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Objective: Chronic hepatitis B virus infection is one of the most serious infections and a major
risk factor for deaths from cirrhosis and liver cancer. We estimate age-, sex- and region-specific
prevalence of chronic HBV infection and calculate the absolute number of persons being chronically
infected.

Methods: A systematic review of the literature for studies reporting HBV infection was conducted and
worldwide HBsAg seroprevalence data was collected over a 27-year period (1980-2007). Based on
observed data, age-specific p e and icity were d on a global tevel and for all world
regions for 1990 and 2005 using an empirical Bayesian hierarchical model.

Findings: From 1990 to 2005, the prevalence of chronic HBV infection decreased in most regions. This was
particularly evident in Central sub-Saharan Africa, Tropical and Central Latin America, South East Asia
and Central Europe. Despite this decrease in prevalence, the absolute number of HBsAg positive persons
increased from 223 million in 1990 to 240 million in 2005. Age-specific p e varied by geographical
region with highest icity levels in sub-Sah Africa and prevalence below 2% in regions such as
Tropical and Central Latin America, North America and Western Europe. Asian regions showed distinct
prevalence patterns with lower intermediate prevalence in South Asia, but up to 8.6% HBsAg prevalence
in East Asia. Strong declines were seen in South East Asian children.

Conclusion: Declines in HBV infection prevalence may be related to expanded immunization. The increas-
ing overall number of individuals being chronically infected with HBV, and the widespread global
differences in HBV prevalence call for targeted approaches to tackle HBV-related mortality and mor-
bidity. HBV infection prevalence data are needed at country and sub-national level to estimate disease
burden and guide health and vaccine policy.

© 2012 Eisevier Ltd, Al! rights reserved.

1. Introduction

Knowledge of region- and age-specific prevalence of hepatitis
B infection is important for evaluating vaccination programs and
national disease prevention and control efforts. Furthermore, any

deling and of the di:

levels.

HBV is spread predominantly by percutaneous or mucosal expo-
sure to infected blood and other body fluids with numerous forms

* Comresponding author. Tel: +41 22 791 1511.
E-mail address: wiersmas@who.int {(S.T. Wiersma).

burden associated with the
hepatitis B virus (HBV) requires prevalence estimates. So far, global
studies on HBV seroprevalence are limited and comprehensive data
are not available for many countries. In addition, demographic
changes and éxpanded vaccination can create new epidemiological
patterns of the virus which impact on regi

of human transmission. The sequelae of HBV infection include acute
and chronic infection, cirrhosis of the liver and primary liver can-
cer. The likelihood of progression to chronic infection is inversely
related to age at the time of infection. Around 90% of infantsinfected
perinatally become chronic carriers, unless vaccinated at birth. The
risk for chronic HBV infection decriases to 30% of children infected
between ages 1 and 4 years and to less than 5% of persons infected
as adults {1,2].

Chronic HBV infection progresses nonlinearly through 3-4
phases from the immune-tolerant phase to immune clearance or

pecific endemicity

tive phase, to nonreplicative inactive phase and possible
reactivation [3,4]. After infection with HBV, most patients either
develop immunity (87-90%) and clear the infection or become
chronic carriers. A lower percentage will develop liver disease or
chronic active hepatitis with an increased risk of developing cir-
rhesis, liver cancer or both [5}. The fatality of these diseases as well
as their attribution to hepatitis infection is well known: 600,000
HBV-related deaths were estimated to occur annually {6) and 73%
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of all liver cancer deaths worldwide are due to hepatitis viruses,
with much higher proportions in low and middle income countries
[7].

The complex serology and natural history associated with HBV
infection creates challenges for the assessment of HBV prevalence
and the provision of comparable global estimates. This is due to
the availability of multiple laboratory markers for hepatitis B infec-
tion. Antibodies and antigens associated with this infectioninclude
hepatitis B surface antigen (HBsAg), antibody to hepatitis surface
antigen (anti-HBs), antibody to hepatitis B core antigen (anti-HBc),
andIgM antibody subclass of anti-HBc (lgM anti-HBc). Some studies
also report markers of high HBV replication such as hepatitis B “e”
antigen (HBeAg), antibody to HBeAg (anti-HBe), and quantitative
HBV-DNA.

HBsAg is the main dlinical marker indicating acute or chronic
infection and prevalence as well as endemicity of HBV infection
is defined by the presence of HBsAg [8]. HBsAg testing is the
primary way to identify persons with chronic HBV infection and
several characteristics of this serological marker increase the pre-
cision of HBsAg estimates, including high specificity, long serum
persistence, low possibility of chronic cases losing HBsAg [3.8,9].
However, routine population surveillance of chronic viral hepati-
tis is currently rare. Standardized monitoring would help not only
in quantifying the disease burden on a population level but also
in determining the characteristics of infected individuals, avoid-
ing further transmission and allocating appropriate treatment. This
is particularly important for populous countries that have been
previously categorized as highly endemic for chronic hepatitis B
infection such as China, Indonesia, Nigeria and parts of Africa and
Asia, where an immense absolute number of people live with the
virus [6,8]. However, up to date region-specific and globally com-
parable chronic HBV prevalence data are lacking and no relevant
meta-analysis has been published on this topic. In addition, the

absolute number of individuals being chronically infected with HBV_

is not known.

In the light of this gap, the objective of our study is to estimate
age- and region specific HBsAg prevalence in 1990 and 2005 by con-
ducting a systematic review and modeling HBsAg prevalence. This
investigation is part of the Global Burden of Diseases, Injuries, and
Risk Factors Study, which carries out complete systematic assess-
ments of global data on disease and risk factors in order to produce
comparable estimates for two time periods, 1590 and 2005.

We provide detailed HBsAg prevalence estimates that are cate-
gorized by the 21 regions as defined by the Global Burden of Disease
Study and geographically mapped by endemicity level. The Global
Burden of Disease regions are based on geographic regions or con-
tinents and are grouped based on child and adult mortality levels
and major causes of death in each country (see Section 2).

2. Methods
2.1. Systematic review

A systematic review of published literature and data was con-
ducted toidentify articles reporting prevalence of hepatitis B, C, and
D virus infection for all countries over a 27-year period, from 1980
to 2007. Articles published in this time frame were included regard-
less of when the data were collected. Within each database, medical
subject heading terms and freetext search terms were included to
identify article abstracts that contained (1) a term related to the
hepatitis B, C or D virus or their markers of hepatitis infection and

{2)aterm related to either prevalence, incidence, or di burd

orincidence. Where abstracts were incomplete or missing, the full-
text article was retrieved and reviewed manually to determine if
it reported prevalence of hepatitis B or C virus infection. A total of
6064 English citations were found (3273 Medline, 2283 Embase,
508 Cinhal). Review articles, outbreak investigations and national
infections disease notification reports were excluded since they
provide information on incident or acute cases. Data reported in
the article had to be reasonably representative of the general pop-
ulation rather than conducted among a special high-risk group (i.e.
injecting drug users, HIV-positive individuals) or a population that
was selected based on a risk factor for viral hepatitis or a condition
associated with hepatitis infection (Fig. 1, exclusion criteria).

After applying manual de-duplication and the exclusion criteria
on the abstract, 1233 articles were obtained (references are listed
in Web Annex 1). These were further screened for the specified
exclusion criteria and for HBsAg as the marker of interest in the full
text before country-specific prevalence information was extracted.
For one country, the United States (US), a representative primary
national data source was available and data were included only
from articles reporting prevalence from the National Health and
Nutrition Examination Survey (NHANES) [10,11}.?

Artidles only reporting HCV marker (222) and those reporting
summary or other markers of HBV (82) were excluded; 396 articles
were determined to meet all eligibility criteria,

2.2. Analysis and modeling of data

Age-, sex- and country-specific HBsAg seroprevalence data were
extracted, Additional information obtained was: primary author,
year of publication, number of individuals tested for HBsAg, lab-
oratory test/method, and study year. If the year was missing, two
years prior to publication was assumed as the study year. In case
age was not further specified, it was imputed based on contextual
information such that pregnant women and those giving birth were
assumed to be 15-49 years, army recruits and soldiers between 18
and 45 years, blood and organ donors between 17 and 65 years,
and schoot children between 5 and 15 years. Extracted data were
grouped according to 21 Global Burden of Disease Regions (Web
Annex 2) and assigned a quality rating based on population size,
sampling and representativeness of the general population. Using
the extracted study seroprevalence data, prevalence of HBsAg was
modeled using Dismed 111 v3.0, a generic disease modeling system
[12]. DisMod III aims to synthesize data to generate estimates of the
disease burden associated with more than 200 dissases and over
20 major risk factors for the Global Burden of Disease 2010 study
{13]. DisMod 11l models multiple disease parameters, includinginci-
dence, prevalence, remission, and mortality, in order to ensure
consistency among the parameters. Data on each of these parame-
ters are synthesized using a hierarchical empirical Bayesian model
to make estimates for 21 world regions based on observed data in
€ach modeled region, data observedin other regions, and data from
other time periods (by estimating a time trend). Briefly, Dismod
TNl first fits an empirical prior estimate separately for each disease
parameter(e.g., prevalence and incidence). The empirical prior has
the following elements: geographic hierarchy, in which estimates
for each region are informed by data from the same region and (to
a lesser extent) data from other regions; a flexible age pattern; a

linear time trend; and an offset for data on males. Second, for each ™

time period (1980-1996 and 1997-present), sex, and region (of 21
world regions), Dismod fits a Bayesian model using all datain that

(search terms available by request from the author). Results were
restricted to original research articles in English. Abstracts were
screened and were required to report hepatitis B or C prevalence

! The definition of chronic HBV infection and the respective marker used slightly
varied by period of survey conduction. From 1988 on, HBV infection was defined as
the presence of anti-HBc and HBsAg. We have included this estimate since all HBsAg
positive individuals should be expected to have anti-HBe.

14

Tota! number of English citations
having Hepatitis 8, C, or D indicator in

title or abstract: 6064 (1980)

Citations maeting initial search criteria ~
after absiract screenad: 1233
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Exclusion due to
- duplication (1396)
- abstract not reporting prevalence, incidence or hepatitis marker

~ abstract reports hepatitis marker but study type and quality not appropriate
e {survelllance and case reports, missing denominatar, selection
based on hepatitis case) (1439)
- high risk groups (pri and
associated with hepatitis, iiver and stomach cancer patients)
- reviews (42) and articles not accessible (4)

Exclusion due to
SRR S S » - article not reporting HBV or HCV marker {(HDV reporting only
dropped), high rlsk groups Included (374), from multiple regions (18),
&3]

Articles meeting expanded search
criteria and including relevant markers
{HBV and HCV): 806 *

(104)

Arlicles meeting all inclusion criteria;
396

Fig. 1. Flowchart of article screening

(33) and ad:

---------- =P Aricles only reporting HCV marker (223), or HBV marker among HCV-
positive individuals (1)

Tl e B Tt » Articles reporting HBV marker other than HBsAg or HBV marker
- not further specified but mentioned as calegory (82)
Articles read and abstracted for
SAg:
500
l ----------- > Articles excluded afler additional exclusion criterla® applied in full text

*Additional exclusion criteria applied in full text screening and not identified as such during first article review,

(a) Populations of persons at high risk for hepatitis including those with diseases related to HBV such as acute (viral) hepatitis cases, liver cancer, and cirrhosis; HiV-positives.

(b) Other high risk study populations and highly defined populations such as prisoners, HIV/STD clinic attendees indicating recently acquired sexually transmitted disease,
sex workers, multi-iransfused patients, drug addicted individuals and injecting drug users, liver transplant recipients, refugees, homeless people.

(c) Reports of acute diseases surveillance (reporting incident cases, acute cases or rates per 100,000 population),

(d) Reports and data that are incomplete (e.g. number tested not provided or below 20).

(e) Citations reporting HBsAg prevalence in the US other than NHANES prevalence.

time-sex-region group and empirical priors for all epidemiological
parameters, generating posterior estimates of incidence, preva-
lence, remission, and mortality that are internally consistent, In
our model, the empirical priors for incidence, remission, and mor-
tality were uninformative; thus the posterior was informed only by
prevalence data, Like the empirical prior, the posterior models also
incorporate linear time trends, flexible age patterns, and offsets for
data on males. Applying region-specific population figures for 1990
and 2005, age- and region-specific HBsAg prevalence was used to
calculate the absolute number of individuals chronically infected
with HBV.

For the purpose of generating endemicity maps, endemicity lev-
els of HBsAg were defined as low (<2%), lower intermediate (2-4%),
higher intermediate (5-7%) and high (>8%). HBsAg infection lev-
els have traditionally been described according to three categories
of endemicity indicating the proportion of the population being
seropositive for HBsAg{8,14]. However, given that there are regions
very close tolow endemicity (<2%)(e.g. 2.0% prevalence among chil-
dren in Western Europe and Central Latin America in 2005) and
others rather close to high endemicity (>8%) (e.g. 7.8% prevalence

among adults in Eastern Asia in 2005) the split of the intermediate
category better reflects regional differences and their implications.

3. Resuits

We identified 396 studies of HBsAg prevalence after applying
allinclusion and exclusion criteria. To illustrate global endemicity,
estimated and categorized HBsAg prevalence in 2005 is shown in
Map 1 for children (5-9 years) and in Map 2 for adults (19-49 years)
applying world population age weights.

The pattern of age-specific HBsAg prevalence varied greatly by
region and the trend of a decreasing prevalence with age was more
evident in 1990 as compared to 2005, where some regions, e.g.
South East Asia showed an exceptional increase with age. For most
regions, predominantly Tropical Latin America, West sub-Saharan
Africa, Australasia, and North Africa, Figs. 2-5 indicate an overail
decrease in HBsAg prevalence between 1990 and 2005, East Asia
and Western Europe experienced some increase.

Global differences between males and females were small,
although females had a lower overall HBsAg prevalence of 3.5% in
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HBeAg 1980, meles

Figs. 2-5. HBsAg semprevqlencc-hy region and age-group for males and females separately, 1990 and 2005.
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Table 1
Overview: Global HBsAg and people chronically infected.
Year Males Females Bath
Persons HBsAg positive Prevalence Persons HBsAg positive Prevalence Persons HBsAg positive Prevalance
1990 118 million 44 105 million 40 223 million 42
2005 127 million 39 113 million 35 240 million 37

2005 compared to 3.9% in males. We estimated 240 million people
chronically infected worldwide in 2005 (Table 1).

3.1. HBsAg prevalence by GBD world region
(Tables 2-5: Web Annex 3)

HBV prevalence was most common in sub-Saharan regions of
Africa. Western sub-Saharan African countries had some of the high-
est age-specific HBsAg prevalence in the world reaching up to 12%
among children and adolescents in the age-groups up to 19 years in
1990. Although there was a decrease in 2005, the region continued
10 have high HBV endemicity, which is more pronounced among
males.

Anincrease in chronic HBV infection among younger age-groups
(0-14 years) occurred in Southern sub-Saharan Africa in 2005 com-
pared to 1990 that resulted in age-specific prevalence of 8-9%
among young fernales. Also Eastern sub-Saharan African countries
faced an increase in the youngest ages and almost no change in
other age-groups. In 2005, prevalence peaked at approximately 7%
in0-4years aged boys and girls and declined with age in this region.

A decrease in prevalence was evident in Central sub-Saharan
Africa which transitioned from high endemicity among younger
individuals (age-groups up to 34 years) in 1990 into intermediate
endemicity across all ages in 2005.

North Africa and the Middle Eastern region showed lower
intermediate HBsAg endemicity across ail age-groups in 2005.
Prevalence decreased from 1990 to 2005, particularly among males
up to 34 years.

The prevalence in high-income countries of North America
(Canada and the United States) was low and declined among both
sexes and across altl ages between 1990 and 2005. Males had higher
HBsAg positivity than females in both periods, peaking in the male
0-4 years age-group at 2.71% and 2.14% in 1990 and 2005, respec-
tively. The oldest ages {65+ years) showed the lowest prevalence of
approximately 1% in 2005.

Both Tropical Latin America and Central Latin America demon-
strated a strong decrease in HBsAg prevalence between 1990 and
2005. Tropical Latin America changed from an intermediate into a
low endemicity region. Where 0-9 year aged boys had a higher
intermediate endemicity of over 5% in 1990, HBsAg prevalence
was only 1.6% in 2005. Similarly, in Central Latin America preva-
lence has halved in this period and most adult age-groups shifted
to a low endemicity level in 2005. Other Latin American regions
such as Andean Latin America and Southern Latin America showed a
decreasing prevalence by age but relatively constant intermediate
endemicity levels. A slight decline in prevalence from 1990 to 2005
among Andean Latin Americans was paralleled by an increase in
HBsAg prevalence in Southern Latin America.

HBV chronic infection rates in Caribbean children and adoles-
cents aged 0-19 years ranged from 4.3% to 5.4% and was fairly
constant over time. HBsAg prevalence decreased with age.

In the island nations of the Pacific and Indian Oceans {Ocea-
nia), HBsAg was highly endemic among men and women in 1990,
peaking at approximately 10% in men aged 10-34. The decrease
in prevalence up to 2005 led to a shift inte a higher intermediate
endemicity level among the age-groups up to age 54 and into a
lower intermediate endemicity level in older adults {55+).

Among the European regions, seroprevalence of HBsAg showed
C i 1y low pr e in Western Europe. This was particu-
larly true for females who had prevalence below 2% throughout the
time periods. Nevertheless, between 1990 and 2005, an increase in
both sexes was observed that led to a change from initially low
endemicity in young males to a low-intermediate endemicity level
in 2005: this was accompanied by a decrease in prevalence in the
older individuals {65+ years). Central and Eastern European chil-
dren had a higher intermediate HBsAg endemicity in 1990, which
decreased in 2005. Older Central European females in particular
demonstrated a strong HBsAg prevalence decrease up to 2005.
Prevalence in infant and young girls declined from 6% in 1990 to
3% in 2005 in this region. In contrast, Eastern European countries
did not experience as strong a reduction in HBsAg prevalence in the
youngest age-groups. In both Central and Eastern Europe the age
group 0-9 years remains the most affected by HBsAg infection.

Among all Asian regions, East Asia had the highest prevalence of
HBV infection and there was not much of a change between 1990
and 2005 apart from a slight decrease in children and an increase
in all age-groups above 25 years in 2005 as compared to 1990. In
1990, prevalence decreased in both sexes with age, but increased
with age in 2005 and showed the highest prevalence of over 8%
among males aged over 35 years. Generally, endemicity remains
at high or close to a high endemicity in this region, which is par-
ticularly true for males. Intermediate HBsAg endemicity was also
estimated for Central Asia, which includes the Caucasus and central
Asian countries. A small decrease was observed between 1990 and
2005 but Central Asian children and younger adults had an HBsAg
prevalence of around 5% in 2005. In South Asia, approximately 3%
of the population up to age 45 was HBsAg positive with a decrease
in older individuals who demonstrated a low prevalence in 2005.

Unlike other Asian regions, South East Asia experienced a strong
reduction in HBsAg prevalence between 1990 and 2005, particu-
larly in the young age groups of 0-14 years that had prevalence
levels of 1.2-1.4% in 2005. In contrast, South East Asian aduits
appeared to continuously have higher-intermediate HBsAg preva-
lence of 5% to over 6% in 2005. The pattern of an increasing
prevalence with age was very pronounced in 1990 and rather
exceptional compared to the other regions.

Some reduction in HBsAg prevalence between 1990 and 2005
occurred also in high income Asian Pacific countries induding Japan,
the Republic of Korea, and Singapore. The middle ages (25-54) were
the most affected age groups but overall, endemicity remained at
an lower intermediate level of appr ly 4% in 2005. Interest-
ingly,in 1990 the oldest age-groups of over 75 years had the highest
prevalence among all age-groups.

Australasian countries experienced a reduction in HBsAg preva-
lence and were categorized as a lower intermediate endemicity
region in 2005. Males of all age-groups had prevalence in the range
of 4% in 2005 whereas 2-3% of females up to age 55 were affected
by chronic HBV infection with a sharp increase in the oldest age-
groups.

4. Discussion

We found a very large burden of HBsAg infection in all sub-
Saharan African regions, East Asia and, to a lesser extent, in Oceania
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and Andean Latin America. Most other regions with high and
middle income showed a mix of lower and higher intermedi-
ate HBV endemicity. Only a few regions demonstrated prevalence
below 2% throughout most age-groups. Among these were Tropical
Latin America, Central Latin America, North America and Western
Europe. There was an ovérall decrease in HBsAg prevalence from
1990 to 2005 in younger age-groups, which may be closely related
towidespread hepatitis Bimmunization, particularly in low income
regions. Significant decreases in HBsAg prevalence due to immu-
nization were reported from African countries such as the Gambia
{15,16} and Senegal [17]. However, the infection remains extremely
prevalent in sub-Saharan Africa and the attributable HBV-related
disease burden can be expected toremain high. This is also reflected
in a high mortality from primary liver cancer. one sequelae of
chronic HBV infection and the most frequent cause of cancer deaths
among men in this region [18].

The observed decreases in HBsAg prevalence in North America
and Europe were temporally associated with increased hepatitis
B vaccine coverage rates [19), improved screening of blood prod-
ucts and increased availability of safe injection materials [20,21].
The generally low HBsAg endemicity levels in these countries are
paralleled by a steady decline in reported cases of acute hepatitis B
{22.23]. Onthe other hand, the large number of individuals infected
with HBV influences the number of liver cirrhosis and cancer cases
in many world regions including high income countries [24] and
highlights a need for screening and surveillance programs to iden-
tify chronically infected individuals and thereby prevent further
transmission as well as to provide opportunities for secondary and
tertiary prevention {3].

Asian countries, for example those in the GBD South East and
East Asian regions, have also has experienced dramatic increases
in coverage of routine infant hepatitis B vaccine that were accom-
panied by a reduction in HBsAg prevalence. The impact of this
decrease in HBsAg prevalence was also measurable in a substantiai
reduction in the HBV-related disease burden in countries that were
highly endemic in the past e.g. Taiwan [25,26] and China {27.28].

Strengths of this study include the extensive systematic litera-
ture review and the use of an empirical Bayesian hierarchical model
to estimate region-specific HBsAg prevalence and endemicity and
to subsequently calculate the absolute number of people being
chronically infected with the HBV.

This study has a number of limitations. Observed HBsAg preva-
lence data are lacking in some regions and the quality of studies
reporting these data Is often low. Middle- and low income regions,
e.g. Oceania, Central Asia, and Andean Latin America had a lim-
ited evidence base or studies were concentrated on one country
as is the case with India as part of the South Asian region or
Thailand located in the South East Asian region. Accordingly, sim-
ulations of prevalence may lead to potential underestimation of
the true regional profile, particularly if studies wére more likely
to be conducted in countries with higher economic standards and
better research infrastructure. To address issues of representa-
tiveness, grey and non-English literature should be considered in
future studies and there is a need for generating more high qual-
ity data from low resource settings. Most high quality studies were
conducted in high income countries, for example the Western Euro-
pean region. Nationally representative, population-based studies
reporting HBsAg prevalence were only available from the US.

Another limitation is related to factors that were not considered
in our analysis such as genotype information. It is known that viral
genotypes vary between and within countries, depending on the
populations at risk and their geographical origin. Very few HBV
prevalence studies report on genotype and the genotype-specific
HBV distribution by country has not been sufficiently studied. As

a result, we did not adjust for this information, which might be
crucial given the fact that some genotypes are associated with more

severe disease or clinical response to treatment [29-31]. Similarly,
the laboratory method used to detect HBsAg was only reported in
a few studies and we did not consider this factor in the analysis,
which could impact the comparability of HBsAg prevalence across
studies.

Since the overall objective of this study is to provide a regional
picture of HBV prevalence, the results do not capture the potential
heterogeneity that-exists between sub-populations within a coun-
try. it should be noted that some low endemicity areas in Western
Europe and North America face great intra-country variation with
higher prevalence and higher hepatitis-related mortality among
migrants [32-35] and additional country-specific data would be
crucial for comprehensively guiding national hepatitis B prevention
and contro! programs and targeting rost vulnerable population
groups.

Prevalence data obtained from systematic reviews and model-
ing should be interpreted conservatively. Descriptive epidemiolog-
ical research conducted in high income areas may generally focus
more on marginalized and higher risk populations whereas studies
from low income regions may focus on urban and higher educated
populations that experience lower infection rates than those living
in poorer areas. As a result, the prevalence of chronic HBV infec-
tion reported in this study could be overestimated for high income
regions and underestimated for low income regions. This would,
however, increase the estimated differences between these regions
and support our findings.

There is a need for systematically collected and population-
based HBV infection data. Data on other markers of HBV such as
HBeAg and anti-HBc are also needed to describe currentand future
HBV-related disease burden.
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Genetic Diversity of Recently Acquired and
Prevalent HIV, Hepatitis B Virus, and Hepatitis
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(See the editorial commentary by Katz, on pages 867-9 and see the article by Stramer et al, on pages 886-94.)

Background. = Genetic variations of human immunodeficiency virus (HIV), hepatitis C virus (HCV), and
hepatitis B virus (HBV) can affect diagnostic assays and therapeutic interventions. Recent changes in prevalence of
subtypes/genotypes and drug/immune-escape variants were characterized by comparing recently infected vs more
remotely infected blood donors. i

Methods. Infected donors were identified among approximately 34 million US blood donations,
2006-2009; incident infections were defined as having no or low antiviral antibody titers. Viral genomes
were partially sequenced.

Results.  Of 321 HIV strains (50% incident), 2.5% were non-B HIV subtypes. Protease and reverse
transcriptase (RT) inhibitor resistance mutations were found in 2% and 11% of infected donors, respectively.
Subtypes in 278 HCV strains (31% incident) yielded 1a>1b>3a>2b>2a>4a>6d, 6e: higher frequencies of 3a in
incident cases vs higher frequencies of 1b in prevalent cases were found (P = .04). Twenty subgenotypes among
193 HBV strains (26% incident) yielded higher frequencies of A2 in incident cases and higher frequencies of
Al, B2, and B4 in prevalent cases (P = .007). No HBV drug resistance mutations were detected. Six percent of
incident vs 26% of prevalent HBV contained antibody neutralization escape ions (P = .01).

Conclusions. Viral genetic variant distribution in blood donors was similar to that.seen in high-risk US
populations. Blood-borne viruses detected through large-scale routine screening of blood donors can complement
molecular surveillance studies of highly exposed populations.

Volunteer (nonremunerated) blood donors provide antibodies to human immunodeficiency virus (HIV),
whole blood and apheresis biood components used for  hepatitis C virus (HCV), and hepatitis B virus (HBVY), as
transfusions as well as plasma for manufacture into  well as for HIV and HCV RNA and HBV surface antigen
therapeutic plasma derivatives. Past injection drug users ~ (HBsAg); HBV DNA screening was widely implemented
(IDUs) and men who have had sex with men (MSM) in 2009. Antibody and/or RNA/DNA/antigen-positive
since 1977 are currently excluded from donating. All donors are notified, counseled, and excluded from further
donations in the United States are screened for donation; all donations from viral marker-reactive donors
are destroyed or used for research.
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Blood donor screening can provide an efficient
geographic and demographic sampling of individuals in-
fected with these viruses that differ from the
predominantly high-risk MSM and IDU populations
that are the subjects of most viral molecular epidemio-
logical studies. By routinely identifying recently acquired
or incident infections, blood donation screening also
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provides an opportunity to analyze very recently transmitted
viral strains at the forefront of currently active transmission
chains. In this study, plasma samples from donors containing
HIV, HBV, and HCV nucleic acids were classified as either
recently acquired (incident) infections containing no or low
concentrations of viral antibodies, or longer-term seropositive
(prevalent) infections. Viral subtypes, drug resistance, and
immune escape mutations were determined from representative
incident and prevalent infections.

MATERIALS AND METHODS

Subjects, Specimens, and Case Definitions

This study included qualifying donations from 1 January 2006
through 31 December 31 2009 from 3 Retrovirus Epidemiology
Donor Study-1I (REDS-1I) blood centers (Blood Centers of the
Pacific, Blood Center of Wisconsin, and Hoxworth Blood
Center/University of Cincinnati), all American Red Cross (ARC)
Blood Services regions with data and samples provided through
the Scientific Support Office in Gaithersburg, Maryland, and
United Blood Services regions and the New York Blood Center
(NYBC), with samples provided by Blood Systems Laboratory
in Tempe, Arizona. Together, these centers account for
approximately 70% of the US blood supply.

Data provided for all confirmed-positive donations included
the date of donation, first-time/repeat donor status, date of
birth, state of residency, race/ethnicity (if available), and sex.
Screening and confirmatory test results for HIV and HCV nu-
cleic acid testing (NAT), HIV and HCV antibody (Ab), HBsAg,
and anti-HBV core antibody (anti-HBc) were also provided.
Serologic and NAT screening and confirmatory testing were
performed according to previously described algorithms using
Food and Drug Administration (FDA)-licensed assays with
documented performance characteristics including analytical
sensitivities of NAT assays ([1-4); see Appendix). Centers were
requested to send residual test samples or samples from retrieved
plasma units for all donors who qualified for study. Samples
were stored at =—20°C prior to testing,

Informed Consent and IRB Approvals

Institutional review board (IRB)-approved information sheets
were provided to donors explaining that (1) surplus samples of
their donations may be used for research purposes, (2) future
research may be performed with the donor’s blood without
further consent if the IRB considers the research to be of neg-
ligible risk, (3) he oz she will be contacted for additional consent
depending on the nature of further research as determined by
the IR, and (4) the donor will be notified of any medically
relevant information. IRBs representing each blood organi-
zation and the REDS-I1 Data Coordinating Center (Westat)
approved the study protocol and determined that data re-
lated to HIV drug resistance mutations should be provided

to donors as this may impact their treatment strategies;
blood donors were not notified of other study results.

Sample Selection

The goal was to sequence samples from 150 incident and 150
prevalent cases for each virus over the 4-year study period.
Samples with adequate volume from cases were consecutively
selected from the contributing sites starting with dorations
made on January 1 2006 until the desired number of cases from
a site was reached. Due to large numbers of HCV- and HBV-
prevalent cases, site-specific sample numbers were based on
proportions established by weighting the number of such
donations detected by center in 2004 prior to study initiation.
For donors selected for study with reported coinfections, each
infecting virus was sequenced.

Viral Nucleic Acid Testing

Qualitative assays for HBV DNA (HBV Ampliscreen; Roche) were
performed on HBsAg-positive/anti-HBc-negative donations to
exclude possible incident cases that were likely due to false HBsAg
positive results [1]. Viral load distributions were determined for all
available samples that could not be amplified for sequence anal-
ysis, as well as a representative subset of successfully genotyped
cases (Abbott RealTime HIV-1, HCV, and HBV Assays, Abbott
Laboratories). All tests for this study, except for viral load deter-
minations performed at Abbott Laboratories and routine donor
screening and confirmation performed at blood center testing labs,
were performed at the Blood Systems Research Institute.

Incidence Testing

Incident infections among HIV RNA-positive donors were
defined as samples that were HIV-antibody negative or
HIV-antibody pasitive with a less sensitive (LS) or “detuned”
enzyme immunoassay (EIA: Vironostika HIV-1 MicroElisa;
bioMérieux) with standardized-optical-density (SOD) ratio
<1.0 using the serologic testing algorithm for recent HIV
seroconversion, indicating that the infection was probably
acquired <6 months prior to blood donation [5-7). Con-
versely, HIV antibody-positive donations from first-time
donors with LS-EIA SOD ratios =1.0 were defined as HIV-
prevalent infections [8]. HCV RNA-positive and HBsAg-
positive donations were classified as incident if anti-HCV and
anti-HBc antibody tests, respectively, were nonreactive. HCV
RNA and antibody positive donations were considered HCV-
prevalent cases. HBsAg-positive/anti-HBc-reactive donations
were considered HBV-prevalent infections. Starting with 2008
donations, HBV- and HCV-seropositive samples from repeat
donors with a prior negative donation within the prior 2 years
were also included as incident cases.

HIV, HCV, and HBV Sequencing
Total nucleic acid was extracted from 140 to 280 pL of plasma
with QiaAMP Viral RNA Mini Kit or on a 96-well robotic
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platform (QIAxtractor with Reagent Pack VX, Qiagen).
Complementary DNA for HIV and HCV was synthesized
using M-MLV reverse transcriptase and random primer
(0.5 pg/pl) according to the manufacturer’s instructions
(Promega) and stored at —20°C.

Nested PCR was used to amplify an informative region of
each virus. For HIV, a fragment of 1275 base pairs (bp) was
amplified, including the protease and reverse transcriptase
genes, using previously described PCR primers and conditions
[9). For HCV, a fragment of 363 bp in the core gene was am-
plified [10]. For HBV, a fragment of 2015 bp, including the
envelope and polymerase genes, was amplified (Supplementary
Methods in Appendix).

Sequence Analysis

Sequences were edited using Sequencher (version 4.9, Gene Co-
des Corporation). For HIV, the calibrated population resistance
tool {11, 12] available through the Stanford University HIV Drug
Resistance Database [13, 14] (http://cpr.stanford.edu/
cpr.cgt) was used to determine subtype and identify trans-
mitted drug resistance mutations in untreated persons.
Mutations listed as causing or contributing to resistance are
nonpolymorphic in untreated persons and apply to all HIV-1
subtypes in accordance with World Health Organization
guidelines.

HCV sequences were subtyped using 2 online tools: the
Oxford HCV subtyping tool (http://www.bioafrica.net/rega-
genotype/html/subtypinghcv.html), a method based on phy-
logenetic analysis, and the NCBI viral genotyping tool, based
on a sliding-window BLAST comparison (http://www.ncbi.nlm.
nih.gov/projects/genotyping/formpage.cgi).

HBV genotypes were determined using 2 online tools: Oxford
HBV subtyping tool (http://www.bioafrica.net/rega-genotype/
html/citetoothbv.html), a method based on phylogenetic anal-
ysis {15, 16}, and the STAR genotyping tool available online
at the University College London Center for Infection and Im-
munity (http//www.vgb.ucl.ac.uk/starn.shtml). The STAR tool
uses distances to reference genomes and a statistical model to
assign genotypes [17]. The polymerase sequence was checked
for drug resistance mutations using the mutation annotator
tool available online at the HepSEQ-Research Database System
website  (http://www.hepseq.org/Public’'Web_Front/main.php).
To identify potential antibody neutralization escape muta-
tions, a list of mutations from the literature was compiled [18,
19}, and sequences were manually aligned and compared with
the reference list. GenBank accession numbers are JN214594-
JN215208 and JN604118-]N604319.

Statistical Methods

Fisher exact test was used to compare the variant (subtype,
genotype, and drug resistance mutation) distribution among
incident cases to that among prevalent cases for each virus. Be-
cause molecular characterization could not be performed for all

submitted cases, logistic regression was used to assess the ability to
successfully characterize viral strains as a function of viral load and
donor type (ie, incident vs prevalent cases). Analyses were con-
ducted using SAS 9.2 software (SAS Institute).

RESULTS

HIV, HCV, and HBV Infection Rates and Demographic
Characteristics

From 1 January 2006 through 31 December 2009, the par-
ticipating blood organizations screened 33 947 146 allogencic
donations, including 5 568 986 (17.6%) from first-time and
27950 520 (82.3%) from repeat donors; prior donation status
information was not provided for 27 640 (0.1%) donations.
For each virus, frequencies were generated by donor status
(first-time vs repeat) and donor demographic characteristics
(sex, racefethnicity, geographic region, and age) (Table 1).
A disproportionate risk of infection by all 3 viruses was noted
for first-time, male, black, and Hispanic donors, except for
HBV where infection rates were the highest among Asians,
consistent with prior findings (Table 1) (1, 2, 20-22].

HIV Subtypes and Drug Resi Profiles

A total of 438 donation samples from HIV confirmed-positive
donors were selected for sequencing from the 1056 submitted
samples (Figure 1A). The 200 incident cases selected for
viral sequencing included 34 RNA-positive, antibody-negative
(NAT yield) donations and 166 of 210 donations classified
as recent seroconvertors based on low antibody titers by
LS-ElAtesting. A total of 238 of 320 prevalent HIV infections from
first-time donors with high-titer antibody reactivity indicating
long-standing infections were selected for further testing.

Of the 438 processed samples, 321 (73%) were successfully
amplified and sequenced including 159 incident and 162 prev-
alent cases. Successful PCR amplification correlated with the
viral load (P < .0001) Incident infections were 2.8-fold (95%
confidence interval, 1.6—4.7) more likely to be genotyped than
prevalent infections due to their higher viral loads (Figure
1B). Combining incident and prevalent cases, the success of
obtaining sequences was approxi ly 10% if viral load was
<1000 copies/mL, approximately 50% at 1000-10 000 cop-
ies/mL, and >90% if >10 000 copies/mL.

Of sequenced HIV strains, 97.5% (313) belonged to subtype
B and 2.5% (n = 7) belonged to non-B subtypes: 4 subtype C
(3 prevalent and ! incident), 2 recombinant subtype CRF-02
(both incident) and 1 subtype D (incident) (Figure 1C). The
number of non-B subtypes was too low to evaluate differ-
ences in frequency between incident and prevalent cases.

Four strains, all from incident cases, contained only protease
inhibitor resistance mutations, and 33 strains (21 incident and 12
prevalent cases) contained only reverse transcriptase (RT) in-
hibitor resistance mutations (including 18 strains with only
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Table 1. Numbers and Rates of Total Allogeneic Donations From Human Immunodeficiency Virus, Hepatitis € Virus, and Hepatitis B
Virus Confirmed-Paositive Donors by Donor Status (First-Time, Repeat} and Donor Demographic Characteristics Collected From 2 January

2006 Through 31 December 2009

Total Allogeneic All HiV Rate per 100 000 AHHCV  Rateper 100000 Al HBYV  Rate per 100 000

Characteristics Donations Positive Donations Positive Donations Positive Donations
Total . 33947.146 1056 3t 8015 236, 3081 9.0
Donor status®
First-tima donors - = | 5968 986 633 10,6 6741 129 2561 429
Repeat donors 27 950 520 423 15 1274 4.6 500 1.8
ST E25S =
Female 15 850 421 251 1.6 3047 19.2 1063 6.7
Malgs 18 054 540 805 45 4968 275 1995 11.0
Race or ethnicity®
Wi 27112643 4399 <e 1162 e 6] 24

148297

81 153 848 166.1
668

i

1740

900

ol
11957

3327

1760, i

66

Abbreviations: CDC, Centers for Diseasa Control and Prevention; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus.
* Donations that did not have information for donor status, sex, race/ethnicity, CDC region, or age were excluded,

non-nucleoside reverse transcriptase inhibitor resistance mutation
K103N). Two prevalent infections contained both protease
and RT inhibitor resistance mutations {pro-M461,184V,L50M and
RT-M41L,D67N,Y181C,M184V,G190A,1210W,T215Y; and pro-
M46LLIOM and RT-M41L,Y181C,T215D). Overall, 39 of 321
(12%) sequenced HIV strains showed the presence of a drug re-
sistance mutation, incduding 6 (2%) directed to protease in-
hibitors and 35 (11%) to RT inhibitors; these were from 25 of 159
(15.7%} incident and 14 of 162 (8.6%) prevalent cases (P = .06).

HCV Subtypes

A total of 320 donation samples were selected for sequencing
from 8015 HCV confirmed-positive donations (Figure 24),
including 112 of 153 HCV antibody-negative incident cases that
had plasma aliquots available for testing. In addition, 12 incident
cases were included based on antibody seroconversion within

the previous 2 years, resulting in a total of 124 incident HCV
cascs. Of the 5446 HCV RNA and antibody-positive donations
from first-time donors with prevalent infections, 196 repre-
sentative samples were selected for molecular testing.

Of the 320 samples processed for PCR amplification, 278
(87%) were successfully amplified and sequenced including 85
of 112 (68.5%) incident and 193 of 196 (99%) prevalent cases.
Two of the successfully amplified HCV prevalent cases were
coinfections; one donor also had an incident HIV infection and
the second had a prevalent HBV infection. The probability of
successful PCR amplification and sequencing was associated
with viral load in the donors’ plasma for both incident and
prevalent cases (P < .0001) but not with whether the donor was
classified as a prevalent or incident case (Figure 2B). All samples
with viral loads <100 copies/mL were negative for HCV core
amplicons, approximately 50% of samples with viral loads of
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100-1000 copies/mL were successfully amplified and sequenced,
and all samples with viral loads >1000 copies/mL yielded
sequence data.

Eight subtypes of HCV were present with la being the
dominant type in both incident and prevalent cases. The subtype
distribution was 55% (n = 154) la, 15% (n = 41) 1b, 13% (n =
36) 3a, 11% (n = 31) 2b, 3% (n = 9) 23, 2% (n = 5) 43, and
<1% 6d or 6e (n = 1 each) {Figure 2C). Incident donors had

significantly more subtype 3a strains (21% vs 9%) but signifi-
cantly fewer subtype 1b strains (8% vs 18%) than did prevalent
donors (P = .04).

HBV Genotype, Drug Resistance, and Immune Escape Profiles

Of 3061 confirmed HBsAg-positive donations, 321 were
anti-HBc-nonteactive and available (Figure 34). However,
only 52 of these possible incident infections were HBV DNA
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positive, whereas 235 tested HBV DNA negative, indicating
either false-positive HBsAg neutralization results or recent
receipt of the HBV vaccine with detection vaccine-derived
HBsAg [1]. The 52 DNA-positive donations, plus the re-
maining 34 that were not tested for HBV DNA, along with
2 additional cases where HBV seroconversion occurred within
2 years of the index donation, comprised the 88 incident cases.
Of the 2432 HBsAg confirmed-positive, anti-HBc-reactive
donations from first-time donors, 186 representative samples
were selected as prevalent infections for molecular testing.

Of the 274 HBsAg-positive plasma samples selected, 193
(70%) had successful amplification and sequencing of the
envelope and polymerase regions. As with HIV and HCV, the
probability of successful PCR amplification and sequencing
correlated with viral load (P < .0001) but not with incident/
prevalent status. Approxi ly 50% of ples that had
<100 copies/mL were negative for HBV PCR amplicons; in
contrast, 70% of samples with 100-1000 copies/mL and 98% of
those with >>1000 copies/mL yielded informative sequence data.

The 193 donor strains successfully sequenced included 51
(26%) antibody-negative incident cases and 142 seropositive
prevalent cases (Figure 3B). A total of 20 HBV subgenotypes were
identified consisting of 72 A2, 22 A1, 16 B4, 13 B2, 13 C1, 11 C2,
8D1,8D2,6D3,5F1,4D4,4 Fl,3H,2B3, and 1 each of the
following subgenotypes: A3, B5, C3, C5, F3, and G (Figure 3C).
Incident donors bad significantly higher frequencies of sub-
genotype A2 (67%) vs those in prevalent donors (27%) who
showed higher frequencies of subgenotypes Al, B2, Cl, and
D2 (8%—14% vs 0%—4%; P = .007).

Sequence analysis of the polymerase region of the 193 HBV

strains did not detect any drug resistance-associated muta-
tions. In the envelope sequences, 34 strains showed antibody
neutralization escape-associated mutations, including 31 of
142 (22%) prevalent cases and a significantly lower proportion
(3 of 52 [6%]) of incident cases (P = .01).

DISCUSSION

HIV subtype distribution varies in the Unitéd States de-
pending on the population screened. Generally, the fre-
quency of non-B subtypes has remained low in high-risk
groups such as MSM and IDUs, as well as in non-IDU het-
erosexuals and blood donors [20-23). The frequency of non-B
subtype infections was greater in populations enriched for
immigrants from nonclade B epidemic countries or military
personnel who became infected overseas {24-28]. The fre-
quency of non-B subtype in blood donors appears to be in-
creasing at only a modest rate over the last 2 decades. Studies
from the 1980s of seropositive donors and recipients of
blood products found no nonclade B infections [23], wheteas
studies of seropositive donors from the 1990s identified
approximately 1% nonclade B infections [7]; more recent

studies of infected donors identified since 2000 reported
rates of nonclade B infection in the 2%-5% range {3, 20, 22],
similar to the 2.5% rate documented here.

Because the samples analyzed here were from asymptomatic
blood donors who denied knowledge of their HIV infection,
their drug resistance mutations are likely attributed to resistant
virus acquired from their sources of infection who are presumed
to have been on antiviral therapies. The frequency of HIV drug
resistance mutations among blood donors trended but was not
significantly higher in incident vs prevalent infections (P = .06).
A stable frequency of drug resistance mutations also applied
when resistance to the more recently introduced protease and
the longer used RT inhibitors were analyzed separately. The
frequency of transmitted drug resistance mutations appears to
be stable among blood donors based on comparisons of rates
among incident and prevalent infections in this study and in
prior studies of HIV in US blood donors [3, 7, 20, an ob-
servation in keeping with reported rates of transmitted drug
resistance mutations in high-risk untreated groups [29-32).

There are currently 7 HCV genotypes that are further sub-
divided into 83 subtypes (httpi//hevlanl.gov/content/sequence/
HCV/classification/genotable.html) [33] that can vary widely in
their geographic distribution (http://hcv.lanl.gov/components/
sequence/HCV/geo/geo.comp). In high-risk groups in the
United States, subtypes 1a and 1b predominate, whereas in most
other countries the majority of HCV infections belong to other
subtypes. Because HCV transmissions in the United States occur
mainly among young IDUs {34] and reinfections can displace
the original resident strain {35, 36), the distribution of HCV
genotypes may rapidly change. Eight HCV subtypes were iden-
tified here with 1a (55%) and 1b (15%) predominating.
The subtype distribution in prevalent cases was nearly identical
to that reported for HCV-seropositive samples collected in
1988-1994 from a population reflecting that of the US [37],
which supports the validity of our sampling strategy. In this
study, we document a higher frequency of subtype 3a (21% vs
9%) and a lower frequency of 1b (8% vs 18%) in incident vs
prevalent donors in keeping with a recent analysis showing
decreasing genotype 1 frequencies in younger vs older IDUs
[38].

HBV genotypes also vary greatly in their geographic dis-
tribution. Currently therc are 8 genotypes that can be further
subdivided into at least 24 subgenotypes defined as having
>4% nucleotide difference {39]. Twenty of these 24 sub-
genotypes were identified among the 193 sequenced HBV
strains. When the frequencies of the subgenotypes were
compared, A2 occurred more frequently in incident cases
(67% vs 27%) while A1, B2, and B4 frequencies were higher in
prevalent cases (8%-14% vs 0%—4%).

No HBV antiviral drug resistance mutations were ob-
served. Drug-resistant HBV variants may be inefficient at
transmission and/or establishment of a chronic infection
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or may be underrepresented in the pool of HBV being actively
transmitted by sexual or parenteral routes. Neutralization escape
mutations in the HBV envelope protein were heavily over-
represented in prevalent vs incident HBV infections (22% vs
6%). This observation is consistent with these mutations
having been more strongly selected for in long-term infected
donors in whom a strong antibody response develops than in
very recent, anti-HBc-negative incident cases [40-43].

This study of viral diversity has several limitations. First, the
analysis was restricted to infections detected as NAT or HBsAg
positive by current blood supply screening assays, most of which
were also confirmed antibody positive. Consequently, infections
by highly divergent variants that would not be detected by
these assays would not be identified. Given efforts of test
manufacturers and regulators to ensure that blood donor
screening and confirmatory tests are sensitive to viral variants,
we believe that this issue has limited impact on our findings.
Second, a moderate proportion of donations selected for
moleculdr analysis were not able to be characterized due to
failure of long-amplicon PCR. These results were largely ex-
plained by absence of detectable nucleic acid or lower viral
load in the PCR-refractory samples. It is also well recognized

may be of use to adjust primers used in nucleic acid detection
methods (46, 47], as well as the specificities of antibodies and
antigens used in serologic assays {48-50] in order to maintain
the high sensitivity of blood donation screening assays.
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Inactivation and neutralization of parvovirus B19 Genotype 3

Johannes Bliimel, Lori A. Rinckel, Douglas C. Lee, Nathan J. Roth, and Sally A. Baylis

BACKGROUND: Parvovirus B19 (B19V) is a common
contaminant of human plasma donations. Three B19V
genotypes have been defined based on their DNA
sequence. Reliabie detection of Genotype 3 DNA has
proved problematic because of unexpected sequence
variability. B19V Genotype 3 is found primarily in West
Atrica, but was recently detected in plasma from a
North American donor. The safety of plasma-derived
medicinal products, with respect to B19V, relies on
exclusion of high-titer donations, combined with virus
clearance at specific manufacturing steps. Studies on
inactivation of B19V are difficult to perform and inactiva-
tion of Genotype 3 has not'yet been investigated.
STUDY DESIGN AND METHODS: Inactivation of B19V
Genotypes 3 and 1 by pasteurization of human serum
albumin and incubation at low pH was studied using a
cell culture assay for infectious virus particles. Infected
cells were detected by reverse transcription—
polymerase chain reaction analysis of virus capsid
mRNA. Neutralization of B19V Genotype 3 was investi-
gated using human immunoglobulin preparations.
RESULTS: Genotypes 1 and 3 displayed comparable
inactivation kinetics during pasteurization of albumin at
56°C, as well as by incubation at various low-pH condi-
tions (pH 4.2 at 37°C and pH 4.5 at 23°C, respectively)
used in immunoglobulin manufacturing. Both Genotypes
were readily neutralized by pooled immunoglobulin
preparations of North American or European origin.
CONCLUSION: Pasteurization and low-pH treatment
were equally effective in inactivating B19V Genotypes 1
and 3. Neutralization experiments indicated that pooled
immunoglobulin of North American or European origin is
likely to be equally effective in treatment of disease
induced by both genotypes.

arvovirus B19 (B19V) is a frequent contaminant

of human blood and plasma donations and has

been transmitted by plasma-derived medicinal
products.’? In healthy immunocompetent indi-

viduals, B19V infections are mostly asymptomatic or
cause erythema infectiosum. Infection occasionally leads
to arthralgia or arthritis. B19V replication is strictly depen-
dent on dividing erythroid progenitor cells. Therefore,
B19V infection of individuals with underlying hemato-
logic disorders may show transient aplastic crisis, Immu-
nocompromised patients may be infected persistently
with the manifestation of pure red blood cell aplasia and
chronic anemia. Pregnant women are at special risk, since
B19V infection may lead to hydrops fetalis or fetal death.
Three genotypes of B19V have been defined based on
isolates having greater than 10% nucleotide divergence.?
Genotype 1 is the most prevalent type currently circulat-
ing worldwide and is represented by the prototype strain
Au {(GenBank Accession Number M13178).* It has been
estimated that Genotype 2 viruses circulated widely
in Europe half a century ago, before they were largely
replaced by Genotype 1.° Although rare, Genotype 2 B19V
is found sporadically in plasma donations from both
Europe and North America.*® Genotype 3 has been found
predominantly in West Africa (Ghana} and less frequenty
in France or other regions.*® The high diversity of Geno-
type 3 viruses could be indicative of a longer evolutionary
history, probably in Africa. Recent studies found Genotype
3 in samples from Europe and Asia or Brazil and indicate
that Genotype 3 may be more widely distributed outside

ABBREVIATIONS: B19V = parvovirus B19; CCIDs, = 50% cell
culture infectious dose.
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Africa than previously believed.'®!! Plasma donations con-
taining high titers of a Subtype 3a B19V were recently
identified from a single donor in the United States.'? The
pathogenic properties of B19V appear to be the same,
regardless of the genotype.® However, reliable detection of
Genotype 3 B19V by nucleic acid amplification techniques
(NAT) using commercially available assays has proved dif-
ficult due to the sequence variability of this genotype.”
The risk of plasma derivatives with respect to BI9V is cur-
rently minimized by a combination of donor selection,
NAT screening for highly viremic plasma donations, and
manufacturing steps which result in B19V reduction such
as virus filtration, heat treatments, or incubation at low
pH-the latter employed during the manufacture of some
immunoglobulin products.'*?' Effective inactivation of
B19 Genotype 1 by pasteurization of albumin has been
demonstrated.'s The B19V capsid is destroyed by heating
or low-pH incubation, whereas the B19V DNA remains
undamaged and is expelled from opened capsids.'s?"#

Recently, differential inactivation kinetics during pas-
teurization of human serum albumin (HSA) has been
reported using different laboratory variants of hepatitis A
virus (HAV).? Regarding the sequence variability of the
B19V virus capsids, we wondered whether the phenotypic
susceptibility of B13V Genotype 3 to virus inactivation
was different from that of Genotype 1. In addition, we
addressed the question whether the variability of
Genotype 3 could result in escape from neutralization
by immunoglobulin preparations from pooled plasma
sourced from North America or Europe where this geno-
type is only very rarely detected, Using a cell culture
system for detection of infectious B19V, we investigated
the inactivation kinetics of B19V Genotypes 1 and 3, by
pasteurization of albumin and by different low-pH treat-
ments. Neutralization of B19V infectivity was tested using
immunoglobulin preparations, manufactured by identical
procedures, but prepared from plasma sourced from
European or North American donors.

MATERIALS AND METHODS

Viruses and cells

Highly viremic plasma donations were used as sources of
infectious B19V. A German blood donation, provided by
WK, Roth {German Red Cross, Hessen}, was the source of
the Genotype 1 B19V strain, termed DRK]1, and has a DNA
concentration of 11.6 log IU/mL.The nucleotide sequence
of the DRK capsid-encoding region has been determined
{GenBank Accession Number HQ664953). The Genotype
3 B19V strain, termed P1 (GenBank Accession Number
F}265736) was obtained from an American donor and
sequence analysis confirmed that the virus belongs to
Subtype 3a.'? KUB12Ep6 cells were provided by E. Miya-
gawa (Fujirebio, Inc., Tokyo, Japan)** The cells were
propagated at 37°C, 5% CO, in RPMI supplemnented with
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10% fetal calf serum (Sigma, St Louis, MO) and 5 IU/mL
recombinant erythropoietin (NeoRecormon, Roche, Wel-
wyn Garden City, UK).

Pasteurization

Commercial 5% HSA was heated to 56.5°C in a thermo-
block (Mode! 5436, Eppendorf, Hamburg, Germany). The
temperature was measured throughout the experiment by
monitoring an unspiked albumin sample incubated in
parallel using a calibrated thermometer. One milliliter of
heated albumin was spiked at a ratio of 1 in 20 with virus-
containing plasma; 200-uL samples were withdrawn after
1, 5, 10, 30, and 60 minutes of heat treatment. Samples
were immediately placed on ice and titrated on KU812Ep6
cells.

Low-pH treatment

Experiments were performed as described previously.?!
Virus was spiked at a ratio of 1 in 10 into phosphate-
buffered saline (PBS). The pH was then adjusted with
1 mol/L HCl to the target pH and the sample incubated at
the appropriate temperature for the specified period of
time. Samples were withdrawn and immediately neutral-
ized with 1 mol/L NaOH, buffered with phosphate buffer
(100 mmol/L, pH 7.4), and subjected to virus titration.

Controls

Cytotoxicity controls

Cells were seeded into 24-well plates. One-hundred-
microliter samples of a 10-fold dilution series of albumin
were inoculated into each well and, after 7 days, cells were
visually examined for cytotoxic effects (alteration of cell
shape) using a light microscope.

Interference controls

A 10-fold dilution series of B19V in undiluted test matrix
was prepared and 100 uL from each dilution was inocu-
lated into cell cultures and examined for virus. Addition-
ally, a 10-fold dilution series of B19V in 1-in-10-diluted
test matrix was prepared and 100 uL from each dilution
was inoculated into cell cultures and examined for virus.

Virus control
In each virus experiment, the titer of virus stock was veri-
fied by titration on KU812Ep6 cells.

Bench controls

In parallel to each inactivation experiment, the test matrix
was spiked at room temperature (heat inactivation) or at
neutral pH (low pH treatment). This material was held at



room temperature and titrated at the beginning and the
end of the inactivation process.

Virus titration

A 10-fold dilution series was prepared using RPMI as
diluent. One-hundred microliters from each dilution was
inoculated onto 8 x 10° cells and incubated for 3 to 5 days.
Cells were washed with PBS and analyzed for spliced
mRNA by reverse transcription—polymerase chain reac-
tion (RT-PCR). For titration using the mRNA assay, the
infectious titer was determined by the endpoint dilution
method and expressed as 50% cell culture infectious dose
(CCIDso)/mL. Three mRNA assays were performed in par-
allel for each dilution step and the virus titer was calcu-
lated according to the maximum likelihood method. In
samples where no virus was detected, the detection limit
of the assay was calculated according to the Poisson dis-
tribution using the equation

c=-Inp/v;

where 1-p is the 95% probability that the aliquot is free of
infectious virus (p = 0.05), v is the test volume, and c is the
virus concentration.?* Messenger RNA was extracted using
the mRNA capture kit (Roche, Mannheim, Germany). For
detection of spliced mRNAs encoding for capsid proteins
(VP), mRNA was dissolved in 50 uL of RT-PCR mix con-
taining 600 nmol/L Primer XPP1 (5-TTTCCTGGACT
TTCTTGCTGT, Nucleotides 365-385), 600 nmol/L Primer
TP2 (5’-TGGTCTGCCAAAGGTGTGTAG, Nucleotides 2171-
2151), 200 nmol/L Probe “B19-Sonde-1" (FAM(6-carboxy-
fluorescein)-CCGCGCTCTAGTACGCCCATCCT-TAMRA
(6-carboxy-tetramethyl-rhodamine), Nucleotides 2050-
2072), 1 mmol/L dNTPs, 2 uL. of PCR enzymes, and 1x
reaction buffer from a one-step RT-PCR kit (Qiagen,
Hilden, Germany). For detection of spliced Genotype
3 mRNA, Primer XPP1 was replaced by Primer XPP5 (5'-
CTTGCTGTTCTTTGCCTGCTA), Primer TP2 was replaced
by Primer TP7 (5'-CTTCGGAGGAAACTGGGCTTC, Nucle-
otides 2123-2102), and Probe “B19 Sonde 2” was FAM(6-
carboxy-fluorescein)-AACCCCGCGCTCTAGTAC-TAMRA
(Nucleotides 2046 to 2063). All nucleotide position humn-
bers of primers refer to strain Au.* RT was carried out for
30 minutes at 50°C and stopped by incubation at 95°C for
15 minutes in a PCR system cycler (GeneAmp 9700,
Applied Biosystems, Weiterstadt, Germany). Thereafter,
five PCR cycles (15 sec at 94°C, 15 sec at 60°C, 15 sec at
72°C) were performed followed by incubation for 10
minutes at 72°C. The reaction mixture was transferred to a
sequence detection system (ABI Prism 7700, Applied Bio-
systems). After 2 minutes at 50°C and 10 minutes at 95°C,
45 cycles (15 sec at 95°C and 30 sec at 60°C) were per-
formed. In each run, the infectivity (mRNA) from a sample
of known titer was determined by the endpoint dilution
method (two wells per dilution) and calculated
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as 50% mRNA-inducing dose (mRNAs)/mL using the
maximum likelihood method resulting in an absolute
quantification of the mRNAs/mL titer with a variation of
+0.8 log. Furthermore, this sample was used to generate a
standard curve (two to three wells per dilution) for relative
quantification of virus mRNA. One well per dilution was
analyzed for mRNA and diluted samples with C; values
falling within the linear range of the standard curve were
used for calculation of the titer using the sequence
detection system software (ABI Prism 7700, Applied
Biosystems).

Neutralization assay

Fifty microliters of virus-containing plasma was mixed
with 50 uL of EU-licensed commercial normal immuno-
globulin G (igG) preparation from a twofold dilution
series in PBS. The 100-pL mixture of virus and serum was
incubated 2 hours at 37°C for neutralization. Thereafter,
the whole sample was inoculated onto KU812Epé cells
for titration of infectious virus by mRNA detection as
described above.

RESULTS

Characterization of virus Isolates

Inactivation of B19V occurs by damaging the virus capsid
shell. Therefore, we determined the amino acid sequence
of the virus capsids. The nucleotide sequence of Geno-
type 1 strain termed “DRK-1” was determined by direct
sequencing of DNA amplified by PCR (GenBank Accession
Number HQ664953). The sequence of the Subtype 3a
strain P1 (GenBank Accession Number FJ265736) has
been described previously.”? Figure 1 shows the different
amino acids located in the virus capsid proteins. The
capsid of B19V consists of two proteins VP1 and VP2,
respectively, which are translated from overlapping open
reading frames. VP2 forms 95% of the virus capsid. VP1
contains an N-terminal 228-amino-acid “unique region.”
Differences in 29 amino acids were identified between
Genotype 1 and Genotype 3. These amino acid positions
clustered preferentially (i.e., 18 of the 28 changes) in the
VPI1 unique region.

The plasma DNA concentrations of both Genotype
samples were 11.9 log IU/mL. The infectious titers were
7.9 + 0.4 and 8.5 = 0.4 log CCIDs, for Genotypes 1 and 3,
respectively, as determined by quadruplicate assays (SD
indicated) using mRNA detection. _

Inactivation kinetics during pasteurization

Heat treatment in aqueous solution of albumin and other
plasma proteins is performed at 60°C for 10 hours (pas-
teurization). Immediate inactivation of BISV Genotype 1
has previously been demonstrated under these standard
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Amino acid 4 5 6 12 17 18
position

25 68 93 96 100 101 111 123

Genotype 1 K S G D K
Genotype 3 T T D s Q \4

Amino acid
position

125 144 192 308 313 319 418 445 454 463 521 531 533 772

Genotype 1 L S ] \ S S
Genotype 3 Y N A T N T

F T P \ S s G
S S A 1 N N W

Fig. 1. Differences in amino acid composltion of B19V capsid proteins. Differing amlno acids of the virus capsid proteins of Geno-
type 1 (strain DRK1) or Genotype 3 (strain P1) are presented. The location of varlant amino acld positions (Indicated as dots) with
respect to the VP1 and VP2 open reading frames (Indlcated as bars) is shown.

sufficiently to enable a more accurate
and precise comparison of the inactiva-

tion kinetics of the different virus
genotypes. As shown in Fig. 2, both

genotypes were inactivated below the

detection limit in less than 30 minutes.
There was no significant difference in

inactivation kinetics of the two virus
genotypes.

Inactivation kinetics at
low-pH treatment

Infactivity (log mRNAsy/mL)

During the manufacture of several

0 10 20 30 40
Time (min)

= immunoglobulin products, an enzy-
50 80 matic treatment may be performed at
pH 4 and 37°C. Manufacture of other
products includes incubation of the

—— Genotype 1 —8—Genotype 3 - - - Detection Linﬂ]

final product at pH 2 and room tem-

Flg. 2. 1 ion of B19V G ypes 1 and 3 by heat treatment. Human albumin

perature for several weeks. Both proce-
dures have been shown to be effective

5% was heated to 56.5°C and spiked 1 in 20 with B19V Genotype 1 or 3, respectively.  {0T inactivation of enveloped viruses

Incubation at 56.5°C was continued and infectious titer was determined at various
time points by titration of B19V on KUB12Ep6 cells and analysis of B19V-specific
the infectious

mRNA. The starting point of § i kinetics (0 min) rep:

titer from a sample spiked at room temperature.

pasteurization conditions.’ Inactivation studies of Geno-
types 1 and 3, described herein, were carried out at lower
temperature (56.5°C). Reducing the temperature of the
heat treatment step slowed the rates of virus inactivation
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and specific nonenveloped viruses.
Inactivation of BI9V at pH 4, 37°C
was previously demonstrated.? In the
studies described herein, we investi-
gated inactivation kinetics of BI9V
Genotypes 1 and 3 under two different conditions (pH 4 at
37°C and pH 4.5 at 23°C). Ethanol (2% final concentration)
was added to the samples incubated at pH 4 at 37°C to
mimic typical conditions of enzymatic low-pH steps




pH4.2, 37°C
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B pH4.5, 23°C
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Fig. 3. ivation of B19V G ypes 1 and 3 by low-pH treatment. B9V Genotypes 1 or 3 were splked into test matrices (5%

albumin, 2% ethanol, pH 4.2 [A] or PBS pH 4.5 [B]) and incubation was continued for 6 hours at 37°C (A) or 21 days at 23°C (B},
respectively. Infectlous titer was determined at several time points by titratlon on KU812Ep6 cells and analysis of B19V-specific

mRNA. The starting point of inactivation kinetics the infe

tter tested I

matrix,

applied during immunoglobulin fractionation. Figures 3A
and 3B show that both conditions for low-pH treatment
were effective for inactivation of B19V. There was no sig-
nificant difference in the inactivation kinetics of either
genotype. Control samples, diluted in PBS (pH 7.4) and
held at 37°C for a period of 6 hours, showed no loss of B19
infectivity. However, in the case of the samples maintained
at 23°C for 3 weeks, it was observed that infectious titers of
B19V controls diluted in PBS (pH 7.4) declined during the
incubation period (4.2 log/mL for Genotype 1 and 3.0
log/mL Genotype 3, respectively). The pH of the controls
remained stable throughout the incubation period.

Neutralization of B19V Genotypes 1 and 3
The amino acid variations of Genotype 3 virus capsids are
located mainly in the N-terminal unique region of VP1
(Fig. 1). It has been reported that this more variable region
contains antibody-binding epitopes and that the majority
of virus-neutralizing antibodies that confer lifelong pro-
tection against reinfection with B19V are directed against
the VP1-unique region.” So far, B19V Genotype 3 has only
occasionally been described in regions outside Africa, and
it is reasonable to assume that antibodies present in pools
of plasma collected in Europe or the United States mainly
represent antibodies from Genotype 1 infections.
Consequently, experiments were performed to deter-
mine whether B18V Genotype 3 would be neutralized by

diately after spiking the low pH test

antibody preparations produced from plasma collected
in either Europe (i.e., Austria, Germany, and the Czech
Republic) or the United States. Two commercial normal
immunoglobulin preparations for human use were used.
These immunoglobulins were produced by the same
manufacturing process including cold ethanol fraction-
ation of plasma sourced either in Europe or in North
America. As shown in Fig. 4, there was no difference in the
neutralization curves of the two genotypes using the anti-
body preparations of either European or North American
origin. Both genotypes were completely neutralized below
the detection limit using immunoglobulin dilutions up to
1 in 80. Only marginally better neutralization of Genotype
1 was observed, that is, at a dilution peint of 1
in 160.

DISCUSSION

The risk for B19V transmission via plasma-derived
medicinal products is currently minimized by a combina-
tion of donor selection, pk ing, and fac-
turing steps that facilitate virus clearance. In individual
plasma donations, virus titers may be extremely high
(more than 10'2 IU B19V DNA/mL). These high levels of
virus can overload the virus clearance steps in the manu-
facturing pracess, resulting in transmission cases with, for
example, coagulation factor concentrates.” BI9V infec-
tions are ubiquitous and virus-containing donations, as
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ther processed through a scaled-down

# version of the respective manufacturing
process step. There has been always a

theoretical concern as to what extent
such mode} virus strains reflect actual

virus particles from plasma dona-

tions. Recently, Farcet and coworkers®
reported different inactivation kinetics

of variants of cell culture-adapted HAV
strains during pasteurization of HSA

infectivity (log mRNAso/mL.)

These variants were derived from a
single field isolate, indicating that muta-

tions being selected during cell culture
passage might affect the thermostability

T T T T T T
Dilution 1:20 140 T80 0160 1:320  1:640 1:1280 15120

of virus particles. In this report, highly
viremic plasma donations containing

various strains of B19V were used as the

—e—gt1EUg —e—gt1US-g —#—gt3EUIg source of the spiking agent, thereby
—m—gt3US-g - -« - Detection Limit excluding the possibility of such muta-

tions. Similar inactivation kinetics of

Fig. 4. Neutralization of B19V Genotypes (gt) 1 and 3. Neutralization reactions were B19V from different plasma donations

set up by mixing 50 uL of dilutions of Genotype 1 or Genotype 3 ata DNA concentra-
tion of 9.9 log IU/mL with 50 pL of commercial 1gG preparation from European

plasma pools (EU-Ig) or American plasma pools (US-Ig): The mixture was incubated
at 37°C for 2 hours. Tt fter, the les were | lated onto KU812Ep for titra-

P

tion of Infectious virus by analysis of B19V-specific mRNA.

analyzed by NAT methods, have been reported at frequen-
cies varying from 1 in 800 to 1 in 8000. It is currently not
practical to exclude all B19V-containing plasma dona-
tions. However, it is feasible to identify and exclude
highly viremic donations from the plasma manufacturing
pools. The Plasma Therapeutic Protein Association intro-
duced in 2002 a voluntary limit of not more than 10°
genomes/mL in a production pool and FDA recom-
mended a limit of not more than 10* IU B19 DNA/mL.* In
Europe, the 16* [U/mL limit is prescribed in the European
Pharmacopoeia for solvent/detergent plasma and for
anti-D immunoglobulin preparations used prophylacti-
cally in preg 0 for the p ition of Rhesus
disease. Genotype 3 has been predominantly found in
West Africa® Genotypes 2 and 3, however, may be occa-
sionally found in Europe.*'***% Highly viremic plasma
donations have been identified in Europe and the United
States.5®!? Genotype 2 virus sequences have also been
identified in coagulation factor concentrates.® The
variant genotypes may not be reliably detected or cor-
rectly quantified by some of the current PCR assays.™*
Manufacturing steps for virus inactivation and
removal are important in ensuring the virus safety of
plasma-derived medicinal products. The reduction capac-
ity of such steps is validated by laboratory experiments
where cell culture-adapted virus strains are spiked into
process intermediates and these intermediates are fur-
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containing B19V Genotype 1 were dem-
onstrated in earlier studies suggesting
that natural variants do not contain
mutations affecting thermal stability of
virus particles.’ In addition, inactiva-
tion of Genotype 2 strains was also
similar to Genotype 1 isolates.5?
Inactivation of virus particles at 60°C or pH 4 occurs
by externalization of virus DNA from capsids as the result
of a conformational change of capsids leading to external-
ization from capsids in the N-terminus of the VP1 pro-
tein? Although many of the amino acid variations
between B19V genotypes cluster in the N-terminal VP1
regions, such variations do not affect stability of virus
capsids.®? It has been speculated that the neutralizing
immune response is mainly elicited by this region.*
Immunoglobulin preparations have been success-
fully used for treatment of persistent infections with
B19V:* Considering the very rare detection of Genotypes 2
and 3 in Europe and the United States, it is reasonable to
assume that most B19V-specific antibodies in immuno-
globulin preparations from pooled plasma have been
derived from infections with Genotype 1. Indeed, NAT
analysis has shown that plasma fractionation pools,
prepared from European and North American plasma,
contain predominantly Genotype 1 B19V (L.A. Rinckel and
T.M. Gierman, unpublished observations).* This has been
confirmed by direct sequence analysis of B19V from
numerous plasma pools (J. Bliimel, unpublished observa-
tions). Therefore, we considered whether such prepara-
tions would be effective in neutralizing B19V Genotype 3
as well as Genotype 1. The results of these studies clearly
show that immunoglobulins prepared from European or
North American-sourced plasma were equally effective in



neutralizing Genotype 3. This indicated that such prepa-
rations should be effective in treatment of chronic infec-
tions caused by B19V Genotype 3.

In summary, the results from this study confirm the

reliability of current virus inactivation steps and thus the
safety of immunoglobulin preparations against the differ-
ent B19V genotypes
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