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THROMBOSIS AND HEMOSTASIS

Comment on Hur et al, page 105

Better with poorly
performing fibrin(ogen)

Li Zhang | University of Maryland School of Medicine

In this issue of Blood, Hur et al' demonstrate that nonpolymerizable fibrin-
ogen, Fga®, can preserve hemostatic function without promoting occlusive
thrombosis. These findings shed new light on the role of fibrin and fibrin
polymerization in thrombosis and hemostasis, with potential implications for
developing safer therapeutic agents for thrombotic diseases.

Fibrin clots form through thrombin-
mediated conversion of fibrinogen into
fibrin (see ﬁgure).2 In this process,
thrombin enzymatically cleaves FpA and
FpB from fibrinogen, exposing "A”
knobs (GPR; high affinity) and “B"” knobs
(GHR; low affinity) at the N-termini of the
a and B chains located within the central
E region. These "A” and “B” knobs
subsequently interact with holes “a” and
“b” in the y- and B-nodules, respectively,
resulting in the polymerization of
monomeric fibrin into an extensive fiber
network. Activated coagulation factor
XUl (FXI) crosslinks the nascent fibrin
fiber, bolstering its stability and resis-
tance to fibrinolysis. This dense fibrin
clot seals the damaged tissue and halts
blood loss. Once bleeding is under
control, fibrin recruits inflammatory cells,
initiates the fibrinolytic pathway, and
contributes to the wound-healing pro-
cess.” In both human and mice, com-
plete lack of fibrinogen leads to severe
bleeding, lack of platelet aggregation,
absence of FXIII activation, delayed
wound healing, and an elevated risk of
perinatal death, as reported in Fga™~
mice.®

Given the vital role of fibrin polymeriza-
tion in hemostasis and wound healing,
the findings by Hur et al revealing that
Fga™ mice, which are incapable of
generating polymerized fibrin, display

normal hemostasis, platelet aggrega-
tion, and wound-healing responses
are surprising. Several factors may
contribute to the ability of Fga®™ to
preserve hemostasis and wound healing.
Although Fga™ cannot support fibrin
polymerization, it contains a functional
FpB that can be cleaved by thrombin.
Once the "B" knob is exposed, Fga™
can form multimeric complexes through
the “B":"b"” knob-to-hole interaction
and the intermolecular aC-domain:aC-
domain interaction as well as support
platelet aggregation through y404-411
and FXIII activation through the aC-
domain.” Hence, the results from this
report support the notion that fibrin,
rather than fibrin polymerization per se,
is necessary for maintaining hemostatic
and wound-healing responses, as long
as the "B" knob remains functional.

Fibrinogen is believed to exist in an inert
state with low reactivity in light of its high
circulating concentration (2-4 mg/mL).
Thrombin-mediated removal of FpA and
FpB transforms fibrinogen into a reactive
molecule capable of interacting with
various protein and nonprotein ligands,
including the aC-domain of another
fibrin(ogen), tPA, plasminogen (Plg),
FXIII, Mac-1, /B3, and more (see figure).
For instance, tPA's catalytic efficiency for
plasminogen is significantly enhanced
100- to 1000-fold in the presence of

fibrin,* and patients with congenital afi-
brinogenemia exhibit impaired FXIlI
activation.” In view of the pivotal roles of
fibrin in these processes, it is intriguing
that Fga™ mice exhibit normal FXIII
activation, fibrinolysis, and wound-
healing responses.

One plausible explanation is the func-
tional FpB present in nonpolymerizable
Fga®, which can facilitate a conforma-
tional switch when cleaved by thrombin.
FpB is known to interact with the oC-
domain, potentially masking binding sites
within the aC-domains and the BN-
domain® (see figure). Removing FpB
leads to the dissociation of the intra-
molecular aC-domain:aC-domain com-
plex, thereby exposing cryptic sites within
these domains for tPA, Plg, FXIII, ayfs,
and others. Once released from its intra-
molecular interaction, the oC-domains
are available to form intermolecular
interactions between different fibrinogen
molecules.” Additionally, the unmasked
cryptic binding sites within the fibrin pN-
domain can facilitate fibrin binding to
the endothelium via VE-cadherin and
VLDLR.® One potential exception to this
model is the cryptic binding site for Mac-
1 located within the y-module. Mac-1 is
known to preferentially recognize fibrin,
and its interaction with fibrin plays a
crucial role in the pathogenesis of several
cardiovascular and neurological  dis-
eases.® Disrupting Mac-1 binding to
fibrin, by mutating the Mac-1-recognition
motif y377-395 within the y-module (the
Fiby390"39‘(’A mice), mitigates most fibrin-
associated pathology.® Curiously, Fga®™
mice exhibit compromised antimicrobial
host defense, which mirrors the defective
host defense phenotype observed in
Fiby37°37A mice.” The similarity in their
antimicrobial responses between the
Fga® and Fiby*7%37* mice suggests that
the Mac-1 binding site within Fga® fibrin
likely remains cryptic, a notion that war-
rants further investigation.

In summary, this report highlights the
potential of targeting fibrin polymeriza-
tion, rather than the blood coagulation
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Thrombin enzymatically converts the nonpolymerizable fibrinogen, Fga®, to fibrin, releasing the fibrinopeptide B (FpB). The fibrinopeptide A (FpA) cannot be cleaved due to
mutations in the cleavage sequence (denoted by X). The removal of FpB abolishes its binding to the aC-domain as well as the intramolecular aC-domain:aC-domain
interaction, thereby exposing cryptic binding sites in the aC-domains and the pN-domain (in the E region). Fga™ fibrin(ogen) can form multimeric complexes via the “B"-
knob:hole "b" interaction and intermolecular aC-domain:aC-domain interaction. VE: vascular endothelial; VLDLR, very low-density lipoprotein receptor.

cascade or platelet function, as a means
to strike a delicate balance between
thrombosis prevention and hemostasis
maintenance. It also showcases the
feasibility of harnessing the unique
properties of nonpolymerizable Fga™ as
a promising antithrombotic agent. These
include its poor capability to form a
dense fibrin network yet its retention of
other functionalities to support platelet
aggregation, endothelial cell binding,**
interactions with various protein and
nonprotein ligands, and facilitation of
fibrinolysis. Fortuitously, the Mac-1 bind-
ing site within this nonpolymerizable
fibrinogen appears to remain concealed
even after thrombin-mediated activation,
potentially reducing its pathological
activity in various diseases.

Previous research has explored strategies
targeting fibrin polymerization, such as
the use of knob-mimic peptides (GPRP
and GHRP) to suppress fibrin polymeriza-
tion. However, their low affinity and short
circulating half-life, combined with high
concentrations of fibrinogen in circulation,

renders them unsuitable as antithrom-
botic drugs. Compared with these small
peptides, Fga™ could be more efficient
at suppressing fibrin polymerization, as
it can cap the growing end of fibrin
polymer, thereby terminating the poly-
merization process. Indeed, Fga"//®¢
mice, which carry both normal (WT) and
nonpolymerizable  (Fga™)  fibrinogen,
experience a significant reduction in
thrombosis incidence and thrombus
size while retaining normal hemostasis.
Furthermore, human patients with dysfi-
brinogenemia (fibrinogen Detroit, Metz,
Frankfurt XIll, etc), all of which harbor a
mutation at the thrombin cleavage site
Aa(16)Arg, are either asymptomatic or
only suffer mild bleeding.’® These
clinical insights suggest that non-
polymerizable fibrinogen can be used
safely in human patients to mitigate
thrombotic tendencies.

It will undoubtedly be a long road to
translate nonpolymerizable fibrinogen
into a safe and efficient antithrombotic
agent. Nonetheless, this work offers a
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glimmer of hope that the elusive balance
between preventing thrombosis and
maintaining hemostasis may be attain-
able in the future.
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CLINICAL TRIALS AND OBSERVATIONS

Comment on Ghorashian et al, page 118

[s immune escape in the
rearview mirror?

Swati Naik and Stephen Gottschalk | St. Jude Children’s Research Hospital

In this issue of Blood, Ghorashian et al report results from a phase 1 clinical
trial, in which they investigated a novel CD19/CD22-bispecific chimeric
antigen receptor (CAR) T-cell product in a cohort of 12 patients with
relapsed/refractory (r/r) acute lymphoblastic leukemia (ALL), and they report

no antigen-negative relapses.’

CD19-CAR T-cell therapy has trans-
formed the treatment of pediatric
patients with r/r ALL. However, despite
the impressive initial remission rates of
>80% across multiple studies using Food
and Drug Administration-approved or
investigational CD19-CAR T-cell prod-
ucts, 36% to 57% of patients who ach-
ieve complete remission (CR) relapse
within 1 year, and durable remission
occurs in only approximately 40% to
50% of patients.” Outcomes post-CAR T-
cell relapse remain dismal, and relapse
due to emergence of CD19~ leukemia,
in particular, is associated with extremely
poor prognosis.” Indeed, the emergence
of CD19™ disease and limited CAR T-cell
persistence are the major limitations of
current CD19-CAR T-cell approaches.

The incidence of CD19™ ALL relapse
post-CD19-CAR T cell varies and has
been reported to be up to 57%." Several
mechanisms for this immune escape
have been described including (1)
mutations in CD19 that lead to shedding
of the extracellular domain, (2) selection
of a preexisting CD19~ clone, and (3)
lineage switch with the recurring leuke-
mia having an AML phenotype.”® The

logical approach to overcome immune
escape is to target additional antigens.
This is an area of active research, and
most efforts are focused on targeting
CD22 based on the encouraging results
of CD22-CAR T-cell therapy for pediatric
ALL.

The most commonly employed CD19/22
dual targeting strategies can be summa-
rized under 3 broad approaches: (1)
sequential or coadministration of CD19
and CD22 CAR T-cell products, (2) engi-
neering T cells to express CD19-CAR and
CD22-CAR using either a single (bicis-
tronic) vector or double (cotransduction)
vectors, or (3) engineering T cells to
express a single CAR that recognizes
both CD19 and CD22 (bispecific).

All 3 approaches have been evaluated in
early phase clinical studies with the
largest cohort of patients having
received 2 CAR T-cell products.””? The
results of these studies indicate that all 3
approaches are safe. However, relapse
rates in most of these studies are >40%,
and it remains to be determined which
approach is best. Of note, none of the
studies targeting CD19/22 have resulted

in improved outcomes compared with
CD19-CAR T-cell therapy alone, and
none, except for the current study, have
eliminated antigen-negative relapses.

This is what makes the study by Ghora-
shian et al unique. Itis based on a strategy
that was thoughtfully designed, taking
into account the limitations associated
with targeting CD19 and CD22 in previ-
ous studies. The CD19-targeting compo-
nent utilized a CD19-CAR (AUTO1) with a
fast-off rate post CD19 binding, which
endows CAR T cells with enhanced
effector function and showed efficacy in a
previous trial.'® To target CD22, the
investigators designed a novel construct.
CD22 is known to have low antigen den-
sity on ALL blasts, and relapses post
CD22-CAR T-cell therapy are associated
with further CD22 downregulation.
Therefore, the group designed a highly
sensitive CD22-CAR that recognized
target cells expressing low levels of CD22.

These CD19- and CD22-CAR constructs
were used to generate CD19/CD22-CAR
T-cell products by cotransducing T cells
with separate lentiviral vectors encoding
the CD19- or CD22-CAR. The median
transduction efficiency was 83.2% (range
60.8%-92.6%) with the majority of T cells
expressing CD19- and CD22-CARs and
having a predominant central memory T-
cell phenotype. There was excellent
early expansion of both CD19- and
CD22-CAR T cells with high cumulative
CAR T-cell exposure post infusion and
also balanced engraftment of mono- and
bispecific CAR T cells. This is in contrast
to previous reports using CD19/22-
directed CAR T-cell strategies where
skewing of engrafted CAR T-cell pop-
ulations was observed.

Twelve patients with advanced high-risk
B-ALL who were heavily pretreated and
had high-risk features often associated
with risk of CD19™ relapse (CD19~ dis-
ease, previous receipt of blinatumomab
or CD19-CAR T-cell therapy) were
infused. Ten of 12 patients achieved
measurable residual disease-negative
CR at 2 months post infusion including
2 of 3 patients who had had CD19~
disease. Of the 10 responding patients,
5 relapsed with CD19* and CD22" dis-
ease. Relapses were associated with loss
of CAR T-cell persistence in 4 of the 5
relapsing patients. It is likely that the
additional targeting through the highly
sensitive CD22 construct, which could
kil CD19” leukemia cell lines in
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