b‘l'a_ prOtOCOI 6) Open Access

Published: Jul 20, 2026
[ ]

A Streamlined and Time-Saving Approach to
Generate HLA-DR15 MHC Class 11
Tetramers via In Vivo Biotinylation

Xue-Yao Zhao!, Heng-Hui Li!, Hong-Yan Ma!, Bin Yang!, Ru-Yi Qian!, Xiang Zhang', Ling-Jie Luo“?**, Yan-Wei Wu"
2.3, *and Liang Chen’ 23 *

'School of Medicine, Shanghai University, Shanghai, China

Shanghai Tenth People’s Hospital, Shanghai, China

SInstitute of Artificial Intelligence and Biomanufacturing, School of Medicine, Shanghai University, Shanghai, China
*For correspondence: Ichenl@shu.edu.cn; wuyanwei@shu.edu.cn; lingjie luo@126.com

Abstract

This protocol describes an optimized strategy for the efficient generation of peptide-loaded major histocompatibility
complex (MHC) class II (pMHC) tetramers, which are essential tools for detecting and characterizing antigen-specific T
cells in immunological research. Traditional methods require separate expression of MHC proteins followed by in vitro
biotinylation—a multi-step process that is time-consuming and prone to protein loss. Here, we present an integrated
approach based on co-expression of MHC monomers and BirA biotin ligase in Expi293F T cells, enabling site-specific
biotinylation in vivo during protein synthesis. At the same time, the incorporation of a thrombin-cleavable class [I-associated
invariant chain peptide (CLIP) peptide into the MHC construct allows flexible loading of any antigenic peptide of interest
without the need for re-cloning or re-expression of the MHC molecule. Pre-biotinylated MHC molecules are subsequently
purified, loaded with antigenic peptides, and assembled into fluorescent tetramers via streptavidin conjugation. This
streamlined workflow significantly reduces handling steps, improves protein yield, and enhances reproducibility. The
resulting tetramers are suitable for sensitive detection and isolation of antigen-specific T cells by flow cytometry, supporting
applications in T-cell immunogenicity studies, vaccine development, and autoimmune disease research.

Key features

e  One-step in vivo biotinylation.

e Eliminates purchased BirA enzyme, saves ~16 h, and reduces protein loss.
e  CLIP-based peptide exchange without re-cloning.

e Produces antigen-specific tetramers validated by flow cytometry.
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The whole process of preparation and application of HLA-DR15 major histocompatibility complex (MHC) class 11
tetramer. The sequential process of the experiment is represented, starting from protein expression to preparation of the
tetramer and staining for flow cytometry analysis.

Background

Major histocompatibility complex (MHC) class II tetramers are indispensable tools for tracking and characterizing antigen-
specific T-cell responses, with broad applications in vaccine development, autoimmune disease research, allergy studies,
and cancer immunotherapy [1-4]. However, the widespread adoption of these reagents has been hampered by technical
challenges associated with their production. Unlike MHC class I molecules, MHC class II molecules are heterodimeric and
inherently unstable in the absence of bound peptide, making them difficult to produce as recombinant proteins [5].
Traditional preparation methods involve multiple sequential steps—including separate MHC protein expression, in vitro
biotinylation, peptide loading, and multimer assembly—each requiring purification or buffer exchange [6]. These
cumulative handling steps result in substantial protein loss, batch-to-batch variability, and overall low yields, limiting access
to high-quality MHC class II tetramers for many research applications.

To overcome these limitations, we developed an integrated expression system that combines MHC class II monomer
production with in vivo biotinylation. By co-expressing the engineered MHC o/f heterodimer and BirA biotin ligase in
Expi293F cells, site-specific biotinylation occurs concurrently with protein synthesis, eliminating the need for a separate
enzymatic reaction and associated purification steps. Compared with conventional in vitro biotinylation, this approach
eliminates the need for purchased BirA enzyme, saves approximately 16 h of hands-on time, and avoids approximately half
of protein loss caused by buffer exchange and concentration steps, while maintaining comparable tetramer quality.
Furthermore, the incorporation of a thrombin-cleavable CLIP peptide allows for flexible loading of any antigenic peptide of
interest without requiring re-cloning or re-expression of the MHC construct. This streamlined workflow significantly
reduces processing time, minimizes protein loss through fewer handling steps, and ensures consistent, efficient biotinylation.
Nevertheless, this method is primarily suitable for small-to-medium scale protein preparation; for large-scale production,
the reliance on Ni-NTA gravity column purification and repeated ultrafiltration concentration steps makes the process labor-
intensive and time-consuming.

The resulting human leukocyte antigen (HLA) tetramers exhibit excellent staining performance for antigen-specific T cells
by flow cytometry, enabling sensitive detection and isolation of rare T-cell populations. Beyond conventional
immunophenotyping, this method supports a range of applications, including longitudinal immune monitoring in clinical
studies, epitope mapping in infectious and autoimmune diseases, and evaluation of T-cell responses in immunotherapy
settings.

Materials and reagents

Biological materials

1. Expi293F (Gibco, catalog number: A14527CN)
2. pcDNA3.4 vector (TSINGKE Biological Technology, catalog number: ZT000101)
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Reagents

. RPMI 1640 (VivaCell, catalog number: C3010-0500); store at 4 °C

. Fetal bovine serum (FBS) (Gibco, catalog number: 10091148); store at -20 °C

. PBS pH 7.4 basic (1x) (Gibco, catalog number: C10010500BT); store at 4 °C

. ExpiFectamine™ 293 Transfection kit, 1 L (Gibco, catalog number: A14524); store at 4 °C

. Trypan Blue stain (0.4%) (Gibco, catalog number: 15250-061); store at room temperature

. Gibco™ basic DMEM (Gibco, catalog number: C11995500BT); store at 4 °C

. 20x tris-buffered saline (TBS) concentrate buffer (Thermo Scientific, catalog number: 28358); store at room temperature
. Ampicillin (Beyotime, catalog number: ST008); store at -20 °C

9. Thrombin (Sigma, catalog number: T9326-150UN); store at -20 °C

10. PE Streptavidin (high concentration) (BioLegend, catalog number: 405245); store at 4 °C

11. Horseradish peroxidase (HRP)-labeled streptavidin (Beyotime, catalog number: A0305); store at -20 °C

12. Ni-NTA elution buffer (Sangon, catalog number: C600304); store at 4 °C

13. Ni-NTA binding/wash buffer (Sangon, catalog number: C600303); store at 4 °C

14. His Tag (C-terminal specific) mouse monoclonal antibody (HRP conjugated) (Beyotime, catalog number: AF2873); store
at -20 °C

15. Strepll Tag mouse monoclonal antibody (HRP conjugate) (Beyotime, catalog number: AF2927); store at -20 °C
16. Skim milk (YEASEN, catalog number: 36120ES60); store at room temperature

17. Tris-MES-SDS running buffer power (Beyotime, catalog number: M00677); store at room temperature

18. Broad Multi Color Pre-Stained Protein Standard (Beyotime, catalog number: M00624); store at -20 °C

19. SDS-PAGE protein loading buffer (5%, odorless) (Beyotime, catalog number: P0286-2 mL); store at 4 °C

20. EDTA (0.5 M), pH 8.0 (Thermo Scientific, catalog number: AM9260G); store at room temperature

21. Octyl-B-D-glucopyranoside (>98%, reagent grade) (Beyotime, catalog number: ST2546-1 g); store at -20 °C
22. Pepstatin A (YEASEN, catalog number: 20113ES08); store at -20 °C

23. Leupeptin (YEASEN, catalog number: 20112ES08); store at -20 °C

24. PMSF solution (100 mM) (Beyotime, catalog number: ST507-10 mL); store at -20 °C

25. DMSO (Sigma-Aldrich, catalog number: D5879); store at room temperature

26. Sodium citrate (absin, catalog number: abs42015609); store at room temperature

27. NaCl (Sigma-Aldrich, catalog number: S5886); store at room temperature

28. Opti-MEM™ I reduced serum medium (Gibco, catalog number: 31985070); store at 4 °C

29. UltraPure™ DNase/RNase-free distilled water (Thermo Scientific, catalog number: 10977015); store at room
temperature

30. Xbal (NEB, catalog number: R0145V); store at -20 °C

31. Agel-HF (NEB, catalog number: R355285); store at -20 °C
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Solutions

1. FACS buffer (see Recipes)

2. 10% octyl glucoside (see Recipes)

3. 1 mg/mL leupeptin (see Recipes)

4. 1 mg/mL pepstatin (see Recipes)

5. Sodium citrate buffer (see Recipes)

6. Peptide solution (see Recipes)

7. TBS buffer (see Recipes)

8. Peptide exchange buffer (see Recipes)

Recipes

1. FACS buffer (500 mL)
Reagent Final concentration Quantity or volume
PBS N/A 490 mL
FBS 2% 10 mL

Store at 4 °C.
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2.10% octyl glucoside (1 mL)

Reagent

Final concentration

Quantity or volume

Octyl-B-D-glucopyranoside
Ultrapure water

N/A
10%

0.1g
1 mL

Store at -20 °C unless using the day of.

3.1 mg/mL leupeptin (5 mL)

Reagent

Final concentration

Quantity or volume

Leupeptin
Ultrapure water

1 mg/mL
N/A

5 mg
SmL

Store at -20 °C unless using the day of.

4. 1 mg/mL pepstatin (5 mL)

Reagent Final concentration Quantity or volume
Pepstatin 1 mg/mL 5mg
DMSO N/A 5mL

Store at -20 °C unless using the day of.

5. Sodium citrate buffer (50 mL)

Reagent Final concentration Quantity or volume
NaCl 150 mM 0.4383 g

Sodium citrate 50 mM 0.645 ¢

Ultrapure water N/A 50 mL

Store at room temperature.

6. Peptide solution

Reagent Final concentration Quantity or volume
Peptide (1.64 kDa) 20 mM 2 mg
DMSO N/A 61 uL

Store at -20 °C unless using the day of.

7. TBS buffer (500 mL)

Reagent

Final concentration

Quantity or Volume

20x TBS concentrate buffer
Ultrapure water

1x
N/A

25 mL
475 mL

Store at room temperature.

8. Peptide exchange buffer (1 mL)

Reagent Final concentration Quantity or volume
10% octyl glucoside 1% 100 pL

1 mg/mL leupeptin 2 pg/mL 2L

1 mg/mL pepstatin 1 pg/mL jans

0.5 M EDTA 2 mM 4 uL

100 mM PMSF 0.5 mM 5uL

20 mM peptide 100 uM 5uL

Cleaved pMHC 1 uM -

Sodium citrate buffer N/A Add to 1 mL

Make fresh and keep on ice for use on the same day.

Laboratory supplies

1. Axygen® 1.5 mL MaxyClear Snaplock (Axygen, catalog number: MCT-150-C)
2. Corning® 125 mL polycarbonate Erlenmeyer flask with vent cap (Corning, catalog number: 431143)
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3. Corning® flask, canted neck, 25 cm, vented (Corning, catalog number: CLS431463)

4. Amicon® Ultra 15 mL, 30 kDa cutoff (Merck, catalog number: UFC903096)

5. Amicon® Ultra centrifugal filters, 10 kDa molecular weight cutoff (MWCO) (Merck, catalog number: UFC501024)
6. HyPur T Ni-NTA 6FF (His-Tag) (Sangon, catalog number: C600332)

7. Sterile transfer pipette (BKMAM, catalog number: 110205008)

10. 0.2 mL PCR 8-tube strip with attached cap (YouLai, catalog number: PCR02-8TC-C-RT)
11.5 mL polystyrene round-bottom tube (Corning, catalog number: 352235)

12. Countess™ cell counting chamber slides (Thermo Scientific, catalog number: C10283)
13 50 mL centrifuge tube (Corning, catalog number: 430829)

14. 15 mL centrifuge tube (Corning, catalog number: 430790)

15. SurePAGE™, Bis-Tris, 10x8, 4%-20%, 12 wells (Beyotime, catalog number: M00656)

Equipment

. Thermal cycler (Bio-Rad, model: T100™)

. CO, incubator (Thermo Scientific, model: Forma™ Steri-Cycle™)

. Biological safety cabinet (Thermo Scientific, catalog number: 1379)

. Centrifuge (Eppendorf, model: 5810 R)

. Flow cytometer (Thermo Scientific, model: Attune NxT)

. Eppendorf ThermoMixer® C (Eppendorf, catalog number: 5382)

. Fresco™ 17 microcentrifuge (Thermo Scientific, catalog number: 75002420)

. Orbital shaker (YOONING, model: CS-200E)

. Ice maker (SANYO, model: SIM-F140)

. Countess™ 3 automated cell counter (Invitrogen™, catalog number: AMQAX2000)

. Milli-Q® SQ 200P ultrapure water system (Merck, catalog number: ZSQ200UPT0)

. Contact nondestructive quantitative imager (e-Blot, model: Touch Imager XLi)

. Mini-PROTEAN Tetra (Bio-Rad, catalog number: 165-8004)

. Thermo Scientific™ Revco™ laboratory refrigerator (Thermo Scientific, catalog number: REL3004V)
. Variable speed mixer (DLAB, model: MX-S)

. Locator™ Plus rack and box system (Thermo Scientific, catalog number: CY50925-70)

. Biomedical ultra-low temperature freezer (MEGSTEMAN Scientific, catalog number: DW-HL678D)
. Microcentrifuge (YOONING, model: MC-12K)

. Electric heating thermostatic water bath (Bluepard, model: MC-12K)

. Combined refrigerator and freezer (Haier Biomedical, model: HYCD-471FD)

. NanoDrop™ One microvolume UV-Vis spectrophotometer (Thermo Fisher Scientific, catalog number: 840-317400)
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Software and datasets

1. FlowJo version 10.8.1
2. SnapGene 6.0.2

Procedure

A. Construction of plasmid

1. CLIP-HLA-DRB1#*15:01 plasmid (expressing MHC B-chain)

Design the MHC B-chain construct by sequentially introducing, from the N-terminus to the C-terminus, the following
elements for Expi293F expression: the Ig « secretion signal peptide, the Strep tag, the CLIP polypeptide flanked by Notl
and BamHI sites, a thrombin cleavage site connected by a GGGGS linker, the HLA-DR*15:01 B-chain extracellular segment,
an HRV 3C protease cleavage site, an alkaline leucine zipper, and a FLAG tag followed by a BirA biotin ligase recognition
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motif connected by six GGGGS linkers. Finally, insert Xbal and Agel restriction sites at the 5" and 3’ ends of the complete
assembled fragment, respectively, to facilitate cloning into the pcDNA3.4 vector.

2. HLA-DRA*01:01 plasmid (expressing MHC a-chain)

Design the MHC a-chain construct by sequentially introducing, from the N-terminus to the C-terminus, the following
elements for Expi293F expression: the Ig «k secretion signal peptide, the HLA-DR*15:01 a-chain extracellular segment, an
HRYV 3C protease cleavage site, an acidic leucine zipper, and two tandem 6x His tags connected by six GGGGS linkers.
Finally, insert Xbal and Agel restriction sites at the 5’ and 3’ ends of the complete assembled fragment, respectively, to
facilitate cloning into the pcDNA3.4 vector.

3. BirA plasmid (expressing BirA biotin ligase)

Design the BirA expression construct by inserting the full-length BirA coding sequence into the pcDNA3.4 vector. Flank
the open reading frame with Xbal and Agel restriction sites at the 5" and 3' ends, respectively.

Note: The plasmid construction strategy and key functional elements are illustrated in Figure SI.

B. Protein expression

1. Retrieve a vial of Expi293F™ cells from liquid nitrogen storage. Thaw the vial by gently agitating it in a 37 °C water
bath for 1 min.

2. Transfer the entire thawed cell suspension into a sterile, vented 125 mL Erlenmeyer flask containing 30 mL of prewarmed
Expi293™ expression medium.

Note: For protein expression, we use the ExpiFectamine™ 293 Transfection kit, which includes Expi293™ expression
medium, ExpiFectamine™ 293 transfection reagent, and ExpiFectamine™ 293 transfection enhancers I and 2. The
Expi293™ expression medium contains D-biotin as part of its proprietary formulation to support in vivo biotinylation,
making it particularly suitable for this protocol. All transfection and culture steps follow the manufacturer's instructions,
with minor modifications as described below.

3. Cap the flask and place it in a humidified (>80% relative humidity) 37 °C incubator with 8% CO- on an orbital shaker
platform. Set the shaking speed to 125 rpm.

4. Culture the cells for 3—6 days. Measure the viable cell density and viability daily using a cell counter with Trypan Blue
exclusion.

5. When the viable cell density reaches a range of 1.0-3.0 x10° viable cells/mL, perform the first subculture. Dilute the
culture with fresh, prewarmed Expi293™ expression medium to a density of 0.5 x 10° viable cells/mL in a new vented flask.
6. Continue subculturing the cells every 3—4 days, maintaining the density between 0.5 and 3.0 x 10° viable cells/mL. For
protein expression, expand the cells for at least 3—4 passages.

Critical: Cell health is critical for optimal expression yield. Strictly follow the recommended passage number and density
limits and monitor cell density and viability closely during passaging.

7. On the day before transfection, expand the Expi293F™ culture until it reaches a density of approximately 3.0-5.0 x 10°
viable cells/mL and subculture the cells to a final viable cell density of 2.5-3.0 x 10° cells/mL in fresh Expi293F™
expression medium.

8. Allow the cells to grow overnight (16—18 h) in the incubator (37 °C, 8% CO», 125 rpm).

9. On the day of transfection, confirm that the cell density is between 4.5 and 5.0 x 10° viable cells/mL and viability is >95%.
If necessary, dilute the culture with fresh, prewarmed medium to achieve exactly 3.0 x 109 viable cells/mL in the final
desired culture volume. Swirl the flask gently to mix.

10. Dilute the total plasmid DNA in Opti-MEM™ 1 to achieve a final DNA concentration of 1.0 pg/mL for the total
transfection volume.

Critical: Maintain the 1:1:1 molar ratio of the three plasmids (MHC a-chain, MHC B-chain, and BirA plasmids at a 1:1:1
molar ratio) to ensure balanced co-expression.

11. Dilute the ExpiFectamine™ 293 reagent in Opti-MEM™ I medium and incubate it at room temperature for 5 min.

12. Add the diluted ExpiFectamine™ 293 reagent to the diluted plasmid DNA and incubate the ExpiFectamine™
293/plasmid DNA complexes at room temperature for 10-20 min.

13. Slowly transfer the complexes to the cells, swirling the culture flask gently during addition. Then, incubate the cells in
a 37 °C incubator with >80% relative humidity and 8% CO; on an orbital shaker.

14. Eighteen to twenty-two hours post-transfection, add ExpiFectamine™ 293 transfection enhancer 1 and ExpiFectamine™
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293 transfection enhancer 2 to the transfection flask, gently swirling the flask during addition.

15. Continue incubating the cells for an additional 3—5 days and monitor cell viability daily.

16. Harvest the protein supernatant when cell viability drops to approximately 70%.

Critical: Monitor cell viability daily. Harvest the protein supernatant when cell viability drops to approximately 70%.
Delayed harvest may lead to increased cell lysis and release of intracellular proteases and contaminating host cell proteins,
compromising protein purity.

17. Transfer the cell culture to centrifuge tubes. Centrifuge at 4,000x g for 20 min at 4 °C and harvest the supernatant.
Caution: Always balance the centrifuge rotor with counterbalancing tubes of equal weight. Imbalanced loading may damage
the centrifuge and cause sample loss or personal injury.

C. Protein concentration and purification

1. Transfer the harvested protein supernatant into a 30 kDa molecular weight cutoff (MWCO) ultrafiltration centrifugal tube.
2. Centrifuge the tube at 4,000x g for 20 min at 4 °C. Discard the flowthrough from the sample chamber.

3. Repeat step C2 until the entire volume of protein supernatant is concentrated to the desired final volume (typically 5-10
mL).

4. Perform buffer exchange by adding 5-10 mL of 1x TBS buffer (pH 8.0) to the concentrated protein in the ultrafiltration
tube. Centrifuge again at 4,000 g for 20 min at 4 °C. Discard the flowthrough.

5. Repeat the buffer exchange process for a total of 4-5 cycles to ensure complete exchange into 1x TBS.

6. Use a pipette tip to gently aspirate the retentate from the bottom and center of the sample chamber.

Pause point: The harvested protein sample can be stored at 4 °C and should be purified within 48 h.

7. Select a Ni-NTA gravity chromatographic column with appropriate protein loading and discharge the stored solution from
the column by gravity.

8. Balance the column by using a binding/washing buffer of 2 column volumes (CV). Let the buffer flow completely by
gravity at a speed of approximately 0.5—1 mL/min.

9. Mix the protein extract with binding/wash buffer 1:1 to prepare the sample solution.

10. Add the sample liquid to the column, collect the flowing liquid into the centrifugal tube, and re-circulate it once to
improve the combination efficiency of the sample and the filler.

11. Wash the column with 10 mL of binding/wash buffer and collect the flowthrough liquid. Check the absorbance at 280
nm using a NanoDrop spectrophotometer (Protein A280 mode) and continue until it approaches the baseline.

12. Elute the His tag protein on the column with 10 mL of elution buffer and repeat twice until the absorbance of the eluent
approaches the baseline at 280 nm.

Caution: Elution buffer contains imidazole and may cause skin/eye irritation. Wear gloves and safety goggles.

13. Transfer the elution into a 30 kDa ultrafiltration tube and repeat steps C2—5 until the protein concentration is 1-5 mg/mL.
Determine the protein concentration using a NanoDrop spectrophotometer at A280 (Protein A280 mode). Validate the
protein purification efficiency using western blot analysis, as shown in Figure 1.

Pause point: The harvested protein samples can be stored at -80 °C before the subsequent operation.
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Figure 1. Evaluation of protein purification by Ni-NTA gravity chromatography. Samples collected during the
purification process were analyzed by western blot using anti-His antibody to monitor protein recovery and binding
efficiency. (Left) Western blot results. (Right) Broad Multi Color Pre-Stained Protein Standard.

D. Preparation of pMHC monomer

Note: To convert protein concentration from mg/mL to nmol/uL, use the following formula based on the molecular weight
(MW) of the protein (for HLA-DRI15, MW = 76 kDa):

Vil = mg/mL
MIMOVIE = MW (kDa)
For example, a concentration of 1 mg/mL corresponds to approximately 0.0132 nmol/uL for a 76 kDa protein. To obtain 1
nmol of protein, add approximately 75.8 uL of a 1 mg/mL solution.

1. Calculate and transfer the volume containing 1 nmol of purified protein (based on the measured concentration and the
conversion formula above) into a 0.2 mL PCR tube.

2. Add 2.5 pL of thrombin to the protein solution in the PCR tube.

3. Add 1x PBS to bring the total reaction volume to 100 pL.

4. Place the PCR tube in a thermocycler and incubate at 22 °C for 4 h.

5. After the 4-h incubation, transfer the 100 pL thrombin cleavage reaction mixture (containing the "empty" MHC complex)
into a 1.5 mL centrifuge tube and add 900 pL of peptide exchange buffer.

6. Mix gently and incubate at 30 °C for 16 h in a metal bath.

7. Transfer the pMHC protein solution (peptide-MHC complex) into a 10 kDa (MWCO) ultrafiltration centrifugal tube.

8. Centrifuge the tube at 4,000% g for 5 min at 4 °C.

9. Repeat step D8 until the entire volume of protein supernatant is concentrated to the desired final volume (typically 50—
200 pL).

10. Perform buffer exchange by adding 0.3—0.4 mL of 1 x TBS buffer (pH 8.0) to the concentrated protein in the ultrafiltration
tube. Centrifuge again at 4,000x g for 5 min at 4 °C.

11. Repeat the buffer exchange process for a total of 4-5 cycles to ensure complete exchange into 1x TBS.

12. Invert the ultrafiltration insert and place it into a clean collection tube. Centrifuge at 4,000x g for 3—5 min at 4 °C to
recover the concentrated protein solution from the membrane surface.
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13. Measure the final protein concentration using NanoDrop. Aliquot the concentrated pMHC complex into low-protein-
binding microcentrifuge tubes. Figure 2 shows the efficiency of this method of biotinylation and thrombin cleavage using a
western blot.

Pause point: The concentrated complex can be stored at 4 °C for immediate use (within 1 week) or flash-frozen in liquid
nitrogen and stored at -80 °C for long-term preservation.
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Figure 2. Western blot analysis of biotinylation and thrombin cleavage. (A) Biotinylation efficiency: Detected with
streptavidin-HRP. Non-biotinylated controls show no signal; in vivo biotinylated samples show specific bands. (B)
Thrombin cleavage efficiency: Detected with anti-Strep tag antibody. Strep tag signal is present in untreated samples and
completely lost after thrombin cleavage. (C) Major histocompatibility complex (MHC) a chain integrity: Detected with anti-
His tag antibody. His tag signal is present in both untreated and thrombin-cleaved samples, indicating the MHC heavy chain
remains intact throughout the process.

E. Tetramer assembly

1. Calculate the required volumes based on the molecular weight and concentration of the pMHC protein solution. Add
streptavidin conjugated to PE (SA-PE) into the pMHC protein solution. Maintain a precise molar ratio of SA-fluorophore
to pMHC of 1:6.

2. Add PBS to the mixture to achieve a final pMHC concentration of 2.5 uM in the total reaction volume. Mix the
components by gently pipetting up and down 10-15 times.

3. Protect the tube from light by wrapping it in aluminum foil. Incubate the reaction mixture at room temperature (22-25 °C)
for 30 min in the dark.

Caution: PE-streptavidin is light-sensitive. Protect the conjugate from direct light to avoid photodegradation and signal loss.

4. After the initial incubation, gently flick the tube to mix the contents again.

5. Transfer the tube to a 4 °C refrigerator. Continue the incubation in the dark for 12—16 h (overnight).
6. Following the overnight incubation, the tetramer is ready for use.

Note: After assembly, store the tetramer at 4 °C in the dark and use it within one week.

F. Construction of over-expressed T-cell receptor (TCR) cell line

To generate over-expressed TCR cell lines for tetramer validation, we followed the strategy for T-cell receptor cloning and
expression described by Xia et al. [7]. Briefly, TCRo and TCRp chain sequences were synthesized and cloned into a lentiviral
expression backbone using Gibson assembly. Lentiviral particles were produced by co-transfecting HEK-293T cells with
the TCR expression plasmid and packaging plasmids (psPAX2 and pMD?2.G). Viral supernatants were harvested 48 h post-
transfection, filtered, and used to transduce TCRa/B-deficient Jurkat 76 cells. Transduced cells were expanded and sorted
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by flow cytometry for stable TCR surface expression using anti-human TCRo/f antibody. The resulting TCR-transduced
cell lines were used for subsequent tetramer staining assays.

G. Tetramer staining of T cells

1. Resuscitate and culture the T-cell line expressing specific TCR. Harvest the cell suspension and add PBS for washing.
Centrifuge at 300x g for 5 min at room temperature.

2. Suspend the cells with FACS buffer to achieve a final cell concentration of 5 x 10° cells/mL

3. Transfer 100 pL of cells into 1.5 mL microcentrifuge tubes and add 2 L of tetramer for staining.

Note: The CLIP-Tetramer serves as the essential negative control to define background staining and set the positive gate.

4. Mix gently and incubate the cells in the dark at 37 °C for 90 min.
Critical: Incubate at 37 °C for at least 90 min. Insufficient incubation time or lower temperature may result in weak staining
signals and underestimation of tetramer-positive cells.

5. Add 1 mL of FACS buffer to each test tube, centrifuge at 300x g for 5 min, and carefully discard the supernatant.

6. Repeat the washing step again.

7. Resuspend the cells with 200 pL of FACS buffer for flow cytometry analysis.

Note: Before collection, keep the sample on ice and keep it away from light.

8. Collect data on flow cytometry. Use negative controls to set tetramer positive gating. A tetramer loaded with a specific
peptide specifically recognizes and binds to cells expressing epitope-specific TCR, as shown in Figure 3.
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Figure 3. Flow cytometry analysis of T-cell receptor (TCR)-expressing T cells stained with peptide-loaded major
histocompatibility complex (MHC) class II (pMHC) tetramers. Cells were stained with either CLIP-loaded tetramer or
specific peptide-loaded tetramer. Tetramer-positive populations were gated based on the CLIP-tetramer control.

Data analysis

Flow cytometry data were analyzed with FlowJo v10.8.1.

Validation of protocol

Protein expression and purification steps were repeated three times (n = 3). Following purification, the presence of the His
tag on the o chain was successfully detected in the elution fraction by western blot, appearing as a positive signal at an
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apparent molecular mass of approximately 35 kDa. A representative result is shown in Figure 1, and an additional
independent replicate is presented in Figure 4A.

The preparation of pMHC monomers was also repeated three times (n = 3), encompassing assessments of biotinylation
efficiency, thrombin cleavage, and peptide exchange. Biotinylation efficiency was assessed by western blot using HRP-
conjugated streptavidin. Successful biotinylation of the Avi tag on the B chain was detected as a positive signal at an apparent
molecular mass of approximately 41 kDa. Thrombin cleavage efficiency was assessed by western blot using an anti-Strep
tag antibody. Upon thrombin-mediated removal of the CLIP peptide, the Strep tag on the B chain was removed along with
the CLIP peptide, resulting in the loss of the Strep signal, while the His tag on the a chain remained unaffected.
Representative data from these experiments are presented in Figure 2, and reproducibility across independent repeats
(including additional samples) is shown in Figure 4B.

Tetramers prepared according to this method recognize and bind to cells expressing epitope-specific TCR. A representative
result is shown in Figure 3, and an additional independent replicate is presented in Figure 4C. For functional validation of
the tetramers, a CLIP-MHC tetramer was used as a negative control to define nonspecific background signals, providing a
baseline reference for gating of tetramer-positive cells. CLIP peptide is a segment of the invariant chain (Ii chain) and is not
recognized by any known CD4" T cells in vivo, making it an ideal negative control.

Tetramer staining validation experiments comparing the specific tetramer with the CLIP negative control tetramer were
performed at least six independent times. Statistical analysis using Welch's t-test (unpaired, unequal variance) showed a
significant difference between the two groups (n = 6, ***p < 0.001), as shown in Figure 4D.
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Figure 4. Independent replicate experiments and statistical validation. (A) Independent replicate of the protein
purification and elution validation shown in Figure 1. Western blot detection of the His tag on the o chain confirmed a
positive signal at approximately 35 kDa. (B) Independent replicate experiments for peptide-loaded major histocompatibility
complex (MHC) class I (pMHC) monomer assessments. Western blots show biotinylation efficiency (HRP-streptavidin,
~41 kDa) and thrombin cleavage efficiency (anti-Strep tag antibody; loss of Strep signal upon CLIP removal, while the His
tag on the o chain remained unaffected). (C) Independent replicate of tetramer staining shown in Figure 3, demonstrating
specific binding of tetramers to cells expressing epitope-specific TCRs. (D) Statistical analysis of tetramer staining
validation experiments comparing the specific tetramer with the CLIP-MHC negative control tetramer. Data were analyzed

using Welch's t-test (unpaired, unequal variance), revealing a statistically significant difference between the two groups (n
=6, ***p <0.001).
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General notes and troubleshooting

General notes

1. This protocol was optimized for HLA-DRB1*15:01 in Expi293F cells. When adapting to other HLA-DR alleles, minor
modifications may be necessary, including adjustment of protein harvest time based on cell viability and expression levels
during the experiment. Protein yield may vary depending on the expression efficiency of different MHC alleles; therefore,
pilot experiments are recommended when applying this protocol to new alleles.

2. Peptide exchange conditions should be empirically determined based on the specific peptide of interest. High-affinity
peptides typically achieve efficient exchange under the standard conditions described here (100 uM peptide, 30 °C, 16 h).
For low-affinity peptides or those with slow binding kinetics, higher peptide concentrations or extended incubation times
may be required. For each new peptide, optimal exchange conditions may need to be determined experimentally.

3. This system is suitable for small-to-medium-scale protein preparation (e.g., 50—500 mL culture volume). For large-scale
production, the current workflow relies on Ni-NTA gravity column purification and repeated ultrafiltration concentration
steps using Amicon® Ultra centrifugal filters. Each concentration and buffer exchange cycle takes approximately 30—40 min,
making the process labor-intensive and time-consuming when processing larger volumes. For scaling up to >500 mL of
culture, automated chromatography systems (e.g., fast protein liquid chromatography, FPLC) and tangential flow filtration
(TFF) may be required for more efficient processing.

Troubleshooting

Problem 1: Low protein yield after Ni-NTA purification.

Possible causes: Protein amount exceeds the binding capacity of the Ni-NTA column, or insufficient protein binding to the
resin.

Solutions: Make sure the total protein amount does not exceed the manufacturer's recommended binding capacity of the Ni-
NTA column. Load the sample at an appropriate flow rate (approximately 0.5—1 mL/min) to allow sufficient binding. Collect
the flowthrough and reload it onto the column once more to improve binding efficiency and maximize protein recovery.

Problem 2: No tetramer staining or weak signal by flow cytometry.

Possible causes: Improper staining conditions; tetramer degradation.

Solutions: Store the tetramer at 4 °C in the dark and use it within one week. Always include CLIP-tetramer as a negative
control to define background staining. If staining is weak, the incubation time may be appropriately extended (e.g., from 90
min to 2 h) to improve binding.

Supplementary information

The following supporting information can be downloaded here:
1. Figure S1. Design of plasmid for Class II CLIP/MHC protein expression.
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