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Reports of cerebral dysfunction in chronic hepatitis C virus (HCV) infection have led to the suggestion that
HCYV may infect the central nervous system (CNS). We used reverse transcription-PCR, cloning, and sequenc-
ing to define quasispecies for the HCV internal ribosomal entry site (IRES) and hypervariable region 1 (HVR1)
in autopsy-derived brain, liver, lymph node, and serum samples. There was evidence of tissue compartmen-
talization of sequences in the brain in two patients, with between 24 and 55% of brain-derived IRES sequences
absent from the serum, and significant phylogenetic and phenetic clustering of the brain and lymph node HVR1
sequences. The IRES initiates cap-independent translation of the viral polyprotein. Two unique brain-derived
IRES mutations (C,,,—A and G,,;—A), which have previously been associated with lymphoid replication and
altered translational efficiency in cell culture, were found in one patient. We used a dicistronic reporter vector
to test whether brain-derived variants showed altered IRES-mediated translational efficiency, which might
favor CNS infection. The translational efficiencies of the brain-derived IRES sequences were generally reduced
compared to those of the master serum and liver sequences in rabbit reticulocyte cell lysates and two human
cell lines, HuH7 (liver) and CHME3 (microglial). The C,,,—A and G,,;—A mutations showed preserved
translational efficiency in HuH7 cells but reduced efficiency in CHMES3 cells. Our data provide evidence that
the CNS is a site of HCV replication, consistent with the recent demonstration of negative-strand HCV RNA
in brain, and suggest that IRES polymorphisms may be important as a viral strategy of reduced translation

to favor latency in the CNS.

The human hepatocyte is the primary locus of infection by
hepatitis C virus (HCV) (14), and chronic hepatitis, cirrhosis,
and hepatocellular carcinoma are the major clinical sequelae
(2). However, recent reports of cerebral dysfunction in chronic
HCYV infection have led to the suggestion that HCV may infect
the central nervous system (CNS) (9, 12, 15, 23).

Since the discovery of HCV, there have been attempts to
demonstrate extrahepatic replication, most frequently in cells
of haematopoietic lineage (3, 21, 26, 31, 42, 44, 59, 61, 64).
These studies produced conflicting findings, as a result of
methodological problems, and only recently has a consensus
begun to emerge that low-level replication occurs in some
extrahepatic sites, particularly in the presence of immunosup-
pression (4, 30, 33, 36, 43). In contrast, other members of the
Flaviviridae family display an overt, broad cellular tropism re-
sulting in multifaceted disease expression (60). In this context,
molecular analysis of the viral genome has been useful in
elucidating determinants of cellular tropism, with evidence
that single amino acid substitutions in the envelope protein
may alter the neurovirulence of Japanese encephalitis virus
(53) and Dengue fever virus (49), both of which are members
of the Flaviviridae.
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In common with a number of other positive-stranded RNA
viruses within and outside the Flaviviridae, the 5’ untranslated
region (UTR) of the HCV genome contains a highly conserved
element, the internal ribosomal entry site (IRES) (5, 17, 56).
This element consists of three stem-loop structures (domains
II, 111, and IV) and a pseudoknot and is recognized by ribo-
somes, thus allowing translation of the viral polyprotein in a
cap-independent manner (16, 58). Although this region is the
most invariant of the HCV genome, it does exhibit a quasispe-
cies distribution in human serum (28). Naturally occurring
mutations within this region are likely to be of biological sig-
nificance and have been shown to lead to important differences
in translation efficiency, both in cell-free systems and in cell
culture (27, 28, 37, 62). Furthermore, the effect of these mu-
tations may be to either enhance or reduce translational effi-
ciency in different cell lines, suggesting that interactions be-
tween specific cellular factors and the IRES may be important
in determining cellular tropism (27, 28, 37). A parallel may be
drawn with poliovirus, where mutations within the poliovirus
IRES result in reduced translational efficiency in neural but
not Hela cells, in association with a reduction in neuroviru-
lence (25).

Several groups have reported nucleotide substitutions in the
HCV IRES which are associated with lymphoid replication
(33,37, 41, 50). Long-term cultures of HCV in lymphoblastoid
lines resulted in the selection of three nucleotide substitutions
(G to A at position 107, C to A at position 204, and G to A at
position 243) (41), which in turn increased translational activity
in lymphoid cell lines (37). The same substitutions have been
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TABLE 1. Clinical and virological data on the three HCV-infected patients whose autopsy tissues were studied

Detection of

Patient Gender Diagnosis Cause of death HIV HCeV Samples collected HCV RNA
status  genotype . -
in brain
A Male  Decompensated cirrhosis, HCC* Liver failure Negative 1b Brain, liver, lymph node, serum Yes
B Male Decompensated cirrhosis Sepsis Negative 3a Brain, liver, serum Yes
C Male Decompensated cirrhosis, AIDS  Bacterial peritonitis  Positive 1b Brain, liver, serum No
“ HCC, hepatocellular carcinoma.

found in viral sequences isolated from monocyte-derived den-
dritic cells (27) and peripheral blood mononuclear cells
(PBMCs) (33). These results, together with the demonstration
of replicative HCV intermediates in PBMCs by using highly
strand-specific reverse transcription-PCR (35, 54), support the
concept of HCV replication in lymphoid cells. These tech-
niques are now being applied to study the possibility of HCV
replication within the CNS. In support of CNS infection, Rad-
kowski and colleagues recently reported the presence of neg-
ative-strand HCV RNA in autopsy brain tissue samples (48).
Using single-strand conformational polymorphism, the same
group showed the presence of different HCV quasispecies in
brain tissue compared to serum, consistent with the presence
of an independent viral compartment in the brain.

Definitive demonstration of HCV replication has proved to
be challenging (14). Although assays for negative-strand RNA
have been optimized and negative-strand HCV RNA has been
convincingly demonstrated in cells of lymphoid origin and the
CNS (35, 48, 54), the technique has previously lacked strand
specificity (40, 47). It is known that negative-strand RNA de-
grades rapidly, with up to a 64% loss in detection after a delay
of 30 min between biopsy and freezing of fresh tissue samples
(38). In the context of postmortem analysis, where there is an
inevitable delay in tissue availability, the sensitivity of the neg-
ative-strand assay is likely to be reduced. We therefore
adopted a cloning and sequence strategy which, although labor
intensive, circumvents the sensitivity and specificity issues as-
sociated with negative-strand detection. Furthermore, it is the
most accurate method for analyzing quasispecies, providing
information on quasispecies population parameters as well as
qualitatative sequence data. In terms of the demonstration of
the existence of an independent viral compartment within the
CNS, this approach assumes tissue-specific evolution of HCV
variants. There is considerable evidence that this occurs in the
liver, PBMCs (including lymphocytes and monocytes), den-
dritic cells, and possibly some solid organs, particularly in im-
munocompromised individuals (1, 6, 32, 34, 42, 44). The pos-
sibility of tissue compartmentalization of quasispecies being
due to selective adsorption of variants to cellular surfaces
rather than to infection has been suggested but excluded, at
least for the 5" UTR, by adsorption studies (33).

We have previously speculated, on the basis of proton mag-
netic resonance spectroscopy studies, that the microglial cell
might be the host cell for HCV infection within the CNS (9, 12,
55). In the present study we have tested this hypothesis by
measuring the translation efficiency of brain-derived IRES se-
quences in a microglial cell line. We first used a cloning and
sequencing strategy to define HCV quasispecies for the 5’
UTR, containing the IRES, and for hypervariable region 1

(HVR1) in brain, liver, lymph node, and serum samples col-
lected at autopsy. The translation efficiencies of IRES variants
were then tested in a dicistronic reporter vector in microglial
and hepatocyte cell lines. To our knowledge, these are the first
attempts to define brain-specific HCV quasispecies by se-
quence analysis and to determine the importance of IRES
function for HCV tropism to the CNS.

MATERIALS AND METHODS

Sample collection. Tissue and serum samples were obtained at autopsy from
three patients who died of complications of cirrhosis due to HCV infection
(Table 1). Liver, brain (basal ganglia), serum, and in one case mesenteric lymph
node tissue samples were collected within 36 h of death. The basal ganglia were
selected because metabolic abnormalities have been detected in this subcortical
structure in magnetic resonance spectroscopy studies of patients with HCV
infection. The tissue samples were rinsed in sterile 0.7% saline and stored at
—70°C until analyzed. The study was performed with institutional ethics com-
mittee approval.

RNA extraction, reverse transcription-PCR, cloning, and sequencing. RNA
was extracted from 150 pg of homogenized tissue and 100 wl of serum by using
a modified salt precipitation technique (Purescript; Gentra Systems, Minneap-
olis, Minn.). HCV RNA was reverse transcribed with Moloney murine leukemia
virus reverse transcriptase (Promega, Southampton, United Kingdom), using
primers from within coding regions for core and envelope protein 2 (E2) for
amplification of IRES and HVR1 sequences, respectively (Table 2). Nested PCR
was performed with the high-fidelity Expand system (Roche Diagnostics, East
Sussex, United Kingdom) and standard and genotype-specific primers (Table 2)
to amplify a 392-bp fragment encompassing the IRES and the first 42 bases of the
core protein-encoding region (positions 23 to 414) and a 225-bp fragment of E2
encompassing HVR1. PCR conditions are shown in Table 2. Amplified products
were gel purified (Qiaex II; Qiagen, West Sussex, United Kingdom), ligated into
the pGEM-T Easy cloning vector (Promega), and transformed in competent
Escherichia coli DHS5« cells (Invitrogen, Paisley, Scotland). Between 10 and 29
clones from each sample were sequenced by the dideoxy chain terminator
method with the ABI Prism 377 genetic analyzer (Perkin-Elmer, Warrington,
United Kingdom).

Quasispecies analysis. Nucleotide and amino acid sequences were aligned and
edited by using the DNASIS (Hitachi Software) and MEGA version 2.1 (24)
programs. The 5" UTR sequences were compared to consensus sequences to
determine the viral genotype. The quasispecies complexity in each sample was
expressed as Pn, which was calculated as the number of polymorphic sites divided
by the number of nucleotides sequenced or amino acids. This is a measure of the
variability of the sequences that comprise the quasispecies. The normalized
Shannon entropy (Sn) was calculated as a measure of the size of the quasispecies
repertoire and is an index of quasispecies diversity. It was calculated as Sn =
—3i(p; In p)/In N, where p; is the frequency of each sequence in the viral
quasispecies and N is the total number of clones analyzed. Both Pn and Sn can
theoretically vary from 0 to 1 (maximum complexity and diversity). In order to
evaluate the relationships between the sequences within each compartment,
distances between all possible pairs of sequences in each compartment were
calculated by using the Kimura two-parameter method with a transition-to-
transversion ratio of 2.0 with the MEGA package. The mean within-sample
distance can be considered to be an index of the genetic spread within a com-
partment and a second marker of quasispecies diversity. In the case of E2/HVR1,
the proportion of synonymous substitutions per potential synonymous site (ds)
and nonsynonymous substitutions per potential nonsynonymous site (dn) were
calculated, using the MEGA package with the Jukes-Cantor correction. Phylo-
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TABLE 2. Primers used for reverse transcription and PCR amplification of HCV RNA*
. . . c Annealing
Region Primer set” Polarity Sequence temp (°C)
IRES Outer + 5'-GGGGCGACACTCCACCAT-3’
- 5'-GCACACCCAATCTAGGGCCCCTGCGCGG-3" (RT) 53
Inner + 5'-CACTCCACCATGGATCACT-3’
- 5'-GGAACTTGACGTCCTGTGGGC-3’ 53
laEcoRI (1) + 5"-cggaattcGCCAGCCCCCTGATGGGGGCGACACTCCACCAT-3
3aEcoRI (3) + 5'-cggaattcGCACCTGCCTCTTACGAGGCGACACTCCACCAT-3’
UEcoRI - 5"-ctggaattcCGGGAACTTGACGTCCTGTGGGC-3’ 50
E2/HVR1 Outer (1) + 5'-GGGATATGATGATGAACTGG-3'
- 5'-TCCCACCACCACGGGGC-3' (RT) 52
Outer (3) + 5'-GCTTGGGATATGATGATGAACTGGTC-3'
- 5'-GGTGTGGAGGGAGTCATTGCAGTT-3" (RT) 60
Inner + 5'-CACTGGGGAGTCCTGGCG-3'
- 5'-CGAGTGCTGTTGATGTGCCA-3’ 58

“ PCR were carried out at the annealing temperature shown over 35 cycles.

® Genotype-specific primers are indicated by the genotype in parentheses. RT, primers used for reverse transcription. 1aEcoRI, 3aEcoRI, and UEcoRI are primers
which were used to amplify IRES sequences of interest for the purpose of cloning into the dicistronic vector.

¢ The EcoRI restriction site and non-HCV nucleotides are indicated by lowercase.

genetic trees were constructed by the neighbor-joining method in MEGA by
using the Kimura two-parameter model at the nucleotide level and p-distances at
the amino acid level. Bootstrap values were determined from 500 bootstrap
resamplings of the original data. Mantel’s test (1, 45) was used to determine
whether sequences within each extrahepatic compartment (brain, lymph node,
and serum) shared more genetic identity with each other than sequences from
the other extrahepatic compartments. This phenetic analysis determines the
degree of genetic similarity among sequences, in contrast to phylogenetic anal-
yses, which determine ancestral relationships among sequences. The Kimura
two-parameter distance matrix is compared to a compartment distribution matrix
M of the same dimensions, where M(ij) = 0 if sequence i is from the same
compartment as j and M(i,j) = 1ifi is from a compartment different from j. The
test statistic is the square of the Pearson correlation coefficient, 7°, computed
over all of the pairs of elements of both matrices. The null distribution was
constructed by randomly permuting the rows and columns of M 5,000 times and
counting the number of times that r? is exceeded. The hypothesis that there is no
compartmental structure is rejected if fewer than 5% of the permutations exceed
.

Construction of the DCV dicistronic vector. HCV IRES translation efficiency
was tested in a dicistronic reporter vector, DCV, consisting of two reporter
genes, the Firefly (Fluc) and Renilla (Rluc) luciferases, flanking the IRES se-
quence. The mRNA encoding the reporter genes is transcribed under the control
of the simian virus 40 promoter in cell-based systems or the T7 promoter in
cell-free ones. In either case, translation of the upstream (control) reporter
(Rluc) occurs by a cap-dependant mechanism, whereas translation of the down-
stream reporter (Fluc) is under the control of the interposed HCV IRES. In
brief, the Fluc gene was amplified by PCR (30 cycles; annealing temperature,
58°C) with 10 ng of pSP-luc+NF (Promega) and 30 pmol each of primers
FLUCF (5'-AGTCTAGACTCGAGGAATTCATGGTCACCGACGCCAAAA
ACATAAAG-3") and FLUCR (5'-TCTCTAGAATTACACGGCGATCTTTC
CGCC-3"), using the Expand long-range system (Roche). FLUCF and FLUCR
contain an Xbal restriction site (underlined). The PCR product was ligated into
pGEM-T Easy and then digested with Xbal. The purified fragment was next
ligated into pRL-SV40 (Promega) containing Rluc. This was first linearized by
Xbal digestion and treated with alkaline phosphatase (Promega). This generated
the dicistronic vector (DCV) consisting of the two luciferase genes separated by
a unique Xhol/EcoRI cloning site (underlined in FLUCF). Selected IRES se-
quences of interest were amplified by PCR with 3 to 5 ng of mini-prepped DNA
and genotype-specific primers (1aEcoRI, 3aEcoRI, and UEcoRI [Table 2]). The
resulting amplicons included stem-loop I of the 5" UTR, the entire IRES, and the
first 42 nucleotides of the core-coding sequence, flanked by EcoRI restriction
sites. These products were digested with EcoRI and ligated into EcoRI-linear-
ized and phosphatase-treated DCV. The resulting constructs were sequenced in
both directions to confirm the correct orientation of the inserted IRES fragment.

Determination of IRES quasispecies translational efficiency. In order to de-
termine whether the observed IRES mutations were of functional importance, in

vitro IRES translational efficiency was measured by using the TNT coupled
rabbit reticulocyte lysate system (Promega). One microgram of each DCV-IRES
construct was used per reaction mixture, and the luminometric activities of both
Fluc and Rluc in the cell lysates were measured by using the dual luciferase kit
(Promega) and a multiwell plate reading luminometer (Berthold Technologies,
Hertfordshire, United Kingdom). The Fluc/Rluc ratio was calculated as an index
of IRES translational activity. The experiments were repeated at least three
times.

Two cell lines were then used to test translational efficiency following trans-
fection of selected constructs. HuH7 cells of hepatocellular carcinoma origin and
CHMES3 cells of fetal microglial origin (kindly provided by N. Janabi) were
maintained in Dulbecco modified Eagle’s medium (Invitrogen), supplemented
with 10% fetal calf serum, 2 mM L-glutamine, penicillin (100 IU/ml), and strep-
tomycin (100 pg/ml). HuH7 cells, seeded in 24-well plates, were transfected
when subconfluent with 1 to 2 ng of each DCV-IRES construct mixed with 2 pl
of Lipofectin (Invitrogen) in 300 wl of Optimem (Invitrogen). Cells were lysed,
at 24 h posttransfection, using 100 wl of passive lysis buffer (dual luciferase kit;
Promega) per well, and luciferase activities were measured immediately as de-
scribed above. The transfections were done in triplicate. A total of 2 X 10°
CHMES3 cells were electroporated with 6 pg of each DCV-IRES construct in a
0.4-cm cuvette (voltage, 1.5 kV/cm; capacitance, 25 wF). The electroporated cells
were maintained in medium for 24 h and then lysed, and their luciferase activities
were measured as described above, again in triplicate.

Mean translational activities were expressed relative to the dominant serum
IRES variant, arbitrarily designated 100%, and differences were analyzed by
analysis of variance, with a post-hoc Bonferroni test, using the SPSS version 10
package.

RESULTS

Compartment-specific sequences. HCV RNA was detected
in brain extracts from two out of three patients (patients A and
B), both of whom were human immunodeficiency virus (HIV)
negative. The viral genotypes in these cases were 1b (patient
A) and 3a (patient B). Totals of 167 and 117 clones were
sequenced for patients A and B, respectively. In each case,
characteristic quasispecies distributions were found in all sam-
ples, with the presence of a dominant sequence (master se-
quence) and a variable number of minority sequences (Fig. 1 to
3). With the exception of the master HVR1 nucleotide se-
quence in serum in patient A, the master sequences from each
tissue compartment were identical in each patient. However,
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FIG. 1. Nucleotide alignment of IRES sequences amplified from brain, liver, serum, and lymph node for patient A. Sequences are compared
to the master sequence, which was the same in each compartment. The numbers of sequences in each compartment are given in the four columns
on the left. The identifier for each sequence is given in the fifth column. Nucleotide numbering as described by Choo et al. (7). B, brain; N, lymph

node; L, liver; S, serum.

the number and distribution of minority sequences varied
across the tissue compartments. As expected, the nucleotide
complexity, as measured by Pn, was greater in HVRI1 than in
the IRES sequences, consistent with the known variability of

this region (Tables 3 and 4). Similarly, the mean within-patient
genetic distance was greater in the HVR1 quasispecies than in
the IRES (0.02 versus 0.002 in patient A and 0.007 versus 0.002
in patient B). However, the normalized Sn was of a similar
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FIG. 2. Nucleotide alignment of IRES sequences amplified from brain, liver, and serum in patient B. Sequences are compared to the master
sequence, which was the same in each compartment. The numbers of sequences in each compartment are given in the three columns on the left.
The identifier for each sequence is given in the fourth column. B, brain; N; L, liver; S, serum.
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FIG. 3. E2/HVRI1 peptide alignments from serum and tissue compartments in patients A and B. These sequences are compared to the master
sequence, which was the same in each compartment. The numbers of sequences in each compartment are given in the columns on the left. The
identifier for each sequence is given before the sequence. B, brain; N, lymph node; L, liver; S, serum; *, stop codon; #, insertion of C at nucleotide
position 1600. HVR1, comprising amino acids 384 to 414 is underlined in the master sequence.

order for both regions, indicating broadly similarly sized qua-
sispecies repertoires. These findings are consistent with previ-
ous reports of a quasispecies distribution within the 5" UTR,
subject to stronger conservatory constraints than the coding
regions (28, 51).

Analysis of IRES cloning and sequencing results. Between
14 and 29 IRES clones from each anatomical compartment
were sequenced. The master sequences in the compartments
were identical and accounted for 45 to 86% of clones (Table 3;

Fig. 1 and 2); this is hereafter referred to as the consensus
sequence.

In patient A, the brain had the highest number of unique
clones (45%) and a majority of brain clones (55%) had se-
quences that were not represented in the serum quasispecies
pool. The brain-derived quasispecies were more complex and
diverse than those from the other compartments. This is re-
flected in substantially greater Sn, Pn, and mean within-sample
genetic distance values (P < 0.0001). The serum and lymph

TABLE 3. IRES quasispecies parameters from brain, liver, and serum for patients A and B, as determined by nucleotide
substitution analysis®

Normalized Mean
Pati No. of clones No. (%) of clones ormajize Normalized within-sample
atient Sample o . . complexity .
analyzed not seen in serum _3 Sn distance
(Pn) (1077) 1073y
A Brain 20 11 (55) 1.15 0.55 4.7%*
Liver 14 2(14) 0.36 0.19 0.7%*
Serum 23 0.88 0.38 1.8
Lymph node 20 6 (30) 0.89 0.38 1.6
B Brain 29 7 (24) 0.97 0.39 2.6%
Liver 22 5(22) 0.93 0.44 2.3
Serum 25 0.61 0.41 1.8

“ Lymph node quasispecies were also analyzed for patient A.

® The mean within-sample genetic distances were calculated by using the Kimura two-parameter method with a transition-to-transversion ratio of 2.0, using MEGA

version 2.1. **, P < 0.0001; *, P < 0.01 (compared to serum).
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TABLE 4. E2/HVRI1 quasispecies parameters from brain, liver, and serum for patients A and B, as determined by nucleotide (nt) and amino
acid (aa) substitution analysis®

No. (%) of clones not

Normalized

No. of ) complexity (Pn) Normalized Sn Mean
Patient Sample clones seen in serum (10*2) ds/dn® within-sample
analyzed distance (1072)°
nt aa nt aa nt aa
A Brain 23 23 (100) 5(21) 0.63 0.81 0.59 0.31 34 2.5%
Liver 20 20 (100) 10 (50) 0.44 0.72 0.78 0.53 1.5 1.6
Serum 22 0.24 0.36 0.57 0.42 5.5 1.8
Lymph node 24 24 (100) 7(29) 0.71 0.94 0.71 0.37 2.6 2.2
B Brain 13 9 (69) 5(38) 0.31 0.41 0.75 0.45 3.1 0.9%*
Liver 10 5(50) 5(50) 0.36 0.53 0.65 0.65 2.5 0.9%*
Serum 18 0.10 0.22 0.37 0.26 1.6 0.3

“ Lymph node quasispecies were also analyzed for patient A.

b Ratio of the mean proportion of synonymous mutations per synonymous site to the mean proportion of nonsynonymous mutations per nonsynonymous site, as

computed by MEGA version 2.1, with the Jukes-Cantor correction.

¢ The mean within-sample genetic distances were calculated by using the Kimura two-parameter method with a transition-to-transversion ratio of 2.0, using MEGA

version 2.1. **, P < 0.0001; *, P = 0.04 (compared to serum).

node quasispecies displayed comparable population parame-
ters with intermediate complexity and diversity. In both cases
unique variants were seen, although these were represented
only by single clones. The liver-derived sequences were the
most invariant.

In patient B, the size of the quasispecies repertoire (Sn) and
the prevalence of the consensus sequence were similar across
the three compartments. However, Pn and the mean within-
sample distance of the brain (P < 0.01) and liver quasispecies
were greater than those for serum, indicating that the minor
strains in brain and liver were more divergent.

Phylogenetic trees constructed from the viral sequences
showed a number of unique brain-derived sequences in both
patients (Fig. 4). In patient A, five brain-derived clones (BS,
B10, B13, B18, and B25) clustered together (bootstrap score =
75) and were phylogenetically distinct from the consensus se-
quence, which was present in all compartments and likely to
represent serum-derived virus. These brain-derived sequences
contain the substitutions C to A at position 204 and G to A at
position 243 (hereafter referred to as A204, A243), which have
previously been reported to be associated with extrahepatic
replication (33, 37, 41, 50). In patient B, there was no phylo-
genetic grouping by compartmental origin. However, the mi-
nor brain variants showed the greatest evolutionary distance
from the consensus sequence.

The Mantel test supported a phenetic structure to the ex-
trahepatic compartments in patient A (P < 0.001), but this was
not evident in patient B.

Analysis of E2/HVRI1 cloning and sequencing results. Be-
tween 10 and 24 E2/HVRI1 clones from each anatomical com-
partment were sequenced. In patient A, the brain quasispecies
complexity (Pn) was broadly equivalent to that in the other
tissue compartments (Table 4), in contrast to the IRES data

(Table 3). Sn was greatest in the liver quasispecies, indicating
the broadest quasispecies repertoire. However, the mean with-
in-sample distance was greater in the brain (P < 0.02) and
lymph node clones, indicating greater evolutionary distances
within these compartments. This is seen clearly on the amino
acid phylogenetic tree (Fig. 4), where there is significant clus-
tering of two brain clones (B23 and B6; bootstrap value = 95).
Within HVRI1 (residues 384 to 410), these clones differ from
the consensus sequence at 10 out of 27 amino acids and are
most closely related to a lymph node clone (N10; bootstrap
value = 99). At the amino acid level, there were two dominant
sequences from serum, one of which was the same as the
consensus sequence in the other compartments. The second
dominant serum-derived sequence (S10), accounting for 41%
of serum clones, was not seen in any of the tissue compart-
ments. The Mantel test supported a phenetic structure for the
extrahepatic compartments (P < 0.001).

In patient B the E2/HVR1 quasispecies parameters paral-
leled those in patient A, with greater Pn, Sn, and mean within-
sample distance values in brain and liver compared to serum.
Three brain clones (B5, B9, and B11) had a lysine (K)-to-
arginine (R) substitution at the carboxyl end of HVRI1 and
clustered together on the phylogenetic tree (bootstrap value =
61). The Mantel test supported phenetic compartmentalization
of the brain clones (P = 0.006).

In order to determine whether there were different host
selection pressures acting on different anatomical compart-
ments, ds/dn ratios were calculated (Table 4). In all cases, the
ds/dn ratio was greater than 1, indicating that positive immune
selection was not occurring in any compartment.

IRES translation efficiency in cell lysates. IRES sequences
of interest were ligated into DCV, as described earlier, and
their translational efficiencies were measured by assaying for

FIG. 4. Phylogenetic tree analyses of IRES and E2/HVRI1 sequences from patients A and B. The trees representing the IRES nucleotide
sequences were constructed by using the neighbor-joining algorithm and the Kimura two-parameter method in MEGA version 2.1. Trees
representing the E2/HVR1 amino acid sequences were constructed by using the neighbor-joining algorithm and p-distances in MEGA version 2.1.
Bootstrap values were derived from 500 resamplings of the original data. There was evidence of phenetic compartmentalization of the extrahepatic
sequences where indicated (**, P < 0.001; *, P < 0.01 [Mantel test]). B, brain (@); N, lymph node (O); L, liver (A); S, serum ().
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luciferase activity in a cell-free system. In both patients, the
consensus sequence showed the highest translational efficiency
(Fig. 5). In patient A, two brain-derived sequences (B4 and
B23) showed marked reductions in IRES function compared to
the consensus sequence (translational activity for B4 = 5%,
and translational activity for B23 = 53% [P < 0.001]). B4
contained two mutations (C to U at position 122 and A to G at
position 298), both of which have been shown by mutagenesis
to lie in sequence motifs (pyrIl and the domain Ille tetraloop,
respectively), which are crucial to IRES function (46, 57).
Similarly, the single mutation in B23 (U to C at position 259)
falls within the domain IIId loop E motif, a highly conserved
region, in which mutations are deleterious to IRES function
(20). The A204, A243 mutation, present in 25% of the brain
clones (BS5), had no effect on IRES function in the cell lysate
system. Similarly, two minor serum sequences (S4 and S8) with
mutations at position 204 (C to U in S4) and within or near the
domain IIIb internal loop (A to G at position 179 and G to A
at position 217 in S8) and both loci of potential functional
importance, showed no significant reduction of IRES function.

In patient B, there were also marked reductions in IRES
activity in two brain-derived sequences compared to the con-
sensus sequence (B15 = 46%, and B32 = 32% [P < 0.001]).
Both of these sequences contained mutations within domain
IV. In B15 there were two mutations at the 3’ end of the
pseudoknot (G to A at position 331 and U to C at position
336), and in B32 there was a single mutation immediately after
the AUG start codon (A to G at position 345, leading to a
serine-to-glycine substitution). There was no alteration of
IRES activity in the third brain-derived sequence (B12), where
there were two synonymous mutations in the core-coding se-
quence.

IRES translational activity in cell lines. In order to confirm
our in vitro findings in conditions that more closely approxi-
mated natural polyprotein translation, and to test the hypoth-
esis that brain-derived IRES sequences have different activities
in microglia and liver cells, the constructs were tested in intact
HuH?7 cells of hepatocellular carcinoma origin and in CHME3
cells of fetal microglial origin (19). The translational efficien-
cies in these experiments broadly mirrored the results obtained
in cell lysates, with some notable differences (Fig. 6).

In patient A, the brain-derived A204, A243 sequence (BS)
showed reduced translational activity in CHMES3 cells but pre-
served function in HuH7 cells, as was seen in the lysates.
Similarly, the brain-derived sequence B20 showed reduced
translational activity in CHMES3 cells but enhanced activity in
HuH7 cells. This sequence again had a single mutation within
domain IV, just upstream from the AUG codon (C to U at
position 340) and a synonymous mutation within the core-
coding sequence. In both of these cases, the differences were
small (B20 CHME3/HuH?7 translational activity = 68%; B5
CHME3/HuH?7 translational activity = 83%), but they were
statistically significant. Brain-derived sequences B4 and B23
showed significant reductions in translational activity, which
were to a similar degree in both cell lines. The serum-derived
sequences all had preserved translational activity in both cell
lines.

In patient B, the brain-derived sequences B15 and B32 dis-
played significantly reduced translational efficiencies in both
cell lines, although their relative activities were reversed com-
pared to the cell lysate results. Sequence B12, which had two
synonymous mutations in the 5’ end of the core-coding region
(A to G at position 368 and T to C at position 392) but a
consensus noncoding sequence, displayed slightly reduced
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IRES function in cell lines but preserved function in the cell
lysates.

DISCUSSION

The present study was undertaken to seek evidence of HCV
replication within the CNS and to determine whether variabil-
ity occurring in HCV IRES sequences could confer a func-
tional advantage in microglia, the putative cellular locus of
infection within the brain.

Our approach relies upon the high fidelity of the DNA
polymerase employed in PCR. The possibility that the ob-
served sequence variability resulted from artifactual nucleotide
misincorporations during reverse transcription-PCR, particu-
larly in samples with a low RNA template level, was considered
but is highly unlikely, for the following reasons. First, we em-
ployed a DNA polymerase mixture with proofreading capabil-
ity (Expand; Roche), which showed greatest fidelity in a recent
study that examined the mutation rates of a number of com-
mercially available preparations during PCR of the HCV 5’
UTR (39). Second, the numbers of mutations in this study
exceed, by severalfold, the expected numbers calculated ac-
cording to the error rates both given by the manufacturer and
determined experimentally for the HCV 5" UTR (39). Third,
we analyzed an appropriate number of clones (13), and the
same mutations were sometimes seen in more than one clone
from the same compartment or in two different compartments
(i.e., resulting from two separate PCRs) or, in the case of the

A204, A243 mutations in patient A, have been previously re-
ported. Finally, with the exception of the brain quasispecies in
patient A, where the A204, A243 mutations were detected, Pn
was broadly equivalent in the brain, liver, and lymph quasispe-
cies, arguing against an excess of artifactual misincorporations
due to a possible low template copy number in extrahepatic
sites.

In this study we report original observations further support-
ing the concept of HCV replication within the CNS. The qua-
sispecies analysis shows evidence of tissue compartmentaliza-
tion of HCV variants in brain and lymph node samples, with
evidence of phylogenetic and phenetic clustering in all cases
except the IRES clones in patient B. The consensus sequences
were the same in each compartment, as expected, since serum-
derived virus could not be removed from the tissue samples
prior to RNA extraction. The different proportions of unique
brain-derived sequences in the IRES and E2/HVRI1 quasispe-
cies may be explained by variation in the amount of contami-
nating serum-derived virus or by the selective adsorption of
serum-derived E2/HVRI1 variants to tissue samples (33). The
high probability of serum contamination of tissue samples lim-
its the conclusions that can be drawn from the complexity and
Sn calculations. Nevertheless, 55 and 24% of the brain IRES
sequences (in patients A and B, respectively) were not repre-
sented in serum, suggesting tissue derivation, as opposed to
serum contamination, at least for patient A, where there was
phylogenetic and phenetic compartmentalization of some of
these sequences. Similarly, the presence of phylogentically and
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phenetically distinct E2/HVRI1 variants in the brains in both
patients (B6 and B23 in patient A; B5, B9, and B11 in patient
B) suggests tissue derivation. The close phylogenetic relation-
ship between B6, B23, and N10 in patient A raises the possi-
bility that these sequences may confer tropism to both a brain
and a lymphoid compartment or, perhaps more likely, are
evidence of an historical latent infection of these compart-
ments.

Of most interest, the 5 UTR A204, A243 mutation was
detected in 25% of brain clones in patient A and was not seen
in the other compartments. This mutation has consistently
been associated with lymphoid compartment infection, in as-
sociation with a G-to-A mutation at position 107. Long-term
cultures of HPBMa and Daudi cells, inoculated with wild-type
virus not containing A107, A204, and A243, selected out this
variant as a dominant variant at 193 and 308 days postinocu-
lation (41). Subsequently, these mutations have been detected
in human clinical specimens, with the demonstration of the
A204 mutation in PBMCs (33) and monocytes/macrophages
(30) and of the A107, A204, A243 mutation in monocyte-
derived dendritic cells (27). Furthermore, Radkowski and col-
leagues recently detected A204, A243 in the positive and neg-
ative strands isolated from the cerebellum of one patient when
it was absent from serum (48). The same group reported the
A107, A204, A243 mutation in cell pellets from cerebrospinal
fluid obtained from human immunodeficiency virus-positive
patients with meningitis or cerebral toxoplasmosis (29). In the
last case it seems likely that these sequences were derived from
PBMC:s that had crossed a damaged blood-brain barrier. It is
important to note that A204, A243 is commonly found in
genotype 1a, but not genotype 1b (8). It is not presently clear
whether the isolation of A204, A243 from extrahepatic sites in
patients infected with genotype 1b virus in the serum repre-
sents mixed-genotype infection or a true A204, A243 mutation
of genotype 1b.

A further novel aspect to this study was the testing of trans-
lational activity of brain- and serum-derived IRES variants.
The finding that translational activity was generally reduced in
the unique brain-derived but not serum-derived or common
IRES sequences may reflect viral adaptation to a state of
latency in extrahepatic sites, as recently proposed by Laporte
and colleagues (27). According to this hypothesis, low transla-
tional efficiency might result in reduced synthesis of viral
proteins and reduced immune destruction of infected cells,
favoring viral persistence. Our findings that all but one of the
brain-derived IRES sequences showed reduced activity in
CHMES cells and that IRES activity was preserved in HuH7
cells in two of these constructs (BS and B20) suggest that IRES
sequences may evolve to favor latency in the brain with pre-
served fitness in the liver. In the present study, the A204, A243
mutation (B5) behaved in this way. This parallels the recent
observation of reduced translational activity of a construct with
this mutation in dendritic cells (27). However, in the same
study, a similar reduction of IRES activity was seen in HuH7
and HepG?2 cells, which was not seen in our study. This may be
due to differences in the construction of the dicistronic re-
porter vectors used. The DCV-IRES constructs included the
core-coding sequence as far as nucleotide 414, whereas in the
dendritic cell experiments the core-coding segment ended at
nucleotide 371. There are known long-range RNA-RNA inter-

J. VIROL.

actions between the core-coding sequences and nucleotides 24
to 39 of the 5" UTR, although the implicated core-coding
sequences are thought to be downstream of nucleotide 414
(22). In addition, DCV contained an A-to-G mutation at po-
sition 34, which was introduced by the universal primer used
for synthesis of the DCV-IRES constructs. Positions 34 and 35
have an important regulatory role in IRES activity, again
through an interaction with the core-coding sequence from
nucleotide 408 to 929 (18). A final explanation is that there
were differences in the expression of cellular factors, which
affect cap-independent translation in the different cell lines
that were used.

In this study we have not examined IRES activities of the
liver and lymph node minority sequences. In patient A, it is
interesting that the mutations segregate along the IRES, with
the brain sequence mutations all found in domains III and IV,
specifically within the pyrIl motif, the domain Ille tetraloop,
and the domain IIId loop E motif, which are crucial to IRES
function (20, 46, 57), in addition to the A204, A243 mutation
(Fig. 7). In contrast, liver, serum, and lymph node sequence
mutations were found throughout the IRES. It is unknown
what the significance of this is in terms of IRES activity. How-
ever, it is likely to be of considerable interest in determining
whether a similar viral strategy of reduced translation effi-
ciency might favor latency in the reticuloendothelial system
and within compartments inside the liver.

It might be expected that at times when HCV polyprotein
translation is reduced, replication of viral RNA might be in-
creased as both processes compete for positive-strand RNA
(63). It has been suggested that during replication, mutations
within the structural coding regions accumulate, because they
do not undergo selection during this phase (52). Selection of
structural genes by the immune system occurs only after pro-
tein translation. Therefore, in cells with lower levels of HCV
translation, one might expect increases in structural gene nu-
cleotide complexity and diversity. In patient A, this appears to
be the case for the E2/HVRI1 sequences, with greater Pn and
mean within-sample distances in brain and lymph node com-
pared to liver and serum. Furthermore, both an insertion re-
sulting in a frameshift and a stop codon mutation are found in
the brain and lymph node sequences, consistent with absent or
reduced immune selection. In patient B, Pn and the mean
within sample distances are equivalent in brain and liver, but
greater than in serum, as the model predicts.

Our observations and those of Radkowski and colleagues
provide evidence that the CNS is a site of HCV replication
(48), which probably occurs at a considerably lower level than
in the liver. Together with other potential sanctuary sites, such
as dendritic cells (27), the brain may allow low-level viral rep-
lication to occur without eliciting an immune response suffi-
cient to terminate it. The pattern of relapsing lobular hepatitis
seen in HCV infection may represent a repeated cycle of im-
mune lysis of infected hepatocytes, followed by repopulation
by virus from low-replication sites. Similarly, it is possible that
the relapse seen after initially successful antiviral treatment
may be a result of persistent low-level replication in sites such
as the brain and dendritic cells, which may be less responsive to
therapy. In this study, the data are more compelling for patient
A (genotype 1) than for patient B (genotype 3), raising the
possibility that genotypic variation in extrahepatic replication
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Honda et al. (18).

may underlie the differences in response to treatment. How-
ever, further studies are required both to examine this possi-
bility and to establish the frequency of CNS infection by HCV.

We have previously speculated that low-level infection of the
CNS by HCV might underlie the neuropsychological symp-
toms and cognitive impairment in chronic HCV infection (9-
12, 55) that have been described by our group and others (15,
23). A model of low-level immune activation within the brain,
secondary to HCV infection, possibly introduced to the CNS
by infected monocytes, has been described extensively else-
where (9, 10, 12). This model remains to be proven. However,
the emerging similarities between quasispecies sequences in
brain and dendritic cells, the possibility of latency in these sites,
and the functional sequelae may lead to a model that explains

a number of unresolved issues, in terms of both clinical symp-
toms and viral persistence.
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