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milieu as 3 major bands shown by IEF analysis; Band I
(free or unbound to VWF), Band II (not featured), and
Band I (bound to high-molecular-weight VWF) as
shown in normal plasma (NP). However, our alTP
patients in both patients with good ADAMTS13:AC res-
ponders (upper panel) and poor ADAMTS13:AC res-
ponders (lower panel) had IEF patterns totally different
from those of normal individuals. Among 52 our aTTP
patients, 3 poor ADAMTS13:AC responders (Patient 22,
26, and 47) had undetectably low plasma level of
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ADAMTS13:AG (<0.1% of normal). Thus, we chose
Patient 26 as a representative to analyze an interaction
between ADAMTS13:AG and ADAMTSI13:INH (IgG) in
plasma milieu using IEF as shown in Fig. 3.

Table S1. Clinical and laboratory findings in 20 TTP
patients; good ADAMTS13:AC responders to PE therapy
(ADAMTS13:AC >10% on 14th day after PE).

Table S$2. Clinical and laboratory findings in 32 TTP
patients; poor ADAMTS13:AC responders to PE therapy
(ADAMTS13:AC <10% on 14th day after PE).
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Abstract

Oxaliplatin-based chemotherapy is widely used to treat advanced colorectal cancer (CRC).
Sinusoidal obstruction syndrome (SOS) due to oxaliplatin is a serious type of chemother-
apy-associated liver injury (CALI) in CRC patients. SOS is thought to be caused by the sinu-
soidal endothelial cell damage, which results in the release of unusually-large von
Willebrand factor multimers (UL-VWFMs) from endothelial cells. To investigate the patho-
physiology of CALI after oxaliplatin-based chemotherapy, we analyzed plasma concentra-
tion of von Willebrand factor (VWF) and the distribution of VWFMSs in CRC patients. Twenty-
three patients with advanced CRC who received oxaliplatin-based chemotherapy with (n =
6) and without (n = 17) bevacizumab were analyzed. CALI (n = 6) and splenomegaly (n =9)
were found only in patients who did not treated with bevacizumab. Plasma VWF antigen
(VWF:Ag) and serum aspartate aminotransferase (AST) levels increased after chemother-
apy only in patients without bevacizumab. VWFM analysis in patients who did not receive
bevacizumab showed the presence of UL-VWFMs and absence of high molecular weight
VWFMs during chemotherapy, especially in those with CALL. In addition, plasma VWF:Ag
and AST levels increased after chemotherapy in patients with splenomegaly (n = 9), but not
in patients without splenomegaly (n = 14). Histological findings in the liver tissue of patients
who did not receive bevacizumab included sinusoidal dilatation and microthrombi in the
sinusoids. Many microthrombi were positive for both anti-llb/llla and anti-VWF antibodies.
Plasma UL-VWFM levels might be increased by damage to endothelial cells as a result of
oxaliplatin-based chemotherapy. Bevacizumab could prevent CALI and splenomegaly
through inhibition of VWF-rich platelet thrombus formation.
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Introduction

Colorectal cancer (CRC) is the second most common cancer and fourth most common cause
of cancer-related death worldwide [1]. Systemic chemotherapy for CRC with modern chemo-
therapeutic and biological agents has undergone dramatic advances over the last decade; the
tumor response rate is now as high as 80%. The most commonly used systemic chemotherapy
for advanced CRC is a combination of 5-fluorouracil (5-FU), folinic acid, and either oxaliplatin
(FOLFOX) or irinotecan (FOLFIRI) [2, 3]. Recently, monoclonal antibodies against vascular
endothelial growth factor (VEGF-A) such as bevacizumab and epidermal growth factor recep-
tor (EGFR-A) such as cetuximab and panitumumab have also contributed to improvements in
tumor response rate and survival [4].

Although oxaliplatin-based chemotherapy has benefited patients with CRC, chemotherapy-
associated liver injury (CALI), including sinusoidal obstruction syndrome (SOS), has been
observed after cytotoxic therapy. Histopatholdgical findings associated with oxaliplatin-
induced sinusoidal injury are very similar to those seen in SOS [5]. Rubbia-Brandt et al [6].
reported that sinusoidal dilatation in post-chemotherapy liver resection specimens was
strongly associated with oxaliplatin use. In previous studies, SOS following oxaliplatin-based
chemotherapy caused splenomegaly and thrombocytopenia [7, 8]. One randomized clinical
study showed that bevacizumab in addition to conventional chemotherapy prolonged survival
in patients with metastatic CRC compared to conventional chemotherapy alone [9]. The com-
bination of bevacizumab and FOLFOX was associated with a lower incidence of SOS and
have a protective effect in the liver of patients treated with oxaliplatin-based chemotherapy for
CRC [11].

We have previously reported that plasma ADAMTSI13 activity (ADAMTS13:AC) was
reduced in patients with SOS, formerly called hepatic veno-occlusive disease (VOD), after
hematopoietic stem cell transplantation (SCT) [12]. Subsequently, we found that high molecu-
lar weight von Willebrand factor (VWEF) multimers (H-VWFM:s) were defected during the
early post-SCT stage and the number of unusually large VWF multimers (UL-VWFMs) was
into the plasma as UL-VWEFM, the most active form with respect to platelet interaction [14]. In
the normal circulation, UL-VWFM:s are rapidly degraded into smaller VWFMs by
plasma levels of UL-VWEMs, leading to platelet thrombi under high shear stress conditions
and resulting in thrombotic thrombocytopenic purpura (TTP). ADAMTS13:AC is lower in
individuals with congenital ADAMTS13 gene mutations (Upshaw-Schulman syndrome) and
individuals with acquired autoantibodies against ADAMTS13.

In this study, we investigated plasma VWF in patients with advanced CRC receiving oxali-
platin-based chemotherapy to determine the pathophysiology of CALI. Furthermore, we con-
firmed the relationship between platelet thrombi and liver injury based on pathological and
immunohistochemical findings in liver tissue. We also investigated the protective effect of bev-
acizumab against liver injury via VWE.

Patients, Materials and Methods
Patients

Twenty-nine patients with CRC who received oxaliplatin-based chemotherapy between Febru-
ary 2011 and August 2013 at Nara Medical University Hospital were included in this study.
These patients were treated with the following 3 oxaliplatin-based regimens with or without
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bevacizumab/panitumumab: 1) 5-FU and folinic acid plus oxaliplatin (FOLFOX6), 2) capecita-
bine plus oxaliplatin (CapeOX), or 3) S-1 plus oxaliplatin (SOX). These treatments comprised
adjuvant chemotherapy after radical surgery in 14 patients, chemotherapy for unresectable
metastatic CRC in 11 patients, and neoadjuvant chemotherapy to treat advanced CRCin 5
patients. Six patients were excluded from this study for the following reasons: tumor progres-
sion (n = 3), self-discontinuation (n = 2), and adverse effects of chemotherapy (n = 1).

Ultimately, 23 CRC patients were analyzed in this study (Table 1): 12 patients who received
adjuvant chemotherapy, 6 patients who received chemotherapy for unresectable metastatic
CRGC, and 5 patients who received neoadjuvant chemotherapy. Of these, 13 were treated with
an oxaliplatin-based regimen only, 4 were treated with an oxaliplatin-based regimen plus pani-
CALI was diagnosed based on the following 2 criteria: 1) serum alanine aminotransferase
(ALT), aspartate aminotransferase (AST), or total bilirubin (T-Bil) more than 2 times the
upper limit of normal range at our hospital (ALT >70 IU/mL, AST >70 IU/mL, T-Bil 2.0 mg/
dL) and 2) no other explanation for CALL

This study was performed with the permission of the ethics committee of Nara Medical
University and complied with the principles expressed in the Declaration of Helsinki. Written
informed consent was obtained from each patient.

Blood sampling

Plasma samples were collected from CRC patients at 5 or 6 time points during chemotherapy
every month, starting at baseline before chemotherapy (month 0) for 4 or 5 months after the initi-
ation of chemotherapy. Chemotherapy was suspended when the patients underwent liver section
for metastatic liver cancer. These samples were taken before the starting chemotherapy. Blood
was collected in plastic tubes containing 1/10 volume of 3.8% sodium citrate. The plasma was sep-
arated by centrifugation at 3,000 g for 15 minutes at 4°C. Aliquots were stored at -80°C until use.

Assays of VWF antigen, activity, and ADAMTS13 activity

Plasma VWF:Ag levels were measured by sandwich ELISA using a rabbit anti-human VWF
polyclonal antiserum (DAKO, Denmark) [16]. The value obtained from normal individuals

(n = 20) in this assay was 102 + 33% [16]. To determine the VWF activity, the collagen binding
activity of plasma VWF (VWE:CB) was measured using a commercially available kit
(VWE-CBA ELISA, PROGEN Biotechnik GmbH, Heiderberg, Germany) according to the
manufactures’s instructions. ADAMTS13:AC was determined using a commercially available
chromogenic act-ELISA kit (Kainos Laboratories Inc., Japan) [17]. The value obtained for nor-
mal individuals (n = 55) in the act-ELISA was 99 + 22%.17 The value of 100% was defined as
the amount of VWF:Ag and ADAMTS13:AC in pooled normal human plasma (NP). To evalu-
ate the both levels of VWF and ADAMTS13, the ratio of VWF:CB to ADAMTS13:AC was cal-
culated in this study.

VWEF multimer analysis

Multimer analysis of plasma VWF was essentially performed according to the method of Rug-
geri and Zimmerman [18], with modifications as reported by Warren et al [19]. The lower gel
consisted of 1% agarose (SeaKem® Gold Agarose, Lonza, Rockland, ME, USA) and 10% glyc-
erol dissolved in 50 mmol/L phosphate buffer (pH 8.8) with 0.1% sodium dodecyl sulfate
(SDS). The upper gel was prepared with 0.8% agarose (SeaKem® HGT Agarose, Cambrex,
Rockland) dissolved in 370 mmol/L phosphate buffer (pH 6.8) with 0.1% SDS. The electropho-
resis buffer consisted of 50 mmol/L Tris-glycine buffer (pH 8.3) containing 0.1% SDS. The
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Table 1. Clinical characteristics, chemotherapy regimen, response of chemotherapy and spleen size ratio.

patient age sex primarylesion TNM stage purpose chemotherapy regimen response spleen size CALI SOS
# ratio ## grade

NC

neoadjuvant OLFO

3 46 F rectum e adjuvant SOX no rec.** 0.95

5 56 F rectum IVA UMCRC* FOLFOX6 NC

rectum

11 48 M rectum 1] adjuvant CapeOX no rec.** 1.59 yes  Grade 0

no rec.** 1.67

13 50 F descendmg
colon

2k sigmoid colon e
15 68 M sigmoid colon IVA adjuvant CapeOX no rec.** 1.96

rectum adjuvant CapeOX no rec.** ’ yes

21 61 F rectum IVA neoadjuvant NC 1.09 Grade 1

23 71 M sigmoid colon VB UMCRC* FOLFOX6+Bev PR 137

# tumor response was evaluated by Response Evaluation Criteria in Solid Tumors (RECIST). (response)

* the spleen size ratio was the ratio of spleen size after chemotherapy to those before chemotherapy (spleen size ratio)
* unresectable metastatic colorectal cancer (UMCRC)

** rgcurrence (rec.)

Patients 18 through 23 were treated without bevacizumab.

doi:10.1371/journal.pone.0143136.t001

experimental conditions including western blotting with luminographic detection were as pre-
sponding to bands 1-5 in the VWEFM analysis), intermediate molecular weight (bands 6-10),
and H-VWEM (bands >10) [21]. High molecular weight bands that were not detected in NP
were defined as UL-VWEMs.

Measurement of spleen size

Computed tomography (CT) to measure spleen size was performed on 2 occasions, before che-
motherapy and 3-5 months after the start of chemotherapy. Spleen size was determined using
the outline of the spleen on each axial CT image (5 mm section thickness). The sum of the area
of the spleen in each section, taking into account slice thickness, was calculated by tracing the
contour of the spleen using an electronic free curve tool provided by the software (Synapse®,

PLOS ONE | DOI:10.1371/journal.pone.0143136 November 18, 2015 4/17



O PLOS |one

VWF and Oxaliplatin-Induced Liver Injury

Tokyo, Japan). Splenomegaly was defined as a 50% increase over baseline in spleen size at 3-5
months after the start of chemotherapy [7]. The spleen size ratio was the ratio of spleen size
after chemotherapy to those before chemotherapy. Therefore, spleen size ratio > 1.5 was
defined as having splenomegaly.

Immunohistochemistry in liver specimens

Serial sections were stained by hematoxylin and eosin (H. E.) to identify the basic constituents
of thrombi. Immunohistochemistry staining was performed to clarify the distribution of plate-
lets and fibrin. Formalin-fixed, paraffin-embedded tissues were cut into 5-pum sections, deparaf-
finized, and rehydrated in a graded series of ethanol. Antigen retrieval was done by heating
tissue sections using Target Retrieval Solution at pH 6.0 (DAKO Japan, Kyoto, Japan). To block
endogenous peroxidase activity, sections were immersed in a 0.3% solution of hydrogen perox-
ide in absolute methanol for 5 minutes at room temperature and washed 3 times with fresh PBS
for 5 minutes each. Anti-IIb/IITa (Affinity Biologicals, South Bend, Canada), anti-VWE
(DAKO), anti-fibrin (Accurate Chemical and Scientific Corporation, Westbury, NY, USA) anti-
bodies were added to the sections, which were incubated overnight at 4°C. Sections were washed
in PBS for 5 minutes thrice. We then used the ImnmPRESS reagent kit, Mouse/HRP, or Rabbit/
HRP (VECTOR) for VWF and fibrin, and anti-Sheep IgG (Jackson ImmunoResearch, West
Grove, PA, USA) for ITb/IIla according to the instructions of the manufacturer. Reaction prod-
ucts were visualized with 3,3’ -diaminobenzidine (DAB) tetrahydrochloride. The sections were
counterstained with hematoxylin, dehydrated in ethanol, cleared in xylene, and coverslipped.

Consecutive slices of non-tumor liver parenchyma were reviewed. The severity of sinusoidal
congestion was graded from 0 to 3 as proposed by Rubbia-Brandt et al.:6 grade 0 = absent,
grade 1 = mild (one-third of the lobule is affected), grade 2 = moderate (two-thirds of the lob-
ule are affected), and grade 3 = severe (the entire lobule is affected).

Statistical analysis

Statistical analysis was performed using the Mann-Whitney U test to compare the differences
between groups, and Wilcoxon's signed rank test to compare the differences among any time
points in each group. P<0.05 was considered statistically significant. Data are expressed as
median (minimum-maximum). Statistical analysis was performed using GraphPad Prism soft-
ware, version 6.01 (GraphPad Software, San Diego, CA, USA).

Results

Comparison between patients who received or did not receive
bevacizumab

We classified patients into 2 groups: oxaliplatin-based chemotherapy with (n = 6) bevacizumab
and without (n = 17) bevacizumab. As shown in Fig 1A, platelet counts decreased as the num-
ber of chemotherapy cycles increased among patients receiving bevacizumab (P = 0.002 at 3
months, P = 0.004 at 5 months) and not receiving bevacizumab (P = 0.031 at 3 months,

P = 0.250 at 5 months). However, platelet counts at 5 months in patients not treated with beva-
cizumab decreased much less than in patients who received bevacizumab. In patients not
treated with bevacizumab, plasma levels of VWF:Ag increased as the number of chemotherapy
cycles increased (P<0.001 at 3 months, P = 0.027 at 5 months), but there was no change in
patients treated with bevacizumab (P = 0.094 at 3 months, P = 0.156 at 5 months) (Fig 1B).
Plasma levels of ADAMTS13:AC were unchanged in both groups (Fig 1C). Serum AST levels
increased with the number of chemotherapy cycles in patients not treated with bevacizumab
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Fig 1. Comparison of platelet count, VWF:Ag, ADAMTS13:AC, AST, and T-Bil between patients treated
with and not treated with bevacizumab. (A) Platelet counts decreased until months 3 as the number of
chemotherapy cycles increased in both patients who received and did not receive bevacizumab. However,
platelet counts in patients not treated with bevacizumab decreased much less in patients who received
bevacizumab in months 5. (B) Plasma levels of VWF:Ag increased as the number of chemotherapy cycles
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increased in patients not treated with bevacizumab, but did not change in patients treated with bevacizumab.
(C) Plasma levels of ADAMTS13:AC were unchanged in both groups. (D) Serum AST levels increased as the
number of chemotherapy cycles in patients who did not receive bevacizumab, but they were unchanged in
patients with bevacizumab. (E) Plasma levels of T-Bil did not change significantly in either group. VWF:Ag
von Willebrand factor antigen, ADAMTS13:AC ADAMTS13 activity, AST Aspartate transaminase, T-Bil total
bilirubin.

doi:10.1371/journal.pone.0143136.g001

(P =0.002 at 3 months, P = 0.013 at 5 months), but were unchanged in patients treated with
bevacizumab (Fig 1D). Plasma levels of T-Bil did not change significantly in both groups, but
T-Bil levels increased with the number of chemotherapy cycles in patients not treated with bev-
acizumab, although this difference was not statistically significantly (P = 0.083 at 3 months,

P =0.181 at 5 months) (Fig 1E). A statistical analysis between patients who received or did not
receive bevacizumab on each month was performed as shown in S1 Table. Plasma VWF:Ag
levels at 2 to 5 months of patients without bevacizumab were significantly lower than those
with bevacizumab. In addition, serum AST levels at 3 months of patients who received becaci-
zumab were significantly lower than those who did not received bevacizumab. Consequently, 6
of 17 patients not treated with bevacizumab developed CALI and there were no cases of CALI
among patients treated with bevacizumab.

Comparisons between patients with and without splenomegaly

We analyzed 23 patients with CRC, as shown in
to 2.93 (median, 1.19). Splenomegaly was found in 9 patients (39.1%), who did not have any find-
ings of liver cirrhosis by blood test and CT image. All cases of splenomegaly occurred in patients
treated with oxaliplatin-based chemotherapy without bevacizumab (Patients 9-17 in Table 1).
On the other hand, no patients who received an oxaliplatin-based regimen with bevacizumab
(Patients 18-23) had splenomegaly; the spleen size ratio ranged from 1.00 to 1.37 (median 1.09).
We classified the 23 patients into 2 categories: those with splenomegaly (n = 9) and without
splenomegaly (n = 14). As shown in Fig 24, platelet count decreased as the number of chemo-
therapy increased in patients with splenomegaly (P = 0.004 at 3 months, P = 0.031 at 5 months)
and without splenomegaly (P = 0.002 at 3 months, P = 0.039 at 5 months). These findings are
related to bone marrow suppression as a result of chemotherapy. However, thrombocytopenia
at 5 months was more pronounced in patients with splenomegaly than in those without spleno-
megaly (P = 0.005, S2 Table). Plasma levels of VWF:Ag increased with the number of chemo-
therapy among patients with splenomegaly (P = 0.016 at 3 months, P = 0.006 at 5 months), but
not among patients without splenomegaly (Fig 2B, S2 Table). As shown in Fig 2C, plasma levels
of ADAMTS13:AC did not change significantly in both groups. Plasma levels of AST increased
as the number of chemotherapy cycles increased in patients with splenomegaly (P = 0.009 at 3
months, P = 0.031 at 5 months), but not in patients without splenomegaly (Fig 2D). A statisti-
cal analysis between patients with and without splenomegaly on each month was performed as

icantly lower than those of patients without splenomegaly. Plasma VWF:Ag levels at 2, 4 and 5
months of patients with splenomegaly were significantly higher than those of patients without
splenomegaly. Serum AST level at 3 months of patients with splenomegaly were significantly
higher than those of patients without splenomegaly.

VWEF multimer analysis in patients who did not receive bevacizumab

i) Patients who developed CALI. We performed VWF multimer analysis in 4 representa-
tive patients out of 6 patients with CALI who were not treated with bevacizumab (Fig 3). Patient
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Fig 2. Comparison of platelet count, VWF:Ag, ADAMTS13:AC, and AST between patients with
splenomegaly and those without splenomegaly. (A) Platelet counts decreased as the number of
chemotherapy cycles increased in patients with and without splenomegaly. (B) Plasma levels of VWF antigen
(:Ag) increased as the number of chemotherapy cycles increased in patients with splenomegaly. (C) Plasma
levels of ADAMTS13:AC were unchanged in both groups. (D) Plasma levels of aspartate transaminase (AST)
increased as the number of chemotherapy cycles increased in patients with splenomegaly, but not in patients
without splenomegaly. VWF:Ag von Willebrand factor antigen, ADAMTS13:AC ADAMTS13 activity, AST
Aspartate transaminase.

doi:10.1371/journal.pone.0143136.9002
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Fig 3. VWF multimer analysis in patients with CALI who were not treated with bevacizumab. VWF multimer analysis was performed in 4 representative
patients out of 6 patients with CALI not treated with bevacizumab. These patients developed CALI during month 3 or 4. UL-VWFMs were found before and
during CALI in all patients. Decreased levels of H-VWFMs were found in Patient 4 at months 0 and 1, and in Patient 17 at month 2. VWF von Willebrand
factor, CALI chemotherapy-associated liver injury, UL-VWFMs unusually-large VWF multimers, H-VWFM high molecular weight VWF multimers, AST
aspartate transaminase, T-Bil total bilirubin, VWF:Ag VWF antigen, VWF:CB VWF collagen binding activity.

doi:10.1371/journal.pone.0143136.g003

4 developed CALI in 3 months after starting chemotherapy. Platelet count dropped sharply to
70x109/L in month 3, when CALI developed. H-VWFM levels were decreased in months 0 and
1. UL-VWEMs appeared in months 2, 3, and 4. Plasma VWEF:Ag levels were relatively low in
months 0 and 1, and increased up to 299% in month 3. Plasma levels of ADAMTS13:AC were
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within the normal range (>50% of normal). VWEF:CB levels and the ratio of VWE:CB to
ADAMTS13:AC was sharply increased after month 2 at the same time as UL-VWFM appeared.
There was no instances of splenomegaly after the start of chemotherapy. Patient 11 was diag-
nosed with CALI in month 3. Platelet counts remained in the normal range. Plasma levels of
VWE:Ag gradually increased along with the number of chemotherapy cycles. UL-VWEMs were
found in months 1 and 5, when the ratios of VWE:CB to ADAMTS13:AC were clearly high val-
ues. He developed splenomegaly during chemotherapy. Patient 16 was diagnosed with CALI in
month 4. Platelet count gradually decreased along with the number of chemotherapy cycles. He
had extremely high VWF:Ag levels even in month 0, but VWF:CB level was normal and
UL-VWEMs were not detected at this point. Both VWF:Ag and VWEF:CB levels remained con-
tinuously high and UL-VWEFMs were found between months 1 and 4. Splenomegaly was
observed in this patient. Patient 17 developed CALI in month 4. His platelet count decreased
during chemotherapy. Both VWF:Ag and VWEF:CB levels were relatively high, with
UL-VWEMs detected in month 0. His VWF:Ag level increased but VWFE:CB decreased during
month 1 without UL-VWFMs. However, in month 2 both VWF levels suddenly dropped and
H-VWEMs disappeared. Subsequently, H-VWFM levels increased and UL-VWFMs were found
in months 4 and 5. This patient developed splenomegaly during chemotherapy. All 4 patients
who developed CALI had UL-VWFM:s before and at the time of CALI diagnosis.

ii) Patients who did not develop CALI. Results from VWF multimer analysis in 4 repre-
sentative patients out of 11 patients without CALI who were not treated with bevacizumab are
els of VWF:Ag increased after the start of chemotherapy. However, UL-VWFMs were not
found during chemotherapy. He did not develop splenomegaly after chemotherapy. In Patient
10, his platelet count was low during the start of chemotherapy. He developed splenomegaly
after chemotherapy. VWF:Ag levels increased 2 months after starting chemotherapy. VWF
multimer analysis showed lower levels of H-VWFs in month 1, which subsequently increased.
UL-VWEMs were found in month 3, but they decreased again in months 4 and 5. The change
of VWE:CB levels paralleled with the levels of H-VWF and UL-VWEM. He developed spleno-
megaly after chemotherapy. In Patient 14, platelet counts decreased gradually with the number
of chemotherapy cycles. Both levels of VWF:Ag and VWF:CB were elevated after the start of
chemotherapy. UL-VWFM:s were found in months 1, 2, 4 and 5. In Patient 15, platelet count
decreased in months 1, 2, and 5. Plasma VWF:Ag levels increased after month 2. UL-VWFMs
were found in months 2 and 4 with the elevation of VWF:CB. Splenomegaly was observed in
this patient. In this group, UL-VWEFMs were found during chemotherapy in patients with
splenomegaly, except for Patient 7.

VWF multimer analysis in patients treated with bevacizumab

S1 Fig shows the VWF multimer analysis results in 4 representative patients out of 6 patients
treated with bevacizumab. No patient who received bevacizumab developed both CALI and
splenomegaly during chemotherapy. The platelet count in these patients was maintained at
almost normal levels. All 4 patients had nearly normal levels of VWF:Ag. Moreover, no
patients had any apparent abnormalities in VWF multimer distribution, including the lack of
H-VWEMs and the appearance of UL-VWEMs. However, VWE:CB levels were relatively high
compared with VWEF:Ag levels.

Histopathological evidence of sinusoidal obstruction in the liver

We performed liver sections to evaluate for metastatic liver injury during chemotherapy in 4
patients. One patient had Grade 0 sinusoidal congestion, one patient had Grade 1, and 2
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Patient.7 Patient.10
UL-VWFM - - - - -

months NP | o 1 2 3 4 | NP NP | o 1 2 3 4 5 | NP
Platelet (10%/L) 270 | 220 | 120 | 230 | 140 200 | 90 | 1001 40 | 80 | 50
ALT (1U/L) 39 1 19 | 16 | 14 | 16 6 | 10 | 13 | 12 | 11 ] 20
T-Bil (mg/dl) 1.5 1 09 | 08 | 09 1 09107 081 12]061] 07
VWF:Ag (%) 127 | 254 | 212 | 226 | 224 129 | 111 | 280 | 441 § 220 | 212
VWE:CB(%) 132 1 195 | 122 1| 194 | 228 115 1 80 ] 137 | 450 1 83 | 150
ADAMTS13:AC(%) 62 | 63 | 64 | 51 43 59 | 56 | 52 1 59 | 64 | 55
VWF:CB/ADAMTS13:AC 21 | 31 ] 19| 381 53 19 | 141261761 13127
Patient.14 Patient.15
UL-VWFM - + + - + - S

months NP 0 1 2 3 4 S NP NP [1] 1 2 3 4 5 NP
Platelet (10%/L) 380 | 220 | 160 | 120 | 130 | 120 270 1 1001 100 | 200 1 200 | 70
ALT (IU/L) 13 34 33 23 29 | 27 9 8 10 10 | 14 | 13
T-Bil (mg/dD) 0.3 0.4 0.6 | 0.7 1 1.1 05105] 05} 061 05] 0.6
VWF:Ag (%) 108 | 273 | 288 | 185 | 447 | 313 167 | 164 | 239 | 290 | 293 | 309
VWF:CB(%) 139 | 395 | 427 | 124 | 343 | 152 2721 71 | 233 ] 85 | 201 ] 235
ADAMTS13:AC(%) 54 51 61 52 69 | 46 62 | 58] 69 | 60 | 59 | 56
VWEF:CB/ADAMTS13:AC 26 | 77 1 76 | 24 | 50 | 33 44 112134 14] 49 ] 42

Fig 4. VWF multimer analysis in patients without CALI who were not treated with bevacizumab. Results of VWF multimer analysis in 4 representative
patients out of 11 patients without CALI not treated with bevacizumab are shown. UL-VWFMs were found in Patients 10, 14, and 15, who did not develop
CALL. In Patient 10, decreased levels of H-VWFMs were observed during months 1 and 4. VWF von Willebrand factor, CALI chemotherapy-associated liver
injury, UL-VWFMs unusually-large VWF multimers, H-VWFM high molecular weight VWF multimers, AST aspartate transaminase, T-Bil total bilirubin, VWF:
Ag VWF antigen, VWF:CB VWF collagen binding activity.

doi:10.1371/journal.pone.0143136.9004

patients had Grade 2. Consecutive slices in the same patient immunohistochemically stained
with platelet-specific anti-IIb/IIla, anti-VWEF, anti-fibrin antibodies demonstrated Grade 1 and
2 SOS. As shown in Fig 5a and 5b, Patient 4’s liver tissue demonstrated extensive Grade 2 sinu-
soidal dilatation and platelet thrombi in the liver sinusoids. Many of these thrombi were posi-
tive for both IIb/ITla and VWE (Fig 5d and 5e), indicating that they were platelet thrombi.
Some thrombi were positive for fibrin (Fig 5f). These results indicated that sinusoidal conges-
tion mainly resulted from platelet thrombi in the liver sinusoids.
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Fig 5. Immunohistochemical analysis of liver specimens in patients with SOS. Histological findings in the liver with hematoxylin and eosin (H. E.)
staining in Patient 4 included extensive Grade 2 sinusoidal dilatation (A) and platelet thrombi in the liver sinusoids, as indicated with white arrows (B). Many of
these thrombi were positive for both platelet-specific anti-lib/llla (C, D) and anti-VWF (E), which showed that they are platelet thrombi, as indicated with
arrows. Some thrombi were positive for fibrinogen (F), which indicated that they are fibrinogen thrombi, but there were much less frequently observed than
platelet thrombi.

doi:10.1371/journal.pone.0143136.9005

Discussion

The introduction of oxaliplatin-based chemotherapy contributed to a significant improvement
in prognosis among patients with CRC. However, liver injury, including SOS, has been
observed after chemotherapy containing oxaliplatin, which is called “blue liver” by hepatic sur-
geons [22]. The precise mechanism of liver injury due to oxaliplatin-based chemotherapy
remains unclear. However, oxaliplatin is more toxic to sinusoidal endothelial cells than hepato-
cytes [23]. In addition, increases in spleen size and decreases in platelet count were commonly
observed in patients with CRC on oxaliplatin-based chemotherapy [8].
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Two hypotheses have been proposed to explain the mechanism underlying oxaliplatin-
induced thrombocytopenia [7, 8]. One is bone marrow suppression by chemotherapy and the
other is splenic sequestration of platelets secondary to portal hypertension. The first hypothesis
is not specific for oxaliplatin and cannot explain the association among thrombocytopenia,
SOS and splenomegaly. We found differences in the extent of platelet count decreases after che-
motherapy between patients who received and did not receive bevacizumab (Fig 1A). Bevacizu-
mab did not block myelosuppression associated with chemotherapy. The second mechanism
could explain the relationship between splenomegaly and thrombocytopenia in addition to
SOS. Based on our previous study of patients with SOS after SCT, we hypothesize that the sec-
ond mechanism is related to VWF-rich platelet thrombosis in sinusoids, which induces portal
hypertension and splenomegaly.

To the best of our knowledge, this is the first study analyzing the levels of VWF:Ag, activity
and the appearance of UL-VWFMs in CRC patients with CALI from oxaliplatin-based chemo-
therapy. In this study, we chose VWF:CB as VWF activity, since this method appear to be
reproducible and sensitive. Collagen binding assay is based on the physiological principle of
the interaction between VWF and collagen. The adhesive activity of VWF depends the molecu-
lar size of VWEF [24]. Therefore, VWF:CB usually increase with the molecular size of VWE. As
shown in Figs 3 and 4, VWE:CB levels showed good correlation with the appearance of

because the evaluation of VWF activity was difficult in one method.

Based on the results of this study, we speculate that thrombocytopenia is mainly caused by
platelet consumption in platelet thrombi, and splenomegaly is caused by the occlusion of liver
sinusoids.

SOS is a well-known life-threatening complication of SCT, which is clinically diagnosed by
the triad of hepatomegaly, ascites, and hyperbilirubinemia [26]. It is histologically character-
soidal endothelial cell is also suspected to be the primary site of toxic injury from
chemotherapy and/or radiation before SCT. Severe endothelial cell damage results in the
release of UL-VWFMs from endothelial cells [14]. We have reported that levels of high to
intermediate VWEFMs were decreased during the early post-SCT phase, but UL-VWFMs
appeared just before VOD onset [13]. The most important function of VWE is to act as the
molecular glue for platelet adhesion and aggregation at sites of vascular injury. VWF binding
to platelets through glycoprotein 1b depends on its molecular weight. Therefore, UL-VWEFMs
are the most active form for platelet thrombus formation. VWF is exclusively produced in
endothelial cells and stored in Weibel-Palade bodies (WPBs) in endothelial cells [28]. In
response to a variety of agonists such as thrombin, histamine, VEGF, serotonin, epinephrine,
and vasopressin, VWF is secreted into the circulation [29]. The vasopressin analogue desmo-
pressin is used to increase plasma VWF levels in the treatment of von Willebrand disease [30].
There are 2 mechanisms of VWF secretion from endothelial cells. One is release from severely
injured endothelial cells, and the other is exocytosis of WPBs by endothelial cells stimulated by
various cytokines.

In this study, plasma levels of ADAMTS13:AC were not decreased (>50% of normal) dur-
ing oxaliplatin-based chemotherapy. We have reported that plasma levels of ADAMTS13:AC
were decreased in patients with SCT-associated SOS [12]. The lowest values of ADAMTS13:
AC were found 14 days after SCT [12, 13]. ADAMTS13 is exclusively synthesized by stellate
cells in the liver [31]. Chemotherapy and/or radiation associated with SCT damages stellate
cells, resulting decreased ADAMTS13:AC. However, oxaliplatin-based chemotherapy might
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cause much less damage to stellate cells in the liver. To study short-term changes in factors,
monthly examinations might be insufficient. Therefore, we could not precisely characterize
changes in plasma ADAMTS13 activity levels.

Ribero et al [11] reported that oxaliplatin plus bevacizumab was oncologically more effective
than oxaliplatin alone and the incidence of hepatic injury was lower when bevacizumab was
used with oxaliplatin. The effects of bevacizumab against tumors include the regulation of
angiogenesis and improved delivery of chemotherapy [9]. However, it is unclear how bevacizu-
mab protects from hepatic injury in patients treated with oxaliplatin-based chemotherapy.
VEGF is reported to activate endothelial exocytosis of WPBs, which leads to the release of
VWE from endothelial cell [32]. Recently, VEGF was identified as a strong promoter of endo-
ulated that VEGF might be one of the causative factors for CALI and SOS after oxaliplatin-
based chemotherapy. In our patients, VWF levels might increase due to both endothelial cell
activation by VEGF and the sinusoidal endothelial cell damage by oxaliplatin-based chemo-
therapy. Therefore, VWTF levels together with UL-VWFM increase in blood circulation espe-
cially in sinusoids. As consequence, VWF-rich platelet thrombi was made in sinusoids and
resulted in the development of CALI and SOS. Bevacizumab, an anti-VEGF monoclonal anti-
body, reduces plasma levels of VEGF, and thereby lowers plasma levels of VWEF to some extent
as shown in Fig 1 and S1 Table. In fact, one study reported that plasma VEGF levels before a
conditioning regimen were significantly higher in patients with SCT-associated SOS than in
patients without SOS [34].

Although this study used a novel approach to study liver injury due to oxaliplatin-based
chemotherapy in patients with CRC, there are some limitations. First, the number of patients
analyzed in this study was relatively small. Therefore, sufficient statistical analysis was not pos-
sible. Second, the blood samples were collected once a month and prior to the administration
of chemotherapy. Since the factors analyzed in this study seemed to change over a short period
of time, we might have missed the correct sequence of change in these factors. Finally, patho-
logical examination of liver tissue to diagnose SOS was performed only in 4 patients. Of these,
2 patients had evidence of Grade 2 SOS (Patients 4 and 7). Patient 4 developed CALI and SOS
confirmed by the presence of VWF-rich platelet thrombi in the sinusoids (Fig 5). This is
regarded as a convincing cause of CALL However, Patient 7 had Grade 2 SOS, but not CALL
This might have been due to the timing of blood samples or different pathophysiological mech-
anisms for CALI and SOS. Conversely, one patient (Patient 11) had CALL but not SOS. This
might be due to the timing of liver resection or patchy SOS findings in the part of the liver
examined. It would be necessary to perform pathological examinations in all patients treated
with oxaliplatin-based chemotherapy to confirm the existence of SOS.

In conclusion, we found an association between VWF and liver injury, including SOS, in
CRC patients treated with oxaliplatin-based chemotherapy. VWF-rich platelet thrombi in liver
sinusoids due to UL-VWZFM:s secreted as a result of endothelial injury might be one cause of
CALI associated with oxaliplatin-based chemotherapy. Bevacizumab could protect against
CALI associated with oxaliplatin-based chemotherapy through lowering plasma levels of
VWE.

Supporting Information

S1 Fig. VWF multimer analysis in patients treated with bevacizumab. VWF multimer analy-
sis was performed in 4 representative patients out of 6 patients treated with bevacizamab.
None of the patients developed both CALI and splenomegaly during chemotherapy. All 4
patients had nearly normal levels of VWF:Ag. UL-VWFMs were not observed except at month
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0 in Patient 22. VWF von Willebrand factor, CALI chemotherapy-associated liver injury,
UL-VWEMs unusually-large VWF multimers, H-VWEM high molecular weight VWF multi-
mers, AST aspartate transaminase, T-Bil total bilirubin, VWF:Ag VWF antigen, VWF:CB
VWE collagen binding activity.

(TIF)

$1 Table. Comparison between patients who received or did not receive bevacizumab.
(DOCX)

S2 Table. Comparisons between patients with and without splenomegaly.
(DOCX)
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Abstract Venous thromboembolism (VTE) occurs fre-
quently in pregnant women and is a significant cause of
maternal death. Hemostatic abnormalities were examined
in 18 pregnant women with thrombosis. We studied five
families with congenital antithrombin (AT) deficiency, and
two families with congenital protein C (PC) deficiency.
One woman with PC deficiency showed protein S (PS)
Tokushima. The AT activity levels were significantly lower
at the onset of thrombosis in the pregnant women than dur-
ing the stable state. The PS activity and antigen levels were
also significantly lower at the onset of thrombosis. In the
patients with congenital AT deficiency, AT activity was sig-
nificantly low in the stable state and decreased further at
the onset of thrombosis. Although AT levels were normal
before pregnancy, they subsequently decreased and in two
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cases the patients required the administration of AT after
pregnancy. Gene analysis revealed one family with AT
Budapest, one family with AT Toyama, and three families
with AT Glasgow. Additionally, there were one family with
PC Tochigi and one family with combined heterozygous of
PC deficiency and PS Tokushima. In conclusion, the defi-
ciency of natural anticoagulants, especially AT, is an impor-
tant cause of pregnancy-related VTE.

Keywords Pregnancy - Thrombosis - AT - PC -
Thrombophilia

Introduction

During normal pregnancy, the pro-coagulant activity is
increased, while the anticoagulant activity is reduced [1,
2], resulting in a prothrombotic environment that predis-
poses toward venous thromboembolism (VTE). As a con-
sequence, VTE continues to be one of the leading causes
of maternal morbidity and mortality in countries with good
perinatal care [3, 4]. The incidence of pregnancy-related
VTE is approximately one per 1000 pregnancies [5]. Fatal
pulmonary embolism (PE) accounts for 1.1 deaths per
100,000 deliveries, which is approximately 10 % of all
maternal deaths [6]. Deficiencies of natural anticoagulants,
including antithrombin (AT), protein C (PC) and protein S
(PS), are rare, and the strong association of such deficien-
cies with VTE has mainly been described in family stud-
ies [7-9]. Although Gerhardt et al. [10] found AT, but not
PC or PS, deficiency, to be an independent risk factor for
pregnancy-related VTE, there is a paucity of informa-
tion on the risk of pregnancy-related VTE related to low
levels of natural anticoagulants. While the impact of her-
itable and acquired thrombophilia in the non-pregnant
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Table 1 Subjects

Name Age  Pregnancy weeks  Frequency of TH TH Pregnancy Cause Abortion  Live birth
1 27 10 1 CVST,DVT  Frist time AT deficiency 1 1
2 26 After delivery 1 DVT First time AT deficiency 0 1
3-a 30 30 3 DVT First time AT deficiency 0 1
3-b 30 36 1 DVT Second time AT deficiency 0 2
4 32 20 1 DVT Second time AT deficiency 0 2
5 22 37 1 DVT First time AT deficiency 0 1
6 38 10 2 DVT Forth time a-AT deficiency 4 1
7 35 13 1 DVT First time PC deficiency 0 1
8 35 8 1 CVST First time APS 0 1
9 27 After delivery 1 DVT First time Bed rest 0 3
10 29 17 1 CVST First time Unknown 0 2
11 30 12 1 DVT Second time  a-AT deficiency 0 2
12 34 14 1 DVT Forth time Dehydration 0 4
13 28 11 1 DVT First time PC and PS deficiency 0 On going
14 35 40 1 TIA First time Suspected PIH 0 1
15 32 8 1 DIC First time APS 0 2
16 34 23 1 DVT Second time ~ Unknown 0 2
17 30 29 1 DVT First time Unknown 0 On going

TH thrombosis, PIH pregnancy-induced hypertension, DVT deep vein thrombosis, CVST cerebral venous sinus thrombosis, T/A transient
ischemic attack, AT antithrombin, PC protein C, PS protein S, a-AT acquired AT deficiency, APS antiphospholipid antibody syndrome

population is generally considered to be low, evidence of
thrombophilia is found to be present in as many as 50 % of
women who develop pregnancy-related VTE [6]. Whereas
the F5 R506Q (Factor V Leiden; FVL) and F2 G20210A
(prothrombin G20210A) mutations [11] are the most preva-
lent types of inherited thrombophilia in Europe and North
American, there are no reports of these mutations in Japa-
nese patients. The thrombotic risk is greater in association
with homozygous or compound genetic defects of natural
anticoagulants [12]; however, these cases are rare. The
most common acquired thrombophilia associated with an
increased risk of VTE in pregnancy is antiphospholipid
antibody syndrome (APS) [13]. APS has been reported to
be associated with the risk of thrombosis during pregnancy,
with an odds ratio (OR) of 15.8 [14]. Furthermore, a Cana-
dian population-based study found APS to be associated
with PE, with an OR of 12.9 (95 % CI 4.4-38.0), and DVT,
with an OR of 5.1 (95 % CI 1.8-14.3) [15].

In this study, we examined hemostatic abnormalities in 18
pregnant women with thrombosis to evaluate the role of AT in
thrombosis due to pregnancy in comparison to that observed
in DVT patients undergoing major orthopedic surgery.

Materials and methods

The thrombotic risk factors were examined in 18 pregnant
women with thrombosis at Mie University Hospital treated
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from January 1, 1998 to March 28, 2015 (Table 1) com-
pared to that observed in 35 patients with DVT undergo-
ing major orthopedic surgery (75.0 years: 68.0-80.0 years).
The study protocol was approved by the Human Ethics
Review Committee of the Mie University School of Medi-
cine and a signed consent form was obtained from each
subject. This study was faithfully carried out in accordance
with the Declaration of Helsinki. DVT was diagnosed using
echography or venography, and disseminated intravascular
coagulation (DIC) was diagnosed according to the Interna-
tional Society of Thrombosis and Haemostasis overt-DIC
diagnostic criteria [16]. Cerebral vascular disease was diag-
nosed with computed tomography or magnetic resonance
imaging (MRI), and cerebral venous sinus thrombosis
(CVST) was diagnosed based on MRI, magnetic resonance
venography (MRV) or cerebral angiography (CAG).

Measurement of the AT, PC, PS and antiphospholipid
antibody concentrations

Peripheral blood samples were collected in a 1/10 volume
of 3.13 % sodium citrate. The free PS antigen concentra-
tion was measured using a monoclonal antibody-based
enzyme-linked immunosorbent assay (ELISA) with the
Asserachrom free PS kit (Diagnostica Stago, Asnieres,
France). The plasma PS and PC activity levels were
measured according to the clotting time method using
STA®-Staclot® Protein S and STA®-Staclot® Protein C kit



