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Antigen-specific immunotherapy is considered the holy-grail
for treatment of autoimmune diseases. However, unlike the
unattainable myth of Arthurian legend, effective antigen-
specific immunotherapy is now being realised through clinical
trials in patients. This review describes the various approaches
being taken, how antigens are being designed for therapy and
carriers created for their delivery. A critical assessment is made
concerning the need for such carrier systems.
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Introduction

It is estimated that ~1/20 people suffer from one or more
autoimmune diseases [1]. Furthermore, the ~4 to 8% per
annum increase in incidence of these diseases is a major
concern (Table 1) [2]. Most autoimmune diseases are
poorly managed by non-specific immunosuppressive
drugs and there is currently no cure for the pathological
mechanisms underlying these conditions.

Antigen-specific immunotherapy has been used for the
control of allergy for over 100 years [3]. The mechanism
by which allergic desensitisation controls allergy is not
clear although it is known that T cells alter their cytokine
secretion [4] and can support the generation of ‘blocking’
antibodies [5].

Antigen-specific immunotherapy is seen as the ‘holy grail’
for effective treatment of autoimmune diseases [6], it
satisfies the need to induce protective immunity targeted
to pathogenic T cells while avoiding non-specific immune
suppression. The aim is to reinstate tolerance towards
self-antigens while leaving the rest of the immune system
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capable of controlling infections and cancers. This review
will describe recent advances in engineering self-antigens
and creating novel platforms for their delivery to reinstate
tolerance (Figure 1).

Tolerogenic DC for autoimmune diseases
The immune system generally remains dormant when
faced with the myriad of self-antigens exposed throughout
the body while responding rapidly and strongly to foreign
antigens contained within infectious agents or the neoan-
tigens resulting from mutations associated with cancer. In
the case of infectious agents, the immune system is
activated by recognition of pathogen-associated molecular
patterns (PAMPS) from infectious agents. Dendritic cells
(DCs) are the key antigen presenting cells (APCs) for
activation of both CD4 and CD8 T'-cells and are especially
adapted to respond to PAMPS. Most importantly, Stein-
man and colleagues provided evidence that these cells are
tolerogenic (see Box 1) in the immature/steady state and
only promote strong immune responses when activated
through ligation of receptors for PAMPS and other
‘danger’ signals [7]. Immature/steady state DC have low
levels of the MHC class II and the costimulatory mole-
cules (CD40, CD80 and CD86) required for effective
activation of T cells. In addition, these immature DC
secrete low levels of cytokines such as IL-12 that drive
differentiation of effector T cells while having higher
levels of anti-inflammatory cytokines such as 11.-10. Anti-
gens presented by tolerogenic DC are seen by T cells but
this encounter results in T cell death, anergy or the
adoption of a regulatory ('T'reg) phenotype.

Various groups have sought means of preventing matura-
tion of DC by treating immature cells with drugs, includ-
ing vitamin D3, steroids and rapamycin [8] or by genetic
manipulation. For example, DC can be treated with anti-
sense oligonucleotides specific for CD40, CD80 and
CD86 to create a tolerogenic population [9]. In a phase
1 study, 10 patients with type 1 diabetes were treated with
DC either unmanipulated or enginecred towards an
immunosuppressive state ex vivo. The treatment was well
tolerated although there was no significant change in
relevant biomarkers.

"T'wo studies of the use of tolerogenic DC for treatment of
rheumatoid arthritis (RA) were published recently. Hilk-
ens and Isaacs developed a method for engineering
tolerogenic DC using dexamethasone, vitamin D3 and
monophosphoryl lipid A [10]. The resulting cells display a
tolerogenic phenotype, suppress T cell proliferation and
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Table 1

Increasing incidence and prevalence of immune mediated inflammatory diseases (IMIDs). The net %/year increase in categories of IMIDs
including multiple sclerosis (MS), autoimmune hepatitis (AIH), inflammatory bowel disease (IBD), insulin dependent diabetes mellitus
(IDDM), rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE). From Lerner et al. (2015). Prevalence of the diseases shown is

from Hayter and Cook (2012)

Organ/system  Significance Mean net increase Countries of combined studies Examples of IMIDs  Disease prevalence/10°
(%/year)
Neurological <0.0001 3.7+25 Finland, Denmark, Norway, Italy, MS 58
Spain Myasthenia gravis 5.1
Narcolepsy 30.6
Gastrointestinal <0.0001 6.2+ 115 Denmark, Canada, Sweden, USA, AlH type 1 16.9
Finland, Israel, Netherlands, UK, AlH type 2 3
Czech, Scotland, Spain, Estonia, IBD 55
New Zealand Celiac disease 750
Pernicious anaemia 151
Endocrine 0.02 6.3+ 4.2 Brazil, Canada, Israel, Serbia, Addison’s disease 14
Rheumatic 0.02 714 +£15 Europe, Canada, UK Graves’ disease 629
Hashimoto’s thyroiditis 792
IDDM 480
RA 860
SLE 32

secretion of interferon gamma and IL.-17. Most impor-
tantly, DC treated in this way remained refractory to
further challenge with pro-inflammatory cytokines iz
vitro. Equivalent cells pulsed with collagen type II had
been shown to inhibit collagen-induced arthritis in mice
[11]. On the basis of the success of this approach in mice,
tolerogenic DCs were pulsed with autologous synovial
fluid as a source of autoantigens and introduced into the
inflamed joints of RA patients [12°°]. The treatment was
well tolerated with evidence of disease stabilisation in
two individuals; however, no clinical or immunomodula-
tory effects were noted.

Thomas and colleagues have developed a similar
approach using suppression of the NF-kB pathway as a
means of generating tolerogenic DC. DCs modified with
the NF-kB inhibitor, Bay11-7082, suppressed arthritis in
an antigen-specific manner in mice [13]. Consequently,
Benham and colleagues tested administration of Bayl1-
7082-treated DC pulsed with peptide antigens from
citrullinated protein antigens [14°°]. These antigens are
found within inflamed joints of RA patients and anti-
citrullinated protein antibodies (ACPA) are generated in
the majority of RA patients [15]. DCs were administered
once intradermally to 18 ACPA +ve patients. The treat-
ment was well tolerated and there was evidence of an
increase in the ratio of Treg/effector cells.

The studies described above demonstrate that it is possi-
ble to alter autoimmune phenomena 7z vivo by targeting
antigens to tolerogenic DCs. This supports previous
results from experimental models of multiple sclerosis
(EAE), rheumatoid arthritis and type 1 diabetes [16].
Interventions in human disease are promising, well toler-
ated and a valid strategy for therapeutic tolerance in
autoimmune disease.

Cell-free therapeutic approaches based on
liposomes and red blood cells

These approaches have arisen from the original work of
Miller and colleagues who showed the tolerogenic
effect of splenocytes pulsed with antigen and then
fixed with ethylene carbodiimide (ECDI) [17]. It was
believed that these cells presented antigen but with
disrupted costimulatory capacity following fixation.
Subsequent studies showed, however, that the fixed
APC could be replaced by antigen coupled directly to
beads [18]. This revealed that cells pulsed with antigen
and fixed with ECDI were carrying antigen to tolero-
genic APC. Collective evidence implied that delivery
of autoantigen to tolerogenic DC or the coincidental
delivery of autoantigens with drugs designed to sustain
the immature phenotype of DC iz vivo could substitute
for the transfer of tolerogenic DC (see Table 2). Pujol-
Autonell created liposomes containing phosphatidyl-
serine so as to mimic the surface phenotype of apopto-
tic cells, known to promote tolerogenic DC [7], and
loaded them with antigenic peptide [19]. These lipo-
somes reduced clinical symptoms of the mouse model
of MS (EAE) when loaded with a myelin-antigen
peptide and administered before disease induction.
Kontos and colleagues followed a similar logic based
on the clearance of senescent red blood cells [20]. They
engineered antigen constructs to target antigens to
erythrocyte cell surfaces after i.v. injection. This
induced cell proliferation and apoptotic T-cell death
in a cell transfer model of type 1 diabetes. It seems
likely, however, that bystander suppressive mecha-
nisms will be needed for effective immunotherapy of
the many autoimmune diseases that are not limited to
single antigens; this is not provided by such an apopto-
tic mechanism. With this in mind, Capini and collea-
gues created phosphatidycholine liposomes loaded
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Figure 1
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Novel approaches to antigen-specific immunotherapy of autoimmune diseases: (a) Tolerogenic DCs are generated from the patient’s blood-
derived monocytes using various immunosuppressive agents to prevent DC maturation. Tolerogenic DC are pulsed with antigen and injected back
into the patent. (b) Self-antigens are encapsulated or attached to liposomes or PGLA-nanoparticles. Drugs such as NFkB inhibitors may be added
so as to prevent DC maturation in vivo. (c) Nanoparticles may be loaded with complexes derived from patients MHC Il protein with self-antigen
peptide pre-loaded. (d) Self-antigen derived T cell epitopes are optimised for solubility and MHC binding and injected directly without carrier or
adjuvant. Details of these approaches and the outcome of their use are given in the text.

with antigen and a lipophilic NF-kB inhibitor [21].
These liposomes are taken up by macrophages and
DC in which they suppress NF-kB signalling. Treat-
ment of mice with these liposomes led to an increase in
the ratio of Treg:effector cells and produced a signifi-
cant reduction of clinical disease in a mouse model of
arthritis. These approaches show promise as alterna-
tives to the generation and delivery of antigen-pulsed
tolerogenic DCs.

Cell-free therapeutic approaches base on
nanoparticles

In an analogous approach to the work described by
Capini ez al., Kishimoto and colleagues developed an
approach based on nanoparticles loaded with rapamy-
cin. Rapamycin prevents maturation of DC and thereby
holds the APC in a tolerogenic state [22]. Maldonado
and colleagues originally combined protein or peptide
antigens with rapamycin in biodegradable nanoparticles
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Box 1 Preferred features of tolerogenic dendritic cells

w >

receptor ligands including PD-L1

Migration to lymphoid organs and stability in vivo

Mmoo

Ability to process antigens or bind peptides directly via MHC class Il at the cell surface
Reduced levels of class Il MHC. Low levels of costimulatory molecules such as CD40, CD80 and CD86. Higher levels of inhibitory

High ratio of anti-inflammatory (IL-10) versus pro-inflammatory (IL-12) cytokines
Ability to induce apoptotic cell death, anergy or the generation of regulatory T cells as a result of antigen presentation

Resistance to DC maturation through ligation of toll-like receptors, CD40, etc.

Table 2

Carriers for antigen-specific immunotherapy of autoimmune diseases. This table gives examples of therapeutic approaches currently
under development for treatment of autoimmune diseases. At this time, efficacy of these approaches has been demonstrated in mouse
models of disease. There are no published reports of their use in human autoimmune diseases

Immunosuppressive mechanism

Disease model tested

Carrier Antigen-delivery mechanism

PS liposomes Phosphatidylserine
liposomes containing
antigen

Red blood cell (RBC) Antigen modified with RBC
binding peptide or antibody
fragment
Phosphatidylcholine
liposomes containing

antigen and NF«B inhibitor

PC liposomes and NFkB inhibitor

NP and RAPA PLGA nanoparticles with
antigen and rapamycin

NP PLGA nanoparticles with
antigen

Artificial APC MHC-peptide complexes

were linked to dextran-
coated or pegylated iron
oxide nanoparticles

Uptake by and maintenance of a
tolerogenic phenotype in DC.
Increase in LAG-3 expression by
T cells

T cell proliferation resulting in
apoptosis of antigen-specific T

Experimental autoimmune
encephalomyelitis (EAE) in
mouse

T cell transfer model of type
1 diabetes in mouse

cells

Uptake by macrophages and
DC. Increase in Foxp3* Treg
cells and IL-10 secretion
Uptake by macrophages and
DC. Increase in Foxp3* Treg
cells

Negatively charged particles are
taken up by MARCO +ve
monocytes and macrophages
resulting in T cell anergy and
increase in Treg cells

Direct recognition by antigen-
specific T cells resulting in
generation of Tr1-like regulatory
T cells

Methylated bovine serum
albumin induced arthritis in
mouse

EAE in mouse

EAE in mouse

EAE, collagen induced arthritis
and type | diabetes in the mouse

[23°]. This led to suppression of the autoimmune response
to self-antigens in mouse models. More recently, Kishi-
moto and colleagues have shown that the approach
depends on rapamycin being encapsulated within poly
(lactic-co-glycolic acid) (PLLGA) particles but their evi-
dence suggests that the nanoparticles do not have to
contain antigen [24]. This implies that the key feature
of this approach is delivery of rapamycin to the DC and that
co-administered antigen is taken up by the tolerogenic DC.
However, this interpretation is challenged by the results of
others showing that PLGA nanoparticles can be effective
without inclusion of rapamycin or any other immunosup-
pressive agent [25°]. PLGA nanoparticles containing pep-
tide antigens from myelin alone were shown to preventand
treat EAE in mice by upregulating PD-LL1 on APCs and
suppressing secretion of inflammatory cytokines by anti-
gen-specific T cells. Antigen-specific immunotherapy with
these nanoparticles depends on optimal engineering based
on composition, size, charge and route of administration

[26].

An alternative nanoparticle-based approach has been
developed by Herkel and colleagues. This is based on
the observation that expression of myelin basic protein
(MBP) in liver tissue results in TGF-B dependent gen-
eration of Foxp3™ Treg cells that suppress induction of
EAE in a mouse model [27,28]. Nanoparticles were
designed to target liver sinusoidal endothelial cells
(LSECGs) since presentation of antigen by LSECs induces
tolerance both CD4" and CD8" cells [29,30]. Nanoparti-
cles were prepared from superparamagnetic iron oxide
nanocrystals encapsulated in an amphiphilic polymer
(poly(maleic anhydride-alt-1-octadecene)) and were
shown to selectively target LSECs [31°°]. Nanoparticles
coated with peptides from MBP induced Foxp3* Treg
cells and reversed ongoing disease.

It is clear that nanoparticles can deliver antigen to endog-
enous tolerogenic pathways in the immune system
thereby providing disease control without inclusion of
immunosuppressive drugs. The major challenge is to

Current Opinion in Chemical Engineering 2018, 19:35-42
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identify which of these approaches induces bystander
suppression since this will be essential for control of most
autoimmune diseases.

Design of artificial APCs

A further development of the nanoparticle approach was
described by Santamaria and colleagues [32°°]. This
creates artificial APC by coating nanoparticles with com-
plexes of MHC class II molecules and antigenic peptides.
These artificial APCs have optimal dimensions and spac-
ing of MHC molecules for T cell receptor ligation but
lack costimulatory molecules [33]. The artificial APCs
directly modify antigen-specific Thl cells by inducing
T'r1-like cells capable of bystander suppression. Tr1 cells
specific for one antigen mediate IL-10-dependent
bystander suppression of 'T" cell responses to other anti-
gens when they are presented by the same APC [32°°,34].
The lack of costimulatory molecules on these artificial
APC means that they interact with effector cells, such as
Th1 cells, but do not modify the function of naive T cells.
As such, unlike other forms of antigen-specific immuno-
therapy that target tolerogenic DC, MHC-Ag bearing
nanoparticles will suppress ongoing autoimmune diseases
[32°°] but will not serve as preventive treatments since
they do not engage naive T' cells for which at least low
level costimulatory signalling is required.

Design of synthetic peptides for antigen-
specific immunotherapy

The ideal antigen-specific immunotherapy should allow
repeated administration and induce a bystander suppres-
sive mechanism in order to control the immune response
to the range of antigens associated with autoimmune
diseases. Is it necessary to use sophisticated delivery
systems to produce this outcome? Weiner and colleagues
originally provided evidence that autoimmune diseases
could be controlled by oral delivery of autoantigens
through induction of bystander suppression [35]. Whi-
tacre and colleagues subsequently demonstrated, how-
ever, that high, repeated doses of protein were required
for effective oral tolerance in the mouse model of multi-
ple sclerosis. Such levels of protein would be impractical
for use of this approach in humans [36] and would explain
why trials of oral tolerance in human autoimmune dis-
eases did not provide clinical benefit [37].

Box 2 Preferred features of tolerogenic synthetic peptides

Engineering antigens .Wraith 39

Further development of autoantigen-directed tolerance
demonstrated that whole autoantigens could be replaced
by synthetic peptides representing the T cell epitopes
involved in disease, and that parenteral injection was
more effective than mucosal administration of antigen
[38°°]. We have known for many years that administration
of soluble peptide antigens both prevents and treats
autoimmune conditions without the need for complex
carriers [39-41]. Furthermore, we have defined key rules
governing the design of effective therapeutic peptides
(see Box 2).

Soluble peptide injection induces a state of anergy among
antigen-specific T cells [42,43], this coincides with sup-
pression of pro-inflammatory cytokine production and
upregulation of the anti-inflammatory cytokine IL-10
[41,42]. The resulting Trl-like cells mediate negative
feedback regulation of the inflammatory immune
response [44] and are capable of bystander suppression
[34,45].

The induction of Trl-like cells with peptides correlates
with changes in gene transcription in CD4% T cells.
T'ranscription factors, Maf, AhR and NFIL-3, known to
support IL.-10 transcription in T'rl cells [46], are upregu-
lated in T cells following peptide therapy [38°°,47]. T'r1-
like cells isolated from treated mice upregulate inhibitory
receptors such as PD-1, CTLA-4, LAG-3, TIM-3 and
TIGIT [38°°] while human T'r1 cells show variable levels
of expression of LAG-3, CD49b [48] and TIM-3 [49].

Peptides must be optimised for solubility and MHC
binding for effective antigen-specific immunotherapy.
Studies with peptides from band 3 protein have shown
that administration of insoluble peptide exacerbates hae-
molytic anaemia in the NZB mouse whereas soluble
peptide prevents disease [50]. Solubility of peptides is
improved by replacing hydrophobic with hydrophilic
amino acids or adding charged amino acids to the N-
termini or C-termini. Most importantly, peptides must be
designed to bind MHC class II molecules in the correct
conformation to induce effective tolerance. The proces-
sing of protein antigens by APC places constraints on both
the range of peptides generated from a protein and the
conformation in which they bind to MHC. As a result, the

Peptides target tolerogenic DC

Peptides bind directly to MHC on tolerogenic DC

moow>

Treg cells and anti-inflammatory cytokines (IL-10)

[oBl

Peptides are highly soluble to avoid entrapment and destruction at site of injection
Peptides mimic naturally processed antigens when bound to MHC II
Repeated administration suppresses secretion of inflammatory cytokines by antigen-specific T cells while concomitantly inducing

Regulatory mechanism induced by peptide mediates bystander suppression
Administration of peptides derived from self-antigens is safe and well tolerated allowing repeated administration to patients
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interaction of free peptides with MHC II can generate
complexes that are distinct from those generated follow-
ing antigen processing [51]. This influences which T cell
epitopes induce tolerance. For example, a known peptide
epitope from MBP was shown to bind to MHC in a
dominant cryptic conformation when given in soluble
form and failed to induce tolerance among self-antigen
reactive T cells [52]. There are two important implica-
tions of this study; first, it shows that peptide epitopes
generated by antigen processing are not guaranteed to
induce tolerance; second, the results imply that tolerance
induction with soluble peptides involves binding to MHC
IT without antigen processing. As a result, tolerogenic
epitopes should be designed as antigen processing inde-
pendent epitopes or apitopes so as to ensure that they
bind MHC II in the correct conformation.

Santambrogio and colleagues have shown that immature
DCs differ from other APC subsets, including B cells,
monocytes and mature DC, by having ‘empty’ MHC IT at
the cell surface [53,54]. This explains our recent results
showing that tolerogenic peptides/apitopes selectively
bind MHC on these steady-state/immature DC rather
than B cells or monocytes when injected in soluble form
in vivo (Shepard and Wraith, unpublished data). Peptides
designed to mimic naturally processed epitopes without
antigen processing selectively bind to tolerogenic DC and
this explains why they induce tolerance. Repeated injec-
tion of these peptides in a dose escalation protocol pro-
motes the generation of Trl-like cells capable of pre-
venting and controlling autoimmune diseases [38°°].

Further work has indicated that the consequences of
peptide treatment depend on ‘strength of signal’ as
governed by dose and the MHC binding affinity of a
given T cell epitope. While low to moderate affinity
peptides induce T cell anergy, higher affinity analogues
promote IL-10 secretion by the anergic T cells [55]. Tt is
important to optimise peptide-MHC binding affinity
given the critical role of IL-10 in bystander suppression
and the anti-inflammatory properties of this cytokine.

Clinical experience with tolerogenic peptides
Antigenic peptides have been used to treat various hyper-
sensitivity conditions including allergies [56,57°°], food
hypersensitivity [58°°] and autoimmune diseases includ-
ing type 1 diabetes [59,60°°] and multiple sclerosis
[61,62,63°°]. These early phase clinical trials of immuno-
therapy with synthetic peptides provide supporting evi-
dence that the mechanisms delineated in murine models
translate well to man. Two overriding conclusions can be
drawn: first, effective control of disease requires repeated
exposure to the peptide antigens and second, that anti-
gen-specific immunotherapy with synthetic peptides has
been shown to be safe and well tolerated thereby allowing
the repeated administration of peptide that will be
required for effective control of autoimmune diseases.

Conclusions

This review has discussed various approaches used cur-
rently to induce antigen-specific immunotherapy of auto-
immune diseases. This reveals how important it is to
target tolerogenic DC with either free peptide or antigen
associated with a carrier and/or immunosuppressive drug.
The various approaches engage different mechanisms of
tolerance (T cell deletion, anergy, induction of Foxp3*
Treg or Trl-like Treg cells): it is critically important to
test these for efficacy in different autoimmune patholo-
gies. Moreover, questions remain about the long-term
safety of carrier materials when administered to patients
repeatedly. At this time, only the soluble peptide
approach has undergone extensive clinical testing and
this, the most straightforward of the approaches reviewed,
has proven safe and well tolerated.

Conflict of interest

David Wraith serves as Chief Scientific Officer for Api-
tope Technology (Bristol) Litd and Apitope International
NV on a consultative basis; is on the scientific advisory
board for Apitope Intl NV and has sat on scientific
advisory boards for Actelion Pharma, and Zealand
Pharma; received travel funding from Apitope Intl NV;
is a senior editor for Immunotherapy; holds patents for
peptides, tolerisation-inducing composition, FVIII pep-
tides and their use in tolerising haemophiliacs, composi-
tion, disease markers, tolerogenic peptides from myelin
basic protein, peptide selection method, and improve-
ments relating to influenza vaccine; has consulted for
Peptide Therapeutics Ltd., Teva, GSK Bio, Hoffman
La Roche, Novartis, DTI, and the Food Standards
Agency; holds stock and stock options with Apitope
Int. NV.

Acknowledgements

David Wraith acknowledges the UK National Institute for Health Research
(NIHR) Birmingham Biomedical Research Centre; Apitope International
NV; Children’s Liver Disease Foundation; UCB Celltech; Neurokine EU
I'TN; RTCure Innovative Medicines Initiative; MRC; Immune Tolerance
Network and Wellcome Trust who have provided research support in the
past 3 years.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

o of special interest
ee Of outstanding interest

1. Hayter SM, Cook MC: Updated assessment of the prevalence,
spectrum and case definition of autoimmune disease.
Autoimmun Rev 2012, 11:754-765.

2. Lerner A, Jeremias P, Matthias T: The world incidence and
prevalence of autoimmune diseases is increasing. Int J Celiac
Dis 2015, 3:151-155.

3. Noon L: Prophylactic innoculation against hay fever. Lancet
1911, i:1572-1573.

4. Meiler F, Zumkehr J, Klunker S, Ruckert B, Akdis CA, Akdis M: In
vivo switch to IL-10-secreting T regulatory cells in high dose
allergen exposure. J Exp Med 2008, 205:2887-2898.

Current Opinion in Chemical Engineering 2018, 19:35-42

www.sciencedirect.com


http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0320
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0320
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0320
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0325
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0325
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0325
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0330
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0330
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0335
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0335
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0335

5. Nouri-Aria KT, Wachholz PA, Francis JN, Jacobson MR,
Walker SM, Wilcock LK, Staple SQ, Aalberse RC, Till SJ,
Durham SR: Grass pollen immunotherapy induces mucosal
and peripheral IL-10 responses and blocking IgG activity. J
Immunol 2004, 172:3252-3259.

6. Harrison LC, Hafler DA: Antigen-specific therapy for
autoimmune disease. Curr Opin Immunol 2000, 12:704-711.

7. Steinman RM, Hawiger D, Nussenzweig MC: Tolerogenic
dendritic cells. Annu Rev Immunol 2003, 21:685-711.

8. Morelli AE, Thomson AW: Tolerogenic dendritic cells and the
quest for transplant tolerance. Nat Rev Immunol 2007, 7:610-
621.

9. Giannoukakis N, Phillips B, Finegold D, Harnaha J, Trucco M:
Phase | (safety) study of autologous tolerogenic dendritic cells
in type 1 diabetic patients. Diabetes Care 2011, 34:2026-2032.

10. Harry RA, Anderson AE, Isaacs JD, Hilkens CM: Generation and
characterisation of therapeutic tolerogenic dendritic cells for
rheumatoid arthritis. Ann Rheum Dis 2010, 69:2042-2050.

11. Stoop JN, Harry RA, von Delwig A, Isaacs JD, Robinson JH,
Hilkens CM: Therapeutic effect of tolerogenic dendritic cells in
established collagen-induced arthritis is associated with a
reduction in Th17 responses. Arthritis Rheum 2010, 62:3656-
3665.

12. Bell GM, Anderson AE, Diboll J, Reece R, Eltherington O, Harry RA,

ee Fouweather T, MacDonald C, Chadwick T, McColl E et al.:
Autologous tolerogenic dendritic cells for rheumatoid and
inflammatory arthritis. Ann Rheum Dis 2017, 76:227-234.

With Ref. [14°°], describes clinical trials testing antigen-specific immu-

notherapy using tolerogenic dendritic cells.

13. Martin E, Capini C, Duggan E, Lutzky VP, Stumbles P, Pettit AR,
O’Sullivan B, Thomas R: Antigen-specific suppression of
established arthritis in mice by dendritic cells deficient in NF-
kappaB. Arthritis Rheum 2007, 56:2255-2266.

14. Benham H, Nel HJ, Law SC, Mehdi AM, Street S, Ramnoruth N,
ee Pahau H, Lee BT, Ng J, Brunck ME et al.: Citrullinated peptide
dendritic cell immunotherapy in HLA risk genotype-positive
rheumatoid arthritis patients. Sci Trans/ Med 2015, 7:290ra287.
See annotation to Ref. [12°°].

15. Malmstrom V, Catrina Al, Klareskog L: The immunopathogenesis
of seropositive rheumatoid arthritis: from triggering to
targeting. Nat Rev Immunol 2017, 17:60-75.

16. Garcia-Gonzalez P, Ubilla-Olguin G, Catalan D, Schinnerling K,
Aguillon JC: Tolerogenic dendritic cells for reprogramming of
lymphocyte responses in autoimmune diseases. Autoimmun
Rev 2016, 15:1071-1080.

17. Miller SD, Turley DM, Podojil JR: Antigen-specific tolerance
strategies for the prevention and treatment of autoimmune
disease. Nat Rev Immunol 2007, 7:665-677.

18. Smith PA, Morris-Downes M, Heijmans N, Pryce G, Arter E,
O’Neill JK, t Hart B, Baker D, Amor S: Epitope spread is not
critical for the relapse and progression of MOG 8-21 induced
EAE in Biozzi ABH mice. J Neuroimmunol 2005, 164:76-84.

19. Pujol-Autonell I, Mansilla MJ, Rodriguez-Fernandez S, Cano-
Sarabia M, Navarro-Barriuso J, Ampudia RM, Rius A, Garcia-
Jimeno S, Perna-Barrull D, Martinez-Caceres E et al.: Liposome-
based immunotherapy against autoimmune diseases:
therapeutic effect on multiple sclerosis. Nanomedicine (Lond)
2017, 12:1231-1242.

20. Kontos S, Kourtis IC, Dane KY, Hubbell JA: Engineering antigens
for in situ erythrocyte binding induces T-cell deletion. Proc Nat/
Acad Sci U S A 2013, 110:E60-E68.

21. Capini C, Jaturanpinyo M, Chang HI, Mutalik S, McNally A,
Street S, Steptoe R, O’Sullivan B, Davies N, Thomas R: Antigen-
specific suppression of inflammatory arthritis using
liposomes. J Immunol 2009, 182:3556-3565.

22. Turnquist HR, Raimondi G, Zahorchak AF, Fischer RT, Wang Z,
Thomson AW: Rapamycin-conditioned dendritic cells are poor
stimulators of allogeneic CD4+ T cells, but enrich for antigen-

Engineering antigens .Wraith 41

specific Foxp3+ T regulatory cells and promote organ
transplant tolerance. J Immunol 2007, 178:7018-7031.

23. Maldonado RA, LaMothe RA, Ferrari JD, Zhang AH, Rossi RJ,

. Kolte PN, Griset AP, O’Neil C, Altreuter DH, Browning E et al.:
Polymeric synthetic nanoparticles for the induction of
antigen-specific immunological tolerance. Proc Nat/ Acad Sci
U S A 2015, 112:E156-E165.

Describes the design of nanoparticles for delivery of antigen with immu-

nosuppressive drug for antigen-specific immunotherapy.

24. Kishimoto TK, Ferrari JD, LaMothe RA, Kolte PN, Griset AP,
O’Neil C, Chan V, Browning E, Chalishazar A, Kuhiman W et al.:
Improving the efficacy and safety of biologic drugs with
tolerogenic nanoparticles. Nat Nanotechnol 2016, 11:890-899.

25. McCarthy DP, Yap JW, Harp CT, Song WK, Chen J, Pearson RM,

e  Miller SD, Shea LD: An antigen-encapsulating nanoparticle
platform for TH1/17 immune tolerance therapy. Nanomedicine
2017, 13:191-200.

Describes the design of nanoparticles for delivery of antigen without

immunosuppressive drug for antigen-specific immunotherapy.

26. Getts DR, Shea LD, Miller SD, King NJ: Harnessing nanoparticles
for immune modulation. Trends Immunol 2015, 36:419-427.

27. Luth S, Huber S, Schramm C, Buch T, Zander S, Stadelmann C,
Bruck W, Wraith DC, Herkel J, Lohse AW: Ectopic expression of
neural autoantigen in mouse liver suppresses experimental
autoimmune neuroinflammation by inducing antigen-specific
Tregs. J Clin Invest 2008, 118:3403-3410.

28. Carambia A, Freund B, Schwinge D, Heine M, Laschtowitz A,
Huber S, Wraith DC, Korn T, Schramm C, Lohse AW et al.: TGF-
beta-dependent induction of CD4(+)CD25(+)Foxp3(+) Tregs by
liver sinusoidal endothelial cells. J Hepatol 2014, 61:594-599.

29. Carambia A, Frenzel C, Bruns OT, Schwinge D, Reimer R,
Hohenberg H, Huber S, Tiegs G, Schramm C, Lohse AW et al.:
Inhibition of inflammatory CD4 T cell activity by murine liver
sinusoidal endothelial cells. J Hepato/ 2013, 58:112-118.

30. Limmer A, Ohl J, Kurts C, Ljunggren HG, Reiss Y, Groettrup M,
Momburg F, Arnold B, Knolle PA: Efficient presentation of
exogenous antigen by liver endothelial cells to CD8+ T cells
results in antigen-specific T-cell tolerance. Nat Med 2000,
6:1348-1354.

31. Carambia A, Freund B, Schwinge D, Bruns OT, Salmen SC,

ee |ttrich H, Reimer R, Heine M, Huber S, Waurisch C et al.:
Nanoparticle-based autoantigen delivery to Treg-inducing
liver sinusoidal endothelial cells enables control of
autoimmunity in mice. J Hepatol 2015, 62:1349-1356.

Describes the design of a nanoparticle carrier for antigen-specific immu-

notherapy that selectively targets liver sinusoidal endothelial cells.

32. Clemente-Casares X, Blanco J, Ambalavanan P, Yamanouchi J,

ee Singha S, Fandos C, Tsai S, Wang J, Garabatos N, Izquierdo C
et al.: Expanding antigen-specific regulatory networks to treat
autoimmunity. Nature 2016, 530:434-440.

Describes the design of sophisticated nanoparticles coated with MHC

peptide complexes that induce Tr1-like regulatory T cells.

33. Singha S, Shao K, Yang Y, Clemente-Casares X, Sole P,
Clemente A, Blanco J, Dai Q, Song F, Liu SW et al.: Peptide-MHC-
based nanomedicines for autoimmunity function as T-cell
receptor microclustering devices. Nat Nanotechnol 2017,
12:701-710.

34. Wraith D: Autoimmunity: antigen-specific immunotherapy.
Nature 2016, 530:422-423.

35. Weiner HL: Oral tolerance for the treatment of autoimmune
diseases. Annu Rev Med 1997, 48:341-351.

36. Benson JM, Stuckman SS, Cox KL, Wardrop RM, Gienapp IE,
Cross AH, Trotter JL, Whitacre CC: Oral administration of myelin
basic protein is superior to myelin in suppressing established
relapsing experimental autoimmune encephalomyelitis. J
Immunol 1999, 162:6247-6254.

37. Faria AM, Weiner HL: Oral tolerance. Immunol Rev 2005,
206:232-259.

38. Burton BR, Britton GJ, Fang H, Verhagen J, Smithers B, Sabatos-
ee Peyton CA, Carney LJ, Gough J, Strobel S, Wraith DC: Sequential

www.sciencedirect.com

Current Opinion in Chemical Engineering 2018, 19:35-42


http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0340
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0340
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0340
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0340
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0340
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0345
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0345
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0350
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0350
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0355
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0355
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0355
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0360
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0360
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0360
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0365
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0365
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0365
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0370
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0370
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0370
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0370
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0370
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0375
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0375
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0375
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0375
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0380
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0380
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0380
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0380
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0385
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0385
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0385
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0385
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0390
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0390
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0390
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0395
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0395
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0395
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0395
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0400
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0400
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0400
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0405
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0405
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0405
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0405
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0410
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0410
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0410
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0410
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0410
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0410
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0415
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0415
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0415
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0420
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0420
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0420
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0420
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0425
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0425
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0425
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0425
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0425
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0430
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0430
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0430
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0430
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0430
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0435
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0435
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0435
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0435
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0440
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0440
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0440
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0440
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0445
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0445
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0450
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0450
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0450
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0450
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0450
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0455
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0455
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0455
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0455
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0460
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0460
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0460
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0460
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0465
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0465
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0465
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0465
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0465
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0470
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0470
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0470
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0470
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0470
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0475
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0475
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0475
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0475
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0480
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0480
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0480
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0480
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0480
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0485
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0485
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0490
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0490
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0495
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0495
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0495
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0495
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0495
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0500
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0500
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0505
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0505

42 Biological engineering: Inmunoengineering

transcriptional changes dictate safe and effective antigen-
specific immunotherapy. Nat Commun 2014, 5:4741.
A detailed analysis of the mechanism by which peptide antigens induce T
cell modulation leading to the generation of Tr1-like cells.

39. Metzler B, Wraith DC: Inhibition of experimental autoimmune
encephalomyelitis by inhalation but not oral administration of
the encephalitogenic peptide: influence of MHC binding
affinity. Int Immunol 1993, 5:1159-1165.

40. Liu GY, Wraith DC: Affinity for class Il MHC determines the
extent to which soluble peptides tolerize autoreactive T cells
in naive and primed adult mice — implications for
autoimmunity. Int Immunol 1995, 7:1255-1263.

41. Burkhart C, Liu GY, Anderton SM, Metzler B, Wraith DC: Peptide-
induced T cell regulation of experimental autoimmune
encephalomyelitis: a role for IL-10. Int Immunol 1999, 11:1625-
1634.

42. Sundstedt A, O’Neill EJ, Nicolson KS, Wraith DC: Role for IL-10 in
suppression mediated by peptide-induced regulatory T cells
in vivo. J Immunol 2003, 170:1240-1248.

43. Anderson PO, Sundstedt A, Yazici Z, Minaee S, Woolf R,
Nicolson K, Whitley N, Li L, Li S, Wraith DC et al.: IL-2 overcomes
the unresponsiveness but fails to reverse the regulatory
function of antigen-induced T regulatory cells. J Immunol 2005,
174:310-319.

44. Gabrysova L, Nicolson KS, Streeter HB, Verhagen J, Sabatos-
Peyton CA, Morgan DJ, Wraith DC: Negative feedback control of
the autoimmune response through antigen-induced
differentiation of IL-10-secreting Th1 cells. J Exp Med 2009,
206:1755-1767.

45. Anderton SM, Wraith DC: Hierarchy in the ability of T cell
epitopes to induce peripheral tolerance to antigens from
myelin. Eur J Immunol 1998, 28:1251-1261.

46. Pot C, Apetoh L, Awasthi A, Kuchroo VK: Induction of regulatory
Tr1 cells and inhibition of T(H)17 cells by IL-27. Semin Immunol
2011, 23:438-445.

47. Ng THS, Britton GJ, Hill EV, Verhagen J, Burton BR, Wraith DC:
Regulation of adaptive immunity; the role of interleukin-10.
Front Immunol 2013, 4:129.

48. Gagliani N, Magnani CF, Huber S, Gianolini ME, Pala M, Licona-
Limon P, Guo B, Herbert DR, Bulfone A, Trentini F et al.:
Coexpression of CD49b and LAG-3 identifies human and
mouse T regulatory type 1 cells. Nat Med 2013, 19:739-746.

49. White AM, Wraith DC: Tr1-like T cells — an enigmatic regulatory
T cell lineage. Front Immunol 2016, 7:355.

50. Shen CR, Youssef AR, Devine A, Bowie L, Hall AM, Wraith DC,
Elson CJ, Barker RN: Peptides containing a dominant T-cell
epitope from red cell band 3 have in vivo immunomodulatory
properties in NZB mice with autoimmune hemolytic anemia.
Blood 2003, 102:3800-3806.

51. Mohan JF, Unanue ER: Unconventional recognition of peptides
by T cells and the implications for autoimmunity. Nat Rev
Immunol 2012, 12:721-728.

52. Anderton SM, Viner NJ, Matharu P, Lowrey PA, Wraith DC:
Influence of a dominant cryptic epitope on autoimmune T cell
tolerance. Nat Immunol 2002, 3:175-181.

53. Santambrogio L, Sato AK, Fischer FR, Dorf ME, Stern LJ:
Abundant empty class Il MHC molecules on the surface of
immature dendritic cells. Proc Natl Acad Sci U S A 1999,
96:15050-15055.

54. Santambrogio L, Strominger JL: The ins and outs of MHC class Il
proteins in dendritic cells. Immunity 2006, 25:857-859.

55. Gabrysova L, Wraith DC: Antigenic strength controls the
generation of antigen-specific IL-10-secreting T regulatory
cells. Eur J Immunol 2010, 40:1386-1395.

56. Campbell JD, Buckland KF, McMillan SJ, Kearley J, Oldfield WL,
Stern LJ, Gronlund H, van Hage M, Reynolds CJ, Boyton RJ et al.:
Peptide immunotherapy in allergic asthma generates IL-10-
dependent immunological tolerance associated with linked
epitope suppression. J Exp Med 2009, 206:1535-1547.

57. Ellis AK, Frankish CW, O’Hehir RE, Armstrong K, Steacy L,

ee Larche M, Hafner RP: Treatment with grass allergen peptides
improves symptoms of grass pollen-induced allergic
rhinoconjunctivitis. J Allergy Clin Immunol 2017, 140:486-496.

Outcome of a clinical trial of grass allergy immunotherapy with synthetic

peptides. Peptide immunotherapy significantly improved symptoms after

rye grass allergen challenge with an acceptable safety profile.

58. Goel G, King T, Daveson AJ, Andrews JM, Krishnarajah J,

ee Krause R, Brown GJE, Fogel R, Barish CF, Epstein R et al.:
Epitope-specific imnmunotherapy targeting CD4-positive T
cells in coeliac disease: two randomised, double-blind,
placebo-controlled phase 1 studies. Lancet Gastroenterol
Hepatol 2017, 2:479-493.

First description of antigen-specific immunotherapy with gliadin peptides

in coeliac disease.

59. Thrower SL, James L, Hall W, Green KM, Arif S, Allen JS, Van-Krinks C,
Lozanoska-Ochser B, Marquesini L, Brown Setal.: Proinsulin peptide
immunotherapy in type 1 diabetes: report of a first-in-man Phase |
safety study. Clin Exp Immunol 2009, 155:156-165.

60. Alhadj Ali M, Liu YF, Arif S, Tatovic D, Shariff H, Gibson VB,

ee Yusuf N, Baptista R, Eichmann M, Petrov N et al.: Metabolic and
immune effects of immunotherapy with proinsulin peptide in
human new-onset type 1 diabetes. Sci Trans/ Med 2017, 9.

Outcome of a clinical trial of peptide immunotherapy in type 1 diabetes

demonstrating safety and evidence of immune modulation.

61. Walczak A, Siger M, Ciach A, Szczepanik M, Selmaj K:
Transdermal application of myelin peptides in multiple
sclerosis treatment. JAMA Neurol 2013, 70:1105-1109.

62. Streeter HB, Rigden R, Martin KF, Scolding NJ, Wraith DC:
Preclinical development and first-in-human study of ATX-MS-
1467 for immunotherapy of MS. Neurol Neuroimmunol
Neuroinflamm 2015, 2:€93.

63. Chataway J, Martin K, Barrell K, Sharrack B, Stolt P, Wraith D:

ee Effects of ATX-MS-1467 immunotherapy over 16 weeks in
relapsing multiple sclerosis. Neurology 2017. (in press).

Describes the results of phase 1b and 2a clinical trials of peptide

immunotherapy in multiple sclerosis providing evidence of disease mod-

ulation and safety.

Current Opinion in Chemical Engineering 2018, 19:35-42

www.sciencedirect.com


http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0505
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0505
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0510
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0510
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0510
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0510
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0515
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0515
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0515
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0515
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0520
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0520
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0520
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0520
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0525
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0525
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0525
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0530
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0530
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0530
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0530
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0530
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0535
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0535
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0535
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0535
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0535
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0540
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0540
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0540
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0545
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0545
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0545
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0550
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0550
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0550
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0555
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0555
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0555
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0555
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0560
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0560
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0565
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0565
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0565
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0565
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0565
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0570
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0570
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0570
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0575
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0575
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0575
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0580
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0580
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0580
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0580
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0585
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0585
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0590
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0590
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0590
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0595
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0595
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0595
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0595
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0595
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0600
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0600
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0600
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0600
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0605
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0605
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0605
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0605
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0605
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0605
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0610
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0610
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0610
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0610
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0615
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0615
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0615
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0615
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0620
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0620
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0620
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0625
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0625
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0625
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0625
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0630
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0630
http://refhub.elsevier.com/S2211-3398(17)30091-6/sbref0630

	Designing antigens for the prevention and treatment of autoimmune diseases
	Introduction
	Tolerogenic DC for autoimmune diseases
	Cell-free therapeutic approaches based on liposomes and red blood cells
	Cell-free therapeutic approaches base on nanoparticles
	Design of artificial APCs
	Design of synthetic peptides for antigen-specific immunotherapy
	Clinical experience with tolerogenic peptides
	Conclusions
	Conflict of interest
	References and recommended reading
	Acknowledgements


