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The binding and stabilization capacity of potential T cell
epitopes to class I MHC molecules form the basis for their
immunogenicity and provide fundamental insight into factors
that dictate cellular immune responses. We have developed a
versatile high throughput cell-free method to measure MHC
stability by capturing a variety of MHC products on the surface
of streptavidin-coated particles followed by flow cytometry
analysis. Arrays of peptide-MHC combinations, generated by
exchanging conditional ligand-loaded MHC, could be probed in
a single experiment, thus combining the molecular precision of
biochemically purified MHCs with high content multiparamet-
ric flow cytometry-based assays. Semiquantitative determina-
tion of the peptide affinity for the restriction element could also
be accomplished through competition experiments using this
bead-based assay. Furthermore, the generated peptide-MHC
reagents could directly be applied to antigen-specific CD8" T
lymphocyte analysis. The combinatorial labeling of beads
allowed straightforward identification by their unique fluores-
cent signatures and provided a convenient means for extended
assay multiplexing.

Class I MHC molecules are crucially tasked with presenting
repertoires of peptides at the cell surface for inspection by
CD8™ T cells, thereby allowing the immune system to respond
to degradation products of proteins that are indicative of expo-
sure to infectious disease or cellular transformation. The ratio-
nal design of vaccines and immunotherapeutics depends on the
accurate identification and characterization of those peptide
antigens capable of precipitating a robust immune response.
Such efforts are confronted with both an overwhelming diver-
sity of potentially immunogenic peptide sequences and the
polymorphism of the MHC system whereby each allelic prod-
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uct has a distinct peptide-binding motif that dictates their
interactions. This has led to the development of a myriad of
assays to probe either the ability of peptide-MHC (pMHC)*
molecules to stimulate a specific population of T cells or ascer-
tain the specificity and affinity of the peptide for a particular
MHC variant (1-4). Cell-free biophysical methods that employ
soluble complexes purified to homogeneity have the advantage
of directly measuring the molecular interaction between the
peptide and MHC without the confounding effects of simulta-
neous expression of multiple MHC variants in a cellular con-
text. Limitations on the expeditious and high throughput gen-
eration of collections of recombinantly produced pMHC
products have largely been resolved with the introduction of
conditional ligands for class I human leukocyte antigens
(HLAs), (5-7) murine MHC, (5, 8 —11), and class II MHC mol-
ecules (12) and have been exploited for an ELISA-based MHC
stability assay (6, 13). Nevertheless, methods that employ cell
lines defective in antigen presentation, where the exogenous
addition of peptide can measurably restore MHC surface
expression, such as the murine RMA-S (14, 15) or human T2
lines transfected with an MHC of choice (16), remain unceas-
ingly popular. The laborious process of determining to which
allelic product the peptide binds is often tolerated because of
the simplicity of the assay, the absence of any requirement for
specialized or proprietary reagents, and the straightforward
read-out by flow cytometry.

Here, we describe a novel method for the site-specific cap-
ture of arrays of MHC products on distinctly coded beads, thus
creating artificial antigen-presenting surfaces that are compat-
ible with flow cytometry analysis. Each bead set is a collection of
beads with a range of distinct fluorescent intensities that can be
combinatorially coded with additional dyes, thereby leveraging
on the high content multiparametric analysis of flow cytometry.
Using the encoded bead sets, the binding properties of MHC
molecules can be determined for individual epitopes by mea-
suring the stability of the complex through subunit-specific
antibody staining as demonstrated for MHC variants of both
human and murine origin. The exact contribution of amino

“The abbreviations used are: pMHC, peptide-MHC; 82m, B2-microglobulin;
HLA, human leukocyte antigens; J, 3-amino-3-(2-nitro)phenyl-propanoic
acid residue; MES, 4-morpholineethanesulfonic acid; PB, Pacific Blue; PE,
phycoerythrin.
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acids within a T cell epitope to MHC binding and T cell recog-
nition can be explored as exemplified here by alanine, arginine,
and aspartic acid scan analysis. By employing fluorescently
labeled peptide ligands, the assay can be also modified to
accommodate peptide competition assays through which the
affinity of particular ligands for their MHC counter structure
can be precisely quantified, further showcasing the versatility of
this technology.

EXPERIMENTAL PROCEDURES
Peptides

Synthetic peptides used for epitope screening and the FITC-
labeled A*02:01 competitor peptide, FLPSD(K-FITC)FPSV
were obtained from GenScript (Piscataway, NJ) with a purity of
>70% and >90%, respectively. Conditional ligands that incor-
porate the photocleavable 3-amino-3-(2-nitro)phenyl-propa-
noic acid residue (J), SV9-P7* (FAPGNY-J-AL) for H-2K" and
H-2D" (8), and GILGFVE-J-L for A*02:01 (5) were synthesized
in-house by standard Fmoc (N-(9-fluorenyl)methoxycar-
bonyl)-based solid phase peptide synthesis. The identity and
purity of the conditional ligands was confirmed by LC/MS anal-
ysis. All of the lyophilized powders were diluted to 10 mg ml ™"
in 20% H,O, 80% Me,SO, and 10 mM tris(2-carboxyethyl)phos-
phine and stored at —80 °C until further use. Peptide concen-
trations used for determination of IC, values were calculated
by assuming quantitative synthetic yield.

Recombinant MHC Molecules

Following established protocols (17), the human 2m and
the luminal portions of the MHC heavy chains H-2K", H-2DP,
and HLA-A*02:01 with a C-terminal BirA recognition
sequence were recombinantly expressed in Escherichia coli.
Inclusion bodies were purified, and resolubilized proteins were
refolding with conditional ligands SV9-P7* (for H-2KP), SV9-
P7* (for H-2DP), and GILGFVE-J-L (for A*02:01) into soluble
MHC complexes, followed by enzymatic biotinylation and size
exclusion chromatography (Akta FPLC equipped with a HiPrep
16/60 Sephacryl S200; GE Life Sciences). Assembled monomers
were stored at —80 °C and used within 1 month after thawing.
By adding streptavidin-PE (Invitrogen) to the monomer with a
final molar ratio of 1:4, respectively, class I MHC tetramers
were produced. The tetramers were placed on ice and irradi-
ated for 15 min in a UV cross-linker (CL-1000, UVP) equipped
with 365-nm UV lamps at ~10-cm distance. After 1 h of incu-
bation on ice, the tetramers were centrifuged (16,000 X g) for 10
min and used without further manipulation.

Flow Cytometry

For data acquisition, an LSR-II flow cytometer (Becton Dick-
inson) was employed configured for 14 individual fluorescent
channels as detailed below. For the violet 405-nm laser:
Qdot700, 685LP, 710/50; Qdot655, 635LP, 670/30; Qdot605,
595LP, 610/20; Qdot565, 550LP, 575/25; Qdot525, 505LP, 525/
50, Pacific Blue (PB), 450/50. For the blue 488-nm laser: PerCP,
635LP, 695/40; FITC, 505LP, 530/30; SSC, 488/10. For the
561-nm laser: PE-Cy7, 735LP, 780/60; PE-Cy5, 635LP, 670/30;
PE-TR, 600LP, 610/20; PE-YG, 585/15. For the 635-nm laser:
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APC-Cy7, 750LP, 780/60; Alexa700, 685LP, 710/50; APC, 660/
20. The instrument was operated with FacsDiva software.

Peptide-MHC Binding Assay

ELISA—The MHC stability ELISA was performed essentially
as described earlier (6, 13). Peptide exchange was accomplished
as described for the bead-based assay. Precoating of a 384-well
flat bottom polystyrene microtitre plate (Corning) was accom-
plished with 50 ul of streptavidin (Invitrogen) at 2 ug ml~* in
PBS. Following 2 h of incubation at 37 °C, the wells were washed
with 0.05% Tween 20 in PBS (four times 100 ul) wash buffer,
treated with 100 ul of blocking buffer (2% BSA in PBS), and
incubated 30 min at room temperature. Subsequently, 25 ul of
UV-exchanged samples that were 25X diluted with blocking
buffer were added in quadruplicate. The samples were incu-
bated for 1 h on ice, washed with blocking buffer (4 X 100 ul),
treated for 1 h with 25 ul of HRP-conjugated anti-B82m (1 ug/li-
ter in blocking buffer) on ice, washed with blocking buffer (four
times 100 ul), and developed for 10—15 min with 25 ul of
ABTS-solution (Invitrogen), and the reactions were stopped by
the addition of 12.5 ul of stop buffer (0.01% sodium azide in 0.1
M citric acid). Absorbance was subsequently measured at 415
nm using a spectrophotometer (Spectramax M2; Molecular
Devices).

Beads—Recombinant caged pMHC was diluted to 5 um
using filtered PBS, and the exchange peptides were diluted to
500 uM in Me,SO. In Eppendorf tubes, 12.5 ul of caged pMHC
and 12.5 pl of the diluted peptides were mixed with 100 ul of
filtered PBS. The tubes were placed on ice and subjected to
irradiation for 15 min in a UV cross-linker (CL-1000, UVP)
equipped with 365-nm UV amps. The samples were then incu-
bated for 1 h at 37 °C with shaking, after which each sample was
centrifuged for 5 min at 16,000 X g. The subsequent steps were
performed at room temperature. Fluorescent particles kits Yel-
low (Spherotech SVFA-2552-6K and SVFB-2552-6K), Pink
(Spherotech SVFA-2558-6K and SVFB-2558-6K), and Blue
(Spherotech SVPAK-5067-5A and SVPAK-5067-5B) that are
surface-coated with streptavidin were used to capture the
pMHC. Thus, in a 96-well V-bottom plate (Corning), 20 ul of
the fluorescent bead population of choice was washed with 200
pl of NaHCO, buffer (50 mm, pH 8.5) and pelleted by 5 min
centrifuging at 800 X g. After removal of the supernatant, the
beads were incubated with 100 ul of blocking buffer (2% BSA in
PBS) for 30 min with shaking. Subsequently, 25 ul of a desig-
nated UV-irradiated pMHC sample was added to the well. Fol-
lowing 1 h of incubation with shaking, (a) the beads were
washed with blocking buffer (3 X 200 ul) and 50 ul of Pacific
Blue anti-human $2m (Biolegend 316310) at 0.5 ug ml~ " was
added, followed by 20 min of shaking incubation, and subse-
quently, the beads were washed with blocking buffer (3 X 200
wl) and fixed with 1% paraformaldehyde in PBS, mixed, and
transferred to FACS tubes for flow cytometry analysis; or alter-
natively, (b) unoccupied streptavidin binding sites were
blocked by the addition of 50 ul of biotin (62.5 mm in PBS)
followed by 15 min of shaking, after which beads could be
mixed, washed, stained, fixed, and analyzed as described above.
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FIGURE 1. Principle of the MHC stability assay on fluorescent beads. Recombinantly produced MHC molecules loaded with conditional ligands are exposed
to UV light resulting in peptide exchange for a binding ligand (red, top row) or nonbinding ligand (blue, bottom row). The emptied MHC molecule is then
stabilized and rescued or not stabilized, resulting in its unfolding, respectively. The MHC products are subsequently captured onto streptavidin-coated
fluorescent beads, and properly folded complexes can be detected with labeled antibodies that are peptide-specific, MHC conformation-specific, or specific for

the noncovalently bound B2m subunit, followed by flow cytometry analysis.

Combinatorial Coding of Fluorescent Beads

The immobilization of secondary colors onto streptavidin-
coated fluorescent Yellow (Spherotech SVFA-2552-6K and
SVFB-2552-6K) and Pink (Spherotech SVFA-2558-6K and
SVEB-2558-6K) particle array kits employed a Live/Dead® fix-
able near-IR dead cell stain kit (L10119; Invitrogen), whereas
Blue beads (SVPAK-5067-10K; Spherotech) were labeled with a
Live/Dead® fixable green dead cell stain kit (Invitrogen
L23101). The secondary dyes were dissolved in 50 ul of anhy-
drous Me,SO according to the manufacturer’s instructions.
Reconstituted dyes were aliquoted and stable for prolonged
periods (>3 months) when stored at —80 °C. In a representa-
tive experiment, the Blue bead set was deposited in an 96-well
V-bottom plate (Corning) preloaded with 200 ul of NaHCO,
buffer (50 mm, pH 8.5) in three rows of 10 populations (20
wl/independent well) and centrifuged for 5 min at 800 X g.
After removal of the supernatant, 100 ul of amine-reactive
green fluorescent dye solutions that were diluted in NaHCO,
buffer in the ratios 1:80, 1:1280, and no dye (blank) were imme-
diately added to the rows of fluorescent particles, thus furnish-
ing 30 populations of two-dimensionally labeled high (one
row), medium (one row), and low (one row) beads, respectively.
The mixtures were incubated for 30 min with shaking. Subse-
quently, unbound secondary color was quenched by washing
twice using 200 pl of Tris buffer (50 mm, pH 8), and a further 30
min of shaking incubation with 200 ul of Tris buffer, before
pelleting the beads at 800 X g for 5 min. These particles with
unique fluorescent signature were either directly taken up in 1%
paraformaldehyde in PBS, mixed, and transferred to FACS
tubes for flow cytometry analysis or used in the beads-based
pMHC binding assay.

T Cell Culture and Tetramer Staining

Transduced CD8" T cell lines specific for HBc,4_,, were
obtained as described earlier and cultured in AIM-V medium
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(Invitrogen) with 2% pooled human AB serum supplemented
with 100 units ml™" of IL-2 for 10 days at 37 °C in a 5% CO,
atmosphere (18). Short term T cell lines and control T cell lines
that were not transduced with the HBc,;; ,--specific T cell
receptor were washed with PBS. Cell viability staining was done
using Live/Dead® fixable near-IR stain (Invitrogen) according
to the manufacturer’s instructions prior to tetramer staining.
The cells were washed and stained with 1 ug of PE-conjugated
A*0201 tetramers/50 pul of PBS containing 0.1% sodium azide
on ice for 20 min. The cells were then stained with Pacific Blue
anti-human CD8 (clone RPA-T8; BD Biosciences) for an addi-
tional 15 min, washed with PBS, fixed with 1% paraformalde-
hyde in PBS, and transferred to FACS tubes for flow cytometry
analysis.

Data Analysis

Flow cytometry data were analyzed off line with FlowJo
Software (Tree Star). In the competition assays, which were
determined in triplicate for the various peptides, the percentage
inhibition of FITC-labeled parent peptide binding was calculated
using the formula: (1 — (MF, -

eference+competitor peptide
_ -1 0
MFbackground) X (MFreference peptide MEF, ) ) X 100%.

background
GraphPad Prism software (GraphPad) was used for fitting the
data to a four-parameter dose-response curve to derive the fifty

percent inhibitory concentrations (ICy).

RESULTS

The Concept of the Bead-based Peptide-MHC Binding Assay—
The concept of the MHC stability assay performed on fluores-
cently labeled beads employs caged MHCs that are loaded with
conditional ligands (Fig. 1). After UV irradiation, the peptide
fragments are believed to be liberated from the complex (5-8,
12). The uncaged complex can be rescued from degradation
when UV-mediated cleavage is performed in the presence of a
ligand capable of stabilizing the MHC molecule (Fig. 1, top row).
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TABLE 1
Sequences of peptides used
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Sequence Restriction element

Source

Protein Position

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11

GILGFVFTL
NLVPMVATV
FLPSDFEPSI
SVLAFRRL
SIYRYYGL
SIINFEKL
SAVSNLFYV
ASNENMETM
ASFVNPIYL
FLPSDFFPSV
AVFDRKSDAK

HLA-A*02:01
HLA-A*02:01
HLA-A*02:01
H-2K"
H-2K®
H-2K°
H-2D
H-2D
H-2D"
HLA-A*02:01
HLA-A*11:01

Influenza A virus
Human cytomegalovirus

Toxoplasma gondii
Synthetic superagonist
Gallus gallus

Hepatitis B virus (Genotype B)

Chlamydia trachomatis (Serovar L2)

Influenza A virus (A/Puerto Rico/8/1934(H1N1))
Chlamydia trachomatis (Serovar L2)

Hepatitis B virus (Genotype D)

Human herpesvirus 4 (strain B95-8)

58-66
495-504
18-27
59-66
NA
257-264
612-620
366—374
63-71
18-27
399-408

Matrix protein 1

Lower matrix phosphoprotein pp65
Core protein

Tgd057

Synthetic superagonist

Ovalbumin

Polymorphic outer membrane protein
Nucleoprotein

Cysteine-rich membrane protein A
Core Protein

Epstein-Barr nuclear antigen 4

On the other hand, peptide ligands that fail to stabilize the
MHC will allow the disintegration of the complex followed by
the dissociation of the noncovalently bound 2m subunit (Fig.
1, bottom row). Thus, probing the beads for the presence of 82m
with fluorescently labeled antibodies is a measure of the ability
of a ligand to stabilize the MHC. The site-specific immobiliza-
tion of the MHC to the bead by streptavidin-biotin interaction
is a strict requirement, because the indiscriminate conjugation
of the complex by alternative chemistries could impede the
release of the f2m subunit.

Detection of Various MHC Products on Beads—As proof-of-
principle, we employed the odd-numbered set of Pink beads
whose increasing intensity of fluorescence could be readily dis-
tinguished in both the PE and PE-TR channels (supplemental
Fig. S1). This provided a platform of six independent bead pop-
ulations onto which we could capture and detect simultane-
ously the various MHC molecules. We exchanged HLA-
A*02:01 holding the UV-light sensitive GILGFVFJL (where ]
denotes the 3-amino-3-(2-nitro)phenyl-propanoic acid (Anp)
residue) with ligands P1, P2, and P3 (Table 1) and then loaded
each exchange reaction onto an individual bead population.
Bead populations presenting distinct pMHC combinations
were mixed into a single tube and stained for 82m to monitor
class | MHC stability. For controls, the soluble MHC molecules
were either not exposed to UV irradiation (—UYV), irradiated in
the absence of peptide (+UV), or irradiated in the presence of
noncanonical epitope P6. The four conditions in which HLA-
A*02:01 was predicted to remain stabilized (i.e. the canonical
epitopes and —UYV, corresponding to peaks 1, 3, 7 and 11) show
an approximate 7-fold increase in mean fluorescence in the PB
channel for B2m (Fig. 24), as compared with the negative con-
trols (i.e. populations 5 and 9).

To demonstrate that this assay could be successfully used for
a variety of MHC products, we turned our attention to the
murine H-2K" and the H-2D" gene products bound with the
SV9-P7* ligand (8, 9, 11). Conveniently, human 2m readily
associates and stabilizes both murine MHCs (19-22), thus
affording the possibility of employing the same anti-32m anti-
bodies for detection as used for HLA molecules. In fact, the
xenogenic complex, consisting of human 82m and murine class
I MHC heavy chains, has improved stability and peptide bind-
ing potential as compared with that of the syngenic complex.
The increased stability imparted by human B2m was envi-
sioned to improve the overall peptide binding capacity of the
complex, thereby facilitating the detection of weakly binding
ligands in the bead-based assay. In the case of H-2K", an
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FIGURE 2. Detection of major histocompatibility complexes on fluores-
cent beads. Soluble MHC molecules were ligand-exchanged with peptides
P1 (GILGFVFTL), P2 (NLVPMVATV), P3 (FLPSDFFPSI), and P6 (SIINFEKL) in com-
bination with the human HLA-A*02:01 (A); peptides P4 (SVLAFRRL), P5
(SIYRYYGL), P6 (SIINFEKL), and P8 (ASNENMETM) in combination with the
murine MHC product H-2K® (B); or peptides P1 (GILGFVFTL), P7 (SAVSNLFYV),
P8 (ASNENMETM), and P9 (ASFVNPIYL) in combination with the murine MHC
molecule H-2DP (C). As controls, the different MHCs were treated with (+) or
without (—) UVirradiation in the absence of replacement peptide. The result-
ing MHC products were captured on streptavidin-coated Pink beads that are
increasingly fluorescent in a distinct series of peaks. For the six different con-
ditions tested per MHC, the use of only the odd-numbered bead populations
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approximate 10-fold increase in 32m staining was observed for
the —UV control as well as with T cell epitopes P4, P5, and P6
that are known to stabilize H-2K" (Fig. 2B; populations 1, 5, 9,
and 11) when compared with populations 3 and 7, which were
exposed to +UV and P8, respectively. For H-2DP, the dissocia-
tion of B2m was less apparent, with only a 5-fold mean fluores-
cence difference maximally attainable (Fig. 2C). For the +UV
control, the complex could only be coaxed to loose stability
using low pH (MES, pH 6) and elevated temperatures (50 °C).

Thus, variable amounts of MHC, corresponding to the ability
of particular epitopes to rescue UV-induced destabilization of
conditional ligand-loaded MHC, could be detected on a single
series of fluorescent beads. The assay functioned independently
of the bead population chosen for detection (i.e. the odd num-
bered peaks 1-11) because the allocation of conditions ensured
that each bead population stained both positive and negative
for human 2m at least once over the three experiments com-
bined (Fig. 2). Qualitatively, the bead-based assay generated
data consistent with that from the established ELISA format for
the range of epitopes, MHCs, and control conditions used (sup-
plemental Fig. S2) (6, 13).

MHC Stabilization on Bead Sets with Distinct Colors—We
subsequently investigated whether every currently available set
of streptavidin-coated beads of the colors Yellow, Pink and
Blue, each with their separate range of fluorescence intensities,
could be employed for the bead-based assay. For these collec-
tions, there was no particular single flow cytometry channel
with the available instrument in which all three bead sets were
simultaneously nonfluorescent to use one generically labeled
antibody to probe for MHC stability (supplemental Fig. S1).
Nevertheless, the Blue and Pink beads proved to combine well
with PB-conjugated anti-B32m, whereas PE could be used com-
plementary to the Yellow beads. To limit the number of exper-
imental variables, we focused on a single MHC and explored the
exact binding parameters of an established HLA-A*02:01-re-
stricted T cell epitope, the decameric hepatitis B virus core
18 -27 peptide (HBc;5_,,, FLPSDFFPSV, P10) by alanine scan
(23, 24). This entails sequential alanine point substitutions to
the epitope to identify amino acid residues critical for either
MHC binding or T cell responsiveness. In a single experiment
using Yellow beads, binding of all 10 alanine variants to HLA-
A*02:01 could be compared with the parent peptide (Fig. 34). It
should be noted that in the Qdot525 channel, where maximal
resolution of the independent peaks could be accomplished for
this bead set, peaks 2 and 3 were insufficiently separated, leav-
ing 11 instead of 12 distinct populations.

We further demonstrated that this type of systematic but
conservative amino acid scan can be extended to the larger and
positively charged arginine (Fig. 3B) on Pink beads or the neg-
atively charged aspartic acid (Fig. 3C) on Blue beads, thereby
increasing the rigor of the analysis of the contribution of spe-
cific residues to MHC binding. From these experiments, it fol-
lows that four positions (Phe'®, Leu'?, Phe**, and Val*’) of the
HBc,5_,, epitope were significantly affected by the replace-
ments, with Leu'? being most resistant to amino acid substitu-
tion regardless of the nature of the side chain. The C-terminal
anchor position Val*” was averse to the introduction of charged
residues, whereas the N-terminal anchor Phe'® and central
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Phe** did not permit the introduction of an Asp or Arg residue,
respectively, without negative consequences for peptide bind-
ing to HLA-A*02:01, as was expected (25). These data for the
multiple amino acid-substituted variants of the P10 epitope
generated with the bead-based assay again compared well with
the data obtained from established ELISA protocols (supple-
mental Fig. S3) (6, 13).

Combinatorial Coding of Fluorescent Beads—The streptavi-
din-coated beads contain internalized fluorescent dyes with
narrowly distributed intensity detectable in a select number of
channels depending on their individual excitation and emission
characteristics, which we refer to as the beads’ primary color
(supplemental Fig. S1). It occurred to us that the protein coat-
ing on the beads surface could in principle be conjugated with
additional chromophores, thereby increasing the high through-
put capacity of our bead-based multiplexing approach for
measuring MHC stability in similar fashion as previously
reported for cell-based fluorescent barcoding (26) and the com-
binatorial coding of fluorescent MHC multimers (27, 28). For
the attachment of the secondary color, we used amine-reactive
viability dyes that are commonly used for the discrimination of
live cells from those that have lost membrane integrity. These
fixable dyes are available in a variety of excitation and emission
wavelengths, thus providing flexibility and optimal compatibil-
ity with the primary colors of the bead sets. We first tested the
feasibility of the two-dimensional color coding of beads by pair-
ing the Yellow and Pink beads with the near-IR fluorescent
reactive dye (excited by the 635-nm laser) and the Blue beads
with the green fluorescent reactive dye (excited by the 488-nm
laser) (supplemental Fig. S4). Optimization of the immobiliza-
tion reaction allowed us to effectively label and resolve up to
three populations: Low, Medium, and High, with the low pop-
ulation being the sample that was not exposed to any amine-
reactive reagent. Consequently, with this two-dimensional cod-
ing scheme, we could generate 33, 36, and 30 populations, each
with a unique fluorescent signature, for the Yellow, Pink, and
Blue bead collections, respectively. The secondary color did not
appear to affect the fluorescence of the primary color of the
beads, and when stored at 4 °C under the exclusion of light it
remained stable for several weeks (supplemental Fig. S5). This
allows the separate preparation and prolonged storage of bead
arrays prior to analyte exposure without detrimental effect to
their signature fluorescence.

However, are these arrays of combinatorially labeled beads
still capable of capturing soluble MHC molecules, and can they
be used subsequently for the assessment of its stability? We
explored this by exchanging the peptide of the caged A*02:01
complex either with the A*02:01 epitope P1 or with the A*11:01
epitope P11 (Table 1), where the latter should not have appre-
ciable affinity for this particular restriction element. Both bio-
tinylated MHC molecules were then allowed to associate in
alternating fashion with the array of Blue streptavidin-coated
beads consisting of all 10 primary color bead sets decorated
with the green fluorescent secondary color in the three attain-
able intensities. All bead populations were subsequently mixed
into a single tube, washed, labeled with PB-conjugated anti-
B2m and acquired. In accordance with previously established
methods (26), the deconvolution of the data can be accom-
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FIGURE 3. Alanine, arginine, and aspartic acid scans on multiple colored beads. Individual bead populations were loaded with HLA-A*02:01 molecules that
were ligand-exchanged with peptide derivatives of the parent peptide FLPSDFFPSV (P10) in the form of an alanine scan for the Yellow set, where fluorescent
peak 3 was omitted because it overlapped with peak 2 too much for them to be clearly distinguishable (A), an arginine scan for the Pink set (B), and an aspartic
acid scan for the Blue set (C). MHC stabilization was probed with anti-82m conjugated with either PB or PE. The choice of color schemes of the bead intensity
was deliberately based not on physical appearance of the beads but on the fluorescent emission properties. Dotted lines were drawn in arbitrarily after analysis

to serve as visual aids and do not represent specific gates.

plished either in forward or reverse fashion depending on
whether one focuses first on the original coding strategy of the
beads and then the desired phenotypic effect, or vice versa.
Starting with the selection of monodisperse beads based on
their scatter properties alone, the central plot, the reverse
deconvolution (Fig. 4A) specifically gates on the PB* (blue) and
PB™ (black) populations, corresponding to the presence or
absence of intact MHC molecules, respectively. Subsequently,
it becomes possible to extricate which coded bead population
captured stabilized MHC, correlating with the ability of the
replacement epitopes P1 and P11 to stabilize the vacated MHC
molecule after uncaging of the complex. Combining both the
PB* and PB™ data, the bottom left plot reveals a checkered
ensemble of all 30 populations that are well resolved and appro-
priately color-coded. Alternatively, the data can be scrutinized
by forward deconvolution (Fig. 4B), where the beads are gated
according to their secondary color first. These three series, low,
medium, and high, of 10 bead populations of the same primary
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color are then assessed independently for the presence of intact
MHG, revealing again the alternating patterns of PB™ and PB~
bead populations, as expected. This type of analysis can be prac-
tical when comparing peptide binding properties within a series
of different epitopes as, for example, with an alanine scan
(Fig. 3).

Competition-based MHC Binding Assay—Apart from the
combinatorial labeling of the bead core and surface with a pri-
mary and secondary color, respectively, a chromophoric moiety
can also be attached to a strategically chosen side chain of a
peptide ligand such that the anchor residues and therefore the
binding characteristics to the MHC are not adversely affected.
When this reporter epitope binds to the uncaged MHC, the
fluorescence increases proportionally with the amount of MHC
stabilized on the bead surface. The introduction of a second
peptide that specifically competes with the fluorescent probe
for binding will in turn curtail this. The concentration of com-
petitor peptide at which half-maximal fluorescence is obtained
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FIGURE 4. Combinatorial coding of fluorescent beads. All 10 separate pop-
ulations of the primary color of Blue beads were coded in three different
intensities with fixable green Live/Dead stain as a secondary color to provide
30individually coded bead populations using protocols developed by Krutzik
and Nolan (26). These populations were alternately loaded with HLA-A*02:01
molecules that were ligand-exchanged with either the HLA-A*02:01 epitope
P1 or the HLA-A*11:01 epitope P11, which is not expected to bind HLA-
A*02:01 and therefore serves as negative control. A, reverse deconvolution of
the data from single beads (center dot plot) starts from gating on either the
stabilized (PB", blue histogram) or the destabilized (PB~, black histogram)
MHC molecules. It follows from the coding by the primary color (x axis) and
secondary color (y axis) which beads had stabilized MHC molecules present
(left column dot plots). B, forward deconvolution of single beads (center dot
plot) is accomplished by gating on one of three different intensities (FITC low,
medium, or high histogram) of secondary color labeled beads. This selects 10
separate populations (from the grand total of 30) from where it can be
deduced (right column dot plots) which beads captured stabilized MHC mol-
ecules (PB™, blue) or not (PB ™, black).
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(IC4,) then provides a semiquantitative read-out of the peptide
affinity for any particular HLA under investigation (Fig. 5A4). In
a cellular context, this type of peptide binding competition
assay has been successfully utilized for a variety of HLA prod-
ucts (29, 30). Accordingly, we based our fluorescent probe on
P10 (Table 1), with the exception that a central phenylalanine
(Phe®®) was replaced with a FITC-conjugated lysine instead of
the originally reported iodoacetamido-coupling of FITC to a
cysteine side chain for installation of the chromophore (29).
The modification of the sixth residue in this peptide does not
affect binding to A*02:01 as was demonstrated by the Ala, Arg,
and Asp scans (Fig. 3). Our peptide competition experiment on
flow cytometry beads showed that at the optimal concentration
of probe (~6 um), a 7— 8-fold mean fluorescence increase over
background could be obtained. Serial dilution of the competi-
tive ligand markedly restored the FITC signal on the fluores-
cent beads (Fig. 5B). Plotting of the percentage of inhibition
against the peptide concentration generated clear sigmoidal
inhibition curves for the individual competitive peptides (Fig.
5C). Based on the IC;, values for HLA-A*02:01 for the HCMV-
derived epitope P2 (83 uMm) and the hepatitis B virus-derived
P10 (23 um), it is evident that P10 has a higher affinity for the
complex than P2, whereas the affinity of the HLA-A*11:01-
restricted epitope P11 (>800 um) for the A*02:01 molecule was
negligible. Although side-by-side comparisons have, to our
knowledge, not yet been published, and the absolute IC,, values
are not interchangeable between different peptide-binding
assay formats, the affinity ranking of these screened peptides
(i.e. P2, P10, and P11) corresponds well with data listed publicly
at the Immune Epitope Database and Analysis Resource.
Recombinant Peptide-MHC Arrays Allow Direct T Cell
Staining—Finally, an important advantage of generating arrays
of recombinant peptide-MHC molecules using conditional
ligands is that after on-bead assessment of the peptide binding
properties, the products can also be multimerized around chro-
mophore-conjugated streptavidin. These soluble complexes
can be used directly to stain T cell populations of corresponding

B FLPSDFFPSV (23 uM)
® NLVPMVATV (83 uM)
A AVFDRKSDAK (>800 uM)

751

504

% of Inhibition

L} L
10° 102 10°

Competitive Peptide (uM)

FIGURE 5. Peptide competition assay. A, the principle of the assay entails peptide competition for the empty peptide-binding site of the MHC molecule after
UV cleavage of the conditional ligand. A number of MHC molecules on the bead acquire the probe, whereas other MHC molecules are occupied by the
competitor peptide. The final fluorescent signal intensity depends on the concentration of both probe and competitive peptide. B, an increase in FITC
fluorescence is observed when the probe FLPSD(Lys-FITC)FPSV competes with the serially diluted competitor peptide P10 for binding HLA-A*02:01 molecules
captured on Blue beads. C, plotting the concentration of competitive peptide as a function of the percentage of inhibition allows the determination of IC,
values, as demonstrated for P2 (NLVPMVATYV, 83 um), P10 (FLPSDFFPSV, 23 um), and P11 (AVFDRKSDAK, >800 um).
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FIGURE 6. MHC tetramer staining of transduced T cells. Lymphocytes with an hepatitis B virus core 18-27-specific T cell receptor were obtained through
transduction and specifically expanded in culture. PE-conjugated HLA-A*02:01 tetramers that were peptide-exchanged with the alanine (A), arginine (B), and
aspartic acid (C) derivatives of parent peptide P10 were evaluated for their capability to stain the lymphocytes specifically gating first on the monodisperse
(forward and side scatter), viable (near-IR, Live/Dead negative), and CD8 ™ (anti-CD8 Pacific Blue-positive) cells. The red lines represent the gating for tetramer-
positive cells. Plots with shaded backgrounds indicate that after uncaging of the MHC, the peptide was found (by bead-based MHC stability assay and ELISA)

to be unable to rescue degradation of the complex.

specificity, enabling the investigation of the role of individual
amino acid residues in antigen recognition. We demonstrated
this feature by making MHC tetramers of the Ala, Arg, and Asp
scan derivatives of the HLA-A*02:01 restricted HBc,5 _,-, pep-
tide and evaluated their capability to stain hepatitis B virus-
specific lymphocytes that have been transduced with a T cell
receptor specific for the immunodominant epitope (Fig. 6) (18).
Predictably, the inability of the majority of the peptides that
cannot stabilize this restriction element after its uncaging pre-
vents their incorporation in reagents that stain T cells. The
destabilizing Ala substitution of the Leu'® residue, however, did
provide a positively staining reagent. Presumably, the peptide
derivative transiently stabilizes the complex when exposed to
the T cell staining conditions, without interfering with the pep-
tide-MHC composite surface presented to the T cell receptor.
The central residues Ser?!, Asp>?, and Phe** were found to be
critical for recognition because their replacement in all cases
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abrogated MHC tetramer binding. Indeed, the introduction
of the positively charged arginine was overall highly delete-
rious to antigen recognition, where only the Phe'® substitu-
tion could be accommodated. The introduction of negative
charge posed less stringent constraints for binding to the lym-
phocytes that received the T cell receptor through gene trans-
fer, because Asp substitution on the Pro*® and Ser?® positions
was without consequence.

DISCUSSION

The accurate definition of peptide affinity and associated
class I MHC stability remains vitally important to our under-
standing of what engenders a productive CD8" T lymphocyte
response and the factors that are its basis. Even though predic-
tive algorithms of peptide binding are constantly being devel-
oped and fine-tuned, these bioinformatic tools will continue to
rely on experimentally verified data (1-4). The method out-
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lined here leverages on the multicolor capabilities of modern
flow cytometry for comprehensive analysis of the binding char-
acteristics of arrays of peptides to defined MHC products in a
single experimental setting and encompasses a number of dis-
tinct advantages. This cell-free system, where beads are homog-
enously coated to form artificial antigen presenting surfaces,
enables the direct and semiquantitative assessment of ligand
specificity and affinity for a particular MHC molecule. Assays
employing mammalian cells present the challenge that multiple
MHC products, as well as additional surface markers, are simul-
taneously expressed. This can be profoundly affected by culture
conditions that confound the interpretation of results. Condi-
tional ligands also significantly speed up the assay, compared
with cellular assays (29, 30), and the bead-based stability assay is
operated without the need for any radioisotope-labeled peptide
or protein. Furthermore, the combinatorial coding of beads
employs readily available beads and fixable secondary colors,
making the technology operate similarly to suspension arrays
such as the BD™ cytometric bead assay, Luminex™, or Bio-
plex™ assays without the need for proprietary equipment or
reagents.

Nonetheless, there are a number of technical aspects that
need careful consideration when embarking on MHC stability
analysis with this bead-based method. The fluorescent signal of
the primary color of the beads is not as narrow as one would
anticipate and can be found in the majority of detection chan-
nels (supplemental Fig. S1). This either precludes the use of
those particular channels or requires rigorous fluorescence
compensation and affects the choice of additional chro-
mophores that can be used in a single experiment. For example,
we opted to use different antibodies for the various bead collec-
tions instead of a single-label anti-B2m antibody. The homog-
enous conjugation of the secondary color is also crucial for
proper resolution of the samples to prevent contamination
from neighboring populations and allow accurate deconvolu-
tion of the data. Uniform handling of the beads is essential
during steps involving individual treatment, so that all popula-
tions are present in approximately the same amount during
analysis.

Furthermore, conditional ligands are individually designed
and validated for discrete MHC products. Striking a balance
between the rapid release of the peptide fragments after UV
irradiation while maximizing complex stability for high refold-
ing yields and maintenance of structural integrity under normal
handling conditions of the protein complex is important (7).
For example, the SV9-P7* ligand is cleaved effectively by stand-
ard UV irradiation, and peptide exchange can be readily
achieved (8). Nevertheless, the H-2DP complex, be it free of
peptide fragments or associated with remnants of the condi-
tional ligand, remained intact for extended periods under these
peptide exchange conditions (Fig. 1). This is consistent with
published literature, because the human B2m:H-2DP chimeric
complex contains more hydrogen bonds between the heavy and
light chain and is more stable than its exclusively murine coun-
terpart (22). An x-ray crystal structure has also shown that the
H-2D" complex was unexpectedly stabilized by a small penta-
peptide fragment, indicating that full occupancy of the peptide-
binding groove is a less stringent requirement for stability of
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this complex (31). Fortunately, variables such as incubation
time, temperature, and buffer conditions can provide addi-
tional control over the assay, although experience with other
HLA variants suggests that by and large the standard peptide
exchange conditions sufficiently destabilize MHC molecules
(data not show) making the stability of the H-2D” complex a
notable exception. Finally, the peptide exchange reaction was
also attempted with bead-conjugated MHC (data not show),
but this was met with limited success presumably because
homogeneous irradiation of the bead surface would minimally
require constant agitation of the beads during UV cleavage of
the conditional ligand. The use of chemically cleavable condi-
tional ligands, such as the periodate-triggered diol-containing
peptides (32) can be expected to perform better, but this line of
inquiry was considered outside the scope of the present study.

This proof of concept, however, shows promise for extension
in several ways. More uniquely coded bead populations could
be generated through higher levels of multiplexing than the
two-dimensional coding. By employing more distinct fluoro-
phores to decorate the streptavidin-coated particles, three-di-
mensional and higher-dimensional coding schemes can be
envisioned. Separation on differences in size and granularity
also makes it possible to distinguish bead mixtures during data
acquisition and analysis based on the forward and side scatter
properties. Moreover, the combinatorial coding of beads with-
out detriment to the streptavidin functionality provides the
possibility for site-specifically capturing and visualizing other
analytes, thus providing an affordable and easily accessible plat-
form technology for the multiparameter analysis of biologically
relevant molecules that can be applied in various diagnostic
settings.
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