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ABSTRACT

deficiency of ADAMTS13 (A13), a plasma metalloprotease that

cleaves endothelium-derived von Willebrand factor (VWE).
However, severe A13 deficiency alone is often not sufficient to cause an
acute TTP; additional factors may be required to trigger the disease.
Using CRISPR/Cas9, we created and characterized several novel
zebrafish lines carrying a null mutation in 473", vwf, and both. We fur-
ther used these zebrafish lines to test the hypothesis that inflammation
that results in neutrophil activation and release of histone/DNA com-
plexes may trigger TTP. As shown, a13” zebrafish exhibit increased lev-
els of plasma VWF antigen, multimer size, and ability of thrombocytes to
adhere to a fibrillar collagen-coated surface under flow. The a13”
zebrafish also show an increased rate of occlusive thrombus formation in
the caudal venules after FeCl; injury. More interestingly, 473" zebrafish
exhibit ~30% reduction in the number of total, immature, and mature
thrombocytes with increased fragmentation of erythrocytes.
Administration of a lysine-rich histone results in more severe and persist-
ent thrombocytopenia and a significantly increased mortality rate in a13”
zebrafish than in wildtype (wr) ones. However, both spontaneous and
histone-induced TTP in 413" zebrafish are rescued by the deletion of vwf.
These results demonstrate a potentially mechanistic link between
inflammation and the onset of TTP in light of severe A13 deficiency; the
novel zebrafish models of TTP may help accelerate our understanding of
pathogenic mechanisms and the discoveries of novel therapeutics for
TTP and perhaps other arterial thrombotic disorders.

Thrombotic thrombocytopenic purpura (ITTP) is caused by severe

Introduction

Thrombotic thrombocytopenic purpura (TTP), resulting from severe deficiency
of the plasma metalloprotease ADAMTS13 (A18), is characterized by thrombocy-
topenia and microangiopathic hemolytic anemia with various degrees of organ
dysfunction."”” Most patients have immune-mediated TTP, caused by an
immunoglobulin G (IgG) autoantibody that inhibits plasma A13 activity;*” rarely,
TTP may be caused by a hereditary mutation or mutations in A73,* resulting in
defective secretion of A13 protein, known as congenital TTP.

A13 is primarily produced in hepatic stellate cells'*"" and released into the blood
stream where it cleaves endothelium-derived ultra-large (UL) von Willebrand factor
(VWE).” The proteolysis of ULVWEF by A13 is crucial for hemostasis'** and inflam-
mation."* When the ability to cleave ULVWF is compromised, due to deficiency of
plasma A13 activity, ULVWF multimers accumulate on the surface of endothelium
or at the site of vascular injury, recruit platelets from circulation, and promote for-
mation of occlusive thrombi in small arterioles and capillaries — a pathognomonic
feature of TTP"*" A13 and VWF are highly conserved from zebrafish to mam-
mals,”* suggesting the importance of the A18/VWF axis in biology.

In the past two decades, studies have shown that patients with severe deficiency
of plasma A13 activity often do not develop an acute TTP episode until a stressful
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event.”” A13” mice rarely develop spontaneous TTP
unless they are challenged by a bacterial shigatoxin™* or a
large dose of recombinant VWE*?* Baboons with acquired
A13 deficiency develop features of TTE, but not a fatal
condition.” These findings indicate that additional envi-
ronmental or genetic factors may be necessary for trigger-
ing severe TTP on top of A13 deficiency.

The potential triggers may be infection, inflammation,
and pregnancy, etc.” Infections or inflammation, including
systemic lupus erythematosus, may cause activation of
neutrophils, resulting in cell death — a process termed
NETosis.” This may lead to release of neutrophil granular
contents including human neutrophil peptides (HNP),*
myeloperoxidase,” and histone-DNA complexes.” The
plasma levels of HNP1-3,*% histone-DNA complexes,”
and other inflammatory mediators are significantly
increased in patients with acute immune-mediated TTP.
HNP1-3 may be prothrombotic®* or anti-thrombotic,*
depending on the context and their redox status. Increased
plasma levels of histone-DNA complexes correlate with
low platelet counts and disease severity.” However, no
direct evidence is available to date to support a causative
role for any of these inflammatory mediators in the patho-
genesis of TTP.

To test a hypothesis that inflammatory mediators, such
as histones, may play a crucial role in triggering TTP when
there is a severe deficiency of Al3, we generated several
novel zebrafish lines with a null mutation in a13, vwf, and
both using CRISPR/Cas9. These novel models were then
used to assess the role of a lysine-histone, which is known
to activate endothelial exocytosis, in triggering acute TTP.
Zebrafish have been extensively used for modeling
human diseases,* including thrombosis and hemostasis.*"
¥ Zebrafish provide advantages over other animal models
in terms of speed, cost, and high-throughput capability,
enabling rapid assessment of the role of various environ-
mental and genetic factors in triggering TTP and identifi-
cation of novel therapeutics for TTP and perhaps other
arterial thrombotic or inflammatory disorders.

Methods
Zebrafish

Zebrafish (Danio rerio) were used according to the protocol
approved by Institutional the Animal Care and Use Committee.
The guide RNA (gRNA) was designed using the CRISPR design
tool (htty://ctispr.mit.edu/). A 69-nt oligonucleotide, consisting of a
T7 promoter, a target sequence, and a gRNA scaffold, was synthe-
sized (ThermoFisher, Waltham, MA, USA). The gRNA was then
generated using a Guide-it sgRNA transcription kit (Takara-
Clontech, Mountain View, CA, USA). The Cas9 mRNA was syn-
thesized from pT3TS-nCas9n wusing the mMESSAGE
mMACHINE T3 kit (Life Technologies, Carlsbad, CA, USA). The
final products (2 nL with 12.5 pg/nL gRNA and 300 pg/nL Cas9
mRNA) were co-injected into one-cell stage embryos of a double
transgenic zebrafish (gata1-dsRed and fli1-eGEP).***

Western blotting

A capillary-based western blotting system (ProteinSimple, San
Jose, CA, USA) was used to determine the presence of al3 protein
in plasma and embryo lysate of zebrafish. The antibody was gen-
erated commercially (ABmart, Shanghai, China) by immunization
of mice with nine synthetic peptides of zebrafish al3 protein
(Online Supplementary Table S2).

Agarose gel electrophoresis

Plasma VWF multimers were determined by western blotting
with anti-vwf IgG raised against zebrafish vwf peptides (ABclonal,
Woburn, MA, USA) (Online Supplementary Figure S2) after elec-

trophoresis on a 1.5% sodium dodecylsulfate-agarose gel.”

Microfluidic assay

Microchannels (Fluxion Bioscience, San Francisco, CA, USA)
were coated with a fibrillar collagen (100 ug/mL). The surface was
blocked with 0.5% bovine serum albumin. Pooled whole blood
collected from ten adult zebrafish and anticoagulated with PPACK
(100 uM) was diluted with 50 uL of phosphate-buffered saline
(PBS) and perfused under 15 dyne/cm’ over the collagen surface.
The digital images were collected every 3 seconds for 120 seconds.

Administration of a lysine-rich histone
PBS or lysine-rich histone (H5505) (Sigma-Aldrich) (200 mg/kg

body weight) was injected intraperitoneally into adult zebrafish.

Blood cell counts

Zebrafish whole blood was diluted (1:51) with PBS (containing
4 mM EDTA). The total cell counts (per uL of blood) were deter-
mined using a Hemavet 950FS Hematology Analyzer (Drew
Scientific, Miami Lakes, FL, USA). Additionally, flow cytometry
(BD Biosciences, San Jose, CA, USA) was performed to differenti-
ate erythrocytes, immature thrombocytes, and mature thrombo-
cytes. The percentages of erythrocytes and thrombocytes were
determined in 50,000 cells per sample. The number of thrombo-
cytes per liter of whole blood was calculated using the formula:
Thrombocyte count=Total cell counts per liter x Thrombocyte
percentage x Dilution factor.

Histological assessments

Zebrafish were fixed in 4% paraformaldehyde in PBS and
embedded in paraffin for hematoxylin and eosin staining.
Immunohistochemistry was then performed on the fixed tissue
sections with a costumer-made rabbit anti-zebrafish vwf IgG
(ABclonal, Woburn, MA, USA), followed by a horseradish perox-

idase-conjugated anti-rabbit IgG and color reaction.

Statistical analysis

All data are presented as the mean =+ standard errors (SEM) or
the median in a box-whisker plot unless specified in the figure leg-
ends. Kaplan-Meier survival analysis was performed with a log-
rank test. The Mann-Whitney test was used to determine the dif-
ference between two groups, while Kriiskal-Wallis analysis was
used to test the significance for more than three groups. All statis-
tical analyses were carried out using Prism 7 software.

Results

Generation and characterization of a13" zebrafish

To generate a stable a13” zebrafish line, an i vitro tran-
script consisting of gRNA and Cas9 mRNA that targets a
signal peptide of zebrafish al3 protein (Figure 1A) was
injected into one-cell embryos of a double transgenic
zebrafish (gata-1/dsRed and fli-1/e GFP) which expresses a
red fluorescent protein under the gata-1 promoter in ery-
throcytes and immature thrombocytes and a green fluo-
rescent protein under the fli-1 promoter in the entire vas-
culature and thrombocytes. Of 22 FO founders randomly
selected, 19 demonstrated the formation of heteroduplex-
es consistent with a heterozygous allele of a13 (Online
Supplementary Figure 1A). The FO founders were then out-



bred with a wt zebrafish on the double transgenic back-
ground to generate F1, F2, and F3 progenies. Sanger
sequencing confirmed the presence of various mutations,
deletions, and insertions in the region encoding the signal
peptide of al3 (Online Supplementary Figure S1B). The
CRISPR design tool provided the sgRNA sequence that
specifically targets the a13 gene. Any additional off-target
was nearly eliminated after multiple generations of out-
breeding with the wt zebrafish (Online Supplementary
Figure S1C).

The resulting heterozygous siblings with an 8-bp dele-
tion in al3 (Figure 1B) were selected for generating a13”

zebrafish for our subsequent studies. To facilitate rapid
genotyping, we developed a PCR-melting curve strategy.
The difference in the melting temperature of amplicons
for the area of interest was dramatic between zebrafish
with wr and those with a mutated gene (Online
Supplementary Figure S2). This strategy provided rapid but
reliable genotyping. The 8-nt deletion was predicted to
introduce a premature stop within the signal peptide of
al3, resulting in no expression of al3 protein, as demon-
strated by an automated western blotting system (WES)
in the embryo lysates (5 days post-fertilization) and plas-
ma of all adult zebrafish tested (Figure 1C). Additionally,

Figure 1. Generation and characterization of al13”

A T7 Promoter Target gRNA zebrafish using CRISPR/Cas9. (A) An oligonucleotide con-
gRNA scaffold sisting of a T7 promoter, a gene-specific target sequence

(targeting the signal peptide coding region of zebrafish

al3), and a guide RNA (gRNA) scaffold sequence was

i Annealing and extension annealed and extended with the gRNA core sequence and

then transcribed into a gRNA. (B) Sanger sequencing iden-
tified the wt (top) and 8-bp deletion (boxed) in a13” F2

progeny zebrafish (bottom, arrowhead). (C) Western blot by
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we demonstrated that there was no detectable al3 activity
towards a FRETS-VWEF73 substrate in zebrafish plasma
(Figure 1D). Together, our results demonstrate that the 413
gene in zebrafish is successfully deleted.

al13” zebrafish are in a prothrombotic state

Under unprovoked conditions, plasma levels of VWF
antigen and multimer size were increased in 413"
zebrafish compared with those in the wt controls (Figure
2A-C). When a caudal vein of a zebrafish larva (gata-
1/dsRed and fli-1/eGFP) was exposed to 0.3% FeCl;
(Figure 2D), an oxidative injury to vascular endothelium
(the loss of green fluorescence) and an accumulation of
erythrocytes (red fluorescence) were observed in a13”
zebrafish (Figure 2E). The time to complete occlusion of
the injured venule in 413" zebrafish was significantly
shorter (mean + SEM, 2.1+0.3 min) than that in the wt con-
trols (13.6+1.8 min) (Figure 2F) (P<0.001).

To confirm the incorporation of thrombocytes into the
growing thrombus, we performed a similar experiment in
a different transgenic zebrafish line, in which gata-
1/dsRed and cd41/eGFP were expressed to label erythro-
cytes (red) and thrombocytes (green), respectively.
Confocal image analysis demonstrated the incorporation
of thrombocytes and erythrocytes into the occlusive
thrombus in the caudal vein of zebrafish larva after the
oxidative injury (Figure 2G). Additionally, when anticoag-
ulated whole blood was perfused over a fibrillar collagen-
coated surface under arterial shear (15 dyne/cm’), the sur-
face coverage of a13” thrombocytes was dramatically
increased compared with that of wt thrombocytes (Figure
2H) despite the similar initial rates of thrombocyte accu-
mulation (Figure 2I). Supporting this, the length of throm-
bocyte-decorated VWEF strings (mean+SEM) following
perfusion of whole blood of 413" zebrafish (87.0+1.1 um)
was significantly longer than that following perfusion of
whole blood of wr zebrafish (49.5+1.2 um) (P<0.01)
(Figure 2J]). Together, these results demonstrate functional
conservation of the al3/vwf axis in zebrafish hemostasis;
and that the deletion of 473 in zebrafish results in a pro-
thrombotic phenotype.

a13” zebrafish develop a spontaneous but mild
feature of thrombotic thrombocytopenic purpura

Using total cell counts coupled with flow cytometry, we
were able to quantify total, immature, and mature throm-
bocytes in whole blood accurately. Under fluorescent
microscope, rare mature (green) and immature (orange)
thrombocytes on the background of a large number of
erythrocytes could be identified (Figure 3A), as previously
described.” The mean blood cell counts in wr and a13”
adult zebrafish were 3.2 x10"/L and 3.0 x10"/L, respec-
tively (P>0.05). Total thrombocytes (mean + SEM) in wt
zebrafish account for ~1% of total blood cells (i.e.,
33.9+1.2 x10°/L) while total thrombocytes in a13”
zebrafish account for ~0.7% of total blood cells (i.e.
22.4+0.8 x10°/L) (P<0.0001) (Figure 3B). There was a sim-
ilar degree of reduction (~30%) in both immature (mean +
SEM, 16.5+0.6 x10°/L) (Figure 3C) and mature (5.9+1.7
x10°/L) (Figure 3D) thrombocytes in the 413" group com-
pared with those in the wt controls (24.3+1.1 x10°/L and
8.5+0.4 x10°/L, respectively) (P<0.0001). The ratio of
immature to mature thrombocytes (~74:26) was similar in
both the 473" and wt groups, suggesting no thrombocyte
maturation defect in a13” zebrafish. There was no differ-

ence in the number of total, immature, and mature throm-
bocytes observed between wr and a13" zebrafish (data not
shown). The percentages of thrombocytes were also simi-
lar in different transgenic zebrafish lines (gata1-dsRed/fli-
1-eGFP vs. cd41-mCherry) (Online Supplementary Figure
53), which further confirmed the accuracy of thrombocyte
counts based on eGFP/dsRed expression under the fli-
1/gata-1 promotor.

Microscopic examination of the peripheral blood
smears revealed the presence of fragmented erythrocytes
in a13” (Figure 3E, right), but not in wt (Figure 3E, left) and
a13" zebrafish (not shown). Quantitative analysis of more
than ten blood smears from each group demonstrated a
significant increase in the number of fragmented erythro-
cytes per high power field in a13” zebrafish (mean + SEM,
3.9+2.3) compared to wt controls (0.4+0.5) (P<0.005)
(Figure 3F). Together, our results demonstrate for the first
time that a13” zebrafish could develop a spontaneous but
mild phenotype of TTP.

Lysine-rich histone induces a more severe and
persistent thrombotic thrombocytopenic purpura
phenotype in a137 zebrafish than in wt ones

The plasma levels of histone/DNA complexes are signif-
icantly elevated in patients with acute thrombotic
microangiopathy, including immune-mediated TTP.**
When zebrafish were challenged with a single dose of
lysine-rich histone, a significant drop in the number of
total, immature, and mature thrombocytes within 24 to 48
h was observed in both wt and a13” zebrafish. As shown,
in wt zebrafish the number of total (Figure 4A) and imma-
ture thrombocytes (Figure 4B) recovered within 48 h,
while mature thrombocyte counts recovered 72 h after the
histone challenge (Figure 4C). In 413" zebrafish, however,
thrombocytopenia persisted after the histone challenge
for the entire duration of observation (14 days) (Figure
4D). This was not the result of a decrease in immature
thrombocytes (Figure 4E) but rather a reduction in mature
thrombocytes (Figure 4F). At the end of 14 days after his-
tone challenge, there were statistically significant differ-
ences in total (Figure 4G), immature (Figure 4H), and
mature (Figure 4I) thrombocyte counts between wr and
a13” zebrafish. Histone challenge also resulted in a
marked reduction of erythrocyte counts in a13” zebrafish
but not wt ones (Online Supplementary Figure S4). Together,
these results indicate that an inflammatory mediator such
as histone may trigger acute TTP in individuals with
severe A13 deficiency.

Kaplan-Meier survival analysis demonstrated a higher
mortality rate (~30%) in a13” zebrafish than in wt
zebrafish (~10%) following the histone challenge
(P=0.0002) (Figure 5A). No spontaneous death occurred in
either wr or a13” zebrafish over a 6-month period of
observation without additional stress. To determine
whether neutrophil activation and death or other tissue
injuries occurred in zebrafish that were challenged with
histones, we determined plasma levels of histone/DNA
complexes in zebrafish prior to (D0) and 7 days (D7) after
histone challenge which allowed for the exogenous his-
tone to be cleared. We showed that while there was no
statistically significant difference in the plasma levels of
histone/DNA complexes between wt and a13” zebrafish
prior to histone challenge, there were significantly higher
levels of these complexes in a13” than wt zebrafish 7 days
after histone challenge when thrombocytopenia persisted
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Figure 2. von Willebrand factor multimer and thrombus formation in wt and a13” zebrafish. (A) Plasma von Willebrand factor (VWF) multimers in wt (lanes 1-3)
and al3” (lanes 4-6) zebrafish aged 3-4 months. Here, H and L on the right margin indicate high and low molecular weight VWF multimers, respectively. (B)
Quantification of plasma VWF antigen levels by densitometry (all multimers in each sample were scanned together) in wt and a13” zebrafish. **P<0.01, Mann-
Whitney test. (C) Representative densitometric scanning profiles of plasma vwf multimers in a13” (red) and wt (blue) zebrafish. (D) The caudal areas of zebrafish
endogenously expressing fli-1/eGFP and gata-1/sRed: the square or ovals show where a drop of 0.3% ferric chloride was placed topically. (E) Confocal images
demonstrated the presence of thrombocytes (red) and loss of endothelial integrity (green) in the caudal vessels (outlined with dotted lines). The red arrows indicate
the direction of blood flow from artery to vein. (F) Quantitative data showing the time to complete occlusion in the caudal vessel in wt and a13” zebrafish after injury
induced by 0.3% ferric chloride. ***P<0.005, Mann-Whitney test. (G) Confocal image demonstrated the incorporation of both erythrocytes (red) and thrombocytes
(green) into the occlusive thrombus in the caudal vein of wt zebrafish endogenously expressing gata-1/dsRed (red blood cells) and cd41/eGFP (thrombocytes) after
being exposed to 0.3% ferric chloride. (H) The surface coverage of fluorescent thrombocytes on a fibrillar collagen-coated surface in the microfluidic channel after
perfusion of diluted whole blood (1:20), obtained from wt (top) and a13” (bottom) zebrafish, under arterial shear (15 dyne/cm?). Red arrows indicate the thrombo-
cyte-decorated strings formed on a vwf/collagen fiber. (1, J) The rate of fluorescence accumulation (means + SEM, n=3) (I) and the lengths of thrombocyte-decorated
strings (means + SEM) (J), following perfusion of a diluted whole blood from wt and a13” zebrafish. **P<0.01, Mann-Whitney test.
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(Figure 5B). These results suggest that histone and/or his-
tone/DNA complexes may not only be biomarkers for
acute TTP, but also potential triggers for such a potentially
fatal syndrome.

Histology of tissue sections revealed the presence of
multiple large microvascular thrombi primarily in the liver
(Figure 5C-i) and mesenteric vessels (nor shown) in a13”
zebrafish after histone challenge, but rare, small thrombi
in wr zebrafish following the same treatment (Figure 5C-
if). Under unprovoked conditions, there were occasional
small microvascular thrombi in 413" zebrafish (Figure 5C-
iii), but not in wr zebrafish (Figure 5C-iv). Quantitation of
microvascular thrombi in multiple stained tissue sections
of various organs demonstrated that a single dose of his-

tone resulted in the formation of significantly more
microvascular thrombi in the 473" than in the wt zebrafish
(P<0.0001) (Figure 5D. Immunohistochemical analysis
showed the presence of VWE-rich thrombi in the liver
parenchyma in 413" zebrafish following histone challenge
(Figure 5E, top). An omission of the primary antibody
resulted in the complete absence of staining (Figure 5E,
bottom). Agarose gel electrophoresis plus western blotting
demonstrated the increased levels of plasma VWEF antigen
and multimer size 24 h (D1) after histone challenge in a13°
”, but not in wr zebrafish after the same histone challenge
(Figure 5F). Also, consumption of ULVWEF in zebrafish
with acute TTP was observed between days 3-7 (Figure
5F), consistent with findings in patients.” Together, these
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Figure 3. Microscopic and flow cytometric analyses of erythrocytes and/or thrombocytes in wt and a13” zebrafish. (A) The fluorescent microscopic images of ery-
throcytes (left, red) on the background, rare mature thrombocytes (middle, green with open arrowheads) and immature thrombocytes (right, yellow with an arrow). (B-
D) The numbers of total (B), immature (C), and mature (D) thrombocytes in wt and a13” zebrafish at the age of 3 months. Bars within the dots indicate the means +
standard error of mean (SEM). ****P<0.0001, Mann-Whitney test. (E) Microscopic images of normal and fragmented nucleated erythrocytes (inset, arrows) in
Geimsa-stained peripheral blood smears from wt and a13” zebrafish as indicated. (F) The number of fragmented erythrocytes per high power field (HPF) in the periph-
eral blood smear of wt and a13” zebrafish (100x). The lines within the individual dots represent the mean + SEM (n=10). ***P<0.005, Mann-Whitney test.
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results demonstrate that a lysine-rich histone may trigger
an acute episode of TTP in a13” zebrafish.

Generation and characterization of vwf’- and
al3’vwf’ zebrafish

Lysine-rich histone is known to trigger the release of
VWEF from endothelial cells and enhance thrombus forma-
tion after vascular injury.” To assess the contribution of
VWE in this model, we first treated cultured endothelial
cells with a lysine-histone, at the concentration used in
zebrafish experiments, for various times. We found that

lysine-histone induced rapid release of VWF from the cul-
tured endothelial cells, which bound fluorescein-labeled
platelets in whole blood from a73” mice under arterial
flow (Online Supplementary Figure S5). We then deleted vwf
from zebrafish to see if vwf” zebrafish were protected
from the development of TTP, either spontaneously or
triggered by histone. To this end, we generated a vwf"
zebrafish line by targeting the vwf gene encoding the
propeptide region using the CRISPR-cas9 (Figure 6A). A 7-
bp insertion mutant of vwf was identified by Sanger
sequencing (Figure 6B), which was predicted to form a
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premature stop within the propeptide, resulting in a vwf-
null phenotype. Western blotting demonstrated the pres-
ence of vwf multimers in plasma of wt, but not vwf"
(Figure 6C) or at13”vwf” (not shown) zebrafish. These
results demonstrate the successful deletion of the vwf gene
in zebrafish.

To further assess zebrafish vwf function, we performed
a microfluidic assay using whole blood from wt and vwf”
zebrafish. When perfused through a fibrillar collagen-coat-
ed surface under arterial shear, the final surface coverage
of fluorescein-labeled thrombocytes (Figure 6E) and the
rate of thrombocyte adhesion and aggregation (Figure 6F)
onto the collagen surface were dramatically reduced in
vwf” and a13”vwf" zebrafish compared with the wt con-
trols (P<0.0001). Moreover, the time to form an occlusive
thrombus, determined by intravital microscopy, in the
caudal vein in vwf” or a13”"vw[” zebrafish after FeCl; injury
was significantly prolonged when compared to that in the
wt controls (Figure 6D). All wt zebrafish formed occlusive
thrombi within 20 min after FeCl; injury, but nearly 50%
of vwf” or a13"vwf" zebrafish failed to form occlusive

-t wilPBS  —— wiH5505
== a13"/PBS - a13”/H5505

thrombi. These results demonstrate the relatively defi-
cient hemostatic functions in vwf" and a13”vwf” zebrafish.

vwf’ and a137vwf’ zebrafish are protected
from developing spontaneous and histone-induced
thrombocytopenia

Under unprovoked conditions, vwf” zebrafish with or
without circulating plasma al3 exhibited normal counts
of total (Figure 7A), immature (Figure 7B), and mature
(Figure 7C) thrombocytes. Moreover, when challenged
with a lysine-rich histone (H5505), vwf” or a13’vwf”
zebrafish exhibited no significant reduction in the num-
bers of total (Figure 7D, G), immature (Figure 7E, H), and
mature (Figure 7E I) thrombocytes over a 7-day period.
However, 7 days after the histone challenge, there were
significantly lower numbers of total (Figure 7]), immature
(Figure 7K), and mature (Figure 7L) thrombocytes in a13”
than in a13”vwf” zebrafish. Together, these results
demonstrate that vivf” zebrafish with or without circulat-

ing A13 are protected from developing spontaneous or
histone-induced TTP.
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Figure 5. Kaplan-Meier survival analysis, plasma histone/DNA complexes, histology and von Willebrand factor multimers in wt and a13” zebrafish after histone
challenge. (A) Survival rate (%) over a 2-week period in wt and a13” zebrafish after being challenged with phosphate-buffered saline (PBS) or lysine-rich histone
(H5505) (200 mg/kg body weight). (B) Plasma levels of histone-DNA complexes in wt and a13” zebrafish prior to (DO) and day 7 (D7) following the histone (H5505)
challenge. (C) Histological images of occlusive microvascular thrombi (arrowheads) in the liver tissue from a13” (top) and wt (bottom) zebrafish following lysine-his-
tone (H5505) (left) or PBS challenge (right). (D) The numbers of microvascular thrombi per tissue section (box-and-whisker plot, with minimum to maximum) in wt
and al3” zebrafish following the histone (H5505) or PBS challenge. A Mann-Whitney test was performed to test differences between two groups. *P<0.05,
**P<0.01, ***P<0.005, and ****P<0.001. (E) Immunohistochemical staining showing von Willebrand factor (VWF)-rich microvascular thrombi (top, arrowheads).
Scale bar represents 200 um in length. (F) Plasma vwf multimer distribution in wt and a13” zebrafish prior to (DO), 1, 3, and 7 days after the histone (H5505) chal-
lenge. Here, H and L on the right margin indicate high and low molecular weight VWF multimers, respectively.
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Discussion

The present study represents the first establishment and
characterization of zebrafish models of TTP and the illus-
tration of a potential trigger for the disorder on top of A13
deficiency. The a13" zebrafish exhibit a prothrombotic
phenotype with increased levels of plasma VWF antigen
and multimer size. This results in an enhanced ability of
thrombocytes to adhere and aggregate on a fibrillar colla-
gen surface under arterial flow. Additionally, a13”
zebrafish show an accelerated rate of thrombus formation
following oxidative injury. Such a prothrombotic pheno-
type in a13” zebrafish is completely rescued when vwf is
genetically deleted, suggesting that the prothrombotic
phenotype in a13” zebrafish can be attributed to the

enhanced VWF function in vivo.

More interestingly, a13” zebrafish develop a sponta-
neous but mild TTP phenotype, which is characterized by
low thrombocyte and erythrocyte counts with an
increased number of fragmented red blood cells, as well as
the formation of small occlusive thrombi in organ tissues.
Such a TTP phenotype in the a13" zebrafish is significant-
ly worsened and sometimes fatal following challenge with
a lysine-rich histone, which has previously been shown to
trigger endothelial exocytosis and release of ULVWEF mul-
timers from Weibel-Palade bodies of activated endotheli-
um.” An intravenous administration of histones induces
transient thrombocytopenia in mice,” although the mech-
anism underlying this transient effect is not known. We
show here that both the spontaneous and histone-induced
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Figure 6. Generation and characterization of vwf”and a13”vwf” zebrafish using CRISPR/Cas9. (A) A guide RNA (gRNA) oligonucleotide was used to target the
propeptide D2 domain-coding region of zebrafish vwf. (B) Sanger sequencing confirming the wildtype (wt) sequence and the 7-bp insertion in the targeted region, as
indicated, which results in vwf null by causing a frameshift and introduction of a premature stop. (C) Agarose gel electrophoresis and western blotting with a specific
antibody raised against zebrafish VWF, demonstrating the presence of VWF multimers in wt plasma (2 and 4 ulL in lane 1 and 2, respectively), but not in vwf” plasma
(2and 4 uL in lanes 3 and 4) at the age of 3 months. Normal human plasma (NHP) (0.5 uL) was used as a positive control (lane 5), run in a separate gel and blotted
with an anti-human VWF IgG. (D) The time to form occlusive thrombi in wt, vwf”, and a137*wf” zebrafish after FeCl, injury at the caudal venule (box-and-whisker plots,
with minimum to maximum). (E, F) The representative surface coverage and rate of accumulation of fluorescent thrombocytes (mean + standard error of mean, n=3),
respectively, on a fibrillar collagen surface following perfusion of a diluted whole blood from wt, vwf”, and a13”vwf” zebrafish under arterial shear (15 dyne/cm?),

as indicated.
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TTP phenotype in a13” zebrafish is essentially eliminated The structure and function of VWEF are conserved from
when vwf is genetically deleted. Consistent with this zebrafish to mammals with an overall similarity at the
result, the deletion of vwf also confers af3” zebrafish protein level of ~45%.” Plasma VWF multimers in
embryos resistance to histone challenge. Together, these zebrafish, visualized for the first time in this study, and
findings indicate that VWF contributes to the pathophysi- recombinantly expressed VWF multimers reported previ-
ology of spontaneous and histone-induced thrombocy- ously,” are quite similar in pattern. Furthermore, zebrafish
topenia or TTP in a13” zebrafish. VWEF is shown to interact with thrombocytes during
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Figure 7. Deletion of vwf rescued histone-induced thrombotic thrombocytopenic purpura in a13” zebrafish. (A-C) The number of total (A), immature (B), and mature
(C) thrombocytes per liter in wt, vwf”, a13”, and vwf’al3” zebrafish at age of 3 months without any challenge. Kruskal-Wallis analysis was performed. (D-F) The
number of total (D), immature (E), and mature (F) thrombocytes per liter in vwf” zebrafish prior to (DO), 1, 2, 3, and 7 days following histone (H5505) challenge. (G-
1) The number of total (G), immature (H), and mature (I) thrombocytes per liter in a137vwf” zebrafish prior to (DO), 1, 2, 3, and 7 days following histone (H5505)
challenge. (J-L) Direct comparisons of total (J), immature (K), and mature (L) thrombocytes per liter between a13” and al3”vwf” zebrafish prior to (DO) and 7 days
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- haematologica | 2020; 105(4)




thrombus formation in our study. In the absence of circu-
lating VWE, thrombocytes fail to adhere to the fibrillar col-
lagen surface under flow and thrombus formation is sig-
nificantly impaired in the small vessels after injury. During
the revision of this manuscript, similar hemostatic defects
were reported to occur when vwf is independently
knocked out.* These findings support the crucial physio-
logical function of zebrafish VWF in mediating thrombo-
cyte adhesion/aggregation and thrombus formation.

The A13 protein in zebrafish is also conserved with a
similar domain structure to that in mammals except for a
longer signal peptide and propeptide. There is ~52%
sequence similarity at the A13 protein level between
zebrafish and humans (or mice). Surprisingly, zebrafish
plasma A13 is able to cleave the human FRETS-rVWE73*
at the similar rate as human plasma A13 does. This activ-
ity is abrogated by EDTA, which chelates divalent metal
ions, suggesting that zebrafish A13 is also a metallopro-
tease. Additional evidence to support this notion is that
plasma VWF multimers and thrombocyte-decorated VWE
strings on the fibrillar collagen surface under flow are sig-
nificantly increased in a13” zebrafish when compared
with those in wt controls. The rate of thrombus formation
in the caudal venules after oxidative injury is also dramat-
ically accelerated in a13” zebrafish. More interestingly,
a13” zebrafish develop a spontaneous but non-fatal TTP
phenotype, similar to that in some patients with congeni-

NUETROPHIL

tal TTP** and in a baboon model of acquired TTP
induced by passive immunization.”” Together, these
results suggest that mild TTP may be compatible with life,
but the affected individuals may have a significantly
increased risk of developing catastrophic or potentially
fatal TTP when an additional environmental trigger, such
as infection or pregnancy, is present.

Infection or systemic inflammation often precedes the
onset of TTP, which is thought to activate neutrophils,
resulting in the release of their intracellular contents,
including antimicrobial HNP1-3, proteolytic enzymes,
nucleic acids, and histone-DNA complexes.”* Plasma lev-
els of histone-DNA complexes are markedly elevated in
patients with acute TTP.* Although the causes of elevated
levels of plasma histone-DNA are not fully understood.
Histone-DNA has been shown to have deleterious effects
with prothrombotic properties. Histones may activate
platelets, enhance thrombin generation,” induce exocyto-
sis of endothelial Weibel-Palade bodies, and trigger the
release of ULVWF from endothelium.” Histones may also
activate complement, resulting in the formation of a mem-
brane attack complex that injures endothelium.” Based on
our results and those published in the literature, we
hypothesize that histones, likely derived from NETosis
and other cell death after injury, are potent triggers for
TTP. When plasma A13 activity is present, the released
ULVWEF multimers are rapidly cleaved into smaller forms.
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Figure 8. A proposed working model depicts how neutrophil activation and the release of histones induce microvascular thrombosis in a13” zebrafish. Infection
and/or systemic inflammation may activate neutrophils and result in neutrophil death and tissue injury, leading to the release of their cellular contents including
histone/DNA complexes or free histone. Histone/DNA complexes or free histone may then bind to endothelial receptors, which triggers exocytosis of Weibel-Palade
bodies and the release of ultralarge multimers of von Willebrand factor (UL-VWF) from activated endothelium. These hyperactive UL-VWF multimers are rapidly
removed by plasma ADAMTS13, so that normal hemostasis is maintained. However, when plasma ADAMTS13 is absent, as in cases of hereditary or acquired throm-
botic thrombocytopenic purpura (TTP), the UL-VWF strings are not removed from the endothelial surface, resulting in an accumulation of platelets/thrombocytes and
neutrophils, leading to thrombus formation and acute inflammation at sites of vascular injury. In the end, activation of the coagulation cascade, complement, and
neutrophils may occur, resulting in further tissue damage and microvascular thrombosis, the characteristic pathological feature of TTP.
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This prevents excessive thrombus formation at the sites of
vascular injury; when plasma A13 activity is absent, the
released ULVWEF remain anchored on the endothelial sur-

are quite limited.

face, which can capture flowing platelets in circulation,

resulting in occlusive thrombi and acute inflammation at
the sites of vascular injury. This creates a positive feed-
back, resulting in more inflammation and cell death,
which leads to the formation of a vicious cycle (Figure 8).

In conclusion, we report the generation and characteri-
zation of several novel zebrafish lines (a73”, vwf”, and
a13"vwf”) and zebrafish models of TTP. With these new
tools, we are able to demonstrate potentially mechanistic
links between infection, innate immunity (such as neu-
trophil activation and the release of histone/DNA com-
plexes), and the onset and progression of TTP in the set-
ting of severe deficiency of plasma Al3 activity. These
novel zebrafish models with a robust high-throughput
screening capability could help accelerate the discovery of
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