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SUMMARY

Here, CD40L expression and cytokine production have been analysed in peripheral blood cells from
orthotopic liver transplantation (OLT) recipients treated with ribavirin for recurrent chronic hepatitis
C. The study included 18 OLT recipients treated with ribavirin, eight control OLT recipients and 10
healthy controls. FACS analysis showed that baseline expression of CD40L was not different between
ribavirin-treated patients and controls. In contrast, after stimulation with both HCV core antigen and
phorbol myristate acetate (PMA) plus ionomycin (10), the expression of CD40L on CD4 lymphocytes
was significantly higher in the ribavirin group compared with controls. In the ribavirin group, the
increased expression of CD40L significantly correlated with reduction of HCV RNA levels with respect
to pretreatment values. Finally, ribavirin treatment was not associated with modification of PMA-IO-
induced cytokine production by T lymphocytes and interleukin (IL)-14 and tumour necrosis-o (TNF)-
o production by CD40L-stimulated monocytes. In conclusion, these data indicate that ribavirin
upmodulates CD40L expression on CD4 T cells, a property which may account in part for its ability to

enhance the antiviral activity of interferon-¢ in the treatment of chronic HCV infection.

INTRODUCTION

Ribavirin (1-f-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) is a
synthetic guanosine nucleoside analogue which possesses in vitro
antiviral activity against a range of RNA and DNA viruses [1,2].
Ribavirin has been used as a single antiviral agent to treat patients
infected with hepatitis C virus (HCV). Despite the fact that most
patients normalized aminotransferase levels transiently during
treatment, ribavirin was unable to impact substantially on HCV
virus load [3-7]. By contrast, ribavirin proved able to significantly
increase the virological response of HCV patients to interferon-o
(IFN-¢) [8-11]. This suggests that some of the anti-HCV effects of
ribavirin may be not directly antiviral. Recent studies in vitro and
in animal models have shown that ribavirin may modulate pro-
duction of immunoregolatory cytokines by T lymphocytes [12—
15]. On the basis of these findings, the hypothesis has been raised
that ribavirin may act in vivo as an immunomodulant compound.

CD40 ligand (CD40L, also called CD154), is a cell surface
molecule present primarily on activated T cells [16,17]. CD40L
plays a major role in regulating cellular immune responses.
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Interactions between CD40L on activated T cells and its receptor,
CD40, on antigen presenting cells (APC) result in the priming
and expansion of antigen specific CD4" T cells, induction of co-
stimulatory molecules on APCs, and the release of cytokines [18—
22]. More important, CD40-CD40L interactions are of pivotal
importance in the outcome of viral infections, especially when
cytotoxic T lymphocyte (CTL) responses are dependent on CD4
T cell help such as in chronic HCV infection [23-25].

The aim of this study was to extend previous observation on
the possible immunomodulatory activity of ribavirin. To this end,
we have analysed the CD40L response of T lymphocytes to both
mitogens and HCV core protein and the production of immu-
noregolatory cytokines by activated T cells in patients with recur-
rent chronic hepatitis C after an orthotopic liver transplant for
HCV-related cirrhosis.

PATIENTS AND METHODS

Subjects and treatment

The study included 18 patients treated with ribavirin (600 mg/day
(range 400-800) depending on renal function, in two divided
doses orally) for a serologically (anti-HCV antibodies and HCV
RNA positive) and histologically demonstrated recurrent chronic
hepatitis C after liver transplantation for HCV-related cirrhosis.
Eight OLT recipients with similar biochemical, virological and
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Table 1. Characteristics of patients at entry into the study

Baseline data

Variable Ribavirin Controls
No. of patients 18 8
Mean age (years) 58+ 8 55+ 10
Sex (M/F) 14/2 6/2
Time (months) from transplantation 48+ 9 50+ 6
Histological grading (mean) 54 48
Histological staging (mean) 2-1 2
ALT (mU/ml) 186 + 92 108 + 54
Pretreatment HCV RNA levels 844 + 579 838+ 23

(copies/ml x 103) 0
HCV genotype (no. of patients)

1b 6 4

la 2 2

2a 3 1

4a + 4c not typed 1 0

Data are expressed as mean * s.d. ALT, alanine aminotransferase
(normal range <21 mU/ml).

histological characteristics, who were not assuming any anti-HCV
treatment, were taken as controls. The immunosuppressive
regimens were identical for ribavirin-treated patients and controls
and consisted in: 1-5 mg/ml cyclosporin A/day. Further character-
istics of patients and controls are reported in Table 1. In selected
experiments 10 healthy subjects, age- and sex-matched with
OLT recipients, were used as further controls. Exclusion criteria
included subjects with a previous episode of steroid-resistant
acute rejection or chronic rejection, pregnant women, subjects
with a leucocyte count <1-5 x 109/1, a platelet count <1-5 x 109/1,
or a haemoglobin concentration <10 g/dL at the time of entry.
No subject had serological markers of active cytomegalovirus,
Epstein—-Barr virus or hepatitis B virus infection. Informed con-
sent was obtained from each subject included in the study.

HCV-RNA

The quantification of HCV-RNA in serum samples was per-
formed using a commercially available kit: Amplicor HCV
monitorTM test (Roche Diagnostic Systems, Branchburg, NJ,
USA). The lowest level of detection of this test is less than 200
HCV-RNA copies/ml of sample.

Preparation of peripheral blood mononuclear cells (PBMC)

Blood from patients and controls was collected by venipuncture 6
months after their entry into the study into sterile EDTA tubes
and the PBMC were separated immediately using lymphoprep
(Nycomed, Oslo, Norway). PBMC were resuspended at a final
concentration of 10 x 10° cells/ml in RPMI-1640 containing 2 mM
glutamine, 50 U/ml penicillin, 50 pg/ml streptomycin and 10%
heat-inactivated fetal calf serum (complete medium). All cultures
were incubated at 37°C in a humidified atmosphere of 5% CO,.

FACS analysis of CD40L expression

PBMC, 2 x 10°, were cultured in either 96-well plates in complete
medium supplemented with 20 ng/ml phorbol 12-myristate
13-acetate (PMA) plus 500 ng/ml ionomycin (I0) (both from
Calbiochem-Novabiochem INTL, La Jolla, CA, USA) or in cul-

ture tubes at a 5° slant in complete medium supplemented with
1 ug/ml HCV core antigen (aa 2 to aa 196, Biogenesis Inc.,
Kingston, NH, USA). At given time-points the cells were washed
twice in PBS, collected by centrifugation and stained with the
appropiate combination of the following monoclonal antibobies:
fluorescein  isothiocyanate-conjugated  (FITC)-anti-CD40L,
Cy-chrome™-conjugated (Cy-chrome)-anti-CD3, Cy-chrome-
anti-CD4, phycoerytrin-conjugated (PE)-anti-CD8 (all from
PharMingen, San Diego, CA, USA). The cells were then washed
and resuspended for 10 min in PBS containing 4% paraformalde-
hyde. After additional washing the cells were analysed by a FAC-
Scan flow cytometer (Becton Dickinson, Mountain View, USA).
Lymphocytes and macrophages were differentiated from dead
cells on the basis of forward angle and 90° scatter. For each anal-
ysis, either 5000 events (mitogen-stimulated cultures) or 50 000
events (HCV core antigen-stimulated cultures) were gated on
CD3 or CD4 expression and a light scatter gate designed to
include only viable lymphocytes. Isotype-matched negative con-
trols antibodies were used to verify the staining specificity of anti-
cytokine antibodies, and as a guide for setting markers to delin-
eate ‘positive’” and ‘negative’ populations. In mitogen-stimulated
samples, staining with anti-CD8 antibody enabled T cells to be
subdivided into CD8" and CD8& cells, those cells which did not
stain for CD8 were assumed to represent the CD4* T cell popu-
lation. These cells could not be stained directly as treatment of
lymphocytes with PMA plus 1O leads to rapid and complete
down-modulation of surface CD4. In HCV core antigen-stimu-
lated samples, no down-modulation of surface CD4 was observed,
therefore allowing for direct stain of CD4+ cells with Cy-chrome-
anti CD4 antibody.

Analysis of mitogen- and CD40L-induced cytokine production
PBMC, 2 x10°, were cultured for 18 h in complete medium
supplemented with either PMA plus 10 as described above or
1 mg/ml recombinant soluble CD40L (provided by Immunex,
Seattle, WA, USA), 1 ug/ml brefeldin A (Sigma) was added 1 h
after stimulation, to inhibit cytokine export. Dead cells were
excluded by trypan blue dye and 2 x 10° PBMC were dispensed in
V-bottomed 96-well plates in 20 ml PBS. Cells were then incu-
bated for 15 min with mouse Cy-chrome-anti-CD3 and PE-anti-
CD8 or Cy-chrome-anti CD14. The cells were then washed and
fixed in 4% paraformaldehyde. The cells were resuspended for
30 min at room temperature in 20 ul PBS containing 0-1% sapo-
nin (Sigma), 1% bovine serum albumin (Sigma) and 0-5 ug/mil-
lion cells of one of the following FITC, mouse antihuman
monoclonal antibodies: anti-IL-2, anti-IL-4, anti-IL-10 and anti-
IFN-y (PharMingen). After further washing the cells were
analysed by FACS.

Measurement of cytokine production by unfractionated PBMC
by enzyme-linked immunosorbent assay (ELISA)

For the determination of cytokine production in supernatants.
4 x 10° PBMC were cutured for 48 h in complete medium supple-
mented with PMA plus IO as described above, in the absence
of brefeldin A. After incubation supernatants were collected and
stored at — 80°C. Commercially available sandwich ELISA kits
(R&D Systems, Minneapolis, MN, USA) were used to determine
the concentration of IL-4, IL-10, IFN-y and IL-2 in the superna-
tants. The detection limits of these ELISAs are, respectively, 4-1,
1-5,15,7 and 3 pg/ml. According to the manufacturer’s specifica-
tions, these ELISAs are specific for the relative cytokines. All the

© 2002 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 130:293-299



Ribavirin increases mitogen and antigen-induced expression of CD40L 295

samples were tested in duplicate, in a single analytical set. Intra-
series variation coefficient was <15%.

Statistics

Data analysis was performed using unpaired, two-tailed Student’s
t-test after logarithm transformation of all values. P-values <0-05
were considered statistically significant. After analysis the results
were converted back to the original scale for reporting.

RESULTS

Response to treatment

After 12 months of treatment, serum aminotransferase levels
normalized in four of 17 patients receiving ribavirin (23-5%) and
in one of eight patients receiving no therapy (12-5%). Mean HCV
RNA levels were 6x10°+5-6x10° and 7-44 x 10°+5-1 x 10°
copies/ml in the ribavirin group and in controls, respectively (see
Table 1 for pretreatment HCV RNA levels).

Effect of ribavirin treatment on the expression of CD40L by
peripheral CD4" lymphocytes

In the absence of activation, no CD40L expression was docu-
mented in patients and controls. Stimulation with HCV core pro-
tein resulted in a CD40L response in 12 of 18 (66%) of ribavirin-
treated patients and in one of eight (12-5%) of the control group
(mean percentage of CD40L-positive cells: 0-015 £ 0-012 versus
0-0032 £0-009, P=0-009) (Fig.1). Following PMA-IO stimula-
tion, the expression of CD40L peaked at 24 h in all subjects
and then decreased to near baseline at 48 h. However, 24 h after
stimulation, both the percentage of CD40L-positive cells and
the intensity of CD40L expression were significantly higher in
ribavirin-treated patients compared with OLT controls and
healthy subjects (Fig.2). The expression of CD40L was signifi-
cantly higher in the ribavirin patients that reduced their HCV
RNA levels of at least 0-5 log with respect to pretreatment values,
compared with those that did not (Table 2). In contrast, no cor-
relation was found between CD40L expression and ALT levels,
different genotypes or liver histology (data not shown). Shown in
Fig. 3 are representative FACS plots from data presented in Figs 1
and 2.

Then, we tested whether differences in CD40L expression are
found when T cells are stimulated in vitro in the presence of rib-
avirin. For this type of experiment PBMC from normal donors
were stimulated in vitro with PMA-IO (20 ng/ml and 500 ng/ml,
respectively), in the presence or absence of 1, 10 or 100 mM rib-
avirin. CD40L expression was consistently obtained in three out
of three experiments performed using PBMC fron three different

Table 2. Correlation between percentages of CD40L-positive cells and
HCV-RNA reduction

% of CD40L-positive cells

Stimulation >0-5 log <0-51og
PMA-IO 764 39-8
HCYV core antigen 0-13 0-033

CDA40L expression was determined by FACS 24 h after mitogen
stimulation or 6 h after HCV-core antigen stimulation.

donors. However, no significant differences in CD40L expression
were observed between controls and ribavirin-treated samples
(mean percentage of CD40L-positive cells in untreated samples:
35-3 £ 114, mean percentage of CD40L-positive cells in 1, 10
or 100 mM ribavirin-treated samples: 34-7 10, 30 £ 167 and
39 +13-3, respectively). These results suggest that the effect of
ribavirin on CD40L expression may not be direct.

Cytokine production by peripheral T lymphocytes

and monocytes

PBMC from ribavirin-treated patients and controls were stimu-
lated by PMA-IO and analysed by FACS for IL-2, IFN-7,IL-4 and
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Fig. 1. HCV core protein-induced expression of CD40L on CD4 lympho-
cytes from control and ribavirin-treated patients: expression of CD40L was
determined by FACS after 6 h incubation of PBMC with 1 ug/ml HCV
core antigen. 50 000 events gated on viable CD4-positive lymphocytes
were analysed in each sample. The percentage of CD40L-positive cells in
samples incubated without core protein were consistently less than 0-02.

© 2002 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 130:293-299



296 A. Bergamini et al.

70 T
60
2
2 50
(0]
= L
@ 40 |
S L
4
g
a 30
o
©
X 20
10
0

0 6 24 48
Hours after stimulation

6 24

Hours after stimulation

100

@
o
T

N
o
T

Arbitrary units of fluorescence intensity
(o]
o
T

N
o
T

-

48

Fig. 2. Spontaneous and mitogen-induced expression of CD40L on CD4
lymphocytes from control and ribavirin-treated patients. (a) Percentage
of CD40L positive cells as assessed by FACS just before (time 0) and
at different time-points after stimulation. (b) Intensity of expression of
CDA40L just before and at different time-points after stimulation, calcu-
lated on 1000 positive events as the value of intensity of fluorescence
(arbitrary units) of the sample stained with anti-CD40L MoAb minus the
value of intensity of fluorescence of the same sample stained with the
control antibody. The error bars represent s.d. (a) [, Ribavirin; @,
controls; A, healthy subjects. (b) B, Ribavirin; 7, controls; [J, healthy
subjects.

IL-10 production. As shown in Table 3, the percentage of T cells
positive for intracellular IL-2, IFN-y, IL-4 and IL-10 production
was not different statistically between the two groups. Table 3 also
shows that production of IL-1 and tumour necrosis factor-o

Table 3. FACS analysis of mitogen-induced production of IL-2, IFN-y,

IL-4 and IL-10, by T lymphocytes and TNF-« and IL-1f production by

CDA40L-stimulated monocytes, from ribavirin-treated patients and OLT
controls

Percentage of positive cells

Cytokine Ribavirin Controls
IFN-y 37+ 11 39+ 15%
IL-2 53+ 19 56+ 17*
1L-4 4+3 3+ 3%
IL-10 5+3 S+ 2%
TNF-« 57+ 21 53+ 18*
IL-183 22+9 19+ 9%

Peripheral blood mononuclear cells were stained with Cy-chrome-anti-
CD3 or anti-CD14 monoclonal antibody for the determination of their
surface phenotype. Intracellular cytokines were detected by staining with
fluorescein isothiocyanate FITC-anti-IFN-y, anti-IL-2, anti-IL-4, anti-IL-
10, anti-TNF-& and anti-IL-18 monoclonal antibodies. CD3* or CD14+-
gated cells were analysed by FACS on FL1 (FITC) versus forward scatter
(FSC) two-dimensional plots to discriminate positive cells. *P > 0-05. Data
are means * s.d.

(TNF-a) by CD40L-stimulated peripheral monocytes was not dif-
ferent between ribavirin patients and OLT controls.

DISCUSSION

Ribavirin may be more than a direct antiviral agent as it can be
beneficial in the treatment of viral diseases with or without inhib-
iting viral replication [26]. Thus its in vivo utility may be ascribed
to two distinct properties, a direct reduction in levels of circulat-
ing virus and the promotion of immunity against viral infection.
Antiviral immunity is elicited predominantly by the action of
cytotoxic T lymphocytes (CTL) and the expansion of the T helper
(Th)1 cells which secrete Thl-type immunoregolatory cytokines
such as IL-2 and IFN-y. Based on studies in vitro and in animal
models, several authors have suggested recently that the benefi-
cial effect of ribavirin in chronic HCV infection, in particular its
ability to enhance the antiviral activity of IFN-¢, may be due to
priming of T lymphocytes for an increased production of Th1 type
cytokines [12-15]. Here we have addressed this possibility by
analysing cytokine production by T lymphocytes and monocytes
in patients treated with ribavirin for recurrent chronic hepatitis C
after OLT. In agreement with previous data from our laboratory
[27], the present findings do not support modulation of cytokine
production as a mechanism for the anti-HCV activity of ribavirin
in vivo. A possible explanation for the discrepancies between our
results and those obtained in vitro and in animal models may be
that, in humans, the differentiation of uncommitted T cell precur-
sor toward the Th1 phenotype is regulated by a number of factors,
including expression of co-stimulatory molecules on antigen-
presenting cells, the type and the dose of the antigen and the
cytokine milieu in which differentiation takes place [19,28,29].
These complex mechanisms of T cell differentiation are similar,
but not identical, in animals [28]; moreover, they are completely
lacking in in vitro systems. In addition, ribavirin treatment failed
to prime patients monocytes for a reduced proinflammatory
(IL-1p and TNF-a) response to CD40L stimulation. Release of

© 2002 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 130:293-299
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Fig. 3. Representative dot-plots of CD40L expression on CD4* T cells from control and ribavirin-treated patients following stimulation
with HCV core antigen or mitogens. (a) Unstimulated cells from a ribavirin-treated patient; (b) cells from the same patient in (a) stimulated
with 1 ug/ml HCV core antigen; (c) unstimulated cells from an untreated patients; (d) cells from the same patient in (c) stimulated with
1 pg/ml HCV core antigen; (e) unstimulated cells from a ribavirin-treated patients; (f) cells from the same patient in (e) stimulated with
PMA-IO; (g) unstimulated cells from an untreated patient; (h) cells from the same patient in (g) stimulated with PMA-IO. The data are

displayed as dot-plots.

proinflammatory mediators by intrahepatic monocyte-derived
cells upon stimulation by CD40L expressing lymphocytes plays an
important role in the pathogenesis of the hepatic inflammation
process in chronic hepatitis C [30,31]. Thus, these data suggest

that the ability of ribavirin to reduce aminotransferase levels (a
reliable marker of hepatic inflammation) in HCV-infected
patients may not be due to modulation of proinflammatory medi-
ators production, as suggested previously [32].

© 2002 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 130:293-299
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The data presented here suggest that a novel mechanism may
be involved in the anti-HCV activity of ribavirin. Indeed, we show
that lymphocytes from patients treated with ribavirin responded
with increased expression of CD40L to stimulation with both
HCV core protein and mitogens, compared with cells from
untreated controls. The expression of CD40L was significantly
higher in the ribavirin patients that reduced their HCV RNA
level of at least 0-5 log with respect to pretreatment values com-
pared with those that did not. This suggests a direct relation
between CD40L expression and the ability of the host to control
HCYV replication. Alternatively to mitogen stimulation, CD40L
expression on CD4* lymphocytes can be obtained by activation
with anti-CD3 monoclonal antibodies. Anti-CD3 stimulates via
TCR, therefore triggering all signalling pathways involved, some
of which are bypassed using mitogens. Further experiments
are needed to determine which stimulation procedure is more
relevant for the in vivo situation.

Cell-to-cell interactions involving a variety of cell types are
required for an effective immune response. In particular, CD40-
CD40L interactions are critical for the development of the CD4 T
cell-dependent cell-mediated immune response at multiple levels
[18,19]. Lack of the CD40-CD40L interaction results in reduced
activation of CD4 T cells, inefficient priming and expansion of
antigenic specific T cells, inappropiate release of IL-12 and polar-
ization of the immune response toward Th2 response [33-36].
Furthermore, CD40-CD40L interactions are important for the
effector stage at the site of inflammation and for the secretion of
inflammatory mediators [20-22]. In this context, the ability of
ribavirin to enhance the expression of CD40L may contribute to
up-regulate HCV-specific CTL responses and potentiate the
immunomediated anti-HCV capacity of IFN-« which increases
MHC II molecules expression of hepatocyte surface [37]. Finally,
recent data also suggest that CD40L may have direct antiviral
activity [38]. This was demonstrated by rapid clearance of recom-
binant vaccinia viruses expressing CD40L from a variety of
immune-deficient mice. The mechanism of CD40L-mediated
direct antiviral activity remains unclear; however, the above-
mentioned study suggests that this antiviral activity is indepen-
dent of other antiviral host defenses.

It has been reported that PBMC from transplant patients
receiving cyclosporin A failed to express CD40L upon stimulation
[39]. Because the subjects studied here were assuming cyclosporin
A, the possibility can be raised that ribavirin may simply interfere
with cyclosporin A activity. This is improbable, however, as
activation-induced CD40L expression was not different between
healthy subjects and control OLT patients, suggesting that
cyclosporin A was not affecting CD40L expression substantially
under these experimental conditions. More importantly, recent
experimental data indicate that the targeting of CD40L may offer
an opportunity for tolerance induction in transplant recipients
[40]. Here we found that although ribavirin increases CD40L
expression, this was not associated with an increased rate of rejec-
tion. This can be due either to the concomitant use of cyclosporin
A, which may inhibit CD40L MoAb-induced allograft survival
[40] or to the ability of ribavirin to reduce the cytotoxic effect of
immune cells via inhibition of their proliferation [41].

In conclusion, the data reported in this study suggest a possi-
ble explanation to the ability of ribavirin to affect HCV replica-
tion and to potentiate the anti-HCV activity of IFN-a. However,
one must be cautious in extrapolating the results with OLT recip-
ients to other conditions related to chronic HCV infection.

Further studies in different in vivo setting may help to confirm
and extend the present findings.
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