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To investigate CTL epitope applications in swine, SLA-1*1502-restricted peptide
epitopes matching porcine reproductive and respiratory syndrome virus (PRRSV) strains
were explored by crystallography, biochemistry, and the specific pathogen-free (SPF)
swine experiments. First, nine predicted PRRSV peptides were tested by assembly
of the peptide-SLA-1*1502 (pSLA-1%1502) complexes, and the crystal structure of
the SLA-1*1502 complex with one peptide (NSP9-TMP9) was determined. The
NSP9-TMP9 peptide conformation presented by pSLA-1*1502 is different from that of
the peptides presented by the known pSLA-1*0401 and pSLA-3*hs0202 complexes.
Two consecutive Pro residues make the turn between P3 and P4 of NSP9-TMP9 much
sharper. The D pocket of pSLA-1*1502 is unique and is important for peptide binding.
Next, the potential SLA-1*1502-restricted peptide epitopes matching four typical genetic
PRRSV strains were identified based on the peptide-binding motif of SLA-1*1502
determined by structural analysis and alanine scanning of the NSP9-TMP9 peptide. The
tetrameric complex of SLA-1*1502 and NSP9-TMP9 was constructed and examined.
Finally, taking NSP9-TMP9 as an example, the CTL immunogenicity of the identified
PRRSV peptide epitope was evaluated. The SPF swine expressing the SLA-1*1502
alleles were divided into three groups: modified live vaccine (MLV), MLV+NSP9-TMP9,
and the blank control group. NSP9-TMP9 was determined as a PRRSV CTL epitope with
strong immunogenicity by flow cytometry and IFN-y expression. Our study developed
an integrated approach to identify SLA-I-restricted CTL epitopes from various important
viruses and is helpful in designing and applying effective peptide-based vaccines
for swine.
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residue P9 (Tyr).

FIGURE 2 | Composition and polarities of the six pockets of pSLA-1*1502 bound to NSP9-TMP9 peptide. The pockets are shown in surface representation with their
polarities colored as follows: red, negatively charged; white, non-polar; and blue, positively charged. The residues forming these pockets (light green) and the bound
peptide (C, green; N, blue; O, red) are labeled. The hydrogen bonds between peptides and the red complex are shown with dashes. (A) Pocket A with residue P1
(Thr). (B) Pocket B with residue P2 (Met). (C) Pocket C with residue P6 (Phe). (D) Pocket D with residue P3 (Pro). (E) Pocket E with residue P7 (Glu). (F) Pocket F with

species, the residue at position 167 is Trp (32). Due to the small
Ser'®” residue, the N-terminus of the PBG of SLA I molecules
appears to be more open than in other MHC I molecules.

The B pocket consists of Tyr’, Ala**, Val®, Val**, Met*,
Glu®®, Lys®®, and Val®’ (Figure2B). The charged Glu®
and Lys® residues at the top of the B pocket can form
two hydrogen bonds with the main chain of P2-Met.
The hydrophobic B pocket accommodates the non-polar
side chain of P2-Met via the VDWSs provided by the
surrounding residues (Figure 2B; Table3). The residue
composition of SLA-1*1502 is similar to that of SLA-1*0401,
and only the residue at position 66 (Lys/Val) is different
(Figure 3).

The C, D, and E pockets usually form a large cavity in the
middle portion of the PBG. The amino acid compositions of these
three pockets in SLA-1¥1502 are shown in Figures 2C-E. No
hydrogen bonds or salt bridges were found in these structures;
instead, many VDWs were observed between the three pockets
and the NSP9-TMP9 peptide (Table 3). The D pocket is critical
for the peptide selection of SLA-1*0401 and SLA-3*hs0202
because of the charged residue at position 156 (19, 20). The
non-polar Met!>® causes the D pocket of SLA-1¥1502 to be

hydrophobic, in contrast to the charged D pocket of SLA-1%0401
or SLA-3*hs0202 (Figure 3).

The F pocket of pSLA-1*1502 consists of Asn’’, Ala®,
Leud!, Tyr®, Leu”, Asp!!®, Tyr!%, Ile!?* Thr143, and Lys'4
and shows numerous interactions with P9-Tyr, reflecting a
key anchoring site (Figure 2F). P9-Tyr can form 6 hydrogen
bonds and many VDWs with the residues of the F pocket
(Table 3). The F pockets of both pSLA-1*1502 and p/SLA-
170401 can accommodate P9-Tyr, and only two different residues
(Asn/ Gly77 and Ala/Thr®) were found between the two F pockets
(Figure 3).

The NSP9-TMP9 peptide conformation presented by SLA-
1*1502 is different from that of the peptides presented by
SLA-1*0401 and SLA-3*hs0202 (Figure 4). Because of the two
consecutive Pro residues, the turn between P3 and P4 of the
NSP9-TMP9 peptide is much sharper than that in the other two
peptides (Figures 4A,B). Previous studies on SLA-1¥0401 and
SLA-3*hs0202 showed that the residue at position 156 plays a key
role in peptide binding by fixing the P3 residue with a salt bridge
or hydrogen bond (Figures 4C,D). In contrast, no salt bridge or
hydrogen bond forms between the P3-Pro of NSP9-TMP9 and
Met'>® of SLA-1*1502.
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Analysis of the Peptide-Binding Motif of

pSLA-1#1502
To determine the peptide-binding motif of SLA-1*1502, the
peptide NSP9-TMP9 was mutated by alanine scanning (19),

TABLE 3 | Hydrogen bonds and van der Waals interactions between the
NSP9-TMP9 peptides and complexes.

Van der Waals contact
residues?

Complex Peptide Hydrogen

bond partner

Residue Atom Residue Atom

and CD spectra were used to test the stability of pSLA-1%1502
complexes with these mutant peptides (Figure 5). The in vitro
refolding and CD results showed that the binding stabilities of
P2-Ala, P3-Ala, and P9-Ala mutant peptides are significantly
lower than that of the wild-type NSP9-TMP9 peptide. Although
P3-Pro cannot form a hydrogen bond or salt bridge with the D
pocket of SLA-1%1502, its Ala mutant still impairs the stability of
the pSLA-1*1502 complex. According to these results, the P2, P3,
and P9 residues are the primary anchor residues of the epitope
peptides presented by SLA-1*1502. The B, D and F pockets
accommodate these primary anchor residues and determine the
peptide-binding motif of SLA-1*1502, similar to SLA-1*0401
and SLA-3%hs0202.

The B and F pockets accommodate the P2 and P9 anchor

SLA-11502 P1-Thr = N Ty’ OH '-GU;' Tyr71,59Ph933 g BTSW%' residues of the binding peptide, respectively, and their preference
/sp2m/TYo Tyt OH gl; o Tirrm’ Leu™, for P2 and P9 anchor residues is determined by their amino
O T OH Y acid composition. Figure 2 shows the pocket composition of
OG1 Ser'™  0OG SLA-1*1502. Figure 3 shows that the amino acid composition
Tyt OH of the B and F pockets of SLA-1¥1502 is very similar to that
P2-Met N GUu®  OE1 Ty, Ala®, Val®, va®, of SLA-1*0401. Differential amino acids are found only at
O Lys® NZ Met?®, GIu®, Lys®®, Val®” one or two individual sites and do not form direct contacts
P3-Pro GIn'®%, Met'%®, Tyr'®® with the side chains of the P2 or P9 residues of the binding
P4-Pro peptide. Because of the similar B and F pockets, the P2 and
P5-Gly P9 residues of the SLA-1*1502-binding peptides should be the
P6-Phe Ser?, Asp®, Asn®, Thr'3, same as in the SLA-1*0401 peptides. The SLA-1*0401 binding
Tyr’,Ser””, Phe peptide (20) and the SLA-1*1502 binding peptide have a large
P7-Gu O Asn  ND2  Arg"" Tp'7, Ala'®, A" overlap at the P2 and P9 residues (Table 1). The B pocket of
P8&-leu O TP NE1  Thr'® Asn’, Trp'¥ SLA-1*1502 accommodates multiple uncharged residues, while
PO-Tyr N Asn””  OD1  Asn”, Ala®, Leu®', Tyr®, the F pocket mainly binds Phe, Tyr and Trp. The in vitro
O s Nz Leu®, Asp™®, Tyr'?®, I,  refolding results for the peptides supported this reasonable
OH  Asp'™®  OD1  Thr's, Lys!® speculation (Table 1). The uncharged D pocket of SLA-1*1502
OXT  Tyr® OH might accommodate various uncharged P3 residues, unlike those
Thr'®®  OG1 of SLA-1*0401 and SLA-3*hs0202. Peptides with P3-Ala cannot
Lys™® Nz provide sufficient affinity, unlike larger amino acids, such as
o OH L, M, E S, N, and P (Table 1). In summary, the preliminary
Thr4®  0G1 peptide-binding motif of SLA-1*1502 is expected to contain the
OXT  Tyr® OH following combination: X-(S/M/F/W/T/V/I/L)-(L/P/M/F/S/N)-
Lysme NZ X—X-X-X-X-(F/Y/W)
A B c al
— WA umr AVAVAVAVAV AV LV 4 S
T T U P T I
SLA-1*1502 GPHSLSYFSTAVSRPDRGDSRF IAVGYVDDTQFVRFDSDAPNPRMEPRVPWIQQEGQEYWAE ETRKVKDNAQTYRVNLKALRGYYNQSVA
SLA-1*0401 GPHSLSYFYTAVSRPDRGDSRFIAVGYVDDTQFVRFDNYAPNPRMEPRVPWIQQEGQEYWDRETRNVKETAQTYGVGLNTLRGYYNQSEA
SLA-3*hs0202 GPHSLSYFYTAVSRPDRGDSRF IAVGYVDDTQFVRFDSDAPNPREEPRAPWIQQEGQEYWDRETQISKDNAQTYRVNLNNLRGYYNQSEA
D E F G H o2
- e AVAVAY oy AVAVAVAVAVAV AV AN
_ 00 mw 20 B0 wo 150 T o 180
SLA-1*1502 GSHTLQSMFGCYLGPDGLLLHGYRQDAYDGADY IALNEDLRSWTAADMAAQ | TKRKWEAADAAEQMRSYLQGLCVESLRKY LEMGKDTLQ
SLA-1°0401 GSHTLQSMYGCYLGPDGLLLHGYRQDAYDGADY IALNEDLRSWTAADMAAQ I TKRKWEAADEAERRRSYLQGLCVESLRRYLEMGKDTLQ

A pocket B pocket C pocket

SLA-3*hs0202 GSHT FQNMYGCY LGPDGLLLHGYHQYAYDGADY IALNEDLRSWTAADTAAQ I TKRKWEASCWAEQERSYLQGLCVESLREYLEMGKDTLQ

*

[ E pocket F pocket

D pocket

FIGURE 3 | Structure-based amino acid sequence alignment of SLA-1*1502, SLA-1*0401, and SLA-3*hs0202 alleles. The amino acid sequences of the PBGs of
SLA-1*1502, SLA-10401, and SLA-3*hs0202 were aligned, and the secondary structural elements are indicated above the sequences. Orange arrows indicate
B-strands, and orange cylinders denote a-helices. The residues in pockets A-F are highlighted with different colors. The residues at position 156 in the D pocket are
indicated with a red star.
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FIGURE 4 | Comparison of NSP9-TMP9 and dissimilar peptide conformations and interactions among the three solved SLA | structures. The superposition of the
structures of pSLA-1*1502 (green), p/SLA-1*0401 (yellow), and p/SLA-3*hs0202 (white). (A) The peptide conformations in these three structures are different. (B-D)
Interactions between residue 156 and non-apeptide in the three p/SLA complexes. The salt bridge between the peptide and SLA | is represented by red dashes.

SLA-3*hs0202

Identification of Peptide-Binding Maps for
the SLA-1*1502 Allele Derived From Four
Typical PRRSV Strains

The predicted peptide epitopes derived from whole protein
sequences of four typical PRRSV strains were screened: the
first isolated strain, VR2332; the low-virulence strain HB-13.9;
the highly pathogenic strain JXwn06; and the CHsx1401 strain,
which was responsible for a recent epidemic in China (Figure 6).
Most SLA-1*1502-restricted PRRSV peptides are located in the
non-structural protein and the RNA-dependent RNA polymerase
(RDRP) encoded by ORFla and 1b. Although numerous 9-
mer SLA-171502-binding peptides exist in each of these four
PRRSV strains (~90 peptides), only 30 peptides were found to
be completely conserved in all four strains (Table S2). RDRP
contains 13 conserved peptides, which is a much greater number
than in the other proteins.

Identification of NSP9-TMP9 as the CTL
Epitope by Using the Tetramer Technique
and the Detection of Swine IFN-y

The tetrameric pSLA-1*1502 complex was constructed
(Figures 7A-C) (33). Six Landrace pigs expressing the SLA-
1*1502 genes were used to check the immunogenicity of
NSP9-TMP9 peptide (Figure 8). A total of 10,000 events were
recorded by the flow. The ratio of pSLA-1*1502 tetramer and
CD8 double-positive cells was at a rate of ~0.5-1% in the
MLV+NSP9-TMP9-immunized group, which was significantly
higher than in the control group (P = 0.0305). The MLV-
immunized group was significantly higher than in the control
group (P = 0.0355); however, there was no significant difference
between the MLV-+NSP9-TMP9-immunized group and the
MLV-immunized group (P = 0.0538) (Figure 8B). Additionally,
swine IFN-y expression in the peripheral blood of each pig was
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FIGURE 5 | Gel filtration chromatogram and CD spectra of the NSP9-TMP9 peptide and its mutants. The elution curves and CD spectra of the complexes with
different peptides are indicated in different colors. (A) Gel filtration chromatograms of the refolded products obtained with a Superdex 200 10/300 GL column (GE
Healthcare). The aggregated H chain, the correctly refolded pSLA-1*1502 complex (~45 kDa), and excess f2m are indicated by three peaks appearing in order. The
efficiency of refolding is represented by the height of the pSLA-1*1502 complex peak. A higher peak indicates better efficiency of the peptide in promoting the
renaturation of SLA I. (B) Bar graph of the peak absorbance of the pSLA-1*1502 complex. Bars with different colors show the differences in the refolding efficiencies
of the pSLA-1*1502 complex with alanine scanning peptides. (C) Thermostability of the pSLA-1*1502 complex with the NSP9-TMP9 peptide and the peptide
harboring substitutions (alanine screening of NSP9-TMP9). CD spectra were utilized to assess the thermostability of purified pSLA-1*1502 complexes. Denaturation
was monitored at 218 nm as the temperature was ramped up from 25 to 90°C at 1°C/min. The fitting data for the denaturation curves obtained using Origin 9.1
(OriginLab) are shown. The Tms of different peptides (when 50% of the fraction was unfolded) are indicated by the gray line. (D) Bar graph of the thermostability of the
pSLA-1*1502 complex. Bars with different colors show the Tm values of the pSLA-1*1502 complex with alanine scanning peptides more clearly.
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detected according to the methods used by Kumar and Walker
(34, 35). Secreted IFN-y was detectable in all of the immunized
pigs but was lower than the lowest detectable limit in all control
pigs (Figure 8C). These data indicated that NSP9-TMP?9, as the
CTL epitope, could stimulate specific CTL immunity in swine.

DISCUSSION

CTL epitopes might be a requirement of optimal PRRSV
immunity for the control and treatment of PRRSV infection
(36, 37). In our study, a novel approach was used to select
PRRSV CTL epitopes, i.e., starting from a computer prediction
for PRRSV peptides, followed by in vitro complex refolding
with SLA-1*1502, the analysis of the complex crystal structure,
the identification of SLA-1*1502-restricted potential epitopes
from whole genomes of different PRRSV strains, and finally,

verification of the immunogenicity of SLA-1*1502-restricted
PRRSV epitope.

The crystal structure of SLA-1*1502 is the third to be solved
for an SLA-I allele. The crystal structure of SLA-1*1502 exhibits
the typical structural characteristics of an MHC I complex. The
structure of SLA-1*1502 is very similar to those of SLA-1*0401
and SLA-3*hs0202, indicating that the overall combination of
heavy chains, light chains, and peptides in the swine SLA-
I complex is highly conserved. However, in terms of peptide
binding, the SLA-1*1502 structure not only reflects the common
features of SLA-I alleles but also exhibits unique allelic-specific
characteristics. Similar to the previously resolved SLA-1*0401
and SLA-3*hs0202, the N-terminus of the SLA-1¥1502 PBG is
open because the amino acid at position 167 of the A pocket is
a small Ser (Figure 2A), but in other species such as humans and
mice, the amino acid at this position is a large Trp (19, 20). The
peptide-binding motif of SLA-1*1502, like that of SLA-1%0401
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FIGURE 6 | Peptide predictions from different PRRSV strains according to the binding motifs of the pSLA-1*1502 complex. Genome-wide scanning results for
peptides matching the following motifs of the pSLA-1*1502 complex: X-(S/M/F/W/T/N/I/L)-(L/P/M/F/S/N)-X-X-X-X-X-(F/Y/W). Different proteins are indicated by
different colors. The number above indicates the sequence length of each protein. The non-apeptides matching the motifs of the pSLA-1*1502 complex from different
proteins are indicated by bars, and red indicates the conserved peptides in four PRRSV strains, including the first isolated strain VR2332 (GenBank accession #
EF536003.1); the low-virulence strain HB-13.9 (GenBank accession # EU360130.1); the highly pathogenic strain JXwn06 (GenBank accession # EF641008.1); and
the CHsx1401 strain, which was responsible for a recent epidemic in China (GenBank accession # KP861625.1).

and SLA-3*hs0202, is determined by the three pockets B, Dand F  pigs, and the in vitro refolding results confirmed that most of the
together, while the HLA-I molecule is mostly determined by the  predicted PRRSV peptides could be bound by SLA-1*1502. Four
two pockets B and F. These common characteristics indicate that ~ typical PRRSV strains of the North American genotype were used
SLA-T has its own unique species features in binding peptides. In  to screen SLA-1*1502-restricted binding peptides. According
the B and F pocket composition, SLA-1¥1502 and SLA-1*0401  to the summarized peptide-binding motifs, approximately 90
are very similar, and only the non-critical amino acids in the  peptides in each PRRSV strain could be presented by SLA-
individual positions are different (Figure 3), resulting in a large =~ 1*1502. These peptides are unevenly distributed in different
overlap of the anchoring residues accommodated in theirBand F  regions, with the NSP3/4/5 proteins encoded by ORFla,
pockets (20). In the structures of SLA-1*0401 and SLA-3*hs0202,  NSP9/10/11 encoded by ORF1b and GP2/3 exhibiting most of
the D pocket plays a key role in fixing the bound peptides, with  the candidate peptide epitopes. Approximately one out of three
a strong salt bridge between the charged residue 156 and the  peptides are conserved among the four PRRSV strains, and
P3 residue of the peptides (19, 20). The uncharged Met'*® of  approximately half of these peptides are encoded by ORF1b of
SLA-1* 1502 cannot form strong charge interactions with P3 ~ RDRP. CTL-epitope-based vaccines present advantages in terms
residues similar to those observed for SLA-1*0401 and SLA-  of safety, specificity, and usability and are successfully used to
3*hs0202 (Figure 4). Nevertheless, the D pocket is still important ~ control many viruses, such as HIV, HPV, and dengue virus
in determining the peptide binding of SLA-1*1502 and prefers ~ (38-41). Although studies aimed at developing an anti-PRRSV
uncharged residues of a certain size to form sufficient VDWs. The  epitope-based vaccine have been performed, no mature product
three p/SLA I structures indicate that regardless of its properties,  is currently available (42-44). Our data indicated that RDRP
the D pocket is critical in determining the peptide-binding motif  (especially NSP9/10/11) may be the best target for developing
of SLA-I, and this phenomenon is expected to be a common a PRRSV vaccine to induce a CTL response to genetically
feature among different SLA-I alleles. heterologous strains.

SLA-1*1502 was predicted in silico to present more PRRSV Tetramers of p/MHC I alleles are basic reagents that are
peptide epitopes than other SLA-I alleles cloned from Landrace  used in immunological studies (11, 45, 46). However, the
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FIGURE 7 | Production of the SLA—1*1502 tetramer. (A) The pSLA-1*1502-BSP complex with the NSP9-TMP9 peptide (solid line) and the biotinylated
pSLA-1*1502-BSP complex obtained by using the BirA enzyme (dashed line) were purified via chromatography with a Superdex 200 size-exclusion column. The
efficiency of purification for the complex was tested via SDS-PAGE. The pSLA-1*1502-BSP complex is shown in lane 1; s2m is shown in lane 2; and biotinylated
pPSLA-1*1502 is shown in lane 3. (B) SDS-PAGE analysis of the effect of pSLA-1*1502-BSP biotinylation. The biotinylated pSLA-1*1502-BSP was mixed with
streptavidin MagneSpheres. Lane 1 contains the supernatant from biotinylated pSLA-1*1502-BSP that had reacted with streptavidin MagneSpheres. Lanes 2, 3, 4,
and 5 contain the supernatants from the first, second, third, and fourth washings of the streptavidin MagneSpheres, respectively. Lane 6 contains the supernatant of
streptavidin MagneSpheres boiled after washing the sample four times. (C) SDS-PAGE analysis of purified tetramers. Biotinylated pSLA-1*1502-BSP was mixed with
PE-labeled streptavidin and filtered with a 100 kDa Millipore tube. Lane 1, PE-labeled streptavidin; Lane 2, pSLA-1*1502-BSP tetramer >100 kDa; and Lane 3,
biotinylated pSLA-1*1502-BSP monomer.

absence of SLA-I tetramers limits effective and convincing =~ NSP9-TMP9 produces a specific CTL response similar to
research on swine antiviral CTL responses, especially regarding  that of immunization with MLV, indicating that the peptide
accurate quantitative research. In this study, the crystallized  vaccine can produce effective immunoprotection and thus
NSP9-TMP9 peptide was used to produce the tetramer for  that it is feasible to develop an effective PRRSV polypeptide
evaluating SLA-1*1502-restricted CTL responses. The NSP9-  epitope vaccine.

TMP9 epitope could induce CD8 and tetramer double-positive In conclusion, we solved the crystal structure of SLA-1*1502
CTLs at a rate of ~0.5-1% in MLV+NSP-TMP9-immunized  and described its PRRSV peptide-binding map according to its
pigs, similar to the results obtained for other known efficiently ~ preliminary peptide-binding motif determined via biochemical
protective viral CTL epitopes found in humans and mice  analyses. Using the tetramer of SLA-1*1502, the immunogenicity
by FACS (47-49). Our results also showed that the MLV ~ of NSP9-TMP9 was identified by FACS and the expression
used (produced by the VR2332 strain) could induce a CTL  of IFN-y. The results increase our understanding of how to
response specific to PRRS. Somewhat disappointingly, we donot  acquire a viral CTL vaccine against swine PRRS disease. In
have live PRRSV with which to challenge these swine groups  addition, this study provides a complete and credible method
and evaluate the protection of MLV and NSP-TMP9 epitope.  for identifying SLA-I-restricted viral epitopes, demonstrating the
However, NSP9-TMP9 was identified as an immunogenic feasibility of peptide vaccines in antiviral immunity of swine.
epitope that could stimulate the proliferation of specific CD8"  Based on our experimental results, we encourage and promote
CTLs and the expression of IFN-y in SPF Landrace pigs the development of a safe peptide vaccine that can effectively
bearing SLA-1*1502 alleles. Immunization enhancement with  activate CTL immune protection, solve the safety problems
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FIGURE 8 | Identification of the functional NSP9-TMP9 CTL epitope. (A) Immunization program for SPF pigs. Nine pigs expressing SLA-1*1502 were divided into
three groups: the MLV group, MLV+Peptide group and blank control group. The MLV and MLV+Peptide groups were injected with an attenuated PRRSV vaccine as
the first immunization. Seven days later, the MLV+Peptide group was injected with the NSP9-TMP9 peptide mixed with CFA, and the MLV group was injected with
MLV mixed with CFA as the second immunization. At day 14, the MLV+Peptide group was injected with the NSP9-TMP9 peptide mixed with IFA, and the MLV group
was injected with MLV mixed with IFA as the third immunization. Pigs in control group were injected with PBS, deionized water mixed with CFA, and deionized water
mixed with IFA. (B) NSP9-TMP9-specific CTLs stained with PE-labeled SLA-1*1502 tetramer and FITC-labeled anti-CD8 monoclonal antibody were detected via flow
cytometry. (C) The secreted IFN-y contents of the control group and immunized group were measured via ELISA kit. The secreted IFN-y content of the control group

14 day 21 day

Contents of secreted IFN-y (pg/mL)

m/

B Blank Control Group
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caused by conventional attenuated vaccines, and provide new
ideas for controlling not only PRRS but also the extent of African
swine fever.
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