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You’ll wonder where the yellow went: A 30-year perspective on the near-eradication
of post-transfusion hepatitis
this would be a lifetime endeavor. My first
The story I will relate here traces the nearfunction was to continue and expand on
total eradication of transfusion-associated
HARVEY J. ALTER
prospective studies of post-transfusion hehepatitis over the course of three decades.
I am perhaps the thread that links these events, but the story is a patitis initiated by John Walsh, Bob Purcell, Paul Holland and
fabric woven by many collaborators who played essential parts Paul Schmidt. Walsh and colleagues had already demonstrated
and by the conducive environment of the National Institutes of the inordinately high hepatitis risk of blood transfusion and,
Health (NIH) intramural program that has nurtured these clini- particularly, the risk of paid-donor blood. In 1970, Holland,
cal investigations. The story and my research career began in the Schmidt and I, in a still-memorable meeting that would later inearly 1960s when, as an NIH Clinical Associate, I investigated the fluence national blood policy, decided that the continued use of
non-cellular causes of febrile transfusion reactions by screening paid donors could not be tolerated and also concluded that we
multiply transfused patients for antibodies against serum pro- should introduce donor screening for what was by then called
teins using agar gel diffusion. Ouchterlony plates were piled high the hepatitis-associated antigen. I then simultaneously did a reton my lab bench, the way unread manuscripts are today. One rospective analysis that demonstrated the value of hepatitis B
day Richard Aster told me that he had heard an interesting lec- antigen testing and initiated a new prospective study to assess
ture by Baruch Blumberg, who was using similar methodology to the effect of this dual change in the donor supply. The result was
investigate protein polymorphisms. I visited Blumberg and substantial: hepatitis incidence among patients undergoing
began a collaboration that within a year uncovered an unusual open-heart surgery plummeted from 33% to 9.7% (ref. 3) (Fig. 2).
precipitin line resulting from the reaction between sera from a We calculated that the main determinant of this reduction of
patient with hemophilia and an Australian Aboriginal person about 70% was the exclusion of paid donors. Indeed, retrospec(Fig.1). The line was unusual in that it stained only faintly with tive testing for hepatitis B virus (HBV) markers showed that only
lipid dyes, in contrast to the lipoprotein polymorphisms that 20% of the hepatitis found before antigen screening was related
were then being studied. Because it stained red with the azo- to HBV. The recognition of transfusion-associated non-B hepaticarmine counter-stain, we initially called this the red antigen, tis therefore evolved. Improved hepatitis B antigen assays
then debated calling it the Bethesda antigen and ultimately brought hepatitis B transmission to near zero by 1977. In 1973,
called it the Australia antigen, based on the evolving nomencla- Steve Feinstone, who had the unenviable task of sifting through
ture for new hemoglobin discoveries. Subsequent investigations stool specimens in the bowels of NIH building 7, used immune
showed the prevalence of Australia antigen to be only 0.1% in electron microscopy to discover the hepatitis A virus, in collabothe donor population, but very high (10%) in patients with ration with Al Kapikian and Bob Purcell4. We immediately
leukemia. The first publication on the Australia antigen1 cited delved into our repository of non-B hepatitis cases and were surthis association with leukemia in the title. We considered that prised to find that not a single case was due to hepatitis A virus5.
the antigen might be a component of the long-postulated In a less-than-brilliant foray into nomenclature, we designated
leukemia virus. In retrospect, the antigen merely reflected the these cases non-A, non-B (NANB) hepatitis. Bob Purcell, in parhigh transfusion exposure and the immunocompromised status ticular, felt that we should not call the agent the hepatitis C virus
of these patients. My initial first-author publication was the bio- until we had proved transmissibility and until we established the
physical characterization of the Australia antigen2.
number of agents that might be involved. In our optimism, we
In 1964, I left the NIH to complete my training in internal did not suspect that the designation non-A, non-B would persist
medicine and hematology, and Blumberg moved to the Institute for 15 years before its specific etiology could be defined.
for Cancer Research in Philadelphia, where
he continued to pursue the importance of
the Australia antigen. Both serendipity and
good science led, by 1968, to the linkage of
this antigen to viral hepatitis, a link that
transformed the study of hepatitis, protected the blood supply, led to a hepatitis B
vaccine and culminated in the Nobel prize.
I returned to the NIH in 1969 to investigate the causes and prevention of posttransfusion hepatitis and to pursue clinical Fig.1 An Australian Aborigine (left) and the precipitin line formed between the aboriginal serum
investigations of hepatitis B and its associ- and that of a multiply transfused patient with hemophilia (right). The precipitin failed to stain for
ated antigens. I had no premonition that lipid, but stained red with the azocarmine counter-stain for protein.
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As these virologic and immunologic
studies were proceeding in the late 1970s
and early 1980s, my main focus was to de35
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fine the clinical consequences of NANB
virus infection and to establish an assay
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ing. The former proved easier than the latter. The entity NANB hepatitis initially
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of chronic hepatitis, and that 20% proYear
gressed to cirrhosis over the course of one
Fig. 2 The decreasing incidence of transfusion-associated hepatitis in blood recipients monitored
to two decades. Later, after the discovery
prospectively. Incidence, traced from 1969 to 1998, demonstrates a decrease in risk from 33% to
of HCV, we expanded these natural hisnearly zero. Arrows, main interventions in donor screening and selection that effected this change.
tory studies in both asymptomatic
donors12 and transfusion recipients13, the
In 1975, as the prospective studies continued, my attention latter in collaboration with Leonard Seeff, and confirmed that
was directed at proving NANB hepatitis transmission in the 20–30% of HCV-infected individuals have severe histologic outchimpanzee model. Earlier attempts at chimpanzee transmission comes. However, equally important, these studies showed that
had failed, but I reasoned that we could use the highly pedigreed about 20% of HCV-infected individuals undergo spontaneous resamples from our prospective studies and use inocula in volumes covery and that most have an indolent, perhaps non-progresequivalent to blood transfusion in humans. We achieved success sive, course. In collaboration with Farci and Purcell, we have also
in our first attempt, as five of five chimpanzees developed in- shown the considerable viral diversity (‘quasispecies’) of HCV increases in alanine aminotransferase (ALT) at appropriate inter- fection and that the extent of diversity in the acute phase of illvals after inoculation6. We were later able to use this same ness predicted whether chronic infection would ensue14.
approach and accomplish the first experimental animal transThe histologic studies that documented progression to cirrhomission of human immunodeficiency virus7. In the absence of a sis made it even more imperative to develop a blood-screening
tissue culture system, an observed particle or a serologic assay, assay. In the decade from 1978 to 1988, we attempted every perthe availability of an animal model was essential to further study mutation of serologic approaches to assay development. Despite
of the NANB agent. Throughout these prospective studies, my using ‘highly pedigreed’ infectious specimens, ‘presumed conmain collaborator was Bob Purcell of the National Institute of valescent’ sera, eluted fractions, purified gamma globulins and
Allergy and Infectious Diseases, who provided the basic research the most-sensitive radio-immune assay approaches, we were unarm necessary to propel the investigations of NANB. From able to develop a specific serologic test for this elusive agent. In
among the 50 NANB hepatitis cases identified at that time, I se- the absence of a specific assay, we looked for ‘surrogate’ markers
lected a patient (H) who had a particularly severe acute NANB that might identify NANB carriers. The most logical approach
hepatitis and from whom we had obtained apheresis units while was measuring ALT. Although a retrospective analysis of our
his ALT levels were increasing. Purcell established a titration se- prospective collections showed that increases in ALT in the
ries of the H plasma and then did infectivity studies in the donor correlated with hepatitis transmission15, we were unable
chimp. H had an infectivity titer of 106.5 CID50/ml (chimp infec- to show the efficacy of this ‘surrogate’ assay in a subsequent
tious doses50), allowing us to then undertake a series of manipu- prospective study. We then sought other measures of donor inlations of the virus and to test their effect on infectivity. Such tervention and reasoned that donors who had been exposed to
studies by Feinstone8, He9 and others showed that the NANB HBV might also be more likely to have been exposed to NANB;
agent was sensitive to chloroform and less than 30 nm in diame- such donors were likely to have recovered from HBV infection
ter, based on filtration. The agent of NANB hepatitis thus seemed and pass the donor screen, but might be persistent carriers of
to be small, lipid-enveloped, blood-transmissible and responsible NANB. Thus, we used antibody against hepatitis B core antigen
for most residual cases of transfusion-associated hepatitis. (HBc) as an index of past HBV infection, and showed in a retroSubsequently, Patrizia Farci from the University of Cagliari, in spective analysis of our cohort that donors with antibody
collaboration with Purcell and I, did a series of chimpanzee stud- against HBc were four times more likely to transmit NANB heies10,11 in which she mixed chronic phase serum from patient H patitis and that their exclusion might prevent 30% of such
with the acute-phase infectious inoculum and studied the infec- transmissions16. These data and those from a multicenter collabtivity of the mixture in the chimp model. These studies made the orative transfusion-transmitted viruses study17 convinced the
important observation that neutralizing antibodies against he- main blood organizations to implement testing for antibodies
patitis C virus (HCV) develop, but are very strain-specific and, in against HBc and for ALT in routine donor screening in 1987. It
most cases, incapable of preventing the emergence of viral vari- was difficult to measure the specific effect of these ‘surrogate’ asants that lead to persistent infection.
says because the threat of transfusion-associated AIDS had
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emerged and the ‘surrogate’ assays were introduced in concert
with more-intensive questioning of donors regarding high-risk
behavior and by a lessened use of allogeneic blood. Nonetheless,
we could show that these combined measures served to decrease
hepatitis incidence to 4.5% by 1989 (Fig. 2). Efforts to develop a
specific NANB assay continued throughout the 1980s, although
the main effort by Chiron was kept well concealed.
During this time, I had developed a panel of sera consisting of
duplicate coded samples that had been proved to be infectious in
the chimp or non-infectious in humans. By 1989, many different
laboratories claimed to have developed a NANB assay and asked
to test the panel. None was able to break the code and by 1989,
the score was viruses, 20; investigators, zero. At that time, I received a call from George Kuo at Chiron, saying that they too felt
they had a NANB assay. I sent George the remnants of the nowdwindling panel and within days received their results followed
by several anxious calls asking if I had yet broken the code.
When I did, I was excited to find that Chiron had detected all but
two of the infectious sera and had properly found all the non-infectious sera to be negative. Further, the two samples that they
missed were acute-phase sera, and subsequent samples from
these same patients proved to be positive for what Chiron now
called the hepatitis C virus. Michael Houghton will describe the
events that preceded this discovery.
Using the newly developed assay for antibodies against HCV,
we again delved into our repository and were able to rapidly
show that 88% of NANB hepatitis cases seroconverted for antibody against HCV, that the development of antibody was in
temporal relationship to the course of hepatitis and that in-

fected patients could be linked to infected donors18. Thus, by
1990 it was clear that HCV was the principal agent of NANB hepatitis, and universal donor screening was initiated. We established a new prospective study to measure the effect of such
testing and to define the extent of residual hepatitis unrelated
to HBV or HCV. The first-generation assay for antibody against
HCV resulted in a further 70% decrease in hepatitis incidence
to a residual rate of 1.5%, and a more-sensitive second-generation assay, introduced in 1992, nearly eliminated HCV transmission (Fig. 2). Although mathematical modeling indicates
that antibody-screened blood might still transmit HCV to
1:100,000 to 1:200,000 recipients, the observed decrease from
33% in 1970 to nearly zero in 1997 stands as a testament to the
cumulative effectiveness of a series of donor screening interventions that were evidence-based. Viral nucleic acid testing of
donors and improved viral inactivation technologies will soon
bring transmission of hepatitis and human immunodeficiency
virus from near-zero to absolute zero. I am now looking for another line of work.
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The hepatitis C virus: A new paradigm for the identification and control of infectious disease
Identification of the hepatitis C virus

immunoscreening approach applied to
The problem of non-A, non-B (NANB) heMICHAEL HOUGHTON
recombinant λgt11 (ref. 24) cDNA lipatitis emerged in 1975, after serological
braries prepared from total RNA and DNA
tests for hepatitis A virus (HAV) and hepatitis B virus (HBV) were extracted from infectious chimpanzee plasma25. Serum from a
developed. It then became evident that most hepatitis cases patient diagnosed with NANB hepatitis was used as a presumed
after transfusion were not due to either HAV or HBV, and that (but unproven) source of NANB-hepatitis-specific antibodies to
the risk of NANB hepatitis after blood transfusions was as high identify just one viral cDNA clone from a complex cDNA library
as 10% or even greater5. Later, it also became evident that NANB constituting one million other cDNAs. Formal proof of its etiohepatitis occurred frequently in the form of sporadic, commu- logical origin came from the demonstration that the clone was
nity-acquired infections. A frustrating period of 13 years fol- not derived from the host genome, that it bound a large RNA
lowed, in which the methods successfully used to identify HAV molecule of around 10,000 nucleotides found only in NANB-heand HBV all failed to result in the molecular identification of patitis-infectious materials, and that it was derived from a posithe etiological agent(s) of NANB hepatitis. No NANB-hepatitis- tive-stranded RNA encoding a protein that induced antibodies
specific antigen, antibody or cell culture system was identified, only in NANB hepatitis-infected individuals25,39. The RNA
and this lack of a molecular ‘handle’ limited progress in identi- genome also encoded a large polyprotein of about 3,000 amino
fying the causative agent(s) of NANB hepatitis19. However, a acids that had distant primary sequence identity with members
chimpanzee model successfully developed by several groups6,20,21 of the Flaviviridae family26. HCV was therefore identified by diwas exploited to show that one NANB hepatitis agent induced rect molecular cloning of its genome in the relative absence of
characteristic membranous tubules within the endoplasmic knowledge concerning the nature of the infectious agent and
reticulum of infected chimpanzee hepatocytes22. Known as the the immune response. This ‘blind’ method could be of value in
tubule-forming agent, it was later shown to be filterable and to the future in unearthing other unknown infectious agents inlose infectivity after treatment with organic solvents, consistent volved in disease. The molecular identification of HCV was the
with its being a lipid-enveloped virus, possibly a toga-like or culmination of a team effort25 spanning 7 years, during which
flavi-like virus9,23. Other data supported the existence of an HBV- hundreds of millions of bacterial cDNA clones were screened for
like NANB hepatitis agent19 as well as a chloroform-resistant a putative NANB hepatitis origin using many different ap(non-enveloped) NANB hepatitis virus23 and possibly other proaches. The successful approach involved Qui-Lim Choo in
my Laboratory at Chiron and the laboratories of George Kuo
NANB hepatitis agents22.
Eventually, what turned out to be the main form of parenter- (Chiron) and Daniel Bradley (CDC). I accept the award on beally transmitted NANB hepatitis was identified using a ‘blind’ half of these collaborators (Fig. 3).
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