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and hypoxia inducible factor-1a (HIF-1a),
are downregulated with PU-H71
treatment.

Another study that examined samples
from patients with de novo and relapsed/
refractory primary AML also reported a
high level of epichaperomes in nearly
50% of the samples.6 Furthermore, there
was a recent report of a patient with a
novel PML-SYK fusion AML who ach-
ieved durable complete remission after
PU-H71 treatment.7 Phase 1 clinical
trials evaluating PU-H71 in metastatic
breast cancer, lymphoma, and myelo-
proliferative neoplasms have been
completed in recent years (clinicaltrials.
gov identifiers NCT03166085 and
NCT01393509). The findings by Carter
et al suggest that AML with mutant TP53
should also be added to the list of target
malignant cancers for exploration with
PU-H71 given alone or in combination
with venetoclax. However, further work is
needed to optimize the dosage for
combination therapy, as PU-H71/
venetoclax did not extend the survival
of nonobese diabetic severe combined
immunodeficiency gamma SGM3 (NSGS)
mice in the PDX model, despite effec-
tively reducing disease burden. In addi-
tion, combination therapy needs to be
explored in the laboratory in the 17% of
patient samples with AML that are resis-
tant to PU-H71.6 Last, evaluating the
abundance of the epichaperome in each
patient before treatment would be rec-
ommended for effective personalized
treatment.

Overall, the exciting study by Carter et al
presents compelling evidence that
combining the epichaperome inhibitor
PU-H71 with the BCL-2 inhibitor ven-
etoclax is a potent and synergistic drug
combination. This discovery opens up
new avenues for therapeutic intervention
in AML, particularly for patients with
TP53 mutations.
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New targeted therapy for
hemophilia
Roger J. S. Preston | Royal College of Surgeons in Ireland University of
Medicine and Health Sciences and Children’s Health Ireland Crumlin

In this issue of Blood, Jiang et al1 describe the development of a new
monoclonal antibody that binds with very high affinity to activated protein C
(APC) and selectively inhibits its anticoagulant activity to restore hemostasis
in preclinical models of hemophilia.
Maintenance of hemostasis is central to
the prevention of thrombosis and
bleeding. Diminished thrombin genera-
tion and clot formation arising from
clotting factor deficiencies, such as
hemophilia, disrupt this delicate balance
and promote bleeding. Factor replace-
ment is the standard of care for people
with hemophilia in wealthy countries, but
alternative hemostatic products are
required if inhibitors to replacement
factors develop. Although the factor VIII
(FVIII) mimetic bispecific antibody emi-
cizumab has enhanced the treatment of
patients with hemophilia A with inhibi-
tors, the need for alternative therapies
for individuals with hemophilia B and
other rare bleeding disorders has stimu-
lated the generation of a plethora of new
prohemostatic agents that target
different facets of the coagulation sys-
tem. Of these, novel therapies that can
safely attenuate endogenous anticoag-
ulant pathways may represent a solution
to “rebalance” hemostasis in individuals
with inherited or acquired bleeding dis-
orders. To this end, antibody-mediated
inhibition of tissue factor pathway inhib-
itor or aptamer-mediated suppression of
antithrombin has already demonstrated
positive outcomes in clinical trials with
patients with hemophilia.

Inhibition of the protein C pathway also
represents an attractive target based on
its central role in the dynamic regulation
of thrombin generation.2 Plasma protein
C is activated by thrombin bound to its
anticoagulant receptor, thrombomodu-
lin, which is abundantly expressed on the
vessel wall. This complex, in turn, con-
verts protein C into its activated form,
APC, in a process accelerated by protein
C binding to the endothelial protein C
receptor. APC with its cofactor protein S
then degrades activated procoagulant
cofactors FVa and FVIIIa to restrict
further thrombin generation (see figure).
APC also exists in minute quantities in
plasma (~40 pM), and attenuation of its
anticoagulant properties may help pro-
mote thrombin generation in individuals
with bleeding disorders. Several creative
approaches have already been devel-
oped to achieve APC inhibition. Ser-
pinPC, a recombinant α1-antitrypsin
variant with enhanced specificity for
APC, promotes hemostasis by inhibiting
APC anticoagulant activity and is
currently being evaluated in phase II

http://clinicaltrials.gov
http://clinicaltrials.gov
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref1
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref1
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref1
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref1
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref2
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref2
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref2
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref2
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref3
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref3
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref3
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref3
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref3
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref4
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref4
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref4
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref4
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref4
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref5
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref5
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref5
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref5
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref6
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref6
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref6
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref6
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref6
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref7
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref7
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref7
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref7
http://refhub.elsevier.com/S0006-4971(23)01591-4/sref7
https://doi.org/10.1182/blood.2023021385
http://www.bloodjournal.org/content/142/12/1071
http://www.bloodjournal.org/content/142/12/1071
https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2023021385&domain=pdf&date_stamp=2023-09-21


Signal transduction
PAR1

Retained signaling activity

Activated Protein C PAR1 proteolysis

SR604 present

Inhibited anticoagulant activity

Active
Factor Va

Clot growth
RESTORED

Activated Protein C

FVa FVa

Signal transduction

Anti-inflammatory signaling

Activated Protein C PAR1 proteolysis

PAR1

No SR604

Anticoagulant activity

Clot growth
stopped

Inactive
Factor Va

Activated Protein C

FVa FVai

SR604 restores hemostasis by selectively blocking APC anticoagulant activity. The anti-APC mAb SR604 binds with
ultra-high affinity to APC at an epitope important for binding to its substrate, FVa. In doing so, it potently blocks
APC anticoagulant activity to restore thrombin generation in preclinical hemophilia models. In contrast, SR604
does not impede endogenous APC anti-inflammatory activity via PAR1.
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clinical trials in patients with hemophilia
B.3 In addition, SuperVa, an APC-
resistant FVa variant, effectively pro-
motes thrombin generation in preclinical
bleeding models.4 Furthermore, inhibi-
tion of the APC anticoagulant cofactor
protein S promotes hemostasis in
hemophilia plasma and preclinical
hemophilia models.5 Most recently,
monoclonal antibodies (mAbs) targeting
APC have shown significant promise in
directly blocking FVa proteolysis by APC
to promote hemostasis.6,7

A critical safety concern for therapies
that inhibit anticoagulant pathways is
that they do not “overbalance” hemo-
stasis to promote thrombosis. Thera-
peutic approaches that inhibit APC may
have an additional safety consideration,
namely, the inadvertent inhibition of
important APC properties that are
distinct from its role in regulating
hemostasis. APC possesses complex
anti-inflammatory signaling functions
that are principally mediated by prote-
olysis of protease-activated receptor 1
(PAR1) on both endothelial and periph-
eral immune cells (see figure). Impor-
tantly, genetic deficiency or antibody
inhibition of APC can exacerbate both
acute and chronic inflammatory disease
in preclinical models. Although not
evaluated to date, it is reasonable to
assume that such a possibility could arise
in patients with hemophilia receiving
APC-blocking therapies that inhibit all
proteolytic activity. The latest iterations
of APC-targeting monoclonal antibodies
have therefore sought to selectively
attenuate APC anticoagulant properties
without influencing the capacity to pro-
mote APC signaling.6,7 Helpfully, exo-
sites on the APC surface necessary for
isolating specific APC functions have
already been extensively characterized.

In this issue, Jiang et al describe the
development and characterization of an
engineered humanized mAb (SR604)
designed to target an APC exosite
located within the APC protease domain
that is critical for anticoagulant activity
but dispensable for PAR1-dependent
anti-inflammatory signaling. SR604 was
based on a previous murine mAb
(HAPC1573) that bound APC but
required high doses to restore hemo-
stasis in animal hemophilia models.
Evaluation of mAb-APC binding affinity
by surface plasmon resonance showed
that SR604 possessed a 60-fold higher
affinity for APC than its parent antibody.
This translated into enhanced hemostatic
efficacy in ex vivo plasma experiments,
in which SR604 dose-dependently
21 SEPT
shortened clotting times in various coag-
ulation factor-deficient plasmas with APC
generation. In vivo, SR604 limited tail
bleeding from hemophilic mice to a
similar extent as recombinant FVIII and
reduced joint bleeding and arthropathy in
a mouse knee injury model performed in
hemophilic mice. Importantly, the authors
confirmed that SR604 did not exert a
similar inhibition of APC signaling activity
on endothelial cells, showing that SR604
did not affect PAR1-mediated APC pro-
tection of endothelial cell barrier function
from thrombin-induced permeability.
Intriguingly, SR604 accelerated APC pro-
teolysis of cytotoxic extracellular histones,
another crucial anti-inflammatory APC
function during acute infection, suggest-
ing SR604 may also represent a useful tool
for better understanding the mechanistic
basis of this distinct anti-inflammatory
activity. To further demonstrate the lack
of SR604-mediated interference in
endogenous APC anti-inflammatory
properties, the authors administered
SR604 to hemophilic mice that had been
exposed to a sublethal lipopolysaccharide
(LPS) dose and showed that, in contrast to
an anti-protein C monoclonal antibody
that blocks APC generation, SR604 bind-
ing to endogenous APC did not provoke
increased mortality in response to LPS
challenge. These data support the
reduced impact of SR604 on APC anti-
inflammatory activity compared with its
potent inhibition of anticoagulant activity.
However, further studies will be required
for more granular assessment of whether
SR604 modulates other noncanonical APC
signaling functions8,9 and to determine
whether SR604 impacts APC signaling in
chronic inflammatory disease settings in
which endogenous APC is also
protective.10

Although pending evaluation in clinical
trials, the prohemostatic properties,
limited off-targeted toxicities, and
favorable pharmacokinetics described in
this study suggest SR604 represents an
exciting addition to the growing range
of prohemostatic nonfactor therapies
and underscore the potential of preci-
sion therapies that target selected
protein C pathway functions. This study
also provides a salient example of the
continued refinement of approaches to
rebalance hemostasis safely, which is
anticipated to expand further the thera-
peutic options available to individuals
with hemophilia and other rare bleeding
disorders.
EMBER 2023 | VOLUME 142, NUMBER 12 1033
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Removing antigens but not
cells: a key to AMIS?
Rick Kapur | Sanquin Research and Landsteiner Laboratory

In this issue of Blood, Jajosky et al demonstrate that passive immunization
with red blood cell (RBC) antibodies that have the ability to remove target
antigens from RBCs, without affecting RBC clearance or CD4+ T-cell prolif-
eration, can convert an augmented RBC alloimmune response to antibody-
mediated immunosuppression (AMIS) in an established murine model of
RBC alloimmunization.1 These findings shed light on the mechanisms of AMIS
and have the potential to facilitate development of new strategies for AMIS
against non-RhD RBC alloantigens to expand the prevention of hemolytic
disease of the fetus and newborn (HDFN).
Development of maternal alloantibodies
against paternally inherited fetal RBC anti-
gens can lead to HDFN.2 These maternal
antibodies, most commonly anti-RhD, are
actively transported across the placenta,
where they bind to fetal RBCs carrying the
corresponding antigen, which can result in
RBC clearance via phagocytic Fcγ recep-
tors (FcγRs).3 If untreated, this can result
in perinatal mortality and morbidity,
with the occurrence of fetal anemia, jaun-
dice, hydrops, and stillbirth.2 Polyclonal
anti-RhD immunoprophylaxis administered
to women at risk has immensely decreased
the rate of alloimmunization and reduced
the risk of HDFN,4 and it is widely consid-
ered to be among the major medical
breakthroughs of the 20th century. Despite
this major success, anti-RhD immunopro-
phylaxis targets a single RBC antigen and is
the only clinical example of AMIS. Notably,
alloimmunization toward non-RhD and
non-ABOalloantigens accounts for 0.1% to
1.1% of live births,5 and for these alloanti-
gens, no immunoprophylactic approaches
exist.
, NUMBER 12
The mechanisms involved in AMIS remain
incompletely understood. RBC antibodies
can elicit various immune responses that
impact the development of alloantibodies
or induction of AMIS, dependent on the
target antigen and the antibody used.6

AMIS has previously been attributed to
increased RBC clearance; however,
murine studies have suggested that AMIS
can also occur independent of RBC
clearance or epitope masking7 and may
result from RBC antigen loss unrelated to
FcγRs.8 RBC challenge dosages may also
differentially influence the outcomes9;
however, different RBC challenge dosages
have not been investigated in parallel and
in relation to antibodies with different
targets in AMIS studies.

In the current study, Jajosky et al employ a
highly systematic approach examining the
effects of RBC challenge dosages and
antibody combinations on the outcome of
AMIS, with evaluation of RBC alloantibody

gen loss and induction of CD4 T-cell
proliferation. They use an established
murine model of HOD RBC alloimmuniza-
tion, which consists of a chimeric triple-
fusion protein containing hen egg lyso-
zyme (HEL; contains B-cell epitopes), a
portion of ovalbumin (contains CD4+ T-cell
epitopes), and the Duffy antigen (anchors
the protein using its transmembrane
domain) expressed on murine RBCs. To
investigate the occurrence of AMIS,
different dosages of HOD RBCs (107, 108,
and 109) were transfused in the presenceof
anti-Duffy. A lowdoseof 107 RBCs induced
a detectable anti-HEL IgG response, which
was blunted by passive immunization with
anti-Duffy. In contrast, a high dose of 108 or
109 RBCs resulted in an opposite outcome,
reflected by an increase in anti-HEL IgG on
passive immunization with anti-Duffy. This
illustrates that the HOD RBC dose can
determine the occurrence of RBC alloim-
munization in the presence of anti-Duffy.
The anti-Duffy responses were shown to
be related to induction of antigen loss on
the RBC surface and increased RBC clear-
ance at low and high RBC dosages. This
suggests that at ahighRBCdose, antibody-
mediated RBC clearance may enhance de
novo alloimmunization. Using FcγR-
knockout mice as HOD RBC transfusion
recipients, FcγRswere found tobe required
for both anti–Duffy-mediated RBC clear-
ance and antigen removal. Similarly, FcγRs
were found to be required for the anti–
Duffy-induced suppression (low-dose 107

RBCs) or augmentation (high-dose 109
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