B-cell growth in aggres-
sive and indolent lymphomas.2 Further-
more, a variety of gain-of-functionmutations
within BCR signaling molecules are re-
currently detected in B-cell malignancies
and are causally connected to the diseases.
Although pharmacological targeting of
BCR signalingpathways canbeeffective for

B-cell lymphoma treatment, its full thera-
peutic potential has not yet been realized.2

The signals from the BCR are physio-
logically initiated by proximal tyrosine
kinases like SYK and BTK and transduced
to downstream effector cascades via lipid
and serine/threonine kinases like phos-
phatidylinositol 3-kinase (PI3K), AKT, and
PKC. The pivotal link that channels BCR
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Rationale for MALT1 and mTOR coinhibition. (A) MALT1 inhibitor treatment is toxic for ABC DLBCL cells, but also
activates mTOR signaling in the tumor cell, which induces secondary survival programs that mediate resistance. (B)
Coinhibition of MALT1 and mTOR disrupts these mechanisms and triggers synergistic ABC DLBCL cell killing.
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proximal signaling to the essential NF-kB
survival pathway is the CARD11-BCL10-
MALT1 (CBM) signalosome,3 which po-
sitions ubiquitin regulators for canonical
NF-kB and MAPK activation. The MALT1
paracaspase subunit also possesses a
unique proteolytic domain, which cleaves
and inactivates negative NF-kB regulators
like A20 and other factors to further am-
plify the immune receptor signals.3 Since
the initial demonstration that pharmaco-
logical MALT1 protease inhibition is lethal
for activated B-cell–type (ABC) DLBCL
cells,4,5 several groups have developed
small-molecule inhibitors of MALT1, and
the first-in-human study involving MALT1
inhibitors has now been initiated in lym-
phoma patients (registered at www.
clinicaltrials.gov as #NCT03900598).

Because lymphoma cells frequently com-
pensate for the targeted inhibition of
oncogenic signaling by rewiring biochemical
survival networks, limiting therapeutic
responses, Fontanet al searched for cellular
factors that could mitigate or enhance
the effects of MALT1 inhibitors. To this
end, they first performed an unbiased
short hairpin RNA knockdown screen in
an ABC DLBCL cell line in the presence
of MALT1 inhibitors and used bio-
informatics to identify the pathways as-
sociated with resistance or sensitivity to
MALT1 inhibition. Interestingly, loss of
activating proteins in the BCR, PI3K-AKT,
or Toll-like receptor (TLR) pathway sensi-
tized the lymphoma cells to MALT1 in-
hibition, whereas depletion of negative
regulators of BCR and NF-kB signaling or
several metabolic programs mediated
resistance. On the basis of these results,
the authors designed a secondary drug
screen with combinations of MALT1 inhibi-
tors and clinically available compounds that
target key signaling kinases in the BCR,
PI3K-AKT, and TLR pathways. Although
combinations of MALT1 inhibitors with SYK,
PKC, or BTK inhibitors were largely additive,
PI3K inhibitors were mostly synergistic with
MALT1 inhibitors in ABC DLBCL cell killing.

The combination of PI3Kd inhibition and
MALT1 targeting was the most synergistic
and effective. The PI3Kd inhibitor CAL-101
is US Food and Drug Administration ap-
proved for lymphoid neoplasms, and
this specific combination was studied in
further detail and in xenograft models
in vivo. Although each compound by itself
had only amodest effect on the expansion

of an ABCDLBCL line in immune-deficient
NOD-SCID mice, the combination of the
MALT1 and PI3Kd inhibitors significantly
impaired tumor growth. However, after
prolonged MALT1 and PI3Kd inhibition,
the tumors resumed expansion, indicating
the development of resistance. Detailed
analysis of the escaping tumors demon-
strated increased NF-kB signaling and
increased mTOR pathway activity, sug-
gesting feedback mechanisms that at-
tenuate the MALT1 inhibitor response.
Because even short-term inhibition of
MALT1 in ABC DLBCL cells resulted in a
rapid activation of mTOR signaling, the
authors finally combined MALT1 inhibi-
torswith rapamycin or temsirolimus, which
inhibits the mTOR complex 1 (mTORC1),
and tested the combined effects on ABC
DLBCL cell lines and primary patients’
samples in 3-dimensional organoid culture.
In all cases, the MALT1/mTORC1 inhibi-
tory combinations induced apoptosis and
inhibited proliferation in a highly synergistic
manner.Moreover, in the abovementioned
xenograft model, the combination of the
MALT1 and mTORC1 inhibitors resulted in
marked regression of lymphoma compared
with the individual drugs alone and led to a
significant survival benefit for the animals.

Together, this study demonstrates that
the pharmacological blockage of MALT1
in ABCDLBCL induces tumor cell–intrinsic
activation of mTOR activity, which pro-
vides a secondary survival advantage and
resistance in the lymphoma cells. mTOR
inhibitors can disrupt this rescue pathway
and thereby work synergistically with
MALT1 inhibitors, resulting in ABCDLBCL
cell killing (see figure). These results provide
an attractive clinical angle to enhance the
effectiveness of therapeutic MALT1 block-
age with mTOR inhibitors. The findings are
also consistent with the fact that MALT1
colocalizes within the CBM complex with
BCR, MyD88, TLR9, and mTOR on endo-
lysosomes in DLBCL cells.6 Thus, it is pos-
sible that MALT1 could directly control
mTOR activity by cleaving regulatory
proteins in DLBCL cells, which should be
investigated. Moreover, MALT1 has also
been validated as a therapeutic target
for other B-cell malignancies with aberrant
BCR signaling, such as chronic lymphocytic
leukemia and mantle cell lymphoma.7,8 It
will be of interest to investigate whether
treatment of these lymphomas would also
benefit from combined MALT1 and mTOR
inhibition. However, MALT1 activity as well

as mTOR activity is important in malignant
B cells and critical in immune cells in the
tumor microenvironment, including con-
ventional and regulatory T cells and innate
immune cells.2,3,9,10 Because systemicMALT1
inhibition may have pleiotropic effects
and could result in autoimmunity or the
reprogramming of regulatory T cells, en-
hancing antitumor immune responses, it
will be important to define the in vivo
consequences of combined MALT1 and
mTOR inhibition with regard to B-cell
lymphomas that grow in the presence of
the complex immune system.
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