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Major histocompatibility complex (MHC-I) peptide antigen processing and presentation has experienced a
revived interest in the context of immuno oncology, immune surveillance escape by pathogen mutations and
technical advances that accelerate vaccine design. This sheds new light on the discoveries made by Nilabh Shastri
and colleagues that includes the characterisation of cryptic MHC-I peptide antigen epitopes derived from un-
translated regions and the N-terminal trimming of peptide antigen precursors by the aminopeptidase ERAAP
(ERAP1/2 / ARTS1/LRAP) in the endoplasmic reticulum (ER) prior to the complete assembly of MHC-I com-
plexes and their subsequent exposure to the cell surface. These scientific findings have important implications for
developing novel therapeutic approaches in immunotherapy and modern vaccine design.

Major histocompatibility complex (MHC I & II) restriction of peptide
antigens presented to T-lymphocytes reflects a cornerstone of the human
adaptive immune response [46]. The molecular basis of MHC antigen
processing and presentation has been predominantly a focus of research
since more than four decades and thought to be well understood in its
molecular details. Nilabh Shastri and his team uncovered some unex-
pected aspects of antigen processing and also the source of peptide an-
tigens. The relevance of these discoveries has recently attracted
attention in the context of neoantigen discovery in immunotherapy [22]
as well as mutational effects that restrict MHC-I antigen recognition
[36,23]. In particular, novel links between genetic variations in com-
ponents of the antigen processing and presentation machinery as well as
the source of antigens outside the protein coding region of the genome
were revealed due to Nilabh Shastri’s contributions.

1. Nilabh Shastri’s discoveries within the MHC-I antigen
processing pathway

It is in this context that highlights from contributions out of Nilabh
Shastri’s work are reiterated here, namely in applying elegant
biochemistry, immune assays, peptide sequencing and immunopepti-
domics by mass spectrometry to understand molecular aspects of anti-
gen processing and presentation by MHC molecules. Intracellular
proteins are mostly turned over by the ubiquitin protease system (UPS),
which involves protein modification by poly-ubiquitin chains in a
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covalent manner, which serves as a recognition signal by the RPN13
subunit of the 26S proteasome complex for subsequent protein unfolding
by the 19S sub-complex, deubiquitylation by POH1,/USP14/UCH37 and
degradation of the polypeptide chain by the core 20S proteasome cat-
alytic complex [34,3]. A fraction of proteasomal degradation products,
typically between 3 and 24 amino acids [16] is then transported by the
TAP1/2 complex to the endoplasmic reticulum (ER), predominantly
precursors of 9-11mer peptides optimal for binding to MHC class I
molecules [42,7]. Work from Dr Shastri’s team has been focused on this
aspect of antigen processing, namely the involvement of HSP90 to
chaperone peptides to TAP1/2 for ER translocation [19] and to examine
the potential involvement of other proteolytic enzymes capable of
trimming antigen precursor to the optimal length for MHC I binding in
the ER [28]. Cytosolic proteases such as tripeptidyl peptidase II (TPPII)
and Thimet aminopeptidase/ THOP1 were characterised to contribute
[9,8,40,44]. However, due to the preference of TAP1/2 to import longer
precursors into the ER, in particular N-terminal extensions, it became
clear that additional cleaving activity existed in the ER [39,38]. Sub-
sequent investigations revealed the discovery of ERAAP (ERAP), sub-
sequently characterised as two enzymes [35] (ERAP1/2, also named
ARTS1/LRAP), representing ER resident aminopeptidases involved in
MHC-I peptide epitope precursor trimming [11,14,12] (Fig. 1). This is
consistent with the fact that 26S and also 26Si (immuno)-proteasome
produce predominantly correct C-terminal cleavages of MHC-I antigen
epitopes, but often with N-terminal extensions, and precises 9-mer
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generation may exist but not as the predominant product [6,17,30].

2. Contributions to technical advances in MHC peptide
sequencing analysis

However, more recent technical advances in high sensitivity mass
spectrometry-based immunopeptidomics revealed that N-terminal
extended series appear to be quite commonly presented on MHC mole-
cules on the cell surface [5,15,29,45], suggesting flexibility in MHC-I
binding or, more likely, incomplete processing of C-terminally
attached peptide precursors to MHC-I molecules that are subjected to
further trimming. Using MS/MS-based sequencing boosted the under-
standing of the cellular origin of MHC-I derived peptide antigens, which
confirmed earlier observation made by the Shastri team and others that
a portion of them appear to be generated from untranslated regions,
referred to as cryptic epitopes [21,37,41].

Also, Shastri’s work revealed that the peptide antigen repertoire
presented by classical MHC-I molecules was controlled by ERAAP
directly, but it also affected a distinct repertoire of peptides presented by
non-classical MHC class Ib (Qa-lb) molecules [33]in a fashion that is not
yet fully understood (Fig. 1) [26,27,25,10]. However, ERAAP
polymorphisms.

[31,1,32] will have considerable effects on the classical as well as the
non-classical MHC-I antigen repertoire. Therefore, it is expected that
pharmacological intervention with ERAAP function as well as the 26S/
26Si proteasome (e.g. Bortezomib - [24,43] and possibly other cytosolic
proteases will have further effects on the classical and non-classical
MHC-I peptide antigen repertoire in a way that has yet to be deter-
mined in detail, in particular in the clinical context.

3. Revived relevance of MHC antigen processing in immuno-
oncology and vaccine design

The major molecular components in antigen processing pathways
were discovered years ago, but recent advances in technical capabilities
to reveal MHC-I (and II) peptide sequences at the genomic but also
peptide level (mass spectrometry) revived the relevance of MHC antigen
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Fig. 1. Expanding the cellular antigen pool pre-
sented by classical and non-classical MHC I mole-
cules. Major contributions from Nilabh Shastri’s
work revealed cellular proteins including untrans-
lated “cryptic” regions give rise to polypeptides that
are ubiquitylated and degraded by 26S/26Si pro-
teasomes. A fraction of degradation products is
chaperoned by HSP90, thereby facilitating their
transport to the TAP1/2 complex for transfer to the
endoplasmic reticulum (ER). ER resident amino-
peptidases (ERAP1/2 / ERAAP / ARTS1/LRAP)
subsequently trim peptide antigens prior to loading
to MHC-I molecules in the endoplasmic reticulum
(ER). ERAP inhibition affects the MHC-I peptide
pool, but also favours loading of distinct peptides to
MHC-Ib (Qa-1), thereby shaping the ligandome for
classical and non-classical molecules.

S’UTR
untranslated
cryptic
regions

processing and presentation. This had an impact on accelerating the
characterisation of neoantigens in tumours, but also on boosting the
discovery of pathogen derived immunogenic antigens. Nilabh Shastri’s
contributions influenced discoveries of immune checkpoint inhibitor
mechanisms of action, MHC cryptic epitopes and neoantigens and the
relevance of mutations in ERAAP and other components of the MHC
antigen processing machinery [25,10,13]. One legacy that will emerge
from his work and contributions to the field is the development of
ERAP1 and ERAP2 selective inhibitors that are expected to enter the
clinic for MHC-I neoepitope modulation in the context of immuno-
oncology therapy [18,4,20]. Nilabh Shastri’s influence has been
widely recognised [13,2], and he will be greatly missed as a college and
immunologist.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

I would like to thank colleagues from the Chinese Academy for
Medical Science Oxford Institute (CAMS-COI), Target Discovery Insti-
tute (TDI), Centre for Medicines Discovery (CMD) and Weatherall
Institute for Molecular Medicine (WIMM) for insightful discussions. This
work was supported by the Chinese Academy of Medical Sciences
(CAMS) Innovation Fund for Medical Science (CIFMS), China (grant
number: 2018-12M-2-002) and by Pfizer.

References

[1] C. Alvarez-Navarro, et al., Endoplasmic Reticulum Aminopeptidase 1 (ERAP1)
Polymorphism Relevant to Inflammatory Disease Shapes the Peptidome of the



B.M.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Kessler

Birdshot Chorioretinopathy-Associated HLA-A*29:02 Antigen*, Mol. Cell.
Proteomics 14 (7) (2015) 1770-1780, https://doi.org/10.1074/mcp.
M115.048959.

S. Apcher, et al., mRNA translation from an antigen presentation perspective: A
tribute to the works of Nilabh Shastri, Mol. Immunol. 141 (2022) 305-308, https://
doi.org/10.1016/j.molimm.2021.12.010.

J.S. Blum, P.A. Wearsch, P. Cresswell, Pathways of antigen processing, Annu. Rev.
Immunol. 31 (2013) 443-473, https://doi.org/10.1146/annurev-immunol-
032712-095910.

V. Camberlein, et al., ‘Discovery of the First Selective Nanomolar Inhibitors of
Endoplasmic Reticulum Aminopeptidase 2 by Kinetic Target-Guided Synthesis,
Angewandte Chemie (Int. ed. In English) Germany. (2022), https://doi.org/
10.1002/anie.202203560.

E. Caron, et al., Analysis of Major Histocompatibility Complex (MHC)
Immunopeptidomes Using Mass Spectrometry*, Mol. Cell. Proteomics. Elsevier 14
(12) (2015) 3105-3117, https://doi.org/10.1074/mcp.0115.052431.

P. Cascio, et al., 26S proteasomes and immunoproteasomes produce mainly N-
extended versions of an antigenic peptide, EMBO J. Oxford University Press 20 (10)
(2001) 2357-2366, https://doi.org/10.1093/emboj/20.10.2357.

P.M. van Endert, et al., A sequential model for peptide binding and transport by the
transporters associated with antigen processing, Immunity. Elsevier 1 (6) (1994)
491-500, https://doi.org/10.1016,/1074-7613(94)90091-4.

E. Geier, et al., ‘A giant protease with potential to substitute for some functions of
the proteasome, Science (New York, N.Y.) United States 283 (5404) (1999)
978-981, https://doi.org/10.1126/science.283.5404.978.

R. Glas, et al., ‘A proteolytic system that compensates for loss of proteasome
function, Nat. England 392 (6676) (1998) 618-622, https://doi.org/10.1038/
33443.

J. Guan, et al., The nonclassical immune surveillance for ERAAP function, Curr.
Opin. Immunol. 70 (2021) 105-111, https://doi.org/10.1016/j.c0i.2021.05.008.
G.E. Hammer, et al., ‘The aminopeptidase ERAAP shapes the peptide repertoire
displayed by major histocompatibility complex class I molecules, Nat. Immunol.
United States 7 (1) (2006) 103-112, https://doi.org/10.1038/ni1286.

G.E. Hammer, T. Kanaseki, N. Shastri, The Final Touches Make Perfect the Peptide-
MHC Class I Repertoire, Immunity. Elsevier 26 (4) (2007) 397-406, https://doi.
org/10.1016/j.immuni.2007.04.003.

G.E. Hammer, S.R. Schwab, J.C. Sun, Nilabh Shastri 1952-2021, Nat. Immunol. 22
(5) (2021) 533-534, https://doi.org/10.1038/541590-021-00912-6.

T. Kanaseki, et al., ERAAP synergizes with MHC class I molecules to make the final
cut in the antigenic peptide precursors in the endoplasmic reticulum, Immunity 25
(5) (2006) 795-806, https://doi.org/10.1016/j.immuni.2006.09.012.

T. Kanaseki, N. Shastri, Biochemical Analysis of Naturally Processed Antigenic
Peptides Presented by MHC Class I Molecules, Methods Mol. Biol. (Clifton, N.J.)
United States 1988 (2019) 101-108, https://doi.org/10.1007/978-1-4939-9450-2_
8.

A'F. Kisselev, et al., The sizes of peptides generated from protein by mammalian 26
and 20 S proteasomes. Implications for understanding the degradative mechanism
and antigen presentation, J. Biol. Chem. United States 274 (6) (1999) 3363-3371,
https://doi.org/10.1074/jbc.274.6.3363.

P.-M. Kloetzel, Antigen processing by the proteasome, Nat. Rev. Mol. Cell Biol. 2
(3) (2001) 179-188, https://doi.org/10.1038/35056572.

G. Kochan, et al., Crystal structures of the endoplasmic reticulum aminopeptidase-
1 (ERAP1) reveal the molecular basis for N-terminal peptide trimming, Proc. Natl.
Acad. Sci. U S A 108 (19) (2011) 7745-7750, https://doi.org/10.1073/
pnas.1101262108.

J. Kunisawa, N. Shastri, ‘Hsp90alpha chaperones large C-terminally extended
proteolytic intermediates in the MHC class I antigen processing pathway, Immunity
United States 24 (5) (2006) 523-534, https://doi.org/10.1016/j.
immuni.2006.03.015.

A. Leishman, et al., Abstract 2065: A small molecule approach to drive novel
neoantigen generation: First-in-class inhibitors of ERAP1 generate novel
neoantigens driving anti-tumor effects, Cancer Res. 82(12_Supplement) (2022) p.
2065. doi: 10.1158/1538-7445.AM2022-2065.

S. Malarkannan, et al., Presentation of Out-of-Frame Peptide/MHC Class I
Complexes by a Novel Translation Initiation Mechanism, Immunity 10 (6) (1999)
681-690, https://doi.org/10.1016/51074-7613(00)80067-9.

A. Marcu, et al., HLA Ligand Atlas: a benign reference of HLA-presented peptides to
improve T-cell-based cancer immunotherapy, J. InmunoTher. Cancer 9 (4) (2021)
e002071.

R. Marty, et al., MHC-I Genotype Restricts the Oncogenic Mutational Landscape,
Cell 171 (6) (2017) 1272-1283.e15, https://doi.org/10.1016/j.cell.2017.09.050.
E. Milner, et al., The Effect of Proteasome Inhibition on the Generation of the
Human Leukocyte Antigen (HLA) Peptidome*, Mol. Cell. Proteomics 12 (7) (2013)
1853-1864, https://doi.org/10.1074/mcp.M112.026013.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Cellular Immunology 382 (2022) 104638

N.A. Nagarajan, et al., ERAAP Shapes the Peptidome Associated with Classical and
Nonclassical MHC Class I Molecules, J. Immunol. (Baltimore, Md.: 1950), 197(4)
(2016) pp. 1035-1043. doi: 10.4049/jimmunol.1500654.

N.A. Nagarajan, F. Gonzalez, N. Shastri, Nonclassical MHC class Ib-restricted
cytotoxic T cells monitor antigen processing in the endoplasmic reticulum, Nat.
Immunol. 13 (6) (2012) 579-586, https://doi.org/10.1038/ni.2282.

N.A. Nagarajan, N. Shastri, Immune surveillance for ERAAP dysfunction, Mol.
Immunol. 55 (2) (2013) 120-122, https://doi.org/10.1016/j.
molimm.2012.10.006.

P. Paz, et al., ‘Discrete proteolytic intermediates in the MHC class I antigen
processing pathway and MHC I-dependent peptide trimming in the ER’, Immunity
United States 11 (2) (1999) 241-251, https://doi.org/10.1016/51074-7613(00)
80099-0.

A.W. Purcell, S.H. Ramarathinam, N. Ternette, Mass spectrometry—based
identification of MHC-bound peptides for immunopeptidomics, Nat. Protoc. 14 (6)
(2019) 1687-1707, https://doi.org/10.1038/s41596-019-0133-y.

S.R. Ranasinghe, et al., The antiviral efficacy of HIV-specific CD8™ T-cells to a
conserved epitope is heavily dependent on the infecting HIV-1 isolate, PLoS Pathog
7 (5) (2011) e1001341.

E. Reeves, T. Elliott, E. James, Functional effects of ERAAP polymorphisms linked
to ankylosing spondylitis (100.18), J. Immunol., 186(1 Supplement) (2011) pp.
100.18 LP-100.18. Available at: http://www.jimmunol.org/content/186
/1_Supplement/100.18.abstract.

E. Reeves, E. James, The role of polymorphic ERAP1 in autoinflammatory disease,
Bioscience reports. Portland Press Ltd., 38(4) (2018) p. BSR20171503. doi:
10.1042/BSR20171503.

P.J. Robinson, et al., Maturation of Qa-1&lt;sup&gt;b&lt;/sup&gt; Class I
Molecules Requires p&lt;sub&gt;2&lt;/sub&gt;-Microglobulin But Is TAP
Independent, J. Inmunol. 160(7) (1998) pp. 3217 LP — 3224. Available at: http://
www.jimmunol.org/content/160/7/3217.abstract.

K.L. Rock, A.L. Goldberg, Degradation of cell proteins and the generation of MHC
class I-presented peptides, Annu. Rev. Immunol. United States 17 (1999) 739-779,
https://doi.org/10.1146/annurev.immunol.17.1.739.

L. Saveanu, et al., Concerted peptide trimming by human ERAP1 and ERAP2
aminopeptidase complexes in the endoplasmic reticulum, Nat. Immunol. 6 (7)
(2005) 689-697, https://doi.org/10.1038/ni1208.

B.V. Schmid, C. Kesmir, R.J. de Boer, Quantifying how MHC polymorphism
prevents pathogens from adapting to the antigen presentation pathway, Epidemics
2 (3) (2010) 99-108, https://doi.org/10.1016/j.epidem.2010.05.003.

S.R. Schwab, et al., ‘Constitutive display of cryptic translation products by MHC
class I molecules, Science (New York, N.Y.) United States 301 (5638) (2003)
1367-1371, https://doi.org/10.1126/science.1085650.

T. Serwold, S. Gaw, N. Shastri, ‘ER aminopeptidases generate a unique pool of
peptides for MHC class I molecules, Nat. Immunol. United States 2 (7) (2001)
644-651, https://doi.org/10.1038/89800.

T. Serwold, N. Shastri, Specific proteolytic cleavages limit the diversity of the pool
of peptides available to MHC class I molecules in living cells, J. Immunol.
(Baltimore, Md.: 1950). United States 162(8) (1999) 4712-4719.

C.L. Silva, et al., Thimet oligopeptidase (EC 3.4.24.15), a novel protein on the route
of MHC class I antigen presentation, Biochemical and biophysical research
communications. Department of Parasitology, Microbiology, and Immunology,
School of Medicine of Ribeirao Preto, University of Sao Paulo, Ribeirao Preto,
14049-900, Brazil. 255(3) (1999) pp. 591-595. doi: 10.1006,/bbrc.1999.0250.
S.R. Starck, N. Shastri, Nowhere to hide: unconventional translation yields cryptic
peptides for immune surveillance, Immunol. Rev. 272 (1) (2016) 8-16, https://doi.
org/10.1111/imr.12434.

W.-K. Suh, et al., Interaction of MHC Class I Molecules with the Transporter
Associated with Antigen Processing, Sci. Am. Assoc. Adv. Sci. 264 (5163) (1994)
1322-1326, https://doi.org/10.1126/science.8191286.

G.R. Tundo, et al., At the Cutting Edge against Cancer: A Perspective on
Immunoproteasome and Immune Checkpoints Modulation as a Potential
Therapeutic Intervention, Cancers 13 (19) (2021), https://doi.org/10.3390/
cancers13194852.

E.W. Wang, et al., Integration of the ubiquitin-proteasome pathway with a
cytosolic oligopeptidase activity, Proc. Natl. Acad. Sci. U S A 97 (18) (2000)
9990-9995, https://doi.org/10.1073/pnas.180328897.

J.W. Yewdell, MHC Class I Inmunopeptidome: Past, Present, and Future, Mol. Cell.
Proteomics 21 (7) (2022), 100230, https://doi.org/10.1016/j.
mcpro.2022.100230.

R.M. Zinkernagel, P.C. Doherty, Restriction of in vitro T cell-mediated cytotoxicity
in lymphocytic choriomeningitis within a syngeneic or semiallogeneic system,
Nature England 248 (5450) (1974) 701-702, https://doi.org/10.1038/248701a0.


https://doi.org/10.1074/mcp.M115.048959
https://doi.org/10.1074/mcp.M115.048959
https://doi.org/10.1016/j.molimm.2021.12.010
https://doi.org/10.1016/j.molimm.2021.12.010
https://doi.org/10.1146/annurev-immunol-032712-095910
https://doi.org/10.1146/annurev-immunol-032712-095910
https://doi.org/10.1002/anie.202203560
https://doi.org/10.1002/anie.202203560
https://doi.org/10.1074/mcp.O115.052431
https://doi.org/10.1093/emboj/20.10.2357
https://doi.org/10.1016/1074-7613(94)90091-4
https://doi.org/10.1126/science.283.5404.978
https://doi.org/10.1038/33443
https://doi.org/10.1038/33443
https://doi.org/10.1016/j.coi.2021.05.008
https://doi.org/10.1038/ni1286
https://doi.org/10.1016/j.immuni.2007.04.003
https://doi.org/10.1016/j.immuni.2007.04.003
https://doi.org/10.1038/s41590-021-00912-6
https://doi.org/10.1016/j.immuni.2006.09.012
https://doi.org/10.1007/978-1-4939-9450-2_8
https://doi.org/10.1007/978-1-4939-9450-2_8
https://doi.org/10.1074/jbc.274.6.3363
https://doi.org/10.1038/35056572
https://doi.org/10.1073/pnas.1101262108
https://doi.org/10.1073/pnas.1101262108
https://doi.org/10.1016/j.immuni.2006.03.015
https://doi.org/10.1016/j.immuni.2006.03.015
https://doi.org/10.1016/S1074-7613(00)80067-9
http://refhub.elsevier.com/S0008-8749(22)00163-0/h0110
http://refhub.elsevier.com/S0008-8749(22)00163-0/h0110
http://refhub.elsevier.com/S0008-8749(22)00163-0/h0110
https://doi.org/10.1016/j.cell.2017.09.050
https://doi.org/10.1074/mcp.M112.026013
https://doi.org/10.1038/ni.2282
https://doi.org/10.1016/j.molimm.2012.10.006
https://doi.org/10.1016/j.molimm.2012.10.006
https://doi.org/10.1016/s1074-7613(00)80099-0
https://doi.org/10.1016/s1074-7613(00)80099-0
https://doi.org/10.1038/s41596-019-0133-y
http://refhub.elsevier.com/S0008-8749(22)00163-0/h0150
http://refhub.elsevier.com/S0008-8749(22)00163-0/h0150
http://refhub.elsevier.com/S0008-8749(22)00163-0/h0150
http://www.jimmunol.org/content/186/1_Supplement/100.18.abstract
http://www.jimmunol.org/content/186/1_Supplement/100.18.abstract
http://www.jimmunol.org/content/160/7/3217.abstract
http://www.jimmunol.org/content/160/7/3217.abstract
https://doi.org/10.1146/annurev.immunol.17.1.739
https://doi.org/10.1038/ni1208
https://doi.org/10.1016/j.epidem.2010.05.003
https://doi.org/10.1126/science.1085650
https://doi.org/10.1038/89800
https://doi.org/10.1111/imr.12434
https://doi.org/10.1111/imr.12434
https://doi.org/10.1126/science.8191286
https://doi.org/10.3390/cancers13194852
https://doi.org/10.3390/cancers13194852
https://doi.org/10.1073/pnas.180328897
https://doi.org/10.1016/j.mcpro.2022.100230
https://doi.org/10.1016/j.mcpro.2022.100230
https://doi.org/10.1038/248701a0

	Nilabh Shastri – Towards understanding classical and non-classical MHC-I antigen processing and presentation
	1 Nilabh Shastri’s discoveries within the MHC-I antigen processing pathway
	2 Contributions to technical advances in MHC peptide sequencing analysis
	3 Revived relevance of MHC antigen processing in immuno-oncology and vaccine design
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


