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Abstract

Bifunctional antibody fusion proteins engaging effector T cells
for targeted elimination of tumor cells via CD3 binding have
shown efficacy in both preclinical and clinical studies. Different
from such a polyclonal T-cell recruitment, an alternative concept
is to engage only antigen-specific T-cell subsets. Recruitment of
specific subsets of T cells may be as potent but potentially lead to
fewer side effects. Tumor-targeted peptide–MHC class I com-
plexes (pMHCI-IgGs) bearing known antigenic peptides com-
plexed with MHC class I molecules mark tumor cells as antigenic
and utilize the physiologic way to interact with and activate T-cell
receptors. If, for example, virus-specific CD8þ T cells are
addressed, the associated strong antigenicity and tight immune

surveillance of the effector cells could lead to efficacious antitu-
mor treatment in various tissues. However, peptide–MHC class I
fusions are difficult to express recombinantly, especially when
fused to entire antibody molecules. Consequently, current for-
mats are largely limited to small antibody fragment fusions
expressed in bacteria followed by refolding or chemical conjuga-
tion. Here, we describe a new molecular format bearing a single
pMHCI complex per IgG fusion molecule characterized by
enhanced stability and expression yields. This molecular format
can be expressed in a full immunoglobulin format and can
be designed as mono- or bivalent antibody binders. Mol Cancer
Ther; 15(9); 2130–42. �2016 AACR.

Introduction
T lymphocytes are key mediators for the surveillance and

elimination of virus-infected and abnormal cells. The activation
and redirection of a T-cell immune response against tumor cells
has recently received a lot of attention for the treatment of
advanced tumors (1–4). Poor antigenicity of tumor cells, an
immunosuppressive tumor environment and adaptive immune
resistance by upregulation of checkpoint inhibitors (5), are the
major hurdles for such an approach and limit the elimination of
cancer cells by T lymphocytes. Poor antigenicity caused by
the lack of foreign antigens and the low expression of MHC
molecules has been successfully overcome by bypassing the
T-cell receptor/peptide:major histocompatibility interaction. In
these approaches, T cells are recruited independent of their T-cell
receptor (TCR) specificity via binding to the CD3 complex or via

expression of chimeric antigen receptors (CAR) on T cells directly
targeting a tumor-specific surfacemarker (1, 2, 4). T-cell activation
via CD3, irrespective of specificity or T-cell subtype, by bispecific
T-cell engager (BiTE) molecules still needs to prove efficacy in
solid tumors,whereas they performwell in the therapy of hemato-
poietic tumors. In the case of blinatumomab it requires, however,
co-treatment to manage the side effects caused by the strong
cytokine release induced by this treatment (6). CAR T-cell admin-
istration is recently being tested in small clinical trials only and
constitutes a complex process requiring ex vivo manipulation of
the patients' T cells, complicating a widespread application.
Another therapeutic option is to unleash an existing antitumor
T-cell response with checkpoint immunomodulators like PD1
and CTLA-4 antagonists (7). Cancers with an elevated somatic
mutation rate seem to respond best to these immunotherapies
(8). A high mutational load leads to an increased number of
neoantigens, thus increasing the potential antigenicity of tumor
cells which otherwise express predominantly self-antigens and are
poorly antigenic. Selectivemimicking of a viral infection in cancer
cells could represent an elegant way of conferring antigenicity to
tumor cells. Chronic infections such as cytomegalovirus (CMV) or
Epstein–Barr virus (EBV) with a high prevalence in the human
population allow the recruitment of a naturally occurring
and continuously resupplied endogenous cytotoxic T-cell subset
(9, 10). These infections have a substantial influence especially on
CD8þ T cells, promoting progressive proliferation and memory
formation, resulting in high numbers of CMV-specific T cells
against certain epitopes such as the pp65-derived peptide
(NLVPMVATV; refs. 9, 10). These specific T-cell populations can
constitute up to 10% of CD8þ T cells in the peripheral blood of
healthy virus carriers and up to 20% of CD8þ T cells in the
peripheral blood of elderly individuals (11).
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MHC class I molecules are cell-surface antigen-presenting pro-
teins, complexing and displaying peptide fragments derived from
predominantly intracellular proteins, self-antigens but also virus-
derived proteins, for the recognition by CD8þ T cells. MHCI
complexes consist of three noncovalently linked molecules, a a
chain, encoded by the highly polymorphic human leukocyte
antigen (HLA) class I genes, b2-microglobulin, and the antigenic
peptide. The a chain consists of three domains, a1, a2, and a3.
The first two domains, a1 and a2, shape a groove that binds
the antigenic peptide. The third domain a3 forms an interface
with b2-microglobulin thus stabilizing themolecular complex. In
addition, the a-chain contains a transmembrane domain anchor-
ing the complex to the cell surface (12). We and others have
previously shown that antibody-mediated targeting of peptide–
MHC class I complexes can decorate tumor cells with antigenic
peptides, thus rendering them similar to virally infected cells
and triggering elimination of these cells by CD8þ cytotoxic T
cells (13–15).We found in the previous study that humanPBMCs
with low frequencies of CMV-specific CD8þ T cells (<1%) were
still sufficient to eliminate targeted tumor cells effectively (15).
Viral antigens are recognized as non-self and can trigger highly
specific T cells in large numbers especially for immunodominant
peptides in chronic infections such as CMV and EBV (10, 11, 16).
The extensive polymorphism ofHLAmolecules limits the use of a
single peptide–MHC class I complex at best to 35% to 40% of all
patients for HLA-A�0201 (ref. 17; http://www.allelefrequencies.
net). The delivery of peptide:MHC class I complexes also over-
comes the problem of downregulation of MHC complexes which
is frequently observed in tumors (18). The concept of antibody-
mediated delivery of pMHC class I complexes has been proposed
both for vaccination (19) and antigen-specificCD8þT-cell recruit-
ment to eliminate cancer cells (13, 20–22).

Here, we provide a deeper exploration of the recombinant
protein fusion format that we previously described for the suc-
cessful expression of peptide–MHC class I complexes with com-
plete immunoglobulins in a standard mammalian expression
system. The format consists of two heterodimeric antibody heavy
chains, one ofwhich is fused to the peptide–MHCclass I complex.
Engineering of the antibody constant region enabled the hetero-
dimerization of the heavy chains and diminished side-product
formation during protein expression and purification, thus allow-
ing the expression of monovalent and bivalent, monospecific or
bispecific peptide–MHC–class I fused antibodies (pMHCI-mono-
or bivalent IgG). A single peptide–MHC class I complex per IgG
antibody prevents TCR crosslinking in the absence of target cells
and consequently reduces the risk of unspecific T-cell activation.
Disulfide bridge engineering of the peptide–MHCI complex
increases the thermal stability and results in a higher purification
yield of themolecule by reducing aggregation. The full IgG format
provides improved pharmacokinetic properties and enables biva-
lent and more affine antigen binding.

Materials and Methods
Cell lines

Recombinant fusion proteins were expressed in suspension-
adapted human embryonic kidney cells, HEK293 (freestyle,
obtained in 2007 from Invitrogen), and cultured in shake flasks
in F17 medium (Invitrogen). Murine fibroblast cell line NIH 3T3
I24-M6 (cultured in DMEM) recombinantly expresses high levels
of human insulin-like growth factor 1 receptor (IGF-1R, generated

in 1999; ref. 23). Human melanoma cell lines UCLA-SO-M14
(obtained in 1999, grown in RPMI1640; ref. 24) and WM-266-4
(obtained in 2012 from ATCC, CRL-1676, grown in Eagle MEM
with Earle BSS, 1.0mmol/L sodium pyruvate, 0.1mmol/L NEAA)
express high levels of melanoma-associated chondroitin sulfate
proteoglycan (MCSP). WM-266-4 are HLA-A�0201 positive.
All media for adherent cells were supplemented with 10% FBS
and L-glutamine (2mmol/L). Cell lines were verified as pathogen-
free and identity was verified at the Leibniz-Institute DSMZ
(Braunschweig, Germany) by DNA profiling using 8 different
and highly polymorphic short tandem repeat (STR) loci directly
before use.

Cloning, transient transfection, protein production, and
analysis

Recombinant pMHCI–IgG fusions were cloned into standard
mammalian expression vectors (pcDNA3-derived; Life Technol-
ogies) carrying a CMV promoter with Intron A, BGH poly A site
(bovine growth hormone polyadenylation signal), pUC Ori, and
ampicillin resistance. mAbs, R1507 directed against IGF-IR (25)
and M4-3-ML2 directed against MCSP (26, 27), respectively,
mediated tumor cell–specific targeting; nonbinding control anti-
body is DP47 (28), a germline sequence antibody with modified
CDR3 region. Protein sequences are provided in the Supplemen-
tary Material (Supplementary protein sequences). HEK293 cells
were transiently transfected with 293fectin Transfection Reagent
(Life Technologies). Cells were incubated and harvested after 7
days. The harvest was centrifuged and filtered through a 0.22-mm
sterile filter (MerckMillipore). Fusion proteins were purified from
supernatants by protein A affinity chromatography with HiTrap
MabSelect SuRe columns (GE Healthcare). Elution of antibodies
was achieved at pH 3.2 with 50 mmol/L sodium citrate. Prepar-
ative size exclusion chromatography (SEC) was performed with
HiLoad 16/60 Superdex 200 pg columns (GE Healthcare). Puri-
fied proteins were buffered in 20 mmol/L histidine and 140
mmol/L sodium chloride at pH 6.0. The protein concentration
of purified antibodies was determined by measuring the OD at
280 nm, using amolar extinction coefficient calculated according
to ref. 29. Eluted fusion proteins were concentrated with Amicon
Ultra-15 with a molecular cutoff of 30,000 (Merck Millipore).
Purified proteins were analyzed by SDS-PAGE, SEC, and electro-
spray ionization mass spectrometry. Reducing and nonreducing
SDS-PAGE was done on NuPAGE 4%–12% Bis-Tris Gels (Life
Technologies). Simply Blue Safe Stain (Life Technologies) and
Precision Plus Protein Standard Dual Color (Bio-Rad) was per-
formed to analyze the purity of the protein preparations.

Electrospray ionization-mass spectrometry
Protein aliquots (100 mg) were deglycosylated by adding 1.0 mL

N-Glycanase F (Roche, 14 U/mL) and sodium phosphate buffer
(0.1 mol/L, pH 7.1) to obtain a final sample volume of 230 mL.
The mixture was incubated at 37�C for 18 hours. Afterwards, to
half of the sample, 60 mL 0.5 mol/L tris(2-carboxyethyl)phos-
phine in 4 mol/L guanidinium � HCl and 50 mL 8 mol/L guani-
dinium � HCl were added for reduction and denaturing. The
mixture was incubated at 37�C for 30 minutes. Reduced and
unreduced samples were desalted by SEC (Sepharose G-25, iso-
cratic, 40% acetonitrile with 2% formic acid). Electrospray ion-
ization (ESI) mass spectra were recorded on a Q-TOF (maXis,
Bruker) instrument equipped with a nano ESI source (TriVersa
NanoMate, Advion).
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Western blot analysis
Blotting was performed with Trans-Blot SD semi-dry Transfer

Cell (Bio-Rad) on a Trans-blot Pure Nitrocellulose membrane
(0.45 mm) (Bio-Rad). Blocking of the membrane was performed
with 1� Western Blocking Reagent (Roche). Staining was per-
formed with peroxidase-conjugated polyclonal rabbit anti-
human k-chain (Dako, P0129, 1:4,000–1:3,000) and polyclonal
rabbit anti-human IgG/HRP (Dako, P0214, 1:4,000–1:3,000).
Luminescence was detected with Lumi-Imager F1 (Roche) with
Lumi-Light Plus Western Blotting substrate.

Differential light scattering
Thermal stability was measured on a DynaPro Plate Reader 1

(Wyatt Technology).

Flow cytometry
Cells were stained directly with fluorochrome-conjugated

mAbs at the respective concentrations given in themanufacturer's
protocols. For binding analysis of pMHCI-IgGs, tumor cells were
stained with pMHCI-IgG constructs in concentrations of 0.005 to
25 nmol/L followed by secondary anti-human IgG(HþL) PE
(Jackson ImmunoResearch, concentration 1:50) or anti-human
HLA-A2 FITC (Becton Dickinson, clone BB7.2, concentration 1
mg/mL). Compensation was conducted using single-stained anti-
body-capturing beads (CompBeads, BD Biosciences). Flow cyto-
metric analyses were performed using a FACSCanto II (BD Bios-
ciences).Datawere analyzedusing FlowJo (TreeStar) or FACSDiva
Software (BD Biosciences).

PBMC preparations and expansion of CMV-pp65–specific
CD8þ T cells

Peripheral blood mononuclear cells (PBMC) were isolated by
Ficoll gradient centrifugation from heparinized blood of healthy
volunteers. PBMCswere peptide-pulsed (25 mg/mL), washed, and
expanded.Media were supplementedwith IL2 (20U/mL, Roche),
IL7, and IL15 (both 25 ng/mL, Peprotech). Cells were restimu-
lated every twoweekswith freshly prepared or thawed autologous
peptide-pulsed PBMCs. These PBMCswere irradiated andwashed
before use. Interleukins as described abovewere added. Cells were
expanded every 2 to3dayswith freshmediumsupplementedwith
interleukins. Effector-to-target cell ratio (E:T) was calculated for
the total expansion culture containing about 50% expanded
CMV-pp65–specific CD8þ T cells and the remaining irradiated
PBMCs. PBMCs were washed with PBS/2% FCS and stained with
anti-CD8PE-Cy7 (BDBiosciences), Dextramer CMVAPC (Immu-
dex), anti-CD25 PE (BioLegend), or anti-CD69 PerCP/Cy5.5
(BioLegend) on ice for 45 minutes, washed with PBS/2% FCS,
and analyzed in FACSCanto II.

Cytotoxicity assays
Cytotoxicity was measured in a real-time cell analyzer xCELLi-

gence (Roche). Adherent tumor cell lines were incubated for 24
hours in the xCELLigence 96-well plates in the respective tumor
cell media. Cell culture medium was removed, cells were washed
with AIM-V (Thermo Fisher Scientific), and test molecules and
effector cells were added in the respective concentrations inAIM-V
medium. Readout was performed over 7 to 48 hours in triplicates.
For measurement of lactate dehydrogenase (LDH) release, super-
natants of cytotoxicity assays were analyzed with the Cytotoxicity
Detection Kit (Roche) according to the manufacturer's protocol.

Absorption was detected at 490 nm using Tecan Sunrise Reader
(Tecan). Spontaneous release is defined as cell index from target
cells and effector cells only, specific release from cell index of each
specimen. Specific lysis in percent (%) is calculated as [(cell index
spontaneous release � cell index specimen)/(cell index sponta-
neous release)]� 100.Maximum releasewas determined through
addition of 1% Triton X-100 (Sigma-Aldrich) to target cells.

Stimulation of CMV-specific CD8þ T cells with single- and
double pMHCI-bivalent IgGs

In vitro–expanded T cells containing 50% of CMV-pp65-
peptide–specific CD8þ T cells were incubated with CMV-single
pMHCI-bivalent IgG and double pMHCI-bivalent IgG contain-
ing either one or two pMHCI complexes, respectively, at con-
centrations of 50 nmol/L and 500 nmol/L. After 16 hours, cells
were stained with anti-CD8 PE-Cy7 (BD Biosciences), HLA-
A�0201-CMV-pp65 (NLVPMVATV)-specific Dextramer (Immu-
dex), anti-CD25 PE (BioLegend), or anti-CD69 PerCP Cy5.5
(BioLegend) to measure downregulation of TCR and activation
of T cells in FACSCanto II.

T-cell INFg induction assay
WM-266-4 melanoma cells (MCSP and HLA-A�0201 positive)

were incubated in serum-free AIM-V medium (Gibco). To load
endogenous MHC class I complexes with peptides, the cells were
incubated for 1.5 hours with 25 nmol/L of CMV-pp65 peptide
(NLVPMVATV). Incubation with CMV-pMHCI–bivalent IgG
was done at 25 nmol/L. Cells were subsequently washed. Treated
WM-266-4 cells were then co-cultured with human donor–
derived PBMCs containing 1.6% CMV-pp65–specific CD8þ

T cells isolated from peripheral blood via Ficoll centrifugation.
The amount of CMV-pp65–specific T cells wasmeasured before in
FACS by Dextramer (Immudex) staining. The medium was sup-
plemented with 5 mg/mL Brefeldin A (BioLegend). The target-to-
effector cell ratio was 1:10 (30,000 WM-266-4 to 300,000
PBMCs). After 6 hours of coincubation, cells were stained for the
intracellular expression of IFNg by FACS. The following detection
antibodies were used: HIT8a (mouse IgG1,k, APC anti-human
CD8a antibody, BioLegend) and 4S.B3 (mouse IgG1,k, PE anti-
human INFg antibody, BioLegend).

Results
Design of novel complex antibody format consisting of a
peptide–MHCI complex fused to a complete human antibody
(pMHCI-IgG)

The recombinant pMHCI complex consists of the nonameric
antigenic peptide, b2-microglobulin, and a truncated HLA-A�0201
heavy chain lacking the transmembrane and intracellular domains.
Wechose theCMV-pp65–derivedpeptide (NLVPMVATV) to recruit
a large number of CD8þ T cells fromhuman donors (15). Glycine-
Serine linker L1 "GCGGS-(G4S)2" connects the peptide with b2-
microglobulin, linker L2 "(G4S)4" links b2-microglobulin and the
truncated HLA a-chain, and linker L3 "GS" connects the HLA
a-chain with the antibody moiety. To stabilize the peptide in the
grooveof theMHCclass I complex, an artificial disulfidebridgewas
insertedbetween linker L1 (Cys inposition2of linker 1, underlined
in linker 1 sequence) and theHLAdomain, position227 (30)of the
HLA-A�0201 (Y227C; refs. 31, 32). The pMHCI complexwas fused
in several formats to IgGvariants (Fig. 1). In all cases, it was fused to
theN-terminusof the antibody, either to the variabledomainof the
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antibody heavy or light chain or to the N-terminus of the Fc region
(Fig. 1, see Supplementary protein sequences). It was linked to the
variable domain of the antibody light chain (Fig. 1, format 1, 8, 9),
to the variable domain of the antibody heavy chain (Fig. 1, format
6, 7, 10) or to the Fc-domain of the antibody (Fig. 1, format 2, 3, 4,
5, 11). Formats either carried one or two pMHCI complexes (Fig. 1,
format 1, 2, 3, 5, 6, 7 or 4, 8, 9, 10, 11, respectively). The heavy
chains of the antibody were either homodimers with identical
antibody heavy chains (Fig. 1, format 4, 8, 9, 10, 11) or hetero-
dimerswith twodifferent antibodyheavy chains (Fig. 1, format1,2,
3, 5, 6, 7). Heterodimerization of the heavy chains was enforced by
the knob-into-hole mutations (33) stabilized with an artificial
disulfide bridge (34). Two formats were cloned without variable
antibody domains (Fig. 1, format 4 and 5). Format 11 carried two
single-chain antibody-variable domains (scFv), fused to the C-
terminus of the constant region. The IgG isotype was in all cases
human IgG1, mutated to eliminate all Fcg receptor–mediated
effector functions. To this end, the CH2 domain of the Fc portion
carried amino acid exchanges of Leucines L234 and L235 to Alanin
("L234A, L235A") and Prolin P329 to Glycine ("P329G") which

abrogates binding to Fcg receptors FcgRI, FcgRII, and FcgRIIIA, and
complement-associated proteins (C1q; ref. 35). Protein sequences
of all constructs are given in the Supplementary Material.

pMHCI-IgGs can be expressed in mammalian cell lines as
heterodimeric formats carrying a single pMHCI complex

Expression was performed in HEK293 cells by transient trans-
fection. Full IgG antibodies bearing two recombinant pMHCI
complexes (homodimers) did not yield any detectable amounts
of protein in Western blots when fused to the N-terminus of
the light chains (Figs. 1 and 2, format/lane 9), and very low
amounts were observed when fused to the heavy chains (Figs. 1
and 2, format/lane 10). Similarly, fusion molecules lacking the
peptide (Figs. 1 and 2, format/lane 8) as well as pMHCI–Fc
fusions with C-terminal scFv antibody domains (Figs. 1 and 2,
format/lane 11) could not be expressed. In contrast, pMHCI-Fc
fusionmolecules lacking the antibody Fab regions were expressed
successfully (Figs. 1 and 2, format/lane 4 and 5) but they were not
further pursued because they do not allow specific targeting of the
pMHCI fusions. Asymmetric formats carrying a single pMHCI
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Figure 1.

Schematic illustration of peptide-MHC class I–fused IgG antibodies (pMHCI-IgG). A, formats either carried one or two pMHC class I complexes (1, 2, 3, 5, 6, 7
or 4, 8, 9, 10, 11). TheMHCclass I complexwas fused to apeptide in all cases despite format 8.MHC class I complexeswere either fused to theN-terminus of the variable
domain of the antibody light chain (1, 8, 9), of the variable domain of the heavy chain (6, 7, 10) or hinge region of the antibody (2, 3, 4, 5, 11). Fusions 4 and
5 did not contain an antibody variable domain. The preferred formats 6 and 7 are boxed and were named "single pMHCI-monovalent IgG" or "single pMHCI-bivalent
IgG," respectively. The black double-headed arrow indicates the distance between the antibody-binding site and the TCR-binding site. This distance is
shorter for format 1 compared with format 2. B, schemes of pMHCI-fused antibody chains. Linker 1: (G4S)3, Linker 2: (G4S)4, Linker 3: (GS); "Hole" mutation in
antibody heavy chain: T366S, L368A, Y407V; "Knob" mutation: T366W, effector function-free IgG1 isotype with L234A, L235A, and P329G mutation. Color code:
viral peptide (red), Linker (orange lines), b2-microglobulin (light blue), extracellular domain of HLA-A�0201 a1-a3 (purple), variable (VL) and constant Ckappa (Ck)
domain of human antibody light chain (light green), variable (VH) and constant CH1 domain of human IgG1 antibody heavy chain (dark green), hinge (black line),
IgG1 heavy chain CH2 and CH3 domain (black), hole mutation (yellow); IgG1 heavy chain CH2 and CH3 domain carrying the knob mutation (gray).
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complex per IgG antibody molecule are more complex to con-
struct because they necessarily consist of two different antibody
heavy chains, but resulted in improved expression yields com-
pared with all other formats. The knob-into-hole technology
allowed the expression of heterodimeric IgGs with two different
heavy chains (Fig. 1A). Thus, all constructs bearing a single
pMHCI complex per IgG antibody could be expressed at levels
that were easily detectable in the supernatant of transiently
transfected HEK293 cells (Figs. 1 and 2, format/lane 1, 2, 3, 5,
6, 7). Weaker expression was found for fusions to the N-terminus
of the light chain (Figs. 1 and 2, format/lane 1) and in format 2 in
which the pMHCI was fused to one of the Fc regions at the hinge
region lacking the VH-CH1domain (Figs. 1 and 2, format/lane 2).
The pMHCI complex can be fused either to the "knob" or to the
"hole" modified antibody heavy chain. We compared both
options for the fusions to the hinge region (Figs. 1 and 2, for-
mat/lane 2, 3). The expression level and the amount of side
products were different. When the pMHCI complex was fused
to the "knob"-modified antibody heavy chain (Figs. 1 and 2,
format/lane 2), the expression level was lower and "hole"–"hole"
dimers lacking the pMHCI complex turned out to be a significant
side product. When the pMHCI complex was fused to the "hole"
antibody heavy chain instead (Figs. 1 and 2, format/lane 3)
expression levels were higher and no "hole"–"hole" side products
were observed. "Knob"–"knob" side products lacking the pMHCI
complex were only observed at low frequencies (below 5%, data
not shown). Thus, we fused the pMHCI complex to the "hole"-

modified heavy chain to prevent unwanted "hole"–"hole" side
products and to achieve better expression levels.

On the basis of the observations described above, we focused
our activities on the constructs in which the pMHCI complex was
fused to theN-terminus of the variable domain of the heavy chain
(Figs. 1 and 2, format/lane 6 and 7). These formats not only
showed the highest expression levels but also allowedmono- and
bivalent antibody binding. These preferred formats were named
single pMHCI-monovalent IgG (Fig. 1, format 6), and single
pMHCI-bivalent IgG (Fig. 1, format 7), respectively. The single
pMHCI-monovalent IgG construct consisted of a pMHCI
complex fused to the antibody heavy chain (pMHCI-IgG HC)
combined with a Fc-only chain comprising the hinge, CH2 and
CH3 domains (truncated IgG HC), and the antibody light chain
(IgG LC). In the single pMHCI-bivalent IgG construct, the
pMHCI-IgG HC (in the hole format) was combined with a
normal, full-length heavy chain in the knob format (IgG HC),
and the light chain (IgG LC). The expression of the preferred
formats was further improved by balancing the expression vector
ratio during transfection. With the standard ratio of all expression
plasmids at a molar 1:1:1 ratio (IgG LC, pMHCI-IgG HC and IgG
HC or truncated IgG HC), the expression of the unfused heavy
chain was much stronger than the pMHCI-fused heavy chain
(Fig. 2, lane 6 compare the middle band of the truncated IgG
heavy chain at 29 kDa versus the upper band of the pMHCI-fused
IgGheavy chain at 98 kDa and in lane 7 compare themiddle band
of the IgG heavy chain at 52 kDa versus the upper band of the

Figure 2.

Western blot analysis of pMHCI-IgGs expressed in HEK293 cells. Supernatants of transfected cells were blotted after reducing SDS-PAGE and stained for
human antibody heavy and light chain. Lanes 1 to 11 represent the formats shown in Fig. 1. Lane 12 is identical to format 3 but differs in the antibody constant
domain sequence. Lanes 1, 2, 3, 5, 6, 7, 12 represent pMHCI-IgG formats with a single pMHCI complex, lanes 4, 8, 9, 10, 11 represent pMHCI-IgG formats with two
pMHCI complexes. Preferred formats, single pMHCI-monovalent IgG (lane 6), and single pMHCI-bivalent IgG (lane 7), are boxed. Size of the expected protein
chains are listed below each lane.
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pMHCI-fused IgG heavy chain at 98 kDa). However, an expres-
sion vector ratio of 1:3:1 (IgG LC: pMHCI-IgG HC: IgG HC or
truncated IgG HC) turned out to be optimal.

Modification of pMHCI-IgGs to improve stability and
expression yield

Expression was scaled up to the 3 L culture volume. Transient
transfection in HEK293 suspension cells normally yields about
100 mg/L for normal human IgG1 antibodies after purification
(typical range 40 to 200mg/L). After proteinA affinity purification
and SEC expression levels of single pMHCI-mono- and bivalent
IgG were in the range of 1 to 10 mg/L. A large proportion of the
product formed aggregates which were removed by the SEC
leading to a loss of 25% to 60% of the product (Fig. 3B).

We analyzed the thermal stability of the single pMHCI-mono-
and bivalent IgG by dynamic light scattering analysis and found a
biphasic denaturing pattern for the fusion proteins at 44�C and
70�C(Fig. 3A), respectively. To increase the stability of the pMHCI
complex, we introduced an artificial disulfide bridge between the
linker L1 (position 2 of L1) and the HLA a2-domain (Y227C)
which was described previously (31, 32). This stabilization
increased the first denaturing temperature to 50�C while the
second denaturing point remained unchanged (Fig. 3A). As a
second consequence, the aggregate content after protein A affinity

purification was reduced from the previously 25% to 60% to
below 10% (Fig. 3C). The reduced amount of aggregates increas-
ed the yields to 15 to 30 mg/L after purification. Gel electropho-
resis (SDS-PAGE) and analytic SEC confirmed the expected band
sizes and intensities and a level of aggregates below 5% (Fig. 4).
After successful stabilization of pMHCI-IgG by inserting the addi-
tional disulfide bridge between linker L1 and the MHCI complex,
we again addressed the expression of the double pMHCI-bivalent
IgG fusions with two pMHCI complexes (Fig. 1, format 10).
Without disulfide stabilization, format 10 yields 3.3mg/Lproduct
after protein A purification. SEC analysis revealed that the product
solely consisted of aggregates and no monomeric protein could
be recovered.Upondisulfide stabilizationof thepMHCI complex,
a slightly better yield of 4.9 mg/L was achieved after protein
A purification of which only 60% was aggregated. Eventually,
1.7 mg/L monomeric product could be purified after SEC (data
not shown), still being about 10- to 20-fold lower than the single
pMHCI-IgGs. This double pMHCI-bivalent IgG was used subse-
quently for comparative test but was not further pursued due to
its inferiority to the single pMHCI-bivalent IgG in terms of yields
and unspecific T-cell activation (see below).

With the optimized transfection protocol and protein engi-
neering, both the single pMHCI-monovalent and bivalent IgG
contained the different chains in the correct ratios. The intensities

Figure 3.

Analysis of thermal stability and aggregation properties before and after disulfide stabilization of the pMHCI complex. A, dynamic light scattering analysis of
thermal stability of single pMHCI-bivalent IgG before (purple) and after (blue) disulfide stabilization. Reference IgG antibody (Herceptin) without pMHCI
fusion (green) was included as control. B and C, analytic SEC of single pMHCI-bivalent IgG after protein A chromatography purification before (B) and after disulfide
stabilization (C).
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in the SDS-PAGE indicated the correct molar ratios of all chains
(Fig. 4A, right, SDS-PAGEunder reducing conditions). In themass
spectrometry, we found series of peaks corresponding to the
expected mass and the absence of unwanted side products (Fig.
4C and D).

Functional characterization
pMHCI-IgG binding and pMHCI delivery to tumor cells. Binding
properties of single pMHCI-mono- and bivalent IgG were tested
using flow cytometry analysis in comparison with the parental,
unfused antibody. Single pMHCI-bivalent IgG (Fig. 1, format 7)

Figure 4.

Protein purity and integrity after protein
A affinity and SEC. A, SDS gel electrophoreses
under nonreducing (left) and reducing (right)
conditions with single pMHCI-monovalent IgG
and single pMHCI-bivalent IgG after protein A
affinity chromatography and SEC.
Nonreducing gel shows the expected size of
the 145 kDa single pMHCI-monovalent IgG and
193 kDa of the single pMHCI-bivalent IgG.
Reducing gel shows the pMHCI-IgG HC fusion
(95 kDa) and the antibody light chain (25 kDa)
for both constructs. In addition, the single
pMHCI-monovalent IgG consists of a truncated
antibody heavy chain (26 kDa) lacking the
variable domain and the single pMHCI-bivalent
IgG consists of the antibody heavy chain (50
kDa). B, analytic SEC of the single pMHCI-
monovalent (left) and bivalent IgG (right) after
protein A purification. Percentages of
aggregates and monomeric product are
indicated in the schemes. C, mass
spectroscopy (ESI-MS) of single pMHCI-
monovalent IgG (left) and single pMHCI-
bivalent IgG (right). Main peak under
deglycosylated, nonreducing conditions is the
expected product consisting of the antibody
light chain, the truncated antibody IgG knob
and the pMHCI-fused antibody IgG hole heavy
chain (left) and two antibody light chains, and
the antibody IgG knob and the pMHCI-fused
antibody IgG hole heavy chain (right). Minor
peaks are PNGaseF, which was used for
deglycosylation and adducts of phophate/
sulfate, or one or two hexoses. D, mass
spectroscopy (ESI-MS) of single pMHCI-
monovalent IgG (left) and single pMHCI-
bivalent IgG (right) under deglycosylated and
reducing conditions. All peptide chains have
the expected mass. Antibody heavy chains are
lacking the C-terminal lysine. Other
modifications are indicated.
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showed unimpaired binding to the antigen-positive tumor cells at
all tested concentrations from0.005nmol/L to 25nmol/L (Fig. 5).
Similarly,monovalent pMHCI-IgG (Fig. 1, format 6)bound to the
target cells to the same extent as bivalent pMHCI-IgG at high
concentrations (5 and 25nmol/L) butwith a slight loss of binding
at lower concentrations (Fig. 5) as expected for a monovalent
antibody. Antibody binding was independent from peptide
fusion (EBV or CMV), andwas observed for two different parental
antibodies (anti-MCSP and anti-IGF-1R) on all tested cell lines
(3 for each target). No unspecific binding of pMHCI-IgGs was
detected. pMHCI-IgGs delivered properly folded HLA-A�0201

complexes to the cell surface of target cells, verified by detection
with an antibody (36) recognizing a conformational epitope of
correctly folded HLA-A2 (Fig. 5B).

pMHCI-IgG mediated tumor cell lysis in vitro. The functional
activity of pMHCI-IgGs to specifically activate antigen-specific
human CD8þ T cells was tested by xCELLigence analysis with
two adherent human tumor cell lines, WM-266-4 and UCLA-SO-
M14, and human CD8þ T cells (Fig. 6; ref. 15) derived from
chronically CMV-infected donors. CD8þ T cells directed against
the immunodominant pp65CMVpeptide ("NLVPMVATV") were

Figure 5.

Flow cytometric analysis of single pMHCI-IgG binding and pMHCI delivery to hIGF-1RþNIH3T3 andMCSPþUCLA-SO-M14 cells target cells at different concentrations.
A, binding of anti-IGF-1R normal bivalent control antibody without pMHCI-fusion (column 1), single CMV pMHCI-monovalent anti-IGF-1R IgG (column 2),
single CMV pMHCI-bivalent anti-IGF-1R IgG (column 3), single EBV pMHCI-monovalent anti-IGF-1R IgG (column 4), and nonbinding single CMV pMHCI-bivalent
DP47 IgG (column 5). Antibody/fusion protein concentration is indicated on the left.B,HLA-A2 complexes detected on the cell surface ofMCSPþHLA-A2�UCLA-SO-
M14 cells after binding of single CMV pMHCI-anti-MCSP IgG in concentrations of 25 nmol/L to 0.5 nmol/L. Gray, isotype control and secondary antibody;
black, test antibody or fusion protein and secondary antibody.
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Figure 6.

Functional analysis of single and double pMHCI-mono- and bivalent IgGs. Induction of specific tumor cell lysis by MCSP-targeted pMHCI-mono- and bivalent
IgGs (A and B). MCSPþ tumor cells (A, WM-266-4 cells; B, UCLA-SO-M14 cells) incubated with single CMV pMHCI-bivalent anti-MCSP IgG (black), single CMV
pMHCI-monovalent anti-MCSP IgG (light gray), single EBV pMHCI-monovalent anti-MCSP IgG control (dark gray), or nonbinding single CMV pMHCI-bivalent IgG
control (white with gray border) at the indicated concentrations. In vitro–expanded CMV-pp65–specific CD8þ T cells were added in an E:T ratio of 3:1. Cell lysis was
measured after 7 hours in the xCELLigence system. C, lysis of tumor cells by IGF-1R–targeted single CMV pMHCI-bivalent anti-IGF-1R IgG at different E:T cell ratios.
IGF-1Rþ-expressing NIH 3T3 cells (I24M6) were incubated at the indicated concentrations. In vitro–expanded CMV-pp65–specific CD8þ T cells were added
in an E:T cell ratios of 3:1, 2:1, and 1:1. Cell lysis was measured after 17 hours in the xCELLigence system. D, comparison of tumor cell lysis with peptide-loaded versus
single CMV pMHCI-bivalent anti-MCSP IgG–decorated tumor cells. MCSPþ and HLA-A�0201þ tumor cells (WM266-4) were either loaded with CMV peptide
(pp65 495-503) or decorated with single CMV pMHCI-bivalent anti-MCSP IgG at the indicated concentrations. CMV-pp65–specific CD8þ T cells were added
in an E:T cell ratio of 3:1. Readout of lysiswas performed bymeasurement of LDH release after 24 hours. E, activation of T cells in CMV-positive human donor PBMCs is
measured as the frequency of IFNg-expressing cells in response to the exposure to target cells. WM266-4 target cells are either incubated with PBMCs (black),
or loaded with 10 mmol/L CMV-derived pp65 peptide (dark gray) or incubated with single CMV pMHCI-bivalent IgG (gray), or single pMHCI-bivalent nonbinding IgG
control (light gray) at 1 nmol/L, 5 nmol/L, or 25 nmol/L. F, flow cytometric analysis of unspecific in vitro activation of primary human CMV–specific T cells with
single and double CMV pMHCI-bivalent IgGs. PBMCs from a human HLA-A�0201þ and chronically CMV-infected donor with about 3% of CMV-pp65–specific
CD8þ T cells were incubated with double CMV pMHCI-bivalent IgGs or single CMV pMHCI-bivalent IgGs. After 16-hour incubation, downregulation of CMV
pp65–specific TCR and upregulation of activation markers CD69 and CD25 were measured and calculated in percent of all CMV pp65–specific CD8þ T cells.
All constructs were applied at 50 and 500 nmol/L. Error bars, SD of replicates (n ¼ 3). Statistical significance was determined using Student t test for three
independent experiments.
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expanded in vitro as described previously (15). These in vitro–
expanded CD8þ T cells consisted of about 50% CMV-pp65–
specific CD8þ (15). The CD8þ T-cell–mediated target cell killing
was potent, achieving more than 50% of target cell killing at sub-
nanomolar concentrations. The mediated cytotoxicity was pep-
tide and antibody dependent. When the CMV-derived peptide in
the pMHCI-IgG construct was replaced by an EBV-derived pep-
tide, or when a nonbinding antibody was used, no lysis of the
target cells was observed (Fig. 6A and B). Different E:T ratios were
tested and showed successful tumor cell killing at low E:T ratios
(Fig. 6C).

pMHCI-IgGs induce similar tumor cell lysis compared with peptide
loading. Tumor cell lysis mediated by pMHCI-IgGs was subse-
quently compared with peptide-loaded HLA-A2–positive tumor
cells (Fig. 6D). To this end, HLA-A�0201–expressing tumor cells
were either loaded with CMV peptide (pp65 "NLVPMVATV") or
decorated with the CMV-single pMHCI-bivalent IgG antibody
fusion containing the same peptide. The specific killing through
peptide-specific CD8þ T cells was similar for both peptide-loaded
and pMHCI-IgG–targeted cells and was in the sub-nanomolar
range. By measuring IFNg induction at a concentration of
10 mmol/L of peptide or 1 nmol/L, 5 nmol/L, or 25 nmol/L of
pMHCI-IgGs, we investigated the proportion of activated CMV-
specific T cells from freshly isolated human PBMCs after exposure
to either peptide-loaded or pMHCI-IgG–decorated tumor cells
(Fig. 6E). In both cases, the identical proportion of T cells was
induced to express IFNg , demonstrating that the pMHCI–IgG
complexes can activate T cells to the same extent as peptide-loaded
MHCI complexes. We observed an unspecific activation with the
nonbinding control construct at the highest concentration tested
(Fig. 6E).

Unspecific activation of T cells in the absence of target cells—formats
with one versus two pMHCI. The single pMHCI-mono- and biva-
lent IgG fusions (Fig. 1) carried only a single pMHCI complex per
IgG antibody. Consequently, the crosslinking of TCRs in the
absence of target cells was unlikely as these fusion proteins can
only interact with a single TCR per molecule. After binding of the
fusion proteins on the cell surface of a target cell, however, they
allow a multivalent binding to specific T cells and thus can
efficiently cross-link TCRs and activate T cells. For comparison,
we tested the double pMHCI-bivalent IgG format (Fig. 1, format
10) which carried two pMHCI complexes per IgG antibody, one
fused to each variable domain of the antibody heavy chain. Each
of these fusion antibodies could potentially link two TCR on T
cells in the absence of target cells. Wemeasured the activation of T
cells as downregulation of the TCR, inductionofCD69 andCD25.
All experiments showed that at concentrations of up to50nmol/L,
only the double pMHCI-bivalent IgG format with two pMHCI
complexes activated T cells in the absence of target cells. At higher
concentration of 500 nmol/L, both formats with a single or
double pMHCI activated T cells but the double pMHCI-bivalent
IgG format with two pMHCI complexes per IgG antibody to a
larger extent (Fig. 6F).

Discussion
Recombinant pMHCI complexes are notoriously instable and

their production is not robust. First attempts to express recom-
binant MHC class I molecules started as fusion proteins of b2-

microglobulin and the a chain lacking the transmembrane
domain (37, 38) followed by fusions with an antigenic peptide
shortly thereafter (39). Fusions of the b2-microglobulin to the a
chain have been designed both as N- and C-terminal fusion
molecules (31, 37, 39, 40), and standard Glycine–Serine–based
linkers have been used. Fusions of all three components, the
antigenic peptide, b2-microglobulin, and the soluble a chain
lacking the transmembrane domain have been named "single
chain trimers" and the fusion significantly increased the complex
stability (31, 40). Displacement of the antigenic peptide is
reduced at least 1,000-fold when the peptide is covalently con-
nected to the complex by a linker peptide (40). Still, the recom-
binant expression of peptide–MHCclass I fusionmolecules to full
IgG antibodies remained a technical challenge because of low
expression levels, a high degree of aggregate formation, and low
thermal stability of the fusion protein. Some of the hurdles could
be lowered by using smaller and less complex antibody fragments
instead of full antibodies such as single chain Fv fragments (scFv).
These simpler formats could be expressed as nonfunctional pro-
teins in bacterial expression systems, requiring in vitro refolding to
obtain functionally active molecules (20). However, these con-
structs were lacking FcRn-binding properties and as a conse-
quence were rapidly cleared and had short in vivo half-lives. An
alternative was to generate the pMHCI complex and the antibody
separately and fuse both of them by chemical conjugation or by
biotin–streptavidin coupling (14, 22, 41–45). Chemical conju-
gation is technically laborious especially at a larger scale and site-
specific conjugation is not fully developed yet. Random conju-
gation generates heterogeneous molecules which may show
batch-dependent functionality. The fusion of pMHCI complexes
to full-length IgG antibodies is very attractive because of the
superior pharmacokinetics and the bivalent binding properties
of full monoclonal IgG antibodies. Our first attempts to express
pMHCI-IgGs as a simple fusion of the recombinant pMHCI
complex to the N-terminus of either the light or the heavy chain
of the antibody in standardmammalian expression systems failed
to produce the expected fusionprotein in reasonable quantity and
quality.We tested differentmAbs and antigenic peptides and even
omitted the peptide. None of these modifications could improve
the results indicating that a format-inherent feature impaired
expression in mammalian cells. However, when we analyzed
transfected cells after fixation with fluorescently labeled mAbs
either directed against the human IgG1 or the MHC complex, a
strong vesicular staining inside the cells indicated that the proteins
were indeed made by the cells but that they were trapped in the
vesicular compartment without being secreted into the superna-
tant (data not shown). Next, we reduced the number of pMHCI
complexes per fusion protein by adding the pMHCI complex to
only one of the two antibody heavy chains. Now significant
amounts of the intact fusion protein were secreted by transiently
transfected cells although the yield was still much lower than for
normal unmodified monoclonal IgG1 antibodies. Expression of
the antibody heavy chain fused to the pMHCI was much reduced
compared with the unfused heavy chain. Increasing the relative
amount of expression vector encoding the pMHCI-fused IgG
heavy chain during transfection helped to overcome the problem
to some extent. It was also important to fuse the pMHCI to the IgG
heavy chain carrying the "hole" mutation. The unfused IgG heavy
chainwas always expressed at higher levels than the pMHCI-fused
chain. Importantly, the normal IgG heavy chain formed much
fewer unwanted side products in the "knob" version because
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unwanted "knob"–"knob" homodimers are much less favored
than "hole"–"hole" homodimers.

With artificial TCR ligand systems, it was found that elongation
of the pMHC ectodomain greatly reduces TCR triggering without
affecting TCR-pMHC ligation (46). Interfaces between T cells and
target cells expressing elongated pMHC showed an increased
intermembrane separation distance and less TCR activation.
Therefore, we decided to minimize the distance between the
antibody binding interface and the pMHCI:TCR interface. This
distance was shorter for the constructs in which the pMHCI was
fused to theN-terminus of the variable domain of themAb (Fig. 1,
format 1, 6, 7, 8, 9, 10, see blackdouble-headed arrow in format 1)
compared with constructs in which the pMHCI was fused to the
hinge region of the antibody (Fig. 1, format 2 and 3, see black
double-headed arrow in format 2). In molecular models, the
peptide groove of the pMHCI complex was about 6 to 7 nm
separated from the binding paratope of the antibody Fab arm if
the pMHCIwas fused to the variable domain of the antibody. This
distance was larger and about 9 to 13 nm for the constructs in
which the pMHCI was fused to the hinge region of the antibody.

The thermal stability of the pMHCI-IgG fusion protein was
biphasic. At less than 40�C, onepart of the fusionprotein began to
denature while a second denaturing point was reached at 65�C. As
MHC complexes are known to be less stable than antibodies (47),
we assumed that the biphasic nature of the thermal stability
reflects the melting points of the two subunits of the fusion
protein, the less stable pMHCI complex and the more stable
antibody. Indeed, the introduction of an artificial disulfide bond
between the linker of the MHC peptide and HLA heavy chain
(31, 32) increased thefirstmeltingpoint by roughly 10�C to about
50�C confirming that (i) the pMHCI complex had the lower
thermal stability compared with the antibody and (ii) that both
the pMHCI complex and the antibody structurally denature
independently of each other. The disulfide stabilization also
reduced the degree of aggregation and thereby increased the final
expression yield of fusion protein.

We addressed potential potency and safety aspects inherent to
the molecular format. An important question concerning the
potency was, if all T cells specific for the native peptide-MHC
class I complex can also recognize the recombinant complex in the
pMHCI-IgG format. The antigenic peptide in thenative complex is
not covalently linked to the groove and has a free C-terminus.
In the pMHCI-IgG format, the antigenic peptide is fused at the
C-terminus to a Glycine–Serine linker. This modification may
change the conformation of the peptide and the MHC class I
complex and thereby limiting the number of T cells which can
recognize the recombinant complex compared with the unfused
native complex. Furthermore, the MHC class I complex is dis-
played differently on the cell surface of the target cell. The native
MHC class I complex is close to the membrane, whereas the
pMHCI-IgG is bound to the extracellular domain of another
membrane protein. First, the in vitro analysis of pMHCI-IgG–
coated versus peptide-loaded target cells revealed that pMHCI-
IgGs are equally effective at inducing T-cell–mediated target cell
lysis in a concentration-dependent manner compared with the
peptide-loaded target cells. Second, peptide-loaded target cells
activated as many T cells in human donor–derived PBMCs as
pMHCI-IgG loaded target cells shown by IFNg staining. Thus, the
modification of the antigenic peptide and the fusion of the MHC
to the IgG antibody did not appear to limit the number of T cells
which can be activated. The recombinant pMHCI complex seems

to sufficiently mimic the native peptide displaying MHC class I
complex, at least for the HLA allotype and the antigenic peptide
used here. The binding to the peptide–MHC class I complex is
dependent on the nature of the peptide, the HLA allotype and
humandonor–specific T cells and therefore needs to be confirmed
for all constructs separately.

A potential safety issue is the activation of T cells in the absence
of target cells due to the unwanted TCR cross-link. In solution, a
single pMHCI-IgG fusion molecule carrying only one pMHCI
complex can only interact with a single TCR on the CD8þ T cell.
Therefore, TCRs cannot be cross-linked and the risk of unspecific
activation of T cells is reduced for the single pMHCI-IgG format.
The double pMHCI-IgG format can cross-link TCR in solution
without binding to target cells. Consistently, the double pMHCI-
IgG triggered unspecific activation of T cells at concentrations at
which the single pMHCI-IgG was not activating T cells in the
absence of target cells. Therefore, the single pMHCI-IgG is also the
preferred format in terms of safety.

Only at high concentrations we observed an unspecific activa-
tion of T cells either for the nonbinding control or in the absence
of target cells (Fig. 6E at 25 nmol/L, Fig. 6F at 500 nmol/L). These
concentrations are about 1,000-fold higher than the in vitro
potency of the preferred format (15). We believe that unspecific
protein absorption under the experimental setting used here may
explain this activation showing that the experimental settings
need to be carefully designed and the protein quality is essential
for these potent T-cell–activating compounds.

The optimized pMHCI-IgG fusion formats proposed here over-
come several technical hurdles such as low expression levels,
protein aggregation, and instability. The pMHCI-IgGs allow the
fusion of MHC class I complexes to full IgG mAbs and confer
mAb-like characteristics such as bivalent (avidity) binding and
superior pharmacokinetic properties (see also ref. 15) to the
fusion molecules. They also offer the possibility to have mono-
valent antibody binding,which canbe important if the cell surface
target tends to internalize after bivalent antibody binding. The
pMHCI-IgG fusion proteins allow the delivery of functional
peptide–MHC class I complexes to tumor cells, trigger a potent
and highly peptide- and antibody-specific activation of a specific
CD8þ T-cell population and lead to a powerful tumor cell
elimination (see also ref. 15). Our pMHCI-fused IgG antibodies
can activate CD8þ T cells to eliminate tumor cells at sub-nano-
molar concentrations and at low effector to target cell ratios
similar to peptide-loaded tumor cells, but are independent of
the expression of MHC class I by the tumor cells.

The data presented here demonstrate the feasibility of expres-
sing pMHCI-IgG fusion proteins to redirect peptide-specific
CD8þ T cells for the elimination of tumor cells. We believe
that especially for tumor types with a low frequency of neoanti-
gens in which check point immunomodulation therapies, for
example, with PD-L1 or PD-1–blocking antibodies are less
efficacious, targeted pMHCI-IgGs can deliver strong neo/
viral-antigens to the tumor cell surface and can act indepen-
dently of MHC class I expression by tumor cells. Therefore,
pMHCI-IgGs will help to complement cancer immunotherapy
in terms of the redirection of endogenous antigen-specific T
cells to nonimmunogenic tumors. They can be designed to
employ naturally occurring epitopes from widespread viral
infections like CMV and EBV but also for vaccination induced
epitopes as for influenza or even allogeneic MHCs. Compared
with CD3-based T-cell–recruiting molecules, our pMHCI-IgGs
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activate only a subpopulation of virus peptide–specific CD8þ

T cells thereby potentially improving clinical/therapeutic
safety.

In summary, in our preferred format, a single pMHCI complex
per full IgG antibody is fused to the N-terminus of the variable
domain of the antibody heavy chain. This does not only lead to
improved expression yield of the pMHCI-IgG fusion but also
reduces the risk of unwanted TCR crosslinking in the absence of
target cells. In addition, pMHCI-IgGs were found to be stable in
mouse serum and after repeated freeze–thaw cycles (data not
shown, ref. 15). The expression levels are in the range as formAbs.
Although it is difficult to predict the expression levels and yields at
a large, technical scale, these proteins are of sufficient stability and
quality that a technical process can successfully be developed. The
expected therapeutic dose will be lower as for normal antibody
therapies and is expected to be in the range of CD3-based T-cell
recruiters. We believe that further investigation is warranted to
develop this concept towards clinical application.
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