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Introduction
Protein disulfide isomerase (PDI) is a thiol isomerase that is primarily localized to the endoplasmic retic-
ulum where it serves an essential role in disulfide bond formation during protein synthesis. However, PDI 
can also be released from cells in disease states or following tissue injury and contribute to pathological 

BACKGROUND. Protein disulfide isomerase (PDI) is a thiol isomerase secreted by vascular cells that 
is required for thrombus formation. Quercetin flavonoids inhibit PDI activity and block platelet 
accumulation and fibrin generation at the site of a vascular injury in mouse models, but the clinical 
effect of targeting extracellular PDI in humans has not been studied.

METHODS. We conducted a multicenter phase II trial of sequential dosing cohorts to evaluate the 
efficacy of targeting PDI with isoquercetin to reduce hypercoagulability in cancer patients at high 
risk for thrombosis. Patients received isoquercetin at 500 mg (cohort A, n = 28) or 1000 mg (cohort 
B, n = 29) daily for 56 days, with laboratory assays performed at baseline and the end of the study, 
along with bilateral lower extremity compression ultrasound. The primary efficacy endpoint was a 
reduction in D-dimer, and the primary clinical endpoint included pulmonary embolism or proximal 
deep vein thrombosis.

RESULTS. The administration of 1000 mg isoquercetin decreased D-dimer plasma concentrations by 
a median of –21.9% (P = 0.0002). There were no primary VTE events or major hemorrhages observed 
in either cohort. Isoquercetin increased PDI inhibitory activity in plasma (37.0% in cohort A, n = 
25, P < 0.001; 73.3% in cohort B, n = 22, P < 0.001, respectively). Corroborating the antithrombotic 
efficacy, we also observed a significant decrease in platelet-dependent thrombin generation (cohort 
A median decrease –31.1%, P = 0.007; cohort B median decrease –57.2%, P = 0.004) and circulating 
soluble P selectin at the 1000 mg isoquercetin dose (median decrease –57.9%, P < 0.0001).

CONCLUSIONS. Isoquercetin targets extracellular PDI and improves markers of coagulation in 
advanced cancer patients.

TRIAL REGISTRATION. Clinicaltrials.gov NCT02195232.

FUNDING. Quercegen Pharmaceuticals; National Heart, Lung, and Blood Institute (NHLBI; 
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processes. PDI has been implicated in tumor progression (1, 2), neurodegenerative disease (3, 4), infectious 
disease (5, 6), and thromboembolism (7–10). In the context of  thromboembolic disease, PDI is released 
from activated platelets and endothelial cells and is thought to modulate, through oxidation, reduction, 
or isomerization, a number of  extracellular substrates, the best characterized being vitronectin (10–15). 
Targeting PDI activity with blocking antibodies or small molecules prevents both platelet accumulation 
and fibrin generation at the site of  vascular injury in several distinct animal models of  thrombosis (8, 10, 
16–18). Inhibiting PDI activity may be useful in certain human diseases, but whether or not PDI represents 
a viable drug target has not been evaluated in humans.

In order to identify potential therapeutic orally available inhibitors of  PDI activity, we previously 
performed a high-throughput screen of  bioactive small molecules. We identified a commonly consumed 
quercetin flavonoid as an inhibitor of  PDI activity and subsequently found that an entire class of  flavo-
noid quercetins inhibits PDI (16). Quercetin flavonoids are found in high abundance in various fruits and 
vegetables, and epidemiologic studies suggest that high-dietary intake of  quercetins is associated with a 
decreased incidence of  fatal ischemic strokes and myocardial infarction (19, 20). The administration of  
quercetin-3-rutinoside prevented thrombus formation in mouse models of  thrombosis in a PDI-dependent 
manner (16). Structure-activity relationship assays revealed that quercetins with a glycoside at the third 
position of  the C-ring inhibit PDI activity, including quercetin-3-glucoside (isoquercetin) (16). We observed 
that the administration of  a single dose of  isoquercetin to healthy adults resulted in a time- and dose-de-
pendent decrease in plasma PDI activity and thrombin generation (13). These observations suggested that a 
commercially available quercetin flavonoid could represent a viable antithrombotic therapy.

To assess the feasibility of  targeting PDI in human disease, we evaluated the efficacy of  isoquercetin to 
reduce hypercoagulability in cancer patients. Venous thromboembolism (VTE) is commonly observed in 
cancer patients, is a leading cause of  morbidity, and is associated with increased mortality in this popula-
tion (21, 22). In high-risk cancer cohorts, especially those in which protocol-driven radiographic monitor-
ing for deep vein thrombosis (DVT) is implemented, the incidence of  VTE within the initial few months 
of  chemotherapy often exceeds 15% (23–25). Patients with advanced malignancies are also at an increased 
risk of  bleeding (26). Notably, apixaban, a direct oral anticoagulant, was recently shown to be efficacious in 
reducing VTE in cancer patients but was also associated with a doubling in the rate of  major hemorrhage 
(27). Developing antithrombotics that reduce the incidence of  VTE without increasing the risk of  major 
hemorrhage would broadly effect the care of  patients with advanced malignancy.

Results
A total of  64 patients were consented for participation in the study. All patients who received at least 1 dose 
of  isoquercetin were evaluated for the development of  VTE, hemorrhage, and safety (Figure 1). There were 
a total of  28 evaluable patients in cohort A (500 mg isoquercetin daily) and 29 in cohort B (1000 mg isoquer-
cetin daily). Table 1 shows baseline demographic data for the 2 dosing cohorts. The groups were similarly 
distributed for the pancreatic, non–small cell lung, and colorectal malignancies. Approximately half  of  the 
patients were enrolled at the start of  the initial chemotherapeutic regimen and half  at the start of  second-line 
therapy. There were no statistical differences between the cohorts for baseline characteristics (Table 1).

Measurement of  D-dimer. The primary endpoint of  the study was comparison of  plasma D-dimer at 
baseline and at day 56. D-dimer is liberated from cross-linked fibrin following plasmin-mediated degrada-
tion and is the most validated and commonly utilized laboratory biomarker to predict hypercoagulability 
(28, 29). In patients with advanced cancer, plasma D-dimer levels are commonly elevated and correlate 
with an increased risk for developing of  VTE (30, 31). As shown in Figure 2, in cohort A we observed a 
nonsignificant median change in D-dimer of  +9.90% following the administration of  500 mg isoquercetin 
daily in the 25 paired samples available (paired t test, P = 0.92). In cohort B, D-dimer was reduced in the 
majority of  individuals (18 of  22) with a significant median change of  –21.9% (paired t test, P = 0.0002).

Development of  VTE. Patients were monitored for the development of VTE throughout the study, including 
end-of-study bilateral lower extremity ultrasound, to evaluate for asymptomatic DVT. In modified intention-
to-treat analyses, there were no VTE that met criteria for the primary VTE endpoint in either cohort (Figure 
3, A and B). There were 3 secondary VTE endpoints recorded in cohort A (2 incidental catheter-associated 
DVT diagnosed with restaging imaging and 1 lower extremity superficial venous clot). In cohort B, there were 
2 secondary endpoint thrombotic events recorded (superficial venous clot of the lower extremity and incidental 
thrombosis observed in a lingular pulmonary vein on restaging imaging) (Figure 3, C and D).

https://doi.org/10.1172/jci.insight.125851
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Assessment of  PDI inhibition and thrombin generation in plasma. We previously observed that PDI 
inhibitory activity following the administration of  a single dose of  isoquercetin to healthy individuals 
could be monitored using a plasma-based assay that measures the dequenching of  eosin moieties with-
in a di-eosin-GSSG fluorescent probe (13). In both cohorts, the PDI inhibitory activity significantly 
decreased following 2 months of  daily isoquercetin administration (Figure 4). The median change in 
PDI inhibitory activity for cohort A was +37.0% (P < 0.001) and cohort B was +73.3% (P < 0.001).

The platelet-dependent thrombin generation assay measures thrombin generation following platelet 
activation and requires PDI (13, 32). As shown in Figure 5, the administration of  isoquercetin resulted 
in a significant decrease in thrombin generation in both cohort A (median change –31.1%, P < 0.001) and 
cohort B (median change –57.2%, P = 0.004). There was significant correlation between increased plasma 
PDI inhibitory activity and decreased thrombin generation (Pearson correlation coefficient 0.45, P = 0.002).

We did not observe an effect in standard coagulation assays following administration of  isoquercetin. 
In cohort A, the mean prothrombin time (PT) at baseline was 14.0 seconds compared with 14.3 seconds 
at 2 months (P = 0.37), and the mean partial thromboplastin time (PTT) was 49.6 seconds at baseline and 
45.6 seconds at study completion (P = 0.11). In cohort B, the mean PT at baseline was 15.1 seconds com-
pared with 15.2 seconds at 2 months (P = 0.88), and the mean PTT was 54.2 seconds and 51.9 seconds, at 
respective time points (P = 0.37).

Figure 1. Flow diagram of patients according to isoquercetin treatment allocation.

Table 1. Baseline demographics

Cohort A (n = 28) Cohort B (n = 29) P value
Sex 0.18
 Female 14 (50) 9 (31) 
 Male 14 (50) 20 (69) 
Age in yr — median (range) 65 (55–70) 65 (58–69) 0.91
Disease type 0.52
 Colorectal — stage IV 8 (29) 11 (38) 
 NSCLC — stage III 1 (4) 3 (10) 
 NSCLC — stage IV 8 (29) 6 (21) 
 Pancreas — locally advanced 9 (32) 5 (17) 
 Pancreas — metastatic 2 (7) 4 (14) 
Prior chemotherapy regimens 0.60
 0 16 (57) 15 (52) 
 1 12 (43) 14 (48) 

Total numbers in each cohort and percentages (in parenthesis) are shown.

https://doi.org/10.1172/jci.insight.125851
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Reduction in plasma soluble P selectin. P selectin is a transmembrane adhesion receptor that is external-
ized from α-granules in platelets and Weibel-Palade bodies in endothelial cells following cell activation. P 
selectin can be shed from the cell surface following externalization, and P selectin shedding is increased in 
cardiovascular disease, sepsis, and cancer. Increased levels of  soluble P selectin have been shown to be pre-
dictive of  VTE in cancer patients (31, 33, 34). We compared baseline with end-of-treatment plasma levels 
of  soluble P selectin following treatment with isoquercetin. As shown in Figure 6, there was no change in 
soluble P selectin in cohort A (median change –0.3%, P = 0.26). In contrast, in cohort B soluble P selectin 
decreased in all patients except one, with a median change of  –57.9% (P < 0.001). Five patients in each 
cohort concomitantly took low-dose aspirin, but the administration of  low-dose aspirin did not influence 
the observed change in soluble P selectin in cohort A (P = 0.62) or cohort B (P = 0.81).

Description of  observed toxicities. There were no major hemorrhages observed in either treatment cohort in 
modified intention-to-treat analyses. One patient in cohort A developed grade 1 epistaxis, and two patients 
in cohort B developed nonsevere gastrointestinal bleeding (grade 1 hemorrhoid and grade 2 rectal bleeding 
attributed to radiation proctitis). All reported toxicities considered as possibly related to isoquercetin by 
treating physicians are listed in Table 2. The most commonly reported toxicities on study were nausea and 
diarrhea, which are common toxicities of  the concurrent chemotherapeutics administered. There were no 
severe adverse events (grade 3 or 4) that were attributed to the administration of  isoquercetin. There were 
no deaths reported following the initiation of  isoquercetin during the 2 months of  follow-up.

Discussion
The results of  this phase II clinical trial validate PDI as a viable therapeutic target for anticoagulant thera-
py. At 1000 mg daily, isoquercetin inhibited plasma PDI activity and significantly reduced plasma D-dimer 
levels along with soluble P selectin and platelet-dependent thrombin generation. In a cancer population 
considered at high risk for thrombosis and hemorrhage, we did not observe proximal DVT, pulmonary 
emboli (PE), or major hemorrhage.

Elevations of  plasma D-dimer are associated with an increased risk of  thrombosis, especially in can-
cer populations (30, 35). Therapeutic anticoagulation with direct oral anticoagulants reduces D-dimer by 
approximately 20%, which is similar to the percentage decrease we observed at the 1000-mg dose of  isoquer-
cetin (36, 37). The lower dose of  isoquercetin (500 mg) did not reduce D-dimer levels. The observed 37% 
reduction in PDI inhibitory activity at 500 mg daily may be below the threshold needed to affect plasma 
levels of  D-dimer. The decision to proceed with a clinical trial at both dose levels was based on absence of  
longitudinal safety data with isoquercetin, especially in a patient population considered at increased risk for 
hemorrhage. This decision was also in part based on uncertainty regarding the cumulative effects of  repeated 
dosing on PDI activity and the poorly understood mechanisms whereby PDI modulates thrombus forma-
tion, especially considering the dose of  quercetin-3-rutinoside required to inhibit platelet aggregation in vitro 

Figure 2. Measurement of D-dimer following administration of isoquercetin. Waterfall plot showing baseline versus end-of-study comparisons of D-di-
mer values for each patient according to the dose of isoquercetin administered. (A) Median change in D-dimer was +9.9% (paired t test, P = 0.92) with 500 
mg isoquercetin. (B) Median decrease in D-dimer was –21.9% with 1000 mg isoquercetin (P = 0.0002).

https://doi.org/10.1172/jci.insight.125851
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is orders of  magnitude higher than that needed to inhibit platelet accumulation in vivo (16). Despite not 
observing a reduction in D-dimer at the lower dose level of  isoquercetin, we measured significant reductions 
in platelet-dependent thrombin generation and recorded no primary VTE endpoints. Although D-dimer is 
the most validated biomarker for venous thromboembolic disease, it is unlikely the most sensitive assay to 
assess therapeutic efficacy in a pathway that modulates both platelet reactivity and fibrin generation.

A consistent reduction in D-dimer in an advanced cancer cohort is not anticipated without anticoagu-
lation, which enabled us to implement a study design that utilized each study subject as their own control 
for the primary endpoint assessment. A possible confounder is patient dropout with respect to the paired 
plasma analyses. Dropout is unfortunately common in prophylaxis studies in cancer populations (i.e., 
nonchemotherapeutic studies) due to a multitude of  factors, as evidenced by the AVERT study, in which 
nearly 40% of  patients discontinued apixaban prior to reaching a study endpoint (27). To confirm that the 
observed reduction in D-dimer was not artifactual due to dropout, we performed sensitivity analyses for the 
7 patients who did not complete the study, with the assumption that there was no change in these patients’ 
D-dimers compared with baseline. Even with this restrictive assumption, the decrease in D-dimer in the 
1000 mg isoquercetin cohort remained highly statistically significant (P = 0.0004).

This study was not designed to conclude whether isoquercetin reduces VTE; however, the absence 
of  VTE is an intriguing observation. Similar to another phase II study we performed to evaluate the effi-
cacy of  low-molecular-weight heparin to prevent thrombosis in high-risk patients (23), we implemented 
an aggressive screening strategy in order to identify asymptomatic lower extremity proximal deep vein 
thrombi. We utilized the same inclusion and exclusion criteria as in the prior trial where we previously 
documented VTE in approximately 20% of  those who did not receive pharmacologic thromboprophy-
laxis (23). In other cancer studies that implemented protocol-mandated imaging for VTE, 10%–20% 

Figure 3. Cumulative incidence of venous thromboembolism. Venous thromboembolisms (VTE) were monitored clinically and by lower extremity ultra-
sound at completion of the 2-month study. Shown is the proportion of patients remaining free of VTE through the course of the study. There were no 
primary VTE in either the 500-mg isoquercetin cohort (A) or the 1000-mg isoquercetin cohort (B). The cumulative incidence of all secondary VTE endpoints 
(i.e., superficial thrombosis and distal thrombosis) shown in blue for both the 500-mg cohort (C) and the 1000-mg cohort (D).

https://doi.org/10.1172/jci.insight.125851
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of  high-risk patients were diagnosed with VTE within months of  initiating chemotherapy (25, 38). 
We utilized a prespecified VTE-independent adjudication committee that included a central radiology 
review of  all radiographic studies indicative of  a thrombotic event. Confirmation of  a reduction in the 
incidence of  proximal DVT or PE with isoquercetin will require the conduct of  a large, placebo-con-
trolled phase III clinical trial.

At the doses evaluated in this study, isoquercetin administration reduced platelet-dependent thrombin 
generation but did not cause serious bleeding. Complete inhibition of  PDI activity in plasma with block-
ing antibodies prolongs tail bleeding times in mice (8). Kim and colleagues observed that tail bleeding 
times were not prolonged in platelet-specific PDI-deficient mice, despite an overall decrease in the size of  
a thrombus following a laser-induced injury (17). We hypothesize that hemostatic-antithrombotic balance 
seen in our subjects is similar to that observed in animal models, whereby incomplete inhibition of  extra-
cellular PDI activity alters the propagation of  a thrombus without significantly affecting hemostasis. Larger 
studies will be required to obtain a more rigorous understanding of  the effect of  isoquercetin on bleeding 
in patients with advanced cancer.

Evidence suggests minimal drug-drug interactions, and quercetin carries a GRAS (Generally Recog-
nized as Safe) status by the Food and Drug Administration. There are limited data regarding cytochrome 
interactions and isoquercetin, but, reassuringly, isoquercetin was well tolerated when administered in 
combination with chemotherapy. The data are largely reassuring regarding the interaction of  quercetin 
and metabolism of  drugs by cytochrome CYP3A4. The area under the curve of  nifedipine was not altered 
when coadministered with quercetin, nor was the bioavailability of  the saquinavir affected (both metab-
olized by CYP3A4). However, there is some evidence that cyclosporine levels can increase following 
quercetin administration (39). Pharmacokinetic profiles of  drugs metabolized by other cytochromes (e.g., 

Figure 4. Measurement of plasma PDI inhibitory activity following isoquercetin administration. Waterfall plot showing baseline versus end-of-study 
comparisons for each cancer patient. (A) Median change in PDI inhibitory activity was +37.0% (paired t test, P < 0.001) with 500 mg isoquercetin. (B) Medi-
an change in PDI inhibitory activity was +73.3% with 1000 mg isoquercetin (P < 0.001).

Figure 5. Measurement of platelet-dependent thrombin generation activity following isoquercetin administration. Waterfall plot showing baseline and 
follow-up platelet-dependent thrombin generation following isoquercetin administration. Change (%) for each patient shown in a waterfall plot for 500 mg 
isoquercetin (A) and 1000 mg isoquercetin (B).

https://doi.org/10.1172/jci.insight.125851
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CYP2C9, CYP2C8), such as warfarin and rosiglitazone, do not appear to be influenced by quercetin 
coadministration (39). Quercetin does not affect P-gp–mediated efflux, as reflected by a lack of  effect on 
digoxin pharmacokinetics (39).

We observed that isoquercetin significantly lowers soluble P selectin levels and that this is an activ-
ity not shared by other anticoagulants, such as warfarin, dabigatran, or rivaroxaban (40–42). P selectin 
binds to P selectin glycoprotein ligand-1 on the surface of  leukocytes to promote the generation of  tissue 
factor bearing microparticles and thrombus formation (43). Soluble P selectin is formed by proteolytic 
cleavage of  the ectodomain following leukocyte adhesion with activated platelets (44). Increased levels 
of  soluble P selectin are predictive of  VTE in cancer patients (33, 45, 46). In a prospective study of  687 
cancer patients, soluble P selectin in the highest quartile was associated with a 2.6-fold greater risk of  
developing VTE compared with lower levels (34). In a mouse model of  cancer-associated thrombosis, 
inhibition of  P selectin completely abrogated thrombus accumulation following infusion of  pancreatic 
cancer cell–derived microparticles (47). These data suggest that P selectin–mediated thrombosis plays 
a central role in the hypercoagulability of  cancer and further support the clinical development of  iso-
quercetin specifically for the indication of  cancer-associated thrombosis. Sickle cell disease is another 
potential indication that merits investigation, considering the emerging data that targeting P selectin 
with a monoclonal antibody reduces painful crises (48, 49).

Figure 6. Measurement of plasma P selectin levels following isoquercetin administration. Waterfall plot showing baseline and follow-up soluble 
P selectin values in plasma following isoquercetin administration. Change (%) for each patient shown in a waterfall plot for 500 mg isoquercetin (A) 
and 1000 mg isoquercetin (B).

Table 2. Reported possibly related toxicities with isoquercetin

Cohort A (n = 28) Cohort B (n = 29)
Toxicity Grade Grade

1 2 1 2
Constipation 1 (4) – – –
Diarrhea 3 (11) 1 (4) – –
Gastroesophageal reflux – – 1 (3) –
Hyponatremia 1 (4) – – –
Nausea 1 (4) 1 (4) – –
Weight loss 1 (4) – – –
Hemorrhage

Epistaxis 1 (4) – – –
Gastrointestinal – – 1 (3) 1 (3)

Bruising 1 (4) – – –

All toxicities reported in either cohort that were reported by the treating physician as possibly related to isoquercetin. No grade 3 or 4 toxicities were 
reported that were attributed isoquercetin administration. Total numbers listed with percentages (in parenthesis) are shown.

https://doi.org/10.1172/jci.insight.125851


8insight.jci.org   https://doi.org/10.1172/jci.insight.125851

C L I N I C A L  M E D I C I N E

While quercetins were initially identified based on their PDI-inhibitory activity, flavonoids are known 
bioactive compounds with pleiotropic activities. We cannot exclude the possibility that some contribution 
of  antithrombotic activity observed was due to off-target effect. However, we previously demonstrated that 
PDI inhibition in plasma mirrors the pharmacokinetic curve of  isoquercetin and isoquercetin-mediated 
decrease in platelet-dependent thrombin generation is reversed with exogenous PDI (13). Similarly, infu-
sion of  recombinant PDI reverses quercetin-mediated inhibition of  thrombus formation in vivo (16). In 
the current study, we demonstrate a direct correlation between changes in plasma PDI inhibitory activity 
and platelet-dependent thrombin generation, which points to the antithrombotic activity of  isoquercetin 
being predominated by PDI inhibition. More specific PDI inhibitors are currently under development (18, 
50). However, the identification of  flavonoids as PDI inhibitors was fortuitous, as it enabled us to pursue 
later-stage human clinical trials entirely within academia.

PDI has been identified as a potential therapeutic target for a wide range of  pathological conditions. 
For instance, PDI regulates HIV-1 entry into lymphocytes through disulfide exchange of  HIV-associated 
glycoprotein 120 (5, 51, 52). Pathologic alterations in PDI activity in the endoplasmic reticulum are central 
to the unfolded protein response observed in aggressive malignancies and neurodegenerative diseases (1, 
2, 53–57). Targeting PDI has shown promise in animal models of  Parkinson’s disease and amylotrophic 
lateral sclerosis (50, 58), and small-molecule inhibitors are under investigation as a chemotherapeutics for 
a range of  cancers, including ovarian cancer (59), multiple myeloma (60), and hepatocellular carcinoma 
(61). We report the first clinical trial to our knowledge to specifically evaluate the clinical efficacy of  PDI 
inhibition in humans. The administration of  isoquercetin at 1000 mg daily resulted a significant reduction 
in markers of  coagulation, including D-dimer, thrombin generation, and soluble P selectin accompanied 
by an absence of  proximal VTE. The observation that the administration of  isoquercetin successfully 
achieved all primary and secondary endpoints without a safety signal provides a critical validation step 
in the development of  a novel class of  therapeutics. The effectiveness of  isoquercetin to prevent VTE in 
high-risk cancer populations will be evaluated in a planned phase III clinical trial.

Methods
Study design and participants. CATIQ (Cancer Associated Thrombosis and Isoquercetin) was an investiga-
tor-initiated, multicenter, multidose, open-label phase II clinical trial conducted at 10 sites in the United 
States. Eligible patients were required to have advanced cancer (unresectable or metastatic adenocarcino-
ma of  the pancreas, stage IV colorectal cancer, or stage III/IV non–small cell lung cancer). Patients were 
enrolled within 4 weeks of  initiating first- or second-line chemotherapy. Additional inclusion criteria were 
as follows: age, ≥18 years; life expectancy, >4 months; Eastern Cooperative Oncology Group (ECOG) 
performance status, ≤2; absolute neutrophil count, ≥1 × 109/l; platelet count, ≥90 × 109/l; PT and PTT, 
≤1.5 times greater than the institutional upper limit of  normal; total bilirubin, ≤2.0 mg/dl; aspartate ami-
notransferase and alanine aminotransferase, ≤2.5 times the institutional upper limit of  normal; and creat-
inine, ≤2.0 mg/dl. Participants were excluded if  they were receiving any other anticoagulant therapy, had 
known brain metastases, had a prior history of  VTE within the last 2 years, had a history of  hemorrhage 
requiring transfusion or hospitalization within the last 2 years, had concurrent use of  anti-platelet agents 
(beyond 81 mg aspirin daily), or had evidence of  disseminated intravascular coagulation. Patients were 
enrolled from oncology outpatient clinics between 2014 and 2018. All patients voluntarily gave written 
informed consent prior to initiation of  study procedures. Five patients signed informed consent but did 
not meet full eligibility criteria and were not registered to participate in the study.

Participants were sequentially enrolled into 2 open-label dosing cohorts: cohort A (500 mg isoquer-
cetin) and cohort B (1000 mg isoquercetin). Isoquercetin was manufactured in accordance with Good 
Manufacturing Practice regulations and supplied in 250 mg capsules by Quercegen Pharmaceuticals. 
Capsules contained ascorbic acid (62 mg) and niacin (5 mg) to prevent oxidation during storage and were 
previously shown to not influence isoquercetin pharmacokinetics (13). Isoquercetin was taken orally 
daily for a total of  56 days. The first 5 patients of  each cohort were monitored for evidence of  toxicity 
prior (≥1 grade 3 or higher toxicity possibly related to isoquercetin) prior to the subsequent enrollment of  
25 patients into each cohort. Drug diaries and pill counts were performed to ensure compliance. Patients 
were monitored for development of  a venous thromboembolic event throughout the study, including a 
bilateral lower extremity duplex ultrasound at end of  study visit (day 56 + 5). Participants were taken 
off  study if  they developed an intercurrent illness that prevented further administration; unacceptable 
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adverse events; poor compliance; participant preference; VTE or condition requiring therapeutic antico-
agulation; requirement for prophylactic anticoagulation for >7 consecutive days; grade ≥3 hemorrhage; 
or otherwise met the ISTH criteria for major hemorrhage (62). Doses were held for grade 2 hemorrhage 
or platelet count <50 × 109/l.

Outcome measurement. Blood was drawn by peripheral venipuncture into 3.2% citrate. Plasma were 
separated at 2100 g for 20 minutes within 1 hour of  specimen collection. A second centrifugation was 
performed at 2100 g for 20 minutes to generate platelet-free plasma that was stored in aliquots at –80°C 
until analysis. The primary endpoint of  the study was a decrease in plasma D-dimer at the end of  study. 
D-dimer was measured centrally using Asserachrom D-Di ELISA, considered the reference standard assay 
for D-dimer (Stago) (63).

The primary VTE endpoint included any symptomatic proximal or distal DVT, symptomatic PE or fatal 
PE diagnosed by autopsy, asymptomatic proximal DVT diagnosed by protocol-specified ultrasound at the end 
of study. All suspected VTE were assessed by an independent adjudication committee that included central 
radiologic review of images. Criteria for new VTE included any of the following: (a) a new noncompressibility 
of lower extremity deep venous segments by compression ultrasound (distal lower extremity thrombus qualified 
for primary VTE endpoint only if  symptomatic) and (b) intraluminal defects in 2 or more views on pulmonary 
angiography or abrupt contrast cut-off of one or more vessels greater than 2.5 mm in diameter on a pulmonary 
angiogram; a high probability VQ lung scan showing one or more segmental perfusion defects with correspond-
ing normal ventilation (mismatch defect); or abnormal CT showing thrombus in pulmonary vessels (subsegmen-
tal or larger). All other venous or arterial events were recorded and analyzed as secondary endpoints. Criteria for 
major hemorrhage were according to ISTH definition (62). All toxicities were graded according to the National 
Cancer Institutes Common Terminology Criteria for Adverse Events. Study oversight was performed by an 
independent Data Safety Monitoring Committee at Dana-Farber/Harvard Cancer Center.

PDI inhibition assay in plasma was performed as previously described (13). Human recombinant PDI 
dual-tagged with FLAG and streptavidin-binding peptide was expressed and isolated from E. coli (BL21) 
by affinity chromatography with streptavidin-linked agarose resin. Purified recombinant PDI was added 
at varying concentrations to filtered GSSG-treated plasma with 5 μM DTT and 150 nM di-eosin-GSSG. 
Enzymatic activity was monitored through the fluorescence of  eosin (EGSH).

Platelet-dependent thrombin generation was performed according to previously published meth-
odology (13, 32). Briefly, platelet-free plasma were mixed with donor platelet-rich plasma diluted to a 
platelet concentration of  250,000 platelets per microliter in the presence of  5 mM GPRP and 6 mM 
CaCl2 and then stimulated with 0.1 U/ml of  thrombin. Samples were incubated for 90 minutes at 
room temperature with rotation, and thrombin levels were measured using cleavage of  a fluorescent 
thrombin-specific substrate (Haemtech SN-20 Boc-L-FPR-ANSNH-C2H5) by excitation at 352 nm 
and emission as a function of  time at 470 nm. Rates of  substrate cleavage were used to calculate the 
concentration of  thrombin in each sample.

Measurement of  soluble P selectin (CD62) was performed centrally using a commercial ELISA 
(Invitrogen/Thermo Fisher Scientific, BMS219-4), and PT and PTT were measured according to the 
manufacturer’s standard protocol on a Stago Start 4 instrument (STA-Neoplastine CI Plus 5, 00606; 
STA-PTT Automate 5, 00595).

Statistics. Plasma D-dimer levels decrease approximately 20% following the initiation of  therapeutic anti-
coagulation (37). The median baseline D-dimer measurement in a similarly designed study was 815 μg/l 
(23). Based on an estimated standard deviation of  0.3 for the ratio of  D-dimer at study completion compared 
with that on day 1, the target enrollment was 26 patients in each arm to achieve 90% power to declare the 
reduction significant if  the true concentration at end of  treatment was reduced by 20% (1-sided α = 0.05). The 
cumulative incidence of  VTE or hemorrhage was assessed by competing risk analyses (cmprsk function in R 
software) in order to account for death as a competing risk (64). Comparisons between baseline and follow-up 
measurements were performed using 2-tailed, paired t test analyses. Comparisons of  baseline demographics 
were performed using Fisher’s exact test. Statistical correlation between PDI inhibitory activity and D-dimer 
was assessed using a Pearson’s correlation coefficient. Statistical significance was defined as P < 0.05.

Study approval. The protocol was conducted according to Declaration of  Helsinki principles and 
approved by the institutional review boards of  the 9 participating medical centers (Dana-Farber/
Harvard Cancer Center, Boston, Massachusetts, USA; University of  Southern California; VA Med-
ical Center, Washington, DC, USA; Mount Auburn Hospital; White River Junction Veterans Affairs 
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Medical Center; Veterans Affairs Connecticut Healthcare; VA Northern California Health Care Sys-
tem; York Hospital; Boston VA Healthcare System, Massachusetts, USA). Study coordination and 
monitoring were performed by the Office of  Human Research Studies and Office of  Data Quality at 
Dana-Farber/Harvard Cancer Center as well as the Cancer Clinical Trials Office at Beth Israel Dea-
coness Medical Center. All patients voluntarily gave written informed consent prior to initiation of  
study procedures.
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