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ABSTRACT

Background: The cytokine interferon beta (IFN�) is successfully used in the treatment of multiple
sclerosis (MS), although there is a high degree of variability in the response. A common mecha-
nism involved in the modulation of responsiveness to cytokines is represented by regulation of
their receptor expression through autocrine ligand–mediated loops. The present study is aimed at
investigating the regulation of IFN�/� receptor (IFNAR) during IFN� therapy in patients with MS
and at correlating it with the biologic responsiveness to the cytokine.

Methods: Quantitative PCR measurements of IFNAR-1 and the three IFNAR-2 isoforms were
performed in 141 patients after short-term and long-term treatment. Patients were also regularly
screened for anti-IFN� neutralizing antibodies (NAbs). IFN-inducible myxovirus resistance protein
A messenger RNA was used as an indicator of bioactivity.

Results: Pretreatment levels of IFNAR-2 in patients were lower overall than in controls (p �

0.038), and high levels correlated with greater bioactivity. Upon prolonged treatment, NAb-
negative patients displayed a state of decreased transmembrane IFNAR-2 expression (p �

0.025), whereas levels of soluble IFNAR-2 were slightly increased (p � 0.0001). The presence of
NAbs reversed these effects (p � 0.0056). In NAb-positive patients, pretreatment expression
levels of both transmembrane IFNAR-2 isoforms were significantly lower than in NAb-negative
patients (p � 0.0089).

Conclusions: Findings show that interferon-�/� receptor (IFNAR)-2 isoforms are important regula-
tors of the responsiveness to endogenous and systemically administered interferon beta (IFN�).
They show a dual action, agonistic and antagonistic, that influences both the magnitude and the
nature of the biologic response to IFN�. Levels of IFNAR-2 are regulated with the aim of
keeping the body in a state of equilibrium, even when nonphysiologic stimuli are present.
Neurology® 2008;71:1940–1947

GLOSSARY
AUC � area under the curve; BAB � binding antibody; CRESM � Centro Riferimento Regionale Sclerosi Multipla; GAPDH �
glyceraldehyde phosphate dehydrogenase; IFN� � interferon beta; IFNAR � interferon-�/� receptor; iNAb� � isolated neu-
tralizing antibody positive; mRNA � messenger RNA; MS � multiple sclerosis; MxA � myxovirus resistance protein A; NAb �
neutralizing antibody; NAb� � neutralizing antibody positive; NAb� � neutralizing antibody negative; NAb-DFS � neutralizing
antibody development–free survival; NS � not significant; PBMC � peripheral blood mononuclear cell; pNAb� � persistent neu-
tralizing antibody positive; RE � relative expression; ROC � receiver operating characteristic; sc � subcutaneous;
TRU � 10-fold reduction unit.

Because of the existence of different cell patterns, there is a high degree of variability in the
response to interferon beta (IFN�) therapy in multiple sclerosis (MS).1

IFN� activity is mediated by the binding to a cellular receptor (interferon-�/� receptor
[IFNAR]). IFNAR comprises two subunits, IFNAR-1 and IFNAR-2, which associate with IFNs to
form a ternary complex.2 The major ligand binding subunit, IFNAR-2, exists in three forms derivedSupplemental data at
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from alternatively spliced transcripts encoded by
the IFNAR-2 gene: soluble (IFNAR-2a), trans-
membrane short form (IFNAR-2b), and trans-
membrane long form (IFNAR-2c).2

A common mechanism involved in the mod-
ulation of cytokine responsiveness is the regula-
tion of their receptor expression through
autocrine ligand–mediated loops. With respect
to the IFN�/� system, it has been shown that
IFNAR is internalized and degraded after ligand
binding in several cell lines.3-5

From a therapeutic perspective, it has been
observed that after prolonged IFN� therapy,
patients displayed a state of decreased receptor
expression and that lack of IFNAR down-
regulation correlated with failure of therapy.6

Recently, this has also been shown in MS pa-
tients treated with IFN�.7

Besides receptor down-regulation, pro-
longed therapies with IFNs often lead to the
development of anti-IFN antibodies (binding
antibodies [BABs]). A subset of the BABs is of
a neutralizing nature (neutralizing antibodies
[NAbs]) and has been associated with reduced
biologic8,9 and clinical efficacy of IFN�

therapy.10-13 Because NAbs block IFNAR
stimulation,13 it is argued that in NAb-
positive patients there is a lack of regulation of
IFNAR expression.

This research assesses IFNAR-1 and the
three IFNAR-2 splice variants as possible mo-
lecular mechanisms contributing to IFN�

treatment response in MS.

METHODS Participants. This study was approved by the
Regional Ethical Committee of Piedmont and conducted ac-
cording to the Declaration of Helsinki. Informed consent was
obtained from each patient.

One hundred forty-one patients (82 women and 59 men)
with definite relapsing–remitting MS according to the Mc-
Donald criteria14 were retrospectively included in this study. Pa-
tients were eligible for the study if they had initiated therapy
with one of the available IFN� products/dosing regimens and
had been treated for at least 2 years, with regular screening for
NAbs. If patients came to the clinic 12 hours after the last IFN�

injection, an additional matched blood sample was taken for
myxovirus resistance protein A (MxA) messenger RNA (mRNA)
quantification.

Thirty-two individuals (17 females and 15 males) were in-
cluded as controls. They were healthy individuals without medi-
cal illnesses and without any symptoms of viral infection at least
2 weeks before and after blood donation.

Blood samples. At 2 years, we had available regular clinical
evaluation as well as regular measurements of NAbs of all 141

patients. On the contrary, matched blood samples for gene ex-

pression analyses were only taken from part of those patients.

Hence, in planning this study, we had availability of mRNA

samples taken from each patient at different time points (table

e-1 and figure e-1 on the Neurology® Web site at www.

neurology.org).

Blood samples for gene expression analyses had been taken

from all 141 patients before IFN� therapy. In 120 of the 141

patients, mRNA samples had been also taken at �3, �12, and

�24 hours after the first IFN� injection. Those samples were

used for testing the IFN� first-dose effect on the transcriptional

regulation of IFNAR.

Because 93 of the 141 patients always had come to the clinic

12 hours (12.4 � 1.6 [range 9–14]) after their last IFN� injec-

tion, they also had been sampled at intervals (�6, �12, �24

months) after initiation of IFN� therapy. These samples were

used for testing the effect of long-term treatment of IFN� on the

transcriptional regulation of IFNAR.

Gene expression analysis. Peripheral blood mononuclear

cells (PBMCs) were collected from whole blood by density gra-

dient centrifugation and were subjected to RNA extraction.

Thereafter, 0.5 �g of total RNA was reverse transcribed with the

High Capacity Reverse Transcription Kit (Applera Italia,

Monza, Italy), and PCR was performed using the ABI Prism

7000 Sequence Detection System.

Levels of IFNAR-1 and the three IFNAR-2 isoforms were

normalized using the housekeeping gene glyceraldehyde phos-

phate dehydrogenase (GAPDH) as reference. The relative ex-

pression (RE) levels of targets were calculated by the comparative

cycle threshold method outlined in user bulletin number 2 pro-

vided by Applied Biosystems.

For the three IFNAR-2 isoforms, primers and probes were

generated on either side of alternative splice events using the

Primer Express Software. IFNAR-2 amplicons obtained by PCR

were checked using DNA sequencing (ABI Prism 3100 Genetic

Analyzer).

For IFNAR-1, MxA, and GAPDH, Applied Biosystems’

TaqMan Assay-on-demand gene expression products were used.

Cytopathic effect assay. Patients were evaluated for the pres-

ence of NAbs from study entry and every 3 months during IFN�

treatment. The antiviral cytopathic effect assay was used to de-

tect NAbs because this assay has been recommended by World

Health Organization,15 and it was performed as previously de-

scribed.8,10

The neutralization titer of a serum sample was calculated

according to Kawade16,17 and expressed in 10-fold reduction

units per milliliter (TRU/mL).18 A level of �20 TRU/mL was

considered the threshold of positivity.

Four categories of patients were identified: NAb-negative

(NAb�) patients had no positive samples during follow-up; iso-

lated NAb-positive (iNAb�) patients had a single NAb� sam-

ple or sporadic positivity during follow-up; NAb-positive

(NAb�) patients had at least two, but less than seven, consecu-

tive samples positive for NAbs; and persistent NAb-positive

(pNAb�) patients had seven consecutive samples positive for

NAbs.

Statistical analyses. Data were analyzed using nonparametric

statistical tests. Comparisons were performed by using either the

Mann–Whitney U test or the Wilcoxon signed-ranked test.

Multiple group comparisons were performed with either the

Kruskal–Wallis test or the Friedman test. Proportions were com-
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pared by using the Fisher exact test, and correlations were calcu-
lated with the Spearman rank test.

MxA expression was used as an indicator of biologic respon-
siveness: patients were monitored for MxA expression after the
first IFN� injection, and line plots were generated showing the
change at each time point related to the baseline value. Data
were analyzed as area under the curve (AUC) from the line plots,
and a Spearman rank correlation of IFNAR expression levels
with MxA AUC was calculated.

Finally, we investigated the prognostic value of IFNAR
mRNA levels in predicting NAb development by using a thresh-
old of expression generating “high”- and “low”-level groups.
This threshold was calculated by receiver operating characteristic
(ROC) analysis. Estimates of the optimal cutoff values were
made, taking into account sensitivity and specificity, as well as
statistical characteristics of the ROC curves. NAb development–
free survival (NAb-DFS) was defined as the time from the begin-
ning of IFN� treatment to NAb development as a result of
therapy. An analysis for NAb-DFS was determined using the
log-rank test and plotted as a Kaplan–Meier curve.

Analyses were performed using GraphPad PRISM version
4.00 (San Diego, CA), and all reported p values are based on
two-tailed statistical tests, with a significance level of 0.05.

RESULTS NAb status. At baseline, all patients
scored negative for NAbs. In the course of 24 months
of therapy, NAbs were detectable in 41 of 141 patients
(29.1%). These patients were categorized as either
pNAb� (n � 17) or NAb� (n � 24) (figure 1).

Considering the 93 patients in the long-term
treated group, 30 (32.2%) tested positive for NAbs:
17 were pNAb�, 9 were NAb�, and 4 were iNAb�
(figure 1).

Table 1 shows the incidence of NAbs for patients
by treatment group. The incidence of pNAb� was
18% in patients treated with IFN�-1b, 17% in pa-
tients treated with subcutaneous (sc) IFN�-1a 44
�g, 13% in patients treated with sc IFN�-1a 22 �g,

and 2.5% in patients treated with IM IFN�-1a. The
incidence of pNAb� was lower in patients treated
with IM IFN�-1a compared with patients treated
with all other IFN� preparations (IM IFN�-1a vs
IFN�-1b, p � 0.004; IM IFN�-1a vs both sc IFN�-
1a, p � 0.009; and IFN�-1b vs both sc IFN�-1a,
p � 0.161).

IFNAR gene expression analysis. IFNAR-1 expression
was comparable between patients and controls (p �

0.844). On the contrary, transcripts for both
IFNAR-2b and IFNAR-2c were significantly lower
in patients than in controls (p � 0.038). There was
no difference in IFNAR-2a expression (p � 0.0626).

Expression of IFNAR-1 and of IFNAR-2 variants
did not show significant acute phase changes after
IFN� first injection (p � 0.137).

Dividing long-term treated patients (n � 93) on
the basis of their future NAb status, there was a dif-
ference in both IFNAR-2b and IFNAR-2c basal ex-
pression between pNAb� and NAb� patients (p �

0.0089), with approximately 2.6-fold lower expres-
sion levels in pNAb� than in NAb� patients. In
NAb� patients, levels at baseline were similar to
those in controls (p � 0.934), whereas levels in
pNAb� patients were lower (p � 0.0021). In contrast,
there were no differences in the basal expression of both
IFNAR-1 and IFNAR-2a (p � 0.494) among NAb�
patients, pNAb� patients, and controls.

In long-term treated, NAb� patients (n � 63),
IFN� administration induced a time-dependent de-
crease in both IFNAR-2b and IFNAR-2c levels
throughout the observation period, with significant
suppression by 12 and 24 months (p � 0.025). In
contrast, IFNAR-2a expression levels were signifi-

Figure 1 Flowchart highlighting the overall NAb status

The flowchart outlines the four neutralizing antibody (NAb) categories within the different study groups, i.e., NAb negative,
isolated NAb positive, NAb positive, and persistent NAb positive.
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cantly up-regulated over the first year of therapy (p �

0.0001). While IFN� administration also caused a
reduction in IFNAR-1 expression, the effect was not
as marked as for IFNAR-2 and did not reach statisti-
cal significance (p � 0.0978). A different trend of
expression was observed in long-term treated patients
with NAbs (pNAb�; n � 17), in whom we observed
an increase in IFNAR-2b and IFNAR-2c expression
over time (p � 0.0056). Differently, the expression
of both IFNAR-1 and of IFNAR-2a remained un-
changed over the follow-up period (figure 2).

There was no difference between the various types
and dosages of IFN� in regulating both IFNAR-1
and IFNAR-2 expression.

Predictive discriminating value. To confirm the pre-
dictive discriminating value of IFNAR-2 basal ex-
pression for NAb development, we performed a
ROC analysis, determining optimized cutoffs. ROC
analysis for both IFNAR-2a and IFNAR-2b were not
significant (AUC � 0.471; p � 0.452), and thus, for
those isoforms no cutoff was established. On the
contrary, for the IFNAR-2c isoform, the ROC anal-
ysis was significant (p � 0.0031), giving an AUC of
0.8028 (figure 3A).

The best optimization of sensitivity and specific-
ity was found with an IFNAR-2c expression level of
0.0049 RE, which yielded both sensitivity and speci-
ficity of 69%. Of the 141 patients, 74 (52.5%) had a
basal IFNAR-2c expression above the cutoff; of
these, 13 patients (17.6%) became either pNAb�

(n � 5) or NAb� (n � 8) during treatment. Of the
remaining 67 patients (47.5%), who showed a basal
IFNAR-2c expression below 0.0049 RE, 28 (41.8%)
developed NAbs (pNAb�, 12; NAb�, 16). Inci-
dence of patients with NAbs was different in the two
groups (p � 0.0047; odds ratio � 3.167). Lower
basal expression of IFNAR-2c was clearly associated
with a higher risk of NAbs development (p �

0.0061; figure 3B). Interestingly, patients treated
with both sc IFN�-1a preparations and with low
IFNAR-2c levels had a higher probability of develop-
ing NAbs than did patients treated with IFN�-1b
(sc IFN�-1a, p � 0.0085; IFN�-1b, p � 0.065). IM
IFN�-1a–treated subjects were not considered be-
cause of the paucity of pNAb� patients (n � 2).

MxA gene expression. MxA expression levels in untreated
patients were similar to those in controls (p � 0.523),
whereas the IFN� first injection led to a significant increase
of MxA expression (i.e., 29.5-fold) 12 hours later (p �

0.0001). Accordingly, in long-term treated NAb� pa-
tients (n � 63), after 6 months of chronic treatment, the
median MxA expression level was approximately 14-fold
higher than the baseline value (p � 0.0001), but less than
half compared with that observed in treatment-naive pa-
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tients after the first injection (p � 0.0002). The attenua-
tion of MxA up-regulation observed here in the first
months of treatment has already been previously
demonstrated.19-22 Conversely, in the later course of treat-
ment, they showed no change in MxA median level ob-
served at 12 and 24 months of treatment, compared with
MxA expression measured at 6 months (p � 0.2893). On
the contrary, in long-term treated pNAb� patients, me-
dian MxA levels were lower than those of NAb� patients
(p � 0.0001) and similar to those of untreated patients
(figure 4). Particularly, low or moderate levels of NAbs di-
minished expression markedly, whereas levels greater than
109 TRU/mL resulted in levels not statistically different
from those of untreated patients and controls.

Correlation of IFNAR expression with pharmacologic
responsiveness measured by AUC on the MxA re-

sponse. To determine whether it might be possible to
predict the responsiveness to IFN� based on the rel-
ative levels of IFNAR expression, we examined the
relationship between expression of various IFNAR
subunits and responsiveness to stimulation by IFN�

first dose. IFNAR-2c levels correlated with the cu-

mulative MxA induction (rSpearman � 0.799; p �
0.0001), whereas there was no correlation between
MxA induction and expression levels of both
IFNAR-1 and IFNAR-2b (rSpearman � 0.1639; p �

0.0912). IFNAR-2a expression levels negatively cor-
related with MxA inducibility (rSpearman � �0.651;
p � 0.035; figure e-2). The correlation was even
stronger when IFNAR levels were correlated with
MxA levels after 1 year of therapy (data not shown).

DISCUSSION It is clear from our study that bio-
logic response to IFN� may vary considerably be-
tween patients who express different levels of the
IFNAR receptor. Indeed, high levels of IFNAR-2c
expression correlated with greater biologic response
to IFN�, whereas such correlation was not true for
IFNAR-1 and for both the other IFNAR-2 isoforms.
The correlation observed between the levels of ex-
pression of IFNAR-2c and the induction responsive-
ness to IFN� supports the hypothesis that the
biologic response of a tissue type to a specific ligand
is dependent on the receptor expression profile in
that tissue. In particular, the binding capacity

Figure 2 Comparison of IFNAR-1 (A), soluble IFNAR-2a (B), IFNAR-2b (C), and IFNAR-2c (D) messenger RNA levels in 32 healthy controls
and 93 long-term IFN�–treated patients with MS

Samples were obtained 12.4 � 1.6 hours (range 9–14 hours) after the last interferon beta (IFN�) injection, and patients were tested before and 6, 12, and 24
months after the start of treatment. Patients were subdivided based on their neutralizing antibody (NAb) status: persistent NAb (pNAb) positive (n � 17) and NAb
negative (n � 63). In NAb-negative patients, IFN� administration induced a significant time-dependent decrease in interferon-�/� receptor (IFNAR)-2c and
IFNAR-2b transcript levels throughout the observation period. In contrast, expression levels of soluble IFNAR-2a were significantly up-regulated over the first
year of therapy. A different trend of expression was observed in pNAb-positive patients, in whom an increase in IFNAR-2b and IFNAR-2c expression over time
was detected. On the contrary, the expression level of IFNAR-1 remained unchanged over the whole follow-up in both NAb-negative and pNAb-positive patients.
Median values are indicated by the horizontal bars, and p values are shown. MS � multiple sclerosis; NS � not significant.
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(IFNAR-2c) of the receptor rather than the tran-
scriptional capacity (IFNAR-1) seems to be impor-
tant for the modulation of biologic responsiveness.
Similar results have been obtained in studies that
have evaluated the biologic response to other cyto-
kines (e.g., interleukin 10)23 and growth factors (e.g.,
epidermal growth factor).24

Along with this observation, we have found that
IFNAR-2c expression is down-regulated in long-
term treated NAb� patients, i.e., patients with a
prolonged and fully active stimulation of the IFNAR
receptor. Such receptor down-regulation was concur-
rent with an attenuation of MxA up-regulation, be-
ing, therefore, a likely reason for it. Interestingly, we
have also observed over time a slight increase in solu-
ble IFNAR-2a expression. Recent studies showed
that soluble IFNAR-2a has both agonistic and antag-
onistic proprieties on IFN activity,25 suggesting that

this isoform could be a potential key regulator for the
actions of IFNs. Because of the kinetics of IFNAR-2
induction, it is reasonable to suggest that the induc-
tion of soluble IFNAR-2a acts as a classic negative
feedback loop whereby IFN� induces the expression
of an inhibitor of itself.

Unlike IFNAR-2, IFNAR-1 expression only
showed a slight down-regulation along the treatment
period, highlighting that the expression of the
IFNAR-2c might be more highly regulated by IFNs
than expression of IFNAR-1. This hypothesis agrees
with the results of a study where a differential regulation
of the expressions of IFNAR-1 and IFNAR-2 subunits
was shown in dendritic cells during their maturation.26

On the other hand, this hypothesis seems to partly con-
tradict earlier work where IFNAR-1 was shown to play
an important role for IFN sensitivity, as well as
IFNAR-2.27,28 However, it has been reported that
IFNAR-1 expression is regulated by post-transcriptional
rather than transcriptional mechanisms, as observed for
IFNAR-2.29 Therefore, mRNA measurements, as used
here, do not allow a correct evaluation of IFNAR-1 reg-
ulation.

A different modulation was observed in NAb�
patients, in whom the presence of NAbs reversed all
these effects, i.e., increased IFNAR-2c without mod-
ifying both IFNAR-1 and IFNAR-2a expression.
NAbs interfere with the interaction between IFN�

and its receptor, which in turn blocks downstream
IFN signaling and the expression of IFN-stimulated
gene products. The loss of bioactivity was confirmed
by the lack of MxA expression detected in NAb�
patients. In those patients, there was no stimulation
of the receptor, which in turn increases its binding
capacity. Thus, for the formation of an effective

Figure 3 Predictive value interferon �/�

receptor mRNA levels for NAb
development

(A) Predictive discrimination of interferon-�/� receptor
(IFNAR)-2c messenger RNA levels in 141 untreated patients
with multiple sclerosis (MS) vs 63 neutralizing antibody (NAb)–
treated patients. Taking into account both sensitivity and
specificity, an optimal cutoff was calculated at 0.0049. (B)
Thereafter, the NAb development–free survival (NAb-DFS) of
patients with MS was evaluated, according to IFNAR-2c basal
expression. Analyzing 141 patients with MS, the low (�
0.0049 relative expression [RE]) IFNAR-2c expression group
(n � 67; 28 events) showed significantly poorer NAb-DFS
rates than the high (� 0.0049 RE) IFNAR-2c expression group
(n � 74; 13 events) (p � 0.0047, log-rank test). Continuous
and dotted lines represent the estimated 50th (median) and
25th percentile times.

Figure 4 Analysis of the non–antibody-induced
tachyphylaxis in the MxA response

Sixty-three neutralizing antibody (NAb)-negative patients
underwent myxovirus resistance protein A (MxA) measure-
ment before and after (�12 hours) first injection and then
were sampled at intervals (�6, �12, �24 months) after ini-
tiation of interferon beta (IFN�) therapy. A clear attenuation
of MxA up-regulation is observed in the first 6 months of
chronic IFN� treatment, whereas no changes in MxA me-
dian levels are shown in the later course of IFN� treatment,
i.e., at 12 and 24 months of treatment. Median values are
indicated by the horizontal bars, and p values are shown.
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IFN�-mediated response, the antagonistic effects of
NAbs need to be neutralized by a concomitant in-
crease in IFNAR-2c expression.

Another interesting result was that pretreatment
expression levels of IFNAR-2c in MS patients were
overall lower than in controls; this result is in accord
with a previous study.14 Nevertheless, as the expres-
sion levels in MS patients were rather widely distrib-
uted, it might be more accurate to say that there was
a fraction of patients whose PBMCs have lower
IFNAR-2c expression levels than controls or other
MS patients. This statement seems to be confirmed
by the fact that initial low IFNAR-2c expression was
found in a group of patients showing a significantly
higher risk of developing NAbs, also suggesting that
IFN� immunogenicity may be, at least in part, re-
lated to IFNAR-2 expression.

A possible explanation for the higher risk of devel-
oping NAbs observed in patients with a lower pre-
treatment IFNAR-2c expression might be the longer
circulation time of the injected IFN� molecules. The
lower expression of the IFNAR-2c subunit on the
cell surface could significantly decrease the binding
of the IFN� molecules, increasing their circulating
time. This longer circulation time could then lead to
an increase of immunogenicity, particularly in pa-
tients treated with high-dose and high-frequency reg-
imens, in whom there are greater circulating
concentrations of IFN�.

Another fascinating explanation might be the ex-
istence of a negative feedback acting through the pro-
duction of specific autoantibodies. In patients with a
low pretreatment IFNAR-2c expression, cells could
be physiologically unable to respond to high concen-
trations of IFN�. As a consequence, the immune sys-
tem could mount a “beneficial” autoantibody
response to IFN�. This response counteracts, to a
certain extent, the hyperstimulation. This natural
counteraction is illustrated in animal models of
autoimmunity,30-32 and evidence is provided that it
occurs in humans too.33

In both instances, findings indicate that the regu-
lation of IFNAR-2 expression is an important way of
modulating the responsiveness to endogenous and
systemically administered IFN�. IFNAR-2 isoforms
show a dual action, agonistic and antagonistic, that
influences both the magnitude and the nature of the
biologic response to IFN�. Importantly, these data
suggest that the levels of IFNAR-2 are regulated with
the aim of keeping the body in a state of equilibrium,
even when nonphysiologic stimuli are present.

Nevertheless, it is noteworthy that both host-
related and product-related factors have impact on
immunogenicity, because part of the anti-IFN� anti-
bodies are surely due to the foreign nature of the

drug, i.e., either impurities or aggregates that break
B-cell tolerance.34 This statement agrees with the
previous observation that by improved recombinant
IFN� formulations, immunogenicity decreases, but
does not disappear completely.35-37
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