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summary. Detection of residual HCV in individuals with

SVR after treatment of CHC can be significantly heightened

by analyzing ex vivo mitogen-activated T and B lymphocytes

and applying sensitive nucleic acid amplification assays.

However, it remained unknown if synergistic activation of

lymphocytes and monocytes would further augment HCV

detection, if viral replication becomes universally upregu-

lated in treated cells, and if examining sequential sera and

lymphoid cells would improve detection of occult infection.

Using paired sera and lymphoid cells collected 1 year apart

from 17 individuals with normal liver enzymes for up to

72 months after SVR, it was found that simultaneous acti-

vation of lymphocytes and monocytes enhanced identifica-

tion of silent HCV infection and revealed that in some cases

monocytes were the principal immune cell type where HCV

persisted. Testing of serial samples further increased detec-

tion of occult infection. Ultimately, by combining the above

two approaches, all individuals with SVR were found to be

silent carriers of HCV. Clonal sequencing revealed HCV

variations in sera and lymphoid cells and evolution of viral

genomes confirming ongoing virus replication. Surprisingly,

similar to those with CHC, naive lymphoid cells from some

individuals carried �103 HCV copies/lg total RNA. HCV

loads in naive lymphoid cells predetermined the outcome of

ex vivo stimulation with respect to upregulation or inhibition

of HCV replication. HCV RNA levels in occult infection were

inversely proportional to the expression of IFNa and IFN-

inducible MxA, but not to IFNc or tumour necrosis factor a
in naive and mitogen-treated lymphoid cells.

Keywords: hepatitis C virus lymphotropism, hepatitis C virus

persistence, interferon alpha, monocytes, occult hepatitis C

virus infection, T and B lymphocytes.

INTRODUCTION

Hepatitis C virus is an important human pathogen, which

causes chronic infection in at least 170 million people world-

wide. Up to 85% of acutely infected patients become carriers

of the virus and develop CHC, which can advance to cir-

rhosis and/or hepatocellular carcinoma in up to 20% of

patients [1]. HCV is a positive single-stranded RNA virus

that replicates by making the so-called �negative strand�.
Although HCV is highly hepatotropic, evidences indicate

that it also propagates in the lymphatic [2–8] and nervous

[9,10] systems. In regard to the lymphatic system, circula-

ting PBMC from patients with CHC [2–5] and from individ-

uals with apparent complete resolution of hepatitis C, who

were serum HCV RNA nonreactive by standard laboratory

assays and had normal liver enzymes, have been shown to

carry replicating HCV genomes [5–8]. Low levels of HCV

RNA have also been detected in lymphoid cells in a signifi-

cant proportion of patients with persistently elevated liver

enzymes of unknown aetiology [11,12]. Furthermore, sus-

ceptibility of T- and B-cell lines, as well as primary human

T cells and monocyte/macrophages to HCV infection has

also been shown [13–16]. It is thought that by invading the

immune system, HCV can conceal its presence and enhance

the likelihood of persistence, as it has been observed in many

other long-term viral infections [17,18].
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The current standard treatment for CHC is a combination

therapy with pegylated IFNa and Ribavirin for 24 or

48 weeks depending on the HCV genotype. This therapy

results in the so-called SVR in no more than 50% of patients

[19]. The SVR is defined as serum HCV RNA negativity for at

least 6 months after completion of treatment, as determined

by clinical laboratory RT-PCR assays with the current sen-

sitivities between 50 and 3200 virus genome (copies)

equivalents [vge]/mL or 50–615 IU/mL [20]. Clinically,

individuals with SVR and normal liver function tests have

been considered to be free of HCV. However, it has recently

been documented that by employing more sensitive RT-PCR

detection methods, identifying <10 HCV copies or <5 IU/

mL, the virus can be consistently found in sera, lymphoid

cells and hepatic tissue for years after the apparent complete

recovery from hepatitis C [5,6,8,21–23]. In addition, liver

biopsies from these individuals occasionally reveal histolog-

ical evidence of protracted minor inflammation, frequently

mild-to-moderate fibrosis or in rare cases, even active chro-

nic hepatitis [21,22,24].

In previous studies, it is reported that ex vivo treatment of

lymphocytes from persons who achieved SVR with nonspe-

cific mitogens led to an upregulation of viral replication,

allowing detection of the virus in the cells which were

apparently nonreactive [5,6]. It became evident that such an

approach facilitates a more accurate detection of HCV than

by testing sera or naive PBMC. This finding also reaffirmed

the notion that lymphotropism is an intrinsic property of

HCV. Nevertheless, it remained unknown whether HCV

replication is universally upregulated following stimulation

of lymphoid cells or is augmented only in specific situations

dictated by not as yet determined viral or cellular factors.

Investigation of this issue is important to not only better

understand HCV-lymphoid cell interactions, but also to as-

sess whether testing of ex vivo stimulated lymphoid cells can

be suitable for routine diagnosis of occult HCV infection.

In the present study, it is found that the level of HCV

expression in lymphoid cells in some cases of occult long-

term infection can be as high as that encountered in PBMC

of those with CHC. Importantly, HCV replication in lymphoid

cells during occult infection was inversely proportional to

the level of transcription of IFNa. Moreover, sequence ana-

lysis of HCV clones derived from lymphoid cells and serum

collected in the course of occult infection suggested lymphoid

cell-specific compartmentalization of viral variants providing

further evidence for the existence of active viral replication

in the host’s immune system after apparently complete

resolution of hepatitis C.

MATERIALS AND METHODS

Patients and samples

Twenty randomly selected individuals (12 men and eight

women) with a mean age of 36.5 ± 14.5 years who, except

Patient 11 with spontaneous recovery of symptomatic HCV

infection (Table 1), had recovered from CHC based on the

clinical, standard virological and biochemical criteria were

included in this study. All patients resolved CHC after

achieving SVR following the therapy with IFNa and/or

Ribavirin. Specifically, eight individuals received a 24- or

48-week treatment with IFNa-2a (Roferon A; Roche Phar-

maceuticals, Warsaw, Poland) or 2b (Intron A; Schering-

Plough, Warsaw, Poland), while another six were on a

combination therapy of IFNa and Ribavirin for 48 weeks

(Schering-Plough) (Table 1). The remaining five patients

were treated with IFNa for 12, 24 or 48 weeks and then

with IFNa and Ribavirin for 48 weeks. At the time of the

first sample collection for this study, all individuals had

been followed for 12–60 months after achieving the SVR

(Table 1). In all of them, HCV RNA and liver function tests

were evaluated every 6–12 months. During the follow-up,

serum samples from all patients were found to be negative

for HCV RNA by the Roche Cobas Amplicor HCV v2.0 assay

(sensitivity 1000 virus copies/mL) and liver function tests

deemed normal.

Paired serum and PBMC samples from 17 of the individ-

uals were collected at two occasions approximately

12 months apart. The serum or PBMC from the first and

second bleedings is herein referred to as the first sample and

the second sample, respectively. Only the second PBMC

samples were cryopreserved in a manner suitable for culture

and ex vivo mitogen treatment experiments.

Study groups

Based on the status of HCV RNA reactivity determined by an

RT-PCR/NAH assay (sensitivity £10 vge/mL) [6] in un-

treated PBMC obtained during the second collection, the

individuals were divided to two study groups (Table 1).

Group 1 consisted of cases whose naive PBMC were HCV

RNA negative, while PBMC of those in Group 2 were HCV

RNA reactive prior to culture in the presence of mitogens.

The latter group was further subdivided into Group 2A, if the

HCV RNA load detected in untreated cells was lower than

50 vge/lg total RNA, and Group 2B, if the load was greater

than 50 vge/lg total RNA (Table 1). As positive controls,

HCV RNA-positive PBMC from patients with documented

CHC was used. The study was approved by the local Human

Investigation Committees and the samples were collected

after informed consent had been obtained.

Mitogen stimulations of lymphoid cells

Peripheral blood mononuclear cells were isolated from whole

blood by gradient centrifugation on Ficoll-Paque (Pharmacia

Biotech, QC, Canada) and cultured as previously reported

[6]. In the current study, different mitogen combinations

were employed to upregulate HCV replication in various

subsets of lymphoid cells. For this purpose, 1 · 107 PBMC
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were cultured for 72 h in the presence of Combo 5 (C5)

cocktail [5], consisting of 5 lg/mL phytohemagglutinin

(PHA; Sigma, Mississauga, ON, Canada), a T-cell prolifer-

ation inducing mitogen, 5 lg/mL PWM (Sigma), a B- and T-

cell proliferation inducing lectin, IL-2 (Roche Molecular

Diagnostics, Laval, QC, Canada), a T-cell supportive cytoki-

ne, and IL-4 (Roche Molecular Diagnostics), a B-cell sup-

portive cytokine. In addition, lymphoid cells were stimulated

with C5 plus 1 lg/mL LPS (Sigma), which is known to

activate both B cells and monocytes [25]. This cocktail was

designated as C5L. In each case, a sample of untreated cells

was preserved for analysis.

HCV RNA detection by RT-PCR/NAH

Typically, RNA from 2 · 106 PBMC or 250 lL serum was

reversely transcribed to cDNA using MMLV-RT (Invitrogen

Life Technologies, Burlington, ON, Canada) [6]. The pres-

ence of HCV RNA positive strand was tested by nested PCR/

NAH with primers specific for HCV 5¢-UTR or E2 region, as

reported [6]. Ten-fold serial dilutions of HCV synthetic RNA

(HCV sRNA) positive strand fragment was used as quanti-

tative standards. Sensitivity of this assay was £10 vge/mL

for detection of the 5¢ UTR and <10 vge/mL for that of E2

region. HCV RNA-negative strand was determined by the

strand-specific RT-PCR/NAH employing rTth DNA poly-

merase, as reported [6]. Ten-fold serial dilutions of HCV

sRNA negative strand amplified in parallel were used as

semi-quantitative standards. This assay detects approxi-

mately 100 vge of the correct (negative) strand, while

nonspecifically identifying ‡ 106 vge of the positive strand

[6]. A sample containing water instead of test cDNA and a

mock were routinely included as contamination controls,

and cDNA from PBMC of a healthy donor as a negative

control in all reactions. Specificity of the amplified products

and validity of the controls were routinely confirmed by

NAH using recombinant HCV UTR-E2 (rHCV UTR-E2) as a

probe [6].

HCV RNA quantification by real-time RT-PCR

When feasible, HCV RNA in serum and PBMC was quantified

by real-time RT-PCR using the LightCycler Fast Start Master

Hybridization Probes (Roche Diagnostics), as reported [6].

Ten-fold serial dilutions of the rHCV UTR-E2 were used for

enumeration of viral load. A melting curve analysis was

routinely performed to confirm specificity of the amplifica-

tions. It is of note that the sensitivity of this assay was

approximately 10-fold lower than that of the RT-PCR/NAH

assay with either 5¢-UTR or E2 specific primers.

Sequencing

For HCV genotyping, 5¢-UTR PCR fragments were sequenced

in both directions by the Sanger dideoxy chain termination

procedure using primers 5¢-GCAGAAAGCGTCTAGCCATG-

GC and 5¢-CAAGCAQCCCTATGAGGCAGT and the Beck-

mann CEQ 8000 sequencer (Beckmann Coulter, Fullerton,

CA, USA). To assess possible genetic heterogeneity in HCV

sequences in sera and lymphoid cells and to determine

whether expansion of HCV variants occurred over time as a

result of sustained replication in occult infection, 5¢-UTR

amplicons were purified and cloned into the dual promoter

pCRII vector using the TOPO-TA cloning system (Invitro-

gen). Clones were expanded and the presence of the UTR

insert confirmed by digestion with EcoRI enzyme (Invitro-

gen). An average of seven clones from each PCR product

were sequenced by using the universal forward and reverse

M13 primers (Invitrogen). The Sanger dideoxy nucleotide

sequencing reaction was performed by using the CEQ DTCS

Quick Start Kit (P/N 608120) and the CEQ 8000 sequencer

(Beckman Coulter). The analysis of 196-bp product se-

quences, devoid of the flanking UTR primer regions, was

done with the aid of the CEQ 8000 genetic analysis system

and nucleotide sequences aligned using CLUSTAL W software

[26].

Quantification of cytokine mRNA

RNA samples from naive or mitogen-treated lymphoid cells

predestined for analysis of cytokine expression were treated

with 2 U of DNAse I from the Sigma Deoxyribonuclease I kit

for 10 min at ambient temperature and then incubated with

the provided DNAse inactivating solution for 15 min at

72 �C. RNA was reversely transcribed by using MMLV-RT.

Expression of IFNc and TNFa was quantified by real-time RT-

PCR using SYBR and the Roche LightCycler (Roche Diag-

nostics). Reactions were performed in 20-lL volumes

(�50 ng RNA) using sense primer 5¢-TTTTCAGCTCTGCA-

TCGTTTTGGGT and antisense primer 5¢-CCTTGAAACAG-

CATCTGACTCCTT for detection of IFNc and sense primer 5¢-
TCTTCTCGAACCCCGAGTGA and antisense primer 5¢-CCT-

CTGATGGCACCACCAG for detection of TNFa. The expres-

sion of the genes was normalized against that of GAPDH,

which was quantified in parallel in each set of test samples.

Specificity of amplifications was confirmed by a melting

curve analysis.

The presence of primer dimers hindered the use of real-

time RT-PCR to accurately quantify IFNa5 and IFN-indu-

cible MxA. Therefore, the conventional RT-PCR/NAH tests

were applied. This was followed by densitometric analysis of

the resulting hybridization signals using cloned IFNa5 and

MxA DNA fragments as quantitative standards. Amplifica-

tion of IFNa5 was done with sense primer 5¢-GGTCACTCA-

ATCTCAACAGC and antisense primer 5¢-ATATGGATCCT-

GATTTCTGCTCTGACAACC, whereas that of MxA with

sense primer 5¢-GCATCCCACCCTCTATTACT and antisense

primer 5¢-TGTCTTCAGTTCCTTTGTCC. PCR mixtures were

amplified for 40 cycles at 95 �C for 10 s, then at 58 �C (for

IFNa5) or 47 �C (for MxA) for 30 s, and finally at 72 �C for
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1 min. As a loading control, GAPDH was amplified by using

cDNA derived from the same test samples using sense primer

5¢-CCATCACCATCTTCCAGGAG and antisense primer 5¢-
CCTGCTTCACCACCTTCTTG for 27 cycles at 94 �C for 30 s,

52 �C for 1 min, and 72 �C for 1 min in a PTC-200

thermocycler (MJR Research, Watertown, MA, USA). Spe-

cificity of IFN5a, MxA and GADPH amplicons, and validity of

the controls were routinely verified by NAH using as probes

respective gene recombinant DNA fragments labelled with
32P-dCTP (GE Healthcare, QC, Canada).

RESULTS

Analysis of sequential serum and lymphoid cell samples
enhances detection of occult HCV infection

Paired serum and PBMC samples were obtained from 17 of

20 individuals with follow-up up to 72 months after SVR

following IFNa and/or Ribavirin therapy. By testing the first

set of the samples using the RT-PCR/NAH assay, 82.3% of

sera (14/17) and 52.9% of naive PBMC (9/17) were found

reactive for HCV RNA positive strand (Table 1). Twelve

months later, 84.2% of sera and 50% of naive PBMC were

identified to be positive for HCV RNA by RT-PCR/NAH. The

estimated levels of HCV RNA were around 40–200 vge/mL

in serum and 5–50 vge/lg of total RNA for most of the

PBMC samples tested (Group 2a; Table 1). Surprisingly, the

second lymphoid cell samples collected 3–5 years after SVR

from three of the individuals carried HCV RNA at levels

ranging from 1 · 103 to 7 · 103vge/lg total RNA (Group

2b; Table 1), which were comparable with those typically

detected in PBMC from symptomatic CHC (Pham and Mic-

halak, unpubl. data). Interestingly, HCV RNA levels in their

sera were similar to those found in the other recovered

persons. The presence of HCV RNA negative strand, indic-

ative of active viral replication, was detected in 62.5% of the

first and 70% of the second naive (mitogen-untreated)

lymphoid cells, which were found to be reactive for the viral

RNA positive strand and were available for testing (Table 1).

For the 17 cases with two samples collected, HCV RNA was

detected at both occasions in sera of 12 of them (70.6%).

Further, although in five individuals HCV RNA was detected

in the first but not in the subsequent PBMC sample, the

reverse was true in five other subjects.

In certain cases, when the material was sufficient to

broaden the analysis, the presence of HCV RNA was also

evaluated by using E2-region-specific primers. Figure 1 de-

picts detection of HCV UTR and E2 genomic regions in paired

serum and PBMC samples collected from Patient 17 at 36

and 48 months after SVR. Taken together, it is important to

emphasize that ultimately all individuals investigated were

found to be HCV RNA positive when their sera and PBMC

obtained at two 1-year intervals of follow-up, which were

either naive or treated with C5 or C5L (see below) were

examined (Table 1). This highlights the importance of test-

ing multiple samples from individuals with SVR to identify

with greater precision the existence of occult HCV persist-

ence.

HCV replication in lymphoid cells in occult infection is
verified by sequence analysis

In an attempt to recognize whether HCV RNA sequences

undergo modifications during occult infection and whether

the sequences found in serum would differ from those in

PBMC, we cloned and sequenced the 5¢-UTR fragments of

HCV detected in paired serum and naive PBMC obtained at

the second collection from Case 19 (Serum-2 and PBMC-2)

MWNWD 2ERTU2ERTU2ERTU 2ERTU2ERTU

CMBPmureS CMBPmureS CMBP
1-CHC

244 bp
346 bp

443 bp
476 bp

Relative DU (10 6):
1.1 1.11.42.5 2.50.301.31.2 1.2000

36 months 48 months

Fig. 1 Detection of hepatitis C virus (HCV) RNA in paired serum and peripheral blood mononuclear cells (PBMC) samples

collected a year apart from an individual with persistent occult HCV infection continuing after apparent complete recovery

from hepatitis C. Samples from Patient 17 were obtained at 36 and 48 months (mo) after sustained virological response. RNA

extracted from 250 lL serum or �2 · 106 naive (mitogen-untreated) PBMC was amplified by nested reverse transcription-

polymerase chain reaction using 5¢ untranslated region (5¢-UTR)- or E2-specific primers. The specificity of the amplicons was

verified by nucleic acid hybridization. RNA extracted from an equivalent amount of serum and the same number of naive

PBMC from a patient with chronic hepatitis C (CHC-1) were used as a positive control. Contamination controls included water

added instead of cDNA and amplified by direct (DW) and nested (NW) reactions and mock (M) treated as test RNA. Positive

signals showed the expected 346-bp (direct) and 244-bp (nested) 5¢-UTR fragments, as well as the 476-bp (direct) and 443-bp

(semi-nested) E2 amplicons. Numbers under the panel represent relative densitometric units given by hybridization signals.
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and at the first (Serum-1 and PBMC-1) and the second

(Serum-2 and PBMC-2) collections from Case 20 (Table 1).

As illustrated in Fig. 2, consistent single nucleotide differ-

ences at specific positions were detected between serum and

PBMC obtained at the same time point of follow-up, as well

as between serum and PBMC collected from the same indi-

vidual at the two occasions. For example, while a guanidine

at position 186 (G186) and an adenine at positions 192

(A192) and 231 (A231) were detected in all the clones de-

rived from Serum-2 of Case 19, a thymidine (T186), cytosine

(C192), and guanidine (G231), respectively, were found in

the clones from PBMC-2 sample. In Case 20, two single

nucleotide polymorphisms T186G and C192A were identi-

fied when HCV clones from Serum-1 were compared with

those from PBMC-1. Interestingly, sequences of HCV detec-

ted in Serum-2 obtained 1 year later from this individual,

except for a few random mutations in some of the clones,

were identical to those found in PBMC-1 sample. Further,

when sequences obtained from PBMC-2 were compared with

those of Serum-2, three substitutions G186T, A192T and

A231G were detected in all of the clones examined (Fig. 2).

In addition, there were changes in the 5¢-UTR sequence

when serum or PBMC from the first collection was compared

with those obtained at the second collection. Specifically,

relative to the sequences found in the respective samples

from the first collection, T186G and C192A mutations were

identified in the second serum sample, while G186T, A192T

and A231G substitutions found in the second PBMC. Overall,

Fig. 2 Hepatitis C virus (HCV) sequences identified in sera and lymphoid cells from individuals with occult HCV infection

continuing after a sustained virological response. HCV 5¢ untranslated region (5¢-UTR) sequences amplified from serum and

peripheral blood mononuclear cells obtained at the second collection from Case 19 and from both collections from Case 20

were cloned, sequenced bidirectionally, and the sequences aligned with the prototype HCV genotype 1b sequence, HCV-1J

[27]. Sequences of 6 to 8 clones per test sample are shown. Nucleotides in the cloned sequences identical with the HCV

reference (top line) are shown as dots and differences are identified by letters.
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these findings revealed the existence of minor but evident

variations between the circulating virus and that residing

in the PBMC. They also showed that over time the 5¢-UTR

sequence underwent slight but clearly identifiable changes.

Ex vivo stimulation of PBMC with undetectable or low
HCV loads augments virus replication

In our previous study, synergistic stimulation of T and B

lymphocytes with appropriate mitogens augmented HCV

replication leading to more frequent identification of the

virus genome compared with PBMC treated with a single

mitogen [5]. In the present work, to further increase likeli-

hood of identification of HCV, viral RNA was examined after

exposure of both lymphocytes and monocytes to mitogen

cocktails. Thus, the second PBMC samples were treated with

either C5, which activated T and B cells, or C5L, which also

stimulated monocytes and macrophages. Both treatments

led to enhanced expression of HCV RNA-positive strand,

despite the fact that some of these samples were apparently

HCV RNA-negative or carried very low HCV loads prior to

mitogen stimulation, as illustrated in Fig. 3a and Table 1. It

is of note that, considering densitometric values given by the

respective hybridization signals, C5L was at least twice more

effective in upregulating HCV RNA expression than C5

(Fig. 3a). The fact that C5L, but not C5, led to identification

of viral RNA in PBMC from Patients 6 and 7 (Fig. 3a) sug-

gested that monocytes were a predominant, if not the only

reservoir of the persisting virus among circulating PBMC in

these two individuals at the time of investigation. However,

the synergistic activation of lymphocytes and monocytes

occasionally led to almost complete inhibition of HCV RNA

expression. This was evident in Patients 11 and 12 (Table 1)

in which HCV RNA expression was increased by 20–100-

fold following stimulation of T and B lymphocytes with C5,

while activation of both lymphocytes and monocytes with

C5L resulted in a dramatic downregulation of HCV RNA

presence. This observation implied that ex vivo treatments of

lymphoid cells with both C5 and C5L were required to more

accurately identify the existence of occult HCV infection.

Ex vivo stimulation of lymphoid cells with high HCV load
inhibits virus replication and can completely eliminate
virus

In the course of this study, we identified three cases with

persistent occult HCV infection which were accompanied by

high HCV RNA loads in naive lymphoid cells obtained at the

time of the second sample collection (Group 2b, Table 1).

When these cells were exposed to C5 or C5L, a dramatic

decrease in HCV RNA expression was detected (Fig. 4).

Specifically, while a nearly 90% reduction in the expression

of HCV RNA positive strand was found in Case 18, as

determined by densitometric analysis, a complete inhibition

of the same strand was evident in Case 19, regardless of

whether the cells had been treated with C5 or C5L (Fig. 4a).

In Case 20, the level of HCV RNA positive strand was

decreased by about 10% after C5 treatment, but became

5CTUL5C5CTU TUL5C5CTUL5C L5C5CTUL5C5C

7esaC1esaC 6esaC01esaC

pb442

MWNWD

84months months months months42 27 84 2-CHC

UDevitaleR
3.13.2007.29.007.2000.39.00000 3.36.1

MWNWD L5C5C L5C5CTUL5CL5C

pb442

(10 6):

(10 6):

UDevitaleR
2.43.30.33.45.14.45.2000

1esaC 6esaC7esaC 2-CHC

(a)

(b)

Fig. 3 Upregulation of hepatitis C virus (HCV) RNA expression in lymphoid cells from individuals with occult infection

following their ex vivo treatment with mitogen-cytokine cocktails. RNA extracted from lymphoid cells which had been either

untreated (UT) or cultured in the presence of C5 or C5L were analyzed for HCV RNA positive (a) and negative (b) strands by

strand-specific reverse transcription-polymerase chain reaction/nucleic acid hybridization. Peripheral blood mononuclear cells

samples from a patient with chronic hepatitis C (CHC-2) treated under the same conditions as test cell samples were used as

positive controls. Contamination controls were as described in the legends to Fig. 1. Numbers under the panel represent

relative densitometric units given by hybridization signals.
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undetectable following the treatment with C5L (Fig. 4a). In

all three cases, the drastic depletion of the HCV positive

strand appeared to be a direct result of abrogation of HCV

replication, as reflected by a concomitant inhibition of the

viral RNA negative strand expression (Fig. 4b). Comparable

levels of GAPDH mRNA detected in both untreated and

mitogen-treated cells (Fig. 4c) ruled out the possibility of

unequal sample loading or that the treatment with mitogens

might have been cytotoxic.

Abrogation of HCV replication in lymphoid cells is
mediated by IFNa5

To learn as to why there was such a pronounced inhibition

of HCV RNA expression following mitogen stimulation of the

cells with initially high HCV load, we investigated whether

induction of antiviral cytokines in these cells might be the

underlying reason. For this purpose, the transcriptional

activity of IFNa5, IFNc, TNFa and MxA, an intracellular

indicator of interferon activation [28], were examined

whenever material permitted in both naive and mitogen-

treated PBMC from randomly selected cases in Groups 1 and

2a, as well as from all 3 patients in Group 2b (Table 1).

In the preceding experiments, it was established that the

levels of IFN5a mRNA in unstimulated human lymphoid

cells were too low to be accurately measured by real-time

RT-PCR. Therefore, a more sensitive RT-PCR/NAH assay

was employed to evaluate the level of this cytokine mRNA,

while IFNc and TNFa mRNAs were quantified by real-time

RT-PCR. As depicted in Fig. 5a, lymphoid cells with initially

undetectable or low HCV loads obtained from Cases 6 and

13, respectively (Table 1), which had exhibited augmented

virus replication following treatment with C5L (Fig. 3),

showed a decrease in the expression of IFN5a to a virtually

nondetectable level after mitogen treatment. Interestingly,

transcription of IFN5a in the cells from a CHC patient (CHC-

2), which carried <200 vge/lg total cellular RNA and had

shown increased HCV RNA expression following mitogen

stimulation (Fig. 3), was also inhibited. Conversely, tran-

scription of the IFNa5 gene was evidently augmented in

lymphoid cells from Cases 18 and 19 after treatment with C5

or C5L (Fig. 5). Intriguingly, these cells carried initially high

HCV loads but the viral replication was completely or nearly

completely abrogated after their exposure to the mitogens

(Fig. 4). In sharp contrast, we found no association between

the levels of IFNc mRNA or TNFa mRNA and the rate of HCV

replication in lymphoid cells (data not shown).

To confirm the inverse relation between the level of IFNa5

mRNA and the rate of HCV replication, the levels of MxA

mRNA in the same untreated and mitogen-treated lymphoid

cells were assessed. As shown in Fig. 5b, an upregulation of

HCV RNA following mitogen stimulation (Cases 6 and 13;

Fig. 3 and Table 1) was associated with a down-regulation

of MxA in lymphoid cells. Similarly, in the two cases (Cases

18 and 19), where a significant inhibition of HCV replication

after mitogen treatment was observed (Fig. 4 and Table 1), a

marked increase in the amount of MxA transcripts was

found. Such an inverse correlation between HCV load and

MxA expression was consistent with that between HCV RNA

and IFNa mRNA. However, it is of note that as MxA mRNA

was detected with a relatively higher sensitivity than IFNa5

mRNA, mitogen-treated lymphoid cells from one healthy

individual were found to be positive for MxA mRNA despite

the apparent absence of IFNa5 expression.

pb442
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Fig. 4 Inhibition of hepatitis C virus

(HCV) replication in lymphoid cells

from patients with occult HCV infection

and high HCV RNA load after treat-

ment with mitogens. Peripheral blood

mononuclear cells with HCV RNA load

of �103 vge/lg RNA were left un-

treated (UT) or cultured for 72 h in the

presence of either C5 or C5L. RNA was

extracted and evaluated for HCV RNA

positive (a) and negative (b) strands or

glyceraldehyde-3-phosphate dehydrog-

enase (c) by reverse transcription-po-

lymerase chain reaction/nucleic acid

hybridization assays. Contamination

controls were as described in the legend

to Fig. 1. Numbers under the panel

represent relative densitometric units of

hybridization signals.
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DISCUSSION

In our previous studies, persistence of low levels of HCV RNA

in individuals followed for years after they had been con-

sidered cured of hepatitis C, based on the results of standard

laboratory assays for HCV RNA and normal liver function

tests, was documented [5,6]. Similar findings were subse-

quently reported by other groups by examining both lym-

phoid cells [7,8,21] and liver tissue fragments [8,21,22]. In

this clinically silent form of HCV persistence, T and B

lymphocytes were found to carry replicating HCV genomes

[5]. In the present study, it has been demonstrated that cells

of the monocytic lineage also are a reservoir of HCV repli-

cation in occult infection. This finding is consistent with a

recent observation made in another laboratory [21], which

showed the presence of HCV RNA in cultured monocytes

from individuals with resolved hepatitis C. The current

study, for the first time, documents the existence of a reverse

relation between HCV load and expression of IFNa in lym-

phoid cells in the course of occult HCV infection. In addition,

it was found that the level of HCV RNA in naive lymphoid

cells during occult persistence is a predictor of whether

ex vivo stimulation will enhance or abrogate viral replication

in these cells. Specifically, when the level of HCV RNA in

naive circulating lymphoid cells is equal to or >103 vge/lg

total RNA (10–15 lg of RNA is typically recovered from

1 · 107 lymphoid cells), stimulation of the cells leads to

drastic inhibition in HCV replication. However, under the

same treatment conditions, augmentation of HCV replication

is usually observed in cells carrying around 5–50 vge/lg

total RNA. Subsequent analysis showed that the level of

IFNa transcription, but not that of IFNc or TNFa, is relevant

to the control of HCV replication in lymphoid cells during

occult infection.

In the current study, by employing the assays of superior

sensitivity [5,6], it was found that more than 80% of the

individuals who had been deemed free of HCV by standard

detection methods in fact carried small amounts of viral

RNA in sera (£102 vge/mL) and 50% of them were also

positive for HCV RNA in naive lymphoid cells at the levels

ranging between estimated 5 · 100 to 7 · 103 vge/lg total

RNA. Importantly, HCV RNA replicative intermediate was

identified in approximately 65% of the lymphoid cell samples

positive for the HCV negative strand. Heterogeneity in viral

sequences detected in serum and PBMC samples, collected at

the same or at two different occasions from the same indi-

viduals, provided additional evidence for persistently pro-

gressing viral replication in lymphoid cells.
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Fig. 5 Expression of interferon 5 a (IFN5a) and MxA in naive and mitogen-treated lymphoid cells which carried initially either

low or high loads of hepatitis C virus (HCV). Lymphoid cells from two healthy persons, individuals with occult HCV infection

carrying undetectable or low levels of HCV RNA in these cells (Cases 13 and 6), individuals with occult HCV infection and

high HCV RNA load in the cells (Cases 18 and 19), and a patient with chronic hepatitis C (CHC-2) were left untreated (UT) or

treated with C5L as described in Materials and methods. RNA was examined for IFN5a, MxA and glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) by specific reverse transcription-polymerase chain reaction/nucleic acid hybridization assays. Ten-

fold serial dilutions of rIFNa and MxA (rMxA) gene fragments were used for enumeration of the test samples. Recombinant

GAPDH gene fragment (rGAPDH) was amplified in parallel and used as a loading control. Contamination controls were

described in legends to Fig. 1. Numbers under the panel represent relative densitometric units given by hybridization signals.
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Interestingly, the nucleotide differences found in paired

sera and lymphoid cells clustered around the same region of

the 5¢-UTR where other groups of investigators had also

observed HCV polymorphism [29,30]. As such, our data

support the notion of the compartmentalization of HCV

variants, as it has been reported for patients with CHC

[10,31–33] and suggest that a similar event can occur in

persistent silent infection continuing after resolution of a

symptomatic disease.

Addition of LPS, which is a potent activator of monocytes

and macrophages, to the previously designed mitogen-cy-

tokine cocktail activating T and B lymphocytes [5], further

enhanced the detection of occult HCV infection in PBMC. In

fact, PBMC treated with C5L showed higher levels of HCV

RNA expression than those treated with C5 in a significant

number of cases examined. The contribution of HCV residing

in monocytes to the viral load identified in the total PBMC

population was most pronounced in four individuals in

whom HCV presence was only identified after treatment of

the cells with C5L (Table 1 and Fig. 3). Our finding of

monocytes being a reservoir of replicating HCV is in agree-

ment with those suggested by others [3,21]. Interestingly,

susceptibility of monocytes to infection is not unique to HCV.

The cells of this lineage have been shown to be permissive to

a wide range of viruses [34], including dengue virus [35],

feline coronaviruses [36] and human immunodeficiency

virus [37].

Among the 20 individuals investigated in the current

study, three patients were unique in that the levels of HCV

RNA detected in their naive lymphoid cells were between

1 · 103 and 7 · 103 vge/lg total RNA, a viral load that we

typically observe in lymphoid cells from patients with CHC

(Pham and Michalak, unpubl. data). In all three cases, there

was no apparent correlation between HCV level in lymphoid

cells and in serum, which was in the range of 40–200 vge/

mL. This indicates that relatively high HCV loads in lym-

phoid cells can occur in individuals with permanently low

serum HCV RNA, albeit most likely transiently as PBMC

samples collected a year before from the same persons con-

tained low HCV loads, comparable with those detected in

other individuals with persistent occult infection investigated

in this study. A similar observation was made in occult

hepadnaviral infection in the woodchuck model of hepatitis

B where the number of circulating lymphoid cells carrying

WHV genome was measured by in situ PCR followed by flow

cytometric detection of positive cells [38]. The results of this

study demonstrated that the number of virus-reactive lym-

phoid cells in either primary or secondary occult WHV

infection can be occasionally as high as that in symptomatic,

serologically evident chronic hepatitis.

Ex vivo stimulation of lymphoid cells with high HCV loads

obtained from the individuals with occult infection resulted

in at least 90% inhibition of HCV RNA expression after

treatment with C5 in two cases and virtually complete

abrogation of viral expression in all three cases after expo-

sure of the cells to C5L (Fig. 4). The fact that the levels of the

housekeeping GAPDH gene remained similar in untreated

and mitogen-treated samples ruled out the possibility that

the mitogen-cytokine cocktails might have caused cell death

or random changes to viral RNA expression. We sub-

sequently assessed the transcriptional activity of selected

antiviral cytokines in both naive and stimulated lymphoid

cells to assess whether these cytokines may be of relevance

to HCV replication. It is of note that IFNa5 was selected for

this investigation as it has been reported that this isoform of

IFNa, one of the 13 members of the IFNa family, was found

to be predominantly induced in circulating lymphoid cells

[39] but downregulated in hepatic tissue [40] of patients

with CHC. The results of our analysis showed that a

down-regulation of HCV RNA was closely correlated with

an increase in the level of IFNa5 expression. Conversely,

augmentation of HCV replication paralleled a decrease in the

intracellular IFNa5 mRNA level (Fig. 5). Demonstration of a

similar relation between HCV RNA load and of IFN-stimu-

lated MxA confirmed that activation of the IFNa signalling

pathway most likely plays a pivotal role in the control of

HCV replication in lymphoid cells in the course of occult

infection. In contrast, neither IFNc nor TNFa expression

appeared to have any direct association with the rate of HCV

replication. Such an antiviral effect of endogenous IFNa
against viral pathogens replicating in lymphoid cells is not

exclusive to HCV, as similar observations have been made in

both in vivo and in vitro settings for human herpesvirus-8

[41], dengue virus [42] and West Nile virus [43]. Our find-

ings and those reported for patients with CHC [39] collec-

tively suggest that HCV infection does not seem to impede

the production of IFNa in lymphoid cells, unlike that with

hepatitis B virus [44] or HIV [45]. What however remains

unknown, and will require a separate study, is the interplay

between HCV and the host machinery mediating activation

of lymphoid cells in response to mitogen treatment. Deci-

phering the underlying molecular mechanisms would be of

importance as the amount of HCV residing in lymphoid cells

appears to predetermine the outcome of mitogen stimulation

in regard to IFNa expression and whether subsequently HCV

replication is augmented, suppressed or even aborted in

these cells. Understanding of this issue may have a direct

impact not only on the designing practical approaches for

detection of occult HCV infection, but also on individualized

methods of induction on HCV clearance in particular viro-

logical situations.
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