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Cytotoxic and helper T cells respond to peptides derived
from endogenous and exogenous sources that bind to
major histocompatibility complex (MHC) class | and
class Il molecules and are presented on antigen-present-
ing cells. MHC class | and class Il structures and matu-
ration pathways have evolved to optimize antigen
presentation to their respective T cells. The accessory
proteins tapasin and HLA-DM (DM) crucially influence
the selection of peptides that bind to the MHC mol-
ecules. We discuss here the dynamic interactions of
tapasin and DM with their corresponding MHC mol-
ecules that indicate striking parallels. Utilization of a
common mode of peptide selection by two different,
but related, biological systems argue for its mechanistic
validity.

The major histocompatibility complex class | assembly
complex

The cell-surface presentation of antigenic peptides by class
I major histocompatibility complex (MHC) molecules is the
culmination of a complex process that takes place in the
endoplasmic reticulum (ER) and involves a multiprotein
complex that includes tapasin (TPN), the thiol-disulfide
oxidoreductase ERp57, the chaperone calreticulin (CRT),
and the transporter associated with antigen processing
(TAP). This so-called ‘class I assembly complex’ influences
the peptide repertoire presented by MHC class I molecules
to CD8* cytotoxic T cells (CTLs). This is an important
process that affects viral immunity, tumorigenicity, auto-
immunity, and transplantation.

A crucial role for tapasin in the MHC class | assembly
complex: evidence from cell-based studies

A large number of cell-based studies have examined the
function of TPN, and numerous roles have been attributed
toit. It has been suggested that TPN recruits and stabilizes
peptide-deficient MHC class I molecules [1-6]. Evidence
that TPN bridges TAP to peptide-deficient MHC class 1
molecules [7-9] and enhances the ability of TAP to trans-
port peptides into the ER has also been provided [10,11].
Other studies have emphasized a role for TPN in influen-
cing the selection of peptides that load onto MHC class I
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molecules. More specifically, it was suggested that TPN
edits peptides in favor of high-affinity binders [12-16],
shapes the cell-surface presentation of peptides according
to their intrinsic half-lives [17], and broadens the initial
pool of bound peptides [5]. Although not explicitly demon-
strated, it was also suggested that TPN might be involved
in catalyzing the dissociation of peptides from MHC class I
molecules [13,18].

The crucial role of TPN within the MHC class I assembly
complex was further highlighted by the finding in cell-
based studies that TPN associates covalently with ERp57
through an intermolecular disulfide bond [16]. It was
initially thought that this association catalyzes the iso-
merization of the conserved disulfide bond in the «2
domain of MHC class I heavy chains [16]. More recently,
however, it was shown that the covalent association of TPN
to ERp57 protects the disulfide bond in the a2 domain
against reduction by ERp57 and therefore helps maintain
MHC class I molecule structure [19]. From a different
perspective, it was also suggested that ERp57, covalently
linked to TPN, acts as a structural component within the
MHC class I assembly complex [6,18,19]. Thus, although
the non-redox and structural roles of ERp57 within the
assembly complex have yet to be clearly understood, its
effects are optimally manifested through a covalent associ-
ation with TPN.

In conclusion, cell-based studies have identified
multiple functions for TPN that all point to a crucial role
in altering the peptide repertoire presented by MHC class I
molecules. These studies, however, could not provide a
mechanistic understanding of how TPN-mediated effects
on the peptide repertoire are manifested through these
proposed functions.

Studies of tapasin in cell-free systems

The transient nature of the MHC class I assembly complex
in the ER implies that interactions within this complex are
intrinsically weak. To circumvent the problem of weak
intrinsic affinities, we developed a cell-free system consist-
ing of soluble TPN and human leukocyte antigen (HLA)-
B*0801 (a human MHC class I haplotype) molecules that
incorporate Jun and Fos leucine peptides, respectively
[20]. Kinetics studies with the zippered TPNjun-HLA-
B*0801fos complex clearly showed that TPNjun acts
as a catalyst by increasing both the association and
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dissociation rates of peptides. Results were also consistent
with a chaperone role for TPNjun owing to its stabilizing
effects on immature HLA-B*0801fos molecules. Overall,
these studies provided convincing evidence that TPN can
act on MHC class I molecules in the absence of CRT,
ERp57, or TAP, emphasizing that TPN alone possesses
all of the intrinsic properties for influencing peptide selec-
tion. Finally, using a competitive peptide binding assay, we
showed that both the catalytic and chaperone functions of
TPNjun enable the protein to alter the selection of peptides
presented by HLA-B*0801fos molecules [20]. More
recently, using a reconstituted MHC class I assembly
complex, it was shown that the chaperone, catalytic, and
editing activities of TPN were compromised unless ERp57
was added to the system [21]. In the context of our results
with the TPNjun-HLA-B*0801fos complex [20], these
observations suggested that ERp57 was crucial in main-
taining the structural integrity of the MHC class I assem-
bly complex in solution. This reinforces the view that
ERp57 acts as a key structural component of the MHC
class I assembly complex, as discussed above.

Studies with the TPNjun-HLA-B*0801fos complex
showed that although all peptides were sensitive to
TPNjun during the association reactions (i.e. class I load-
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ing), only a subset of the peptides was sensitive to TPNjun
during the dissociation reactions [20]. Perhaps most
important, the intrinsic off rates of the peptide only mod-
estly correlated with the magnitude of their sensitivities to
TPNjun. Furthermore, the use of modified synthetic pep-
tides demonstrated that disruption of conserved hydrogen
bonds at the C-terminal end, but not at the N-terminal end,
of the antigen groove is a crucial event in a TPNjun-
mediated peptide dissociation mechanism [20]. A possible
role for hydrogen bonds at the C-terminal end of the groove
in the function of TPN was hypothesized previously [18].
Peptide-sequence-dependent MHC class I interactions
along the entire length of the groove were also shown to
contribute to TPNjun-mediated effects [20]. Overall, an
important implication of these results is that MHC class I-
peptide interactions at the C terminus of the groove are
especially important in determining the fate of bound
peptides under the action of TPN. This is consistent with
mutagenesis studies of MHC class I heavy chains that have
highlighted the importance of certain residues at the C-
terminal end of the groove for maintaining the stability of
the MHC class I assembly complex [22]. We therefore
suggest that this localized action of TPN on the antigen
groove is a plausible explanation for why intrinsic peptide
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Figure 1. A model of tapasin-mediated peptide selection by class | molecules. Tapasin (TPN) perturbs an equilibrium between the closed (1) and open (2) forms of empty
class | molecules by binding to and stabilizing the open form. TPN widens the antigen-binding groove of open class | molecules (3), causing peptides to associate (or
dissociate) faster. A more open groove probably allows different peptides to be captured in the initial binding step. If a bound candidate peptide can establish sufficiently
stabilizing interactions with MHC residues along the groove (4), it will induce conformational changes in the class | molecule (5) that disengage TPN (6). The newly formed
peptide-filled class | molecule (6), which is no longer sensitive to the action of TPN, will be transported to the cell surface. However, if a bound candidate peptide is unable to
induce conformational changes in the class | molecule (7), owing to its inability to establish energetically stabilizing interactions with MHC residues, it will not as easily
disengage TPN. Such bound candidate peptides will eventually dissociate, and another round of peptide selection under the action of TPN (3) will take place.
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off rates, which are global measures of intrinsic kinetics
stabilities, cannot be strictly correlated with the magni-
tude of their sensitivities to TPN.

In conclusion, studies of TPN in cell-based and cell-free
systems demonstrated that stabilization of interactions
between TPN and peptide-deficient MHC class I molecules,
whether through the Jun and Fos leucine peptides or
through the covalent association of ERp57 with TPN
together with CRT, is crucial for enabling TPN to exert
its catalytic and chaperone functions toward MHC class I
molecules.

A mechanistic model for peptide selection under the
action of tapasin

We recently proposed a mechanistic model describing pep-
tide selection under the action of TPN (see Figure 1, steps
1-7) [20]. In this model, TPN perturbs a pre-existing
dynamic equilibrium between the closed (1) and open (2)
forms of peptide-deficient MHC class I molecules by pre-
ferentially associating with the open form. This association
stabilizes open MHC class I molecules and prevents their
inactivation into closed molecules. In this model, TPN
widens the antigen groove of open MHC class I molecules
(3); a more widely open binding groove permits peptides to
associate and dissociate faster. From a structural point of
view, a more open binding groove perturbs the shapes of
the binding pockets and decreases somewhat their specifi-
cities toward peptides. Consequently, it is probable that
different peptides (in terms of amino acid sequences,
lengths, number, etc.) have an opportunity to be captured
in the presence of TPN. Consistent with this, the effect of
TPN on broadening the spectrum of peptides presented by
HLA-B8 in TPN-positive and -deficient cells has been
demonstrated [5]. If a bound candidate peptide establishes
sufficiently stabilizing interactions with MHC residues
along the entire length of the groove (4), but especially
with those at the C-terminal region of the cleft, it will
induce conformational changes in the binding cleft (5) that
cause the release of TPN (6). The newly formed peptide-
filled molecule (6), which is no longer sensitive to TPN, will
probably be transported to the cell surface. However, if a
bound candidate peptide is unable to promote confor-
mational changes in the antigen groove (7), it will not as
easily disengage TPN. Such bound peptides will eventually
dissociate from the MHC class I molecule, and rounds of
peptide selection under the action of TPN (3) will continue
until a peptide capable of releasing TPN is captured into
the groove. Although several aspects of this model remain
to be elucidated (e.g. just how are the MHC class I assem-
bly proteins released from the newly formed MHC class I-
peptide molecules?), the capture of a peptide that can
‘compete away’ TPN is the trigger point for completing
MHC class I maturation (Figure 1).

Thus, in this model, by widening the antigen groove,
TPN first permits MHC class I molecules to rapidly capture
a different pool of peptides. Then, by stabilizing the antigen
groove, TPN provides an ‘energy barrier’ that restricts this
initial selection only to those peptides that can provide at
least the same level of stabilization that TPN imparts onto
the groove. A TPN-mediated peptide selection mechanism
thus serves to produce ‘edited MHC class I-peptide
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molecules that are characterized by a certain minimal
kinetic stability. The stability threshold, imposed by the
presence of TPN, might have been adapted through evol-
ution to ensure that MHC class I-peptide molecules formed
in the ER display sufficient kinetic stabilities to persist
over time at the cell surface. Although a thorough analysis
of TPN-mediated effects on peptide selection by using a
large set of carefully selected synthetic epitopes remains to
be carried out, the ultimate role of TPN is to influence the
spectrum of peptides presented by MHC class I molecules.

IMHC class Il synthesis and assembly with chaperones
The MHC class II antigen-processing pathway has evolved
to optimize the processing of exogenous antigens taken up
by antigen presenting cells (APCs) and their presentation
to CD4" helper T cells. An important early step in this
process is the assembly of newly synthesized MHC class II
af heterodimers and the Invariant Chain (Ii). Ii acts as a
chaperone by ensuring the proper folding of nascent MHC
class IT molecules in the ER and by sorting through the
Trans-Golgi Network to the low pH endosomal compart-
ments in the APC [23]. As MHC class II molecules move
toward vesicular compartments enriched for exogenous
antigens, Ii is gradually cleaved away, leaving behind a
portion called Class II-associated Invariant chain peptide
(CLIP), which remains bound to the peptide-binding
groove. The main function of CLIP was originally regarded
as a means to prevent premature binding of self-peptides to
the groove of MHC class II molecules [24]. However, better
understanding of the conformational flexibility of the MHC
class IT-peptide-binding groove underscored a less appreci-
ated role for CLIP as a ‘place-keeper’ of the groove, whose
removal would generate a conformation of MHC class II
molecules that is peptide receptive. A peptide-receptive
MHC class IT molecule binds peptides extremely rapidly
and stably [25,26]. In the endosomal compartments
specialized for the capture of exogenous antigenic peptides,
HLA-DM (DM) plays a vital role in exchanging CLIP for an
exogenous antigen-derived peptide. This section of the
review will discuss recent advances in understanding var-
ious properties of DM and the intriguing parallels revealed
between peptide exchange and editing in MHC class I and
MHC class II antigen-processing pathways.

Biochemical and structural characterization of DM

The role of DM in antigen processing has been explored for
years and is still actively researched. In solution as well as
in cells, DM is now known to be active at moderately acidic
pH [27] and capable of accelerating the dissociation of
CLIP and other peptides from MHC class II molecules
[27,28]. In addition, DM can accelerate the rate of associ-
ation of peptides to MHC class II molecules [28,29], vali-
dating its role as a mediator of peptide exchange, because
peptide association to MHC class II molecules in its
absence is slow and requires substantial conformational
changes in the structure of MHC class II molecules [26,29].
However, characterizing DM as a typical catalyst is con-
founded by biochemical experiments showing that DM
does not bind peptide and coprecipitates with DR only
under very mild conditions. The inability of DM to bind
peptide was explained when the crystal structures of DM
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and its mouse homolog H-2M were solved [30,31]. Whereas
DM was structurally analogous to MHC class II molecules,
the two helices lining the putative ‘peptide-binding groove’
were now too close to each other, preventing peptide
binding to DM. The other feature emerging from the
crystal structure was the lack of an obvious catalytic
domain on the molecule. In the absence of DM-MHC class
II cocrystals, mutational studies suggested that the acidic
face of DM might be important for mediating peptide
exchange. Compelling results [32,33] suggested a lateral
interaction between DM and the MHC class II molecule
HLA-DR3 that involves the region binding the N terminus
of the bound peptide. Currently however, the precise resi-
dues, or the ‘active site’ that could mediate peptide
exchange, remain unknown.

Biophysical factors contributing to DM interaction with
MHC class I
There still also exists ambiguity regarding the actual effect
of DM on MHC class II molecules. The initial character-
ization of DM included evidence that the efficacy of DM in
dissociating peptides was linked to the intrinsic rate of
dissociation of the peptide from MHC class II. Jensen et al.
[34] defined the so-called ¢ factor’ as the fold increase of
DM-mediated peptide dissociation over the uncatalyzed
dissociation reaction, i.e. the ‘DM effect’. They observed
that the ‘DM effect’ stayed constant irrespective of the
intrinsic off-rate of the peptide. However, there are other
lines of evidence that make the case that the ‘DM effect’
varies widely depending on the off rates of the peptides
[35], or even that a peptide’s susceptibility to DM is inver-
sely proportional to its intrinsic kinetic stability [36].
The sequence dependence (or lack thereof) of the j factor
is an important determinant in that it implicates two very
different energy barriers that DM could affect to dissociate
peptides. These are (a) a sequence-independent array of
12-15 hydrogen bonds of varying strengths that are formed
between residues in the MHC class II groove and the main
chain of the bound peptide, and (b) a sequence-dependent
set of interactions that are determined by the fit between
the side chains of the peptides bound and the pockets of the
groove that accommodate them [37]. Hydrogen bonds have
been shown to be crucial for the stability of the bound
peptides. Mutagenesis experiments of the peptide-binding
groove or derivatization of the peptide to reduce the for-
mation of hydrogen bonds have shown to destabilize pep-
tide [38,39]. Small molecules such as alcohols (hydrogen-
bond donors) that weaken hydrogen bonds also increase
peptide dissociation at high doses, although, in either case,
conformational perturbations of the MHC class IT molecule
cannot be ruled out [40]. The involvement of hydrogen
bonds in DM-mediated peptide dissociation was first pos-
tulated by Jensen and coworkers based on their studies of
the j factor [34] and by Sant et al. based on the observation
that mutation of His to Asn at position 81 of the B chain of
MHC class II I-A generated MHC molecules that bound
peptides poorly [41]. Working with soluble DM and the
MHC class IT molecule HLA-DR1, we have recently shown
that hydrogen bonds, especially the short, strong hydrogen
bond between a highly conserved residue, 81His, and the
peptide main chain close to its N terminus, are the primary
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targets for DM [42]. We observed that mutating this resi-
due in HLA-DR1 destabilized bound peptides independent
of sequence, and that the rapid dissociation could not be
further accelerated by DM. A rescue mutant with a suit-
able solvent-exposed His and a mediated hydrogen bond
rescued DM function, suggesting that the position and
accessibility to solution (and therefore presumably to
DM) were important. However, there is strong evidence
that the role of DM includes sequence-specific interactions.
Early studies revealed that peptides that fitted subopti-
mally in the groove were susceptible to DM [29], and CLIP
peptide variants with different ligand-binding motifs also
showed variable DM susceptibility [34]. Using variants of
the HA3ps_316 peptide, we have previously shown that, for
HLA-DR1, the filling of its P1 pocket with large hydro-
phobic residues (i.e. Phe, Trp, Tyr) imparts resistance to
DM-mediated dissociation, whereas other residues, such
as Ala, Leu, Val, or Met, make the complex susceptible to
DM [29]. Hence, the question of how we reconcile these
seemingly contradictory bodies of evidence arises. The
answer might lie in dissecting the ‘DM effect’ into two
steps: recognition of a suitable MHC class II-peptide con-
formation, and carrying out an effector function, leading to
peptide exchange.

A unifying model to explain the mechanism of action of
DM

The conformation of the MHC class II molecule has long
been known to be an important factor in determining its
ability to participate in peptide association or dissociation
[43-51]. Many groups have shown that the binding of
peptide to a MHC class II molecule involves several con-
formational changes; amongst these is a short-lived ‘pep-
tide-receptive’ conformation [25,26,52] to which peptide
can bind with rapid and monophasic kinetics. In the
absence of DM, however, the conversion of MHC class II
molecules from a stable peptide nonreceptive (closed) con-
formation to this receptive (open) conformation is the rate-
limiting step during association. We observed that by
filling the P1 pocket in HLA-DR1 by mutation, the MHC
class II molecule stayed in an open conformation, from
which peptides could bind and unbind rapidly [53]. Impor-
tantly, DM could now no longer interact with this mutant
molecule; hence, it could not accelerate peptide association
or dissociation. We thus hypothesized that the primary role
of DM was to generate this receptive conformation from
DR, which would then lead to quick peptide association. It
is noteworthy that DM generates but does not stabilize and
maintain the peptide-receptive conformation of MHC class
II molecules in the absence of peptides (K.N. and S.S.-N.,
unpublished data). In a more recent study [42], we found
that disrupting a single conserved hydrogen bond caused
the bound peptide to rapidly dissociate, with kinetics
resembling ‘DM-mediated’ dissociation of peptide from
wild-type HLA-DR1. This mutant molecule was also resist-
ant to DM-mediated peptide dissociation, with the crucial
difference that DM could recognize and interact with the
molecule if it was bound with a peptide that did not fill the
P1 pocket, as observed with wild-type HLA-DR1. We inter-
preted these data as evidence that the mutant MHC class
II molecule with a perturbed hydrogen bond represented a



Trends in Immunology Vol.29 No.3

[4)]
w

'
-peptide

7
-

o2}

3

381His h V-3
"L Rece ItiSe DISR yoogenbond” 48 ‘Open’ DR-peptide complex
¥ (DM sensitive)

J o

" Peptide without P1 anchor

e .
Peptide with P1 anchor ’ Compact DR-peptide complex

l Empty and Closed DR (DM insensitive)

TRENDS in immunology

Figure 2. A model for DM recognition of a MHC class |l molecule and its effector function. A newly synthesized MHC class Il, or DR1, molecule, occupied here by a peptide
that does not fill Pocket 1, is in a ‘floppy’ or ‘open,” DM-sensitive conformation (1). DM can interact transiently with the molecule by using the proposed ‘hit and run’
mechanism [42] and can break the B81His hydrogen bond between the peptide and DR1, resulting in the release of peptide (2). This generates a peptide-receptive DR1 (3),
upon which several events might follow. The molecule can bind another peptide that is similar to the one described above and can then go through another round of DM-
mediated dissociation (steps 1 and 2). Alternatively, in the absence of peptide, the DR1 molecule might close and become inactive over time under physiological conditions
(4). This empty DR1 might now be rescued by a DM ‘hit’ to generate the peptide-receptive form again (3). Finally, if DR1 binds a peptide that fills P1, the molecule then
changes to a tight, DM-insensitive conformation (5). DM cannot interact productively with this complex, and the DR1 bound to peptide is exported to the cell surface (6).

‘post-DM-affected’ molecule; in other words, DM perturbed
the hydrogen bonds around the P1 pocket to dissociate
bound peptides. We could not rule out the role of other
hydrogen bonds, and we suspect that our results reflect the
unusual strength of the His81 hydrogen bond and the
cooperative nature of the hydrogen-bond array [42].

We suggest that these two mutants (DR1gpisg1asp and
DRgaiyseryr) reveal the basis of the recognition and the
effector functions of DM, and that this two-step function-
ality of DM might explain some of the earlier data. Depend-
ing on sequence, various peptide side chains will fit
differently into the peptide-binding groove of MHC class
IT molecules, resulting in slightly different MHC class II-
peptide conformations. Although this might result in vari-
able kinetic stabilities of the complexes, we propose that
the actual criterion and a true predictor for DM recognition
is the conformation of the complex, and that this confor-
mation is independent of its intrinsic stability. If DM
recognizes and interacts with the MHC-peptide complex,
it mediates its effector function, which is to generate an
open peptide-receptive conformation. This opening up of
the groove weakens the hydrogen bonds between MHC
class II molecules and peptide, allowing for rapid dis-
sociation. If there is a peptide in the milieu, it can now
bind rapidly; otherwise, the groove of MHC class II

molecules will close, because the lifetime of this intermedi-
ate is short [26]. The molecule stays as such until another
transient interaction with DM occurs. We suspect that an
empty MHC class II molecule is conformationally similar
to a ‘DM-susceptible’ complex [48] (Figure 2). This might
explain why DM can also interact with empty MHC class II
molecules and convert them into a receptive conformation,
allowing for rapid peptide binding. Once a peptide binds
that converts MHC class II molecules into a compact DM-
insensitive conformation, DM can no longer recognize and
interact with the molecule, and it is ineffective at mediat-
ing peptide dissociation.

Concluding remarks

As outlined above, a comparison of DM and TPN functions
has revealed striking similarities in their mechanisms of
action. Both TPN and DM stabilize peptide-deficient MHC
molecules. The stabilizing effect ensures that the antigen
groove is maintained in a conformation receptive to captur-
ing candidate peptides. In addition to their chaperone
effects, TPN and DM act by widening the antigen groove
of MHC molecules, allowing peptides to associate and
dissociate at faster rates. Equally striking, TPN and DM
catalyze the exchange of peptides by disrupting conserved
hydrogen bonds between peptides and MHC residues;
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whereas TPN acts on hydrogen bonds at the C-terminal
end of the groove, DM acts on those at the N-terminal end
of the groove. In both cases, the targeted conserved hydro-
gen bonds are located in regions of the groove that crucially
influence the thermal stabilities of MHC I- and II-peptide
molecules. Peptide-sequence-dependent interactions were
also shown to play a part in these mechanisms. Finally,
once MHC class I and IT molecules have captured optimal
peptides, both molecules undergo conformational changes
that render them insensitive to further productive inter-
actions with TPN and DM, respectively. Thus, despite
differences in structure, molecular chaperones, and matu-
ration pathways, MHC class I and class II molecules seem
to be subjected to similar and stringent peptide-selection
processes that ultimately influence the repertoire pre-
sented at the cell surface. As we see it, an MHC molecule
can bind many peptides of a given protein antigen, but only
a small subset of these peptides can impart conformational
changes in MHC-peptide complexes that render the newly
formed complexes insensitive to TPN or DM. This might
well explain the mechanism behind ‘immunodominance,’ a
well-established phenomenon whereby a few specific pep-
tides are selected as representative epitopes of a given
protein antigen to the immune system. Clearly, epitopes
derived from exogenous and endogenous antigens must
undergo a necessary and rigorous process of screening to
avoid possible crossreactivity and recognition of self. The
editing mechanisms imposed by TPN or DM on MHC
molecules might thus be nature’s elegant solution to
narrow the repertoire of peptides presented and ensure
the generation of a robust, noncrossreactive, and highly
specific immune response, although this remains to be
explicitly demonstrated.
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