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ABSTRACT

ﬁ cquired thrombotic thrombocytopenic purpura is primarily

caused by the deficiency of plasma ADAMTS13 activity result-

ing from autoantibodies against ADAMTS13. However,
ADAMTS13 deficiency alone is often not sufficient to cause acute
thrombotic thrombocytopenic purpura. Infections or systemic inflam-
mation may precede acute bursts of the disease, but the underlying
mechanisms are not fully understood. Herein, 52 patients with acquired
autoimmune thrombotic thrombocytopenic purpura and 30 blood
donor controls were recruited for the study. The plasma levels of human
neutrophil peptides 1-3 and complement activation fragments (i.e. Bb,
iC3b, C4d, and sC5b-9) were determined by enzyme-linked
immunosorbent assays. Univariate analyses were performed to deter-
mine the correlation between each biomarker and clinical outcomes. We
found that the plasma levels of human neutrophil peptides 1-3 and Bb
in patients with acute thrombotic thrombocytopenic purpura were sig-
nificantly higher than those in the control (P<0.0001). The plasma levels
of HNP1-3 correlated with the levels of plasma complement fragment
Bb (rho=0.48, P=0.0004) and serum lactate dehydrogenase (rho=0.28,
P=0.04); in addition, the plasma levels of Bb correlated with iC3b
(rho=0.55, P<0.0001), sC5b-9 (rho=0.63, P<0.0001), serum creatinine
(tho=0.42, p=0.0011), and lactate dehydrogenase (rho=0.40, P=0.0034),
respectively. Moreover, the plasma levels of iC3b and sC5b-9 were cor-
related (rtho=0.72, P<0.0001), despite no statistically significant differ-
ence of the two markers between thrombotic thrombocytopemc purpu-
ra patients and the control. We conclude that innate immunity, i.e. neu-
trophil and complement activation via the alternative pathway, may
play a role in the pathogenesis of acute autoimmune thrombotic throm-
bocytopenic purpura, and a therapy targeted at these pathways may be
considered in a subset of these patients.

Introduction

Thrombotic thrombocytopenic purpura (TTP) is characterized by the formation
of disseminated microvascular thrombosis in small arterioles and capillaries.' TTP
patients manifest with severe thrombocytopenia (usually less than 20,000/ul of
platelet counts), microangiopathic hemolytic anemia with elevated levels of serum
lactate dehydrogenase (LDH) and schistocytes on a peripheral blood smear, and
signs and symptoms of end-organ dysfunction, including renal failure and/or
myocardial or cerebral infarctions.” Severe deficiency of plasma ADAMTS13 activi-
ty (usually <10%), resulting from ADAMTS13 mutations or autoantibodies against
ADAMTS13, appears to be the key pathogenic factor of TTP**

ADAMTS13 is a plasma metalloprotease that cleaves von Willebrand factor
(VWE) at the Tyr1605-Met1606 bond, thereby regulating hemostasis and preventing
thrombosis after vascular injury.* In patients with hereditary TTE, the lower the
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plasma ADAMTS13 activity is, the earlier the initial TTP
episode occurs,’ suggesting that any residual ADAMTS13
activity may be protective. Treatment with plasma infu-
sion, aimed at increasing plasma ADAMTS13 activity to
greater than 5%, is clinically effective in hereditary TTP°
In patients with acquired TTP, the immunoglobulin (IgG)
type of autoantibodies, which bind primarily to the spacer
domain of ADAMTS13,” result in competitive inhibition
of plasma ADAMTS13 activity. Therapeutic plasma
exchange, often used in combination with immunosup-
pression, including corticosteroids, vincristine, cyclophos-
phamide, and rituximab, etc., remains the treatment of
choice for acquired TTP with inhibitors.

Clinical observations have also demonstrated that most
hereditary TTP patients with plasma ADAMTS13 activity
of less than 10% remain asymptomatic for many years
before experiencing their first episode.®” Patients with
acquired autoimmune TTP may achieve clinical remission
after therapeutic plasma exchange and other adjunctive
therapies, despite ongoing severe deficiency of plasma
ADAMTS13 activity and the presence of inhibitors."
These findings indicate that a triggering event may be nec-
essary to provoke the initial onset of TTP and subsequent
recurrent or relapsing episodes. For example, central
catheter infection, systemic inflammation, certain medica-
tions, and pregnancy are known to be the potential incit-
ing factors for TTP. However, the mechanisms underlying
such a triggering event remain poorly understood. Based
on our recently published study, wherein we demonstra-
ted that HNP1-3, a group of 29-30 amino acid anti-micro-
bial peptides, potentially released from activated human
neutrophils, is a potent inhibitor of ADAMTS13-medidat-
ed VWF proteolysis."! We hypothesize that the locally
released HNP1-3 may play a role in the pathogenesis of
acute TTP, particularly in those with severely low circulat-
ing ADAMTS13 activity.

Moreover, several recent studies have indicated that
complement activation may be another inciting factor that
affects the onset, clinical presentation, and outcome of
thrombotic microangiopathy (TMA), including TTP. For
instance, serum from patients with TMA caused C3 and
membrane attack complex (MAC) deposition on human
microvascular endothelial cells (HMEC)-1 and its cytotox-
ic effect was abolished by complement inhibition.”
Additionally, plasma levels of C3a and Ca were signifi-
cantly elevated in patients during acute TTP as compared
with those in remission.”® Most importantly, complement
factor H mutations were identified in 5 out of 6 patients
with ticlopidine (anti-platelet drug)-associated TTP with
severe deficiency of plasma ADAMTS13 activity.”
Together, these preliminary findings suggest that comple-
ment activation via the alternative pathway and severe
ADAMTS13 deficiency may play a synergistic role in the
pathogenesis of TTP. However, the relationship between
the measurement of inflammatory and complement acti-
vation markers at the onset of acute TTP and clinical con-
sequences has not been investigated in a large cohort of
acquired autoimmune TTP patients.

Methods

Patients
The Institutional Review Board (IRB) of the University of
Alabama at Birmingham (UAB), USA, approved the study. TTP

Table 1. Demographic and clinical data of 52 patients with acquired
TIP.

ex Number of cases  Percentage

Female 21 51.9

Male 25 481
Race

White 13 25.0

African American 38 73.1

Hispanic 1 1.9
CNS signs and symptoms

No 24 46.2

Yes 26 50.0

NA 2 3.8
Disease status

[nitial 40 76.9

Rel./Refrac. 12 23.1
Episodes

One 28 53.8

>1 24 46.2
Renal function

Cr<1.2 33 63.5

Cr=1.2 19 36.5
Comorbidity

No 12 23.1

Yes 39 75.0

NA 1 1.9
Blood culture

Negative 20 38.5

Positive 6 11.5

NA 26 50.0
Corticosteroids

No 7 13.5

Yes 41 78.8

NA 4 7.7
Rituximab

Yes 30 51.7

No 18 34.6

NA 4 .7
Outcome

Remission 43 82.7

Death 9 13.3

n/a: not applicable or information was not available; CNS: central nervous system;
Rel/Refrac.: relapse/refractory; CR: complete remission; Cr: creatinine.

was diagnosed in patients with thrombocytopenia (platelet count
<150x10°/uL) and microangiopathic hemolytic anemia (indicated
by reduced hematocrit, increased serum LDH, and the presence of
the fragmentation of red blood cells, ie. schistocytes on the
peripheral blood smear), with or without signs and/or symptoms
of major organ damage and in the absence of an alternative diag-
nosis to explain the TMA." All patients underwent therapeutic
plasma exchange. Blood samples anticoagulated with sodium cit-
rate (0.32%) were obtained prior to the initiation of therapeutic
plasma exchange. Control samples were obtained from healthy
blood donors whose medical history details were not collected or
available for the purpose of this study. Blood was centrifuged at
3,000 rpm for 15 min, and plasma was aspirated from the top and
stored in aliquots at -80 °C until assays were performed. All sam-
ples were frozen and thawed only once prior to the study.

Assays for plasma ADAMTS13 activity and inhibitors

A commercial FRETS-VWEF73 assay in a reference lab (Blood
Center of Wisconsin, Milwaukee, WI, USA)' and a homegrown
recombinant FRETS-VWEF73 (rF-VWEF73) assay determined plasma
ADAMTS13 activity as described previously.” ADAMTS13
inhibitor titers were similarly determined by measuring the resid-
ual enzyme activity in normal human plasma (NHP) after being
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Table 2. Laboratory results of TTP patients and healthy controls. ®
TIP patients (n=52)

Healthy Controls (n=30)

Median (range) Mean + SEM Median (range) Mean + SEM

Platelet counts (x10%L) 14.3 (5.4-108) 19.1+26

Het (%) 25 (14-40) 242 +0.7

WBC (x10%L) 11.8 (4.5-24.5) 124 £0.7

Neutrophil (%) 70 (43-90) 69.9 = 1.5

LDH (U/L) 878.5 (226-7,332) 1136.6 + 150.3

Creatinine (mg/dL) 1.3 (0.1-8.5) 1.6 0.2

ADAMTSI3 activity (%) 1.2 (0-8.1)*** 2.0 + 0.3*** 117.7 (84.6-228.1) 1225 +58
HNPs1-3 (ng/mL) 33.1 (12.8-239.4)*** 471 £ 5.6%** 24 (1.8-14.5) 35 =06
Bb (g/mL) 2.6 (0.9-9.6)*** 3.0+ 0.3%%* 1.3 (0.8-2.5) 14+0.1
iC3b (g/mL) 13.4 (3.8-58.6) 15.6 +14 12.5 (6.1-22.2) 121+ 06
sC5b-9 (g/mL) 1.3 (0.5-7.4) 1.7+0.1 1.6 (0.3-3.0) 1.7+0.1
C4d (g/mL) 2.6 (1.1-14.0) 33+0.2 2.3 (14-42) 24+02

***P values<0.0001, the reference ranges for platelet count 150-400x10°/L, hematocrit (Hct) 33-45%, white blood cells (WBC) 4-11x10°/mL, neutrophil 35-73%, lactate dehydroge-
nase (LDH) 120-240 U/L, creatinine 0.4-1.2 mg/dL; SEM: standard error of the mean; TTP: thrombotic thrombocytopenic purpura; HNPs: human neutrophil peptides.

mixed (50:50) and incubated for 30 min with the patient’s plasma A P<0.0001
(various dilutions) at 37 °C, using the prior mentioned commercial 250
FRETS-VWE73 assay in the reference lab. S o -
>
Assays for plasma complement activation markers £ 1504 ._"'_-
Enzyme-linked immunosorbent assay (ELISA) kits for comple- 5 -ﬁr
ment activation markers, including iC3b, sC5b-9, Bb and C4d, E 100 "
were obtained from a commercial source (MicroVue, San Diego, E 50-
CA, USA), and the assays were performed on the diluted plasma <
samples according to the manufacturers’ recommendations. 0l — e T
N &
Statistical analysis B ®
A Nonparametric Mann-Whitney test was used for comparison E 20,000+ P<0.0001
between the two groups. A nonparametric Spearman rank corre- S
lation (rho) was determined between the parameters. The P values ® 15,000 °
<0.05 and <0.01 were considered statistically significant and high- f,’ LA
ly significant, respectively. E, 10,0004 .:::
= o 000,
Results é - 2;,_.;'&2
ol ° [ ]
Characteristics of TTP patients z ®ectone
A total of 52 patients with acquired TTP were recruited v Q ——
into the study. The detailed demographic information, < &
clinical data, and laboratory results are shown in the C ¢
Ounline Supplementary Table S1. Of these, the female to P<0.0001
male ratio was 27/25 with 73% being African-American, 1000
25% Caucasian and 2% Hispanic. Comorbidities, includ- o
ing obesity, diabetes mellitus, hypertension, rheumatoid 2 100 oo,
arthritis, systemic lupus erythematosus, etc., were present E) 3
in 75% of patients. The majority (77 %) of patients pre- 3 e o
sented with an initial episode of TTE, and the remainder Z 10 S0ee® =
(23%) presented with a relapse or exacerbation. Nearly mgat
54% of patients had only one episode and 46% had =2
episodes. The blood culture performed was positive in 1 T T
6/26 (23%) of cases (Table 1). Other laboratory tests on & &&"\
admission showed a median platelet count of 14.3 (4.7- ®

108)x10%/uL, a median hematocrit of 25% (14-40%), a

median white blood cell count of 11.8 (4.5-24.5) x10%/uL,
a median serum LDH of 878.6 (226-7,332) U/dL, and a
median serum creatinine of 1.3 (0.1-8.5) mg/dL. The medi-
an plasma ADAMTS13 activity was 1.2% (0-8%), which
was significantly lower than the control levels of 118%
(85-226%) (Online Supplementary Table S1, Table 2, and
Figure 1A). The mixing study identified inhibitors (>0.4

Figure 1. Plasma ADAMTS13 activity and HNP1-3 in patients with TTP and con-
trols. Plasma ADAMTS13 activity (A), anti-ADAMTS13 IgG (B), and HNP1-3 (C) in
TTP patients and controls were determined by the cleavage of rF-VWF73 and
commercial ELISAs according to manufacturer’s recommendation. A nonpara-
metric Mann-Whitney U test was performed. The P values <0.0001 are highly
statistically significant. The horizontal lines within the dots represent the geo-
metric mean + 95% confidential interval; TTP: thrombotic thrombocytopenic pur-
pura; HNP: human neutrophil peptide; ELISA: enzyme-linked immunosorbent
assay. 1gG; immunoglobin G.
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0 T T v T ' nificant. TTP: thrombotic thrombocytopenic
/\«Q \$°\ (8 \«°\ purpura; ELISA: enzyme-linked immunosor-
oo(‘ 000 bent assay.

U/ml) in 90% of TTP patients with a median titer of 2 (0.4
to >8 U/ml) (Online Supplementary Table S1 and Figure 1B).
An immunoassay confirmed the presence of anti-
ADAMTS13 IgG in all TTP patients including 6 patients
with <0.4 U/ml by the mixing assay (Online Supplementary
Table S1). These results support the fact that all patients
with ADAMTS13 activity <10% in the study cohort had
an acquired autoimmune TTP.

Therapeutic plasma exchange, corticosteroids, and rit-
uximab were offered on admission to 100%, 79%, and
58% of patients, respectively. Follow-up results indicated
that the mortality rate was 19.9%, with all but one
patient dying within 30 days of admission (Online
Supplementary Table S1 and Table 1), consistent with
results reported by other groups.’®"’

Plasma HNP1-3 in TTP patients and controls

Neutrophil activation is common in patients with acute
TTP*” To determine if HNP1-3 are released from activat-
ed neutrophils, we measured their plasma concentrations
in patients with acute TIP by an immunoassay. As
shown in Table 2 and Figure 1C, the median plasma level
of HNP1-3 in acute TTP patients was 33.1 (12.8-239.4)
ng/ml, significantly higher than the median level of 2.4
(1.8-14.5) in the blood donor controls (P<0.0001). Plasma
HNP1-3 was independent of total white blood cell counts
(tho=0.10, P=0.47), the percentage of neutrophils
(tho=0.13, P=0.36), and absolute neutrophil counts
(tho=0.15, P=0.28) (Online Supplementary Table S1). These
results suggest that neutrophil activation rather than neu-
trophil counts contribute to the increased levels of plasma
HNP in patients with acute TTP.

Plasma complement activation fragments in TTP
and controls

Complement activation is the primary cause of atypical
hemolytic uremic syndrome (aHUS),” but it may also be a
risk factor for the development of acquired TTP. Plasma
complement fragments generated as a consequence of
activation via the classical pathway (C4d), the alternative
pathway (Bb), both the pathways of (iC3b), and the for-
mations of the terminal complexes (sC5b-9)” were deter-
mined by immunoassays in 52 TTP plasma samples. The
results showed that the median level of plasma Bb in TTP
patients was 2.6 (0.9-9.6) ug/mL, significantly higher than
the median level of 1.3 (0.8-2.5) ug/mL in the blood donor
controls (P<0.0001) (Table 2 and Figure 2A). A small frac-
tion of TTP patients exhibited high levels of plasma C4d
(Figure 2B), iC3b (Figure 2C), and sC5b-9 (Figure 2D), but
there was no statistically significant difference of these
fragments in TTP samples as a group when compared
with those in the controls (Table 2 and Figure 2). These
results indicate that complement activation via the alterna-
tive pathway is present in a subset of patients with acute
autoimmune TTP.

Correlations between HNP1-3 or Bb and other key
clinical and laboratory parameters

To determine the relationship between inflammation,
complement activation and end-organ damage during
acute episodes, Spearman rank correlation coefficients
(rho) were determined between HNP1-3 or Bb and various
other biomarkers and clinical parameters. Our results
showed that in TIP patients their plasma levels of
HNP1-3 correlated with plasma levels of Bb (tho=0.48,
P<0.001) (Figure 3A) and serum LDH (rho=0.28, P<0.05)

- haematologica | 2016; 101(11)
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(Figure 3B), but not with the inhibitor titer (P>0.05) (Figure
3C) and serum creatinine (P>0.05) (Figure 3D).

As expected, plasma Bb in these patients significantly
correlated with iC3b (rho=0.55, P<0.0001) (Figure 4A),
sC5b-9 (r=0.64, P<0.0001) (Figure 4B), serum LDH
(tho=0.40, P=0.003) (Figure 4C), and serum creatinine
(tho=0.42, P=0.0011) (Figure 4D), respectively. In addition,
plasma levels of iC3b in TTP patients highly correlated
with plasma sC5b-9 (tho=0.72, P<0.0001) (Figure 4E), but
not with serum creatinine (Figure 4F) and LDH (Figure
4G). No statistically significant correlation was observed
between plasma levels of sC5b-9 and serum creatinine
(Figure 4H). None of these biomarkers measured in this
cohort of acute TTP samples predicted the relapse and
mortality rate (data not shown). Nevertheless, these results
suggest that innate immunity, including neutrophil activa-
tion and complement activation via an alternative path-
way, may participate in the onset and progress of the dis-
ease in a subset of TTP patients.

Discussion

The present study demonstrates the significant increase
in plasma HNP1-3 and Bb in patients with acute autoim-
mune TTP when compared with the control; the increased
plasma levels of HNP1-3 correlate with Bb, which, in turn,
correlates with iC3b and sC5b-9, as well as serum LDH
and/or creatinine. This is, to our knowledge, by far the
largest and the most comprehensive analysis of the rela-
tionship between the innate immunity (i.e. neutrophil
activation and complement activation) and the disease
onset, progression, and long-term outcome in patients

with TTP.

nase; rho: Spearman rank correlation coef-

HNP1-3 (ng/ml) ficient.

How could HNP1-3 contribute to the onset of TTP¢
Nearly all acquired TTP with severe deficiency of plasma
ADAMTS13 activity (< 10% of normal) is caused by
autoantibodies against ADAMTS13.%* The autoantibod-
ies bind to the spacer domain of ADAMTS13, which may
physically block its substrate recognition.” The inability to
cleave newly released ultralarge (UL) VWEF results in the
accumulation of ULVWE polymers on endothelial cells®
and in the circulation.” Consequently, the ULVWEF multi-
mers serve as templates for rapidly recruiting platelets,”*
neutrophils,®** and complement components® from the
circulation to the sites of vascular injury. Platelets play crit-
ical roles in both hemostasis and inflammation. Studies
have shown that platelet surface glycoprotein (GP) Ib-VI*!
and p-selectin” or ADP® released from activated platelets,
may provide receptors or signal for recruiting neutrophils
and monocytes. The accumulation and activation/degran-
ulation of neutrophils may result in the massive release of
granular contents, including neutrophil extracellular traps
(NETs)* and HNP1-3% at the sites of vascular injury.
HNP1-3 is highly cationic and has hydrophobic peptides,
which can bind to various plasma proteins and cellular
components. Only a small fraction of HNP1-3 may be able
to escape from the sites of their release and circulate in
plasma. Therefore, 7-10 fold increases of plasma HNP1-3
in our cohort of TTP patients may reflect the massive local
release of HNP1-3 in situ from activated and accumulated
neutrophils.

HNP1-3 exhibits a broad-spectrum of bactericidal activ-
ity contributing to human innate immunity. The positive
charge of amino acid side chains is responsible for the ini-
tial interaction with negatively charged bacterial mem-
branes, resulting in cytotoxicity. HNP1-3 may also have a
variety of other biological functions including activation of

The role of innate immunity in TTP -
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platelets,” stimulation of inflammatory responses and
cytokine release,” and inhibition of fibrinolysis.” In addi-
tion, HNP1-3 has been shown to cause endothelial dys-
function and increased endothelial permeability.*® More
recently, we demonstrated that HNP1-3 inhibits proteolyt-
ic cleavage of VWF by ADAMTS13." Dramatic increases
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in plasma HNP1-3 are also reported in patients with
myocardial infarction,”* systemic lupus erythematosus,”
and septic meningitis,” suggesting that HNP may also play
a role in the pathogenesis of other inflammatory and
thrombotic disorders. In TTP patients, we speculate that
the massive release of HNP1-3 at the sites of vascular
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Figure 4. Correlations between complement fragments and the severity of end-organ damage. Nonparametric Spearman rank correlation coefficients (rho) were
determined between plasma Bb and iC3b (A), between Bb and sC5b-9 (B), between Bb and serum LDH (C), and between Bb and creatinine (D). Also, the Spearman
rank correlation coefficients between iC3b and sC5b-9 (E), between iC3b and serum creatinine (F), between iC3b and serum LDH (G), and between sC5b-9 and cre-
atinine (H) were determined. The P values < 0.05 and < 0.01 are considered to be statistically significant and highly significant, respectively. LDH: lactate dehydro-

genase; rho; Spearman rank correlation coefficient; Cr: creatinine.
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injury may be extremely detrimental when the circulating
ADAMTS13 is limited. The finding that plasma HNP1-3
correlates with patient’s serum LDH, indicative of tissue
ischemia in TTP,® supports the potential involvement of
HNP in the pathogenesis of TTP.

How may HNP and complement activation be related¢
HNP1 has been shown to inhibit the classical and lectin
pathways of complement activation.” However, its rela-
tionship with the alternative pathway is not known. The
levels of plasma HNP1-3 appear to correlate with plasma
Bb, suggesting that the HNP1-3 may activate complement
or vice versa. While our results did not find a statistically
significant increase in iC3b and sC5b-9 complexes in TTP
patients when compared with healthy controls, other
studies have demonstrated the increased levels of C3a and
sC5b-9 during acute TTP.®

Moreover, the increased levels of Bb, C3a, and C5a, and
sC5b-9 appear to correlate with a worse outcome in TTP.*
We did not find an association between any of these
markers we measured and the relapse and mortality rate
in our cohort of patients. The reasons for the discrepant
results of plasma C5b-9 compared to the literature may be
multifactorial, including sample collection and storage
(freeze and thaw), assay methodology (dilution factor),
and patient population (African vs. European ancestry).
However, we do demonstrate the significant association
between plasma levels of Bb and the evidence of organ tis-
sue ischemia (i.e. serum LDH and creatinine), although the

levels of plasma complement activation components are
variable in TTP patients. Such a variation may be partially
attributed to the comorbidity, but perhaps to other
unknown genetic predispositions in a subset of patients.
More interestingly, our unpublished preliminary results
demonstrated that an administration of anti-complement
factor H IgG (mADb7.1) in Adamts13” and wild-type mice,
which provokes complement activation via the alternative
pathway, resulted in more severe thrombocytopenia in
Adamts13” mice than in wild-type mice, but a similar
degree of renal insufficiency in an otherwise TMA-resis-
tant mouse strain (C57BL/6),' suggesting a potential
causative role of complement activation rather than mere-
ly a biomarker of acute TTP.

In conclusion, we found significantly increased levels of
plasma HNP1-3 and Bb in patients with acute autoimmune
TTP; plasma levels of HNP1-3 and/or Bb correlated with the
downstream complement activation markers and organ tis-
sue ischemia in TTP patients. Our findings may provide the
molecular basis for additional targeted therapies, including
the blockage of neutrophil activation and degranulation
with colchicine and complement activation with eculizum-
ab, in a subset of patients with acquired autoimmune TTP.
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