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Antigen presentation is highly critical in adoptive immunity. Only by interacting with
antigens presented by major histocompatibility complex class || molecules, helper T cells
can be stimulated to fight infections or diseases. The degradation of a full protein into small
peptide fragments bound to class | molecules is a dynamic, lengthy process consisting
of many steps and chaperons. Deregulation in any step of antigen processing could lead
to the development of self-reactive T cells or defective immune response to pathogens.
Indeed, human leukocyte antigens class Il genes are the predominant contributors to
susceptibility to autoimmune diseases. Conventional antigen-processing calls for inter-
nalization of extracellular antigens followed by processing and epitope selection within
antigen-processing subcellular compartments, enriched with all necessary accessory
molecules, processing enzymes, and proper pH and denaturing conditions. However,
recent data examining the temporal relationship between antigen uptakes, processing,
and epitope selection revealed unexpected characteristics for auto-antigenic epitopes,
which were not shared with antigenic epitopes from pathogens. This review provides a
discussion of the relevance of these findings to the mechanisms of autoimmunity.

Keywords: auto-antigens, immunodominance, HLA-DR antigens, cathepsin sensitivity, extracellular processing,
paralyzed DC, cell free antigen-processing system

Introduction

Conventional antigen presentation to CD4™ T cells by APCs begins by the uptake of exogenous
antigens and their processing that involves transfer through a series of endosomal compartments
containing suitable denaturing environment, accessory chaperones, and cathepsins (1). Antigen-
processing machinery involves several accessory molecules and chaperons coevolved with proteins
of major histocompatibility complex (MHC) molecules that each plays its part in epitope selection.
These molecules are targeted to specialized vesicular compartments that also accommodate antigen-
processing enzymes called cathepsins (2). Within the antigen-processing compartments, highly
regulated pH gradient, and reducing conditions and enzymes necessary for denaturation of the
antigens are available and function to optimize processing of antigen and selection of the fittest for
transport to the cell membrane and presentation to T cells.

One such crucial accessory molecule/chaperon is the class II invariant chain (Ii). Newly synthe-
sized MHC II molecule associates with Ii, which targets it to specialized endosomal compartments
(MIIC) where the Ii is proteolysed by cathepsins until only a fragment known as the class II-
associated invariant chain peptide (CLIP) remains bound in the MHC II peptide-binding groove.
Efficient displacement of CLIP from the MHCII groove requires the accessory molecule HLA-DM in
human (H2-M in mice to be called DM from now on) (3). DM functions by inducing conformational
changes in pMHC II complexes, resulting in the release of the bound peptide and generation of a
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peptide-receptive MHC II (4, 5). A peptide-receptive MHC 1I
can quickly sample a large pool of peptides derived from exoge-
nously acquired proteins. Hence, in addition to removal of CLIP,
DM helps in shaping of epitope selection. Cathepsins present
in processing compartments contribute significantly by cutting
and trimming of the protein antigens (processing), and gamma
interferon-inducible lysosomal thiol reductase (GILT) reduces
disulfide bonds in protein antigens and helps denaturation of
antigen for further processing (6, 7).

Another non-classical MHC class II accessory molecule is
HLA-DO, H2-O in mice, and DO for short from now on. While
discovered years ago, DO has recently been shown to play an active
role in peptide exchange (8-10). Of importance, DO has restricted
tissue expression; it is mainly expressed in B cells and thymic
medullary epithelium, where thymic deletion takes place, and
certain subsets of DCs. DO cellular trafficking depends on DM.
The combined efforts of all the molecules discussed above and
perhaps others whose identity awaits to be discovered, leads to an
impeccable selection process for very few epitopes (immunodomi-
nant epitopes) that occupy the MHC II groove and are transported
to the APC external membrane for stimulation of CD4 T cells.

A Cell Free System Antigen-Processing
System Provides Clues to Epitope
Selection

To directly address specific questions regarding steps in anti-
gen processing and the selection of immunodominant epitopes,
we have developed a reductionist antigen-processing system for
MHC II molecules that incorporates defined components and
accurately predicts immunodominant epitopes from protein anti-
gens (11). The system includes soluble purified HLA-DR (DR),
CatB, CatH, and CatS that process protein antigens into peptides,
and DM. Mass spectrometry is used for sequencing the unique
peptide peaks derived from each protein bound to the MHC II
groove after cell free processing. Once the candidate epitopes are
identified, their relevance to antigenicity is verified in human
MHC class II bearing transgenic mice (11). Due to the defined
molecular composition, this system lends itself to elucidating
steps involved in antigen processing and the roles individual
components play in epitope selection.

Using this minimalist system, we have discovered that the
immunodominant epitopes from different antigenic sources are
selected based on structural properties that allow them to form
pMHC II complexes in high-relative abundance for presentation
to T cells. Differential sensitivity to cathepsins and resistance to
DM-mediated dissociation, equally play important roles. Unfit
epitopes might be sensitive to DM-mediated peptide exchange,
which results in their dissociation from the groove of MHC
II, exposing them to the processing enzymes, cathepsins, and
destruction. Those epitopes that fit the groove well form pMHC
IT complexes that are poor substrates for DM, and therefore, DM
does not bind to them and displace them from the groove. Those
pMHC II complexes remain intact and gain relative abundance
over other epitope that when in complex with MHC II are good
substrates for DM. Alternatively, a group of epitopes form com-
plexes with MHC II that while being good substrates for DM

and are displaced from the groove, are not digested away. Those
epitopes are chemically resistant to cathepsin digestion. They
may rebind to the MHC II groove, gain abundance, and become
immunodominant epitopes. We found that the non-dominant
epitopes are susceptible to both DM and cathepsins. They are often
poor fits for the groove, and form DM-sensitive conformations,
causing their displacement by DM. They are also sensitive to the
cathepsins present in the environment, and are therefore digested
away rapidly as they are dissociated from MHC II. As such, the
non-dominant epitopes do not gain abundance, although they
might be displayed at low-copy numbers on antigen presenting
cell membranes.

Cathepsin Sensitivity and Auto-Antigens

In general, processing of antigens cannot take place without the
endocytic proteases or cathepsins. Cysteine proteases, aspartyl
proteases, and serine proteases are the three major types of cathep-
sins studied for their roles in antigen processing (12, 13). The
significance of cathepsins in antigen processing and the selection
of immunodominant epitopes lies in their regulated expression
levels and activity in different cell types and activation state, as
well as occurrence of specific inhibitors of cathepsin activities
in antigen presenting cells (14-16). Two main roles attributed to
cathepsins in antigen processing are (a) to cleave off invariant
chain and (b) to process antigens. Among the most extensively
studied cathepsins are cathepsin (Cat)B, CatD, CatL, CatS, and
asparagine endopeptidase (AEP) (17-19). CatS was reported to
be involved in Ii cleavage and antigen processing (20-23) as mice
deficient in CatL and CatS showed impairment of late stage invari-
ant chain degradation in thymus and periphery, respectively (24,
25). AEP has been shown to have some role in the initial invariant
chain cleavage (26), and it can either generate or destroy antigenic
epitopes (27). CatB and CatD knockout mice showed some but
not complete processing defect; and hence, their role in antigen
processing has been considered as dispensable (28).

Our recent studies (29) have shown that inclusion of only
three cathepsins, such as CatB, CatH, and CatS, was sufficient
to mimic the processing conditions necessary to produce the
immunodominant epitopes from several antigens. While CatB
and CatH are mainly exoproteases, they also have endopeptidase
activities, although the pH requirements might vary (19). We also
evaluated the need for CatB in processing of two antigens in cells
and observed a complete blockage of processing in the presence
of a cell-permeable CatB inhibitor, CA-074ME (29). Importantly,
we showed that inclusion of only CatB and CatH in our cell free
antigen-processing system was sufficient for successful processing
and editing of the dominant epitope of influenza HA1 epitopes,
but CatS alone failed to do so on its own. It has been suggested
that other groups of cathepsins, such as CatG and CatE, might
also play roles in regulating antigen processing (30, 31). However,
when pharmacological inhibitors of CatG or inhibitors of aspartic
protease CatD, and CatE were used during the processing and
presentation of type II collagen and H5N1-HA proteins in antigen
presentation cell culture, we observed some reducing effects in
presentation but the results were not as striking as blocking CatB
(29). Therefore, while CatS, CatB, and CatH are the minimum
number of processing enzymes, for a more comprehensive cell
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free processing system, one might benefit from further addition
of CatG and CatD.

The Relationship Between Resistance to
Proteases in Antigen Processing and
Autoimmune Epitopes

As discussed earlier, all auto-antigen-derived epitopes known as
targets for pathogenic autoreactive T cells we tested resisted diges-
tion by the cathepsins in the system. While some trimming of
the epitopes occurred upon long exposure to our cathepsin mix,
the core MHC II binding sequences remained intact. As such, we
speculate that these auto-antigens, rather than being destroyed by
the processing enzymes, are likely to rebind MHCII and presented
to specific T cells. By this criterion, one might hypothesize that
such epitopes would not be generated in the thymus, and T
cells reactive to them would be less likely to be deleted (32). In
the periphery, auto-antigens are generated in extracellular matrix
under inflammatory conditions where many proteases are already
at work. Specifically, there are studies demonstrating that cathep-
sins digest various components of the extracellular matrix (33)
and play an important role in the development of neurodegenera-
tive diseases (34). Consistent with this notion under pathological
conditions, such as later stages of arthritis, the pH of the local
microenviroment is often found to be acidic allowing cathepsins
to be active. As such, only those epitopes that survive such milieu
may get a chance for presentation by APCs [see Figure 1].

There are few known examples of auto-antigens that might fall
in this unusual antigen-processing pathway. First, a member of
the family of matrix metalloproteinases is gelatinase B (MMP-
9) that is known for its role in generating collagen II fragments
(35). It is fair to say that under inflammatory conditions generated
by infections or other causes, collagen fragments are generated
by MMP-9 and then picked up by the APCs, which process
and present them to the T cells. We have examined this epitope
and found out that it is sensitive to DM-mediated dissociation.
However, this epitope is resistant to the cathepsins, and as such,
collagen II epitope can rebind the MHC II groove and is pre-
sented to T cells. A second example is the dominant epitope of
thyroglobulin, which has been reported to induce autoimmune
thyroid diseases (AITD). It is documented that this epitope is
generated from thyroglobulin in the thyroid tissue by multiple
cathepsins at neutral pH and then is taken up by the APCs (36,
37). We showed that the DR3 binding core of this epitope is
resistant to further cleavage by the cathepsins. A third example isa
experimental autoimmune uveitis (EAU) inducing peptide, which
when exposed to CatS, CatB, and CatH mixture it does not lose
its effectiveness in inducing EAU in DR3 transgenic mice (38).
Both EAU and thyroglobulin dominant epitopes were resistant
to DM-mediated dissociation, suggesting that auto-antigens may
or may not be DM-sensitive. A forth example is a DR2 restricted
MBP(84-102) peptide, which follows the same trend as the other
auto-antigens tested. A report has shown that MBP can be cleaved
by CatS, although the major cutting sites fall outside the core
binding site of the immunodominant MBP(84-102) epitope (39).
A fifth example is in celiac disease, an autoimmune disease of
the small intestine caused by exposure to dietary gluten prevalent
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FIGURE 1 | Schematic representation of auto-antigen-processing
pathways. Auto antigen-derived epitopes are resistant to cathepsins
degradation, and may or may not be sensitive to DM-mediated peptide
exchange. Auto-antigens may be processed extracellularly and bind MHC I
expressed on the surface of dendritic cells. Paralyzed DCs display a large
number of MHC Il on their surface because of exhaustive processing that
occur under inflammatory conditions presumably associated with the initiation
of autoimmune diseases. Processing for pathogen-derived antigens occurs in
the MIIC shown as a giant pink vesicle within the DC. Cathepsins are shown
as scissors, peptides, and epitopes are depicted as part of the denatured
proteins, or in short stretches of sequences that carry a MHC Il P1 fitting
anchor or no anchor. The selected pMHC complexes are transported to the
APC cell surface waiting for T cell stimulation. Small dots represent degraded
peptides. Cell sizes are not depicted correctly proportionally.

among individuals expressing HLA-DQ2 or HLA-DQ8. Inges-
tion of gluten induces an inflammatory response leading to the
destruction of the villous structure of the intestine. The toxic
components of glutens are a family of closely related proline and
glutamine rich proteins called gliadin. Shan et al. identified the
dominant epitope of gliadin and showed its extreme resistance to
digestion by gastric and pancreatic enzymes (40, 41).

In all, it seems that unlike pathogen-derived epitopes, auto-
antigens rely on resistance to enzymatic digestion as key deter-
minant of immunodominance, and while DM resistance can be
an added as an advantage, it is not an absolute necessity. As such,
it is likely that during inflammation auto-antigens are processed
extracellularly, and binds MHC class II molecules displayed on
the surface of paralyzed DC known for displaying large numbers
of pMHC II on their surface (42).

Prevalence of Multiple Registers for
Autoimmune Epitopes and Resistance to
Cathepsins

Several well-characterized auto-antigens have been reported to
have multiple registers, i.e., peptide can fit the MHC II groove
using two or more sets of anchoring amino acids. An excellent
example is MBP(89-101) peptide that has two registers for bind-
ing to DR2a and DR2b (43, 44). When MBP(89-101) peptide was
tested for cathepsin sensitivity in our cell free antigen-processing
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system, although some cutting occurred, the resulting new pep-
tides could fit in the two registers defined and demonstrated by
crystal structures of DR2a or DR2b. Interestingly, in agreement
with our model for immunodominance, MBP(89-101) epitope is
sensitive to DM-mediated dissociation (45), and as per our own
experimental data, it is insensitive to cathepsins (29). Accordingly,
it is likely that MBP dominant epitope that is the target of MBP-
specific autoreactive T cells binds some empty DR2 molecules
expressed on APCs.

Similar to MBP(89-101) epitope, digestion of insulin B7-23
epitope by the cathepsins mixture did not result in its destruction
(29). The only other fragment detected post digestion of insulin
B7-23 was a previously described I-A® binding epitope (32,
46-48). Of interest is that insulin B7-23 peptide has also been
reported to have at least two registers for binding to I-A#’. In one
register, insulin B7-23/I-A#’ complex can only be recognized by
Type-A T cells, which can recognize epitopes processed within the
conventional antigen-processing pathway, i.e., peptide binding
should occur in the presence of DM. The type-A T cell I-A¥
binding register is resistant to DM-mediated peptide exchange.
The other peptide register forms complexes with MHC II that
readily dissociate by DM, and hence, they are DM-sensitive. In
the absence of DM resistance, such complexes stimulate Type-
B T cells and trigger their autoreactivity causing type I diabetes,
as suggested by Unanue and colleagues (49, 50). While we have

References

1. Kim A, Sadegh-Nasseri S. Determinants of immunodominance for CD4 T cells.
Curr Opin Immunol (2015) 34:9-15. d0i:10.1016/j.c01.2014.12.005

2. Riese RJ, Chapman HA. Cathepsins and compartmentalization in anti-
gen presentation. Curr Opin Immunol (2000) 12(1):107-13. doi:10.1016/
$0952-7915(99)00058-8

3. Morris P, Shaman J, Attaya M, Amaya M, Goodman S, Bergman C, et al. An
essential role for HLA-DM in antigen presentation by class II major histocom-
patibility molecules. Nature (1994) 368(6471):551-4. doi:10.1038/368551a0

4. Narayan K, Chou CL, Kim A, Hartman IZ, Dalai S, Khoruzhenko S, et al.
HLA-DM targets the hydrogen bond between the histidine at position beta81
and peptide to dissociate HLA-DR-peptide complexes. Nat Immunol (2007)
8(1):92-100. doi:10.1038/ni1414

5. Chou CL, Mirshahidi S, Su KW, Kim A, Narayan K, Khoruzhenko S, et al.
Short peptide sequences mimic HLA-DM functions. Mol Immunol (2008)
45(7):1935-43. d0i:10.1016/j.molimm.2007.10.033

6. West LC, Cresswell P. Expanding roles for GILT in immunity. Curr Opin
Immunol (2013) 25(1):103-8. d0i:10.1016/j.c0i.2012.11.006

7. Nguyen HN, Steede NK, Robinson JE, Landry SJ. Conformational instability
governed by disulfide bonds partitions the dominant from subdominant helper
T-cell responses specific for HIV-1 envelope glycoprotein gp120. Vaccine (2015)
33(25):2887-96. doi:10.1016/j.vaccine.2015.04.082

8. Poluektov YO, Kim A, Hartman IZ, Sadegh-Nasseri S. HLA-DO as the opti-
mizer of epitope selection for MHC class II antigen presentation. PLoS One
(2013) 8(8):e71228. doi:10.1371/journal.pone.0071228

9. Poluektov YO, Kim A, Sadegh-Nasseri S. HLA-DO and its role in MHC class
IT antigen presentation. Front Immunol (2013) 4:260. doi:10.3389/fimmu.2013.
00260

10. Denzin LK, Cresswell P. Sibling rivalry: competition between MHC class II
family members inhibits immunity. Nat Struct Mol Biol (2013) 20(1):7-10.
doi:10.1038/nsmb.2484
11. Hartman IZ, Kim A, Cotter R], Walter K, Dalai SK, Boronina T, et al. A

reductionist cell-free major histocompatibility complex class II antigen process-
ing system identifies immunodominant epitopes. Nat Med (2010) 16:1333-40.
doi:10.1038/nm.2248

discussed only two well-studied peptides known for induction of
autoreactivity and for having more than a single registers, other
peptides that cause autoimmune diseases are likely to fit this
criterion.

Conclusion

We have discussed molecular mechanisms that foster the induc-
tion and development of autoimmune diseases using a minimalist
cell free antigen-processing system. Abundant quantities of auto-
antigens released due to tissue insults during inflammation, as
well as the presence of a variety of proteolytic enzymes lead to
generation of epitope fragments extracellularly. Insensitivity to
further degradation by the processing enzymes appears as the key
characteristic of auto-antigens. Inflammatory conditions and con-
tinuous processing of self-antigens by tissues resident dendritic
cells may lead to their paralysis. Paralyzed DCs display large num-
bers of pMHC 1II on their surface some of which might exchange
their peptides with the extracellularly processed epitopes from
auto-antigens and emerge as targets for autoreactive T cells.

Acknowledgments

This work was supported by grants R01AI063764 and R21
AT101987 from NIAID.

12. van den Hoorn T, Paul P, Jongsma ML, Neefjes J. Routes to manipulate MHC
class II antigen presentation. Curr Opin Immunol (2011) 23(1):88-95. doi:10.
1016/j.c01.2010.11.002

13. Yin L, Calvo-Calle JM, Dominguez-Amorocho O, Stern L]. HLA-DM constrains
epitope selection in the human CD4 T cell response to vaccinia virus by
favoring the presentation of peptides with longer HLA-DM-mediated half-lives.
J Immunol (2012) 189(8):3983-94. d0i:10.4049/jimmunol.1200626

14. McCurley N, Mellman I. Monocyte-derived dendritic cells exhibit increased
levels of lysosomal proteolysis as compared to other human dendritic cell
populations. PLoS One (2010) 5(8):e11949. doi:10.1371/journal.pone.0011949

15. Delamarre L, Pack M, Chang H, Mellman I, Trombetta ES. Differential lyso-
somal proteolysis in antigen-presenting cells determines antigen fate. Science
(2005) 307(5715):1630-4. doi:10.1126/science.1108003

16. Trombetta ES, Ebersold M, Garrett W, Pypaert M, Mellman I. Activa-
tion of lysosomal function during dendritic cell maturation. Science (2003)
299(5611):1400-3. doi:10.1126/science.1080106

17. Manoury B. Proteases: essential actors in processing antigens and intracellular
toll-like receptors. Front Immunol (2013) 4:299. doi:10.3389/fimmu.2013.00299

18. Hsing LC, Rudensky AY. The lysosomal cysteine proteases in MHC class II anti-
gen presentation. Immunol Rev (2005) 207:229-41. doi:10.1111/j.0105-2896.
2005.00310.x

19. Chapman HA. Endosomal proteases in antigen presentation. Curr Opin
Immunol (2006) 18(1):78-84. doi:10.1016/j.c0i.2005.11.011

20. Villadangos JA, Ploegh HL. Proteolysis in MHC class II antigen presentation:
who's in charge? Immunity (2000) 12(3):233-9. doi:10.1016/S1074-7613(00)
80176-4

21. Honey K, Rudensky AY. Lysosomal cysteine proteases regulate antigen presen-
tation. Nat Rev Immunol (2003) 3(6):472-82. d0i:10.1038/nril 110

22. Pluger EB, Boes M, Alfonso C, Schroter CJ, Kalbacher H, Ploegh HL, et al.
Specific role for cathepsin S in the generation of antigenic peptides in vivo.
Eur ] Immunol (2002) 32(2):467-76. d0i:10.1002/1521-4141(200202)32:2<467::
AID-IMMU467>3.0.CO;2-Y

23. Riese RJ, Wolf PR, Bromme D, Natkin LR, Villadangos JA, Ploegh HL, et al.
Essential role for cathepsin S in MHC class II-associated invariant chain
processing and peptide loading. Immunity (1996) 4(4):357-66. doi:10.1016/
$1074-7613(00)80249-6

Frontiers in Immunology | www.frontiersin.org

July 2015 | Volume 6 | Article 372


http://dx.doi.org/10.1016/j.coi.2014.12.005
http://dx.doi.org/10.1016/S0952-7915(99)00058-8
http://dx.doi.org/10.1016/S0952-7915(99)00058-8
http://dx.doi.org/10.1038/368551a0
http://dx.doi.org/10.1038/ni1414
http://dx.doi.org/10.1016/j.molimm.2007.10.033
http://dx.doi.org/10.1016/j.coi.2012.11.006
http://dx.doi.org/10.1016/j.vaccine.2015.04.082
http://dx.doi.org/10.1371/journal.pone.0071228
http://dx.doi.org/10.3389/fimmu.2013.00260
http://dx.doi.org/10.3389/fimmu.2013.00260
http://dx.doi.org/10.1038/nsmb.2484
http://dx.doi.org/10.1038/nm.2248
http://dx.doi.org/10.1016/j.coi.2010.11.002
http://dx.doi.org/10.1016/j.coi.2010.11.002
http://dx.doi.org/10.4049/jimmunol.1200626
http://dx.doi.org/10.1371/journal.pone.0011949
http://dx.doi.org/10.1126/science.1108003
http://dx.doi.org/10.1126/science.1080106
http://dx.doi.org/10.3389/fimmu.2013.00299
http://dx.doi.org/10.1111/j.0105-2896.2005.00310.x
http://dx.doi.org/10.1111/j.0105-2896.2005.00310.x
http://dx.doi.org/10.1016/j.coi.2005.11.011
http://dx.doi.org/10.1016/S1074-7613(00)80176-4
http://dx.doi.org/10.1016/S1074-7613(00)80176-4
http://dx.doi.org/10.1038/nri1110
http://dx.doi.org/10.1002/1521-4141(200202)32:2<467::AID-IMMU467>3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-4141(200202)32:2<467::AID-IMMU467>3.0.CO;2-Y
http://dx.doi.org/10.1016/S1074-7613(00)80249-6
http://dx.doi.org/10.1016/S1074-7613(00)80249-6
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Sadegh-Nasseri and Kim

Extracellular antigen-processing for MHC I presentation

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Nakagawa TY, Brissette WH, Lira PD, Griffiths R], Petrushova N, Stock J,
etal. Impaired invariant chain degradation and antigen presentation and dimin-
ished collagen-induced arthritis in cathepsin S null mice. Immunity (1999)
10(2):207-17. doi:10.1016/S1074-7613(00)80021-7

Nakagawa T, Roth W, Wong P, Nelson A, Farr A, Deussing J, et al. Cathepsin
L: critical role in Ii degradation and CD4 T cell selection in the thymus. Science
(1998) 280(5362):450-3. doi:10.1126/science.280.5362.450

Manoury B, Mazzeo D, Fugger L, Viner N, Ponsford M, Streeter H, et al.
Destructive processing by asparagine endopeptidase limits presentation of a
dominant T cell epitope in MBP. Nat Immunol (2002) 3(2):169-74. d0i:10.1038/
ni754

Watts C, Moss CX, Mazzeo D, West MA, Matthews SP, Li DN, et al. Creation
versus destruction of T cell epitopes in the class I MHC pathway. Ann N Y Acad
Sci (2003) 987:9-14. doi:10.1111/.1749-6632.2003.tb06028.x

Deussing J, Roth W, Saftig P, Peters C, Ploegh HL, Villadangos JA. Cathepsins B
and D are dispensable for major histocompatibility complex class II-mediated
antigen presentation. Proc Natl Acad Sci U S A (1998) 95(8):4516-21. doi:10.
1073/pnas.95.8.4516

Kim A, Hartman IZ, Poore B, Boronina T, Cole RN, Song N, et al. Divergent
paths for the selection of immunodominant epitopes from distinct antigenic
sources. Nat Commun (2014) 5:5369. doi:10.1038/ncomms6369

Burster T, Reich M, Zaidi N, Voelter W, Boehm BO, Kalbacher H. Cathepsin
E regulates the presentation of tetanus toxin C-fragment in PMA activated
primary human B cells. Biochem Biophys Res Commun (2008) 377(4):1299-303.
doi:10.1016/j.bbrc.2008.10.162

Burster T, Macmillan H, Hou T, Boehm BO, Mellins ED. Cathepsin G: roles
in antigen presentation and beyond. Mol Immunol (2010) 47(4):658-65. doi:10.
1016/j.molimm.2009.10.003

Mohan JE, Petzold SJ, Unanue ER. Register shifting of an insulin peptide-MHC
complex allows diabetogenic T cells to escape thymic deletion. ] Exp Med (2011)
208(12):2375-83. doi:10.1084/jem.20111502

Fonovic M, Turk B. Cysteine cathepsins and extracellular matrix degrada-
tion. Biochim Biophys Acta (2014) 1840(8):2560-70. doi:10.1016/j.bbagen.2014.
03.017

Pislar A, Kos J. Cysteine cathepsins in neurological disorders. Mol Neurobiol
(2014) 49(2):1017-30. d0i:10.1007/s12035-013-8576-6

Van den Steen PE, Dubois B, Nelissen I, Rudd PM, Dwek RA, Opde-
nakker G. Biochemistry and molecular biology of gelatinase B or matrix
metalloproteinase-9 (MMP-9). Crit Rev Biochem Mol Biol (2002) 37(6):
375-536. d0i:10.1080/10409230290771546

Flynn JC, McCormick DJ, Brusic V, Wan Q, Panos JC, Giraldo AA, et al.
Pathogenic human thyroglobulin peptides in HLA-DR3 transgenic mouse
model of autoimmune thyroiditis. Cell Immunol (2004) 229(2):79-85. doi:10.
1016/j.cellimm.2004.07.002

Jordans S, Jenko-Kokalj S, Kuhl NM, Tedelind S, Sendt W, Bromme D, et al.
Monitoring compartment-specific substrate cleavage by cathepsins B, K, L,
and S at physiological pH and redox conditions. BMC Biochem (2009) 10:23.
doi:10.1186/1471-2091-10-23

Mattapallil MJ, Silver PB, Mattapallil JJ, Horai R, Karabekian Z, McDowell
JH, et al. Uveitis-associated epitopes of retinal antigens are pathogenic in
the humanized mouse model of uveitis and identify autoaggressive T cells.
J Immunol (2011) 187(4):1977-85. doi:10.4049/jimmunol.1101247

Beck H, Schwarz G, Schroter CJ, Deeg M, Baier D, Stevanovic S, et al. Cathepsin
S and an asparagine-specific endoprotease dominate the proteolytic processing

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

of human myelin basic protein in vitro. Eur ] Immunol (2001) 31(12):3726-36.
doi:10.1002/1521-4141(200112)31:12<3726::AID-IMMU3726>3.0.CO;2-O
Shan L, Molberg O, Parrot I, Hausch E, Filiz E Gray GM, et al. Structural
basis for gluten intolerance in celiac sprue. Science (2002) 297(5590):2275-9.
doi:10.1126/science.1074129

Sollid LM, Pos W, Wucherpfennig KW. Molecular mechanisms for contribu-
tion of MHC molecules to autoimmune diseases. Curr Opin Immunol (2014)
31C:24-30. doi:10.1016/j.c0i.2014.08.005

Villadangos J. Mechanisms of induction of paralysed dendritic cells with poor
antigen presentation function following systemic inflammatory response syn-
drome. ] Immunol (2015) 194(1 Suppl):113.4.

Smith KJ, Pyrdol J, Gauthier L, Wiley DC, Wucherpfennig KW. Crystal struc-
ture of HLA-DR2 (DRA*0101, DRB1*1501) complexed with a peptide from
human myelin basic protein. ] Exp Med (1998) 188(8):1511-20. doi:10.1084/
jem.188.8.1511

Li Y, Huang Y, Lue J, Quandt JA, Martin R, Mariuzza RA. Structure of a human
autoimmune TCR bound to a myelin basic protein self-peptide and a multiple
sclerosis-associated MHC class II molecule. EMBO ] (2005) 24(17):2968-79.
doi:10.1038/sj.emboj.7600771

Nicholson MJ, Moradi B, Seth NP, Xing X, Cuny GD, Stein RL, et al. Small
molecules that enhance the catalytic efficiency of HLA-DM. ] Immunol (2006)
176(7):4208-20. doi:10.4049/jimmunol.176.7.4208

Mohan JE, Unanue ER. A novel pathway of presentation by class II-MHC
molecules involving peptides or denatured proteins important in autoimmu-
nity. Mol Immunol (2013) 55(2):166-8. doi:10.1016/j.molimm.2012.10.024
Zhang L, Crawford E, Yu L, Michels A, Nakayama M, Davidson HW, et al. Mon-
oclonal antibody blocking the recognition of an insulin peptide-MHC complex
modulates type 1 diabetes. Proc Natl Acad Sci U S A (2014) 111(7):2656-61.
doi:10.1073/pnas.1323436111

Stadinski BD, Zhang L, Crawford F, Marrack P, Eisenbarth GS, Kappler JW.
Diabetogenic T cells recognize insulin bound to IAg7 in an unexpected, weakly
binding register. Proc Natl Acad Sci U S A (2010) 107(24):10978-83. doi:10.
1073/pnas.1006545107

Mohan JE, Calderon B, Anderson MS, Unanue ER. Pathogenic CD4(+) T cells
recognizing an unstable peptide of insulin are directly recruited into islets
bypassing local lymph nodes. ] Exp Med (2013) 210(11):2403-14. d0i:10.1084/
jem.20130582

Ferris ST, Carrero JA, Mohan JE Calderon B, Murphy KM, Unanue ER. A
minor subset of Batf3-dependent antigen-presenting cells in islets of Langer-
hans is essential for the development of autoimmune diabetes. Immunity (2014)
41(4):657-69. doi:10.1016/j.immuni.2014.09.012

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Sadegh-Nasseri and Kim. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2015 | Volume 6 | Article 372


http://dx.doi.org/10.1016/S1074-7613(00)80021-7
http://dx.doi.org/10.1126/science.280.5362.450
http://dx.doi.org/10.1038/ni754
http://dx.doi.org/10.1038/ni754
http://dx.doi.org/10.1111/j.1749-6632.2003.tb06028.x
http://dx.doi.org/10.1073/pnas.95.8.4516
http://dx.doi.org/10.1073/pnas.95.8.4516
http://dx.doi.org/10.1038/ncomms6369
http://dx.doi.org/10.1016/j.bbrc.2008.10.162
http://dx.doi.org/10.1016/j.molimm.2009.10.003
http://dx.doi.org/10.1016/j.molimm.2009.10.003
http://dx.doi.org/10.1084/jem.20111502
http://dx.doi.org/10.1016/j.bbagen.2014.03.017
http://dx.doi.org/10.1016/j.bbagen.2014.03.017
http://dx.doi.org/10.1007/s12035-013-8576-6
http://dx.doi.org/10.1080/10409230290771546
http://dx.doi.org/10.1016/j.cellimm.2004.07.002
http://dx.doi.org/10.1016/j.cellimm.2004.07.002
http://dx.doi.org/10.1186/1471-2091-10-23
http://dx.doi.org/10.4049/jimmunol.1101247
http://dx.doi.org/10.1002/1521-4141(200112)31:12<3726::AID-IMMU3726>3.0.CO;2-O
http://dx.doi.org/10.1126/science.1074129
http://dx.doi.org/10.1016/j.coi.2014.08.005
http://dx.doi.org/10.1084/jem.188.8.1511
http://dx.doi.org/10.1084/jem.188.8.1511
http://dx.doi.org/10.1038/sj.emboj.7600771
http://dx.doi.org/10.4049/jimmunol.176.7.4208
http://dx.doi.org/10.1016/j.molimm.2012.10.024
http://dx.doi.org/10.1073/pnas.1323436111
http://dx.doi.org/10.1073/pnas.1006545107
http://dx.doi.org/10.1073/pnas.1006545107
http://dx.doi.org/10.1084/jem.20130582
http://dx.doi.org/10.1084/jem.20130582
http://dx.doi.org/10.1016/j.immuni.2014.09.012
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

	MHC class II auto-antigen presentation is unconventional
	Introduction
	A Cell Free System Antigen-Processing System Provides Clues to Epitope Selection
	Cathepsin Sensitivity and Auto-Antigens
	The Relationship Between Resistance to Proteases in Antigen Processing and Autoimmune Epitopes
	Prevalence of Multiple Registers for Autoimmune Epitopes and Resistance to Cathepsins
	Conclusion
	Acknowledgments
	References


