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however, when compared directly with
h-ATG/CsA in randomized trials, out-
comes were unchanged or inferior,
respectively.> Combination with CsA (in
the case of sirolimus) and the more po-
tent overall and Treg absolute lympho-
cyte depletion (with rabbit ATG) could
explain, in part, this lack of efficacy.'®
Thus, a successful strategy with this ap-
proach in AA may need to go beyond a
simple increase in the frequency of Tregs.
Interestingly, eltrombopag, which was
developed to stimulate marrow pro-
genitor cells, may have other beneficial ef-
fects, such as a decrease in proinflammatory
signals, and promote immune regulation by
stimulating Tregs.®

Could IL-2 be "added to the mix"?
Possibly. One of the challenges in IST-
refractory patients is to determine
whether there is persistent autoimmune
disease activity, a profound lack of pro-
genitor cells sufficient for adequate he-
matopoiesis, or both. It is unlikely that
single-agent IL-2 would be active if stem
cell numbers are limiting. In combination
with CsA, the Treg activity of low-dose
IL-2 could be negatively affected.” In com-
bination with agents that result in profound
and prolonged lymphopenia (eg, rabbit
ATG and alemtuzumab), the increase in
Treg frequency provided by IL-2 could
be curtailed by the absolute reduction in
lymphocytes. Thus, the development of
IL-2 would need to be well strategized
in AA. The King's College group has pro-
vided the rationale for devising IL-2-based
treatment protocols; | look forward to their
follow-up work in AA, this time in the clinic.
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Comment on Chen et al, page 898

Vitamin K therapy
to reduce bleeding

Mettine H. A. Bos and Felix J. M. van der Meer | Leiden University Medical

Center

In this issue of Blood, Chen et al’ used a cell-based screening to identify 9
unrelated drugs that may cause bleeding by interfering with the vitamin K (VK)
cycle that is required for the VK-dependent y-carboxylation of blood coagulation
proteins. Bleeding caused by drugs inhibiting the reduction of VK epoxide, but
not VK, can be rescued by VK administration.

Adverse drug reactions, and, in particu-
lar, drug-induced bleeding, are among
the leading causes of hospitalization and
death. Bleeding is associated with the
use of anticoagulants, as well as with
nonsteroidal anti-inflammatory agents, se-
rotonin reuptake inhibitors, and antibiotics.
With regard to the last, the B-lactam anti-
biotic subgroup cephalosporins that con-
tain an N-methylthiotetrazole side chain are
well known to interfere with the VK cycle.?
In this cycle, VK is reduced to VK hydro-
quinone by VK epoxide reductase (VKOR)
and an unidentified VK reductase (VKR)
(see figure).® VK hydroquinone serves
as a cosubstrate for y-glutamyl carboxyl-
ase (GGCX) that adds a carboxylic acid to
specific Glu residues in VK-dependent
(VKD) blood-coagulation proteins, an es-
sential step to attain full clotting func-
tionality. The generated VK epoxide (KO)
is recycled back to VK by VKOR.

Previously, Chen et al were able to study
the VK cycle in more detail by developing
an elegant cell-based system that allowed
for functional assessment of its compo-
nents in the cell milieu. Using genome
editing to knock out endogenous GGCX*
or both VKOR and a VKOR-like homolog®
and introducing mutant patient variants
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of these enzymes in HEK293 cells, they
explained the clinical manifestations of
specific mutations that included a VK-
responsive bleeding phenotype and
sensitivity to the VK antagonist warfarin.
Taking advantage of the developed
technology to identify VK cycle-targeting
drugs, Chen and colleagues now per-
formed high-throughput screening of a
drug library in the GGCX-knockout cell
line using KO as substrate. Twenty-two
drugs were uncovered that impacted the
biosynthesis of the VKD reporter protein,
9 of which appeared to be true inhibitors
and were not associated with cytotoxic
effects on the cells. Subsequent inhibitory
efficacy assessment and high-performance
liquid chromatography analysis to quantify
VK and KO, using a clever combination
of knockout cell lines and substrates,
allowed for further dissection of the
pathways involved (see figure). One set
of drugs, including warfarin, was shown
to inhibit VKOR, whereas another set of
drugs inhibited VKR, and a third set af-
fected cellular VK availability. The anti-
coagulant effect of drugs targeting VKOR
could be completely restored by the
administration of VK in vitro and in vivo,
confirming that VKOR is primarily re-
sponsible for the reduction of KO to VK.
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The VK cycle in which GGCX adds a carboxylic acid to specific Glu residues in VKD proteins, thereby using VK hydroquinone as cosubstrate. VKOR reduces the generated KO to
VK, which is further reduced by VKOR and VKR. Monitoring reporter protein y-carboxylation in GGCX or VKOR (DGKO) knockout cell lines using KO as substrate and quantifying
KO/VK formation via high-performance liquid chromatography (HPLC) analysis led to the identification of drugs that inhibited VKOR, VKR, or intracellular VK availability. With
regard to the last, small amounts of intracellular VK precluded accurate KO/VK assessment for 1 drug (“Not determined”). The figure has been adapted from Figure 1A in the

article by Chen et al that begins on page 898.

On the other hand, drugs targeting VKR
could only partially be rescued by VK.

Although the observations of Chen and
colleagues clearly uncover direct inhibi-
tory actions of specific drugs on enzymes
of the VK cycle, some questions are
raised with regard to the clinical inter-
pretation of these findings. From the
9 drugs identified, nitazoxanide and
lansoprazole (VKOR inhibitors) and clo-
fazimine (VKR inhibitor) demonstrated
the strongest inhibitory potency toward
KO-dependent +y-carboxylation of the
reporter protein, apart from warfarin.
However, in clinical practice, these drugs
lead to sporadic bleeding only. This ap-
parent discrepancy may result from dif-
ferences in circulatory drug levels vs
inhibitory potency, in addition to the
in vivo drug distribution and uptake
by hepatocytes. Of note, the B-lactam
antibiotics (ie, cephalosporins) that are
known to inhibit y-carboxylation of VKD
proteins were not identified in this study.
Whether they were not part of the drug
library, and, therefore, were absent from
screening, is unclear, because no de-
tailed information on the library is pro-
vided. Screening of these compounds
would serve to further validate the cell-
based assay.

Most of the VK cycle-targeting drugs
identified here are known to interfere
with VK antagonist therapy to some ex-
tent. Until now, this effect was primarily
ascribed to inhibition of the hepatic cy-
tochrome (CYP)2C9 and/or CYP3A4 en-
zyme systems, thereby impairing VK
antagonist metabolism.® Whether direct
inhibition of the VK cycle, resulting in an
impaired production of VKD proteins,
contributes in a synergistic manner to the
interference with VK treatment remains
to be determined. Additional drug can-
didates for screening are the serotonin
reuptake inhibitors that, although con-
sidered to primarily give rise to bleeding
complications by inhibiting platelet ag-
gregation, also inhibit CYP2C97 and, to a
minor extent, CYP3A4.2 Although con-
comitant use of serotonin reuptake in-
hibitors and VK antagonists has been
associated with high international nor-
malized ratio values,® bleeding observed
in patients using both types of these
drugs was found to be unrelated to
CYP2C9 inhibition.'® The cell-based as-
say system described by Chen et al can
be used to further unravel the molecular
mechanisms of these drugs that are
known to interfere with VK antagonist
therapy but lack a well-described mode
of action. Moreover, it could serve as a

high-throughput platform to screen novel
drugs for drug-induced bleeding result-
ing from a clinically relevant interaction
with the VK cycle.
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