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Introduction

Good Morning Mr. Chairman and Members of the Committee. My name is Bob
Parkinson, and I am Chairman, Chief Executive Officer and President of Baxter International
(Baxter). I appreciate the opportunity to be here today to provide testimony and to respond to the
Committee’s questions on the crucial topic of medical product safety and the recent recall of
heparin products that Baxter and many other companies have implemented.

Our mission at Baxter is to provide life saving and life sustaining medical therapies to
patients across the world. We are not a traditional pharmaceutical company. Every one of the
products we develop and manufacture is injected, infused or inhaled by patients who need them
to stay alive. This is true across our three divisions: our Renal division provides dialysis
therapies for patients with end-stage renal disease; our Bioscience division provides biologic
therapies for patients with serious blood disorders like hemophilia or primary immune
deficiency; and our Medication Delivery division provides a wide range of hospital products for
use in acute and critical care settings. If you or a loved one has kidney failure; if your child was
born without a functional immune system or with blood that doesn’t clot; if you have the
misfortune to find yourself in an intensive care unit, an emergency room or an operating room,
Baxter products are the difference between life and death. In my four years at Baxter, I have
been inspired by the extent to which this is a source of pride for Baxter employees, and it is the
source of the profound commitment and responsibility we feel for each of our patients.

Baxter has been in business for over 75 years. More than any other company in the
world, our products are involved in critical care settings. Because of this, we are greatly
concerned that our heparin product appears to be the target of a deliberate adulteration scheme.
Patient safety is our number one priority, and we deeply regret any harm this contamination in

Baxter’s heparin may have had on patients or impact on the clinicians who treat them.



Through Baxter collaboration with FDA, oversulfated chondroitin sulfate (“OSCS”) was
identified as a contaminant in certain lots of our injectable vial heparin product. Baxter scientists
did not stop there, and in laboratory animal tests have observed a causal relationship between
OSCS and hypotensive effects, the results of which were recently confirmed in an article
published in The New England Journal of Medicine. Given the knowledge that we have
developed over a short period of time, we have méde a significant contribution to helping
regulatory bodies and manufacturing companies around the world protect the world’s heparin
supply from this insidious contaminant.

Baxter’s Manufacturing of Heparin

Baxter, and its predecessor company ESI Lederle (Wyeth), has been manufacturing
heparin in a vial form for over 30 years. Baxter purchases heparin active pharmaceutical
ingredient (“API”) from Scientific Protein Laboratories (“SPL”), a company located in
Waunakee, Wisconsin. Heparin API is derived from the mucosal lining of pig intestines. SPL
initially sourced the crude material for its API from the United States. In the mid-1990s, SPL
embarked on a program to find other raw material suppliers to assure a consistent quality supply
of heparin. Because of supply constraints around the world, SPL, like virtually all heparin API
manufacturers, began sourcing this product from raw material suppliers in China, the source of
over half of the world’s pig supply. ESI and Baxter consistently manufactured heparin made
from SPL’s API, sourced from Chine crude, since 1996,

In order to be closer to its Chinese supply chain and to increase its manufacturing
capabilities, SPL built a heparin API manufacturing facility in Changzhou, China (SPL-CZ) in
2000. In December 2002, Wyeth Global Compliance performed a qualifying audit of this
facility. The facility had run three consecutive validation lots before this inspection. Baxter
acquired ESI! shortly after this audit. Baxter undertook the process of having SPL-CZ qualified
by the FDA as a supplier of heparin APl. Baxter submitted a Prior Approval Supplement (PAS)
to the FDA on February 6, 2004. The PAS requested that the FDA approve “Changzhou-SPL
Co., Ltd. as an alternate supplier” for heparin.

On June 8, 2004 FDA sent a letter to Baxter approving SPL-CZ as an alternate supplier
for heparin. Once we received that approval, the manufacture of the API from this facility was

approved by the FDA. That approval was not subject to or conditioned on an FDA inspection.



Speaking for Baxter, however: we don’t rely on FDA inspections to ensure the quality of our
product — that’s our job, independent of the FDA’s role. '

To fulfill this obligation, Baxter relied on Wyeth’s December 2002 qualifying audit. In
hindsight, we should have conducted our own qualification audit as well, before beginning to
receive product in 2004. It bears noting, however, that plant audits were not the only thing we
relied on to ensure the quality of our product — we also consistently monitored the quality of both
the incoming product we received from SPL and the finished heparin product that we released.
Although sample testing is regulatorily acceptable, we tested each and every lot. Our testing
exceeded the standards of the U.S. Pharmacopoeia (“USP”), the official public authority that sets
standards for all healthcare products sold in the United States. The USP standards for heparin
have been successfully used for decades. Unfortunately, we now know that these standards were
insufficient to detect this new heparin-like contaminant because OSCS could not be detected
with established and validated test procedures. Going forward, Baxter is committed to working
with USP and FDA in re-evaluating standard heparin test procedures.

Baxter’s Quality team performed a cGMP audit of the SPL-CZ facility in September
2007. The audit consisted of an in-depth review of CZ SPL’s quality systems and capabilities
including, but not limited to, its supply chain quality systems, such as the documentation and
procedures associated with incoming materials and sampling. Baxter was assured that SPL’s QA
department audits the workshops it uses on an annual basis. SPL also provided assurances that
these workshops collect veterinary data for all porcine sources to assure the stock is disease-free
prior to collection.

Baxter’s Recall of Heparin

Heparin vials are used in a variety of critical care settings, including cardiac and dialysis
procedures. Allergic-type reactions are indicated in the label for heparin, and every year Baxter
receives approximately 30 reports of adverse events associated with its heparin vial products. At
the very end of December 2007 and the beginning of January 2008, we noticed an increase in the
rate of reported allergic-type reactions associated with its 1,000 unit/mL multi-dose heparin
product, and we launched an investigation. The initial reports came from dialysis centers, so
Baxter physicians and quality professionals traveled to reporting dialysis centers. We also
began an investigation of our own manufacturing and quality procedures and records for heparin.

We also ceased all production and distribution of this heparin product.



After additional adverse event reports came in from other facilities, Baxter (in
consultation with FDA) recalled nine lots of its 1,000 unit/mL heparin product that were
associated with these adverse events on January 17, 2008. After this recall was announced, we
saw a slight increase in reactions in other lots and sizes of heparin. We contacted FDA about
expanding the recall. Based on FDA’s market data, both we and FDA were concerned about a
shortage of heparin. On February 8, 2008 Baxter and FDA concluded that it was better for the
public health to allow Baxter’s product to remain in distribution so it could be used with caution
in situations where the use of heparin was medically necessary and alternate sources of heparin
were not available. Baxter sent an Important Safety Information Bulletin to thousands of health
care providers on February 11, 2008, apprising them of this situation. When we read that another
supplier of heparin said it had the ability to source the U.S. heparin market, we asked FDA for
confirmation and, upon receiving it, we expanded our heparin recall on February 28, 2008.

During this recall, Baxter informed health care professionals, customers, renal home care
patients, wholesalers, distributors and known customers of wholesalers and distributors by
mailing thousands of letters via overnight mail about the recall. Baxter also called thousands of
renal home patients directly to discuss the recall. Frequent press releases were issued, a press
conference was held, a hotline was staffed and information about the recall was regularly posted
on Baxter’s website.

Baxter’s Investigation of Root Cause

Baxter has been thoroughly investigating the potential cause of the increase in adverse
event reports. After multiple variables were ruled out in the manufacturing process and the
supply chain, we began to focus on possible issues in the heparin API. Baxter has devoted more
than 30 scientists to this investigation and has employed distinguished outside scientists as
consultants. Most of our scientists are based at the company’s laboratories in Illinois, although
we also took advantage of the expertise of Baxter scientists in Europe. We worked openly and
diligently in collaboration with FDA on our analytical results. A wide variety of laboratory
methodologies and hundreds of different tests were employed in these investigations, including
state-of-the-art analytical instrumentation tests such as nuclear magnetic resonance spectroscopy
(NMR) and capillary electrophoresis (CE). Using these tests, it was determined that extra signals

and a peak were detected in the heparin associated with the recall (test) compared to heparin that



was not associated with the recall (control). The contaminant from the test lots was identified as
OSCS.

NMR and CE tests have confirmed that the contaminant found in the API was also found
in the crude heparin supply. According to early reports, similar peaks were found in Australia in
AstraZeneca’s heparin as well as in Germany in RotexMedica’s heparin. Neither of these
companies received their supply of heparin API from SPL. Since then, the FDA has reported
that multiple companies in 11 countries have found this contaminant. Based on the appearance
of OSCS in the crude heparin material coming into SPL, and on the fact that other companies
with other suppliers have also had OSCS contamination, it is clear that OSCS was added farther
up the supply chain, before the crude material reached SPL. Baxter is still trying to understand
where exactly the contaminant was introduced.

The introduction of OSCS was difficult to detect because of how closely this contaminant
mimicked heparin. Heparin is the most highly charged molecule found naturally in living
systems. As such, it is an extremely polar molecule and requires an extremely polar solvent, like
water, to stay in solution. In normal heparin production, the heparin is the most polar molecule
among the normal constituents of crude heparin (including dermatan sulfate and chondroitin
sulfate). OSCS contains more sulfate groups than does heparin, making it more polar than
heparin, and making it the first material to lose solubility when ethanol is added to the aqueous
solution of impure heparin. Thus, the OSCS is precipitated along with the heparin. In a process
designed to collect the most polar material from solution, the OSCS is collected with the heparin.

Over the last few weeks, our investigation has focused on biologic tests aimed at
determining whether there is any relationship between OSCS and the increased adverse events
that were associated with this recall. The most common adverse event reported was hypotension.
Baxter scientists were able to establish that OSCS can cause hypotensive reactions — that is,
consistent, prolonged declines in blood pressure — in laboratory animals. They found the same
results from exposure to heparin contaminated with OSCS. The hypotensive response was dose-
dependent; increased amounts of the OSCS or the contaminated heparin led to greater decreases
in blood pressure. Baxter scientists are still searching to understand the cause of a decrease in
blood pressure in humans. This result is consistent with the New England Journal of Medicine
study in which scientists found a scientific rationale for a potential biologic link between the

presence of OSCS and observed clinical adverse events. That article, a copy of which is



attached, reached this conclusion: “Our results provide a scientific rationale for a potential
biological link between the presence of OSCS in suspect lots of heparin and the observed clinical
adverse events.”

Recall of Heparin Around the World

OSCS, the apparent cause of the increase in heparin adverse events, is a very effective
imposter that mimics heparin. Not only did this substance avoid detection through long-
established USP testing, it avoided detection through the quality systems of several major
pharmaceutical companies around the globe, and through the oversight of regulatory authorities
in countries around the world, including Australia, Canada, China, Denmark, France, Germany,
Italy, Japan, The Netherlands and New Zealand. Because of the swift identification of OSCS
and advanced NMR and CE tests methods to detect it, FDA and regulatory authorities around the
world have been able to respond proactively, averting a much broader crisis by detecting and
screening out the contaminant in other manufacturers’ heparin before it was more broadly
distributed to patient populations. Baxter continues to cooperate with Ministries of Health
around the world and share information we and they have learned about OSCS, including how to
detect the presence of OSCS in heparin API and finished product.

Corrective Actions

The developments of the last several weeks have demonstrated that this is both a global
and industry-wide crisis, with a root cause that was so novel and so insidious as to avoid the
quality systems of a multitude of companies and the oversight of the world’s most sophisticated
drug regulatory agencies. This extraordinary problem calls for extraordinary corrective actions.
It is important to harness the resources and thinking of the entire industry and the global
regulatory community to address those new and emerging risks, both deliberate and not, that
threaten the safety of life-saving drugs and biologics. In particular:

e Baxter is methodically re-examining our global supply chain practices in light of the
heparin mimic that surfaced here, to assess whether unexpected vulnerabilities exist in
the supply chain beyond our direct suppliers. This review is necessarily going above and
beyond current regulatory requirements and industry standards, which proved inadequate
to detect this problem. Although less than 1% of all Baxter products sold in the U.S.

include components sourced from China, we are beginning our evaluation with a



thorough review of our China-based suppliers and their sources. We have retained
recognized experts in supply chain management strategy to assist us in this effort.

* Based on what this full-scale evaluation tells us, we will impose targeted prevention and
detection methods on our suppliers to limit exposure to vulnerabilities that exist in their
supply chains.

e We have convened a group of Baxter scientists whose mission will be to consider how
would-be counterfeiters or saboteurs might threaten our supply chain, much the way that
law enforcement or national security agencies have groups dedicated to thinking like
potential enemies. By directing outstanding scientific minds at this kind of question, our
aspiration is to imagine, address and prevent this kind of threat before it happens. Going
forward, we will try to anticipate the unanticipated.

e We believe this type of supply chain threat evaluation is something the FDA and the
global regulatory community ought to require more broadly of industry participants.
Moreover, we would encourage these agencies to facilitate collaboration on and sharing
of these efforts, since the positive changes that could result will be effective only if they
are consistently applied and enforced across the industry.  Just as the fruits of Baxter’s
and the FDA’s efforts to identify and test for OSCS were immediately shared with the
industry in reaction to a problem, the world’s patients and the global drug and biologic
supply would far better served if the fruits of these proactive analyses were a common

asset for the public good.

Conclusion

Baxter’s quality systems for heparin have come under intense scrutiny as a result of this
recall. We believe our quality systems are robust, but no quality system is bullet proof, We
certainly acknowledge that we should have conducted our own qualification audit of the facility,
rather than relying on our predecessor’s audit. Importantly, it is not clear that such an additional
inspection would have detected or prevented the OCSC contaminant. Therefore, it would be
wrong for us to ascribe this problem to a missed inspection and move forward based on
improved inspection frequency. Indeed, such a reaction would miss the real points: that the
complexity of the global drug supply chain creates new and emerging risks that call for new

ways of thinking about, identifying and addressing vulnerabilities, and that resting on old



standards — even ones that have worked for decades — is no longer enough. These are the most
critical lessons of this entire crisis, and Baxter embraces them.

Baxter fully supports the allocation of increased resources for FDA. Baxter references
the statements by Commissioner von Eschenbach (in testimony last week before this
Subcommittee) that FDA lacks adequate resources to conduct effective overseas inspections and
to keep a modern and effective database of foreign firms processing products for US patients.
We support funding directed to enhancing FDA’s ability to fulfill its mission of providing safe
and effective products to the American people, and we welcome any opportunity to work with
Congress and the Agency in support of this mission.

We appreciate the Committee’s interest in medical product safety, and we fully support
the Committee’s goals. Baxter is eager to continue collaborating with this Committee and others
to ensure the safety of heparin. This has been a learning experience for Baxter, and I hope it can
be a learning experience for the entire global industry and the global regulatory community so
we can all work together to ensure that these types of incidents never happen again. Thank you

for giving me the opportunity to be part of this important discussion.
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SUMMARY OF MAJOR POINTS

More than any other company in the world, Baxter’s products are involved in critical care
settings. Because of this, we are greatly concerned that our heparin product appears to be the
target of a deliberate adulteration scheme. Patient safety is our number one priority, and we
deeply regret the impact this contamination in Baxter’s heparin has had on patients and the
clinicians who treat them.

The developments of the last several weeks have demonstrated that this is both a global and
industry-wide crisis, with a root cause — oversulfated chondroitin sulfate (“OSCS”) -- that
was so novel and so insidious as to avoid the quality systems of a multitude of companies
and the oversight of the world’s most sophisticated drug regulatory agencies.

Because of the swift identification of OSCS, and the development of advanced NMR and CE
tests methods to detect it, FDA and regulatory authorities around the world have been able to
respond proactively, averting a much broader crisis by detecting and screening out the
contaminant in other manufacturers’ heparin before it was more broadly distributed to patient
populations.

The complexity of the global drug supply chain creates new and emerging risks that call for
new ways of thinking about, identifying and addressing vulnerabilities. Resting on old
standards — even ones that have worked for decades — is no longer enough. These are the
most critical lessons of this entire crisis, and Baxter embraces them.

We support funding directed to enhancing FDA'’s ability to fulfill its mission of providing
safe and effective products to the American people, and we welcome any opportunity to

work with Congress and the Agency in support of this mission.
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ABSTRACT

BACKGROUND
There is an urgent need to determine whether oversulfated chondroitin sulfate (OSCS),
a compound contaminating heparin supplies worldwide, is the cause of the severe
anaphylactoid reactions that have occurred after intravenous heparin administration
in the United States and Germany.

METHODS

Heparin procured from the Food and Drug Administration, consisting of suspect
lots of heparin associated with the clinical events as well as control lots of heparin,
were screened in a blinded fashion both for the presence of OSCS and for any bio-
logic activity that could potentially link the contaminant to the observed clinical
adverse events. In vitro assays for the activation of the contact system and the comple-
ment cascade were performed. In addition, the ability of OSCS to recapitulate key
clinical manifestations in vivo was tested in swine.

RESULTS
The OSCS found in contaminated lots of unfractionated heparin, as well as a syn-
thetically generated OSCS reference standard, directly activated the kinin—kallikrein
pathway in human plasma, which can lead to the generation of bradykinin, a potent
vasoactive mediator. In addition, OSCS induced generation of C3a and C5a, potent
anaphylatoxins derived from complement proteins. Activation of these two pathways
was unexpectedly linked and dependent on fluid-phase activation of factor XII. Screen-
ing of plasma samples from various species indicated that swine and humans are
sensitive to the effects of OSCS in a similar manner. OSCS-containing heparin and
synthetically derived OSCS induced hypotension associated with kallikrein activation
when administered by intravenous infusion in swine.

CONCLUSIONS
Our results provide a scientific rationale for a potential biologic link between the
presence of OSCS in suspect lots of heparin and the observed clinical adverse events.
An assay to assess the amidolytic activity of kallikrein can supplement analytic tests
to protect the heparin supply chain by screening for OSCS and other highly sulfated
polysaccharide contaminants of heparin that can activate the contact system.

N ENGL ) MED 10.1056/NE}M030803200

From Momenta Pharmaceuticals (T.K.K.,
TG,S.5,,J).CL,GZ,2G.-G., G.S.B,,S.R,,
Z.S., GV.} and the Harvard—Massachu-
setts Institute of Technology Division of
Health Sciences and Technology, Koch
Institute for Integrative Cancer Research
(KV., Z.5,, RS.L., GV, RS) — both in
Cambridge, MA; Virginia—Maryland Re-
gional College of Veterinary Medicine,
Virginia Polytechnic Institute and State
University, Blacksburg (S.E., K.P., N.S.,
T.R.-C.); the Center for Drug Evaluation
and Research, Food and Drug Adminis-
tration, Silver Spring, MD (A.A.-H., B.F.,
L.B., M.N., G.J.D.P,, ] W.); the Massachu-
setts Institute of Technology, Cambridge,
MA (M.W.,, J.F.), and Brigham and Wom-
en's Hospital and Harvard Medical School,
Boston (K.F.A.). Address reprint requests
to Dr. Sasisekharan at the Department of
Biological Engineering, Harvard—MIT Di-
vision of Health Sciences and Technology,
Koch Institute for Integrative Cancer Re-
search, Massachusetts Institute of Technol-
ogy, 77 Massachusetts Ave., 16-561, Cam-
bridge, MA 02139, or at rams@mit.edu.

This article (10.1056/NEJM0a0803200) was
published at www.nejm.org on April 23,
2008.

N Engl } Med 2008;358.
Copyright © 2008 Massachusetts Medical Society.



The NEW ENGLAND JOURNAL of MEDICINE

"N JANUARY 2008, HEALTH AUTHORITIES IN

| the United States began receiving reports of

L_clusters of acute hypersensitivity reactions in
patients undergoing dialysis that had been oc-
curring since November 2007. Symptoms includ-
ed hypotension, facial swelling, tachycardia, ur-
ticaria, and nausea. Although initial investigations
focused on dialysis equipment, an investigation
by the Centers for Disease Control and Preven-
tion identified the receipt of heparin sodium for
injection (1000 U per milliliter, in 10-ml and 30-
ml multidose vials), manufactured by Baxter
Healthcare, as a common feature of the cases.?
This finding led Baxter Healthcare to recall, on
January 17, 2008, nine lots of heparin sodium for
injection. As of April 13, 2008, there were 81 re-
ports of death that involved at least one sign or
symptom of an allergic reaction or hypotension
in patients receiving heparin since January 1,
2007. However, the fact that allergic symptoms
or hypotension were reported does not mean that
these were the cause of death in all cases.

After this initial recall, there were continuing
reports of allergic-type reactions, including some
deaths, after injection of bolus heparin not only
in patients undergoing dialysis but also in pa-
tients in other clinical settings, such as those
undergoing cardiac procedures. On February 28,
2008, Baxter Healthcare recalled all remaining
lots and doses of its multidose and single-dose
vials of heparin sodium for injection and HEP-
LOCK heparin flush products. Since that recall,
monitoring by the Food and Drug Administra-
tion (FDA) has indicated that, in March 2008, the
number of deaths reported in association with
heparin usage had returned to baseline levels.?

However, on March 6, a heparin recall was
announced in Germany because of a cluster of
reactions in patients undergoing dialysis that
were linked to a different manufacturer’s hepa-
rin. On the same day, the FDA posted descrip-
tions of analytic methods on its Web site and
recommended that all manufacturers and regu-
latory authorities screen for a contaminant in
heparin.3 This screening revealed widespread
contamination of the heparin supply in at least
12 countries.

The contaminant was recently identified as
an unusual oversulfated form of chondroitin
sulfate (OSCS) representing up to approximately
30% wtjwt in suspect lots of heparin; no other
contaminants were observed.* In addition, der-
matan sulfate, a known impurity of heparin, was

N ENGL J MED

found in selected samples. Both heparin and
chondroitin sulfate are members of the glycos-
aminoglycan family of complex polysaccharides;
heparin contains a disaccharide repeat unit of
glucuronic—iduronic acid linked to glucosamine,
and chondroitin sulfate contains a disaccharide
repeat unit of glucuronic acid linked to galactos-
amine. Analysis of the contaminant unexpect
edly revealed an unusual type of sulfation not
found in any natural sources of chondroitin sul-
fate and indicated that OSCS, containing four
sulfates per disaccharide unit, is structurally
similar to heparin (see the Supplementary Ap-
pendix, available with the full text of this article
at www.nejm.org).

However, the biologic link between the pres-
ence of the OSCS in heparin and the adverse
clinical events remained to be established. High-
ly charged polyanionic polymers are known to
modulate various enzymatic cascades in plasma,
affecting coagulation, fibrinolysis, inflamma-
tion, and vasculature function.>¢ Bradykinin, a
potent vasoactive peptide mediator, is generated
through the activation of the contact system of
coagulation, which is initiated upon contact of
factor XII with a negatively charged surface in
the presence of prekallikrein and high-molecu-
lar-weight kininogen. Highly sulfated polysac-
charides have been shown to serve as a nega-
tively charged surface that can initiate fluid-phase
activation of the contact system.5” However,
initial attempts to recapitulate the adverse re-
sponses in experimental models were unsuc-
cessful.® Without a definitive link between the
contaminant and the clinical reactions, concerns
remain that the screening tests currently in
place may not be adequate to prevent further
cases. We therefore set out to identify a biologic
basis for a link between OSCS and allergic-type
reactions.

CASE REPORT

A representative case involved a 63-year-old
woman with a complex medical history, includ-
ing end-stage renal disease treated with the use
of hemodialysis for 7 years, who received heparin
intravenously during hemodialysis (5000-U load-
ing dose and 500 U per hour during the proce-
dure) three times weekly. In mid-January 2008,
the development of “low blood pressure” was re-
ported, along with nausea and dyspnea, during
dialysis. She was treated with normal saline and

10.1056/NEJM0a0803200



CONTAMINATED HEPARIN ASSOCIATED WITH ADVERSE CLINICAL EVENTS

H 250 pg/ml

& 25 pg/ml

2.0+

1.5+

Kallikrein Activity (OD,;, nM)

0O 2.5 ug/ml  {10.25 pg/ml [ 0.025 yg/ml [J 0.0025 ug/m

s

e [ T 1

[T 1

Control UFH

OSCSs UFH

Chondroitin Sulfate A Synthetic OSCS

Purified Contaminant

2.0

Kallikrein Activity (OD,;, nM)

W 250 pg/ml

10 11 12 13

B 25 ug/ml D25 pg/ml [ 0.25 pg/mi

‘ EII Hll i

il

UFH Samples

14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

OSCS (%) ND 19.3 ND ND ND 6.6 ND ND ND ND 27.4 ND 12.3 145 ND ND 6.0 ND ND 13.7 ND 53 41 ND 24 6.6 183 11.0 ND

Figure 1. Effect of OSCS on Kallikrein Activity.

Pooled human plasma samples were treated with control unfractionated heparin (UFH) or OSCS-contaminated heparin (0.025 to 250 ug
per milliliter) or with chondroitin sulfate A, synthetic OSCS, or purified OSCS contaminant (0.0025 to 25 ug per milliliter). Amidolytic
activity was assessed by the addition of the $-2302 chromagenic substrate (D-Pro-Phe-Arg-p-nitroaniline); the effect on kallikrein amido-
Iytic activity is shown (Panel A). The presence of OSCS in heparin was associated with the induction of kallikrein activity. Twenty-nine
samples of heparin, representing both suspect heparin lots and control lots, were analyzed in a blinded fashion for both the presence of
OSCS and the ability to activate kallikrein (Panel 8). The presence of OSCS was detected and quantified by one-dimensional nuclear
magnetic resonance spectroscopy (see Figure 2 in the Supplementary Appendix). The percentage of each sample that was OSCS is
shown below the plot. Kallikrein amidolytic activity was assessed at various concentrations of heparin; Sample 7 was not analyzed for
kallikrein activity owing to the limited quantity available. ND denotes not detectable, and OD optical density.

oxygen (2 liters per minute), and the rates of ul-
trafiltration and blood flow were slowed. She
recovered after 30 minutes, and dialysis was con-
tinued. Two days later, she again received intra-
venous heparin (5000-U loading dose and 500 U
per hour) from the same lots of heparin from the
same manufacturer (Baxter Healthcare). Imme-
diately after dialysis was initiated, the patient had
an anaphylactoid reaction, with a sudden drop in
blood pressure (to 65/34 mm Hg), dyspnea, nausea,
vomiting, and constitutional symptoms. She was
treated with a bolus of normal saline and oxygen
(2 liters per minute). Hemodialysis was contin-

ued for another hour. The patient continued to
feel ill, was admitted to the hospital, and was dis-
charged 2 days later, after recovery. Further dialy-
sis was performed with the use of heparin from
another manufacturer.

METHODS

TEST SAMPLES
Twenty-nine clinical lots of heparin, including 13
associated with clinical adverse events, were pro-
cured from the FDA and coded as unknown sam-
ples 1 through 29. A laboratory lot of heparin
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was included as a control. For all analytic and
biologic tests, samples were dosed on a weight
basis; specific activity of heparin is typically ap-
proximately 180 U per milligram. OSCS was pu-
rified to homogeneity from a lot of heparin that
was known to be contaminated, as previously de-
scribed.* Briefly, OSCS-contaminated heparin
was subjected to anion-exchange chromatography
followed by alcohol precipitation to isolate the
contaminant.* The identity of the contaminant
was confirmed by means of multiple orthogonal
techniques, including multidimensional nuclear
magnetic resonance (NMR), enzymatic digestion
followed by high-performance liquid chromatog-
raphy, and liquid chromatography-mass spec-
trometry.* After identification of the contami-
nant as OSCS, a synthetic standard was generated
through chemical sulfonation of chondroitin sul-
fate A and was exhaustively characterized to en-
sure authenticity, as previously described.# The
synthetic OSCS was used in spiking experiments
to qualify the analytic procedures (especially
one-dimensional proton NMR, described below)
to determine limits of detection and to establish
accurate quantification.* The limit of detection
for this assay was determined to be 0.3% on a
weight basis for both dermatan sulfate and OSCS.

ANALYTIC METHODS
To ensure accurate identification and quantifica-
tion of any contaminants and impurities, the 29
coded test samples were subjected to orthogonal
analytic techniques. Proton NMR, anion-exchange
chromatography, and capillary electrophoresis were
used to screen the samples for the presence of
OSCS, dermatan sulfate, and other nonheparin
components. The levels of OSCS and dermatan
sulfate were quantified with the use of a 600-MHz
NMR instrument to ensure peak resolution. The
details of quantification, as well as a representa-
tive spectrum, are given in Figure 1 and Table 1
in the Supplementary Appendix. For samples with
unusual patterns, the identity of contaminants or
impurities, including OSCS, was confirmed by
means of detailed characterization, including the
use of multidimensional NMR.#

AMIDOLYTIC ACTIVITY OF KALLIKREIN

Pooled human plasma or factor XII-depleted
plasma (American Diagnostica) was treated with
various concentrations of coded test samples of
heparin, chondroitin sulfate A, or synthetic OSCS
for 5 minutes at 37°C. The amidolytic activity of

kallikrein (with a small contribution of factor
XII)® was assessed by adding the S-2302 chro-
magenic substrate (D-Pro-Phe-Arg-p-nitroani-
line [pNA]) for 30 minutes at 37°C, followed by
spectrophotometric measurement of the absor-
bance at 450 nM.

GENERATION OF C3a AND C5a
Pooled human EDTA plasma or factor XII-deplet-
ed plasma (American Diagnostica) was treated
with various concentrations of OSCS-contami-
nated heparin, control heparin, chondroitin sul-
fate A, or synthetic OSCS for 30 minutes at 37°C.
C3a and C5a activation products of the comple-
ment cascade were assayed by means of a sand-
wich enzyme-linked immunosorbent assay (ELISA),
as specified in the manufacturer’s instructions
(Becton Dickinson and Integrated Biotech Labo-
ratories for C3a and C5a, respectively).

IN VIVO STUDIES
The swine were handled and treated in compli-
ance with the Public Health Service Policy on Hu-
mane Care and Use of Laboratory Animals and
the federal Animal Welfare Act. The experimen-
tal procedures were performed according to the
Institutional Animal Care and Use Committee—
approved protocol of the Virginia Polytechnic In-
stitute and State University, Blacksburg, Virginia.
Domestic Yorkshire crossbred swine were of ei-
ther sex (Virginia Polytechnic Institute and State
University) and ranged in weight from 10 to 25
kg. They were initially anesthetized with an in-
travenous injection of 6 mg of tiletamine hydro-
chloride per kilogram of body weight and 2.2 mg
of xylazine per kilogram, and then a single-lumen
silicone catheter was implanted in the left jugu-
lar vein of each animal. Adequate anesthesia was
maintained throughout the procedure with the
administration of supplemental tiletamine. After
a 5-minute stabilization period, each pig received
an intravenous bolus infusion of 5 mg of the test
substance per kilogram (three to six pigs per test
substance). All the pigs were continuously moni-
tored for vital signs with the use of an oscillo-
metric blood pressure monitor (Cardell 9401/9403,
CAS Medical Systems) for systolic, diastolic, and
mean arterial blood pressures, pulse oximetry
for pulse and respiratory rates, and a rectal probe
for body temperature. At the end of the 60-min-
ute observation period, the animals were eutha-
nized with the use of an intravenous infusion of
Fatal Plus (Vortech Pharmaceuticals) at a dose of
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Figure 2. OSCS-induced Activation of Kallikrein in Normal or Factor XI1-Depleted Plasma.
Control unfractionated heparin (UFH), OSCS-contaminated UFH, chondroitin sulfate A, and synthetic OSCS were
incubated with normal plasma (Panel A) or with factor Xil-depleted plasma (Panel B); OSCS-induced activation of
kallikrein is dependent on factor X, as indicated. Kaolin-containing buffer was evaluated as a positive control acti-
vator of the contact system. Buffer alone was included as a negative control. Amidolytic activity was assessed by the
addition of the S-2302 chromagenic substrate (p-Pro-Phe-Arg-p-nitroaniline). OD denotes optical density.

0.22 ml per kilogram. Blood samples were col-
lected at baseline and at 5, 10, 20, 40, and 60 min-
utes and were kept in 5 mM EDTA. Plasma was
isolated after centrifugation at 4°C and flash-fro-
zen on dry ice. Frozen samples were thawed at 4°C
and assayed for amidolytic activity of kallikrein
with the addition of the S-2302 chromagenic sub-
strate (D-Pro-Phe-Arg-pNA), as described above.

RESULTS

Given the association of activation of the contact
system with negatively charged polysaccharides, we
sought to elucidate whether an in vitro biologic re-
sponse could be correlated with the identity or lev-
els of contaminant within heparin lots. To this end,
we examined the ability of a sample of OSCS-con-
taminated heparin, containing 19.3% wtfwt OSCS
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(Table 1 in the Supplementary Appendix), to acti-
vate kallikrein amidolytic activity in human plas-
ma (Fig. 1A). The contaminated heparin showed a
bell-shaped dose response, which is typical of gly-
cosaminoglycan-mediated responses.>*® At 2.5 and
25 ug per milliliter, robust activation of kallikrein
was found with the contaminated heparin sample
but not with a control sample of uncontaminated
heparin. These concentrations are in the range of
a clinically efficacious concentration of heparin of
approximately 1 to 5 ug per milliliter, based on a
specific activity of about 180 U per milligram. High
concentrations of the OSCS-contaminated hepa-
rin (250 pg per milliliter) induced little or no ami-
dolytic activity of kallikrein, suggesting that at this
concentration, heparin may inhibit or cause de-
pletion of factor XII, as previously described.”11:12
This high concentration of heparin also prevented
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Figure 3. OSCS and the Generation of Complement-Derived C5a
Anaphylatoxin in Human Plasma.

OSCS-contaminated unfractionated heparin (UFH) and control UFH (0.5 to
500 pg per milliliter) (Panel A) or chondroitin sulfate A, synthetic OSCS,
and purified OSCS contaminant (0.005 to 50 g per milliliter) (Panel B)
were incubated with normal plasma anticoagulated with EDTA. The genera-
tion of C5a was assessed by ELISA.

activation of the contact system in response to ka-
olin, a potent activator (data not shown).

To further verify that the contaminant was
responsible for the activation of the contact sys-
tem, OSCS was purified to homogeneity by means
of anion-exchange chromatography followed by
alcohol precipitation. In addition, an OSCS stan-
dard was created through chemical sulfonation of
chondroitin sulfate A, to form OSCS.# The puri-
fied contaminant and the OSCS standard were
identical, as judged by several orthogonal analytic
techniques, including two-dimensional NMR.*
Both the purified contaminant and the synthetic

OSCS showed robust activation of kallikrein ac-
tivity at 0.25 ug and 2.5 ug per milliliter (Fig. 1A).
The peak activity of the purified contaminant and
the synthetic OSCS standard were observed at a
level that was approximately an order of magni-
tude lower than that found for the contaminated
heparin sample. This is consistent with the obser-
vation that the OSCS constituted approximately
20% of the contaminated sample. Chondroitin
sulfate A showed no induction of amidolytic ac-
tivity.

These results are in good agreement with the
observations of Hojima et al.,’ who demonstrated
that oversulfated chondroitin, but not chondroi-
tin A, B, or C, can activate the kinin pathway.
Heparin also activated the contact system in an
in vitro model system involving purified protein
components’*? but did not in plasma,'® suggest-
ing that negative-regulatory factors present in
plasma may prevent activation of the contact sys-
tem by heparin. One such mechanism is the fact
that heparin is known to enhance antithrombin
IIT-mediated inhibition of factor XII. Our results
indicate that OSCS, in contrast to heparin but
similar to dextran sulfate,’3 can activate the con-
tact system in plasma.

The 29 heparin samples procured from the
FDA, consisting of both suspect heparin lots as-
sociated with clinical events as well as control
heparin lots, were screened in a blinded fashion
for both the presence of OSCS and the ability to
activate the contact system (Fig. 1B). There was
complete correspondence between the presence
of detectable amounts of OSCS by one-dimen-
sional proton NMR and the ability of a sample
to induce robust amidolytic activity of kallikrein
(Fig. 1B). The biologic activity was generally char-
acterized as an all-or-none response, with all 13
samples containing detectable levels of OSCS hav-
ing a positive response at 25 ug or 2.5 ug per
milliliter. Sample 11, which contained the high-
est level of contaminant (27.4%), also showed
activity at 0.25 ug per milliliter, whereas Sample
25, which contained the lowest level of contami-
nant (2.4%), showed only modest activity at 2.5 ug
per milliliter. In contrast, there was no associa-
tion between the level of inducible kallikrein ac-
tivity and the level of dermatan sulfate (Fig. 2 in
the Supplementary Appendix), an impurity found
in many heparin preparations.

Direct activation of the contact system by the
contaminated heparin and the synthetic OSCS
standard was confirmed through the use of hu-
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Figure 4. OSCS Induction of Complement-Derived C3a and C5a Anaphylatoxins and Its Relationship to the Contact System.
Factor Xll-depleted plasma was incubated with chondroitin sulfate A, OSCS, or control buffer in the presence or absence of 5 mM
EDTA, zymosan (1 mg per milliliter), or aprotinin (400 IU per milliliter) (Panel A). Specific samples were reconstituted with purified fac-
tor XII, as indicated. Normal human plasma or factor Xli-depleted plasma was incubated with chondroitin sulfate A, OSCS, or control
buffer in the presence or absence of 5 mM EDTA, zymosan (1 mg per milliliter), or both (Panel B). C3a and C5a generation was assessed
by means of enzyme-linked immunosorbent assay (ELISA).

man plasma depleted of factor XII, the upstream
activator of prekallikrein** (Fig. 2). The contami-
nated heparin, the synthetically derived OSCS, and
the positive control (the kaolin-containing reagent)
all failed to induce the amidolytic activity of kal-
likrein in factor XII-deficient plasma.

We next examined the ability of contaminated
heparin to generate C3a and C5a, potent anaphyla-
toxins derived from complement proteins. Expo-
sure of human plasma to the contaminated hepa-
rin, but not to control heparin, induced the
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production of C5a (Fig. 3). OSCS-induced C5a gen-
eration showed a bell-shaped dose response sim-
ilar to that found for kallikrein activation. Peak
C5a activity was observed at 50 ug and 5 ug per
milliliter of heparin containing 19.3% OSCS. At
500 ug per milliliter, significant generation of C5a
was not observed. Similar results were obtained
with the purified OSCS isolated from contami-
nated heparin and the synthetic OSCS standard,
but not with chondroitin sulfate A.
Surprisingly, the generation of C5a by OSCS-
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contaminated heparin was more robust in the
presence of EDTA, a Ca?*- and Mg?*-chelating
agent, than in the absence of EDTA. The classic
and alternative pathways of complement activa-
tion are known to be dependent upon Ca?* and
Mg?*, respectively. As expected, EDTA blocked
C3a and C5a generation in response to zymosan,
a potent activator of the alternative pathway (Fig.
4). These results suggested the possibility that
OSCS induces the generation of C3a and C5a in
a manner that bypasses the C3 and C5 conver-
tases. To determine whether the generation of
C3a and C5a was linked to the activation of the
contact system, we next examined C3a and C5a
generation in factor XII-depleted plasma (Fig. 4).
As expected, zymosan induced the generation of
C3a and C5a in factor XII-depleted plasma, and
this activity was inhibited by EDTA. In contrast,
neither C3a nor C5a was generated in factor XII-
depleted plasma activated with OSCS, suggest-
ing that OSCS bypasses the normal pathways for
complement activation in a manner that is de-
pendent on contact activation through factor XI1.
The generation of C5a could be restored by re-
constituting the factor XII-depleted plasma with
purified factor XII (Fig. 44). This finding is fur-
ther supported by the observation that C5a gen-
eration induced by OSCS-contaminated heparin
can be inhibited by aprotinin, a protease inhibi-
tor of kallikrein but not of factor XIla (Fig. 4A).
Crosstalk between the contact system and the
complement cascade has been suggested previ-
ously.218 For example, factor XII has been shown
to activate the classical pathway by activating
C1.%5 It has also been proposed to substitute for
factor D in activating the alternative pathway.1®
However, in these cases, activation of the comple-
ment cascade still occurs through divalent cat-
ion—dependent pathways. Kallikrein has been
shown to act directly on C5 to generate C5a-like
biologic activity.?” Both kallikrein and factor XII
can activate the plasminogen pathway leading to
the activation of plasmin, which has also been
implicated in complement activation.® Prelimi-
nary data suggest that OSCS is unable to induce
C5a generation in plasminogen-depleted plasma
(data not shown).

To identify an appropriate species for in vivo
testing of OSCS, a panel of plasma samples were
screened for amidolytic activity in response to
OSCS-contaminated heparin (Fig. 5A). Only swine
plasma supported robust amidolytic activity of
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Figure 5 (facing page). In Vitro and In Vivo Activity
of OSCS.

Human, rat, rabbit, pig, and horse plasma samples
were incubated with various concentrations of OSCS-
contaminated unfractionated heparin (UFH) or control
UFH (Panel A). Kaolin-containing buffer was tested as
a positive control. Buffer alone was included as a nega-
tive control. Kallikrein amidolytic activity was assessed
by the addition of the $-2302 chromogenic substrate;
OSCS induces hypotension and kallikrein activity in
swine (Panels B and C). Anesthetized Yorkshire cross-
bred pigs (three to six pigs per group) were treated
with a single intravenous bolus (5 mg per kilogram)

of control UFH, OSCS-contaminated UFH, chondroitin
sulfate A, or synthetic OSCS. Representative data for
the heart rate, the mean arterial pressure, the systolic
blood pressure, and the diastolic blood pressure are
shown (Panel B). EDTA-anticoagulated plasma was col-
lected at baseline and at 5, 10, 20, 40, and 60 minutes
after infusion of test samples (Panel C). OD denotes
optical density.

kallikrein in response to kaolin and OSCS-con-
taminated heparin but not control heparin. In
contrast, rabbit, horse, and rat plasma showed
moderate-to-robust amidolytic activity in response
to kaolin but not to OSCS-contaminated heparin.
These findings are consistent with a report that
initial attempts to provoke an allergic response
with suspect lots of heparin were unsuccessful.?
Similarly, we found that rabbits treated with 5 mg
of intravenous OSCS-contaminated heparin per
kilogram showed no change in temperature, blood
pressure, or heart rate as compared with rabbits
treated with control heparin (data not shown).
Wiggins'® demonstrated previously that dextran
sulfate can induce hypotension in rabbits, but only
at a high dose (20 mg per kilogram) and in a
manner independent of complement or kinin ac-
tivation. In contrast, moderate doses of dextran
sulfate (5 mg per kilogram) induced a robust hy-
potensive response in pigs that was dependent on
activation of the contact system.2°

To test the in vivo activity of OSCS, pigs were
treated with a single intravenous dose (5 mg per
kilogram) of OSCS-contaminated heparin, control
heparin, synthetic OSCS, or chondroitin sulfate
A and were monitored for 60 minutes. Animals
treated with control heparin and those treated
with OSCS-contaminated heparin showed simi-
lar anti-Xa activity during the entire 60-minute
observation period (activity at 5 minutes, approxi-
mately 3 to 4 IU per milliliter) (Fig. 4 in the Supple-
mentary Appendix). Animals treated with chon-
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droitin sulfate A or synthetic OSCS showed no
anti-Xa activity. These results suggest that any
anticoagulant activity of OSCS is mediated through
a non—antithrombin III-dependent mechanism.
Two of six animals treated with OSCS-contami-
nated heparin had at least a 30% drop in blood
pressure over the first 30 minutes after infusion
(Fig. 5B). One animal remained in a hypotensive
state for more than 15 minutes. In contrast, none
of the four animals treated with control heparin
showed any substantive changes in blood pressure.
The adverse events were more severe in pigs
treated with the synthetic OSCS, a result consis-
tent with the greater exposure to OSCS in ani-
mals treated with pure OSCS as compared with
contaminated heparin containing approximately
20 to 30% OSCS. All three pigs treated with
synthetic OSCS showed a profound drop in blood
pressure (maximal decrease, 45 to 59%) and a
concurrent increase in heart rate within minutes
after infusion. One animal had difficulty breath-
ing and became cyanotic after a precipitous drop
in blood pressure. The heart rate of a second
animal increased from 114 beats per minute to
196 beats per minute within 4 minutes after the
infusion of OSCS. The third pig showed a tran-
sient but pronounced spike in heart rate with a
corresponding drop in blood pressure (Fig. 5B).
In contrast, none of the three pigs treated with
chondroitin sulfate A showed any significant
changes in blood pressure or heart rate within
the first 30 minutes after drug infusion. Thus, in-
travenous infusion of OSCS is capable of recapitu-
lating the hallmark cardiovascular features of
the reaction in swine. The changes in physiolog-
ical parameters were mirrored by rapid induction
of the amidolytic activity of kallikrein (Fig. 5C).
Kallikrein activity remained high throughout the
observation period, even after the vital functions
returned to normal, suggesting depletion of high-
molecular-weight kininogen and inactivation of
bradykinin by kininases in vivo, as previously
shown with dextran sulfate.?° Induction of kal-
likrein activity was evident in all animals that re-
ceived OSCS-contaminated heparin, even when no
substantive changes in blood pressure were ob-
served. These findings suggest that activation of
kallikrein does not always manifest as clinical
symptoms, perhaps because of individual varia-
tion in control mechanisms that regulate brady-
kinin activity. Nonetheless, these results also sug-
gest that swine may be an appropriate species in

which to assess the potential consequences of
OSCS contaminant in cardiovascular and dialy-
sis models as well as in heparin-coated devices.

DISCUSSION

The recent reports of allergic-type serious adverse
events in patients receiving heparin and the sub-
sequent detection of widespread contamination
have caused intense international concern about
the safety of this essential drug. Urgent problems
included an immediate and unknown risk to pa-
tients’ lives, a threat to the supply of a widely used,
essential drug, and the need for international co-
operation in managing the integrity of a global
supply chain. This crisis necessitated an urgent
need to both understand the basis for these clin-
ical events and to prevent future occurrences. The
development of an analytic assay for OSCS, cou-
pled with the rapid response of manufacturers
and regulatory authorities around the world, has
undoubtedly limited the harm. However, in the
absence of a biologic link between the OSCS con-
taminant and the adverse events, the adequacy of
screening heparin lots to prevent a recurrence is
a concern.

Determining whether a link exists between the
presence of OSCS and a biologic response required
the convergence of two distinct analyses. First, there
was 2 requirement to develop analytic techniques of
sufficient sensitivity and specificity to ensure accu-
rate identification and quantification of contami-
nants or impurities that are present within hepa-
rin. Second, there was a requirement to develop a
sensitive, clinically appropriate biologic test to de-
termine at what levels, if any, the OSCS would have
relevant biologic activity.

With regard to the analytic techniques, a tiered
approach was required to ensure effective trans-
lation to biologic characteristics. Screening meth-
ods were developed to rapidly identify whether
heparin lots were contaminated or impure. Then,
methods were further developed to enable quan-
tification of the contamination levels. Finally,
more sophisticated techniques, such as multidi-
mensional NMR, enabled complete characteriza-
tion of the contaminant or impurity. This tiered
approach was necessitated by the fact that hepa-
rin is a polydisperse mixture of glycosaminogly-
can chains; orthogonal techniques were therefore
required to ensure capture of the other nonhepa-
rin components.
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Here, we demonstrate that the OSCS present in
suspect heparin lots, as well as a synthetic OSCS
standard, can directly activate the contact system
and induce the generation of C3a and C5a ana-
phylatoxins in vitro. Moreover, OSCS activates kal-
likrein in vivo and can induce a profound hypoten-
sive response in pigs, thus providing a potential
biologic link between the contaminant and the
anaphylactoid reactions seen in affected patients.
The finding that hypotension did not develop in all
animals treated with OSCS-contaminated heparin,
even at a relatively high dose, is consistent with the
observation that the majority of patients who re-
ceived contaminated heparin did not experience an
adverse event. However, it is important to note that
all animals treated with OSCS-contaminated hepa-
rin showed evidence of kallikrein activation in vivo,
even in the absence of clinical signs. Patients un-
dergoing dialysis who are also receiving heparin
therapy are already at high risk for hypotension
because of their exposure to the dialysis mem-
brane, which can also activate the contact system,
and their treatment with angiotensin-converting—
enzyme inhibitors, which inhibit bradykinin degra-
dation. Exposure to OSCS-contaminated heparin

may further increase the risk and could potentially
trigger an adverse event. Finally, these findings
also suggest that a simple in vitro bioassay could
complement the previously described analytic
tests* to help protect the global supply chain of
heparin, by allowing the screening of heparin
lots for the presence not only of OSCS but also of
other polysulfated contaminants that may have
unintended pharmacologic consequences.
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