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MHC class I-specific reagents such as fluorescently-labeled multimers (e.g., tetramers) have greatly advanced the
understanding of CD8+ T cells under normal and diseased states. However, recombinant MHC class I compo-

I nents (comprising MHC class I heavy chain and 2 microglobulin) are usually produced in bacteria following a
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lengthy purification protocol that requires additional non-covalent folding steps with exogenous peptide for
complete molecular assembly. We have provided an alternative and rapid approach to generating soluble and
fully-folded MHC class I molecules in eukaryotic cell lines (such as CHO cells) using a Sleeping Beauty trans-
poson system. Importantly, this method culminates in generating stable cell lines that reliably secrete epitope-

defined MHC class I molecules into the tissue media for convenient purification and eventual biotinylation/
multimerization. Additionally, MHC class I components are covalently linked, providing the opportunity to
produce a diverse set of CD8+ T cell-specific reagents bearing peptides with various affinities to MHC class L.

1. Introduction

The major histocompatibility complex (MHC) class I and II mole-
cules play an integral role in T cell development and peripheral effector
responses (Alcover et al., 2018). MHC class I is retained on the plasma
membrane of nucleated cells and consists of a multi-unit heavy chain
whose tertiary structure is stabilized by (2 microglobulin through non-
covalent forces (Wieczorek et al., 2017). To provide specific binding to
antigen specific CD8 + T cells, MHC class I usually retains a short 8-10
amino acid peptide within the MHC peptide binding groove that is
derived from degraded intracellular proteins (hereafter referred to as
peptide/MHC).

Our understanding of basic T cell properties and dynamics under a
variety of normal and diseased settings has been greatly advanced by
the ability to produce and purify peptide/MHC for use in assays to
specifically engage the T cell receptor (TCR). Arguably the most
widespread approach incorporates fluorochrome-conjugated peptide/
MHC multimers (e.g., tetramers) for analyzing or isolating antigen-
specific CD8+ T cells from biological samples (Khairnar et al., 2018;
Soen et al., 2003). Peptide/MHC generation has continued similarly to
the process outlined in the landmark work by Altman et al. (1996).
Briefly, 32 microglobulin and MHC class I heavy chain (containing a
BirA tail) are individually expressed in E. coli and later purified from

inclusion bodies through a laborious lysis/solubilization process. A
defined MHC class I peptide is then added alongside 32 microglobulin
and heavy chain in a precise folding reaction mixture that requires
several days to complete prior to affinity chromatography (AC) pur-
ification of properly folded peptide/MHC and later biotinylation steps.
Although this standard production process works to eventually yield
excellent reagents for immunologic assays, there exist a number of
major disadvantages. Namely, the standard method [i] is time con-
suming, [ii] requires substantial levels of raw ingredients (particularly
purified MHC class I peptide), and [iii] cannot guarantee large-scale
production of properly folded peptide/MHC molecules based on pre-
dicted peptide binders. For example, it is extremely difficult to stably
produce MHC molecules bearing peptides with low-to-moderate affinity
to the MHC peptide binding groove.

To circumvent these perceived drawbacks (particularly in stabi-
lizing peptide binding to the MHC peptide binding groove), previous
efforts have revealed the ability to engineer and produce peptide/MHC
molecules in bacteria by covalently joining the MHC class I peptide, 32
microglobulin, and heavy chain with discrete amino acid linkers (de-
signated single-chain trimers [SCTs]) (Yu et al., 2002). For most SCTs
reported, these engineered proteins fold correctly and specifically en-
gage CD8+ T cells as tetramers (Mitaksov et al., 2007), irrespective of
the artificial linker design (Hansen et al., 2009). However, this
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particular SCT method still utilizes a bacterial expression system and
requires substantial purification and refolding efforts.

We, therefore, sought an alternative method to potentially improve
the production of peptide/MHC based on the SCT approach. Our cur-
rent work highlights the ability to rapidly generate eukaryotic cell lines
that stably express and secrete peptide/MHC into the tissue media for
purification and biotinylation. This modified protocol could potentially
provide a much faster/convenient route to generating properly folded
peptide/MHC with minimal user intervention, especially for MHC class
I targets with high demand (such as the model OVA epitope SIINFEKL).
Since we have adopted the SCT strategy, MHC molecules presenting a
range of class I peptides (i.e., low-to-high binding affinity) can also be
reliably generated. Additionally, it remains possible that these eu-
karyotic-derived peptide/MHC molecules more accurately recapitulate
binding dynamics with TCRs in downstream assays (Schmidt and Lill,
2018).

2. Materials and methods
2.1. Mice

Female 6-8-week-old C57BL/6J (stock #000664) and OT-1 (stock
#003831) mice were purchased from The Jackson Laboratory (Bar
Harbor, Maine, USA) and maintained in micro-isolator cages under
sterile conditions. Animals were humanely euthanized and spleens/
lymph nodes harvested and combined for Ficoll gradient centrifugation
(GE HealthCare, Piscataway, NJ). The lymphocyte interphase was then
subjected to ACK lysis and eventual CD8+ T cell purification using
MACS bead positive selection as instructed by the manufacturer
(Miltenyi Biotec, Cambridge, MA). Purified CD8+ T cells were ali-
quoted in 90% FBS/10% DMSO and stored in liquid nitrogen until use.
All mouse procedures were followed in accordance with TTUHSC
IACUC-approved protocols.

2.2. Cell lines and culture

FreeStyle™ Chinese Hamster Ovary (CHO-S) (Thermo Fisher
Scientific, Waltham, MA) and 4T1 (ATCC, Manassas, VA) cells were
utilized for in vitro studies. CHO-S cells were passaged in FreeStyle™
CHO Expression Medium (Thermo Fisher Scientific) according to the
manufacturer's recommendations. 4 T1 cells are naturally deficient in
H-2Kb expression and were grown in RPMI 1640 supplemented with
10% heat-inactivated FBS, 100 U/ml penicillin, 100 ug/ml strepto-
mycin, and 10 mmol/1 i-glutamine (all from Thermo Fisher Scientific).
All cell lines were maintained in vented flasks at 37 °C with 5% CO..

2.3. Cloning strategy and construction of transposon expression vectors

Full-length mouse (2 microglobulin (NCBI Reference Sequence:
NM_009735.3) and MHC class I heavy chain (H-2Kb) (NCBI Reference
Sequence: NM_001001892.2) cDNA were synthesized from C57BL/6J
splenocytes following TRIzol lysis (Thermo Fisher Scientific) and RT-
PCR using oligo(dT) primers (SuperScript IV First-Strand Synthesis Kit;
Thermo Fisher Scientific). Secretory MHC class I heavy chain was de-
signed to not include the transmembrane domain. The leader signal,
SIINFEKL epitope, and Gly/Ser amino acid linkers were ultimately
added by overhang PCR as previously reported (Hansen et al., 2009)
using the Phusion High-Fidelity DNA Polymerase (Thermo Scientific
Fisher). PCR fragments were gel excised/purified and ligated (Liga-
Fast™ Rapid DNA Ligation System; Promega, Madison, WI) into puc19
(NEB, Ipswich, MA) via Sacl/HindIlI restriction enzyme sites and frag-
ments pieced together using the unique Nhel/BamHI sites of the syn-
thetic peptide/MHC sequence (Supplementary Fig. 2). The BirA
AviTag™ amino acid sequence (GLNDIFEAQKIEWHE) was subsequently
added to the construct's terminus by overlap-extension PCR and cloned
into a separate pucl9 holding vector. Full-length peptide/MHC was
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then amplified and cloned into the pSBbi-pur transposon vector (kindly
provided by Dr. Eric Kowarz [Addgene plasmid # 60523]) using the Sfil
restriction enzyme sites (Kowarz et al., 2015). Plasmid transformations
were carried out in chemically-competent NEB-5 alpha E. coli (NEB)
using ampicillin selection. All vector constructs were confirmed by re-
striction enzyme digestion and DNA sequencing.

2.4. Sleeping Beauty (SB) transposon system

Parental cell lines were transiently transfected with transposon-re-
lated vectors using Lipofectamine reagent (Thermo Fisher Scientific) as
directed by the manufacturer. A plasmid encoding the SB 100 x
transposase (pCMV[CAT]T7-SB100; designated Vector 1), a gift from
Dr. Zsuzsanna Izsvak (Addgene plasmid # 34879), and a transposon
plasmid containing the necessary inverted terminal repeats (pSBbi-pur;
designated Vector 2) were used. Both vectors were provided con-
currently to stably integrate peptide/MHC transgenes into cells. Briefly,
1 x 10° cells were plated in 24-well plates (Corning, Corning NY) and
exposed to Vector 1 (12.5ng)/Vector 2 (488 ng) in a total volume of
500 ul media as similarly described (Kowarz et al., 2015). Culture
media was replenished with 2ml fresh media after 24h and 48h,
whereupon cells were exposed to lethal doses of puromycin (CHO-S -
10 ug/ml; 4 T1-5pg/ml) (Invivogen, San Diego, CA). Fresh media
containing puromycin was provided every 2-3 days as needed. Gen-
erally, actively dividing cells were ready for expansion by 2 weeks, with
virtually all cell clones expressing peptide/MHC molecules.

2.5. SDS-PAGE and western blot

To remove extraneous tissue media components such as surfactants,
CHO cell supernatants were passed onto PD10 columns (GE Healthcare)
and concentrated/washed in PBS using a 30 MWCO Amicon centrifugal
unit (MilliporeSigma, Burlington, MA). Protein concentration was de-
termined using a BCA protein assay kit (Thermo Scientific Fisher) and
sample aliquots stored at —80 °C until use. Protein purity was assessed
with SDS-PAGE and coomassie blue staining while protein identity was
confirmed through western blotting. Briefly, proteins were resolved on
a 4%/12% polyacrylamide gel, transferred to a PVDF membrane
(Amersham Hybond, 0.2 pum; GE Healthcare), and blocked with 5%
milk in PBST (0.1% Tween 20 in PBS) for 1 h at RT. Membranes were
then incubated with various primary antibodies (1 pg/ml) in block so-
lution with rocking at 4 °C overnight. Specific primary reagents in-
cluded anti-mouse B, microglobulin (clone 893803; R&D Systems,
Minneapolis, MN) or anti-BirA tail (clone Abc; Avidity, Aurora, CO)
antibodies. Blots were then washed extensively with PBST and in-
cubated in block with secondary HRP-conjugated goat antibodies spe-
cific to rat IgG (H + L) or mouse IgG (H + L) (Thermo Scientific Fisher)
for 1h at RT. Washed blots were finally developed with a SignalFire
ECL reagent (Cell Signaling, Danvers, MA) and exposed/imaged on a
ChemiDoc™ Touch Imaging System (Bio-Rad, Hercules, CA). In separate
experiments, blots containing biotinylated protein were probed with a
Streptavidin-HRP reagent (Thermo Scientific Fisher) for 1h at RT to
confirm streptavidin binding potential.

2.6. Immunoprecipitation

A Pierce Classic IP kit (Thermo Scientific Fisher) was used to in-
vestigate ligand binding of soluble peptide/MHC protein. Peptide/MHC
protein was incubated overnight at 4 °C with 2 ug of the anti-SIINFEKL
(clone eBi025-D1.16; Thermo Scientific Fisher) or mouse IgG isotype
(clone MOPC-21; MP Biomedicals, Santa Ana, CA) antibodies. The
anti-SIINFEKL antibody functions as a TCR-like antibody (Lowe et al.,
2017), and binds SIINFEKL/H-2Kb much like SIINFEKL-reactive T cells
such as OT-1 CD8+ T cells. Following purification of IgG containing
complexes, samples were boiled and analyzed by western blot as de-
scribed above.
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2.7. Affinity chromatography (AC)

The MHC class I-reactive M1/42 antibody (Bio X Cell, West
Lebanon, NH) was covalently bound to an NHS-activated agarose bead
column (HiTrap™ NHS-activated HP; GE Healthcare) manually as di-
rected by the manufacturer. The column was attached to an AKTA™
start chromatography system (GE Healthcare) for automatic operation
and equilibrated with 20mM sodium phosphate, pH7.0 (binding
buffer). Cell-free supernatants were first desalted in PBS using PD-10
columns and diluted 1:2 in binding buffer prior to AC. Samples were
then applied to the M1/42 column, unbound material washed away
with binding buffer, and peptide/MHC molecules eluted using 0.1 M
glycine, pH 2.7. Eluates were dispensed in tubes containing 1 M Tris,
pH 9 and relevant fractions combined and concentrated/washed in PBS
as explained above.

2.8. Biotinylation and tetramerization

Peptide/MHC was biotinylated using 2.5 pug BirA ligase (Avidity)
overnight at 4 °C according to the manufacturer's guidelines. Reaction
components were removed by successive washes in PBS using a 30
MWCO centrifugal filter (MilliporeSigma). Alternatively, larger reac-
tion mixtures could be exclusively polished through size exclusion

(A)
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chromatography (Altman and Davis, 2016) using a HiPrep™ 16/60
Sephacryl™ S-200 HR column (GE Healthcare) as indicated in Fig. 1B. In
order to produce small-scale tetramer batches, biotinylated peptide/
MHC was incubated with PE-conjugated streptavidin (BD Biosciences,
San Jose, CA) at a 4:1 M ratio in the dark for 30 min at RT. Tetramers
were then stored at 4 °C shielded from light.

2.9. ELISA

To investigate the success of peptide/MHC biotinylation, a 96-well
high protein binding plate (Corning) was first coated overnight at 4 °C
with 4 pg/ml streptavidin (Promega) in 0.1 M sodium carbonate and
then blocked (3% BSA/PBS) for 1 h at RT. Biotinylated protein samples
were diluted in block and added to wells at various dilutions and in-
cubated at RT for 1h. Wells were washed extensively with PBST and
then exposed to 4 ug/ml of either a MHC class I-reactive (clone M1/42;
Biolegend) or rat isotype control IgG (Biolegend) antibody in block. In
separate wells, a positive control biotinylated irrelevant rat antibody
(Biolegend) was incorporated to validate the extent of streptavidin
binding. The plate was again washed with PBST and relevant wells
provided a goat anti-rat HRP (Thermo Scientific Fisher) or goat anti-
mouse FcyR-specific HRP (Jackson ImmunoResearch, West Grove, PA)
antibody in block for 1h at RT. Wells were washed with PBST and

Fig. 1. (A) Representative DNA schematic of the
synthetic peptide/MHC complex. The designed pep-
tide/MHC molecule contains distinct peptide, beta-2-

-I_in_ker{Bz R Linker |sHeavy chain- microglobulin, and MHC heavy chain regions that
are linked via explicit glycine/serine amino acids.
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developed for 5min after the addition of 200pul 1-Step Ultra TMB
(Thermo Scientific Fisher). Reactions were terminated with 100 ul TMB
stop solution (KPL), and the absorbance immediately read at 450 nm
using a Cytation 5 Imaging Reader (Biotek, Winooski, VT).

2.10. Flow cytometry

To confirm gene expression, the 4 T1 cell line (1 X 10° cells) was
stained with relevant primary antibodies (anti-SIINFEKL/H-2Kb or
mouse IgG isotype antibodies at 2 pug/ml) in FACS buffer (0.5% BSA/
0.1% NaNj3 in PBS) for 20 min at 4 °C, washed, incubated with a PE-
conjugated anti-mouse secondary antibody (Jackson
ImmunoResearch), washed again, and resuspended in FACS buffer for
analysis (Supplementary Fig. 1). To ensure proper orientation, bioti-
nylated peptide/MHC was incubated with 5pum PMMA beads con-
jugated to streptavidin (PolyAn, Berlin, Germany), washed, and in-
cubated at 4°C with correct pairs of primary and PE-conjugated
secondary antibodies (as indicated in Fig. 4) prior to analysis in FACS
buffer. Frozen CD8+ T cells were thawed, washed, and resuspended in
FACS buffer so that each stain consisted of 2 x 10° viable CD8+ T
cells. Cells were exposed to 50nM dasatinib (Selleck Chemicals,
Houston, TX) for 30 min at 37 °C and promptly incubated with peptide/
MHC tetramers for 20 min at RT in the dark (Dolton et al., 2015). Cells
were washed with FACS buffer and labeled with an anti-CD8-FITC an-
tibody (clone 53-6.7; BioLegend, San Diego, CA) at 4°C for 20 min
shielded from light. After additional wash steps, cells were resuspended
in fix solution (1% FBS, 2.5% formaldehyde in PBS) and assessed by
flow cytometry using a BD LSRFortessa. Single and double color stain
analysis was carried out using FlowJo software. In the case of tetramer
analysis, PE/FITC compensated events were first gated based on FSC/
SSC profiles and subsequently evaluated by PE and FITC fluorescence.

3. Results

3.1. Cloning, expression, and purification strategy for soluble eukaryotic-
derived peptide/MHC

The design of linked peptide/MHC class I molecules closely fol-
lowed the previously reported generation of SCTs in bacteria (Hansen
et al., 2009). Essentially, as presented in Fig. 1A, flexible glycine/serine
linkers join a particular peptide epitope, 2 microglobulin, and MHC
class I heavy chain. A BirA tail was also genetically encoded to the 3’
end of the molecule for enzyme-directed biotinylation of secreted pro-
tein. Yet, a notable difference of our design involved omitting the
transmembrane region of MHC class I (designated sHeavychain) to
allow for functional and fully-folded secreted protein. Our conceptual
process for eukaryotic expression centered on the use of a SB transposon
system to stably integrate transgene content into relevant cell lines
(Fig. 1B). Therefore, CHO cells would be transiently transfected with
transposon-relevant plasmids (encoding separately a SB transposase
and synthetic peptide/MHC molecule) and stable cells generated
through antibiotic selection. After expanding relevant CHO cell clones,
secreted peptide/MHC could be purified by AC, biotinylated, and
multimerized to produce, for example, tetramers capable of binding
antigen-specific T cells.

3.2. Purification of secreted and fully-folded peptide/MHC protein

We first determined the suitability of the SB transposon system to
stably integrate the peptide/MHC transgene since we were unaware of
previously published work using this arrangement of techniques.
However, this particular peptide/MHC construct differed from the
aforementioned soluble design in Fig. 1A by encoding full-length MHC
class I heavy chain (i.e., the murine MHC haplotype H-2Kb), thereby,
ensuring cell surface expression for relative ease of detection. Briefly,
4T1 (H-2Kb null) cells were exposed to transposon vectors that
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expressed either a null or SIINFEKL/H-2Kb construct and puromycin
resistant clones selected and expanded in culture. Cells were then
stained with isotype or anti-SIINFEKL/H-2Kb antibodies and analyzed
by flow cytometry using a PE-conjugated secondary antibody. In com-
parison to 4T1-null cells, 4T1-SIINFEKL/H-2Kb cells expressed clear
and robust levels of synthetic peptide/MHC (Supplementary Fig. 1).
These confirmatory results were expected, given the widespread use of
the SB approach to induce expression of various protein classes in es-
tablished cell lines and primary cells (Kebriaei et al., 2017).

CHO cells were next transfected with SB-related vectors as described
in Fig. 1 to induce stable expression of soluble peptide/MHC. Parental
CHO cells exhibited enhanced resistance to puromycin, requiring sus-
tained culturing in high concentrations of puromycin at 10 pg/ml.
However, we were able to expand puromycin-resistant clones by
2 weeks post plasmid transfection. Cells were then grown to saturating
conditions in culture for at least 4 days to generate suitable whole
protein concentrations from a total volume of 20 ml media. Yet, our
choice of serum-free media contained a number of proprietary agents
such as surfactants that could potentially interfere with protein pur-
ification and validation assays. We, therefore, took the precautionary
step of desalting and concentrating cell-free supernatants in PBS prior
to downstream analysis. Our initial assessment of CHO-derived extra-
cellular proteins by SDS-PAGE (under reducing conditions) and coo-
massie blue staining revealed distinct protein bands around a predicted
51 kDa molecular weight for synthetic peptide/MHC (Fig. 2A) that was
not evident from CHO cells expressing a null construct (data not
shown). This specific protein band was subsequently confirmed fol-
lowing AC as exhibited in Fig. 2B. That is, cell-free supernatants were
passed onto an agarose bead column containing the MHC class I-re-
active M1/42 antibody and bound material eluted and ultimately as-
sessed again by SDS-PAGE. We typically harvested at least 100 ug/
ml AC-purified peptide/MHC from small-scale culturing efforts. How-
ever, the described protocol can be scaled-up (or down) depending on
the desired peptide/MHC total yield. Although beyond the scope of this
report, alternative culturing parameters and/or leader signals (Haryadi
et al., 2015) may potentially enhance overall CHO secretion of peptide/
MHC. Our AC procedure appeared to provide substantial protein purity
based on obtaining [i] one distinct chromatogram elution peak and [ii]
a protein band comprising > 95% of detectable protein by coomassie
blue staining.

3.3. Determination of peptide/MHC identity and upstream binding potential

We next confirmed the identity of AC purified protein by western
blot separate from MHC class I reactivity. Based on the linked design of
polychain peptide/MHC molecules (Fig. 1A), we incorporated mono-
clonal antibodies specific to mouse 32 microglobulin and the BirA tail
peptide GLNDIFEAQKIEWHE. Developed blots verified the integrity of
synthetic peptide/MHC molecule expression, indicating no observable
issues in CHO cells secreting these artificial proteins (Fig. 3A). An im-
munoprecipitation reaction was subsequently attempted in order to
demonstrate ligand binding potential of linked SIINFEKL to the MHC
class I binding groove. SIINFEKL/H-2Kb was incubated with 2ug of
anti-SIINFEKL/H-2Kb or isotype control antibodies overnight. As de-
tailed in the Materials and Methods, IgG containing material was pur-
ified using protein A/G-complexed agarose and resolved by SDS-PAGE
under reducing conditions. The presence of SIINFEKL/H-2Kb was fur-
ther established through western blot using an anti-mouse (32 micro-
globulin antibody (Fig. 3B). Overall, these results help further validate
the identity of soluble peptide/MHC from CHO cells and establish that
these secreted proteins retain ligand binding specificity at the peptide/
MHC class I interface.
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( A) Fig. 2. Stable CHO cells lines were established by a
SB transposon system to secrete peptide/MHC mo-
5 Mg 2.5 ug 13 g lecules into culture media. (A) Evidence of extra-
’ ‘ cellular peptide/MHC protein was first determined
T ’ , from cell-free supernatants by SDS-PAGE and coo-
massie blue staining. (B) Representative chromato-
gram of small scale AC purification of peptide/MHC-
containing media. Cell-free supernatant was passed
through an equilibrated agarose bead column con-
‘ - A aad taining the MHC class I-reactive antibody M1/42.
After washing away unbound material, peptide/
MHC protein was eluted, buffer-exchanged, and
concentrated. Protein purity was then assessed using
SDS-PAGE and coomassie blue staining. Arrow inset
indicating peptide/MHC around the predicted mo-
lecular weight. Abbreviation used: protein ladder
(L), affinity chromatography (AC), preparation
(prep). (For interpretation of the references to color
in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Peptide/MHC was biotinylated as detailed in the Materials and Methods and specific streptavidin binding initially confirmed through (A) western blot and (B)
ELISA using wells coated with streptavidin. (C) Biotinylated peptide/MHC was also incubated with streptavidin-conjugated 5um beads and washed extensively.
Beads were then exposed to isotype, anti-SIINFEKL/H-2Kb, or anti-MHC monoclonal antibodies followed by washing steps and incubation with relevant secondary
PE-conjugated antibodies. Specific ligand reactivity was subsequently determined by flow cytometry. Abbreviations used: protein ladder (L), SIINFEKL epitope +
MHC class I (SIINFEKL/H-2Kb), biotinylated SIINFEKL/H-2Kb (b-SIINFEKL/H-2Kb), positive (Pos), isotype (Iso), control (ctrl), major histocompatibility complex
(MHCQ), horseradish peroxidase (HRP), streptavidin (SA), primary antibody (1° Ab).

3.4. Multimerization and functional assessment of eukaryotic-derived biotin and other reaction components were removed by excessive
peptide/MHC washing in PBS using a 30 MWCO centrifugal unit, and the extent of
biotinylation first assessed by western blot and ELISA. In the case of

Biotinylated peptide/MHC arguably provides the greatest con- western blot analysis, SDS-PAGE-resolved biotinylated protein was in-
venience to users for downstream assays. We, therefore, designed a BirA cubated with HRP-conjugated streptavidin to generate a specific pep-
tail to the terminal end of the peptide/MHC transgene by using a par- tide/MHC signal (Fig. 4A). Likewise, ELISA determination of biotiny-
ticular BirA tail peptide, GLNDIFEAQKIEWHE, which offers a highly lated peptide/MHC confirmed the functionality of the BirA tail region
targeted site for enzymatic conjugation of biotin with minimal footprint (Fig. 4B). Briefly, wells were coated overnight with streptavidin fol-

(Beckett and Kovaleva, 1999). AC purified peptide/MHC was subjected lowed by various concentrations of peptide/MHC and biotinylated
to BirA ligase activity in the presence of free biotin overnight. Excess peptide/MHC. Detection was finally determined indirectly by MHC
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class I reactivity using the M1/42 antibody. Biotinylated SIINFEKL/H-
2Kb (as low as 0.25pg/ml protein) was evident in appropriate wells,
with negligible reactivity occurring for conditions containing either
unbiotinylated SIINFEKL/H-2Kb or biotinylated SIINFEKL/H-2Kb in-
cubated with an isotype control. We then reconfirmed the ability of
immobilized/properly oriented biontinylated peptide/MHC to specifi-
cally engage ligands through the MHC class I peptide binding site.
Streptavidin was covalently attached to PMMA 5uM beads and in-
cubated with saturating conditions of biotinylated SIINFEKL/H-2Kb.
Beads were washed, incubated with appropriate primary reagents (i.e.,
anti-SIINFEKL/H-2Kb and anti-MHC class I agents), and the extent of
MHC ligand binding determined by flow cytometry using secondary PE-
conjugated antibodies. Ultimately, as initially validated by our im-
munoprecipitation efforts in Fig. 3B, biotinylated peptide/MHC bound
streptavidin and specifically interacted with a TCR-like antibody that
recapitulates CD8+ T cell interactions (Fig. 4C), indicating no ob-
servable functional issues with peptide/MHC post biotinylation and
multimerization.

We next assessed the ability of fluorescently-labeled multimers to
specifically detect antigen-specific CD8+ T cells. Splenocytes and
lymph nodes were harvested from wild-type and OT-1 transgenic (i.e.,
SIINFEKL-reactive) mice and CD8+ T cells subsequently purified
through magnetic bead selection. Biotinylated SIINFEKL/H-2Kb was
then incubated with PE-conjugated streptavidin following a 4:1 M ratio,
thereby, generating tetramers. In order to stabilize membrane dynamics
of TCRs, CD8+ T cells were exposed to dasatinib (as previously de-
scribed [Dolton et al., 2015]), followed by incubation with tetramers.
After suitable wash steps, cells were specifically labeled with a FITC-
conjugated anti-mouse CD8 antibody that displays minimal interference
with TCR:MHC binding (Clement et al., 2011). Cells were fixed and
double-positive events (CD8 + /tetramer + ) assessed by flow cytometry.
As detailed in Fig. 5, CD8+ OT-1 cells bound PE-labeled tetramers,
with most cells displaying CD8 and tetramer positivity (in comparison
to wild-type mice). Altogether, these data help support our overarching
strategy (as outlined in Fig. 1) of stably producing eukaryotic-derived
peptide/MHC that can be multimerized and used for immunologically-
relevant assays such as CD8+ T cell identification.

4. Discussion

Although MHC class I peptide candidates can be easily identified
through in silico prediction methods (Andreatta and Nielsen, 2016),
free peptide occupancy of MHC class I molecules tends to be a rate
limiting step in successfully generating stable peptide/MHC molecules
from bacteria (Altman and Davis, 2016). Considering the vital role
MHC plays in human health (Cho, 2018), an inability to produce certain
peptide/MHC reagents may adversely impact efforts on a number of
fronts including diagnostics, therapies, and generalized scientific en-
deavors. For example, the burgeoning field of neoepitope identification
for personalized cancer therapy could be stalled by those unique patient
epitopes that exhibit high dissociation rates from MHC class I (Hu and
Ott, 2018). One workaround to the issue of peptide occupancy has been
in designing and expressing polychain SCTs that ensure full assembly of
peptide, 32 microglobulin, and MHC class I heavy chain through flex-
ible linkers (Hansen et al., 2009). SCTs retained on the plasma mem-
brane of eukaryotic cells maintain their native conformation and are
highly resistant to exogenous peptide binding (Yu et al., 2002). Ad-
ditionally, membrane-bound SCTs serve as effective targets for CD8 + T
cell priming (Hung et al., 2007) and destruction (Yu et al., 2002). In the
case of diagnostic determination of CD8+ T cell frequencies by tetra-
mers, SCTs can be modified for expression/secretion in bacteria and
biotinylation by way of an explicit amino acid sequence that directs
BirA enzyme function (Mitaksov et al., 2007).

We have provided a unique protocol to establish eukaryotic cell
lines (such as CHO suspension cells) in as little as two weeks that stably
secrete peptide/MHC molecules through transposon-directed delivery.
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Soluble peptide/MHC may then be biotinylated and utilized as multi-
mers (via streptavidin), particularly for CD8+ T cell relevant assays.
Currently, CHO cells are an industry standard in producing FDA ap-
proved therapeutic recombinant proteins (Kuo et al., 2018). We sought
the advantages of the CHO cell line in order to [i] instigate post-
translational modifications and [ii] be easily grown at high density
under serum-free conditions in suspension cultures. However, other
common cell line “protein workhorses” (e.g., HEK-293 cells) should be
amenable to the expression and characterization techniques outlined.
We are only aware of two reports that partly resemble our described
method. White and colleagues designed a soluble HIV-reactive MHC
class I molecule (consisting of free heavy chain + linked peptide-p2
microglobulin) for expression in baculovirus, which was capable of
biotinylation/multimerization and identifying a particular T cell hy-
bridoma by flow cytometry (White et al., 1999). An additional ap-
proach by Greten and colleagues performed standard plasmid DNA
transfection to produce a peptide-B2 microglobulin-heavy chain linked
protein in J588L cells that was only capable of dimerization due to
mouse IgG fusion (Greten et al., 2002). Yet, the work outlined in this
current report provides a previously unrecognized approach of com-
bining the technical ease of CHO cell line cultivation and long-term
expression of soluble covalently-linked peptide/MHC molecules for
multimerization based on the end user's needs.

The rapid development of stable CHO cells secreting peptide/MHC
would not be possible without the SB transposon system. Our studies
incorporated the SB transposase SB100X, which has a high gene in-
sertion efficiency at close-to-random chromosomal sites (Matés et al.,
2009). The SB approach provides the advantageous properties of viral
transduction to insert transgenes without the disadvantages of either
maintaining genomic material episomally (e.g., adeno-associated
viruses) or near/in proto-oncogenes (e.g., retroviral vectors) (Kebriaei
et al., 2017). Additionally, manufacturing high-quality viral particles
can be a cumbersome task fraught with regulatory obstacles. We gen-
erally experienced little difficulty in developing and expanding stable
lines from parental cells after transiently transfecting plasmids that
propagated the SB transposon system. The protocol is also amenable to
freezing material at convenient stopping points. There was no apparent
adverse effects to generating multimerized reagents when either cell-
free CHO-derived supernatants or biotinylated peptide/MHC was
frozen long-term at — 80 °C. Although we did not formally test freezing
conditions, these materials did not appear to require specialized con-
ditions such as stabilizing agents. Importantly, our described method is
compatible with downstream tetramer production with the added
benefits of convenient peptide/MHC expression that can incorporate a
range of peptide affinities to the MHC peptide binding groove. Tradi-
tionally, to circumvent the low intrinsic affinity of the TCR with pep-
tide/MHC, tetravalent multimers have been utilized to increase T cell
avidity. However, these soluble peptide/MHC molecules could be uti-
lized for higher order reagents to better discriminate low frequency T
cells (or bind “difficult” TCRs) such as fluorochrome-conjugated dex-
tramers since the production process involves incubating biotinylated
peptide/MHC with a dextran backbone containing streptavidin (Dolton
et al., 2014). Overall, this report should provide a starting point (with
necessary validation steps) to reliably produce a range of soluble eu-
karyotic-derived peptide/MHC molecules for diagnostic, therapeutic,
and investigative purposes.
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Fig. 5. Biotinylated peptide/MHC was incubated with PE-conjugated streptavidin to produce “small-scale” batches of SIINFEKL-reactive tetramers. Purified CD8 + T
cells harvested from either wild-type or OT-1 mice were incubated with tetramers, washed, and stained with an anti-CD8 FITC antibody. Cells were again washed,
fixed, and analyzed by flow cytometry for ligand binding. Abbreviations used: wild-type (WT), streptavidin (SA).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
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