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Abstract

MHC class | molecules can be engineered as single chain trimers (SCT) that sequentially incorporate
all three subunits of the fully assembled proteins, namely peptide, f2m, and heavy chain. SCTs have
been made with many different MHC-peptide complexes and are used as novel diagnostic and
therapeutic reagents as well as probes for diverse biological questions. Here we review the recent
and diverse applications of SCT. These applications include new approaches to enumerate disease-
related T cells, DNA vaccines, eliciting responses to preassembled MHC-peptide complexes, and
unique probes of lymphocyte development and activation. Future applications of SCTs will be driven
by their further engineering and the ever expanding identification of disease-related peptides using
chemical, genetic and computational approaches.

RATIONALE FOR SINGLE CHAIN TRIMER (SCTs) CONSTRUCTION

Self major histocompatibility complex 1 (MHCI) molecules consisting of a heavy chain and
B2 microglobulin (32m) bind peptides from pathogen-infected or transformed cells and present
them on the cell surface to CD8 T cells for immune surveilancel. The genetic hallmark of the
MHCI heavy chains is their multigenic and polymorphic nature, conferring the ability of an
individual to bind a plethora of different peptides. More specifically, humans and mice express
4-6 different class | heavy chains each of which is polymorphic i.e. has multiple allelic forms.
Furthermore, each different MHCI allele binds tens of thousands of different peptides (typically
8-10 amino acids) into its membrane distal binding groove situated between two anti-parallel
helices. MHC molecules do not discriminate self from non-self peptides and thus an antigenic
peptide must be processed efficiently and have a sufficiently high MHC binding affinity and/
or abundance to compete with an extensive pool of endogenous (non-antigenic) peptides. Thus
antigenicity for T cell responses to disease-related peptides can frequently be enhanced by
improving processing, abundance or MHC binding. For example, several defined tumor-
associated antigens have been found to be poor MHCI binders thus limiting effectiveness in
eliciting CD8 T cell immunity2:3. To obviate the need for antigenic peptides to be processed
and compete for MHC binding, we and others have engineered fully assembled class |
molecules or SCTs 476, The SCT format consists of a single polypeptide comprised of an
antigenic peptide followed by a flexible linker that connects the C terminus of the peptide to
the N terminus of f2m, and another flexible linker that connects the C terminus of f2m with
the N terminus of the heavy chain (Box 1, Fig. 1). This format evolved from a series of
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previously reported constructs with linker attached peptides to MHC class | or class 1
subunits’~12, In this review article we discuss features of SCTs applicable for their use as
vaccines, diagnostics and probes of lymphocyte biology.

SCT DESIGN

The SCT format has been used extensively for generating different mouse and human peptide-
MHCI (pMHCI) complexes which have been used either as i) soluble recombinant proteins
expressed in bacteria or insect cells or ii) cellular membrane-associated proteins expressed in
mammalian cells by transfection or transduction!3. SCTs have several remarkable properties
that are listed in Text Box 1 and are discussed below in the context of specific SCT applications.
Most importantly, SCT adopt the same ectodomain structure as native pMHCI as shown by
their crystal structure (Fig. 1) and are equivalently recognized by diverse TCRs4. It remains
somewhat surprising that the SCT format works so well. The reason is that the SCT linker
extending from the C terminus of the peptide to f2m would be expected to disrupt the highly
conserved H bonding network anchoring the C terminus of the peptide in the heavy chain F
pocket. As shown in Figure 2a the F pocket of the MHCI peptide binding groove accommodates
the C terminal peptide residue that is prominent in the anchoring of all peptides to their
respective MHCI heavy chain. Disruption of the F pocket peptide binding in the SCT is
compensated for by the fact that the SCT format allows rebinding of the linker-attached peptide
to the heavy chain1#1%, Indeed, this rebinding is likely the reason why successful SCT
construction requires inclusion of p2m, i.e. inclusion of B2m in the SCT facilitates peptide
rebinding due to the cooperative nature of their binding6. In any case, nascent SCTs appear
to spontaneously assemble in the ER lumen in a manner independent of peptide processing in
the cytosol and chaperone-assisted peptide loading complex in the ER lumen (see Text Box
2). In addition, surface SCTs are extraordinarily refractory to the binding of competitor (non-
linker attached) peptides®. Thus SCTs truly display a preassembled and stable phenotype, and
recent structural engineering now allows for the peptides to essentially be “stapled” into the
MHCI groove by disulfide traps.
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TEXT BOX 1

Components and properties of SCTs

M
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1. Intact covalent structure in cells. Western blot analyses showed SCT components
in live cells remain intact with native folding as determined using conformation-
dependent mAbs.

leader
sequence

2. Rapid and chaperone (TAP/tapasin/calreticulin)-independent expression. This
feature also renders SCT resistant to several viral immune evasion strategies.

3. Extended cell surface half-life as determined by surface decay of SCT expression
after Brefeldin A treatment. In these comparisons surface SCT were appreciably
more stable on the cell surface than native class | loaded with endogenous peptides.

4. Universal construction. SCT constructs have been made with several different
human, rat and mouse heavy chains, f2m and different antigenic peptides.

5. Preservation of CD8 T cell detection.
a. T cells generated to native class I-peptide detect cells expressing SCT
b. T cells generated to SCTs detect cells expressing native class I-peptide

c. Staining reagents made with recombinant SCTs detect the same T cells
as conventional straining reagents made with the same components

6. Resistant to displacement by high-affinity competitor peptide. SCTs expressed on
cells were 10,000 fold more resistant to competitor peptide binding than class |
loaded with endogenous peptides. In these assays the binding of competitor
peptides was monitored using T cells that are highly sensitive to low levels of
peptide binding.

7. High immunogenicity
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a. APCs expressing SCT elicit robust CD8 T cell responses in vitro.

b. plasmid DNA encoding SCT elicit robust CD8 T cell responses in vivo.

TEXT BOX 2
Processing and MHCI binding of antigenic peptides

1. Proteins from which antigenic peptides are derived undergo proteolysis by the
proteasome in the cytosol.

2. Peptides 8-12 amino acids length are efficiently transported from the cytosol into
the ER lumen by TAP, a heterodimeric, ATP-dependent pump.

3. Further proteolytic trimming of peptides can occur within the ER lumen by
aminopeptidases.

4. Peptides typically of 8-10 amino acid length bind to MHCI heavy chains
preassembled with 2m.

5. Peptide binding to heavy chain/B2m heterodimers occurs most often when they
are physically associated with the peptide loading complex or PLC.

6. The PLC consists of TAP, calreticulin, ERp57 and tapasin, and these proteins act
cooperatively to facilitate the binding of peptides to MHCI molecules.

7. Which peptides bind to which MHCI molecules is determined by the architecture
of their different peptide binding grooves as determined by polymorphic residues.

8. After a peptide binds to MHCI, the complex dissociates from the PLC and transits
via the Golgi to the cell surface.

DNA VACCINES

Vaccination with naked plasmid DNA is an attractive approach to elicit specific immunity to
cancers or pathogens!’. The basic approach of DNA vaccination (outlined in Text Box 3) is
attractive due to the fact that it is relatively safe, cost effective and has the potential for sustained
antigen delivery within cells. In contrast to using virus to deliver antigen, DNA vaccines do
not elicit anti-vector immune responses, and are therefore more suitable for multiple
administrations. Furthermore, in contrast to using recombinant proteins or peptides, plasmid
DNA encoding antigen is relatively stable in cells and thus may be more effective at eliciting
immunological memory. Although data from DNA vaccination studies is highly
encouraging’, potency remains an important issue. Indeed, inefficient epitope processing or
MHCI loading after DNA vaccination can be major impediments for CD8 T cell activation,
thus inspiring SCTs to be tested as DNA vaccines. There have been several recent papers
showing plasmid DNA encoding an SCT can elicit robust CD8 T cell responses in mouse
models1®=27_ And the SCTSs tested as vaccines have incorporated several different tumor or
pathogen epitopes. Furthermore, these studies demonstrate the flexibility of the SCT platform
by combining it with other strategies to enhance DNA vaccine potency. For example, SCTs
were co-expressed with an anti-apoptotic protein to prolong DC survival or with a universal
CD4 helper epitope to stimulate Th2 help23:25:27,
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Text Box 3
DNA vaccine priming of CD8 T cells

1. DNA sequence encoding antigen is inserted enzymatically into the cloning site of
a mammalian expression plasmid

2. Plasmid DNA is purified and typically delivered to the skin of the host by either
gene gun (coated on gold particles) or by electrophoration.

3. Plasmid DNA is taken up by various cell types including DCs.

4. Using host cellular components, the plasmid DNA enters the nucleus and plasmid-
encoded proteins are expressed.

5. For CD8 T cell immune responses, plasmid encoded antigen is i) processed in the
cytosol, ii) binds MHCI molecules in the ER lumen and iii) presented at the cell
surface by MHCI to CD8 T cells.

6. Presentation to CD8 T cells can occur directly by plasmid synthesizing DCs, or
indirectly by cross presentation if the plasmid encoded antigen is synthesized in a
non-DC cell type and subsequently taken up by DCs.

Recent findings of SCT vaccine efficacy raise the important question of whether they are more
advantageous than other strategies to elicit CD8 T cell immunity. This question was addressed
using a mouse model of cervical cancer?0. In this study, plasmid DNA encoding an SCT
incorporating a mouse MHCI molecule bound by a peptide derived from the E6 oncoprotein
of HPV elicited a strong CD8 T cell response and protective immunity against lethal tumor
challenge. By contrast, plasmid DNA encoding the entire E6 protein had little effect. In another
relevant study, it was shown that an SCT vaccine was more immunogenic than an ER-targeted
minigene encoding the antigenic peptide?4. These demonstrations of SCT superiority were
attributed to the preprocessed and/or preloaded nature of the SCT resulting in stable antigen
display. Based on this speculation, it is likely that the advantage of SCT will be most
pronounced when incorporating antigenic peptides that are inefficiently processed or are poor
MHC binders. To maximize SCT vaccine efficacy, it will be important to understand the
mechanism by which antigen is presented. Although still controversial, two different models
have been proposed for the general mechanism of antigen presentation after DNA vaccination.
DNA could be taken up by a DC and the antigen directly presented to CD8 T cells28, In a direct
presentation model, it is easy to envisage the SCT advantage. Alternatively, DNA could be
taken up by a non-DC and the antigenic peptide processed from the SCT and cross presented
by a DC22. In cross presentation models the SCT could be stabilizing the antigenic peptide
and/or promoting DC uptake and expression. An attractive mechanism by which this might be
happening is by membrane exchange, known as trogocytosis3°. Basic research applications of
SCTs have a great potential to help resolve the mechanism by which antigen is presented after
DNA vaccination; resolving this mechanism has remarkable promise for improving the
effectiveness of DNA vaccines. For example, several recent studies have highlighted the
importance of the CD8+ DC subset for crosspriming CD8 T cells31=33, Thus future strategies
to specifically target SCT expression to specific APC subsets may be a highly effective strategy
to elicit robust responses after DNA vaccination.

MODULATORS OF LYMPHOCYTE ACTIVATION

In addition to DNA vaccines, other SCT-based therapies to modulate immune responses are
worth discussion. For example, SCTs with self MHCI molecules bound to known disease-
related epitopes could be introduced into autologous DC ex vivo and reintroduced into patients
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to prime CD8 T cell responses. Alternatively, antigen-presenting cells (APCs) expressing self
MHCI molecules that contain disease-related peptides could be used for the ex vivo expansion
of patients CD8 T cells for adoptive therapies34. The attractiveness of these approaches is that
APCs expressing SCT are potent stimulators of CD8 T cells in vitro and SCT-stimulated CD8
T cells are capable of killing tumor cells or pathogen-infected cells 2025, These, like other SCT
approaches, will greatly benefit from the ongoing discovery of new disease-related epitopes
identified using chemical, genetic, and computational approaches. Two published SCT-based
strategies are also noteworthy. An SCT of HLA-A2 bound to a highly immunogenic peptide
was linked to an antibody single chain variable domain specific for a tumor-associated
antigen3>. Tumor cells expressing this antigen were coated with this bifunctional recombinant
protein and were lysed by CD8 T cells specific for the SCT. This therapeutic approach has the
potential to eliminate tumors in vivo that have down regulated MHCI expression. In a second
novel immunotherapeutic approach an SCT was designed to block human NK cell detection
of pig xenografts36:37. More specifically, an SCT was constructed that incorporated human
HLA-E, a non-classical MHC molecule, bound to a MHCI signal peptide. This SCT was then
expressed on porcine cells and was shown to inhibit NK cell killing via the CD94/NKG2A
inhibitory receptor. The above examples attest to the diverse translational opportunities of
novel SCT-based immunotherapies that warrant further exploration.

MULTIMERIC LYMPHOCYTE STAINING REAGENTS and DISULFIDE TRAPS

Conceptually, perhaps the most straightforward application of SCTs is for making better
multivalent reagents for visualizing and enumerating T cells or NK cells. Traditionally such
reagents are tetramers that are formed with E. coli-expressed soluble MHC chains refolded in
vitro with synthetic peptides3®. A biotinylation site is included on the C terminus of the MHC
chain for tetramerization to provide increased avidity and a streptavidin moiety is used with
various fluorescent tags for visualization. Since tetramers specifically bind TCRs, they are
widely used for enumeration of antigen-specific CD8 T cells or CD4 T cells. In addition the
same reagents can be used to visualize NK cells that bear receptors with disparate binding to
different class | alleles. Tetramers can also be used preparatively to isolate and expand
lymphocytes in vitro for analyses or for use in adoptive transfer to assess in vivo function.
Importantly, however, certain tetramers or other multivalent MHC/peptide staining reagents
can have problems related to peptide dissociation, and the SCT format has the potential to
stabilize weak binding peptides3?. To establish the feasibility of this approach, tetramers and
dimeric Ig fusion proteins have been made with SCTs and were shown to reliably stain CD8
T cells in an MHC/peptide-specific manner14:15:40 However, the best strategy for securing
peptide comes from our recent re-engineering of the SCT.

To better accommodate C terminal peptide extensions and to strategically introduce a disulfide
bond to trap peptide in the MHCI peptide binding platform, we employed structure-based
approaches1439:41 To define the structural impediment of C terminal peptide anchoring in the
SCT, we compared the MHC-peptide structures of class | with class I, since class Il molecules
tolerate peptides with C-terminal extensions and class | molecules do not. These comparisons
revealed that the invariant tyrosine at position 84 of all mouse and human heavy chains is most
prominent in preventing C terminal extensions (see Fig 2). Thus Tyr84 was a predicted
impediment to linker accommaodation in the SCT. Indeed our crystal structure of an SCT
revealed that Tyr84 precluded optimal linker accommodation by forcing a near 90 degree turn
in the protein main chain at the first linker position (Fig 2). Thus to improve linker
accommodation, Tyr84 of the SCT was mutated to alanine. Functional comparisons showed
that the SCT with the alanine substitution had improved thermal stability, and crystallographic
comparisons showed that the alanine substitution allowed relaxation of the linker that connects
peptide with p2m1415. As mentioned above, the mechanism by which SCTs are refractory to
competitive (non-linker attached) peptide binding is the rapid rebinding of the linker-attached
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peptide after dissociation1#15. This mechanism explains why SCT made with high affinity
peptides such as Kb/OVAp (SIINFEKL) are highly resistant to competitor peptide binding,
whereas SCTs with low affinity peptides are displaceable at very high concentrations of
competitor peptide3?:41, To more absolutely secure peptide binding in the SCT, we engineered
a disulfide bond to trap the peptide into the MHCI molecule and prevent peptide dissociation
or exchange. Based again on structural comparisons, the trap was introduced with a tyrosine
to cysteine substitution at heavy chain position 84 and a glycine to cysteine substitution at the
second position of the peptide-B2m linker (Fig 2). Chemical analysis verified disulfide
formation and improved thermal stability, whereas competitive binding experiments verified
complete exclusion of non-linker attached peptides'#3%:41, Furthermore, structural studies
confirmed disulfide bridge formation and revealed how the trap facilitates better linker
accommodation and F pocket peptide accomodation (Fig 2)14. SCTs with this design were
designated dtSCT and they have been formed with several different mouse and human MHCI/
peptide complexes.

Using disulfide traps to secure peptide binding to MHC could be advantageous for all of the
SCT applications discussed in this review. However, a clear propitious application of disulfide
traps is their use as T cell staining reagents. Not only will the inclusion of traps mitigate
problems of peptide dissociation, they also obviate the need to use the SCT format to make
soluble, recombinant proteins. More specifically, we have successfully incorporated a disulfide
trap into a recombinant mouse pMHCI complex without SCT linkers by introducing cysteines
into the recombinant heavy chain at position 84 and the second linker residue connecting the
peptide with p2m14. It is also noteworthy that a similarly placed trap has been engineered into
single chain class Il molecules and expressed as soluble recombinant protein in insect
cells*2. Not only do these recombinant class 11 molecules with traps make effective tetramers,
but by fixing peptide binding in a specific binding register, they also have the potential to
resolve binding ambiguities that can occur3:44, Interestingly, binding of peptides to alternative
MHC registers may induce unique autoantigens implicated in disease®+46.

BASIC PROBES FOR LYMPHOCYTE ACTIVATION AND DEVELOPMENT

Concurrent with their applied applications, SCTs have been used as novel and insightful probes
to investigate diverse areas of lymphocyte biology. For example, they have been used to address
the importance of the immunological synapse in lymphocyte activationt’. SCTs with various
C-terminal elongations were used to demonstrate the importance of pMHC size in TCR
triggering#8:49. More specifically, elongated SCTs led to less efficient entry of the TCR co-
receptor CD3 into the immune synapse resulting in poor signaling. Immune synapse formation
also appears to result in antigen receptors on the surface of lymphocytes actively capturing
fragments of the plasma membrane of APCs. This general phenomenon of membrane transfer
has been visualized in several different cellular interactions and is called trogocytosis®.
However, the functional importance of trogocytosis in antigen- specific activation of T cells
has not been established. Again the stable, preassembled nature of the SCT makes it an effective
probe for pMHC transfer. For example, using an SCT approach it was shown that different
states of in vitro T cell activation (i.e. cytolysis, IFNy production or fratricide) correlate with
different levels of pMHC trogocytosis®®. Interestingly, DC subsets also appear to differ in their
ability to induce trogocytosis, perhaps helping to explain their disparate immune functions®L.
A future challenge is to assess the physiologic importance of trogocytosis for in vivo T cell
activation.

The receptors on T cells and NK cells that detect MHCI complexes not only determine
activation status, but also play prominent roles in the development of these cells.52:53 More
specifically, inhibitory NK cell receptors were recently shown to interact with self-MHC
molecules during development to help NK cells acquire functional competence. This
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mechanism of self recognition (termed licensing) had been difficult to study due to the
multiplicity of inhibitory NK receptors detecting different MHCI polymorphic gene products.
A reductionist approach to probe the mechanism of NK cell licensing was afforded by making
a B6 congenic mouse expressing an SCT transgene and no other MHCI molecules. Importantly,
in this SCT mouse strain, the singly expressed MHCI molecule is recognized by a single NK
cell receptor. This SCT mouse, in combination with supporting approaches, showed that NK
cells are licensed by inhibitory receptors that engage self MHC molecules during
development®2. Although this licensing mechanism resembles positive selection in T cells, NK
receptors that recognize MHCI, unlike TCRs, are inhibitory and germ line encoded. SCT mice
have also provided insight into the mechanism of CD8 T cell selection and their development
of MHC and peptide specificity. For example, CD8 T cells from SCT transgenic mice were
found to be highly MHC specific demonstrating that the development of MHC restriction
results from positive selection and not negative selection on diverse pMHCI complexes.
Furthermore, the role of peptide in positive selection of CD8 T cells was assessed by comparing
the peptide specificity of the CD8 T cell repertoire that developed in two different SCT mouse
strains, one expressing Kb bound by the OVA peptide, another Kb bound by the VSV peptide
54 This study thus provided definitive evidence that positive selection is largely responsible
for both MHC and peptide specificity®®. By contrast, using a similar approach, CD4 T cells
developing in the presence of a single pMHCII complex were found to be crossreactive on
other pMHCII complexes reflecting a lack of negative selection on other pMHCII
complexest0:55:56 |t is possible that these findings reflect fundamental differences in CD8 vs.
CD4 T cell development, or more likely that both positive and negative selection contribute to
pPMHC specificity. It should be noted that both the MHCI and MHCII single chains used for
these studies are highly effective at excluding the binding of contaminating peptides. However,
absolute assurance that selection in these mice is solely based on a single pMHC will benefit
from future generations of single chain constructs, like ones containing disulfide traps.
Furthermore, future SCT transgenic mice can be engineered to determine which endogenous
peptides are important for selection as well as when, where and how much pMHC expression
is required.

Concluding remarks

The unique properties and versatility of the SCT format portend an increasing diversity of
future applications. For example, future SCT applications could test the functional
consequences of presenting closely related peptides by the same MHCI molecule. More
specifically, SCT approaches could provide in vivo comparisons of CD8 T cell responses to
peptide agonists vs. antagonists. Alternatively, vaccine applications could test the importance
of immunodominant vs. subdominant determinants in pathogen protection, including
protection against related viruses. It will be particularly informative for in vivo studies to study
cell-type specific expression of SCT as well as to control levels and timing of expression. As
we move forward, definition of when, where and how much SCT to express, will improve their
applications as vaccines as well as probes for distinct in vivo pathways of antigen presentation.
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Figure 1. SCT design and structural features

(a) The original SCT design incorporated all three pMHC components into a single polypeptide
chain by sequentially attaching OV A peptide (OVAp) (yellow) to 2m (magenta) to HC (cyan)
with flexible linkers (orange). Two new generations of SCTs improve peptide binding within
the SCT. The SCTY84A variant improves accommodation of the first linker, whereas the dtSCT
variant contains a disulfide trap to staple peptide into the MHC ligand binding cleft. Disulfide
bonds bridging the indicated cysteine residues are represented as green brackets. (b) The crystal
structure of SCTWT shows that SCTs adopt the same ectodomain structure as native pMHCI.
This is represented in the ribbon diagram of SCTWT, where OVAp and PBL are rendered as
ball and stick models and colored as follows: OVAp and PBL carbon atoms, yellow and orange,
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respectively; nitrogen atoms, blue; oxygen atoms, red. The protein is oriented with the OVAp
N terminus on the left and the membrane-proximal 3 domain at the bottom. A possible
conformation for the BHL is represented and rendered as small orange balls. PBL: peptide-
Bom linker, BHL: Bom-heavy-chain linker. Figure adapted from Mitaksov et al (14).
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Figure 2. Linker accommodation in three generations of SCT

The panels in this figure illustrate native MHCI-OVAp binding and three generations of SCTSs:
SCTWT, SCTY84A and dtSCT. In the native pMHCI, the HC residue Tyr84 is a steric
impediment to C terminal peptide extensions. Thus in the SCTWT, the linker extending from
the C terminus of the peptide must bulge above Tyr84, which impairs peptide anchoring to F
pocket residues in the HC ligand binding cleft (15). In the SCTY84A, the Ala84 substitution
allows for better linker accommodation. In dtSCT, the dual substitution of Cys residues in
position 84 of the HC and the second linker position (L2) introduces a disulfide trap. This trap
essentially staples the peptide into the MHC groove to increase thermal stability and render
the complex refractory to peptide exchange. The solvent-accessible surfaces of the peptide-
binding grooves are displayed as blue dotted surfaces and the peptide (P1-P8) and first nine
residues (SCTWE; L1-L9) or six residues (SCTY84A and dtSCT; L1-L6) of PBL are represented
as SPK models. The heavy chain pocket locations (A — F) are indicated. Figure adapted from
Mitaksov et al (14).
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