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Abstract

Genital herpes is one of the most common sexually transmitted diseases worldwide. Currently, there are three FDA-approved nucleoside
analogs and other therapies such as foscarnet and cidofovir used to treat genital herpes. Resiquimod, the latest immune response modifie
(IRM), has shown in vivo evidence of efficacy against herpes simplex virus (HSV) type 2. The first clinical trial involving resiquimod
demonstrated that it reduced the recurrence rate of genital herpes, but phase Il trials were suspended due to lack of efficacy. Resiquimod
shows promise for other viral infections and as a vaccine adjuvant.
© 2004 Elsevier B.V. All rights reserved.
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field, 200Q. This serious public health concern has exploded response through recognition of foreign proteins, activation
in the last few decades. A seroprevalence study reported thabf plasmacytoid dendritic cell&Xjbson et al., 2002 and the
22% of the United States adult population is herpes simplex induction of apoptosis in human epithelial cells linbtefer

virus (HSV) type 2 seropositive=(eming et al., 199y the

et al., 2003. The TLR adaptor molecule MyD88 associates

type that more commonly causes recurrent genital herpeswith TLRs and brings IL-1 receptor-associated kinase and

This correlates to approximately 45 million Americans who
are afflicted with genital herpes.

FDA-approved treatment for recurrent genital herpes com-

prises of a trio of nucleoside analogs: acyclovir, famiciclovir,
and valacyclovir Mertz et al., 1988; Mertz et al., 1997;
Reitano et al., 1998 When taken at the onset of symptoms,

tumor necrosis factor (TNF) receptor-associated factor 6 to
the TLRs. This signaling pathway activates c-Jun,Net-
minal kinase (Jnk) and NkB transcription factors. After
treatment with IRMs, TLR7-deficient mice did not have in-
creased inflammatory responses, and MyD88-deficient mice
did not secrete inflammatory cytokines. In these knockout

these drugs can decrease the duration of viral shedding andnodels, there was no activation of NdB- or Jnk.

the time to heal lesiong={fe et al., 1997; Sacks et al., 1996;
Spruance et al., 1996; Tyring et al., 1998Ithough chronic

Both imiquimod and resiquimod induce the Th1l cytokine
IFN-y and antagonize the Th2 cytokines IL-4, IL-5, and IL-

suppressive therapy can prevent most future attacks, it re-13 (\Wagner etal., 1999These effects are mediated by [FleN-

quires good compliance and long-term daily dosing. How-

and IL-12, which are produced by macrophages, monocytes,

ever, they have no long-term effect on genital herpes if the and dendritic cells in response to imiquimod or resiquimod

medication is stoppedF(fe etal., 1994; Wagstaff etal., 1994

Valacyclovir has been shown to reduce transmission by de-

creasing asymptomatic sheddir@ofey et al., 2004
With the limitations of current therapy against genital her-

(Ahonen et al., 1999; Wagner et al., 1998fter application

of topical resiquimod on hairless mice and rats, Nnd
TNF-a concentrations are increased in the skin, confirming
in vitro reports (mbertson et al., 1998

pes, the focus has shifted to a new class of drugs called the The most important cell type activated by resiquimod

immune response modifiers (IRMs). This article reviews the

development of the latest IRM, resiquimod. We present in
vitro and in vivo results of resiquimod and its possible use in
the future.

2. The immune response modifier resiquimod

An investigation of nucleoside analog structures in the
1980s resulted in the first IRM. The chemical family became
known as the imidazoquinolines. It was found that all of the
imidazoquinolines showed in vivo anti-HSV activityl{ller
etal., 1999. Imiquimod was the first commercially available
imidazoquinoline used for anogenital warts, actinic keratosis
and superficial basal cell carcinomsbfamovits and Gupta,
20049).

Resiquimod (R-848, S-28463, 4-amino-2-ethoxymethyl-
a,a-dimethyl-1H-imidazo[4,5-c]quinolin-1-ethanol) is a
more potent and soluble analog of imiquimo@afland,
2003; Jones, 2003Resiquimod produces a 50- to 100-fold
cytokine response compared to imiquimotbihai et al.,
1999. IRMs do not seem to directly target viruses or their
replication cycle. Rather, they induce immune cells to
produce cell-mediated or T helper type 1 (Th1) cytokines.

3. The innate immune response from resiquimod

Resiquimod produces an environment conductive for the

Th1l responseRrugnolo et al., 2008 IRMs stimulate im-
mune cells through the Toll-like receptor 7 (TLR7)-MyD88-
dependent pathwayAkira and Hemmi, 2003; Edwards et
al., 2003; Hemmi et al., 2002; Lee et al., 20GHd TLR
8 (Sauder et al., 2003TLRs play a role in innate immune

through the TLR7 is the dendritic cell, an important antigen-
presenting cell. In response to resiquimod, dendritic cells se-
crete IL-6, IL-12, TNFe, and IFNe (Ahonen et al., 1999
Monocytes respond to resiquimod with the secretion of IL-1,
IL-6, IL-8, IL-12, TNF«, and IFNe (Wagner et al., 1999
Cultures of Langerhans’ cells show a similar cytokine re-
sponse to resiquimod(rns et al., 2000 Similar to how

the CD40 ligand CD154 stimulates B lymphocyt8&sshop

et al., 2000, resiquimod stimulates B lymphocytes to pro-
duce antibodies and the class Il surface receptors for antigen
presentationgishop et al., 2001 IFN-« limits viral replica-

tion in infected cells, and, together with IL-12 and TNE-
activates natural killer cells. Natural killer cells are part of
the early phase of the innate immune response against viral
infection.

IL-12, IFN-«, and dendritic cells are especially important
in promoting CD4+ Th1 cells rather than CD4+ Th2 cells.
Once developed, the Thl response is characterized by the
presence of CD4+ Th1l cells secreting IRNand IL-2. The
established Th1l response together with continued administra-
tion of resiquimod stimulates the activation of several effector
mechanisms directed against viral-infected cells. CD8+ cy-
totoxic T lymphocytes are driven by activated dendritic cells,
CD4+ Th1l cells, and IL-2. Macrophages are activated by re-
siquimod, TNFB, and IFN+y directly (Tomai et al., 1995;
Wagner et al., 1999 Resiquimod also stimulates nitric ox-
ide production from macrophagda(ates and Matlashewski,
1999, which promotes cytotoxicity.

4. Efficacy in animal models

Imiquimod is effective treatment for recurrent genital her-
pes in the guinea pig moddHérrison et al., 1994 Guinea
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pigs that had recently recovered from primary HSV-2 geni- increase the chances that cytokine induction coincides with
tal herpes were administered imiquimod intravaginally either available HSV antigen, which would augment the specific

for 5 days or 21 days. Those in the 5-day treatment group immune response.

had fewer recurrences only during therapy, but those in the  Resiquimod 0.01% twice weekly was the best tolerated
21-day treatment group had fewer recurrences for 8 weeksregimen. There was a non-statistically significant increase
(Harrison et al., 1994 Over 10 weeks of observation, the in local symptoms and signs at the location of drug applica-
21-day regimen decreased the total number of recurrences byion for the resiquimod 0.05% treatment groups and the more
67% compared to the 5-day regimgn<0.0001). This regi- frequent dosing of resiquimod 0.01% thrice weekly. Dosing

men also reduced the HSV antibody response and increasedvith resiquimod 0.05% twice weekly was not well tolerated.

memory-dependent T-cell and cytokine responses. Two patients who received resiquimod and one patient who
Resiquimod has been found to be equally effective as im- received vehicle discontinued treatment because of severe
iquimod while at a less frequent dosadge(nstein et al., local skin symptoms and signs. No systemic side effects of

200]). Guinea pigs were given subcutaneous resiquimod resiquimod were observed.

daily, every other day, or once weekly for 3 weeks, and they  In a press release on February 24, 2003, 3M announced
showed a 65-75% reduction in recurrences compared withthat due to a lack of efficacy of resiquimod gel 0.01% in
the controls. Weeks after the treatment stopped, the numberrecurrent genital herpes as observed in a phase Il study, the
of recurrences was significantly lower compared to pretreat- clinical trial was suspended. The 3M-Lilly joint development
ment occurrence. The decrease in recurrence was correlatedgreement of resiquimod for recurrent genital herpes was ter-
with anincrease inthe in vitro IL-2 produced by mononuclear minated on October 1, 2003. It is not known why the positive
cells from the peripheral blood. This suggests that the antivi- results seen in the prior phase Il did not extend to the phase
ral effect may stem from the induction of immunologic mem- 11l study.

ory for HSV after IRM treatment is completed. In a sense,

IRMs may enhance the immunologic response by using the

reactivated virus as an endogenous vaccine. 6. Use as an adjuvant

Vaccination is widely considered the most important
5. Efficacy in human subjects method of significantly reducing the prevalence of most vi-
ral infections Wu et al., 2003 A Thl immune response is

These results are consistent with a randomized, placebo-required for protection against various microorganisms and
controlled study of topical application of resiquimd@buder tumors. Vaccination against these pathologic agents requires
etal., 2003. In this study of healthy adults, 0.25% resiquimod a strong Th1 adjuvant such as Freund'’s adjuvant, which is not
was applied 8 h, two times per week and shown to increasetolerated in humandJlaassen et al., 1992Aluminum hy-
levels of MRNA for IL-6, IL-8, IFN«, and Mx (an IFNe- droxide (alum) is the only FDA-approved vaccine adjuvant,
inducible protein) compared to individuals receiving placebo. but it enhances a Th2-specific responbier6 and White,

The favorable results in the guinea pig model extended to 1995. With vaccines that are poorly immunogenic, there is
human subjects in early trials. In a phase Il clinical study, a need for a safe and effective adjuvant that can adequately
resiquimod reduced recurrences of genital herpes even afstimulate cell-mediated immune (CMI) responses.
ter the end of treatmeniSpruance et al., 20Q1In this Although resiquimod failed in phase Ill trials for geni-
randomized, double-blind, vehicle-controlled, cohort dose- tal herpes, the role of IRMs as vaccine adjuvants requires
escalation study, 52 patients with six or more genital herpesfurther investigation. When given together with a herpes
recurrences a year were treated for 3 weeks with either re-simplex virus glycoprotein, imiquimod increased protection
siquimod 0.01% twice or thrice weekly, 0.05% once or twice both prophylactically and therapeutically against HSV chal-
weekly, or vehicle alone. The median time to first recurrence lenge Bernstein et al., 1995; Bernstein et al., 1993; Harrison
in the vehicle-treated group was 57 days compared to 169et al., 200). Imiquimod enhances the CMI response
days in the pooled resiquimod-treated gropp=(0.0058) (Harrison et al., 1988; Harrison et al., 1994hich destroyed
as observed during the 6-month period after therapy. Thetransplantable murine transitional cell carcinoma (FCB) tu-
percentage of patients without a recurrence during the ob-mor cells in mice and protected them against later challenge,
servation period was 32% in the resiquimod-treated group implying the induction of immune memory/4silakos et al.,
compared with 6% in the vehicle-treated gropp=(0.039). 2000.

The more efficacious regimens appeared to be the re- In a mouse model using resiquimod, IRNdependent
siquimod 0.01% twice and thrice weekly, with median times production of Thl-specific Iggwas increased and the level
to first recurrence at 172.5 and >195 days, respectively. Theof Th2-specific IgE was decreasédaéilakos et al., 2000
median times to first recurrence for the resiquimod 0.05% The effects of resiquimod on production of these antibodies
once and twice weekly were >60 and 105 days, respectively.were supported by other studi€sdtscher etal., 2002; Tomai
It was thought that efficacy may be related more to dose fre- et al., 2000. The experiments of Vasilakos et al. involved the
quency thanto dose concentration. More frequent dosing mayuse of alum with resiquimod. Resiquimod also worked when
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