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Immunodominance is defined as restricted responsiveness 
of T cells to a few selected epitopes from complex antigens. 
Strategies currently used for elucidating CD4+ T cell epitopes 
are inadequate. To understand the mechanism of epitope 
selection for helper T cells, we established a cell-free 
antigen processing system composed of defined proteins: 
human leukocyte antigen-DR1 (HLA-DR1), HLA-DM and 
cathepsins. Our reductionist system successfully identified 
the physiologically selected immunodominant epitopes of 
two model antigens: hemagglutinin-1 (HA1) from influenza 
virus (A/Texas/1/77) and type II collagen (CII). When applied 
for identification of new epitopes from a recombinant liver-
stage antigen of malaria falciparum (LSA-NRC) or HA1 
from H5N1 influenza virus (‘avian flu’), the system selected 
single epitopes from each protein that were confirmed to be 
immunodominant by their capacity to activate CD4+ T cells 
from H5N1-immunized HLA-DR1–transgenic mice and LSA-
NRC–vaccinated HLA-DR1–positive human volunteers. Thus,  
we provide a new tool for the identification of physiologically 
relevant helper T cell epitopes from antigens.

It is well known that the immune system focuses on and responds to 
very few representative immunodominant epitopes from invading 
pathogenic insults such as infectious agents and antigenic targets in 
autoimmune diseases, allergy and cancer1,2. In each of these cases, the 
immune system either responds positively or, in case of cancer, fails to 
respond to the immunodominant epitopes in the context of MHC mol-
ecules. Recent advances in understanding of the antigen presentation 
pathway have shown that the steps of antigen processing and selection 
crucially influence the peptide repertoire presented to T cells. Thus, 
methods for determining MHC-restricted immunodominant epitopes 
would be more accurate if all of the steps preceding antigen presen-
tation were reduced to a minimum. Various approaches have been 

developed to identify MHC-restricted peptides that may elicit strong 
T cell responses. One of these approaches uses large arrays of overlap-
ping synthetic peptides that map the entire amino acid sequence of 
an antigenic protein to identify MHC-restricted peptides and, con-
sequently, putative immunodominant epitopes. The large number  
of protein sequences available for mapping is now making peptide-
mapping experiments highly expensive, labor intensive and often 
unreliable. Alternative approaches based on computer-driven algo-
rithms have also been developed to predict putative MHC-restricted 
binders. These algorithms use matrix- and anchor-based motifs to 
screen amino acid sequences of antigenic proteins.

To determine whether immunodominance is regulated during 
antigen processing, we designed a simple cell-free system composed 
of defined protein components: full-length antigen and five purified 
proteins (human MHC class II, HLA-DM, and cathepsins B, H and S).  
We tested this system successfully against two model antigens:  
recombinant influenza virus HA1 protein (rHA1), containing 
the well-characterized DR1-restricted immunodominant peptide  
HA306–318 from the A/Texas/1/77 strain3, and CII, which is implicated 
in collagen-induced arthritis in mice4. We evaluated the reduction-
ist system for identifying HLA-DR1–restricted unknown immuno-
dominant epitopes with HA1 from A/Vietnam/1203/2004 (H5N1) and 
recombinant malaria antigen, LSA-NRC, as the new antigens. We show 
that the cell-free MHC class II antigen-processing system identified 
a single epitope from either H5N1 or LSA-NRC, which we verified in 
HLA-DR1–positive humans or transgenic mice as immunodominant. 
Thus, our system provides a unique technology for identifying the 
immunodominant epitopes from other unknown antigens.

RESULTS
Components of a cell-free antigen processing system
Antigen processing is complex and involves multiple steps, many chaper-
ones and several accessory proteins. For MHC class II processing,  
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antigens are taken up by antigen-presenting cells from exogenous 
sources and shuttled through a series of endosomal compartments. 
These compartments contain a denaturing environment, accessory 
chaperone, and proteolytic enzymes that digest protein antigens and 
allow binding of some peptide fragments to the groove of MHC class II  
molecules5. To recreate the MHC class II antigen processing com-
partment6, we selected a minimum number of essential components: 
a soluble form of the human MHC II molecule (HLA-DR1), solu-
ble HLA-DM (DM) and cathepsins B, H and S. We included DM in 
the system because of its role in peptide editing7,8. DM is known for 
catalyzing displacement of class II–associated invariant chain pep-
tide (CLIP) and other peptides from the MHC groove, as well as for 
inducing peptide binding9,10. DM operates by generating a peptide-
receptive MHC class II, which it accomplishes by exerting conforma-
tional changes in class II–peptide complexes that prevent formation of 
hydrogen bonds between MHC class II and the peptide main chain11. 
By inducing MHC II to adopt a peptide-receptive conformation that 
can quickly sample a large pool of peptides derived from exogenously 
acquired proteins, DM acts as a peptide editor that might exert influ-
ence on epitope selection.

Cathepsin S is the major endoprotease involved in class II antigen 
processing outside of the thymus and can generate smaller fragments 
from full-length proteins, so it was chosen as our only endopro-
tease12,13. We chose the exopeptidases cathepsin B and cathepsin H 
because they are constitutively expressed in all professional antigen-
presenting cells and have carboxypeptidase (cathepsin B) and ami-
nopeptidase (cathepsin H) activities important for trimming longer 
fragments bound to MHC II molecules. Cathepsins B and H have 
endoprotease activity, as well14. To mimic the endosomal compart-
ment, we included free l-cysteine15 to aid in protein unfolding16.  
l-cysteine also helps the catalytic activity of thiol-dependent lyso-
somal enzymes. Because cathepsins and DM are active in acidic pH, 
we used citrate phosphate buffer at pH 5.

An SDS-PAGE assay showed little proteolysis of DR1 (either empty 
or peptide bound) by cathepsins B and H (Fig. 1a,b) under the con-
ditions adopted for the digestion of rHA1 (Fig. 1a). Empty DR1 was 
susceptible to cathepsin S digestion, but peptide-bound DR1 complex 
was resistant (Fig. 1b). Soluble DM was somewhat sensitive to all three 
cathepsins (Fig. 1b). Because of the susceptibility of DM and empty 
DR1 to cathepsins, we preincubated antigens with DR1 and DM before 
the inclusion of the proteases. Once all components of the system were 
incubated together under endosomal- and lysosomal-like conditions, 
we isolated peptide-DR1 complexes by immunoprecipitation and ana-
lyzed peptides eluted from DR1 on a matrix-assisted laser desorption 
ionization (MALDI) mass spectrometer (Supplementary Fig. 1).

rHA1 of influenza with known immunodominant epitope
We first tried using rHA1 from influenza strain A/PR/8/34, to which 
we genetically attached the well-defined immunodominant epitope 
from A/Texas/1/77-derived HA306–318 (PKYVKQNTLKLAT)3 near 
its C terminus (Supplementary Table 1 and Supplementary Fig. 2).  
Comparison of spectra of peptides eluted from DR1 versus the back-
ground that did not contain rHA1 showed rHA1-derived peptide  
species, several of which could be detected in the m/z 1,950–2,530 
range (Fig. 1c–f). We determined the sequences of six out of 10 
such peptide species through collision-induced dissociation (CID). 
Among those, four contained the immunodominant HA306–318 
epitope from influenza strain A/Texas/1/77 (at m/z 2,153.09, 2,217.27, 
2,281.27 and 2,524.45) (Fig. 1c and Supplementary Figs. 3 and 4). 
The sequences of the other two peptides at m/z 2,265.09 and 2,339.09 

contained INSSLPYQNIHPVITIGECPK, derived from influenza 
strain A/PR/8/34 (Fig. 1c and Supplementary Figs. 5 and 6).  
For the last four peptides whose sequence identification through 
CID posed a challenge, we conducted a search to match their masses 
with rHA1-derived sequences with Findpept (http://www.expasy.
org/tools/findpept.html) while taking certain artifactual modifi-
cations, such as peptide oxidation or alkylation, into considera-
tion17,18. We found that the peaks at m/z 1,955.09, 2,118.00 and 
2,503.18 each possibly contained peptides derived from influenza 
strain A/PR/8/34 (Supplementary Table 2). To rule out the pos-
sibility of preexisting peptide fragments containing HA306–318 con-
taminating the mixture during the preparation of rHA1 proteins, 
we examined the repertoire of peptides bound to DR1 in the pres-
ence or absence of the added cathepsins. We detected none of the 
rHA1-derived peptides without processing of protein antigens by 
the cathepsins (Supplementary Fig. 7). We prepared samples that 
included cathepsin S in addition to cathepsins B and H (Fig. 1e,f). 
This sample reaction produced a profile nearly identical to that of 
the reaction containing cathepsins B and H only (Fig. 1c), with the 
exception that including cathepsins S caused elimination of rHA1-
derived peptides at m/z 1,955.09 and HA298–317 (A/PR/8/34) at m/z 
2,339.09 (Fig. 1c,e).

We determined the immunodominance of the identified peptides in 
DR1-transgenic mice immunized with the rHA1 in complete Freund’s 
adjuvant (CFA). These mice4 express a fusion product of the peptide-
binding groove of DR1 and the membrane-proximal domain of mouse 
MHC class II I-E. These mice express DR1 as their only MHC II19, as 
they were backcrossed to MHC class II deletion mutants for 13 gener-
ations to eliminate endogenous mouse MHC class II I-Af. We isolated 
draining lymph and used the cells in a recall T cell proliferation assay 
of increasing doses of the identified peptides, rHA1 or CLIP89–105 as 
a negative control. We observed strong dose-dependent responses  
to HA306–318 (A/Texas/1/77) and to the rHA1 but no response to 
CLIP89–105 (Fig. 1g). There was a significantly lower response (two 
out of five mice) (Fig. 1g) or no response (three mice) to HA298–317 
(A/PR/8/34) (Fig. 1h). The sum of the proliferative responses to 
HA306–318 and HA298–317 peptides approached the magnitude of the 
response to the whole HA protein (Fig. 1g). Thus, our reductionist 
system was able to identify the immunodominant epitope.

CII with known immunodominant epitope
We next proceeded with another well-defined immunodominant 
epitope, CII. CII, a major component of cartilage, is the main sus-
pected autoantigen in rheumatoid arthritis in DR1+ individuals. 
Through studies conducted on DR1-transgenic mice, CII282–289 
(FKGEQGPK) has been identified as its DR1-restricted immuno-
dominant core epitope4. To recapitulate the physiological condi-
tions in which this antigen is digested, we predigested CII with 
matrix metalloproteinase-9 (MMP-9) because it has been shown 
that CII undergoes extracellular processing first, with the result-
ing fragments being further processed after uptake by professional 
antigen-presenting cells20. We included MMP-9–digested CII, a test  
antigen, and we isolated and analyzed DR1-bound peptides. The 
majority of CII-derived peptide species appeared in the m/z 3,000–
3,500 range (Fig. 2a–c). We sequenced the most prominent peak 
of this cluster by tandem mass spectrometry and determined it to 
be residues 273–305 of CII (QTGEPGIAGFKGEQGPKGEPGPAG
VQGAPGPAG, underlining indicates the core CII282–289 epitope), 
with four hydroxylated residues ((CII273–305)4OH; Supplementary  
Fig. 8 and Supplementary Table 3). The other peptides in 
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this cluster contained the same core epitope, and they were 
consistent in mass with the post-translational modification 
variants of this peptide that would be expected to be present  
(Fig. 2c)20,21. A baculovirus-encoded conotoxin-like peptide 
(CL13–23, FAALNAQHVLA) (Supplementary Fig. 9) was present 
at m/z ~1,153 Da. This peptide probably bound a portion of the 
DR1 molecules when they were initially synthesized within baculo-
virus-transduced insect cells (Fig. 2a,b)22. As before, we immu-
nized DR1-transgenic mice with CII protein in CFA, and we used 
lymphoid cells in a recall proliferation assay with CII280–294, the 

CII protein or CLIP89–105. We observed strong dose-dependent 
responses to CII280–294 and the CII protein, whereas we saw no 
response to CLIP89–105 (Fig. 2d).

De novo identification of T cell epitopes from rHA1 of H5N1
We next attempted de novo identification of immunodomi-
nant epitopes of HA1 protein of H5N1. The experimental set 
up was identical to that with the chimeric rHA1 above. We 
used the native or heat-denatured HA1 from the H5N1 influ-
enza strain A/Vietnam/1203/2004 (H5N1-rHA1) as antigen.  

100

1,955.09

1,961.91

1,961.91

1,960.82

1,984.00
2,008.00

2,063.09

2,136.002,178.18

2,204.18

2,230.09

2,243.09

2,317.09

2,322.91

2,344.18 2,398.18
2,413.09

2,491.00

2,469.00 2,535.272,264.09

1,987.09

2,063.092,102.09

2,025.912,118.18
2,152.09 2,216.18

2,201.18 2,234.09

2,265.09 2,344.18

2,281.27

2,307.00

2,362.91 2,438.45 2,490.91
2,524.36

2,469.27
2,414.18

2,328.18

1,985.00
2,005.00

2,028.09

2,086.18

2,066.09

2,144.09
2,167.18

2,204.18

2,199.00
2,256.09

2,266.18

2,322.91
2,339.09

2,308.00 2,384.27

2,415.18

2,430.18

2,491.18

2,469.27

2,241.09

2,029.82

2,066.09
2,102.09

2,118.00 2,201.18 2,248.18

2,265.09

2,281.27

2,217.27
2,339.09

2,323.09
2,380.18

2,414.09

2,430.09 2,469.27
2,503.18

2,524.452,153.09

80

60

40

20

0

100

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

[3 H
]th

ym
id

in
e 

in
co

rp
or

at
io

n
(c

.p
.m

.)
[3 H

]th
ym

id
in

e 
in

co
rp

or
at

io
n

(c
.p

.m
.)

80

60

40

20

100

80

60

40

20

0

0

100

80

60

40

20

0
1,950 2,000 2,050 2,100 2,150 2,200 2,300 2,350 2,400

DR1 + DM → CatB + CatH + CatS

DR1 + DM → CatB + CatH

DR1 + DM + rHA1 → CatB + CatH + CatS

DR1 + DM + rHA1 → CatB + CatH

250,000

α (DR1 or DM)
β (DR1 or DM)

HA306–318–HLA-DR1αβ

Substrate protein
+ CatB & CatH

HLA-DR1α

a

c

d

e

f

b

g

h

2 
nM

20
0 

nM

S
ub

st
ra

te
pr

ot
ei

n 
al

on
e

20
0 

nM
C

at
B

 a
nd

 C
at

H
CatB and CatH:

DR1

– + – + – + – ++

DM CatS DMDR1 DR1
+

CatS

DM
+

CatS

rHA1
HA306–318–

DR1

HA306–318–
DR1αβ

HA306–318
–DR1
+ CatS

HA306–318
–DR1

rHA1 protein

1 2 3 4 5 6 7 1 2 3 4 5 6 78 9

HLA-DR1β

rHA1 protein

180,000

160,000

140,000

120,000

100,000

80,000

60,000

40,000

20,000

0

200,000

150,000

100,000

50,000

0.0001

HA306–318

HA306–318

HA298–318
rHA1 protein

HA306–318 + HA298–317 (hypothetical sum)CLIP89–105

HA298–317 rHA1 protein CLIP89–105

0.001 0.01
Concentration (µM)

0.1 1 10

0.0001 0.001 0.01
Concentration (µM)

0.1 1 10

0

2,450 2,500 2,5502,250

m/z

Figure 1 Sensitivity to cathepsins and identification of rHA1-derived peptides by mass spectrometry. (a) Sensitivity to cathepsin B (CatB) and 
cathepsin H (CatH). HA306–318–DR1 (top) and rHA1 (bottom) were treated with CatB and CatH at various concentrations of each enzyme. Samples were 
resolved by gentle SDS-PAGE where samples were not boiled to preserve peptide-DR1αβ complex37. (b) Sensitivity of DM and DR1 to cathepsins. Left, 
conventional SDS-PAGE of empty DR1 (lanes 1 and 2), pre-formed HA306–318–DR1 (lanes 3 and 4) and DM (lanes 5 and 6) incubated in the presence 
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We detected two unique H5N1-rHA1–derived peptide species 
at m/z 1,814.82 and 2,201.00 compared to the background spec-
trum, regardless of whether the protein was native or heat dena-
tured (Fig. 3a–c). Microsequencing identified the sequences as 
HA259–274 (SNGNFIAPEYAYKIVK) (Fig. 3d) and HA259–278 
(SNGNFIAPEYAYKIVKKGDS) (Supplementary Fig. 10) at m/z 

1,814.82 and m/z 2,201.00, respectively, both sharing the core  
16-residue sequence (underlined). Thus, the system selected a sin-
gle core epitope from intact H5N1-rHA1.

We evaluated the immunodominance of the identified peptide by 
its ability to induce T cell responses. We immunized DR1-transgenic 
mice with the H5N1-rHA1 in CFA. We used the lymphoid cells in recall 
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Figure 2 Identification of type II collagen-derived peptides eluted from DR1. (a,b) Mass 
spectra of CII-derived peptides eluted from DR1. (a) DR1 was incubated with the following 
components: MMP-9–fragmented bovine CII20, DM, CatB and CatH. (b) The negative control 
reactions carried out without including MMP-9–fragmented CII. (CII 273–305)4OH represents 
the sequence of collagen peptide containing four hydroxylations of proline and lysine 
(QTGEPOHGIAGFKGEQGPKOHGEPOHGPAGVQGAPOHGPAG). The experiment was repeated more 
than three times. (c) Expanded spectrum of a between m/z 2,800 and 3,500 Da. Peptide 
modifications: hexose, 162 Da; hydroxylation, 16 Da; Na+ adduction, 22Da. (d) Proliferation 
of cells immunized with native CII protein in CFA incubated with increasing doses of CII280–294 
(AGFKGEQGPKGEPGP), CLIP89–105 and heat-denatured CII protein in vitro, as measured by  
[3H]thymidine incorporation (one out of three representative individual mice tested).
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 proliferation and cytokine production assays with increasing doses 
of HA259–274, CLIP89–105 or H5N1-rHA1. We observed strong dose-
dependent proliferation responses to HA259–274 and H5N1-rHA1 but not 
CLIP89–105 (Fig. 4a). Proliferation in response to HA259–274 was strikingly 
similar in magnitude to the response elicited by the whole H5N-rHA1 
(Fig. 4a). Interleukin-2 (IL-2) production in response to H5N1-rHA1 
was greater than that in response to HA259–274 at 24 h, but its produc-
tion reached similar levels to H5N1-rHA1 at 48 h (Fig. 4b). Overall, we 
detected a significantly higher amount of interferon-γ (IFN-γ) produc-
tion in comparison to IL-2, as determined by ELISA (Fig. 4b,c). IFN-γ 
production in response to stimulation by the H5N1-rHA1 and by the 
HA259–274 was similar in magnitude both at 48 h and at 72 h (Fig. 4c).

We immunized DR1-transgenic mice with either the H5N1-rHA1 
in CFA or CFA alone. We stained freshly isolated lymphoid cells with 
HA259–274–DR1 or CLIP–DR1 tetramers and antibodies to CD4 and 
CD44 (activation marker) (Fig. 4d and Supplementary Fig. 11). 
Cells positive for HA259–274–DR1 tetramer comprised ~0.01% of the 
CD4+CD44+ population in the control group versus ~0.1% among cells 
isolated from mice immunized with H5N1-rHA1–CFA. After a 7-d  
in vitro expansion with H5N1-rHA1, the HA259–274–DR1 tetramer–
positive population comprised nearly 3% of the CD4+CD44+ 
 population (Fig. 4e and Supplementary Fig. 12). In all, in vitro 

stimulation with the H5N1-rHA1 for 7 d resulted in enrichment of 
HA259–274–specific CD4+CD44+ T cells. These combined results from 
proliferation assays, cytokine measurements and tetramer staining 
indicate that the reductionist system identified a major T cell epitope 
that activates CD4+ T cells specific for H5N1-rHA1.

Detection of T cell epitopes from a malaria antigen
Plasmodium falciparum liver-stage antigen 1 (LSA-1) is exclusively 
expressed in malaria-infected hepatocytes at a preerythrocytic stage. 
LSA-1 contains a large central 17-amino-acid repeat region flanked 
by two highly conserved N- and C-terminal regions shown to contain 
B and T cell-stimulating epitopes23,24. LSA-NRC, a modified recom-
binant form of LSA-1, was designed as a vaccine against preerythro-
cyte stage malaria25 (Supplementary Table 4).

We incubated LSA-NRC with DR1 and DM followed by cathe-
psins B, H and S. We eluted the peptides from DR1 and analyzed 
them by mass spectrometry. Comparing the spectra of experimen-
tal and background groups, we detected five unique peptide spe-
cies at m/z ~1,747, 1,877, 2,278, 2,295 and 3,475 (Fig. 5a,b) and 
determined their sequences by CID. The sequence of the peptides 
at m/z ~1,747 and 1,877 were LSA325–338 (YDNFQDEENIGIYK) 
(Supplementary Fig. 13) and LSA325–339 (YDNFQDEENIGIYKE), 
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respectively. The peptides at m/z ~2,278 and 2,295 were post-
translation modification variants of a single peptide, LSA434–453 
(EDITKYFMKLGGSGSPHHHH) (Fig. 5c), with its methionine 
residue either unmodified or oxidized (16-Da difference). Although 

the intensity of peptide peak at m/z ~3,475 was weak and indistin-
guishable from the background, fragmentation data determined its 
sequence to be LSA197–226 (LPSENERGYYIPHQSSLPQDNRGNS
RDSKE) (Fig. 5b).
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Figure 5 Identification of the DR1-restricted epitope of LSA-NRC and biological validation. (a,b) Mass spectra of LSA-NRC–derived peptides eluted 
from DR1. LSA-NRC (top) or no protein antigens (bottom) were incubated with DR1 and DM followed by addition of CatB, CatH and CatS. LSA-NRC–
derived peptides captured by DR1 are underlined. (a) Expanded spectrum at 1,700–2,430 Da. (b) Spectrum at m/z 3,435–3,515 Da. The experiments 
were repeated more than five times. (c) Tandem mass spectrum of m/z ~2,278 Da. (d,e) LSA-NRC–immunized cells were incubated with LSA323–337 
(VQYDNFQDEENIGIY), LSA429–443 (VDELSEDITKYFMKL), LSA436–449 (ITKYFMKLGGSGSP), CLIP89–105 and LSA-NRC in vitro. (d) T cell proliferation, 
as measured by [3H]thymidine incorporation (one out of three individual mice tested). (e) Cell culture supernatant from another two mice under a 
similar experimental set up as in d were removed 24 h or 48 h later, and the amount of IL-2 produced was determined by ELISA. (f) Proliferation results 
of PBMCs from vaccinated individuals and their HLA-DR types. PBMCs from eight volunteers were obtained before or after immunization with an  
LSA-NRC liposome-based vaccine and were stimulated with the intact LSA-NRC protein (0.2 μM) as a positive control or different concentrations of 
LSA436–449 and CLIP89–105 and were assayed by [3H]thymidine incorporation. Samples of each individual are shown by different colors matching their 
HLA-DR haplotypes shown on top of the figure.
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In vivo verification in DR1-transgenic mice confirmed LSA436–449 as 
immunodominant by T cell proliferation and IL-2 and IFN-γ produc-
tion (Fig. 5d,e and Supplementary Fig. 14). We also used two pep-
tides from the library of peptides originally synthesized as potentially 
active on the basis of conventional 15-mer overlapping peptide library 
design. The two peptides were LSA323–337 (VQYDNFQDEENIGIY) 
and LSA429–443 (VDELSEDITKYFMKL), which we specifically chose 
because they contain partial sequences from the epitopes selected by 
our reductionist system (underlined). Those two peptides did not 
recall any responses (Fig. 5d,e and Supplementary Fig. 14).

To confirm the potential clinical utility of this system, we used 
donor-derived T cells from human volunteers who, as part of a 
malaria vaccine trial, had been immunized twice with LSA-NRC in 
a liposome-based formulation26. We tested samples from eight indi-
viduals whose CD4+ T cells had responded vigorously to the LSA 
protein in vitro. We obtained peripheral blood mononuclear cells 
(PBMCs) before immunization and after a second immunization 
with LSA-NRC. We used these PBMCs for proliferation by stimula-
tion in vitro with various concentrations of LSA436–449, CLIP89–105 
and LSA-NRC. We found that whereas all eight post-immunization 
samples responded to LSA protein, only two individuals (subject 8013 
and subject 2060) responded vigorously to our epitope, and none 
responded to CLIP89–105 stimulation. HLA-DRB1 typing revealed 
that the two responding samples to the LSA436–449 epitope came  
from DR1+ individuals (DR B1*0101) (Fig. 5f). The six nonrespond-
ing samples were from DR1− individuals carrying DR4, DR8, DR11, 
DR12, DR13, DR14, DR15 or DR17 variants. These results indicate 
that LSA436–449 is a DR1-restricted epitope, consistent with the fact 
that the reductionist system used to identify this epitope used DR1. 
Notably, these results demonstrate that the reductionist system is 
capable of predicting epitopes that human T cells recognize.

DISCUSSION
We have established a reductionist antigen processing system composed 
of DR1, DM and cathepsins B, H and S that identifies physiologically 
relevant immunodominant epitopes. We confirmed immunodomi-
nance in immunized DR1-transgenic mice and in humans. We con-
firmed the immunodominance of de novo epitopes of H5N1-rHA1 or 
LSA-1 by virtue of their capacity to induce T cell activation at levels 
similar to that induced by the whole proteins. Our results suggest that 
immunodominance is dictated by the combined interplay of cathep-
sins, HLA-DM and MHC II during antigen processing.

The finding that so few components of MHC II antigen processing 
can process full-length antigens and yield the physiologically selected 
immunodominant epitopes from protein antigens is notable. In addi-
tion to DM, the cell-free system relies on endo- and exopeptidases. 
We find that the inclusion of cathepsin S alone, in the absence of 
the C- and N-terminal exopeptidases used in the system, was not 
adequate for successful detection of the dominant epitopes in rHA1 
(data not shown). In contrast, a combination of cathepsins B, H and S  
was sufficient for all four antigens studied here. Cathepsins B and H  
in the absence of cathepsin S led to the capture of HA306–318 and 
HA298–317 from our model influenza antigen. There has been  
little appreciation for the roles of the exopeptidases, cathepsin B and  
cathepsin H, in antigen processing. Cathepsin B–deficient mice have 
been shown not to have any major defects in antigen processing27. 
Also, little information, if any, is available regarding a role for cathe-
psin H in antigen processing. As such, it was quite unexpected that 
the combined use of cathepsins B and H led to the proper processing 
of protein antigens and the selection of immunodominant epitopes, 

whereas the presence or absence of cathepsin S did not change the 
overall outcome of epitope selection for rHA1 from the A/Texas1/77  
strain. Thus, we here define a new key role for cathepsin H in 
 conjunction with cathepsin B.

Our system relies on mass spectrometry for identifying epitopes, a 
technology that has been previously used for characterizing antibody 
epitopes28 and for studying MHC-associated peptides29–31. Being so 
precise, mass spectrometry has the advantage of having the capacity of 
identifying post-translationally modified epitopes. Post-translational 
modification of antigenic peptides, specifically citrullination, has 
been shown to be crucial in activation of CD4+ and CD8+ T cells by 
MHC II32 and MHC I33, respectively. Because our assay uses actual 
protein antigens, it intrinsically takes into account the effects that 
post-translational modifications may have on epitope selection.

In summary, we have established a cell-free antigen processing 
system that can successfully identify immunodominant epitopes 
from protein antigens that are recognized by CD4+ T cells from 
immunized HLA-DR1–expressing humans and mice. Although in 
this report we have presented data with only HLA-DR1, the system 
can be expanded to other MHC class II alleles and can be developed 
into a high-throughput screening system. Our observations indicate 
that this system closely mimics antigen processing in vivo. If used 
for application purposes, the system would help to reduce cost and 
increase effectiveness in determining immunodominant epitopes of 
antigens from infectious agents, autoimmune antigens and cancer. The 
identified epitopes can be incorporated into MHC class II multimers34 
for detection of T cells reactive to the epitopes as correlates of immu-
nity for diagnosis and/or monitoring disease progression in humans. 
Finally, this system can be used in the design of peptide vaccines or 
for evaluation of proper recombinant vaccine designs before human 
trial studies to ascertain that artifacts, such as additional sequences 
not present naturally, introduced to the recombinant vaccines do not 
interfere with the recognition of the wild-type epitopes.

METHODS
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS
Peptides. HA306–318 peptide (PKYVKQNTLKLAT), human short CLIP89–105 
peptide (KMRMATPLLMQALPM) and CII280–294 (AGFKGEQGPKGEPGP) 
were synthesized by Global Peptide. HA298–317 peptide (INSSLPYQNIHPV 
TIGECPKY), HA259–274 peptide (SNGNFIAPEYAYKIVK) and LSA436–449 
(ITKYFMKLGGSGSP) were synthesized by Elim Biopharmaceuticals at >85% 
purity as analyzed by reverse-phase HPLC, and their identities were confirmed by 
mass spectrometry. Overlapping peptides LSA323–337 (VQYDNFQDEENIGIY) 
and LSA429–443 (VDELSEDITKYFMKL) were synthesized by GenScript.

Production of recombinant proteins. Soluble HLA-DR1*0101 and HLA-
DM were produced in baculovirus-transduced insect cells, as described pre-
viously22,35. rHA1 was produced in E. coli transformed with an expression 
vector for a dual 6× histidine-tagged influenza HA. The protein contains 
residues 12–340 of the HA of influenza strain A/PR/8/34 HA protein with a 
MRGSHHHHHHTDPSSRSA tag on the amino terminus and a ACPKYVKQ
NTLKLATGMRKLHHHHHHN tag on the carboxy terminus (the underlined 
residues comprise the HA306–318 epitope from influenza strain A/Texas/1/77). 
After affinity purification from bacterial lysate with Ni-NTA–charged agar-
ose resin (Ni-NTA Superflow, Qiagen), the protein was refolded by stepwise 
dialysis into PBS plus 10% sucrose and then stored at –80 °C. H5N1 rHA1 
from strain A/Vietnam/1203/2005 was purified from 293 cells (eEnzyme). 
The expression, purification and biochemical and immunological characteri-
zation of E. coli–produced, GMP-manufactured LSA-NRC antigen has been 
described previously25.

Experimental setup for the cell-free processing system. DR1, antigen and 
DM were incubated in citrate phosphate buffer (pH 5.0) at 37 °C for 3 h, 
after which cathepsin B (bovine spleen, Sigma) and cathepsin H (human liver, 
Calbiochem) or cathepsin B, cathepsin H and cathepsin S (human, Calbiochem) 
were added with 6 mM l-cysteine and 4 mM EDTA for an additional 2–3 h. 
After this, the pH was adjusted to 7.5, 10 mM iodoacetamide was added and 
DR1 was immunoprecipitated with Sepharose conjugated with DR1-specific 
antibody (L243, American Type Culture Collection). Bound peptides were 
eluted with trifluoroacetic acid36, filtered through a 10-kDa molecular weight 
cut-off Microcon filter (Millipore) and lyophilized.

Mass spectrometry. Lyophilized samples were resuspended in 5–10 μl of 50% 
ethanol, 50% water and 0.2% TFA. We spotted 0.5 μl of resuspended sample 
onto a MALDI target plate, dried it and covered it with 0.5 μl matrix (40–50 mg 
ml−1 2,5-dihydroxybenzoic acid or 2.5 mg ml−1 α-cyano-4-hydroxycinnamic  
acid in 50% ethanol, 50% water and 0.15%TFA). Samples were analyzed 
on the vMALDI-LTQ mass spectrometer (ThermoFisher), using Tune Plus 
2.2 Xcalibur 2.0 SR2 vMALDI LTQ 2. Full mass spectrometry scans (m/z 1, 
100–4,000 Da) were acquired to select peptides of interest for identification 
by CID fragmentation (MS2).

Full mass spectrometry spectra were manually inspected to find the pep-
tides of interest. MSn data were collected on peptides of interest and searched 
with Bioworks 3.3.1 SP1 (ThermoFisher) against a custom-built database 
containing all protein components present in the sample, using the following 

criteria: no enzyme, mass tolerance of 2 Da for MS1, mass tolerance of 1Da 
for MS2 and MS3, and with allowances for variable carboamidomethylated of 
cysteine and oxidation of methionine. For CII, samples were analyzed on the 
Axima-CFR MALDI-TOF mass spectrometer (Kratos Analytical, Shimadzu) 
with data acquired in reflectron mode. Data were analyzed with LAUNCHPAD 
(Shimadzu/Kratos Analytical).

Proliferation and cytokine production assay. DR1-transgenic mice19 were 
immunized with 50 μg proteins in CFA in the base of the tail. All experiments 
were performed in accordance with protocols approved by the Animal Care 
and Use Committee of the Johns Hopkins University School of Medicine. 
After 8–10 d, the draining lymph nodes were collected, and the cells were 
incubated with a range of peptide and protein concentrations for 3 d before 
adding [3H]thymidine (Amersham). The cells were collected and counted 
after a further incubation of 18–20 h, and the incorporated radioactivity was 
measured by a Packard Matrix 96 beta counter. For each triplicate, lymphocyte 
proliferation was recorded as the mean counts per minute. For the cytokine 
assays, supernatants were collected after 24-h, 48-h and 72-h incubation. IL-2 
and IFN-γ concentrations were measured by ELISA (R&D Systems). Optical 
density was measured with an ELISA reader (Dynex Technologies) with a test 
wavelength of 450 nm and a reference wavelength of 570 nm.

Human peripheral blood mononuclear cell proliferation assay. Details of 
the screening and enrollment of the volunteers, preparation of LSA-NRC, 
the adjuvant used for immunization and other procedures have been pre-
viously described26. The study was conducted according to Good Clinical 
Practices under a protocol approved by the Human Use Review Committee 
of the Walter Reed Army Institute of Research, The Western Institutional 
Review Board and the US Army Medical Research and Materiel Command’s 
Human Subjects Research Review Board under an Investigational New Drug 
application filed at the US Food and Drug Administration. This study was 
registered at www.ClinicalTrials.gov under reference identifiers NCT00312702 
and NCT00312663. PBMCs both before immunization and after immuniza-
tion with LSA-NRC26 were collected and tested for proliferation. PBMCs from 
eight different donors were incubated with several concentrations of peptides 
or protein for 3 d before adding [3H]thymidine. The cells were collected and 
counted after a further incubation of 18–20 h, and then the incorporated 
radioactivity was measured. The stimulation index was calculated by dividing 
antigen-induced proliferation by background proliferation (medium alone). 
HLA-DRB1 typing of donors was done in the immunogenetics laboratory at 
Johns Hopkins University by PCR.

35. Narayan, K. et al. HLA-DM targets the hydrogen bond between the histidine at 
position β81 and peptide to dissociate HLA-DR–peptide complexes. Nat. Immunol. 
8, 92–100 (2007).

36. Suri, A. et al. In APCs, the autologous peptides selected by the diabetogenic I-Ag7 
molecule are unique and determined by the amino acid changes in the P9 pocket. 
J. Immunol. 168, 1235–1243 (2002).

37. Natarajan, S.K., Stern, L.J. & Sadegh-Nasseri, S. Sodium dodecyl sulfate stability 
of HLA-DR1 complexes correlates with burial of hydrophobic residues in pocket 1. 
J. Immunol. 162, 3463–3470 (1999).
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