
expression ofMHC-II molecules in progenitor
cells of CML patients (CD341381, CD341

382, CD341382901), comparing them with
normal bone marrow counterparts. They
explored different hypotheses that may explain
why these cells evade the host immune
surveillance and persist despite life-long
tyrosine kinase inhibitor (TKI) treatment. The
expression of MHC-II genes and molecules
are specifically reduced in CML stem cells,
as is the major regulator of these molecules,
CIITA. The addition in culture media of
IFN-g increased the expression of MHC-II
molecules, but to a lesser degree than it would
do for normal counterparts. The exposure of
CML stem cells to 3 different TKIs in vitro
for 2 to 7 days did not result in substantial
modification of the expression of MHC-II and
CIITA, suggesting that this phenomenon is
BCR-ABL–independent. The decreased
expression does not seem to be mediated via
epigenetic mechanisms. Because interleukin-4,
a natural antagonist of MHC-II and CIITA
expression, signals through the JAK/STAT
pathway (as do many other cytokines), the
authors demonstrate that the incubation of
CML stem cells with the JAK1/2-specific
inhibitor Ruxolitinib restored the expression
levels of CIITA and MHC-II as a result of the
inhibition of JAK-downstream mediators.
Finally, Tarafdar et al show that IFN-g and
ruxolitinib increase the proliferation of
responder CD41CD691 allogeneic T cells in
mixed lymphocyte reactions, which could be
abolished by the addition of antibodies against
MHC-II molecules.

The authors thus provide novel
information describing an additional BCR-
ABL–independent mechanism that might
contribute to the resistance of CML stem cells
that persist despite TKI therapy by down-
regulating MHC-II molecules, which can be
reverted in vitro by ruxolitinib and IFN-g.
These data are in line with previous in vitro and
in vivo observations on the efficacy of type I
interferons (ie, IFN-a) in CML patients
with residual disease on TKI, which may work
by restoring MHC-I and MHC-II expression
in CML stem cells and allow their
recognition by the host immune effectors.7

This study also helps explain data from
previous or ongoing trials combining TKIs
with (pegylated forms of) IFN-a since
diagnosis, showing unexpectedly high
molecular response rates.8-10 Responses of
4 ongoing clinical trials in different clinical

situations in CML, combining TKI and
ruxolitinib as discussed in Tarafdar et al, also
support these in vitro observations. That the
downregulation of MHC-II and CIITA
is intrinsic to CML stem cells or related
to some cytokine deregulations within the
CML niche, or both, requires further
exploration.
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l l l THROMBOSIS AND HEMOSTASIS

Comment on Yoon et al, page 238

Driving the hemophilia tolerance CAR
-----------------------------------------------------------------------------------------------------

Roland W. Herzog UNIVERSITY OF FLORIDA

T-cell immunotherapy against cancer, using chimeric antigen receptors (CARs)
to specifically target tumor antigens without major histocompatibility complex
(MHC) restriction, is widely viewed as one of the major scientific breakthroughs
of recent years.1 In this issue of Blood, Yoon et al demonstrate that this approach
can be adapted to redirect specificity of regulatory T cells (Tregs) to coagulation
factor VIII (FVIII), thereby suppressing antibody (“inhibitor”) development in
replacement therapy for hemophilia A.2

A lthough treatment of the X-linked
bleeding disorder hemophilia is perhaps

the most extensively studied example of
antidrug antibody (ADA) formation against
therapeutic proteins, this is a recurring
problem in enzyme replacement therapies for
other genetic diseases andmonoclonal antibody
therapies. Even though there are a number of
bypass agents available to restore hemostasis in
hemophilic patients with inhibitors, treatment
becomes substantially more complicated, with

an increased risk of morbidity and mortality.
In order to resume regular FVIII replacement
therapy, immune tolerance has to be established.
Immune tolerance induction (ITI) is currently
done through frequent high-dose FVIII
infusions. These regimens and use of bypassing
agents generate extraordinary costs. In addition,
ITI protocols can take months or even years
to complete and are not always successful.

The mammalian immune system has
evolved CD41 Tregs (characterized by
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constitutive expression of the transcription
factor FoxP3 and of CD25, the a chain of the
IL-2 receptor) that may emerge during thymic
development or are peripherally induced
and are essential to prevent autoimmunity.
Preclinical studies have shown that such
FoxP31 Tregs also play an important role in
tolerance to coagulation factor antigens used to
treat hemophilia. Antigen-specific Tregs can
be induced through a variety of methods,
including certain types of gene therapy,
transfer of tolerogenic antigen-presenting
cells (APCs), coadministration of factor
and immune modulatory drugs, maternal
transfer, or mucosal tolerance induction.3-8

Alternatively, one could consider transplant
of autologous, ex vivo expanded Tregs.
FoxP31 Tregs can be isolated from human
peripheral blood by sorting for cells that
are CD41CD251CD127lo (among other
markers). Polyclonal Tregs have some
efficacy but need to be given at high numbers
and thus initially exert nonspecific immune
suppression.5 Antigen-specific Tregs are
expected to be more potent but are naturally
present at very low numbers. An elegant

solution to this problem is to isolate natural
FoxP31 Tregs and then redirect their
specificity to FVIII by ex vivo gene transfer.
Using a T-cell receptor (TCR) that had been
cloned from an inhibitor patient, Scott
and colleagues showed that viral vector
transduced Tregs expressing the FVIII-
specific TCR-suppressed proliferation of
FVIII-specific CD41 T effector (Teff) cells
and anti-FVIII production by B cells.9

However, this approach would require
custom TCR design depending on the
patient’s HLA composition.

CAR gene transfer allows T cells to
recognize a novel antigen without MHC
restriction, because binding to this cell surface
receptor occurs via a single-chain variable
fragment (scFv), representing a fusion of
the heavy and light chains of an antibody.
Therefore, intact protein antigen rather than
MHC–peptide complexes is bound (see
figure). In this new study, an expanded
collaborative team developed an FVIII-specific
CAR by fusing an scFv isolated from a phage
display library with a CD28 transmembrane
and signaling domains and the z chain of the

TCR complex (CD3z). Importantly, CAR-
transduced human FoxP31Tregs suppressed
FVIII-specific Teff and recall antibody
responses in vitro with similar efficiency
as TCR-transduced Tregs. Moreover,
both CAR- and TCR-transduced Tregs
suppressed antibody formation against
FVIII in hemophilia A mice transgenic for
a human HLA gene (DR1). These results
provide important proof of principle that
CAR-Tregs therapy is feasible to suppress
ADA formation in replacement therapy for
hemophilia and likely other inherited protein
deficiencies.

CAR-Tregs were able to suppress
responses by Teff recognizing an epitope that
is in a different domain of FVIII than the
B-cell epitope bound by the CAR’s scFv.
Furthermore, the authors present evidence for
bystander suppression. The advantage of this
mode of action is that suppression, induced by
stimulation with FVIII antigen, extends to all
parts of the FVIII protein molecule that may
contain T-cell epitopes. A disadvantage is the
potential for unwanted suppression against
other antigens presented by the same APC.
CAR-transduced T cells should respond
directly to stimulation with intact protein
antigen, without a need for processing and
MHC presentation by APCs. As CAR–T-cell
therapy was originally developed to eliminate
tumor cells expressing a specific antigen on
their surface, it was however unclear whether
CAR-Tregs could suppress responses to
a soluble protein. Interestingly, CAR-Tregs
proliferated in response to FVIII only when
APCs were included, suggesting that some
interaction on cell surfaces may be required.
It remains to be uncovered which cell types
can mediate stimulation of CAR-Tregs with
antigen, and whether professional APCs are
strictly required. Similarly, it is unclear how
strong signal transduction has to be for optimal
CAR-Tregs stimulation (including the role
of ITAMs, immunoreceptor tyrosine-based
activation motifs) and if inclusion of additional
sequences that may help T-cell persistence and
reduce cell death, such as in third-generation
CARs used in CD81 T-cell cytolytic therapy
against cancer, is helpful. The in vivo effect on
suppression of anti-FVIII formation in the
current studywas transient, possibly because of
rejection or lack of survival of the human cells
in the recipient mice. However, one cannot
yet rule out that repeat administration of
CAR-Tregs may be required for a long-term
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effect. However, clinical translation may be
facilitated by the powerful tools established
to expand human Tregs ex vivo, a tendency
of T cells to persist longer after transplant
in humans compared with mouse cell
experiments, and the potential for infectious
tolerance to additionally induce antigen-
specific endogenous Tregs. Clearly, the
study by Yoon and collaborators strongly
supports the development of CAR-Tregs
therapies to equip the immune system of
hemophilic patients with the ability to
eliminate the inhibitor problem. At the same
time, TCR gene transfer to Tregs may still be
a viable alternative because a recent study
suggests that usage of FVIII-specific TCR
may not be as diverse in humans as
previously thought.10
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Comment on Gallian et al, page 263

Zika virus in the blood supply
-----------------------------------------------------------------------------------------------------

Richard J. Benjamin GEORGETOWN UNIVERSITY

In this issue of Blood, Gallian et al describe Zika virus (ZIKV) viremia in 1.8% of
asymptomatic blood donors during an explosive 2016 outbreak on Martinique
Island when ;42.2% of donors seroconverted, highlighting the risk to the US
blood supply.1

Major outbreaks of ZIKV and
chikungunya virus (CHIKV) have

occurred recently in naive populations in
French Polynesia, South America, and more
recently, the Caribbean, where dengue virus
(DENV) is endemic.2 The US blood supply
is threatened by donations from travelers
returning from affected areas and during local
outbreaks. All 3 viruses are transmitted by
Aedes sp mosquitoes, although ZIKV may also
be spread by sexual, maternal-fetal, and
laboratory routes. In Tahiti, 2.8% of healthy
blood donors were viremic during the ZIKV
epidemic peak and cases of transfusion-
transmission were documented in Brazil.2,3 In
this way, ZIKV is similar to other transfusion-
transmitted arboviruses, that is, West Nile

virus, DENV, yellow fever virus, and perhaps
CHIKV. Unlike DENV and CHIKV,4 most
ZIKV infections were asymptomatic,
increasing the likelihood of blood donation
by an infected donor.2 With the first indication
of a ZIKV outbreak onMartinique, the French
Blood Service institutedmultiple interventions
to safeguard the blood supply. Similar to prior
outbreaks of CHIKV on Martinique in 2014,4

and on La Réunion in 2006,5 red blood cells
(RBC) and plasma were imported from France
and/or local whole blood (WB) collections
were screened in France using research nucleic
acid tests (NATs).4 Given the time delay in
shipping samples, platelets were treated with
a pathogen reduction (PR) system that is
effective at inactivating a wide range of
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