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A Single-Domain TCR-like Antibody Selective for the Qa-1b/Qdm
Peptide Complex Enhances Tumoricidal Activity of NK Cells via
Blocking the NKG2A Immune Checkpoint

Soroush Ghaffari,* Katherine Upchurch-Ange,† Susanne Gimlin,† Trivendra Tripathi,†

Marjolein Sluijter,‡ Jim Middelburg,‡ Thorbald van Hall,‡ and Jon Weidanz†,§

The NKG2A/HLA-E axis is an immune checkpoint that suppresses immune effector activity in the tumor microenvironment. In
mice, the ligand for the NKG2A/CD94 inhibitory receptor is the nonclassical MHC molecule Qa-1b, the HLA-E ortholog, which
presents the peptide AMAPRTLLL, referred to as Qdm (for Qa-1 determinant modifier). This dominant peptide is derived from the
leader sequences of murine classical MHC class I encoded by the H-2D and -L loci. To broaden our understanding of Qa-1b/Qdm
peptide complex biology and its tumor protective role, we identified a TCR-like Ab from a single domain VHH library using yeast
surface display. The TCR-like Ab (EXX-1) binds only to the Qa-1b/Qdm peptide complex and not to Qa-1b alone or Qa-1b loaded
with control peptides. Conversely, currently available Abs to Qa-1b bind independent of peptide loaded. Flow cytometric results
revealed that EXX-1 selectively bound to Qa-1b/Qdm-positive B16F10, RMA, and TC-1 mouse tumor cells but only after
pretreatment with IFN-g; no binding was observed following genetic knockdown of Qa-1b or Qdm peptide. Furthermore, EXX-1 Ab
blockade promoted NK cell�mediated tumor cell lysis in vitro. Our findings show that EXX-1 has exquisite binding specificity for
the Qa-1b/Qdm peptide complex, making it a valuable research tool for further investigation of the Qa-1b/Qdm peptide complex
expression and regulation in healthy and diseased cells and for evaluation as an immune checkpoint blocking Ab in syngeneic mouse
tumor models. The Journal of Immunology, 2022, 208: 2246�2255.

The NKG2A axis is a novel immune checkpoint believed to
control the cytolytic activity of effector cells in the tumor
microenvironment (1, 2). Blocking this inhibitory pathway

has been shown to promote anti-tumor immunity in cancer patients
and in murine tumor models by enhancing the lysis activity of NK
and CD81 T cells (3, 4). Findings from a recent phase II study
showed clinical benefit in head and neck cancer patients treated
with an anti-NKG2A Ab, monalizumab, in combination with cetuxi-
mab (anti-EGFR mAb) (3). Additionally, a mAb targeting mouse
the NKG2A receptor has shown efficacy in murine tumor models
when used in combination with PD-L1 therapy or cancer vaccines
(3, 4). The ligand for the NKG2A/CD94 heterodimeric receptor in
mice is Qa-1b, the HLA-E ortholog.
The nonclassical MHC molecule (MHC class Ib), Qa-1b, is an

essentially monomorphic protein with similar tissue distribution as
classical MHC class I molecules (MHC class Ia), albeit at lower
levels (5, 6). The Qa-1b molecule presents the dominant nonameric
peptide AMAPRTLLL, referred to as Qdm (for Qa-1 determinant
modifier), that is derived from the leader sequence of murine
MHC class Ia from the H-2D and -L loci (7�9). Because Qdm
peptide presentation by Qa-1b directly correlates with MHC class
Ia expression and Ag-processing machinery (APM) integrity, loss
of either one results in the reduction or even absence of Qdm pep-
tide, indicating that the display of Qa-1b/Qdm complexes at the
surface of cells can act as a barometer for MHC class Ia and APM
integrity (10).

The inhibitory NKG2A receptor belongs to the NKG2 family of
C-type lectin-like receptors that also includes two activating var-
iants, NKG2C and NKG2E. NKG2 molecules pair with CD94 to
form functional heterodimeric receptors that interact with Qa-1b

when complexed with Qdm (11, 12). Interaction of the NKG2A/
CD94 heterodimeric inhibitory receptor to Qa-1b or HLA-E mole-
cules recruits SHP-1 (protein tyrosine phosphatase, non-receptor
type 6 [PTPN6]) that promotes an inhibitory signaling cascade in
the effector cells to suppress immune activities (13�15). In addition
to NK cells, recent reports have shown that tissue-resident and
tumor-localized CD81 T cells express the NKG2A/CD94 receptor
at markedly higher frequencies compared with circulating CD81

T cells (16, 17). The currently held belief is that Qa-1b engages
with the NKG2A/CD94 inhibitory receptor when presenting the
Qdm peptide to protect cells from lysis by NK cells (18�22).
Even though healthy cells are expected to express Qa-1b loaded

with Qdm peptide, during infections or in tumor cells alternative
peptides can be presented by Qa-1b molecules (9, 23). Currently,
no distinction using Abs can be made between the different pepti-
des, including Qdm, that are presented by Qa-1b complexes in
healthy and diseased cells. Novel research tools that could directly
recognize the Qa-1b/Qdm complex or Qa-1b loaded with other
peptides in normal or tumor tissue would be particularly useful.
Such tools would be invaluable in furthering our understanding
of Qa-1b/Qdm expression and regulation in normal cells as well
as in nonmalignant and malignant cells present in the tumor
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microenvironment. Additionally, because of the growing impor-
tance of the NKG2A immune checkpoint in cancer immunity, an
Ab that selectively bound to the Qa-1b/Qdm peptide complex and
not to Qa-1b independent of peptide loaded (24), could be used to
explore the potential therapeutic effect of blocking the ligand side
of the NKG2A axis.
To address these points, we generated a TCR-like (TCRL) or

TCR-mimicking Ab to the Qa-1b/Qdm complex. TCRL Abs have
been made to many different HLA/peptide complexes (25�27);
however, to the best of our knowledge, none exists to peptides pre-
sented by nonclassical MHC, including the Qa-1b/Qdm complex. To
this end, we constructed a single-domain Ab library for yeast sur-
face display after immunizing a llama with recombinant Qa-1b/Qdm
protein. Screening of the single-domain Ab library for binders to
Qa-1b/Qdm yielded a unique clone, EXX-1. In this study, we char-
acterize EXX-1 and show that this TCRL Ab staining of cancer
cells is Qa-1b�dependent and Qdm peptide specific and displays
functional activity in vitro by disrupting the NKG2A/Qa-1b axis to
unleash NK cytolysis of tumor cells.

Materials and Methods
Library generation and yeast library construction

Immunization of a Lama glama with Qa-1b/Qdm was performed by Capra-
logics as described previously (28) and followed by the construction of a
phage display library by Creative BioLabs. (The immunization protocol was
reviewed and approved by the IACUC committee at Capralogics, and all
work was performed under veterinary oversight with strict adherence to stan-
dard operating procedures). To convert from a phage display library to a
yeast display library, an appropriate amount of phagemid was used to cover
at least 10-fold excess of the expected diversity. The VHH genes were
amplified from phagemid using the forward primers Lla_04, Lla_05 and
Lla_06 and the reverse primer Lla_07 (primer sequence shown in Table I).
The primers were modified to allow for cloning into the yeast display vector.
The yeast strain EBY100 (ATCC) was transformed with pYES3/Aga2 vector
(modified from pYES3/CT, Thermo Fisher Scientific) containing cloned
VHH genes according to the protocol of Van Deventer and Wittrup (29).
Multiple electroporations were pooled, with 200 ng of vector and 2 mg of
VHH used in each electroporation. Dilution plates indicated the number of
transformants, and colony PCR was used to quantify inserted sequence
quality.

Screening for binders to the Qa-1b/Qdm complex

For staining and selection purposes, the VHH single-domain Ab library
was incubated overnight in galactose-rich media at 30◦C to induce expres-
sion of Ab molecules for display on the surface of yeast. Yeasts were
resuspended in blocking buffer (5% BSA, 0.05% Tween 20 in PBS) for
30�60 min at room temperature (RT) with rotation. Yeasts were then incu-
bated with biotinylated Ag (Qa-1b/QDM, Qa-1b/b2m [b2-microglobulin]
not containing peptide [Qa-1b no peptide], Qa-1b/Q001, Qa-1b/Q002, and
Qa-1b/DDX5) followed by incubation for 30�90 min at 4◦C, with incuba-
tion time dependent on Ag concentration. Biochemical purification and tan-
dem mass spectrometry was used previously to identify peptides Q001,
Q002, and DDX5 that bind to Qa-1b (9). Yeasts were washed with staining
buffer (0.5% BSA, 0.05% Tween 20 in PBS) and resuspended in staining
buffer containing anti-FLAG tag (DYKDDDDK) Ab conjugated with
FITC and streptavidin (SA) conjugated to R-PE. After a 30-min incubation
at 4◦C, yeasts were washed three times and resuspended in staining buffer.
Yeasts were analyzed on a Beckman Coulter CytoFLEX S. Data were ana-
lyzed using FlowJo software version 10. Yeasts were first gated based on
forward scatter and side scatter to remove debris, followed by selection of
singlets before analyzing Ag binding (PE) versus VHH expression (FITC).

For MACS selection, after blocking, yeasts were resuspended in 0.5�1 ml
of Qa-1b/Qdm at 1 mM and incubated for 30 min at 4◦C. After washing,
yeasts were resuspended in 5 ml of staining buffer with 400 ml of SA
microbeads (Miltenyi Biotec, catalog no. 130-048-101) for 20 min at 4◦C.
Yeasts were selected for binding to SA microbeads using LS columns
(Miltenyi Biotec, catalog no. 130-042-401). MACS selection was per-
formed once, followed by two rounds of sorting on a FACSAria II (BD
Biosciences). For sorting, yeasts were stained as described above.

Mouse tumor cell lines and 293T.Qa1/Db transfectant

The tumor cell lines B16F10, B16F10 Qa-1b knockout (Qa-1bKO), TC-1, TC-1
Qa-1bKO, RMA, and RMA Qa-1bKO have been described previously (4). The
C1498 cell line was purchased from Imanis Life Sciences. B16F10.Db KO
cells were described before (30). The 293T.Qa-1b/Db�transfected cell line was
a gift from Dr. Peter Dyson. Briefly, the Qa-1b/Db chimera was constructed
using the a3 segment and transmembrane and intracellular domains from the
H2-Db molecule and the a2 and a3 segments from Qa-1b for these transfec-
tants (31). All cells were cultured in recommended medium. Cell lines were
authenticated and confirmed free of rodent viruses and Mycoplasma by routine
testing by IDEXX.

Reagents and Abs for flow cytometry

Reagents SA-allophycocyanin (catalog no. 405204), Zombie Aqua fixable via-
bility kit (catalog no. 423101/423102), calcein-AM (catalog no. 425201),
TrueStain FcX plus (catalog no. 156604), and FluoroFix buffer (catalog no.
422101) and anti-mouse NKp46-BV421 (29A1.4; catalog no. 137612) were
purchased from BioLegend. SA-PE (catalog no. 12-4317-87) was purchased
from eBioscience. Anti�FLAG-AF488 (catalog no. IC8529G) and anti-mouse
Fcg RI/CD64 (catalog no. 290322) were purchased from R&D Systems.
Anti-mouse NKG2A/C/E-PE (20d5; catalog no. 130-105-620) was purchased
from Miltenyi Biotec, and H2-Db-PE (28-14-8; catalog no. A15443) was from
Thermo Fisher Scientific. Abs specific for anti-mouse CD3-BV421 (17A2;
catalog no. 555276) and biotin-labeled anti-mouse Qa-1b (6A8.6F10.1A6
[6A8]; catalog no. 559829) were purchased from BD Pharmingen. AffiniPure
goat anti-human (GAH) IgG, Fcg fragment specific (catalog no. 109-115-098)
and AffiniPure goat anti-mouse (GAM) IgG (subclasses 1 1 2a 1 2b 1 3)
(catalog no. 115-115-164), GAM-allophycocyanin (catalog no. 115-135-164),
GAM-PE (catalog no. 115-115-164), GAH-allophycocyanin (catalog no. 109-
135-098), and GAH-PE (catalog no. 1150098) were purchased from Jackson
ImmunoResearch Laboratories. A CytoFLEX S V4-B2-Y4-R3 flow cytometer
(Beckman Coulter) was used, and flow cytometry data were analyzed with
FlowJo software version 10.

Peptides

Peptide Qdm (AMAPRTLLL) was synthesized by MBL International. Pepti-
des Dk (AMVPRTLLL), Kb (MVPCTLLLL), Q001 (AQAERTPEL, DENN
domain-containing protein 3), Q002 (IINTHTLLL, IQ motif containing
GTPase activating protein 1), EPH (TLADFDPRV, erythropoietin-producing
human hepatocellular receptor), DDX5 (ATPGRKDFL, DEAD box protein 5),
glycine/alanine-substituted Qdm peptides (p1A→G, p3A→G, p4P→A,
p5R→A, p6T→A, p7L→A, and p8L→A), and lysine-substituted Qdm pepti-
des (Lys-P5 and Lys-P8) were synthesized by GenScript.

Production of Qa-1b peptide monomers

The extracellular domain of mouse Qa-1b containing a C terminus BirA pep-
tide sequence for biotinylation and human b2m genes were cloned in
pET21(1) vector purchased from Sigma-Aldrich and transformed into
BL21(DE3) Escherichia coli (New England Biolabs). Proteins were pro-
duced, purified from inclusion bodies, and used in refolding reactions with
synthesized peptides to produce Qa-1b/peptide complexes as described previ-
ously (12). The Qa-1b/peptide mixture was concentrated, and the correctly
folded complex was isolated from impurities using size-exclusion chroma-
tography and a Superdex 75 column (GE Healthcare Biosciences). A portion
of the purified refolded complex, designated as active monomer, was biotiny-
lated using the BirA biotin ligase enzyme (Avidity) and purified a second
time on the Superdex 75 column. Purified material (unbiotinylated and

Table I. Primers used for yeast display library construction

Primer Sequence (59→39)

Lla_04 ATAGCTCGACGATTGAAGGTAGAGCGGCCGCTTACCCATACGACGTTCCAGACTACGCTCAGGTGCAGCTGGTGCAGTCTGG
Lla_05 ATAGCTCGACGATTGAAGGTAGAGCGGCCGCTTACCCATACGACGTTCCAGACTACGCTCAGGTCACCTTGAAGGAGTCTGG
Lla_06 ATAGCTCGACGATTGAAGGTAGAGCGGCCGCTTACCCATACGACGTTCCAGACTACGCTCAGGTGCAGCTGCAGGAGTCGGG
Lla_07 GATGCGGCCCTCTAGGATCAGCGGGTTTAAACTCACTTGTCGTCATCGTCTTTGTAGTCTGAGGAGACRGTGACCTGGGTCC

Bold font represents sequence complementary to the V gene segments.
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biotinylated) was analyzed by mass spectrometry to detect Qa-1b H chain,
b2m, peptide (indicating peptide loading), and the percentage of material that
was biotinylated (for biotin-labeled molecules). All mass spectrometry work
was performed at the Proteomics Core Lab at the UT Southwestern Medical
Center.

Ab production

The expression tests in mammalian cells were performed in Expi293F cells
(Thermo Fisher Scientific, catalog no. A14527). The VHH region of EXX-1
or its isotype control, anti-hCD3e VHH, was cloned into either human
pFUSE-human (h)IgG1-Fc2 (catalog no. pfuse-hg1fc2) or mouse pFUSE-
mouse (m)IgG2a-Fc2 (catalog no. pfuse-mg2afc2) vector purchased from
InvivoGen. Cells were transfected transiently with expression vectors accord-
ing to the manufacturer’s instructions. At 5 d posttransfection, Ab-containing
supernatants were harvested. The Abs were captured and purified using pro-
tein A beads (GenScript, catalog no. L00210.). After buffer exchange into
PBS using Amicon ultra-4 centrifugal filters (EMD Millipore), Abs were
analyzed for correct size and purity. SDS-PAGE was performed under either
reducing or nonreducing conditions using Mini-PROTEAN TGX stain-free
polyacrylamide gels and the Mini-PROTEAN tetra system purchased from
Bio-Rad. SDS-PAGE gels were stained with Coomassie blue for visualiza-
tion. Additional purified samples were run on an analytical-grade Superdex
200 column (GE Healthcare Biosciences) for size and purity determination.
Larger scale production of EXX-1 mFc and associated controls and produc-
tion of EXX-1 hFc (effector silent [ES]) and EXX-1 mFc (ES) and associ-
ated controls were done by ATUM.

ELISA

High protein�binding flat-bottom 96-well plates (Nunc MaxiSorp) were
coated with 50 ml of NeutrAvidin (50 mg/ml in PBS) in each well and incu-
bated overnight at 4◦C. Plates were washed three times with wash/assay
buffer (0.1% BSA, 0.05% Tween 20 in PBS). Available protein-binding sites
were blocked with 100 ml/well blocking buffer (5% BSA, 0.05% Tween 20
in PBS) and incubated for 1 h at RT. Buffer was discarded, plates were
washed three times in wash buffer, and 50 ml of biotinylated monomer
(Qa-1b/peptide complex) was diluted in wash/assay buffer with final concen-
trations of 5, 2.5, 1.25, and 0.625 mg/ml and incubated for 1 h at RT. Plates
were washed four times with assay buffer (200 ml/well) and allowed to soak
for 12 min before the addition of Abs. Abs were diluted in the assay buffer
with the concentrations of 2.5, 1.25, and 0.625 mg/ml, and 50 ml of diluted
Abs (anti-b2m [Thermo Fisher Scientific, clone B2M-01, catalog no. MA1-
19141] and anti-mouse Qa-1b (BD Biosciences, clone 6A8, catalog no.
744390) (positive controls) and isotype control hFc (negative control) and
EXX-1 hFc [both Abs were produced in-house]) was added to their desig-
nated wells and incubated for 1 h at RT. Plates were washed five times
(200 ml/well) before adding anti-human HRP (catalog no. 109-035-088) or
anti-mouse HRP conjugates (catalog no. 115-035-003, Jackson ImmunoRe-
search Laboratories) diluted 1:5000 in assay buffer to designated wells and
allowed to incubate for 1 h at RT to detect bound Ab. The plate was washed
five times (200 ml/well), and 50 ml of 1-Step ultra tetramethylbenzidine-
ELISA substrate solution (BD Biosciences) was added into each well, incu-
bated for 30 min at RT, followed by the addition of 50 ml of stop solution
(1 M hydrochloric acid) and read at 450 nm on a Synergy 2 multi-mode
microplate reader (BioTek Instruments).

Affinity and binding specificity determined using label-free bioassay
system

The binding affinity of EXX-1 was determined using label-free technology
(ResoSens instrument, Resonant Sensors). The dissociation equilibrium cons-
tant was determined as follows. Thermo Fisher Scientific CaptureSelect bio-
tin anti-human IgG-Fc (catalog no. 7103262100, diluted in PBS buffer) was
immobilized on NeutrAvidin-coated Bionetics label-free microarray plates at
5 mg/ml until binding reached equilibrium. The plate was subsequently
washed three times with dilution/wash buffer (0.1% BSA, 0.05% Tween 20
in PBS). EXX-1 hFc (10 mg/ml in dilution/wash buffer) was captured by
anti-human IgG-Fc until binding reached equilibrium. The plate was subse-
quently washed three times in dilution/wash buffer. The Qa-1b/Qdm mono-
mer complex (serial dilutions starting at 20 mg/ml in dilution/wash buffer)
was added to wells and allowed to incubate for 20 min to determine the
binding association. Then, excess Ag was removed, replaced with fresh
wash buffer, and immediately incubated on a reader for ∼25 min to deter-
mine the dissociation rate. Binding affinity was calculated using Trace-
Drawer kinetic analysis software.

Binding specificity was also determined by a ResoSens label-free bioassay
system using Integrated ResoVu software, which was used for data acquisi-
tion and statistical analysis (Resonant Sensors).

Staining of tumor cells

When cultured target cells reached ∼70�80% confluence, 20 ng/ml recombi-
nant mIFN-g (R&D System) was added to the cells and further incubated
for 48 h at 37◦C. Adherent cells were treated using trypsin-EDTA solution
(MilliporeSigma), and recovered cells were washed three times with FACS
buffer (PBS supplemented with 2% FBS [Life Technologies] and 2 mM
EDTA [Invitrogen]). Then, 100,000�200,000 cells/well were used for staining.

Fc block (mouse TruStain FcX plus) was added to wells with cells and
incubated for 15 min at 4◦C before adding 50 ml of primary Ab and incu-
bated for 30 min at 4◦C. Cells were washed with the addition of 100�150
ml/well of FACS buffer before the addition of secondary Ab conjugates.
GAH-Fc/PE or GAM-Fc/PE was added to wells at 1:100 dilution in FACS
buffer. For detection of biotin-labeled Abs, SA-PE was added at a 1:50 dilu-
tion in FACS buffer. All samples were stained using Zombie Aqua viability
stain and washed three times with FACS buffer. Cells were fixed by adding
100�200 ml/well FluoroFix buffer before analysis. For gating, cells were first
selected based on forward scatter and side scatter, followed by selection of
singlets and live cells. A CytoFLEX S V4-B2-Y4-R3 flow cytometer (Beck-
man Coulter) was used, and flow cytometry data were analyzed with FlowJo
software version 10.

Cytotoxic assays with mouse NK cells

The effector cells used were NK cells enriched (EasySep mouse NK cell iso-
lation kit, STEMCELL Technologies) from spleens of naive C57BL/6 mice
(The Jackson Laboratory), with a purity >90%. NK cells were incubated at
1 × 106/ml with recombinant mIL-2 (20 ng/ml) for 24 h. NK cells were
cocultured at a ratio of 3:1 with target cell lines, B16 Qa-1b1 or B16
Qa-1bKO, that had been previously incubated with mIFN-g for 48 h and that
were labeled with calcein-AM. Abs were added at 10 mg/ml. Plates were
incubated for 24 h at 37◦C and read at 490 nm on a Synergy 2 multi-mode
microplate reader (BioTek Instruments). Cell lysis was calculated according
to the formula: [(test release − spontaneous release)/(maximum release −
spontaneous release)] × 100. Spontaneous release represents calcein-AM
release from untreated target cells, and maximum release represents calcein-
AM release from target cells lysed with 2% Triton X-100 (MilliporeSigma).

Statistical analysis

Statistical analyses were performed using GraphPad Prism software (Graph-
Pad Software, San Diego, CA). The data are expressed as the mean ± SD
and were analyzed with one-way ANOVA followed by a Dunnett or Tukey
post hoc test.

Results
Identification of anti�Qa-1b/Qdm TCRL Ab EXX-1

To generate TCRL Abs with specificity for Qa-1b/Qdm, a llama
was first immunized with complexes of recombinant Qa-1b/Qdm
following the protocol described previously (28). One week after
the final immunization, blood was collected, B cells were enriched,
mRNA was isolated, and VHH genes were amplified and cloned
into phagemid vector. A second round of VHH gene amplification
was performed using phagemid with VHH sequences, and forward
primers and a reverse primer shown in Table I were used to con-
struct the yeast display library and screen for binders. MACS selec-
tion was done (R1 out) using target Ag (Qa-1b/Qdm) at 1 mM. The
R1 library was checked for binders recognizing the target, and a
substantial enrichment was observed in the number of binders rec-
ognizing the Qa-1b/Qdm complex compared with controls; that is,
Qa-1b no peptide and Qa-1b loaded with one of the following con-
trol peptides: Q001, Q002, and DDX5. Peptides Q001, Q002, and
DDX5 were shown previously to bind to Qa-1b (9). To select for
binders with enhanced affinity through selective gating, the R1
library was sorted using FACS (R2 out). This was repeated a final
time for a total of three selections (R3 out). The R3 library was then
analyzed for unique binders specific for Qa-1b/Qdm. In total, five
unique binders were found and tested for specificity using the panel
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of control peptides loaded into Qa-1b. One clone, termed EXX-1,
showed the best combination of binding sensitivity (1 nM Ag) and
specificity for Qa-1b/Qdm (Fig. 1).

Characterization of the top clone, EXX-1

EXX-1 was cloned into the pFUSE-IgG-Fc expression vector con-
taining either human IgG1 (hFc), human IgG1 with mutations at
Leu234Ala and at Leu235Ala (LALA mutations; hFc ES), mIgG2a
(mFc), or mIgG2a with LALA mutations (mFc ES) and produced in
Chinese hamster ovary (CHO) cells or Expi293 cells using a tran-
sient transfection protocol followed by purification by protein A
affinity chromatography. LALA mutations were introduced to reduce
nonspecific binding to Fcg receptors and the Fc domain of human
and mouse IgGs. An example of sample purity was shown for the
EXX-1 mFc molecule by SDS-PAGE under reduced (a single band
at 41 kDa representing monomer VHH-IgG) and nonreduced condi-
tions (single band at ∼90 kDa) (Fig. 2A) and by observing a single
peak by size-exclusion chromatography (Fig. 2B). The binding affin-
ity of EXX-1 hFc was determined with a dissociation equilibrium
constant of 1.73 nM.

EXX-1 specifically recognizes the Qa-1b/Qdm complex

We next evaluated by ELISA the binding specificity of the EXX-1
hFc to recombinant mQa-1b loaded with specific peptide Qdm, con-
trol peptide Q001, or Qa-1b no peptide. EXX-1 hFc was immobi-
lized in wells at 0.25 mg/ml, and binding to Qa-1b monomer
samples was evaluated at various concentrations (0.125, 0.062, and
0.031 mg/ml) and shown to be selective for the Qa-1b/Qdm complex
in a dose-dependent manner (Fig. 2C). In contrast, EXX-1 hFc
displayed little to no binding to control Ags, Qa-1b/Q001 and
Qa-1b no peptide. Anti-b2m Ab bound to Qa-1b/Qdm, Qa-1b/
Q001, and Qa-1b empty, indicating the presence of b2m associ-
ated with Qa-1b. In addition, anti�Qa-1b Ab (clone 6A8) dem-
onstrated the presence of the Qa-1b H chain in all complexes

(Fig. 2C). Next, we assessed by ELISA the detection sensitivity
of EXX-1 hFc. Plates were coated with Qa-1b/Qdm, Qa-1b/Q001,
or Qa-1b no peptide starting at 0.25 mg/ml with 2-fold serial dilutions
down to 0.0312 mg/ml. EXX-1 hFc added to wells at 1 mg/ml showed
detection of the Qa-1b/Qdm complex, titrating down to background
signal (∼0.1 OD450 nm) at 0.0312 mg/ml. Only background signal was
detected for EXX-1 hFc binding to controls, Qa-1b/Q001 and Qa-1b

no peptide, supporting the specificity of EXX-1 binding for the Qa-1b/
Qdm peptide complex (Fig. 2D). Additionally, clone 6A8 and anti-
b2m Ab demonstrated the presence of the Qa-1b H chain and b2m,
respectively. The isotype control Ab, a VHH single domain specific
for hCD3e containing hFc, did not bind to Qa-1b/Qdm or control
Qa-1b molecules, as anticipated. Taken together, our findings demon-
strate that EXX-1 Ab binding is highly specific even at low Ag con-
centrations for the Qa-1b/Qdm peptide complex.
We next replaced the hFc domain of the EXX-1 Ab with an mFc

(ES) domain to characterize its binding specificity in flow cytometry
assays using human 293T cells. As expected, the binding specificity
of EXX-1 mFc (ES) was unaltered after isotype switching (Fig. 2E).
Human 293T cells were previously transfected with Qa-1b/Db

encoding plasmid (293T.Qa-1b/Db) cells and were either not pulsed
(unpulsed) or pulsed with 1 mM peptides (Qdm, Dk, Kb, and Q001).
The leader sequence peptide from Dk, AMVPRTLLL, was shown pre-
viously to bind to Qa-1b (31). EPH peptide served as a negative con-
trol. Peptides were incubated with cells for 3 h at 37◦C before staining
with anti�Qa-1b-biotin (clone 6A8) plus SA-PE or SA-PE alone (con-
trol) or EXX-1 mFc (ES) plus GAM-PE conjugate or GAM-PE conju-
gate alone (control). 293T.Qa-1b/Db cells stained with the clone 6A8
Ab (Fig. 3A, top panel) show staining of 293T.Qa-1b/Db cells before
and after pulsing with peptides Qdm, Dk, Kb, Q001, or EPH, indicat-
ing Qa-1b expression. In contrast, the EXX-1 mFc (ES) Ab only
stained 293T.Qa-1b/Db cells following pulsing with the Qdm peptide,
as shown in Fig. 3a, bottom panel, and 3C). A notable finding was

FIGURE 1. Yeast display of clone EXX-1. Staining of the single clone EXX-1 in yeast. Ag binding is indicated in Q2, with staining for both VHH expres-
sion and Ag binding. VHH expression was detected with an anti-FLAG epitope tag. Ag binding of biotinylated Ags was detected with SA-PE. Histograms
plotted are representative of at least two independent staining experiments.
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that EXX-1 did not bind to 293T.Qa-1b/Db cells pulsed with the
leader sequence peptide from MHC Dk, having only a single
amino acid difference at position 3 from the Qdm peptide. To
assess Qa-1b expression, 293T.Qa-1b/Db cells were stained with
clone 6A8 and all cells, unpulsed and peptide pulsed, showed
similar levels of Qa-1b expression (Fig. 3B). Importantly, only
cells pulsed with Qdm peptide were stained with EXX-1 mFc
(ES) Ab (Fig. 3C), demonstrating that control peptides bound to
Qa-1b were not recognized by EXX-1 Ab. To expand our inves-
tigation into the binding selectivity of EXX-1, 293T.Qa-1b/Db

cells were pulsed with different concentrations of peptides
Qdm, Q001, and Q002 and then stained with EXX-1 mFc (ES)
prior to assessing by flow cytometry. EXX-1 mFc (ES) exhib-
ited dose-dependent binding to 293T.Qa-1b/Db cells pulsed with
Qdm peptide at all concentrations (5.0�0.0097 mM) with only
background staining to cells pulsed with peptides Q001 and
Q002 (Fig. 3D). These results indicate that EXX-1 Ab retains
binding selectivity even in the presence of low target density
and that EXX-1 binding to Qdm peptide is dependent, in part,
on making contact with the p3 alanine residue.

IFN-c is required for EXX-1 binding to mouse tumor cell lines
in vitro

Next, clone 6A8 and EXX-1 Ab were used to stain several
in vitro�cultured murine tumor cell lines, that is, TC1 (carcinoma),
B16 (melanoma), RMA (leukemia), and C1498 (leukemia), for
expression of Qa-1b and Qa-1b/Qdm complex, respectively. The

results, shown in Fig. 4A and 4B, clearly demonstrate a lack of
EXX-1 mFc (ES) Ab staining in the absence of recombinant
mIFN-g, indicating that these mouse tumor cell lines do not consti-
tutively express the Qa-1b/Qdm complex. This was not unex-
pected, as it was previously reported by van Montfoort et al. (4)
that exposure of cells to mIFN-g was needed to induce expression
of Qa-1b on tumor cells in vitro. Furthermore, mIFN-g�stimulated
tumor cells were all stained by both clone 6A8 and EXX-1 Ab,
indicating that stimulation with IFN-g not only upregulated cell
surface expression of Qa-1b molecules but induced expression of
the Qa-1b/Qdm complex.
We next treated the Qa-1b knockdown variants (Qa-1bKO) of

TC1, B16, and RMA with mIFN-g before flow cytometric anal-
ysis. Results shown in Fig. 4C reveal that mIFN-g did not
induce Qa-1b expression in Qa-1bKO tumor cells. These findings
further support the role of IFN-g in regulating the expression of
the Qa-1b/Qdm complex (Fig. 4). Collectively, these data show
that EXX-1 binding is Qa-1b�dependent and that Qa-1b/Qdm
complex expression in tumor cells in vitro is induced by IFN-g.

EXX-1 mFc (ES) binding is specific for the Qdm peptide presented
by Qa-1b

To provide additional evidence of Qdm peptide specificity for EXX-1,
murine tumor cell lines B16F10 (wild-type) and B16F10.DbKO (MHC
Db gene KO) were treated overnight with mIFN-g and stained with
either anti-Db, clone 6A8, or EXX-1 Abs. B16F10 tumor cells were
shown to express high levels of MHC class Ia Db, but genetic KO of

FIGURE 2. EXX-1 binds to recombinant Qa-1b/
Qdm complexes. (A and B) Characterization of purified
EXX-1 hFc by (A) SDS-PAGE under reduced and non-
reduced conditions and (B) by size exclusion chroma-
tography. (C) Assessment of EXX-1 hFc specificity by
ELISA. Plates were coated with EXX-1 hFc (0.125,
0.062, and 0.03201 mg), anti-b2m (0.5 mg), or anti�
Qa-1b (clone 6A8, 0.5mg). Complexes of biotinylated
Qa-1b monomers (Qa-1b/Qdm, Qa-1b/Q001, or Qa-1b
no peptide) were added at 0.25 mg/ml. (D) Assessment
of EXX-1 (1 mg/ml) detection sensitivity by ELISA
to Qa-1b complexes (Qdm, Q001, no peptide) immo-
bilized at 0.25, 0.125, 0.0625, and 0.0312 mg/well.
(E) Assessment of EXX-1 mFc (ES) (1 mg/ml) binding
to immobilized Qa-1b/Qdm or Qa-1b no peptide using
the ResoSens label-free bioassay system. In (C)�(E),
error bars represent mean ± SEM of triplicate samples
and are representative of three independent experiments.
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this gene indeed led to absence of the Db protein (Fig. 5). Because
H-2Db is the only classical MHC molecule delivering the Qdm in
C57BL/6 cells, B16F10.DbKO cells are deficient for Qdm peptide and
therefore lack presentation of the Qa-1b/Qdm complex (32). Impor-
tantly, the B16F10.DbKO cells were not stained with EXX-1, although
staining was still observed with clone 6A8. Taken together, these data
demonstrate that EXX-1 specifically recognizes Qdm peptide in Qa-1b

and further suggest that B16F10.DbKO cells may express the Qa-1b H
chain alone or potentially Qa-1b with peptides other than Qdm.

Alanine scan analysis to determine EXX-1 interaction with residues
of Qdm peptide

To determine which residues of Qdm peptide are critical for EXX-1
interaction, seven mutated forms of the peptide were synthesized.
Each variant contained a single residue substitution with either ala-
nine or glycine (G1, G3, A4, A5, A6, A7, and A8) and was used to
pulse 293T.Qa-1b/Db cells expressing the peptide-binding groove of
Qa-1b. Peptides with alanine mutations in residues p2 and p9 were
not used because these are primary anchor residues for Qdm peptide
binding to Qa-1b (33). All 293T.Qa-1b/Db cells pulsed with these dif-
ferent peptides stained similar with clone 6A8, indicating comparable
surface display of peptide/Qa-1b complexes (Fig. 6A). In contrast,
EXX-1 staining of peptide-pulsed 293T.Qa-1b/Db cells revealed a
marked reduction ($95%; p < 0.0001) in staining signal when cells
were pulsed with variant peptides G3, A6, A7, or A8 compared with
wild-type Qdm peptide (Fig. 6B). Additionally, a more modest reduc-
tion of 20% to ∼60% was observed for EXX-1 staining signal when
293T.Qa-1b/Db cells were pulsed with peptides A4 or A5 compared
with wild-type Qdm peptide (Fig. 6B). We conclude from these

studies that EXX-1 Ab has multiple interactions across the Qdm pep-
tide, making crucial contact with residues p3, p6, p7, and p8.
To further attempt mapping of EXX-1 Ab interaction with the non-

anchor position P8 in Qdm peptide, leucine, a hydrophobic amino
acid, was substituted with lysine (P8 L-K), an amino acid with a basic
side chain, and used to pulse 293T.Qa-1b/Db cells. Additionally, the
nonanchor position P5 containing an arginine residue in Qdm peptide
was substituted with lysine (P5 R-K), a less bulky amino acid with a
basic side chain, and used as a control for loading in Qa-1b and for
binding to EXX-1. Previously, Kraft et al. (33) had shown that lysine
substitutions in Qdm peptide at positions 5 or 8 produced only small
effects on peptide binding to Qa-1b. To confirm that these lysine
substituted peptides were loaded in Qa-1b, 293T.Qa-1b/Db cells were
pulsed with peptides (wild-type Qdm, P5 R-K, or P8 L-K) and
stained with clone 6A8. As shown in Fig. 6C, clone 6A8 bound to all
cells. Next, unpulsed and peptide-pulsed 293T.Qa-1b/Db cells were
stained with EXX-1 Ab (Fig. 6D). As expected, EXX-1 binding to
unpulsed cells was not detected. In contrast, EXX-1 binding was
modestly reduced (∼20%) to cells pulsed with the P5 R-K peptide,
suggesting that EXX-1 Ab had only minor interaction with the P5
residue. When cells pulsed with P8 L-K peptide were stained with
EXX-1 Ab, a reduction of binding signal (>60%) was observed com-
pared with wild-type Qdm peptide-pulsed cells, indicating EXX-1
contact with leucine at P8, although this interaction was not found to
be critical for EXX-1 binding. Taken together, our findings suggest
that EXX-1 makes primary contact with wild-type Qdm peptide resi-
dues P3, P6, P7, and P8 and additional though noncritical contact
with residues P4 and P5, reinforcing the notion that EXX-1 binding
is selective for the Qdm peptide in Qa-1b.

FIGURE 3. EXX-1 Ab recognizes Qdm on peptide-
pulsed 293T.Qa-1b/Db cells. Qa-1b�transfected 293T
cells (293T.Qa-1b/Db) were left unpulsed or pulsed for
3 h at 37◦C with 1 mM of the following peptides:
Qdm, Q001, Dk, Kb, or EPH as indicated. (A) Unpulsed
293T.Qa-1b/Db and peptide-pulsed 293T.Qa-1b/Db cells
were stained with (top panel) 1 mg/ml of clone 6A8-
biotin (1◦ Ab) and SA-PE (2◦ Ab) or (bottom panel)
1 mg/ml EXX-1 hFc (1◦ Ab) and GAH-PE (2◦ Ab).
Filled gray denotes isotype and black solid line denotes
staining with indicated Ab. (B) Percent binding of clone
6A8 to unpulsed 293T.Qa-1b/Db cells or 293T.Qa-1b/Db

cells pulsed with 1 mM peptide. Cells pulsed with Qdm
and EPH peptides serve as positive and negative con-
trols, respectively. Note that efficiency of peptide load-
ing of 293T.Qa-1b/Db cells is reflected by a percent
decrease in clone 6A8 binding compared with EPH pep-
tide-pulsed and unpulsed cells (100%). (C) EXX-1 Ab
only binds to Qdm-pulsed 293T.Qa-1b/Db. In (A)�(C),
mean fluorescence intensity (MFI) 5 [(MFI of cells
stained with 1◦ Ab 1 2◦ Ab) − (MFI of cells stained
only with 2◦ Ab)], and results are representative of at
least three independent experiments. (D) 293T.Qa-1b/Db

cells were pulsed with a titration (5�0.00097 mM) of
peptides (Qdm, Q001, or Q002) and stained with EXX-1
hFc at 1 mg/ml. Geometric MFI (gMFI) index 5
[(gMFI of cells stained with 1◦ Ab 1 2◦ Ab) ÷
(gMFI of cells stained only with 2◦ Ab)]. In (A)�(C),
staining results are representative of at least three
independent experiments. In (D), error bars represent
mean ± SEM of triplicates samples and are representa-
tive of at least three independent experiments.
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Blockade of the NKG2A/Qa-1b axis using EXX-1 Ab unleashes NK
cell�mediated lysis of tumor cells in vitro

Having established that EXX-1 binding was specific for the
Qa-1b/Qdm complex, we attempted to determine whether EXX-1
could unleash NK cell lysis of B16 tumor cells by disrupting the
NKG2A/Qa-1b axis. Enriched mouse NK cells cultured in the pres-
ence of recombinant mIL-2 for 24 h were tested for cytolytic activ-
ity using mIFN-g�stimulated B16 Qa-1b1 or B16 Qa-1bKO cells as
targets. As shown in Fig. 7, NK cells with PBS control displayed
significantly greater killing (>30%) of B16 Qa-1bKO cells com-
pared with B16 Qa-1b1 cells, exhibiting the inhibitory power of
Qa-1b. When NK cells were treated with blocking NKG2A Ab,
target cell lysis was restored to the level of Qa-1b KO B16F10
cells. Importantly, EXX-1 mFc (ES) showed identical improve-
ment in tumor cell killing (∼30%) as compared with NKG2A

blockade. Because EXX-1 mFc (ES) was an Fc-inert variant, kill-
ing was not FcR mediated but rather the result of disrupting the
NKG2A axis. Furthermore, the isotype control for EXX-1 mFc
(ES) did not restore target cell lysis. Collectively, these findings
indicate that EXX-1 is effective at enhancing NK cell cytolytic
activity by blocking the NKGA2/Qa-1b axis.

Discussion
In this study we describe a novel research tool, a single-domain
TCRL Ab for investigating the Qa-1b/Qdm complex. The Ab,
EXX-1, was characterized for binding affinity, specificity, and
blocking activity in vitro. EXX-1 Ab binding selectivity was demon-
strated using several methods, including genetic KO approaches and
alanine scanning analysis. EXX-1 stained IFN-g�treated wild-type

FIGURE 4. Assessment of EXX-1 binding to mouse
tumor cells in vitro. (A) Clone 6A8 (left panel) and
EXX-1 (right panel) with (B) summarized data for TC-1,
B16, RMA, and C1498 cells. Cells were stimulated with
recombinant mIFN-g (20 ng/ml) for 48 h prior to stain-
ing with Abs. (C) Clone 6A8 (left panel) and EXX-1
(right panel) were used to stain TC1, B16, and RMA
Qa-1bKO cells not stimulated or stimulated with recombi-
nant mIFN-g (20 ng/ml) for 48 h before staining with
Abs. Geometric mean fluorescence intensity (gMFI) 5
[(gMFI of cells stained with 1◦ Ab 1 2◦ Ab) − (gMFI
of cells stained only with 2◦ Ab)]. In (A) and (C), filled
gray represents isotype, dashed black line represents
unstimulated, and solid black line represents staining of
IFN-g�stimulated cells. Samples were run in duplicate,
and histograms shown are representative of at least three
independent staining experiments.

FIGURE 5. EXX-1 binding is selective for Qdm
peptide in Qa-1b. Staining with anti-Db, EXX-1, or
clone 6A8 in B16F10 wild-type (top panel) or
B16F10.Db KO cells (bottom panel). Control reagent
is plotted in gray. Indicated Ab is plotted with a black
line. Cells were pretreated with IFN-g for 24 h before
staining with Abs. Histograms plotted are representa-
tive of at least two independent experiments.
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B16, TC-1, and RMA tumor cells; conversely, IFN-g�treated B16,
TC-1, and RMA cells lacking Qa-1b and B16 cells lacking Db,
which is the exclusive source of Qdm peptide, were not stained,
demonstrating that EXX-1 is Qa-1b�dependent and Qdm peptide
specific, respectively. Furthermore, an additional murine tumor cell
line, C1498, was stained with EXX-1 but only after overnight incu-
bation with IFN-g, suggesting that Qa-1b/Qdm expression is tightly

regulated by IFN-g in tumor cells. Results from alanine scanning
analysis showed that EXX-1 has critical interactions with several
residues of the Qdm peptide. Moreover, when the EXX-1 Ab with
an inactive mFc was evaluated in cytotoxicity assays, it was found
to be effective at blocking the NKG2A/Qa-1b inhibitory axis and
promoting NK cytolysis of tumor cells in vitro.
Multiple reports, including those from our laboratory, have described

TCRL Abs and their use as novel research tools (26, 34�37). TCRL
Abs are generally endowed with high affinity and target selectivity and
because of this have been widely used to detect in real time specific
peptide-loaded MHCs on the cell surface, helping to further our under-
standing of Ag presentation and regulation of peptide-loaded MHC
expression (35, 38, 39). Although previous reports have described
single-domain TCR-like Abs (40, 41), to the best of our knowledge
the EXX-1 Ab is the first TCRL Ab identified that displays specificity
for the Qdm peptide presented by Qa-1b. A major challenge of TCRL
Abs is their tendency to exhibit binding modes focused toward hot-
spots on the HLA surface that can lead to a greater degree of cross-
reactivity (42). Interestingly, our attempts to find binders from either
immunized or naive mouse libraries were unsuccessful in that the bind-
ers identified exhibited cross-reactivity, indicating a binding mode
biased toward hotspots in the Qa-1b molecule. To overcome this poten-
tial limitation, we constructed a single-domain VHH library and
screened for binders having broad interactions across the peptide. VHH
single-domain Abs have the smallest Ag-binding domain among Abs
and can have a unique convex paratope architecture that prefers to
associate with concave surfaces of the Ag compared with conventional
Abs (43). The EXX-1 Ab identified using yeast surface display
revealed p3, p6, p7, and p8 as primary contact residues. Our findings
were further supported by determining Qa-1b expression levels on pep-
tide-pulsed cells using clone 6A8 (24). We observed comparable stain-
ing intensity with clone 6A8 to 293T.Qa-1b/Db cells presenting wild-
type Qdm and Qdm-variant peptides. This suggests similar levels of
Qa-1b protein expression on the surface of all 293T.Qa-1b/Db cells,
unpulsed and peptide pulsed, after staining with clone 6A8. Impor-
tantly, our data show that EXX-1 provides a uniquely selective

FIGURE 6. Alanine scan analysis reveals EXX-1
interactions with the Qdm peptide. (A and B)
293T.Qa-1b/Db cells were stained with 1 mg/ml
clone 6A8 (A) or EXX-1 mFc (ES) (B) without pep-
tide (unpulsed) or with 10 mg/ml wild-type Qdm or
Qdm-variant peptides (p1A→G, p3A→G, p4P→A,
p5R→A, p6T→A, p7L→A, p8L→A) as indicated.
(C and D) 293T.Qa-1b/Db cells were stained with
1 mg/ml clone 6A8 (C) or EXX-1 (D) without pep-
tide (unpulsed), wild-type Qdm, or variant Qdm
peptides with lysine substitution at p5 R→K or p8
L→K as indicated. Clone 6A8-biotin binding was
detected with SA-PE (2◦ Ab), and EXX-1 binding
was detected with GAM-PE (2◦ Ab). Percent of
binding for clone 6A8 to cells is calculated as [(MFI
of clone 6A8 for cells pulsed with the indicated pep-
tide) ÷ (MFI of clone 6A8 with unpulsed cells) ×
100]. Percent of binding for EXX-1 to cells is calcu-
lated as [(MFI of EXX-1 in cells unpulsed or pulsed
with the indicated peptide) ÷ (MFI of EXX-1 with
Qdm) × 100]. Data shown in (A) and (C) are represen-
tative of two independent experiments. In (B) and (D),
error bars represent mean ± SD from three indepen-
dent studies. The p values were determined using one-
way ANOVA followed by a Dunnett post hoc test.
*p < 0.01, ****p < 0.0001.

FIGURE 7. EXX-1 enhances NK cell cytolytic activity in vitro. Enriched
NK cells isolated from spleens of naive C57BL/6 mice were incubated with
recombinant mIL-2 (20 ng/ml) for 24 h. NK cells were then cocultured
with mIFN-g�stimulated and calcein-AM�labeled B16 Qa-1b1 or B16
Qa-1bKO tumor cells at a ratio of 3:1 (E:T) with or without Abs as indicated
for 24 h. Percent cell killing was assessed by measuring calcein-AM
release. Error bars represent mean ± SD from three independent studies.
The p values were determined using one-way ANOVA followed by a
Tukey post hoc test. *p < 0.01, ***p < 0.001, ****p < 0.0001.
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research tool for pursuing studies into the biology and function of
the Qa-1b/Qdm complex in healthy and diseased cells.
Early studies performed by the laboratories of Drs. J. Forman,

M.J. Soloski, and others dissected the dominant presence of Qdm
peptide (AMAPRTLLL) in Qa-1b in mouse tumor cells using
alloreactive CTL clones specific for Qa-1b/Qdm complex and mass
spectrometry (7, 44). These same groups observed that cells defi-
cient in APM such as deletion of TAP1 were not lysed (44). These
findings provided the initial support for Qdm being the dominant
peptide loaded in Qa-1b in cells having intact APM expressing
MHC class Ia Ags, H2-D. Many studies since then have shown
that the Qa-1b/Qdm peptide complex is the ligand for the inhibi-
tory heterodimeric receptor NKG2A/CD94, which is expressed on
NK cells and tumor-infiltrating CD81 T cells (17). Moreover,
expression of the Qa-1b/Qdm complex on healthy cells has been
postulated as a means to prevent lysis by NKG2A1 NK cells (21).
Support for this comes from several studies that showed normal
dendritic cells (DCs) were protected from NK cell lysis but only
after stimulation with CpG oligonucleotides or IFN-g (20, 21). On
the contrary, they found that unstimulated DCs were not protected
from NK cell lysis (20, 21). Whether the lack of protection from
NK lysis for unstimulated DCs was due to an absence of cell sur-
face expression of Qa-1b/Qdm complex expression is not known.
However, our findings in the present study suggest that at least for
some diseased cells, such as C1498 leukemia cells, there is a lack
of Qa-1b/Qdm complex expression in the absence of cytokine stim-
ulation. Furthermore, a recent study performed by our laboratory
found Qa-1b molecule expression in resting C57BL/6 splenocytes
after staining with clone 6A8; conversely, EXX-1 staining was not
observed, suggesting that under homeostatic conditions Qdm pep-
tide may not be available for presentation by Qa-1b. An alternative
explanation could be that Qa-1b/Qdm complex density was below
the detection threshold of EXX-1. Nonetheless, our findings raise
questions regarding the regulation of Qa-1b/Qdm expression in
healthy cells and tissues and its postulated role in protecting cells
against lysis from NK cells or CD81 T cells.
The fine binding selectivity of EXX-1 Ab will be useful for

determining Qa-1b/Qdm complex expression and its regulation dur-
ing inflammation, infection, and cancer. It has been previously
described that Qa-1b is upregulated by cells and tissues under
inflammatory conditions (45). Additionally, it has been shown that
Qa-1b expression can be increased during viral infection, likely
regulated by proinflammatory cytokines such as IFN-g and IFN-a
(46, 47). In fact, Zhou et al. (48) showed that Qa-1bKO mice
infected with influenza were able to respond to the virus but were
not able to effectively terminate the CD81 T cell response leading
to immunopathology. This study and others suggest that Qa-1b/Qdm
is upregulated during stress or inflammatory conditions to downre-
gulate the effector immune response mediated by CD81 T cells and
NK cells to protect uninfected cells from unwanted lysis. Recently it
has been demonstrated that the regulation of Qa-1b expression in
tumor cells is IFN-g�dependent (4). However, in that study, it was
not known whether Qa-1b/Qdm complexes were being expressed. In
our study, we observed EXX-1 binding to all mouse tumor cells
evaluated but only after overnight incubation with mIFN-g, suggest-
ing that this cytokine has an important role in regulating Qa-1b/Qdm
complex expression. It also raises questions regarding Qa-1b/Qdm
regulation by IFN-g and perhaps other cytokines in the tumor
microenvironment. To this end, EXX-1 Ab may prove to be an
invaluable tool for detecting and quantifying Qa-1b/Qdm complexes
and for elucidation of regulatory pathways controlling its expression
in tumor tissue.
An exciting translational application for the EXX-1 Ab will be to

explore its potential as a checkpoint blocking Ab. Several recent

studies have shown that in tumor mouse models the expression of
NKG2A is associated with worse clinical outcome (3, 4). For exam-
ple, van Montfoort et al. (4) showed improved antitumor effects
using B16, TC-1, and RMA tumor models by combining cancer
vaccines with a mAb to the NKG2A receptor. André et al. (3)
reported that Ab blockade of mouse or hNKG2A combined with
anti�PD-L1 promotes antitumor immunity by unleashing both T
and NK cell effector functions in vivo as well as in vitro. We show
here that EXX-1 mFc (ES) can disrupt the NKG2A/Qa-1b axis
in vitro by binding to the Qa-1b/Qdm complex to enhance NK
cell�mediated killing of target cells. Our findings support further
evaluation of EXX-1 as an immune checkpoint blocking Ab in
tumor models. If healthy tissues do not express the Qa-1b/Qdm
complex but tumors do, especially in the presence of IFN-g, as our
findings suggest, targeting the Qa-1b/Qdm complex with EXX-1 Ab
might be useful as an immunotherapy approach. One potential
caveat to targeting the Qa-1b/Qdm peptide complex is that these
molecules also serve as ligands for the related activating receptor,
NKG2C. We would anticipate that EXX-1 Ab binding would inter-
fere with NKG2C receptor binding to the Qa-1b/Qdm complex,
as both NKG2A and NKG2C form heterodimeric receptors with
CD94 and have been shown to interact with the Qa-1b/Qdm com-
plex (49, 50). Future studies will be aimed at determining whether
our novel Ab reagent blocks both NKG2A and NKG2C or only the
NKG2A receptor. Nevertheless, it remains to be seen whether tar-
geting tumor cells with TCRL Abs to the Qa-1b/Qdm complex can
effectively disrupt the NKG2A axis in vivo.

Disclosures
J.W. is a cofounder and chief scientist at Abexxa Biologics. The other
authors have no financial conflicts of interest.

References
1. Borst, L., S. H. van der Burg, and T. van Hall. 2020. The NKG2A-HLA-E axis as

a novel checkpoint in the tumor microenvironment. Clin. Cancer Res. 26:
5549�5556.
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