
adverse events were rare. Because most
patients were cytopenic at baseline, it is
difficult to disentangle disease-associated
from treatment-associated cytopenias and
hence, in my view, the true hematopoietic
toxicity of the drug remains unclear. At the
recommended phase 2 dose, 12/50 (24%)
patients experienced a response, with
9/50 (18%) attaining a complete response
with or without complete hematologic re-
covery. Themedian duration of response in
patients classified as achieving a complete
response with or without complete hema-
tologic recovery was 6.9 months.

The authors then performed 2 interesting
exploratory subgroup analyses: In the
first, patients in primary induction failure
(PIF) or early relapse (ER) occurring within
6 months after initial treatment were
found to be more likely to respond to
flotetuzumab (response here defined as
.50% blast reduction) compared with
those patients who were enrolled with
late AML relapse or after failure of
hypomethylating agents (43% vs 14%,
respectively). In the second exploratory
analysis, the overall response rate was
5/9 (56%) in patients with 2 lines of prior
treatment vs 0/7 (0%) in those with more
than 5 lines of prior treatment. These
2 analyses are of course interrelated
because patients with PIF are likely to
have had fewer lines of treatment, mak-
ing it premature to conclude that the
drug truly is more active in patients with
PIF/ER solely on biological grounds. The
conclusion may well be that patients with
more advanced disease (who have failed
more lines of therapy) are more difficult
to treat, which will not come as a surprise
to any practicing hemato-oncologist.

Nonetheless, the authors then sought
biomarkers of response by building upon
immune gene signature scores identified in
their recent publication.3 Complete re-
sponse after flotetuzumab positively corre-
lated with high immune infiltration scores,
and these were also higher in patients with
PIF/ER comparedwith patients who entered
the trial with lateAML relapses. Superficially,
high immune infiltration was related to ex-
pression of antigen processing machinery
and inflammatory chemokine genes, al-
though careful examination of the dif-
ferentially expressed genes will likely
yield further hypothesis-generating in-
sights regarding the mechanism of action
of flotetuzumab in particular and/or sus-
ceptibility of AML to immunotherapy in
general.

This report is interesting and important
because it represents one of the first
complete datasets of immunotherapy in
AML (excluding allogeneic hematopoi-
etic cell transplantation). Risk categori-
zation inAML linksmolecularandcytogenetic
aberrations to prognosis, largely via re-
sistance by AML blasts to “traditional” che-
motherapeutic agents.4 In turn, the presence
of residual disease at allogeneic hemato-
poietic cell transplantation is highly predictive
of relapse.5 The hope is that T-cell–based
immunotherapies that do not rely on the
mechanism of action of chemotherapy may
be agnostic to the traditional adverse cyto-
genetic or molecular risk factors. There may
be a faint signal from this dataset that this is
the case, and it will be important to expand
upon and validate these observations in
future, larger studies.

Years of experience with the CD3e 3
CD19 bispecific T-cell engager blinatu-
momab have shown us that the quantity
and quality of remissions are higher and
the side effects lower when used in pa-
tients with measurable residual disease
rather than in active disease.6,7 Having
now demonstrated the clinical activity of
flotetuzumab, one wonders whether the
same concept will hold true in AML.
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No CpGs for AAVs?
Lindsey A. George | Children’s Hospital of Philadelphia

In this issue of Blood, Konkle et al report that 7 of 8 participants in a phase 1/2
trial of adeno-associated virus (AAV) vector (BAX335) for factor IX (FIX)-Padua
gene transfer in patients with hemophilia B did not maintain expression despite
steroid intervention, which the authors hypothesize is a result of the innate im-
mune stimulatory effect of CpG motifs enriched within their vector cassette.1

Their study demonstrates that the cellular immune response to AAV vectors
does not always respond to steroids and provides insight into mechanisms that
may contribute to the AAV immune response with implications for the future
design of AAV vectors.

Safe, reliable, anddurable factor expression
that can ameliorate or eliminate bleeding is
the holy grail of hemophilia gene therapy.
The field has converged around the use
of intravascular delivery of AAV vectors to
target hepatocyte expression of FVIII or

FIX. After more than 2 decades of clinical
trials, hemophilia gene therapy has dem-
onstrated repeated proof-of-concept suc-
cess. Although achieving the ultimate
goal of hemophilia gene transfer seems
to be within striking distance, there are
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outstanding questions in need of answers
to actualize its widespread potential
clinical benefit. The precedent for unex-
pected outcomes in hemophilia gene
transfer clinical trials began with the first
intravascular delivery of an AAV vector in
which participants surprisingly only tran-
siently expressed FIX.2 Subsequent studies
demonstrated that the loss of FIX expres-
sion may be explained by a vector dose-
dependentCD81 cellular immune response
to MCH-I–presented AAV capsid peptides
on transduced cells (ie, a capsid immune
response).3 The next clinical trial iteration
incorporated the use of oral steroid ad-
ministration to rescue FIX expression in the
setting of a capsid immune response, which
resulted in the first successful hemophilia
gene therapy trial.4 The use of steroids to
treat a capsid immune response was
reproduced by a subsequent hemophilia
B trial.5

Concurrently, 3 hemophilia B trials
(NCT02618915, NCT01620801, and
NCT01687608 reviewed in Samelson-
Jones and Arruda6), including the first
published observation outlined here, had
only transient transgene expression despite
steroid administration, which demonstrated
that the cellular immune response to AAV is
not universally abrogated by steroids. Hu-
man immune toxicity to AAV is multifac-
torial, incompletely understood, and
inadequately replicated by available an-
imal models, which precludes compre-
hensive preclinical study. Nevertheless,
available information suggests that toll-
like receptor 9 (TLR9) innate immune
system sensing of AAV is required for
the activation of CD81 cellular immu-
nity. TLRs are responsible for recog-
nizing pathogen-associated molecular
patterns of microbial pathogens and stim-
ulating innate and adaptive immunity to the
offending pathogen. Preclinical investiga-
tion supports that vectors deplete of CpG
motifs (that when unmethylated, trigger
TLR9 innate immunity) may minimize or
circumvent anAAV capsid immune response.7

Although the capsid immune response has
not presented a major safety concern in
hemophilia, use of systemic AAV vectors in
other disease states that use approximate
log-fold or greater vector doses suggest
that the capsid immune response is ca-
pable of marked hepatotoxicity.8,9 Col-
lectively, efficacy limitations and potential
safety concerns of immunoreactivity toward
the viral capsid, incomplete mechanistic
understanding of AAV immune toxicity, and
the lack of adequate animal models em

phasize that thoughtful translational study
of clinical trial observations is required to
rationally improve AAV vector design and
clinical outcomes.

Even though the trial described by Konkle
et al ultimately did not progress beyond
phase 1/2 clinical development, data from
the small cohort of enrolled participants
supported ongoing clinical trial work and
generated hypotheses worthy of addi-
tional exploration. The investigators
were the first to therapeutically exploit
FIX-Padua, which is a naturally occurring
missense mutation resulting in a five- to
tenfold increase in specific activity relative
to thewild-type protein.10 Despite transient
expression, the lack of an immunologic
response to FIX-Padua supported the
safety of this approach for hemophilia B
gene therapy. The use of the FIX-Padua
mutation has universally been adapted to
all currently enrolling hemophilia B gene
therapy trials. In addition, the investigators
generated initial data to support their hy-
pothesis that their CpG-enriched vector
may, in part, explain the steroid-resistant
capsid immune responseobserved in 7 of 8
participants. Comparison of vectors with
varying CpG content demonstrated a de-
creased humoral immune response in mice
treated with a CpG-deplete vector. How-
ever, a quantitative relationship between
the observed humoral and cellular immune
response to AAV in humans has not been
described; thus, the clinical implications
of these murine studies remain unclear.
Whole-exome sequencing of the single
participant who had sustained FIX-Padua
expression demonstrated a heterozygous
interleukin-6 receptor (IL-6R) missense vari-
ant that is predicted to disrupt function,
which suggests the hypothesis that rel-
ative haploinsufficiency of IL-6R function
may help explain the patients’ diminished
immune response. This working hy-
pothesis outlines a series of future in-
vestigations that may be undertaken to
improve understanding of AAV immune
toxicity, which may be fertile for clinical
translation, given the availability of ap-
proved anti-IL-6R targeted therapy agents
(eg, tocilizumab).

Finally, the authors’ AAV integration anal-
ysis of the single patient who developed
a tonsillar carcinoma after receiving the
vector set a precedent for performing
integration studies on de novo tumor de-
velopment after AAV gene transfer.
Although AAV vectors are predominantly
nonintegrating, hepatocellular carcinoma

(HCC) genotoxicity after AAV integration
has been identified as a theoretical risk
of AAV gene transfer. The prevalence
of iatrogenic acquired hepatitis C virus,
an established risk factor for HCC de-
velopment in the hemophilia population,
may suggest that hemophilia is a pro-
vocative model for studying theoretical
HCC risk after AAV-mediated gene
transfer. This underscores the impor-
tance of integration analysis if HCC occurs
after AAV gene transfer in a patient with
hemophilia.

The outlined observations and hypothe-
sis generated by Konkle et al highlight
the importance of thoughtful analysis of
clinical trial data, irrespective of clinical
success. There are a remarkable number
of hemophilia gene therapy trials un-
derway, including licensing studies. Re-
alizing the potential of gene therapy to
alter the paradigm of hemophilia care will
undoubtedly be predicated on a com-
mitment to investigate and publish un-
expected clinical trial observations.
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GABA gets blood on its hands
Antonio Morales-Hernández and Shannon McKinney-Freeman | St. Jude
Children’s Research Hospital

In this issue of Blood, Shao et al present evidence that hematopoietic cells
coopt the tools of the nervous system to communicate with each and both
maintain homeostasis and respond to challenge.1 More specifically, the au-
thors show that the g-aminobutyric acid (GABA) receptor, GABBR1, is a key
functional regulator of murine and human hematopoietic progenitors. GABA
is the main inhibitory neurotransmitter in the central nervous system.2 Al-
though best characterized in this context, GABA receptors are also expressed
outside the nervous system in the pancreas, spleen, lung, and even hemato-
poietic progenitors.3-5 It has beenmore than a decade since Steidl et al described
the expression of neurotransmitter receptors on human hematopoietic stem cells
(HSCs).5 However, a functional role for these molecules and their corresponding
receptors in the context of hematopoiesis has been heretofore absent.

The authors report that Gabbr12/2 mice
have fewer bone marrow hematopoietic pro-
genitors, especially lymphoid progenitors,
relative to Gabbr11/1 controls. A deeper
look at this lineage further revealed a dra-
matic disruption of most B-cell progenitor

compartments, as well as mature B cells,
inGabbr12/2mice.Consistently, transcriptional
profiling of Gabbr12/2 hematopoietic pro-
genitors revealed an upregulation of path-
ways associatedwithB-cell differentiation,
while Gabbr11/1 cells displayed immature

signatures, suggesting an accelerated
differentiation phenotype that goes hand
in hand with a loss of progenitors in the
absence of GABRR1.

In addition, although HSCs (Lin2Sca11

cKit1CD482CD1501 cells) were grossly
unperturbed at steady state, they ob-
served impaired proliferation rates in
Gabbr1-deficient hematopoietic pro-
genitors. Surprisingly, Gabbr12/2 HSCs
displayed compromised in vivo repopu-
lating potential when subjected to com-
petitive transplantation. In agreement
with their observations during homeo-
stasis, this repopulating effect was almost
entirely restricted to the B-cell lineage
and exacerbated by serial transplantation.
Consistently, Shao et al went on to es-
tablish that common lymphoid progeni-
tors (CLPs) express the highest levels of
Gabbr1 in the hematopoietic hierarchy,
followed by HSCs.

Having established a functional role for this
neurotransmitter receptor in the homeo-
stasis of select hematopoietic progenitors,
the authors next asked if GABA could be
detected in the bone marrow and sought
to identify its cellular source. Here, they
employed imaging mass spectrometry and
demonstrated that GABA molecules are
present in the bone marrow, with relatively
high intensity in the femur endosteum.
Because neurons and stroma cells had al-
ready been ruled out as a source of GABA
in the bone marrow,6,7 the authors in-
terrogated different bone marrow cell
populations for expression of the gluta-
mate decarboxylase enzymes, GAD1 and
GAD2, which convert glutamic acid to
GABA.8 Surprisingly, they found GAD1 to
be highly enriched in B cells. Indeed,
GABA was absent from the endosteum of
Rag12/2 mice, confirming a mature lym-
phoid cell as the likely bone marrow
source of GABA. Thus, Shao et al have
uncovered a novel feedback loop that
regulates B-cell output via direct com-
munication between mature B cells and
their progenitors (see figure). Indeed,
loss of the GABA receptor in Gabbr12/2

mice short-circuits this loop, exacerbat-
ing the homeostatic phenotype during
times of stress (ie, the more severe
phenotypes observed in secondary re-
cipients of Gabbr12/2 HSCs).

Finally, and importantly, Shao et al pre-
sent evidence that GABA regulation
of hematopoietic progenitors may have
translational potential: treatment of human

CLP CLP

Long-term
repopulating

potential

B cells
(GAD1+)

B cells
(GAD1+)

HSC HSC

Endosteum

Periosteum

GABA

Gabbr1+/+ femur Gabbr1-/- femur

GABA receptor GABBR1 expression is enriched in HSC and CLP, and when absent, B-cell production is com-
promised. Furthermore, B cells highly expressed GAD1, implicating these cells as the source of GABA in the bone
marrow. This would create a signaling feedback loop within the B-cell lineage.
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