
and Leu63g substitute for Thrqg7 and 
Arg165, suggesting that hydrophobic interactions 
may substitute for this ion pair in smMLCK. The 
CaM-dependent protein kinases are conspicuous 
in their lack of a conserved Argq6= compared to all 
other protein kinases. The region containing the F 
helix-loop-G helix is reasonably conserved. sm- 
MLCK contains two substitutions with acidic res- 
idues at positions Asp7" and Glu723 (GlnH3 and 

in cAPK). The loop between the G and H 
helices is extended in smMLCK by inserts totaling 
four residues. In this acidic region of smMLCK, 7 
out of 15 residues are either Glu or Asp. These 
residues form part of a perimeter of acidic resi- 
dues together with those derived from the loop 
between the D and E helices (see Fig. 6). A 
deletion of five residues occurs in smMLCK in the 
loop between the H and I helix. This loop contains 
the last conserved core residue, ArgZB0 (sm- 
MLCK, Arg762) that forms an ion pair with GluZo8 
(smMLCK G I U ~ ~ ~ )  and is located under the E and 
F helices (Figs. 2 and 3). Similar deletions are 
found in almost all other protein kinases except 
members of the protein kinase C subfamily. The I 
helix in smMLCK may be deleted, but we argue 
that the loop region is more likely to be shortened 
than the I helix deleted. It seems likely that Trp773 
(cAPK TrpZg7) in the sequence HPW is the most 
carboxyl-terminal conserved structural feature 
between the cAPK and the catalytic core of the 
MLCKs. Although the mammalian cAPK has the 
sequence HKW preceding this residue, the yeast 
cAPK isoenzymes, TPK1, 2 and 3 all have the 
HPW equivalent to MLCK (8). The hydrophobic 
environment of the Trp773 in smMLCK is contrib- 
uted by residues from the E and F helices and 
appears to be conserved. 
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Lack of Protective Immunity Against Reinfection 
with Hepatitis C Virus 

Patrizia Farci,* Harvey J. Alter, Sugantha Govindarajan, 
Doris C. Wong, Ronald Engle, Richard R. Lesniewski, 
Isa K. Mushahwar, Suresh M:Desai, Roger H. Miller, 

Norio Ogata, Robert H. Purcell 
Some individuals infected with hepatitis C virus (HCV) experience multiple episodes of acute 
hepatitis. It is unclear whether these episodes are due to reinfection with HCV or to reac- 
tivation of the original virus infection. Markers of viral replication and host immunity were 
studied in five chimpanzees sequentially inoculated over a period of 3 years with different 
HCV strains of proven infectivity. Each rechallenge of a convalescent chimpanzee with the 
same or a different HCV strain resulted in the reappearance of viremia, which was due to 
infection with the subsequent challenge virus. The evidence indicates that HCV infection 
does not elicit protective immunity against reinfection with homologous or heterologous 
strains, which raises concerns for the development.of effective vaccines against HCV. 

HCV, the principal cause of non-A, 
non-B (NANB) hepatitis, accounts for 
more than 90% of posttransfusion hepatitis 
(PTH) in the United States (1) and results 
in chronic infection in over 50% of cases 
(2). Although NANB hepatitis was first 
recognized in the 1970s (3), HCV has only 
recently been identified and partially char- 
acterized (4). Before the discovery of HCV, 
the observation of multiple, distinct epi- 

sodes of acute N A N B  hepatitis in the same 
individual suggested the existence of more 
than one NANB hepatitis agent (5). A 
similar, clinical pattern was documented in 
cross-challenge studies in chimpanzees (6, 
7) although most of these studies did not 
show a second episode of acute NANB 
hepatitis (8, 9). Interpretation of these data 
was difficult and was further complicated by 
the fact that recurrent episodes of hepatitis 

were also observed in chimpanzees that 
were not rechallenged (10) and in chim- 
panzees rechallenged with homologous in- 
ocula (1 I) ,  which suggests that there might 
be explanations other than the existence of 
multiple NANB agents to account for these 
observations. With the discovery of HCV 
and the availability of serologic assays that 
detect antibodies to this virus (12), it has 
become evident that HCV is the major 
cause of NANB hepatitis and that if other 
NANB agents exist they account for only a 
minority of such cases (1 3). 

Thus, the recurrence of NANB hepatitis 
could be exvlained bv viral factors. such as 
the existence of multiple HCV serotypes or 
the emergence of mutant viruses that es- 
cape neutralization by the host's immune 
system. Alternatively, the inability of the 
host to mount a vrotective immune re- 
sponse could lead to reactivation or reinfec- 
tion with the same virus. These auestions 
can now be explored with sensi;ive and 
specific techniques such as the polymerase 
chain reaction (PCR) (1 4). To investigate 
whether primary HCV infection elicits pro- 
tective immunity against reinfection with 
homologous or heterologous strains of virus,, 
we have re-evaluated a series of cross-chal- 
lerrge experiments in chimpanzees, previ- 
ously conducted at the National Institutes 
of Health. 

The vatterns of HCV viremia and hu- 
I .  

moral immune response were analyzed in 
five -chimpanzees (15) sequentially inocu- 
lated with different HCV strains derived 
from five unrelated prospectively studied 
individuals (G, F, H, K, and R) with 
posttransfusion NANB hepatitis (7, 16). 
Three chimpanzees were challenged twice 
and two were challenged four times. The 
animals were followed for a mean period of 
32 months (range, 12 to 51 months). One 
chimpanzee (number 963) was rechallenged 
with the homologous inoculum and four 
(numbers 189, 196, 502, and 793) with 
heterologous inocula; the interval between 
the challenges ranged from 6 to 19 months 
(mean was 11.2 months). The challenge 
inocula were prepared from serum or plasma 
(Table 1) used for other successful chal- 

P. Farci, D. C. Wong, R. H. Miller: W .  Ogata, R. H. 
Purcell, Hepatitis Viruses Section, Laboratory of Infec- 
tious Diseases, National Institute of ~ l l e r g y  ana Infec- 
tious Diseases, National Institutes of Health, Be- 
thesda, MD 20892. 
H. J. Alter, Department of Transfusion Medicine, War- 
ren G. Margnuson Clinical Center, National Institutes 
of Health, Bethesda, MD 20892. 
S. Govindarajan, Rancho Los Amigos Hospital, 
Downey, CA 90242. 
R. Engle, Division of Molecular Virology and Immunol- 
ogy, Department of Microbiology, Georgetown Uoiver- 
sity, Rockville, MD 20852. 
R. R. Lesniewski, I .  K. Mushahwar, S. M. Desai, 
Experimental Biology Research, Abbott Laboratories, 
North Chicago, IL 60064. 

*To whom correspondence should be addressed 

SCIENCE VOL. 258 2 OCTOBER 1992 



lenge studies in chimpanzees (7, 9, 17). We 
used a nested PCR assay (18) to detect 
HCV RNA in serial serum samples ob- 
tained at weekly or biweekly intervals for 
the first 20 weeks and then every 4 weeks 
throughout the follow-up period after each 
virus challenge. To avoid false negative 
results caused by mismatch between primer 
and template, which could result from ge- 
netic heterogeneity among the different 
HCV strains (1 9), we tested all serial sam- 
ples with a set of primers derived from the 
5' noncoding (NC) region (18), which 
represents the most conserved region of the 
HCV genome (20). Most of the sera were 
also tested with two sets of primers derived 
from the nonstructural (NS) regions NS3 
and NS4 (21, 22). All sera were also 
analyzed for antibodies against structural 
and NS proteins of the HCV genome by 
enzyme-linked immunosorbent assay 
(ELISA) (Fig. 1). 

After the first virus challenge, all five 
animals developed a classical NANB hepa- 
titis (Table 1). Serum HCV RNA was first 
detected within 1 week after inoculation in 
four animals and within 5 weeks in the fifth 
animal (number 196) (Fig. 1). The viremia 
was transient, lasting for less than 18 weeks 
(range was 11 to 17 weeks) in four chim- 
panzees but was persistent in one animal 
(number 502). All chimpanzees serocon- 
verted, as measured by first- or second- 
generation HCV antibody assays (Fig. 1) 
(23). The second-generation test was usu- 
ally more sensitive for the early detection of 
antibodies to HCV (24). In contrast, none 
of the animals developed antibodies to the 
second envelope glycoprotein (E2, also 
called NS1) (23), and only two (793 and 
502) became positive for antibodies to NS5 
(anti-NS5) (23). At the time of the second 
challenge, all chimpanzees, with the excep- 
tion of one with persistent HCV infection, 
were repeatedly negative for serum HCV 
RNA and antibodies to the C100-3 (part of 
the NS4 product) and NS5 (the putative 
viral polymerase) HCV proteins (Fig. 1). In 
contrast, antibodies to core and NS3 (23) 
were detected by the second-generation 
assay in four of the five animals (Fig. 1). In 
all four animals negative for serum HCV 
RNA, including the one reinoculated with 
the same strain, the second virus challenge 
resulted in the reappearance, within 2 
weeks, of HCV RNA in the serum. This 
HCV viremia remained detectable inter- 
mittently throughout the observation peri- 
od in one chimpanzee (793) but lasted for 
only 3 to 10 weeks in the other three 
animals (963, 189, and 196) (Fig. 1). 

Two chimpanzees (189 and 196) were 
challenged a total of four times. In chim- 
panzee 189 (Fig. l ) ,  the third challenge was 
followed by the reappearance within 3 
weeks of serum HCV RNA that remained 

detectable until week 8, then became pos- 
itive again at week 19 and was persistently 
positive at the time of the fourth challenge 
and thereafter during the remaining 15 
months of follow-up. In chimpanzee 196 
(Fig. I) ,  the third challenge induced a 
transient viremia (1 week), but the fourth 
challenge resulted in the reappearance of 
serum HCV RNA 3 weeks after inoculation 
and its persistence thereafter. 

With one exception (chimpanzee 196, 
third challenge), the recurrence of viremia 
was alwavs associated with the reauuear- . L 

ance of antibodies against the NS proteins 
C100-3 or NS5 (Fig. I), which suggests 
that viral replication had recurred. In ani- 
mals in which the rechallenge induced a 
transient HCV viremia. antibodv to ClOO 
or anti-NS5 typically reappeared and then 
disappeared with the loss of HCV viremia 
(Figs. 1 and 2A). In contrast, these anti- 
bodies persisted in the animals that devel- 
oped chronic HCV infection (Figs. 1 and 
2B). Antibody responses to homologous or 

heterologous rechallenge occurred almost 
immediately after inoculation, as opposed 
to the long delay in response to primary 
HCV infection. This suggests an anamnes- 
tic antibody response, which may be char- 
acteristic of secondary infection. Antibod- 
ies detected by the second-generation assay 
were less influenced by the pattern of HCV 
viremia because they remained positive 
throughout the entire study. With one ex- 
ception (chimpanzee 793) (Fig. 2B), we 
could not detect significant variations in 
the titer of these antibodies before and after 
rechallenge. Serial serum samples were also 
tested for antibodies to the E2/NS1 protein 
with an experimental assay (23), but these 
antibodies were never detected in any of 
the chimpanzees studied. 

Analysis of serum alanine aminotrans- 
ferase (ALT) concentrations during the 
cross-challenge studies in chimpanzees 
showed that the reappearance of viremia 
was usually associated with a mild elevation 
in the ALT concentrations (Table 1). Only 

, , , a , I , c I , I , , , , I , , , I I , , , I I  , , I , , , I I t I I I I I t I I I I I I I I  r r I - I ' " , I " " I , , , I I  , r I , , , , l a , , , l , , , < t # a . ,  

0 5 10 15 20 25',0 5 10 15 2 0 ' / 0  5 10 15 20,*&-6 
Weeks Months 

Fig. 1. Patterns of HCV viremia and serologic responses in multiple cross-chatlenge studies in 
chimpanzees; the numbers of animals are indicated to the left. HCVviremia was determineaweekly 
or biweekly for the first 20 weeks after each virus challenge and then every 4 weeks throughout the 
observation period (18). Antibodies to HCV were tested weekly or biweekly (23). The arrows 
indicate the time of challenge with the HCV strains used for- inoculation (Table 1). HCV RNA is 
indicated by the filled .boxes, first-generation anti-HCV is indicated by the diagonal shading, 
second-generation anti-HCV is indicated by the stippled shading, and anti-NS5 is indicated by the 
crosshatching. In chimpanzee 196, antibodies to HCV detected by first- and second-generation 
assays appeared in the first sample tested, 1 week afier inoculation, which reflects passive transfer 
of antibodies by the large (75-ml) inoculum (Table 1). Passively transferred antibodies became 
undetectable 8 weeks later, and seroconversion occurred 20 weeks after inoculation. None of the 
animals developed detectable concentrations of antibodies to E2INSl during the multiple cross- 
challenge studies. The letters in the PCR (HCV RNA) bar indicate the strain identified by sequencing 
after challenge (there was not sufficient serum available from chimpanzee 196 for PCR amplification 
of the E21NS1 region, after the second and third challenges); NA, not available. 
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one chimpanzee (196), after the fourth 
challenge, developed an acute hepatitis 
with ALT values similar to those observed 
during primary HCV infection. The inter- 
pretation of this second episode of acute 
hepatitis, however, was complicated by the 
fact that this animal was suffering from a 
wasting syndrome of unknown etiology at 
the same time. Coded liver biopsy speci- 
mens were analyzed in two chimpanzees 
(963 and 793) during primary acute resolv- 
ing HCV infection and after the second 
challenge. Necroinflammatory changes 
were observed in the liver, coincident with 
biochemical evidence of hepatitis in both 
animals (Fig. 2). By the time of rechal- 
lenge, the liver biopsies and liver enzyme 
values had returned to normal. However, 
within 2 weeks of the second challenge, 
both animals again exhibited necroinflam- 
matory changes that were suggestive of 
acute viral hepatitis. In a third animal 
(502) in which viremia was persistent after 
primary infection, serial liver biopsies also 
showed recurrent necroinflammatory changes 
after rechallenge (25). Thus, although re- 
challenge was usually associated with only 
mild elevations in ALT concentrations, 
distinctive histopathological signs sugges- 
tive of acute hepatitis were observed in the 
liver of rechallenged animals for which liver 
biopsies were available. 

When we used the PCR techniaue to 
compare the ability of the three sets of 
primers to detect HCV sequences, we found 

that primers from the 5' NC domain and 
NS4 identified HCV RNA in all sera used 
for inoculation, but the primers from NS3 
reacted with only three of the five strains 
(strains F, H, and R) (Table 1). The same 
pattern of response was seen after inocula- 
tion of these HCV strains into chimpan- 
zees; the primers from the NS3 region did 
not identify HCV sequences during primary 
HCV infection of chimpanzees 793, 189, 
and 196 (inoculated with strains K or G) 
(Table 1) but did detect HCV RNA after 
the second virus challenge (strain F). These 
data indicated that the variability in detec- 
tion of HCV sequences was a result of 
sequence heterogeneity among specific 
HCV strains and suggested that the reap- 
pearance of viremia after rechallenge was 
not likely to be a result of the reactivation 
of the original virus strain. 

To prove that the HCV sequences recov- 
ered after rechallenge corresponded to the 
HCV sequences used for inoculation, we 
extracted RNA from all sera used for inocu- 
lation and from selected samples recovered 
from the chimpanzees after each cross-chal- 
lenge. The RNA was then reverse tran- 
scribed and amplified with a set of primers 
that covered the E2/NS1 domain of the 
HCV genome (26). The PCR products were 
purified and sequenced as described (27). 
We chose to sequence the E2/NS 1 region of 
th: HCV genome because reports have 
shown that the E2/NS1 gene of all HCV 
genomes examined has a hypervariable do- 

main (28) that may be used to identify 
individual viral isolates. This domain (re- 
gion V) consists of approximately 78 nucle- 
otides and may be analogous to the third 
hypervariable region (V3) of the human 
immunodeficiency virus (29). The nucleo- 
tide sequences of the hypervariable region of 
the five HCV strains used for inoculation are 
shown in Fig. 3. Comparison of these se- 
quences revealed an overall nucleotide iden- 
tity ranging from 62.3 to 93.2% among the 
five HCV isolates (Table 2). 

We then compared the nucleotide se- 
quence of the hypervariable region of the 
HCV strain used for inoculation with those 
from 12 of the 14 challenges. At-the time of 
inoculation, serum HCV RNA was repeat- 
edly negative in 12 challenges but positive 
in 2 challenges (the second challenge in 
chimpanzee 502 and the fourth challenge in 
chimpanzee 189). Sequence comparisons of 
rechallenges induci~g de novo reappear- 
ance of HCV viremia demonstrated that 
the reappearance of HCV RNA in serum 
after each cross-challenge was not a result 
of reactivation of the original strain but the 
result of reinfection with a different HCV 
strain. In the two chimpanzees positive for. 
serum HCV RNA at the time of rechal- 
leriee (189 and 502). the nucleotide se- - .  , , 

quence of the  virus recovered after rechal- 
lenge was not that of the HCV used for 
rechallenge but was identical to th; se- 
quence of the virus present before chal- 
lenge. In chimpanzee 189, this observation 

Table 1. lnocula and serum ALT values in a series of cross-challenge strain H and strain F, the infectivity titer had been determined in titration 
experiments in chimpanzees with HCV. The five animals were inoculated studies in chimpanzees 50% chimpanzee-infectious doses (CID) 
intravenously with different HCV strains obtained from five individuals with and -10' CID, respectively] (9). Numbers in parentheses after sources 
NANB PTH, documented in prospective studies (7, 16). All inocula used indicate volume in millfliters. ALT was measured in international units per 
in this study were derived from standard viral stocks that had been used liter; numbers in parentheses indicate the week after inoculation that the 
successfully to transmit NANB hepatitis to chimpanzees' in independent peak occurred. The normal ALT values in chimpanzees ranged between 
studies (7, 9, 17). For two inocula obtained directly from the patients, 6 and 38 Ulliter. ND = not done. 

First challenge Second challenge Third challenge Fourth challenge 
Chim- 
pan- Source of Base- Peak Source of Base- Peak Source of Base- Peak Source of Base- Peak 
zee HCV line ALT HCV line ALT HCV line ALT HCV line ALT 

inoculum ALT inoculum ALT inoculum ALT inoculum ALT 

963 Chronic PTH, 
strain F, third 
chimpanzee 
passage (1) 

793 Acute PTH, 
strain K, first 
chimpanzee 
passage (1) 

502 Chronic PTH, 
strain F, third 
chimpanzee 
passage (1) 

189 Acute PTH, 
strain K (3) 

196 Chronic PTH, 
strain G (75) 

30 220 (12) Chronic PTH, 30 55 (2) N D ND ND N D ND ND 
strain F, 
third 
chimpanzee 
passage (1) 

23 418 (12) Chronic PTH, 25 52 (1) N D ND ND N D ND ND 
strain F, 
third 
chimpanzee 
passage (1) 

21 412 (13) Acute PTH, 28 39 (6) N D ND ND N D ND ND 
strain H (1) 

19 219 (15) Chronic PTH, 19 25 (3) Acute PTH, 19 43 (1 1)* Acute PTH, 34 39 (1) 
strain F (5) strain H (1) strain R (1) 

17 62 (13) Chronic PTH, 20 39 (2) Acute PTH, 19 20 (1) Acute PTH, 26 74 (10) 
strain F (5) strain H (1) strain R (1) 

'ALT fluctuated between 43 and 59 Uiliter during the duration of the study, in paraUel with the persistence of HCV virernia 
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Table 2. Percent identity in a 162-nucleotide 
domain that encompasses the hypervariable 
region of five HCV strains (F, G, H, K, and R) 
used for inoculation of chimpanzees and the P 
HCV strain (21). 

Strain P F G H K R 

was confirmed by sequencing data obtained 
during follow-up (30) and suggests that 
viral interference may inhibit the replica- 
tion of heterologous HCV or mask its pres- 
ence after rechallenge in these persistently 
infected chimoanzees. However. because of 
the small number of rechallenges analyzed 
in persistently infected animals and our 
inability to rule out a mixed infection, we 
must be cautious in the interpretation of 
these data. 

Although HCV, an RNA virus, is sub- 
ject to considerable nucleotide change in a 
relatively short evolutionary period (3 1 ) , 
we did not observe a high mutation rate in 
the HCV viral strains recovered after one 
passage in chimpanzees. The nucleotide 
sequences of the HCV inocula and the virus 
recovered after challenge were identical in 
10 of 12 cases. In the remaining two cases, 
the HCV recovered after challenge exhib- 
ited one nucleotide substitution [chimpan- 
zee 793, second challenge with strain F: 
nucleotide (nt) 1543, G -+ A] and six 
nucleotide substitutions (chimpanzee 189, 
third challenge with strain H: nt 1522, G 
-+ A; nt 1527, A -+ G; nt 1536, C -+ A; 
nt 1540, T -+ C; nt 1548, C -+ T; and nt 
1555, C -+ T),  respectively, when com- 
pared to the sequence of the HCV used for 
inoculation. Sequencing of DNA was usu- 
ally performed on PCR products obtained 
within 5 weeks after challenge. Only in 
chimpanzee 189 was DNA sequencing per- 
formed on a later sample (29 weeks after the 
third challenge). In consideration of the 
pattern of HCV viremia seen in this animal 
(serum HCV RNA became positive after 
challenge, then negative, and again posi- 
tive), the six nucleotide substitutions may 
reflect selection of mutant virus as a result 
of immune pressure directed against the V 
region of the HCV genome. Three of the 
six nucleotide substitutions observed in 
chimpanzee 189 after rechallenge with 
strain H also appeared independently in the 
original individual from whom the inocu- 
lum was derived (individual H) in a study of 
the mutation rate of HCV over a period of 
13 years (32). 

We have demonstrated that, in chim- 

HCVRNA OIIIIIII 1111  u u u u  u UUUIIIIUUU 11 11 u u u 
Liver pathology -+  - ---+ + - - -- 

Weeks after inoculation 

B 

i i 
HCVRNA O1111111 Ill 0 0 0 0 0 0 0 O O l l l l  0 0 0 I 

Uverpathology - - + + - + + - - -  - + + -  - - 
A 

Weeks after inoculation 

Fig. 2. Course of HCV infection in chimpanzee 963 rechallenged with the homologous HCV strain 
(A) and in chimpanzee 793 rechallenged with a heterologous HCV strain (B). The gray areas 
indicate the values of serum ALT. Normal ALT values in chimpanzees range between 6 and 38 
Ulliter. The arrows indicate the time of challenge and the strain used for inoculation. Open bars 
indicate negative assays for serum HCV RNA by PCR (18) and solid bars indicate positive 
assays. Liver pathology indicates necroinflammatory changes rated as negative or positive. 
First-generation anti-HCV is indicated by circles, second-generation anti-HCV is indicated by 
triangles, and squares indicate anti-NS5 (23). Cutoff ratio represents the ratio between the 
absorbance value for the test sample and that for the assay cutoff; values above 1 were 
considered positive. 

1418 1498 
P AGCGTATTTCTCCATGGTGGGGAACTGGGCGMGGTCCTGGTAGTGCTGCTGCTATTTGCCGGCGTCGACGCGGmCCCA 
F ........................................ A .................................. G..... 
G ... T .. C.AT.......C............T.....TT..A.T...T....A..C..C........T....G.A.C... GC 
H ................................................................................. 
K T .. C..C.AT....................T.....T...A.T...A....A..C...........T....G..TG..T.. 

...... ............................................ R C A.....C...A.......T.......... G 

1499 1579 
P CGTCACCGGGGGMGTGCCGGCCACACTGTGTCTGGATTTGTTAGCCTCCTCGCACCAGGCGCCMGCAGMCGTCCAGCT 
F .............. .C ....... G.G.C.CAG ..... C...C.G.T..TT..A .................... A .... A.. 
G ... GT.A ..... G.CG..A...T....C.CCCGC..CA...CGTC....T.T...GTC..GC.GTCT.....AA....... 
H ....................... G ... CAC.G....GC.....G.T.....TA....................A....A.. 
K ... GGTA ..... G.CGCM.C.TG.GACCAC .. C..GG.MCGTC....T.....GTT..GC.GC.A.....TA....... 

.................... ..... R CT C.C.G.G..GC.C.C.......T.TMCAGG...T........G.......A.. 

Fig. 3. Alignment of the nucleotide sequences of the hypervariable region of the five HCV strains (F, 
G, H, K, and R) used for inoculation of chimpanzees in multiple cross-challenge studies. P, 
prototype. A region of 162 nucleotides of the HCV genome spanning map positions 141 8 to 1579 
was aligned. Map unit designations are taken from a published HCV sequence (21). Dots indicate 
nucleotide identity to the P sequence. 
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panzees convalescent from HCV infection, 
rechallenge with homologous or heterolo­
gous HCV strains consistently resulted in 
the reappearance of viremia. Sequencing 
data provided evidence for the first time 
that the recurrence of viremia was not a 
result of reactivation of the original strain 
but a result of reinfection with a different 
(or the same) HCV strain. By contrast, 
chimpanzees persistently infected with 
HCV appeared to be protected against su­
perinfection with a different HCV strain, 
which suggests that viral interference, a 
mechanism recognized in other types of 
viral hepatitis (33), may also play a role in 
this setting. However other mechanisms 
(such as neutralizing antibodies) could also 
be involved. Although primary infection 
with HCV afforded partial protection 
against biochemical hepatitis after rechal­
lenge and periods of viremia were generally 
shorter, histologic evidence of hepatitis re­
appeared, and the risk of developing chron­
ic HCV infection was not lower than that 
seen after primary infection in these chim­
panzees. Our data suggest that the risk of 
reinfection was not related to dose or strain 
of HCV. Reinfection occurred several times 
in the same chimpanzees rechallenged with 
different HCV strains and even in a chim­
panzee rechallenged with the same dose of 
the homologous inoculum. Prince and co­
workers reported the reappearance of HCV 
viremia in chimpanzees rechallenged with 
the homologous or a heterologous virus 
(34) but they could not rule out exacerba­
tion of the earlier infection because se­
quence analysis was not performed. 

Multiple episodes of transfusion-associ­
ated hepatitis of short incubation have been 
described in individual hemophiliacs and in 
other individuals at risk of repeated expo­
sure to HCV (5). The observation of mul­
tiple infections and recurrent episodes of 
hepatitis with short incubation periods in 
chimpanzees repeatedly exposed to HCV 
suggests a similar etiology for the multiple 
attacks of short incubation hepatitis seen in 
these patients. The mechanism responsible 
for the lack of protective immunity against 
reinfection with HCV is at present un­
known. We can postulate that the virus 
fails to induce an effective neutralizing an­
tibody response or that genetic variation 
leads to the rapid development of escape 
mutants that circumvent the immune re­
sponse. Regardless of the mechanism, the 
findings reported here have implications for 
the development of effective HCV vac­
cines. 
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