
NATURE MEDICINE SUPPLEMENT   VOLUME 11 | NUMBER 4 | APRIL 2005 S69

Peptide-based therapeutic vaccines for allergic 
and autoimmune diseases
Mark Larché1 & David C Wraith2

Allergic and autoimmune diseases are forms of immune 
hypersensitivity that increasingly cause chronic ill health. 
Most current therapies treat symptoms rather than addressing 
underlying immunological mechanisms. The ability to 
modify antigen-specific pathogenic responses by therapeutic 
vaccination offers the prospect of targeted therapy resulting in 
long-term clinical improvement without nonspecific immune 
suppression. Examples of specific immune modulation can 
be found in nature and in established forms of immune 
desensitization. Understanding and exploiting common 
mechanisms such as the ability to induce antigen-specific 
regulatory cells should allow the development of effective 
therapeutic strategies for both forms of immunopathology. 
Targeting pathogenic T cells using vaccines consisting of 
synthetic peptides representing T cell epitopes is one such 
strategy that is currently being evaluated with encouraging 
results. Future challenges in the development of therapeutic 
vaccines include selection of appropriate antigens and peptides, 
optimization of peptide dose and route of administration and 
identifying strategies to induce bystander suppression.

Allergic and autoimmune diseases are manifestations of immunological 
hypersensitivity. They arise when mechanisms controlling responses to 
innocuous environmental antigens (such as allergens), or to endogenous 
host (‘self ’) proteins, break down. Why certain individuals suffer from 
particular hypersensitivities is unclear, but there is evidence that both 
genetic and environmental factors influence susceptibility. 

Analysis of genes contributing to allergic1 and autoimmune disorders2 
has shown that susceptibility arises from complex multigenic interac-
tions. Many genetic elements controlling immune responses are poly-
morphic. Notably, genes encoding major histocompatibility complex 
(MHC; also known as human leukocyte antigens or HLA) class I and 
II are strongly associated with certain autoimmune diseases3,4. Such 
associations support a prominent role for T cells in the recognition of 
a restricted number of epitopes derived from autologous or cross-reac-
tive exogenous proteins (such as viral proteins). Interestingly, despite 
the well-described role of T cells in the pathogenesis of allergic inflam-
mation, few HLA-allergic disease associations exist. Explanations for 
the difference between allergy and autoimmunity may include the fact 

that responses to self-epitopes are tightly regulated through central and 
peripheral tolerance mechanisms. In contrast, responses to exogenous 
proteins, containing many HLA-binding epitopes, are not regulated to 
the same extent, particularly through central tolerance.

The dramatic recent increase in the prevalence of allergic sensitiza-
tion and autoimmune diseases, particularly in industrialized countries, 
provides evidence for the additional role of environmental factors in the 
pathogenesis of immune hypersensitivity. Improved sanitation, mass 
vaccination programs and widespread use of antibiotics have been asso-
ciated not only with reduced burden of infectious disease, but also with 
declining immunological interaction with microorganisms5. Reduced 
exposure to predominantly T helper type 1 (TH1) response–inducing 
environmental stimuli was initially proposed to explain the increased 
incidence of allergic sensitization (‘hygiene hypothesis’). But parallel 
increases in the prevalence of TH1-mediated autoimmune diseases such 
as type 1 diabetes6 implies immunological dysfunction common to both 
TH1- and TH2-mediated diseases. Clinical studies have shown the coex-
istence of both TH1- and TH2-mediated mechanisms in asthma7. Thus, it 
seems unlikely that deficiency in TH1 or TH2 responses drives pathology 
associated with the other. Nor is it likely that simple, mutual antagonism 
of TH1 and TH2 responses in autoimmunity and allergy represent viable 
therapeutic approaches. Indeed, experimental models have shown the 
potential for exacerbation of disease through this strategy8,9.

The hygiene hypothesis, in its original form, did not incorporate mecha-
nisms of immune regulation common to TH1 and TH2 processes. Thus, 
alternative explanations for the increased occurrence of disease may include 
the simple concept of clonal competition, in which hypersensitivity may be 
passively controlled by homeostatic regulation arising through expansion of 
immune cells specific for prevalent infectious agents, a simple competition 
for scarce resources precluding hyper-reactivity to innocuous antigens10. In 
addition, it seems likely that regulatory mechanisms are established during 
early life in response to childhood infections and exposure to environmental 
organisms and their products11 (Fig. 1). Data, derived predominantly from 
experimental animal models, show that distinct populations of immuno-
regulatory T cells limit, or protect organisms from, immune pathology12. 
A number of subsets have been described, including ‘natural’ CD4+ CD25+ 
cells and those expressing the transcription factor FoxP3, an apparent marker 
of regulatory potential. TH3 cells synthesizing transforming growth factor 
(TGF)-β and Tr1 cells secreting interleukin (IL)-10 have been described in 
both murine and human models. Functional deficits in CD25+ and Tr1 sub-
sets of regulatory cells have been reported in both allergic13–16 and autoim-
mune diseases12,17–20. Whether these observations reflect an intrinsic defect 
in the regulatory cells themselves (a concept difficult to reconcile with the 
antigen-selective nature of these diseases), or their inability to control over-
exuberant effector responses, remains to be established.
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Current treatment: the unmet need
Current pharmacologic treatments for autoimmune and allergic dis-
orders (such as glucocorticosteroids, cyclophosphamide, methotrexate 
and antihistamines) are largely palliative (rather than curative) and some 
may result in nonspecific immunosuppression. This may be associated 
with a range of complications including infections, the development of 
tumors and disruption of natural regulatory mechanisms. Long-term use 
of palliative drugs is associated with significant compliance and economic 
issues. For these reasons, there is renewed enthusiasm for strategies aim-
ing to reinstate homeostasis toward environmental and self-antigens. 
Here we discuss how peptide-based ‘therapeutic vaccines’ may recover 
immunological tolerance through the induction of immunoregulatory T 
cells and consider how vaccines of the future may be designed.

Background to the approach of therapeutic vaccination
There is evidence that both allergic and autoimmune pathology, result-
ing from deficient immune regulation, is reversible. Allergic children 
can ‘grow out’ of food allergies15, autoimmune diseases such as rheu-
matoid arthritis can transiently resolve without intervention during 
pregnancy21 and ‘specific’ allergen immunotherapy (SIT) (or in some 
cases, natural exposure to allergen22) can modulate the antigen-spe-
cific immune response, resulting in long-term disease modification23. 
Identifying common elements of these processes should provide the 
basis for development of therapeutic interventions for inflammatory 
diseases including allergy and autoimmunity.

Treatment of allergic rhinitis and asthma with SIT is of proven effi-
cacy23,24 and has been practiced for almost a century25. Subcutaneous 
or sublingual administration of the sensitizing protein(s) modifies 
immunity and reduces allergen sensitivity. Mechanistic studies show 
downregulation of TH2 responses in peripheral blood26,27 or increased 
TH1 responses in the tissue28,29, or both. Recently, increased numbers of 
cells containing mRNA encoding IL-10 (and in some cases TGF-β) or 
the proteins themselves have been reported in blood30,31 and tissues32,33 
of treated individuals. Moreover, IL-10–secreting regulatory T cells are 
known to suppress pathology in experimental models of autoimmune 
diseases34–37. Further evidence that the resolution of allergic disease may 
involve factors other than simple translation of TH2 responses to TH1 
has been obtained from several models. Beekeepers exposed to multiple 

stings are protected from severe allergic reactions through a mecha-
nism involving IL-10–secreting T cells38,39. IL-10 has immunosuppres-
sive functions on both T cells and mast cells. As with SIT for venom 
and aeroallergen sensitivity, protection of beekeepers is associated with 
induction of IgG isotypes, particularly IgG4, an isotype selectively pro-
moted by IL-10 (ref. 40).

Cross-linking of allergen-specific IgE on the surface of mast cells and 
basophils leads to activation and degranulation, with the release of medi-
ators such as histamine and leukotrienes. Furthermore, IgE on the surface 
of antigen-presenting cells (APC) and B cells enhances uptake of allergen 
(allergen focusing) for presentation to T cells. IgG may downregulate the 
allergic response by competition with IgE for allergen binding (classical 
‘blocking antibody’ theory), prevention of aggregation of receptor-bound 
IgE through steric hindrance, or by interference with antigen focusing by 
IgE bound to APC. Interestingly, a major role for mast cells has recently 
been described in the pathogenesis of autoimmune diseases41,42, provid-
ing further evidence to support common mechanisms in allergic and 
autoimmune pathology. Related mechanisms in pathogenesis are likely 
to be amenable to common approaches in therapy.

Historically, increased TH1:TH2 cytokine ratios and induction of IgG 
following SIT focused therapeutic strategies in allergy on exploitation of 
the mutual antagonism of TH1 and TH2 responses, a concept adopted in 
reverse, with respect to autoimmune disease43. For example, glatiramer 
acetate (also known as GA, Cop-1, Copaxone), one of the most widely 
prescribed drugs for multiple sclerosis, is a random amino acid copoly-
mer (poly (YEAK)n) known to activate T cells specific for myelin basic 
protein (MBP) and induce TH2 responses44. These responses may relate 
to the occurrence of adverse events of an allergic nature, such as flushing, 
urticaria, pruritis and chest tightness45. Long-term follow up of subjects 
enrolled in the pivotal phase 3 evaluation of this compound showed grad-
ual reduction in annual relapse rates (relapse was defined as the appear-
ance of neurologic abnormalities persisting for at least 48 hours and 
preceded by a relatively stable or improving neurologic state of at least 30 
days)46,47. But these studies were conducted in an open-label fashion and 
comparisons were made with baseline data rather than placebo-treated 
groups. Interestingly, a recent meta-analysis of all randomized controlled 
trials of glatiramer acetate concluded that active treatment showed no 
significant advantage over placebo and that current data did not support 
the continued use of glatiramer acetate in multiple sclerosis45. However, 
further studies will be required to resolve this issue.

Glatiramer acetate binds to several MHC molecules including HLA-
DRB1*1501 (encoded by a disease-associated allele in multiple scle-
rosis) in vitro. It has been suggested that glatiramer acetate competes 
with MBP epitopes for presentation to T cells, reducing activation of 
MBP-specific clones. Recently, modified copolymers based on similar 
sequences (VWAK and FYAK), blocked native epitope binding to MHC 
class II in a mouse model of multiple sclerosis, polarized T-cell cytokine 
responses toward a ‘TH2’ profile and generated regulatory populations 
of T cells secreting IL-4 and IL-10 that were able to transfer protection 
from disease48. Furthermore, defined synthetic 15-mers (peptides of 15 
amino acids in length), have been designed based on the HLA-binding 
characteristics of glatiramer acetate and the immunodominant native 
epitope MBP83–99. Peptides with high affinity for HLA-DRB1*1501 sup-
pressed experimental autoimmune encephalomyelitis in a humanized 
SJL/J mouse model. Protection was associated with production of IL-4 
and IL-10 by splenocytes and lymph node cells49. Clinical evaluation of 
such compounds, which are of defined lengths and structures different 
from those of glatiramer acetate, is eagerly awaited. 

In murine models, IL-10 has generally been considered a TH2 cyto-
kine. But in human studies and increasingly in experimental models, 
IL-10 is being regarded as an immunosuppressive or regulatory cytokine. 

Potentially
pathogenic
effector and
helper T cells

‘Homeostatic-
regulatory’,
natural regulatory
and induced 
suppressor cells

Figure 1  Balancing effector and regulatory T cell responses. The immune 
system has evolved to protect the individual from death by infection, while 
avoiding recognition of the body’s own antigens.  Furthermore, the response 
to foreign agents must be both appropriate and moderate, to avoid more 
damage than the agent itself.  It now appears that aberrant responses to self-
antigens and hypersensitivity towards foreign antigens are both limited by 
regulatory or suppressor cells.  As such, the immune system should be seen 
as a fine balance between potentially pathogenic effector cells and various 
different types of regulatory cells.
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Thus, autoimmune processes may be ameliorated by the induction of 
a combination of TH2 (IL-4) and regulatory responses (IL-10, TGF-
β), just as allergic disease can be addressed by the induction of both 
TH1 (interferon (IFN)-γ) and immunoregulation (IL-10, TGF-β). The 
search is now on for strategies to safely and effectively induce regula-
tory responses, in an antigen-specific fashion, for the treatment of both 
allergic and autoimmune conditions.

Mucosal tolerance
Mucosal administration of antigen frequently results in downregulation 
of the immune response and is associated with the induction of regula-
tory cells50. In 1829, Dakin observed a means by which the cutaneous 
hypersensitivity to poisonous vegetables such as poison oak and poison 
ivy could be avoided51; “mystical, marvellous physicians, or favoured 
ladies with knowledge inherent, say the bane will prove the best antidote, 
and hence advice the forbidden leaves to be eaten, both as preventive 
and cure to the external disease.” This was one of the earliest recorded 
examples of mucosal tolerance, a phenomenon that waited more than 
150 years for the discovery of its mechanism.

Mucosal tolerance induction has been evaluated in numerous experi-
mental models of allergy and autoimmune disease50, but clinical data 
from trials in humans have been generally disappointing. Trials of 
oral tolerance involved extracts of myelin in multiple sclerosis, retinal 
extract for autoimmune uveitis, bovine collagen in rheumatoid arthritis 
and insulin in type 1 diabetes52. Relatively low doses of antigen were 
administered but did not provide significant clinical benefit. In fact, 
administration of a complex mixture of antigens in uveitis was associ-
ated with worsening of disease53. Additional trials of mucosal tolerance 
are required to investigate dosing effects, the nature of the autoantigen 
(i.e., purified soluble antigens versus complex mixtures of antigens) 
and the use of mucosal adjuvants designed to enhance tolerance induc-
tion54,55. Furthermore, a systematic comparison of mucosal versus sys-
temic (intravenous, subcutaneous, intradermal) antigen administration 
is required in humans.

Regulatory T cells have been shown to have an important role in 
murine mucosal tolerance, with effector phenotype depending upon 
the nature of the antigen. Thus, protein antigens tend to induce TGF-
β–secreting TH3 cells56, whereas short peptide antigens elicit IL-10–
secreting Tr1 cells34,35,57. Importantly, regulatory cells induced through 
mucosal tolerance have been shown to mediate bystander (or ‘intermo-
lecular’) suppression58, a process through which regulatory cells specific 
for one protein suppress the response of nearby effector cells to another 
protein. The latter seems to require copresentation of the two antigens 
by the same APC59,60.

Bystander suppression is an important feature of mucosal and other 
forms of antigen-induced suppression because, as shown in mouse mod-
els, it may override the phenomenon of ‘epitope spreading.’ Epitope 
spreading was first described as a complication of autoimmune dis-
ease whereby the initiating immune response expands with time to 
include responses to other antigens61. Similar mechanisms have not 
been reported in allergic diseases (atopic dermatitis may prove to be the 
exception), although few studies have had the opportunity to address this 
issue. The issue of epitope spreading has been raised as a potential bar-
rier to the development of effective immunological strategies to combat 
autoimmune diseases. Therapeutic vaccines must have the potential to 
modulate pathogenic responses to several antigens, as responses to indi-
vidual proteins may wax and wane within an individual. Ideally, effective 
vaccines should generate a network of intramolecular (‘linked’) and 
intermolecular (‘bystander’) suppression, such that tolerance induced to 
one protein (MBP, for example) can be exploited to regulate responses to 
others (proteolipid protein, for example). Although such processes have 

been shown to operate in rat models58, there is currently little evidence 
of such activity in human studies. This issue remains a high priority for 
future vaccine design and evaluation.

Nature of the antigen for an effective therapeutic vaccine
The aim of a therapeutic vaccine is to achieve effective modulation of 
immune responses. Administration of the intact antigen would avoid 
having to select specific epitopes to suit MHC-disparate individuals. But 
intact antigen can activate mast cells and basophils, by cross-linking IgE 
in allergic individuals, as well as activating pathogenic B and T cells in 
both allergic and autoimmune diseases. For example, marmosets given 
a ‘tolerogenic’ treatment with myelin oligodendrocyte glycoprotein were 
protected against induced autoimmune encephalomyelitis but suffered a 
later lethal demyelinating disorder62. Furthermore, mucosal administra-
tion of whole proteins may induce pathogenic cytotoxic T lymphocytes 
(CTL)63,64. Hanninen and colleagues compared different mucosal routes 
of administration in the mouse and found that oral or nasal delivery of 
ovalbumin (OVA) primed for OVA-specific CTL64. Protein delivered 
by either route induced diabetes in mice expressing antigen in the pan-
creas. For these reasons, strategies to modify the structure of antigens 
have been investigated, including chemical modification65 or disruption 
of tertiary structure of the protein66, identification of hypoallergenic 
isoforms of allergens67 and the use of synthetic peptides representing 
MHC class II–restricted T cell epitopes.

Peptide-based therapeutic vaccines
As short linear peptide sequences generally lack the ability to cross link 
adjacent IgE molecules on mast cells and basophils, a particular advan-
tage of synthetic T cell epitopes in allergic disease is the avoidance of 
IgE-mediated activation. Early promise with peptide therapy in experi-
mental models of allergy68,69 led to evaluation of synthetic peptides for 
immunotherapy in clinical trials70–78 (for a summary of clinical studies 
see Table 1). Studies using longer peptides (greater than 20 amino acids 
in length) were often associated with adverse events, some of which may 
have been related to residual IgE cross-linking capability. In general, pep-
tide therapy was shown to reduce sensitivity to allergen and downregu-
late allergen-specific proliferative and cytokine responses in the blood. 
In studies evaluating treatment with cat allergen peptides, reduced 
skin reactivity to allergen was accompanied by decreased TH1 and TH2 
responses in the blood and increases in IL-10 (ref. 77). Furthermore, 
airway hyperreactivity was reduced in asthmatic subjects79 and nasal 
symptom scores improved in subjects with allergic rhinitis78. Studies 
using peptides from a bee venom allergen (phospholipase A2) showed 
improved tolerance of injected allergen challenge and partial protection 
from sting challenge in bee venom–allergic subjects74.

Despite evidence from animal models that autoimmune conditions 
can also be prevented and treated with peptide therapy, the approach 
has been slower to translate to the clinic80–92. Two recent studies evalu-
ating peptides derived from heat-shock proteins for the treatment of 
diabetes and rheumatoid arthritis have provided encouraging results. 
Individuals with newly diagnosed type 1 diabetes were treated by sub-
cutaneous injection at three time points (at study entry, 1 month and 6 
months) with 1 mg of a peptide (p277) derived (and slightly modified) 
from the heat-shock protein hsp60 (ref. 93). After 10 months, islet cell 
function had been maintained in the treated group but had declined in 
placebo controls. In the treated group, peripheral blood T cells produced 
more IL-10 and IL-13, indicating modulation toward a TH2-regula-
tory  phenotype93. In a phase 1 study of individuals with rheumatoid 
 arthritis, a peptide derived from the bacterial heat-shock protein dnaJ 
was  administered by mucosal (oral) delivery. Analysis of peripheral 
blood responses to antigen showed that although there was no overall 
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change in the numbers of antigen-specific cells after treatment, there 
were significant increases in the percentage of T cells producing IL-4 and 
IL-10 and concomitant reductions in IFN-γ and tumor necrosis factor 
(TNF)-α94. These results may reflect the induction of a regulatory T 
cell population after therapy. But the study was not placebo controlled 
and did not report clinical outcomes. As a result, no conclusions can be 
drawn in relation to clinical efficacy.

Altered peptide ligands
Various groups have investigated the use of altered peptide ligands (APL) 
or T cell antagonists as potential vaccines for autoimmune disease95–99. 
Such peptides share MHC binding characteristics with the native pep-
tide sequence but, as a result of amino acid substitutions (particularly 
in residues that contact the T cell receptor), deliver antagonist or partial 
agonist signals, modifying T cell activation and cytokine production. 
Two trials of APL therapy in multiple sclerosis evaluated modified forms 
of the immunodominant epitope MBP83–99. The clinical response to 
treatment was heterogeneous with no clear improvement in clinical out-
comes. Both studies were suspended as a result of adverse events100,101. 
In one study, hypersensitivity reactions were linked to TH2 skewing 
of T cells during treatment. Similar reactions in a related study were 
associated with expansion of MBP83–99-specific TH1 cells that had high 
antigen avidity. In two of three subjects who developed atypical disease 
exacerbations, worsening of clinical parameters correlated with expan-
sion of antigen-specific TH1 cells during treatment. In both studies, 
subjects on low-dose protocols seemed to tolerate APL therapy better. 
Indeed, in a secondary analysis of outcomes, subjects treated with 5 mg 
of APL weekly showed a reduction in the total number and volume of 
contrast (gadolinium)-enhancing lesions after 4 months of treatment 
compared to baseline (P = 0.09 following Bonferonni correction for 
multiple comparisons)100. These preliminary observations are currently 
being evaluated in further trials. Outcomes in APL treatment may reflect 
the broad specificity of the T cell repertoire. Thus, as shown in an experi-
mental model of autoimmunity102, an APL can function as an antagonist 
for a T cell clone expressing receptor A but as an agonist for a clone 
expressing receptor B. Therefore, there may be no advantage in using 
T cell antagonists or APL because of the difficulties of designing APL that 
antagonize all clonotypes specific for a particular epitope.

The role of peptide dose in tolerance induction
Despite demonstrated efficacy in animal models, little is known about 
the most effective dose for induction of tolerance by peptide therapy. 
In mice, dose ranges extend from a few micrograms103 to milligrams97, 

and fundamental differences may exist in the mechanisms underlying 
low- versus high-dose tolerance. For example, in a number of experi-
mental animal models using higher-dose regimens, substantial deletion 
of antigen-specific cells occurred97,104,105. Anergy was also a feature of 
some high-dose models106. Of the smaller number of studies of low-
dose tolerance, none have evaluated cell death as a contributing fac-
tor. Despite potential differences, both high- and low-dose models are 
characterized by the induction of populations of T cells with regulatory 
activity12,94,107,108.

In human studies, even ultra-low doses of peptide have been shown 
to modulate T cell responses. Intradermal injection of microgram 
quantities of synthetic allergen peptides induced transient activation 
of antigen-specific T cells in the airways. In asthmatic individuals, this 
was manifested as bronchoconstriction measurable a few hours after 
injection76,109. In these individuals, transient T cell activation was fol-
lowed by months of marked and enduring hyporesponsivness, which 
has recently been linked to the induction of regulatory CD4+ T cells108. 
Similar transient activation before tolerance was described in a number 
of mouse experimental models34,104,110–112. The occurrence of contrast-
enhancing lesions during peptide therapy in multiple sclerosis may also 
be related to transient effector T cell activation. With allergen peptides, 
induction of bronchoconstriction was not required for the ensuing pep-
tide-induced hyporesponsiveness77,79. Although this does not preclude 
low-level activation of antigen-specific T cells before systemic tolerance 
induction, it implies that activation of effector T cells is not an absolute 
requirement for tolerance. Thus, the magnitude of the initial effector T 
cell response may be controlled (for example, by reducing dose) to avoid 
T cell–dependent disease exacerbations such as bronchoconstriction in 
asthma and brain lesions in multiple sclerosis.

Differences in protein or peptide dose may not translate into a sub-
stantially different pharmacologically active dose. The route of admin-
istration, physical and biological half-life, and solubility of the tolerogen 
probably have roles in determining the active dose (and the immunolog-
ical context of that dose) reaching the blood and lymphatics. For exam-
ple, microgram doses of allergen peptides administered intradermally 
resulted in systemic manifestations of tolerance76,77, whereas the same 
preparation delivered by inhalation (nebulized in saline and inhaled 
orally) did not113. This observation suggests that the route of admin-
istration can determine tolerogenicity and that transient activation of 
effector T cells may be dissociated from ensuing tolerance because it was 
possible to transiently activate effector T cells in the airways through 
both routes. It may be that a threshold plasma dose of tolerogen must 
be achieved to establish systemic tolerance, even in low-dose regimens. 

Table 1  Clinical studies of therapeutic peptide vaccination

Indication Peptide 

(antigen source)

Route of delivery Cumulative 
dose 

Outcomes References

Allergy: 
Cat

Fel d1 Subcutaneous/intradermal 5,000–6,000 
mcg

Sensitivity to allergen challenge in skin and 
lung. 
Peripheral immune responses.

70–73, 76–79

Allergy: 
Bee venom

Api m1 
(phospholipase A2)

Subcutaneous/intradermal ~400 mcg Sensitivity to allergen challenge in skin. 
Wild bee sting. 
Peripheral immune responses.

74, 75

Autoimmunity: 
Multiple sclerosis

Myelin basic protein 
(MBP)

Subcutaneous/intradermal Up to ~1,800 
mg

Clinical scores, magnetic resonance imaging, 
peripheral immune responses.

100, 101

Autoimmunity: 
Type 1 diabetes

Hsp60 
(heat shock protein) 

Subcutaneous 3 mg Pancreatic islet beta cell mass. 
Insulin requirements. 
Hemoglobin concentration. 
Peripheral immune responses.

93

Autoimmunity: 
Rheumatoid arthritis

dnaJ
(bacterial heat shock 
protein)

Subcutaneous Up to ~9,000 
mg

Clinical scores, laboratory measurements, 
peripheral immune responses.

94
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Although intradermal or intravenous administration may require the 
lowest doses to achieve this, the inconvenience of injection may favor 
higher-dose regimens using intranasal delivery, which has been shown 
to lead to rapid systemic delivery in experimental models114.

Peptide selection
Appropriate selection of epitopes and corresponding peptides for 
therapeutic vaccines is crucial for success. Translation of findings in 
murine models is complicated by the use of inbred strains of mice. 
Polymorphism of the genes encoding human MHC class I and II pres-
ents a challenge for peptide vaccine design. In autoimmune diseases, 
HLA associations with disease provide a natural platform for vaccine 
design once target antigens have been identified115,116. Whereas few dis-
eases (such as ankylosing spondylitis) are overwhelmingly linked to the 
genes encoding HLA, a small number of epitopes (capable of binding to 
the disease-associated HLA molecule) selected from the most important 
target proteins may form the basis of an effective peptide vaccine (key 
features for peptide selection are shown in Box 1).

The lack of HLA association in allergic diseases, coupled in some cases 
with prolific polymorphism in target allergens, initially presents a more 
complex scenario. But the few detailed studies of the MHC-binding 
characteristics of primary sequence from both allergens and parasite 
antigens109,117,118 (Larché, M. & Mailleré, B., unpublished observations) 
indicates that relatively short regions of sequence contain multiple over-
lapping MHC-binding motifs. On this basis it has been possible to design 
peptide vaccines based on a small number of MHC-binding peptides 
that theoretically provide coverage of the majority of the population 
(assuming that a minimum of one epitope must be recognized to achieve 
a biological response)118.

The role of APCs
Further important features of an effective therapeutic peptide vaccine 
are the ability to bind to class II MHC proteins in a conformation that 
mimics the naturally processed epitope of the self-antigen or aller-
gen119, together with solubility of peptide components and the lack 
of an associated innate immune response. Peptides that are insoluble 
can induce local inflammation120. Soluble peptides can bind directly 
to dendritic cells (DCs) in lymphoid tissues114,121 and may activate 
regulatory T cells. Alloreactive human T cells stimulated with mature 
DCs produce IL-2 and IFN-γ and proliferate strongly122. In contrast, 
a number of studies in mice and humans have shown that antigens 
carried by immature DCs induce IL-10–secreting T cells. Repetitive 
in vitro stimulation of alloreactive human T cells with immature DCs 
generated anergic regulatory T cells secreting IL-10 (ref. 122). Moreover, 
Tr1-like T cells were induced after culture with bone marrow–derived 
DCs and IL-10 (ref. 123). A natural population of DCs with the same 
phenotype also exists in vivo. A single injection of immature DCs  loaded 

with an influenza peptide led to the generation of cells that produced 
IL-10 (refs. 124,125). A similar study showed that repeated injections 
of self-peptide–loaded immature bone marrow–derived DCs protected 
against subsequent induction of autoimmune disease, through the gen-
eration of IL-10–producing CD4+ T cells125. Taken together, these stud-
ies imply that DCs are the most likely APCs for tolerance induction after 
soluble peptide administration (Fig. 2).

Duration of tolerance
The duration of tolerance induced by peptide therapy has not been 
studied extensively in humans, but preliminary data suggest that a single 
administration modifies the immune response to allergen for several 
months76. Experimental models have yielded similar results, although 
in disease prevention rather than treatment protocols. The dominant 
epitope for autoimmune encephalomyelitis in the H-2u mouse is the 
N-terminal nonamer of MBP126. Mucosal (intranasal)80 or systemic 
(intraperitoneal)127 administration of a soluble form of this peptide was 
effective in preventing autoimmune disease. Specific suppression of the 
response to the N-terminal peptide was virtually complete for 1–6 weeks 
after administration of a single dose128. From 8 weeks onward, respon-

BOX 1  DESIRABLE VACCINE CHARACTERISTICS
• Soluble in aqueous solution
• Short linear sequences (avoiding tertiary structure)
• Native protein sequence (APL may behave unpredictably)
• Systemic or mucosal administration
• Failure to trigger innate immune mechanisms (i.e., TLRs)
• Appropriate MHC-binding characteristics 
   –  Promiscuous MHC binding may be advantageous in allergic 

diseases where strong HLA-disease associations are lacking. 
   –  The peptide must mimic the naturally processed epitope in 

order to induce tolerance among relevant cells.
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Figure 2  Antigen-presenting cells direct T cell differentiation.
Hypersensitivity to self-proteins or to environmental antigens (such 
as pollen, animal and food proteins) may arise as a result of antigen 
encounter in a proinflammatory environment. Antigen-presenting cells 
(APC) encounter antigen in the presence of proinflammatory cytokines 
(TH1 or TH2) and innate triggers such as ligands of Toll-like receptors. APC 
differentiate and migrate to draining lymph nodes where they stimulate 
proinflammatory TH1 and/or TH2 responses, which may ultimately manifest 
themselves in the periphery as autoimmune or allergic responses. Delivery 
of antigen in a simple, soluble form (e.g., peptides) in the absence of 
proinflammatory cytokines or innate triggers, results in the maintenance of 
APC in a steady state as they migrate to draining lymphatics. Subsequent 
encounter with T cells results in the generation of regulatory responses. 
Manipulation of such mechanisms may provide the basis for intervention 
with therapeutic vaccines.
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siveness slowly recovered in euthymic, but not adult, thymectomized 
mice. Such treatment substantially reduced mean maximal grades of 
disease, when disease was induced 1 week after treatment. But mice were 
barely protected from disease induction 16 weeks after peptide treat-
ment. This observation suggests that T cell tolerance following peptide 
therapy is a thymus-independent, peripheral phenomenon, the reversal 
of which is dependent on new T cells being exported from the thymus 
(Fig. 3). In practice, sustained suppression by peptide therapy will prob-
ably require repeated doses of suitably selected peptide antigens.

In conclusion, we believe the uncertainty surrounding ‘specific’ immu-
notherapy is diminishing as our understanding of immune regulation 
progresses. Investigators in the field are entering an era in which many 
of the questions surrounding this area of immunology will be addressed. 
These include clarification of the appropriate dose of antigen, the selection 
of peptide epitopes for induction of bystander suppression, the optimal 
route of administration for each specific disease and perhaps, the selection 
of adjuvants to enhance the therapeutic effect of soluble antigens.
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