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ARTICLE INFO ABSTRACT

Class II Major Histocompatibility complex (MHC-II) is a polymorphic heterodimer that binds antigen-derived
peptides and presents them on the surface of antigen presenting cells. This mechanism of antigen presentation
leads to recognition by CD4 T-cells and T-cell activation, making it a critical element of adaptive immune
response. For this reason, the structural determinants of MHC-II function have been of great interest for the past
30 years, resulting in a robust structural understanding of the extracellular regions of the complex. However, the
membrane-localized regions have also been strongly implicated in protein-protein and protein-lipid interactions
that facilitate Class II assembly, transport and function, and it is these regions that are the focus of this review.
Here we describe studies that reveal the strong and selective interactions between the transmembrane domains
of the MHC a, and invariant chains which, when altered, have broad reaching impacts on antigen presentation
and Class II function. We also summarize work that clearly demonstrates the link between membrane lipid
composition (particularly the presence of cholesterol) and MHC-II conformation, subsequent peptide binding,
and downstream T-cell activation. We have integrated these studies into a comprehensive view of Class II
transmembrane domain biology.
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1. Introduction surface of specialized antigen presenting cells (APCs) such as B cells,

macrophages, and dendritic cells. MHC-facilitated peptide presentation

The Class II Major Histocompatibility complex (MHC-II), encoded
by the human leukocyte antigen (HLA) gene complex in humans, is a
polymorphic heterodimer composed of two type I membrane glyco-
proteins, known as the alpha (a) chain and the beta () chain. The a
and B chains of MHC-II are encoded by three different loci in humans to
produce three different types of Class II complex termed HLA-DR, HLA-
DQ, and HLA-DP. These proteins have roughly 70% sequence similarity
to one another, but display varying rates of polymorphism to generate
an exceptional number of alleles. Infectious disease is thought to act as
one of the main driving forces for MHC polymorphism, promoting a
large diversity of MHC proteins in the population.

MHC-II binds antigen-derived peptides produced via protease or
hydrolase degradation of exogenous proteins, and presents them on the

on the surface of APCs leads to recognition by CD4 T-cells, subsequent
T-cell activation, and elicitation of an immune response. Failure of Class
II-directed T-cell activation, either via mutation to create a large
number of known alleles or severe up- or down-regulation of Class II
molecules, is implicated in autoimmune diseases such as rheumatoid
arthritis [1], type I diabetes [2], and multiple sclerosis [2], as well as in
HIV [3], asthma [4], certain cancers [5], and infectious diseases [6].
These examples highlight the importance of correct transport of pep-
tide-loaded Class II molecules to the surface of APCs.

1.1. Current models of MHC-II assembly

MHC-II is transported to the plasma membrane (PM) from the site of
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Fig. 1. Current Models of Class Il MHC (MHC-II).
A. In the classical model of Class II assembly in
the endoplasmic reticulum (ER), trimers of
CLIP MHClII-associated invariant chain (Ii) bind three
MHC-II alpha/beta heterodimers (a/f3) to form a
nine-chain Iiz (a/B 3 complex stabilized by in-
teractions between the CLIP (class-II-associated
invariant chain peptide) region in Ii and the
MHC-II peptide binding cleft. B. An alternative
model has also been reported in which each Ii
trimer binds a single a/p heterodimer to form a
Iiz a/B pentamer. Also shown are the residues
thought to form the boundaries of the N-terminal
cytoplasmic, transmembrane, CLIP and trimer-
ization domains of Ii. C. Sequence alignment of
the transmembrane domains of the MHC-II in-
variant chain (CD74) for human, mouse and rat
proteins. The transmembrane domain sequence
is underlined, and the highly conserved polar
amino acids GIln47, Thr49, and Thr50 are shown
in bold. The transmembrane domains residues
thought to stabilize the Ii trimer are highlighted
using asterisks.

* * *

CD74 (human) 45-75 SRGALYTGEFSILVTLLLAGQATTAYFLYQQO
CD74 (mouse) 28-58 SRGALYTGVSVLVALLLAGQATTAYFLYQQQ
CD74 (rat) 29-59 NRGVLYTSVSVLVALLLAGQATTAYFLYQQO

biosynthesis in the endoplasmic reticulum (ER) via the endosomal
transport pathway [7,8]. This transport is initiated by a chaperone
protein called the MHC Class Il-associated invariant chain (Ii, also
known as the Class II gamma chain or CD74), which is a homotrimeric
type II membrane protein. In the classical model of Class II assembly
and transport, it is thought that Ii trimers bind three MHC-II alpha/beta
heterodimers (a/P, Fig. 1A) to form a nine-chain Iiz(a/f3)scomplex.
Formation of this complex involves direct interaction of the CLIP (class-
II-associated invariant chain peptide, residues 81-104) region in Ii with
the Class II peptide binding cleft, blocking binding of self-peptides [9].
Class I binding also shields the R-X-R ER retention motif present on the
N-terminus of Ii. It has been shown that the cytoplasmic tail of the Class
II B-chain is specifically required to overcome ER retention [10],
however the length of this tail can be as short as three amino acids
(ruling out steric hindrance as a likely mechanism) [11].

The nonameric model has been challenged recently by Koch and
coworkers, who report evidence that each Ii trimer binds a single a/f3
heterodimer to form a li; o/f pentamer (Fig. 1B) [12]. Regardless of
the stoichiometry, it is well-accepted that correct transport of the MHC-
II from the ER to the PM requires binding of Ii, which directs the
complex either to early endosomes or to the PM where it is internalized
into clathrin-coated pits before reaching the MHC-II-rich compartment
(MIIC) [7]. 1i is eventually degraded by proteases in endosomal com-
partments before Class II is loaded with antigenic peptide [13,14].

The structural determinants of Class II Ii/a/B complex formation
have been the subject of great interest for the past three decades. It has
been shown that formation of the Ii trimer is stabilized through protein-
protein interactions in its C-terminal (luminal) domain involving re-
sidues 118-192, and that this region forms stable trimers in isolation
[15]. Nuclear magnetic resonance (NMR) structural data were used to
confirm the trimeric structure of a protein derived from this region

[16], and by the late 1990s this region became known as the “trimer-
ization” domain. Deletion of this luminal portion of Ii was shown to
diminish trimer formation and endosomal targeting [17-19]. Structural
and biochemical evidence for direct interactions between the Ii CLIP
region and the o/ peptide-binding groove has also been reported
[20-27], and this interaction has been suggested as a major contributor
to formation of the Ii/a/f complex. Other sites of interaction between Ii
and the o/ complex have been proposed to lie outside of this CLIP
region [15,28,29]. Wilson and coworkers demonstrated that Ii could
associate with Class II molecules in which the peptide binding groove
was already occupied, supporting the presence of other Ili-Class II in-
teraction sites [29]. Park and coworkers also reported a direct inter-
action between the C-terminal trimerization domain and MHCII mole-
cules [15].

The structural basis for MHC-II a/f complex formation and peptide
binding has also been investigated by a wide variety of methods
[30-35]. It has been shown that the N-terminal domains in both chains
pack together in a manner closely resembling the packing in Class I
MHC in order to stabilize formation of the heterodimer and engage the
T-cell receptor (TCR). These domains are highly polymorphic, and thus
regulate the correct pairing of allelically-matched MHC-II chains. The
peptide binding groove lies in the amino-terminal domain and is formed
by antiparallel (-sheets and antiparallel a-helices, again closely re-
sembling the arrangement in Class I MHC [30]. It has also been pro-
posed that the a/f heterodimers have an affinity to form dimers
themselves, and this dimer of dimers is thought to increase the affinity
for the CD4 co-receptor as well as play a role in T-cell response by
facilitating TCR crosslinking [30,36].

The studies above, along with many others, have resulted in a strong
structural understanding of the intracellular and extracellular regions of
Ii and MHC-II proteins. However, the membrane-localized regions of
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Fig. 2. Extended model for MHC-II assembly, ac-

the complex have also been strongly implicated in MHC-II assembly,
transport and function for the past thirty years. While these regions are
inherently more challenging to characterize, they have been shown as
sites of key protein-protein interactions involving the transmembrane
domains of Ii, a, and p. Indeed, it is highly likely that transfer of con-
formational information from the transmembrane regions to the ex-
tracellular domains could be transmitted by the connecting peptides
that link the two. Membrane-localized regions are also sites of critical
protein-lipid interactions, as evidenced by the sensitivity of MHC-II
protein conformation (and subsequent T-cell activation) to changes in
membrane environment. The accumulated evidence that these regions
are sites of critical interactions is compelling, and should not be ignored
when considering the functional mechanisms of MHC-II. This review
describes work that forms the basis for our understanding of the role of
the membrane and membrane-localized protein regions in assembly,
transport and function of MHC-II.

2. Discussion

2.1. Membrane spanning protein regions are key interaction sites for
assembly of the MHC-II throughout its transport pathway

2.1.1. Assembly and function of Ii is influenced by transmembrane domain
interactions.

In 1999, Ashman and Miller reported the first evidence that the Ii
transmembrane domain (TMD) is the site of critical protein—protein
interactions that stabilize the functional Ii homotrimer [37]. This study
demonstrated that residues 1-80 of Ii, encompassing the N-terminal
cytoplasmic and transmembrane domains (see Fig. 1B), could support
trimerization in the absence of the luminal “trimerization” domain. In
the same study, the role of the TMD was further explored by muta-
genesis of a cluster of highly conserved polar amino acids(GIn47,
Thr49, and Thr50, Fig. 1C) in the center of the TMD which, when si-
multaneously mutated to hydrophobic residues (specifically Ala or Ile),
prevented trimerization of the full-length Ii both in vitro and in vivo.
This triple mutation also eliminated MHC-II binding to Ii, and thus
prevented formation of the mature MHC-II complex and antigen pre-
sentation. The lack of trimer formation for the hydrophobic mutant was
surprising since the luminal “trimerization” domain, confirmed to form
trimers in the absence of the cytoplasmic and TMD [16], was intact in
this construct. The authors suggested that disruption of the TMD in-
teractions in vivo was likely altering the orientation of Ii with respect to
the bilayer, either via tilting of the TMD to accommodate hydrophobic
mismatch or via membrane deformation. Such TMD rearrangement
could then impact the orientation of the luminal domains of Ii with
respect to one another, thus weakening (or preventing) interactions in
the soluble trimerization domain. The authors also suggest that the
ability of soluble, recombinant Ii to form trimers could reflect the high
concentrations of the protein in these structural studies, typically in

( *---- soluble domains not shown)

counting for contributions of transmembrane re-
gions. A. Previous data suggest that the strong and
specific interactions observed between Ii TMDs may
initiate Ii trimer formation and direct optimal or-
ientation of the luminal domains. B. Although not
reported to date, similar interactions between the
TMDs of Ii and MHC-II molecules may also con-
tribute to complex formation. C. Such interactions
@“ have also been observed between the TMDs of MHC
& a and B chains, and mutation of TMD residues in-
volved in these interactions has been shown to im-
pact MHC-II function.

excess of 100-1000-fold greater than the concentration of Ii in the ER.
Indeed, overexpression of their Ii TMD mutant to high concentration
was able to rescue some degree of trimer formation, likely via alter-
native sites of interaction. Therefore, while structural studies of soluble
domains provide very useful data, we suggest that these studies do not
rule out other domains (such as the TMD) as sites of critical interaction.

Ashman’s results were later expanded using biophysical and com-
putational methods to determine the molecular basis of Ii TMD inter-
actions. In 2002, the TMD was investigated in isolation from the rest of
the protein to probe the secondary structure of this region and propose
a molecular model of its self-association [38]. In this study, Kukol and
coworkers utilized Fourier transform infrared (FTIR) data obtained
from '*C='80 labeled TMD peptides in conjunction with molecular
dynamics (MD) simulation to resolve the backbone structure of the Ii
TMD helix and suggest potential sites of helix-helix interaction. They
presented a structure of the Ii TMD as a left-handed coiled-coil trimer
stabilized by putative interhelical contacts involving Gln47 and Thr50,
strongly supporting the work of Ashman and Miller described above
[37]. In a separate study in 2006, we investigated the assembly and
stoichiometry of the wild-type Ii TMD in a variety of detergent condi-
tions [39]. This study provided the first experimental evidence that the
predominant oligomeric state for the Ii TMD is a trimer with a dis-
sociation constant of approximately 120 nM in n-dodecylphosphocho-
line (DPC) micelles. This low K, suggests a very strong interaction and a
clear bias toward Ii trimer formation, reflecting the biologically active
oligomeric state of the full-length protein. Indeed, such a low Kj is
unsurprising given that in vivo cross-linking of full length Ii at phy-
siologically relevant concentrations revealed almost exclusive forma-
tion of Ii trimers and no detectable concentration of either monomeric
or dimeric Ii species [37]. In the same study, we measured the effects of
point mutation of GIn47, Thr49, or Thr50 on Ii TMD helix-helix inter-
actions in a natural membrane bilayer, demonstrating that these in-
teractions were facilitated in large part through interhelical H-bonding
of GIn47 and Thr50 [39]. Taken together, these studies support a model
for MHCII complex assembly that accounts for strong and specific Ii
TMD interactions that may (i) initiate trimer formation (Fig. 2A) and
(ii) direct the orientation of the luminal domains for optimal interac-
tion.

While the studies mentioned above implicate the cluster of TMD
polar residues in Ii trimer formation, MHC-II binding and antigen pre-
sentation, a 2001 study presented conflicting data [40]. In this work,
the entire C-terminal half of the Ii TMD (residues 42-53) was replaced
with 12 X Ala residues, thus removing the cluster of polar residues
altogether. This substitution did not prevent ER translocation, Ii trimer
formation, or association with Class II molecules. Instead, the mutant Ii
associated with Class II molecules more strongly than the wild-type
protein, probably reflected in part by its increased resistance to pro-
teolysis. While these conflicting results are difficult to explain, one
possible explanation may lie in the intermediate hydrophobicity of Ala
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which, in a mutant containing 12 X Ala residues, leads to a marked
increase in the predicted free energy of membrane insertion as com-
pared to the wild-type sequence [41]. A subtle increase in the free
energy of insertion may alter properties such as tilt angle or TMD
length, while more significant increases in insertion free energy will
prevent membrane insertion of a sequence altogether. We suggest that
the nature of the mutation in this work may substantially alter Ii-
membrane interactions and this may account for differences observed.

3. Engagement of Ii with Class II molecules via TMD interactions

The polar residues in the Ii TMD that drive Ii trimer formation have
also been reported to impact interactions between Ii and MHC-II mo-
lecules [37], and raise the question of whether the TMDs of all three
proteins are sites of stabilizing interactions in the Ii-MHC-II complex
(Fig. 2B). In 2001, Castellino and coworkers [42] reported interaction
between MHC-II and Ii regions outside of the CLIP domain in order to
explain the efficient binding of the non-polymorphic Ii with a diverse
range of MHC-II molecules displaying large differences in affinity for
the CLIP peptide. In order to completely block possible interactions
with CLIP, an antigenic peptide was covalently bound to the MHC
chain. Despite this, Ii was found to directly associate with MHC-II in
detergent micelles. Truncation mutants were used to locate the site of
MHC-II-binding within Ii, and it was traced to the TMD. An i construct
containing only residues 28-58, mapping to the TMD, was shown to
stably associate with MHC-II via interactions that lay well outside of the
CLIP region. Since then, others have also reported the stable binding of
Ii to MHC-II molecules in vivo via interactions in its cytosolic and
transmembrane domains [43]. For example, a membrane-proximal YFR
motif in the cytoplasmic tail of the MHC-II 3 chain has been shown to
regulate the activity of the ER-retention motif in Ii, likely through direct
protein—protein interactions, between the p-chain and Ii. Expanding
into a model that accounts for the above reports, we suggest that in-
teractions localized to the TMDs of Ii and MHC-II molecules (either
individually or as the preformed heterodimer) contribute to complex
formation (Fig. 2B), possibly even initiating complex formation whilst
the CLIP and trimerization domains access their optimal binding ar-
rangements. Thus far, there have been no reports of the molecular de-
tails of this interaction, however in Fig. 1C we have mapped the re-
sidues in the Ii TMD that lie on the same helical face as Q47 and T50
and are thus likely to be excluded from a Ii-MHC-II interaction. The
remaining Ii TMD residues would be available to direct Ii-MHC-II in-
teractions, but it remains to be determined which residues are involved.

4. TMD interactions impact MHC-II assembly, conformation,
transport, and peptide-binding

In 1984, Travers and co-workers [44] were the first to report the
potential role of the MHC o and 3 TMDs in MHC-II complex assembly
and peptide binding. In this study, it was shown that conserved Gly
residues in the TMDs of both MHC-II antigens are spaced such that they
would map to a discrete face of an a-helix, occupying positions 1 and 4
in a heptad repeat pattern typical for a-helical coiled coils (see Fig. 3A).
A model was proposed in which helical MHC a and 3 TMDs packed
together along these Gly-containing faces. In this model, a Cys residue
near the N-terminus of the a TMD also lies on this Gly-containing in-
terface (Fig. 3A-B). This Cys is very highly conserved, indeed it is in-
variant down to sharks [45] and is likely to play a key, yet currently
unknown, role in Class II structure, function, or both. It has also been
proposed that the a and 3 TMDs are oriented by a salt bridge between a
Glu residue in the a chain and a Lys in the (3 chain [44,46], as shown in
Fig. 3A-B. However the Glu residue in the a chain is not conserved
outside of mammals [45]. One hypothesis is that, in complexes missing
this Glu, the interaction could be rescued via polar interaction involving
the invariant Cys.

In 1992, Cosson and Bonifacino replaced the TMD in each MHC-II
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protein with that from the interleukin-2 receptor [46]. The resulting
chimeras assembled incorrectly in COS cells, failing to bind con-
formation-dependent antibodies (i.e. antibodies that recognize only
appropriately folded conformers of class II molecules) and being largely
retained in the ER. In addition to replacing the entire TMD, mutants
were constructed in which Gly residues present in both the MHC a and
(3 TMDs (Fig. 3A) were collectively replaced with Val residues. This was
one of the earliest reports experimentally demonstrating the role of the
G-XXX-G motif, a now well-accepted helix-helix interaction motif
[47-49], in stabilizing interactions between a and § TMDs. Removing
the TMD Gly residues had the same impact as replacing the entire TMD
with that of an unrelated protein: the chains were unable to bind
conformational antibodies and were retained in the ER. It was also
shown that the MHC a and 3 TMDs could drive association of other
protein sequences into which they were grafted. This study supported
the model first proposed by Travers and co-workers [44] and was a
pioneering example of how the TMDs of MHC-II proteins could impact
assembly and transport of the full-length protein. Subsequent reports
strengthened this conclusion, demonstrating that other types of changes
to MHC-II TMD sequences also result in dysregulation of transport in
vivo (although there have been reports contesting the role of the TMDs
as well [50]). Truncation of the MHC a and f chains to remove the
cytoplasmic domains of both proteins and the C-terminus of the MHC 3
TMD lead to a large reduction of MHC-II expression on the plasma
membrane [51]. Replacement of the MHC 3 TMD with that of the a
chain lead to accumulation of MHC-II molecules in the early- and late-
endocytic compartments [52]. In both studies, this impaired transport
was not due to lack of association of Ii, as immunoblotting indicated Ii
binding to mutant complexes (likely via interactions in the CLIP and
luminal domains which were intact in all constructs tested). The
changes in the TMD were instead thought to impact the global MHC-II
conformation, leading to a transport-impaired conformation.

Sherman and coworkers also reported the far-reaching influence of
a and (3 TMD interactions on MHC-II conformation in their investiga-
tion of the impact of pH on peptide binding of purified versus mem-
brane-bound MHC-II [53]. While purified, detergent solubilized MHC-II
showed very little sensitivity to pH with regards to structural stability
and peptide-binding properties, membrane-bound MHC-II on the cell’s
surface demonstrated large fluctuations in peptide binding with
changes in pH. The results were attributed to the influence of TMD-lipid
bilayer interactions on the conformation and/or flexibility of the N-
terminal domains, which then modulated peptide binding. Although the
nature of these conformational changes remains to be characterized in
full, this study provides clear evidence that truncated, soluble class II
proteins can show markedly different behavior to their membrane-
bound (and more physiologically-relevant) counterparts, and studies in
which the membrane-localized proximal regions are deleted should be
interpreted with caution.

The majority of work implicating MHC-II TMDs has been performed
in vivo on full-length proteins. More recently, we have demonstrated in
vitro that the TMDs of MHC-II molecules in isolation have a strong
propensity to associate into homodimers and a/f3 heterodimers in both
model and natural membranes [54]. The results from this study in-
dicated that interactions between the o and  TMDs are strong and
sequence-dependent, and validate the role of transmembrane Gly re-
sidues first suggested 26 years earlier by Travers and co-workers [44].
Our study also revealed, via mutagenesis and computational modeling,
that there are two likely modes of interaction between the a and f
TMDs involving different Gly packing arrangements. The two Gly
packing arrangements involved pairing of the single G-XXX-G motif in
the f TMD (indicated by a bracket in Fig. 3A) with either of two
available G-XXX-G motifs in the a TMD. The mutants from this work
were introduced into the a and  TMDs of mouse class II molecules,
followed by in vivo measurement of MHC-II conformation and mem-
brane localization in HEK293T cells [55]. The results revealed that the
differential pairing of the G-XXX-G motifs directed the formation of
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Fig. 3. Transmembrane helix—interaction and cho-
lesterol binding motifs in MHC-II TMDs lead to dif-
ferent conformations. A. Alignment of the putative

MHC a. gene (org) TMD Res. Seq. | T

) TMD sequences of human, mouse and rat MHC-II a

and P chains, with corresponding sequence IDs and

residue numbers given. In each sequence, the TMD is

underlined, whilst additional C-terminal juxtamem-
brane residues are also shown. Conserved G-XXX-G

helix-helix interaction motifs in both chains are

highlighted in light gray, and conserved cholesterol-

recognition motifs are shown in bold. B. The differ-
ential pairing of G-XXX-G motifs in the o and f
chains (shown as Gly residues linked via a bracket)
is proposed to give rise to two distinct MHC-II con-
formers, residing in different membrane environ-

HLA-DRA1 (human) 217-243 ENVVCALGLTVGLVGIIIGTIFIIKGVR
HLA-DPA1 (human) 222-249 ETVLCALGLVLGLVGIIVGTVLIIKSLR
HLA-DQA1 (human) 216-243 ETVVCALGLSVGLVGIVVGTVFIIRGLR
H2-Aa (mouse) 218-245 ETVVCALGLSVGLVGIVVGTIFIIQGLR
RT1-Ba (rat) 218-245 ETVVCALGLSVGLVGIVVGTIFIIRSVA
Heptad repeat 1 4 1 4 1 4

MHC B gene —

HLA-DRB1 (human) 227-251 KMLSGVGGFVLGLLFLGAGLFIYFR
HLA-DPB1 (human) 225-249 KTLTGAGGFVLGLIICGVGIFMHRR
HLA-DQB1 (human) 231-254 KMLSGIGGFVLGLIFLGLGLIIHHR
H2-Ab1 (mouse) 226-250 KMLSGIGGCVLGVIFLGLGLFIRHR
RT1-Bb (rat) 224-248 KMLSGIGGFVLGVIFLGLGLFIRHK

Heptad repeat

1 4 1 4 1 4

ments and having differing abilities to stimulate T-
cells. The relative position of residues within the
cholesterol-recognition motifs in the helix is also
shown.
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two distinct MHC-II conformers (Fig. 3B) in the ER, most likely under
the guidance of Ii.. Pairing of the sole f G-XXX-G motif with the C-
terminal G-XXX-G motif in the a TMD yielded a more robust interac-
tion, but resulted in a MHC-II conformer that displayed weak T cell
activation. Pairing via the N-terminal G-XXX-G motif in the a TMD
lead to formation of an I-AXx MHC-II conformer, Ia.2*, previously shown
to localize to lipid rafts, control B-cell calcium signaling, and enhance
antigen presentation to T cells [56,57]. Lipid raft localization may be
further facilitated by palmitoylation of the invariant Cys residue in the
MHC-II a-chain, shown in Fig. 3. Palmitoylation of transmembrane and
juxtamembrane Cys residues has been reported as a lipid raft-targeting
mechanism for integral membrane proteins [58], and this has been
demonstrated for I-A and HLA-DR complexes [59,60].

The above studies present highly compatible models of the TMD
interactions in MHC-II, whereby Gly residues pack together (either as
discrete G-XXX-G motifs or as part of heptad repeat motifs) to stabilize
complex formation. Indeed, a recent review highlighted known disease-
associated MHC-II polymorphisms that target these Gly-rich helical
TMD faces, and thus may significantly impair protein interactions and
destabilize MHC-II complexes [61]. These complexes may be localized
to specific membrane microdomains by palmitoylation of the highly-
conserved Cys residue present at the transmembrane/connecting-pep-
tide interface in the a chain. Recently, the MHC-II Ii.2* conformer has
also been shown to interact selectively with antigen-B cell receptor
(BCR) complexes, becoming selectively loaded with BCR-derived pep-
tide antigen prior to its expression on the cell’s surface [62], and these
interactions are thought to involve the TMDs of MHC-II and the BCR.

MHC-II TMDs have also been implicated in interactions with MARCH
family ubiquitin ligases [63] and tetraspanin proteins including CD82
[64-66], however the molecular determinants of those interactions
have yet to be determined.

Taken together, the work described above demonstrates the
strength and influence of TMD interactions in functional assembly of
the MHC-II heterodimer, and this has now been accounted for in the
extended model we propose here for MHC-II assembly (see Fig. 2C).

5. Membrane composition and membrane lipid environment
impact MHC-II localization, conformation and function

5.1. Lipid rafts and localization of MHC-II protein

In addition to membrane-localized protein interactions, there is
much evidence that the MHC-II is regulated by the properties of the
membrane. The cell membrane of mammalian nucleated cells contains
a variety of biological molecules, notably lipids (glycolipids, sphingo-
lipids and cholesterol) and proteins. A dynamic clustering of sphingo-
lipids and cholesterol allows the formation of specialized structures in
the membrane known as “rafts” which are approximately 4-200 nm in
diameter [67]. Biochemically, rafts are loosely defined as detergent
resistant membrane microdomains based on their relative insolubility
in mild non-ionic detergents at low temperature [68], although there is
some controversy about their nature in in vivo conditions [69]. A
number of membrane proteins are proposed to associate specifically
with lipid rafts. Treatment of cells with cholesterol-binding
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pharmacological mediators perturbs the raft assembly and disperses raft
associated proteins [70]. Several studies also demonstrate that a sub-
stantial fraction of MHC-II proteins are raft-associated, however the
relative percentage of raft-associated protein reported in the literature
ranges from roughly 50% [71] down to 10-20% [56,72].

6. Importance of rafts in MHC-II-restricted T-cell activation

Stimulation of T-cells by antigenic peptides presented in the context
of MHC-II molecules requires a stable contact between T-cells and an-
tigen presenting cells (APCs) for effective T-cell activation [73]. Lipid
rafts in the outer leaflet of the membrane bilayer induce clustering of
the peptide-MHC-II (p-MHCII) complex on the APC surface to increase
the surface density of the p-MHCIL, resulting in appropriate T-cell ac-
tivation [74-76]. Disruption of lipid rafts by sequestration of choles-
terol after treatment of APCs with methyl-B-cyclodextrin impaired the
presentation of p-MHCII complexes to T-cells [74]. However, such de-
fects could be reversed at high cognate peptide concentrations, in-
dicating that lipid rafts indeed play an important role in enhancing the
T cell response at low ligand concentrations [77].

7. MHC-II TMD interacts with membrane cholesterol

Direct interactions between membrane cholesterol and membrane-
embedded protein regions can impact the biological function of mem-
brane bound receptors such as cholecystokinin (type B), oxytocin, and
nicotinic acetylcholine [78]. The nicotinic acetylcholine receptor has
been shown to have internal sites capable of forming adducts with
cholesterol, resulting in stabilization of the protein’s structure [79].
These proteins bind cholesterol via a range of cholesterol binding se-
quence motifs found within their TMDs. The cholesterol recognition/
interaction amino acid consensus sequence, generally referred as the
CRAC motif, is a short, linear sequence that can be depicted as (L/V)-
X1-5-(Y)-X1-5-(K/R). This motif is composed of a branched apolar Leu
or Val residue, followed by a segment containing 1-5 of any residues,
an aromatic Y residue, a second segment containing 1-5 of any residue,
and finally a basic Lys or Arg residue. The CARC motif, thus far only
described for the human nicotinic acetylcholine receptor, is an inverted
CRAC motif with the consensus sequence (K/R)X1-5(Y/F)X1-5(L/V). In
the CCM (cholesterol consensus motif) [80] the amino acids interacting
with cholesterol are not a linear sequence motif, but are distributed
between TMDs within polytopic membrane proteins. One helical TMD
contains the sequence motif (W/Y)(I/V/L)(K/R), whereby all residues
must face the same side of the helix. In addition, another aromatic
amino acid, either phenylalanine or tyrosine, is needed on a second
helix to bind cholesterol from the other side. Both oxytocin and ser-
otonin 1A receptors contain a strict cholesterol consensus motif (CCM),
and in both there is a dramatic increase in agonist affinity in the pre-
sence of cholesterol [81,82]. As highlighted in Fig. 3A, analysis of the
amino acid sequences of the mouse MHC-II TMDs revealed a putative
CRAC-like motif at the C-terminus of the aTMD[I/V-(X) 4-F-(X) 5-R].
Similarly, an overlapping CRAC/CCM-like motif [F-(X) 2-L-(X) 2-F-(X)
1,3-R/R] was observed in the mouse MHC-II 3 TMD [83]. Comparison
of these sequences to those from human and rat MHC-II suggests that
these motifs are largely conserved in the TMD and juxtamembrane re-
gions (Fig. 3A). WhilePhe residues in both TMDs proposed to contribute
to cholesterol-binding motifs are arranged on the same helical face as
the G-XXX-G motifs (Fig. 3B), and may be blocked from forming in-
teractions with cholesterol upon tight helix-helix interactions, several
of the remaining residues map to the opposite helical face and would
thus be exposed to the lipid membrane and available for binding of
cholesterol. These residues are similar for both TMDs and are shown for
human HLA-DRA1 and HLA-DRBI in Fig. 3B. It is also interesting to
note that these motifs are accessible for cholesterol binding in both
MHC-II conformers shown in Fig. 3B, although the motif in the § TMD
would likely be displaced outside the bilayer and this may impact the

10

Human Immunology 80 (2019) 5-14

binding affinity.

To investigate whether these motifs in the MHC a and 3 TMDs di-
rected binding of cholesterol, we used a synthetic peptide construct
derived from residues T219-L244 of MHC a chain and residues M227-
1247 of MHC [ chain coupled together using Ala-Lys as linkers [83].
Interaction of cholesterol with the synthetic MHC-II TMD was mon-
itored by changes in the fluorescence emission spectrum of 22-NBD-
cholesterol, a common fluorescent sterol analog. In the presence of the
MHC-II TMD synthetic construct, the fluorescence emission spectrum of
NBD-cholesterol underwent a large increase in the intensity of the
emission peak, coupled with a blue shift of 40 nm for the emission
maximum, indicative of binding of the sterol in a hydrophobic pocket.
Cholesterol-dependent conformational changes in the MHC-II TMDs
were also monitored using circular dichroism, and revealed that the
helical content of the liposome-reconstituted TMDs decreased sig-
nificantly (from 84% to 68%) in the presence of cholesterol. This result
suggests that the binding of cholesterol may unwind the alpha-helical
coiled coil formed between the a and B TMDs, allowing access to the
Phe residues on the same helical face as the G-XXX-G motifs and sliding
of the two TMDs along one another to stabilize an alternative con-
formation (for example, Ia.2— vs. Ia.2+ as shown in Fig. 3B). This
model would be in keeping with the fact that mutation of cholesterol
binding residues F240, 1L243, and F246 in the MHC-II # TMD also de-
creased the affinity for cholesterol [83]. These binding and structural
studies clearly demonstrated that cholesterol interacts with the MHC-II
TMD and alters its conformation [83].

The question still remains as to how a cholesterol induced con-
formational change in the MHC-II TMD dictates overall conformation of
the MHC-II protein in the environment of membrane, and how such
changes influence the immune response. At this stage, the relative
stabilities of the various MHC-II conformers in the presence and ab-
sence of membrane cholesterol remains unknown.

8. Impaired MHC-II restricted T-cell activation in a disease model:
role of membrane cholesterol

We recently reported an unrecognized functional role for MHC-II in
the context of membrane lipid environment in a specific disease model,
namely visceral leishmaniasis, in which lipid metabolism is altered at
the active stage of the disease. Visceral leishmaniasis is caused by the
protozoan parasite Leishmania donovani (LD) which replicates within
macrophages and dendritic cells [84]. The disease is characterized by
immune suppression [84], hypocholesterolaemia [85-87] and in-
creased fluidity of infected host cells [77]. Restoration of membrane
cholesterol by liposomal cholesterol injection in infected animal models
allows expansion of anti-leishmanial T-cells [87] and, interestingly,
hypercholesterolaemic mice are solidly protected against lethal chal-
lenge of LD infection [88]. During their intracellular life cycle, parasites
take up membrane cholesterol which increases membrane fluidity [77].
LD-infected splenic macrophages (LD-macrophage), dendritic cells and/
or cells of the monocyte macrophage lineages P388D1 (LD-P388D1)
failed to activate T cells in response to a low dose of exogenous peptide
[77]. We also showed that in infected macrophages there is an increase
in lateral mobility of membrane proteins [89]; such macrophages are
incapable of forming an effective immunological synapse with antigen
specific T-cells [90].

The distribution of MHC-II protein (A% in leishmania infected
macrophages was studied to see how an intracellular protozoan parasite
like leishmania modulates distribution of MHC-II protein on the cell
surface. This was studied in vitro by infecting the monocyte-macrophage
cell line (P388D1) with leishmania parasites, and following the in-
tracellular growth as a function of time using microscopy methods. The
raft architecture of uninfected P388D1, LD-infected (LD-P388D1) and
cholesterol liposomes treated LD-infected P388D1 was studied using
raft [CD48 and choleratoxin-B (CTX-B)] and non-raft (CD71)-specific
antibodies. Colocalization of CD48/CTX-B and CD71 with raft and non-
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raft associated MHCII indicated how the distribution of MHCII varied
under parasitized conditions and upon treatment of LD infected
P388D1cells with liposomal cholesterol. Binding of anti-CD48 mono-
clonal antibody (mAb) and CTX-B subunit decreased significantly in LD-
P388D1 and, consequently, colocalization with A% was not observed,
but this was restored in liposomal cholesterol treated LD-P388D1 cells
[77]. Conversely, colocalization between AY and CD71 remained un-
affected regardless of the presence or absence of intracellular LD
parasites. Furthermore, uninfected P388D1 and liposome cholesterol
treated LD-P388D1, but not LD-P388D1 itself, formed a peptide-de-
pendent synapse with T cells quite efficiently, and this result was sup-
ported by intracellular Ca*>* mobilization in T cells and IL-2 production
[771.

By exploiting biophysical techniques like surface plasmon resonance
spectroscopy (SPR), we determined the kinetic parameters of peptide
MHC stability. In this regard p-MHCII complex formation was studied
with a limiting concentration of peptide by SPR, while p-MHCII com-
plex formation on the isolated membrane was studied in real time, as
described by others [91,92]. Increasing concentrations of OVAgzz3 339
(A? restricted peptide) were flowed over an immobilized membrane on
an L1 chip, and k,, and k¢ rates were determined using a Langmuir 1:1
binding isotherm. It was observed that k,, and k. values were
67.3ms™! and 9.32ms™?, respectively, for normal macrophage mem-
brane, but 5.6 ms~' and 32.2ms™ !, respectively, for LD-macrophage
membranes [93]. This observation indicated that p~-MHCII complex
formation is compromised in LD-macrophages compared with normal
macrophages. This observation has important implications in the im-
munobiology of visceral leishmaniasis, as patients at the active stage of
the disease are immunosuppressed. This may be due to faster dis-
sociation of cognate peptide from the peptide-MHC-II complex leading
to a defective anti-leishmanial T-cell response.

9. Cholesterol driven conformational changes within MHC-II
proteins

Conformational changes within MHC-II during biosynthesis,
folding, and in the MHC-II-containing compartment were detected by
mAD binding [94-96], which is a powerful tool for this type of study.
The 11-5.2 anti-A*-mAb recognizes the Ia.2 epitope on AX MHC-II,
defined as a lipid raft resident MHC-II conformer vital to the initiation
of restricted B cell-T-cell activation [94]. Binding of an anti-la.2 mAb,
such as 11-5.2, is highly dependent on the residues Arg57 and GIn75 of
the A* chain, residues near the peptide binding groove [56]. Depletion
of membrane cholesterol from APCs by methyl-B-cyclodextrin treat-
ment compromised peptide-MHC-II formation coupled with impaired
binding of conformational antibody 11.5-2 [83]. The reduced binding
of 11.5-2 to Ia2 epitope A could be corrected by restoring membrane
cholesterol. Thus membrane cholesterol appears to play an important
role in maintaining the active form of MHC-II [83].

Following on from our study demonstrating the interaction of MHC-
II TMDs with membrane cholesterol via a CRAC-like motif, which
brought about a conformational change in the protein [83], we also
investigated how interaction of cholesterol with the TMD influences
conformational changes in the distal peptide binding groove of MHC-II.
The availability of conformationally and non-conformationally specific
anti A* mADb greatly aided our investigation. We showed that binding of
11-5.2 to LD infected macrophages (I-M®) was reduced by about 60%
as compared to normal macrophages (N-M®), whereas binding of
10-2.16 were comparable. The mAb 10-2.16 recognizes the 3-chain of
A, specifically Ia.17. This observation indicated that A¥ molecules are
located on the surface of I-M®, where conformational constrains may
limit the binding of 11-5.2 to [-M® when they are not treated with
liposomal cholesterol. This effect was cholesterol-specific because the
binding of 11-5.2 with I-M® was not restored by cholesterol analogue
liposomes (made from 4-cholesten-3-one lacking the OH function of
cholesterol) or 1,2 dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
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liposome treatment [87,90].

We used this analogue because the alignment of cholesterol in the
membrane is thought to be supported by a hydrogen bond between the
cholesterol OH group and the amide bond of sphingolipid [97] and this
interaction is presumably not present in the case of this analogue be-
cause of the lack of an OH group. To study the importance of choles-
terol binding at the appropriate motif on the distal peptide binding
groove of MHCII, we mutated putative cholesterol binding residues
(F240, L243, and F246 of the 3 chain) in the TM domain of full-length
MHCII (mutant A¥) and its effects on the nature of the peptide binding
groove was monitored using binding of conformation-specific mAb and
T cell stimulating ability. CHO cells were transfected with either A or
mutant A¥, which were used as APGCs. The binding of conformation-
specific antibody was assessed using mAb 11-5.2 and total cell surface
expression was assessed using nonconformational antibody (10-3.6).
Our study showed that the cell surface expression of MHCII remains
unaltered in mutant A* whereas binding of conformational antibody
was reduced by ~ 5-fold as compared with CHO cells expressing wild-
type MHCIIL The ability of transfected cells to stimulate T cells was
assayed in terms of IL-2 production in the presence of HEL46-61 pep-
tide. It was observed that mutant A* showed compromised ability to
stimulate T cell hybridoma (HyH12.6, AX restricted) as evident from the
decreased IL-2 production as compared with wild-type AX. This sup-
ports the hypothesis that interaction of cholesterol with the CRAC motif
is important to bring about proper conformational orientation. Trans-
fection of CHO cells with wild-type full length MHC-II, but not with
mutant MHC-II, activated antigen-specific T cells and decreased the
binding of conformation-specific antibodies [83]. Thus, cholesterol-in-
duced conformational changes within the MHC-II TMD may allosteri-
cally modulate the peptide binding groove, leading to T cell activation.

10. Analysis of MHC-II-cholesterol interactions by molecular
dynamics (MD)

It has been shown through MD simulation studies that cholesterol
interacts with the membrane proximal regions of rhodopsin to induce
local structural perturbation, which in turn brings global conforma-
tional rearrangements through rigid body motion [98]. We performed
exhaustive MD simulations to study the effect of cholesterol binding on
the structures of the MHC-II TMD, the peptide binding groove, and the
protein region linking these two [99]. The results revealed marked
variations in flexibility and conformational adaptability of the MHC-II
proteins in response to cholesterol binding. Removal of cholesterol from
the complex increased the rates of fluctuation of residues along both
chains of MHC-II, including those in the peptide binding domain (PBD).
Structural alterations in the PBD might lead to loss of peptide binding
and/or presentation of peptide to T-cells. Calculation of the solvation
free energies (Kcal Mol ™ 1) of the PBD and the bound peptide for a few
selected ensemble structures extracted at various time points of the
simulation in the presence and absence of bound cholesterol showed
significant reductions in energies for most of the complexes in absence
of bound cholesterol, indicating that stability of the peptide-MHC-II
complex may decrease in the absence of cholesterol (Fig. 4).

The MD results provided insight into the mechanistic details of
possible long range allosteric adaptation observed for the MHC-II ex-
tracellular domain upon cholesterol binding to the TMD. Cross-corre-
lation of flexibility analyses suggest that changes at the MHC-II TMD
are correlated with conformational variation at the PBD [99]. To test
the prediction that peptide-MHCII stability is compromised in the ab-
sence of cholesterol, we measured kinetic stability on the cell surface.
These studies made it clear that the rates of dissociation of the cognate
peptide from the complex were 1.45, 16.3, and 1.68 us ™!, respectively,
in normal macrophages, infected macrophages, and liposomal choles-
terol treated infected macrophages. This was further validated by the
progressive decrease in IL-2 production in anti-LACK (Leishmania
homolog for the receptor of activated C Kinase) T-cells noted as a
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peptide

cholesteroll

Fig. 4. Cholesterol binding to the MHC-II TMDs may destabilize peptide
binding. Computational and experimental evidence suggest that the stability of
peptide-MHC-II complexes decreases in the absence of membrane cholesterol,
possibly through direct interactions between cholesterol and TMDs. This is
thought to occur through cholesterol-induced conformational changes in the
MHC-II TMD that allosterically modulate the peptide binding groove, leading to
optimal peptide binding and downstream T cell activation.

function of time. This observation shows a clear association between
reduced binding of 11-5.2 to cell surface A* and faster dissociation of
the cognate peptide from p-MHC-II complex in infected macrophages.
The above defects were found to be corrected by liposomal cholesterol
treatment of LD-macrophage [93]. On the basis of our computational
data coupled with experimental findings, we suggest that the interac-
tions of cholesterol with the MHC-II TMDs may allosterically modify the
conformation of the peptide binding groove leading to more stabiliza-
tion of the p-MHC-II complex on the cell surface. MD based studies
involving serotonin 1A [100,101] and 32 adrenergic receptors [102]
have shown that enrichment of cholesterol within the membrane alters
protein oligomerization and stability.

The modulation of cholesterol-induced conformational changes in
membrane proteins is complex, and to our knowledge there are no
simple methods by which to monitor the nature of changes that alter
agonist affinity. However, we were able to show that the reduced p-
MHCII stability in cholesterol depleted APCs was restored to normal
levels by liposomal cholesterol treatment. Our results bring forth a
mechanistic view to explain how decreased membrane cholesterol in
LD-macrophages or in cholesterol depleted APCs may influence con-
formation and downstream function of MHC-II. Thus liposomal cho-
lesterol may be used as an adjunct with chemotherapy to reduce the
dose of chemotherapy required for treatment of visceral leishmaniasis.

To our knowledge, the conformational change of MHC-II in a dis-
ease-like condition has only been reported for visceral leishmaniasis,
however there are a number of studies that indicate that high choles-
terol may protect from infectious diseases [103]. High cholesterol has
been linked to protection against a variety of parasitic infections [104]
and may have other beneficial effects on the immune system, as sug-
gested in a report showing that hypocholesterolaemic men had sig-
nificantly fewer circulating lymphocytes, total T cells, helper T-cells
and CD8+ cells than hypercholesterolaemic men [105]. Conversely,
low levels of cholesterol in critically ill surgical patients have been
reported to correlate inversely with concentrations of IL-6, soluble IL-2
receptor and IL-10 [106]. Furthermore, thymic development of immune
repertoire is dependent on cholesterol, as the disruption of the lipid
rafts of thymic epithelial cells impairs CD4 + T-cells expansion [60].

11. Conclusions

The studies summarized above emphasize the importance of pro-
tein-protein and protein-lipid interactions involving the membrane-lo-
calized protein regions of the MHC-II, and demonstrate that models of
this critical immune receptor should take these regions into account. It
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has been shown that the TMDs of MHC o/f3 and invariant chain are the
sites of strong and selective interactions that direct correct assembly,
transport and function of the complex. These interactions are driven, in
part, by well-known TMD helix-helix interaction motifs (e.g. the
G-XXX-G motif and motifs of polar residues) shown to impact the
folding of a large number of integral membrane proteins. Modification
of the TMD sequences of either of the MHC-II proteins or chaperones
(e.g. Ii) has been shown to impact assembly and dysregulate transport,
leading to retention of the complex in the ER and thus preventing
formation of the mature MHC-II required for antigen presentation. We
propose that TMD regions are therefore fundamental to the correct
function of this immune receptor, and have integrated TMD interactions
into the model of MHC-II assembly shown in Fig. 2.

Interactions between the TMDs of the MHC-II chains and the
membrane have also been shown to impact function. The MHC-II pro-
tein needs to be associated with membrane microdomains enriched in
sphingolipids and cholesterol (i.e lipid rafts) to induce T-cell activation
at a limiting cognate antigen concentration. Both the MHC a and f3
chain TMDs contain sequence motifs known to direct the binding of
membrane cholesterol (Fig. 3A) and we have summarized work that
clearly links the presence of cholesterol to maintenance of the correct
MHC-II conformation. This apparent requirement for membrane cho-
lesterol may be exploited by the prozoan parasite Leishmania donovani,
which takes up membrane cholesterol leading to increased membrane
fluidity and disruption of membrane rafts. This reduction of membrane
cholesterol also causes conformational changes within MHC-II that lead
to decreased affinity of cognate antigen, thus contributing to the de-
fective MHC-II restricted T-cell activation observed in leishmaniasis.
Such defects can be corrected by liposomal delivery of cholesterol in
leishmania-infected macrophages, indeed liposomal cholesterol treat-
ment offers protection in infected hamsters. This real world example of
how a parasite (leishmania) exploits membrane-localized interactions
of MHC-II to dampen the hosts’ immune response may represent a
general strategy of immune system evasion, and underpins the im-
portance of recognizing these regions in any description of MHC-II
biology.

Acknowledgement

SR would like to acknowledge support by the J.C. Bose Fellowship
(SB/S2/JCB-65/2014). AMD would like to acknowledge funding by the
Medical Research Council (G0601114).

References

[1] R. Holmdahl, Association of MHC and rheumatoid arthritis — why is rheumatoid
arthritis associated with the MHC genetic region? a introduction, Arthritis Res. 2
(2000) 203-204.

[2] E.Y. Jones, L. Fugger, J.L. Strominger, C. Siebold, MHC class II proteins and dis-
ease: a structural perspective, Nat. Rev. Immunol. 6 (2006) 271-282.

[3] M. Schindler, S. Wurfl, P. Benaroch, T.C. Greenough, R. Daniels, P. Easterbrook,
M. Brenner, J. Munch, F. Kirchhoff, Down-modulation of mature major histo-
compatibility complex class II and up-regulation of invariant chain cell surface
expression are well-conserved functions of human and simian immunodeficiency
virus nef alleles, J. Virol. 77 (2003) 10548-10556.

[4] Q. Ye, P.W. Finn, R. Sweeney, E.K. Bikoff, R.J. Riese, MHC class II-associated in-

variant chain isoforms regulate pulmonary immune responses, J. Immunol. 170

(2003) 1473-1480.

S. Ishigami, S. Natsugoe, K. Tokuda, A. Nakajo, H. Iwashige, K. Aridome,

S. Hokita, T. Aikou, Invariant chain expression in gastric cancer, Cancer Lett. 168

(2001) 87-91.

N. Singh, S. Agrawal, A.K. Rastogi, Infectious diseases and immunity: special re-

ference to major histocompatibility complex, Emerg. Infect. Dis. 3 (1997) 41-49.

[7] O. Bakke, B. Dobberstein, MHC class II-associated invariant chain contains a
sorting signal for endosomal compartments, Cell 63 (1990) 707-716.

[8] C.A.Lamb, J.W. Yewdell, J.R. Bennink, P. Cresswell, Invariant chain targets HLA
class II molecules to acidic endosomes containing internalized influenza virus,
Proc. Natl. Acad. Sci. U.S.A. 88 (1991) 5998-6002.

[9] P.A. Roche, P. Cresswell, Invariant chain association with HLA-DR molecules in-
hibits immunogenic peptide binding, Nature 345 (1990) 615-618.

[10] H. Khalil, A. Brunet, I. Saba, R. Terra, R.P. Sékaly, J. Thibodeau, The MHC class I

beta chain cytoplasmic tail overcomes the invariant chain p35-encoded

[5

[6


http://refhub.elsevier.com/S0198-8859(18)30252-0/h0005
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0005
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0005
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0010
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0010
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0015
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0015
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0015
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0015
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0015
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0020
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0020
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0020
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0025
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0025
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0025
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0030
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0030
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0035
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0035
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0040
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0040
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0040
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0045
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0045
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0050
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0050

A.M. Dixon, S. Roy

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(301

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

endoplasmic reticulum retention signal, Int. Immunol. 15 (2003) 1249-1263.

H. Khalil, A. Brunet, J. Thibodeau, A three-amino-acid-long HLA-DRbeta cyto-
plasmic tail is sufficient to overcome ER retention of invariant-chain p35, J. Cell
Sci. 118 (2005) 4679-4687.

N. Koch, M. Zacharias, A. Konig, S. Temme, J. Neumann, S. Springer,
Stoichiometry of HLA Class Il-invariant chain oligomers, PLoS One 6 (2011)
el7257.

C.A. Lamb, P. Cresswell, Assembly and transport properties of invariant chain
trimers and HLA-DR invariant chain complexes, J. Immunol. 148 (1992)
3478-3482.

V. Lotteau, L. Teyton, A. Peleraux, T. Nilsson, L. Karlsson, S.L. Schmid,

V. Quaranta, P.A. Peterson, Inracellular transport of class II MHC molecules di-
rected by invariant chain, Nature 348 (1990) 600-605.

S.-J. Park, S. Sadegh-Nasseri, D.C. Wiley, Invariant chain made in Escherichia coli
has an exposed N-terminal segment that blocks antigen binding to HLA-DR1 and a
trimeric C-terminal segment that binds empty HLA-DR1, Proc. Natl. Acad. Sci.
U.S.A. 92 (1995) 11289-11293.

A. Jasanoff, G. Wagner, D.C. Wiley, Structure of a trimeric domain of the MHC
class Il-associated chaperonin and targeting protein Ii, EMBO J. 17 (1998)
6812-6818.

P. Bertolino, M. Staschewski, M. Trescol-Biemont, .M. Freisewinkel, K. Schenk,
I. Chretien, F. Forquet, D. Gerlier, C. Rabourdin-Combe, N. Koch, Deletion of a C-
terminal sequence of the class II-associated invariant chain abrogates invariant
chains oligomer formation and class II antigen presentation, J. Immunol. 154
(1995) 5620-5629.

M.E. Bijlmakers, P. Benaroch, H.L. Ploegh, Mapping functional regions in the lu-
menal domain of the class II-associated invariant chain, J. Exp. Med. 180 (1994)
623-629.

M. Gedde-Dahl, 1. Freisewinkel, M. Staschewski, K. Schenck, N. Koch, O. Bakke,
Exon 6 is essential for invariant chain trimerization and induction of large en-
dosomal structures, J. Biol. Chem. 272 (1997) 8281-8287.

R.R. Avva, P. Cresswell, In vivo and in vitro formation and dissociation of HLA-DR
complexes with invariant chain derived peptides, Immunity 1 (1994) 763-774.
A. Geluk, K.E. Van Meijgaarden, J.W. Drijthout, T.H. Ottenhoff, CLIP binds to HLA
class II using methionine-based, allele-dependent motifs as well as allele-in-
dependent supermotifs, Mol. Immunol. 32 (1995) 975-981.

P. Ghosh, M. Amaya, E. Mellins, D.C. Wiley, The structure of an intermediate in
class II maturation: CLIP bound to HLA-DR3, Nature 378 (1995) 457-462.

A. Jasanoff, S. Song, A.R. Dinner, G. Wagner, D.C. Wiley, One of two unstructured
domains of Ii becomes ordered in complexes with MHC class II molecules,
Immunity 10 (1999) 761-768.

G. Malcherek, V. Gnau, G. Jung, H.G. Rammensee, A. Melms, Supermotifs enable
natural invariant chain peptides to interact with many major histocompatibility
complex class II molecules, J. Exp. Med. 181 (1995) 527-536.

P. Romagnoli, R.N. Germain, The CLIP region of invariant chain plays a critical
role in regulating major histocompatibility complex class II folding, transport, and
peptide occupancy, J. Exp. Med. 180 (1994) 1107-1113.

A. Sette, S. Southwood, J. Miller, E. Appella, Binding of major histocompatibility
complex class II to the invariant chain derived peptide, CLIP, is regulated by allelic
polymorphism in class II, J. Exp. Med. 181 (1995) 677-683.

Y. Zhu, A.Y. Rudensky, A.L. Corper, L. Teyton, I.A. Wilson, Crystal strucrure of
MHC class II I-Ab in complex with human CLIP peptide: prediction of an I-Ab
peptide-binding motif, J. Mol. Biol. 326 (2003) 1157-1174.

I.M. Siebenkotten, C. Carstens, N. Koch, Identification of a sequence that mediates
promiscuous binding of invariant chain to MHC class II allotypes, J. Immunol. 160
(1998) 3355-3362.

N.A. Wilson, P. Wolf, H. Ploegh, L. Ignatowicz, J. Kappler, P. Marrack, Invariant
chain can bind MHC Class II at a site other than the peptide binding groove, J.
Immunol. 161 (1998) 4777-4784.

J.H. Brown, T.S. Jardetzky, J.C. Gorga, L.J. Stern, R.G. Urban, J.L. Strominger,
D.C. Wiley, Three dimensional structure of the human class II histocompatibility
antigen HLA-DR1, Nature 364 (1993) 33-39.

A. Dessen, C.M. Lawrence, S. Cupo, D.M. Zaller, D.C. Wiley, X-ray crystal structure
of HLA-DR4 (DRAp0101, DRB1 p0401) complexed with a peptide from human
collagen II, Immunity 7 (1997) 473-481.

D.H. Fremont, W.A. Hendrickson, P. Marrack, J. Kappler, Structures of an MHC
class II molecule with covalently bound single peptides, Science 272 (1996)
1001-1004.

T.S. Jardetzky, J.H. Brown, J.C. Gorga, L.J. Stern, R.G. Urban, Y.I. Chi,

C. Stauffacher, J.L. Strominger, D.C. Wiley, Three-dimensional structure of a
human class II histocompatibility molecule complexed with superantigen, Nature
368 (1994) 711-718.

T.S. Jardetzky, J.H. Brown, J.C. Gorga, L.J. Stern, R.G. Urban, J.L. Strominger,
D.C. Wiley, Crystallographic analysis of endogenous peptides associated with HLA-
DR1 suggests a common, poly-proline II-like conformation for bound peptides,
Proc. Natl Acad. Sci. U.S.A. 93 (1996) 734-738.

L.J. Stern, J.H. Brown, T.S. Jardetzky, J.C. Gorga, R.G. Urban, J.L. Strominger,
D.C. Wiley, Crystal structure of the human class II MHC protein HLA-DR1 com-
plexed with an influenza virus peptide, Nature 368 (1994) 215-221.

P.H. Schafer, S.K. Pierce, Evidence for dimers of MHC Class II molecules in b
lymphocytes and their role in low affinity T cell responses, Immunity 1 (1994)
699-707.

J.B. Ashman, J. Miller, A role for the transmembrane domain in the trimerization
of the MHC class II-associated invariant chain, J. Immunol. 163 (1999)
2704-2712.

A. Kukol, J. Torres, I.T. Arkin, A structure for the trimeric MHC class II-associated

13

[39]

[40]

[41]

[42]

[43]

[44]
[45]
[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[62]

[63]

[64]

[65]

[66]

[67]
[68]
[69]

[70]

Human Immunology 80 (2019) 5-14

invariant chain transmembrane domain, J. Mol. Biol. 320 (2002) 1109-1117.
A.M. Dixon, B.J. Stanley, E.E. Matthews, J.P. Dawson, D.M. Engelman, Invariant
chain transmembrane domain trimerization: a step in MHC Class II assembly,
Biochemistry 45 (2006) 5228-5234.

K. Frauwirth, N. Shastri, Mutation of the invariant chain transmembrane region
inhibits Ii degradation, prolongs association with MHC Class II and selectively
disrupts antigen presentation, Cell. Immunol. 209 (2001) 97-108.

T. Hessa, N. Meindl-Beinker, A. Bernsel, J. Kim, Y. Sato, M. Lerch, C. Lundin,

1. Nilsson, S. White, G. von Heijne, Molecular code for transmembrane-helix re-
cognition by the Sec61 translocon, Nature 450 (2007) 1026-1030.

F. Castellino, R. Han, R.N. Germain, The transmembrane segment of invariant
chain mediates binding to MHC class II molecules in a CLIP-independent manner,
Eur. J. Immunol. 31 (2001) 841-850.

F. Chen, F. Meng, L. Pan, F. Xu, X. Liu, W. Yu, Boosting immune response with the
invariant chain segments via association with non-peptide binding region of major
histocompatibility complex class II molecules, BMC Immunol. 13 (2012) 55.

P. Travers, T.L. Blundell, M.J. Sternberg, W.F. Bodmer, Structural and evolu-
tionary analysis of HLA-D-region products, Nature 310 (1984) 235-238.

J. Kaufman, J. Salomonsen, M. Flajnik, Evolutionary conservation of MHC Class I
and Class II molecules - different yet the same, Sem. Immunol. 6 (1994) 411-424.
P. Cosson, J.S. Bonifacino, Role of transmembrane domain interactions in the
assembly of class II MHC molecules, Science 258 (1992) 659-662.

W.P. Russ, D.M. Engelman, The GxxxG motif: a framework for transmembrane
helix-helix association, J. Mol. Biol. 296 (2000) 911-919.

A. Senes, D.M. Engelman, W.F. DeGrado, Folding of helical membrane proteins:
the role of polar, GxxxG-like and proline motifs, Curr. Opin. Struct. Biol. 14 (2004)
465-479.

A. Senes, M. Gerstein, D.M. Engelman, Statistical analysis of amino acid patterns in
transmembrane helices: the GxxxG motif occurs frequently and in association with
beta-branched residues at neighboring positions, J. Mol. Biol. 296 (2000)
921-936.

M. Nijenhuis, J. Neefjes, Early events in the assembly of major histocompatibility
complex class II heterotrimers from their free subunits, Eur. J. Immunol. 24 (1994)
247-256.

W.F. Wade, I. Khrebtukova, K.L. Schreiber, D.J. McKean, T.K. Wade, Truncated
MHC Class II cytoplasmid and transmembrane domains: effect on plasma mem-
brane expression, Mol. Immunol. 32 (1995) 433-446.

Y.A. Barabanova, H.-K. Kang, J. Myoung, B. Kang, G.A. Bishop, B.S. Kim, Role of
the major histocompatibility complex class II transmembrane region in antigen
presentation and intracellular trafficking, Immunology 111 (2004) 165-172.
M.A. Sherman, H.A. Runnels, J.C. Moore, L.J. Stern, P.E. Jensen, Membrane in-
teractions influence the peptide binding behavior of DR1, J. Exp. Med. 179 (1994)
229-234.

G. King, A.M. Dixon, Evidence for role of transmembrane helix-helix interactions
in the assembly of the Class II major histocompatibility complex, Mol. Biosyst. 6
(2010) 1650-1661.

A.M. Dixon, L. Drake, K.T. Hughes, E. Sargent, D. Hunt, J.A. Harton, J.R. Drake,
Differential transmembrane domain GxxxG motif pairing impacts MHC class II
structure, J. Biol. Chem. 289 (2014) 11695-11703.

K. Busman-Sahay, E. Sargent, J.A. Harton, J.R. Drake, The Ia.2 epitope defines a
subset of lipid raft-resident MHC class II molecules crucial to effective antigen
presentation, J. Immunol. 186 (2011) 6710-6717.

T.O. Nashar, J.R. Drake, Dynamics of MHC class II-activating signals in murine
resting B cells, J. Immunol. 176 (2006) 827-838.

I. Levental, D. Lingwood, M. Grzybek, U. Coskun, K. Simons, Palmitoylation reg-
ulates raft affinity for the majority of integral raft proteins, Proc. Natl. Acad. Sci.
U.S.A. 107 (2010) 22050-22054.

J.F. Kaufman, M.S. Krangel, J.L. Strominger, Cysteines in the transmembrane re-
gion of major histocompatibility complex antigens are fatty acylated via thioester
bonds, J. Biol. Chem. 259 (1984) 7230-7238.

S. Komaniwa, H. Hayashi, H. Kawamoto, S.B. Sato, T. Ikawa, Y. Katsura, K. Udaka,
Lipid-mediated presentation of MHC class II molecules guides thymocytes to the
CD4 lineage, Eur. J. Immunol. 39 (2009) 96-112.

M. Barroso, H. Tucker, L. Drake, K. Nichol, J.R. Drake, Antigen-B cell receptor
complexes associate with intracellular major histocompatibility complex (MHC)
class II molecules, J. Biol. Chem. 290 (2015) 27101-27112.

M.C. Bourgeois-Daigneault, J. Thibodeau, Autoregulation of MARCH1 expression
by dimerization and autoubiquitination, J. Immunol. 188 (2012) 4959-4970.

C. Hammond, L.K. Denzin, M. Pan, J.M. Griffith, H.J. Geuze, P. Cresswell, The
tetraspan protein CD82 is a resident of MHC class II compartments where it as-
sociates with HLA-DR, -DM, and -DO molecules, J. Immunol. 161 (1998)
3282-3291.

H. Kropshofer, S. Spindeldreher, T.A. Rohn, N. Platania, C. Grygar, N. Daniel,

A. Wolp, H. Langen, V. Horejsi, A.B. Vogt, Tetraspan microdomains distinct from
lipid rafts enrich select peptide-MHC class II complexes, Nat. Immunol. 3 (2002)
61-68.

A.B. Vogt, S. Spindeldreher, H. Kropshofer, Clustering of MHC-peptide complexes
prior to their engagement in the immunological synapse: lipid raft and tetraspan
microdomains, Immunol. Rev. 189 (2002) 136-151.

K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature 387 (1997)
569-572.

D.A. Brown, E. London, Structure and function of sphingolipid- and cholesterol-
rich membrane rafts, J. Biol. Chem. 275 (2000) 17221-17224.

L.J. Pike, Lipid rafts: Heterogeneity on the high seas, Biochem. J. 378 (2004)
281-292.

P. Kilbride, H.J. Woodward, K.B. Tan, N.T. Thanh, K.M. Chu, S. Minogue,


http://refhub.elsevier.com/S0198-8859(18)30252-0/h0050
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0055
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0055
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0055
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0060
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0060
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0060
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0065
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0065
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0065
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0070
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0070
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0070
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0075
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0075
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0075
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0075
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0080
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0080
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0080
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0085
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0085
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0085
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0085
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0085
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0090
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0090
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0090
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0095
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0095
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0095
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0100
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0100
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0105
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0105
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0105
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0110
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0110
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0115
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0115
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0115
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0120
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0120
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0120
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0125
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0125
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0125
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0130
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0130
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0130
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0135
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0135
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0135
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0140
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0140
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0140
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0145
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0145
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0145
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0150
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0150
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0150
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0155
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0155
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0155
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0160
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0160
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0160
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0165
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0165
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0165
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0165
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0170
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0170
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0170
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0170
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0175
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0175
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0175
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0180
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0180
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0180
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0185
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0185
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0185
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0190
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0190
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0195
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0195
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0195
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0200
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0200
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0200
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0205
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0205
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0205
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0210
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0210
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0210
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0215
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0215
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0215
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0220
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0220
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0225
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0225
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0230
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0230
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0235
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0235
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0240
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0240
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0240
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0245
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0245
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0245
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0245
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0250
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0250
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0250
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0255
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0255
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0255
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0260
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0260
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0260
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0265
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0265
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0265
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0270
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0270
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0270
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0275
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0275
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0275
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0280
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0280
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0280
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0285
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0285
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0290
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0290
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0290
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0295
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0295
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0295
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0300
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0300
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0300
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0310
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0310
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0310
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0315
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0315
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0320
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0320
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0320
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0320
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0325
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0325
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0325
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0325
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0330
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0330
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0330
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0335
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0335
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0340
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0340
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0345
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0345
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0350

A.M. Dixon, S. Roy

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

(871

[88]

[89]

M.G. Waugh, Modeling the effects of cyclodextrin on intracellular membrane ve-
sicles from Cos-7 cells prepared by sonication and carbonate treatment, Peer. J. 3
(2015) e1351.

H.A. Anderson, P.A. Roche, MHC class II association with lipid rafts on the antigen
presenting cell surface, Biochim. Biophys. Acta 2015 (1853) 775-780.

E.M. Hiltbold, N.J. Poloso, P.A. Roche, MHC class II-peptide complexes and APC
lipid rafts accumulate at the immunological synapse, J. Immunol. 170 (2003)
1329-1338.

M. Krogsgaard, J.B. Huppa, M.A. Purbhoo, M.M. Davis, Linking molecular and
cellular events in T-cell activation and synapse formation, Semin. Immunol. 15
(2003) 307-315.

H.A. Anderson, E.M. Hiltbold, P.A. Roche, Concentration of MHC class II mole-
cules in lipid rafts facilitates antigen presentation, Nat. Immunol. 1 (2000)
156-162.

W.R. Burack, K.H. Lee, A.D. Holdorf, M.L. Dustin, A.S. Shaw, Cutting edge:
Quantitative imaging of raft accumulation in the immunological synapse, J.
Immunol. 169 (2002) 2837-2841.

N.J. Poloso, P.A. Roche, Association of MHC class II-peptide complexes with
plasma membrane lipid microdomains, Curr. Opin. Immunol. 16 (2004) 103-107.
D. Chakraborty, S. Banerjee, A. Sen, K.K. Banerjee, P. Das, S. Roy, Leishmania
donovani affects antigen presentation of macrophage by disrupting lipid rafts, J.
Immunol. 175 (2005) 3214-3224.

G. Gimpl, Cholesterol-protein interaction: methods and cholesterol reporter mo-
lecules, Subcell. Biochem. 51 (2010) 1-45.

G. Brannigan, J. Henin, R. Law, R. Eckenhoff, M.L. Klein, Embedded cholesterol in
the nicotinic acetylcholine receptor, Proc. Natl. Acad. Sci. U.S.A. 105 (2008)
14418-14423.

M. de Vries, A. Herrmann, M. Veit, A cholesterol consensus motif is required for
efficient intracellular transport and raft association of a group 2 HA from influenza
virus, Biochem. J. 465 (2015) 305-314.

G. Gimpl, F. Fahrenholz, Cholesterol as stabilizer of the oxytocin receptor,
Biochim. Biophys. Acta 1564 (2002) 384-392.

T.J. Pucadyil, A. Chattopadhyay, Cholesterol modulates ligand binding and G-
protein coupling to serotonin(1A) receptors from bovine hippocampus, Biochim.
Biophys. Acta 1663 (2004) 188-200.

K. Roy, M. Ghosh, T.K. Pal, S. Chakrabarti, S. Roy, Cholesterol lowering drug may
influence cellular immune response by altering MHC II function, J. Lipid Res. 54
(2013) 3106-3115.

R.D. Pearson, D.A. Wheeler, L.H. Harrison, H.D. Kay, The immunobiology of
leishmaniasis, Rev. Infect Dis. 5 (1983) 907-927.

J. Ghosh, M. Bose, S. Roy, S.N. Bhattacharyya, Leishmania donovani targets Dicerl
to downregulate miR-122, lower serum cholesterol, and facilitate murine liver
infection, Cell Host Microbe 13 (2013) 277-288.

J. Ghosh, C.S. Lal, K. Pandey, V.N. Das, P. Das, K. Roychoudhury, S. Roy, Human
visceral leishmaniasis: decrease in serum cholesterol as a function of splenic
parasite load, Ann. Trop. Med. Parasitol. 105 (2011) 267-271.

S. Sen, K. Roy, S. Mukherjee, R. Mukhopadhyay, S. Roy, Restoration of
IFNgammaR subunit assembly, IFNgamma signaling and parasite clearance in
Leishmania donovani infected macrophages: role of membrane cholesterol, PLoS
Pathog. 7 (2011) e1002229.

S. Banerjee, J. Ghosh, S. Sen, R. Guha, R. Dhar, M. Ghosh, S. Datta,

B. Raychaudhury, K. Naskar, A.K. Haldar, C.S. Lal, K. Pandey, V.N. Das, P. Das,
S. Roy, Designing therapies against experimental visceral leishmaniasis by mod-
ulating the membrane fluidity of antigen-presenting cells, Infect. Immun. 77
(2009) 2330-2342.

J. Ghosh, S. Das, R. Guha, D. Ghosh, K. Naskar, A. Das, S. Roy, Hyperlipidemia

14

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Human Immunology 80 (2019) 5-14

offers protection against Leishmania donovani infection: role of membrane cho-
lesterol, J. Lipid Res. 53 (2012) 2560-2572.

M. Ghosh, K. Roy, D. Das Mukherjee, G. Chakrabarti, K. Roy Choudhury, S. Roy,
Leishmania donovani infection enhances lateral mobility of macrophage mem-
brane protein which is reversed by liposomal cholesterol, PLoS Negl. Trop. Dis. 8
(2014) e3367.

M.C. Blome, K.A. Petro, C.L. Schengrund, Surface plasmon resonance analysis of
ricin binding to plasma membranes isolated from NIH 3T3 cells, Anal. Biochem.
396 (2010) 212-216.

S. Cho, J.H. Park, J. Yu, Y.K. Lee, Y. Byun, H. Chung, I.C. Kwon, S.Y. Jeong,
Preparation and characterization of reconstructed small intestinal brush border
membranes for surface plasmon resonance analysis, Pharm. Res. 21 (2004) 55-60.
K. Roy, K. Naskar, M. Ghosh, S. Roy, Class II MHC/peptide interaction in
Leishmania donovani infection: implications in vaccine design, J. Immunol. 192
(2014) 5873-5880.

E. Mellins, L. Smith, B. Arp, T. Cotner, E. Celis, D. Pious, Defective processing and
presentation of exogenous antigens in mutants with normal HLA class II genes,
Nature 343 (1990) 71-74.

M. Peterson, J. Miller, Invariant chain influences the immunological recognition of
MHC class IT molecules, Nature 345 (1990) 172-174.

1. Potolicchio, S. Chitta, X. Xu, D. Fonseca, G. Crisi, V. Horejsi, J.L. Strominger,
L.J. Stern, G. Raposo, L. Santambrogio, Conformational variation of surface class I
MHC proteins during myeloid dendritic cell differentiation accompanies structural
changes in lysosomal MIIC, J. Immunol. 175 (2005) 4935-4947.

F.G. van der Goot, T. Harder, Raft membrane domains: from a liquid-ordered
membrane phase to a site of pathogen attack, Semin. Immunol. 13 (2001) 89-97.
G. Khelashvili, A. Grossfield, S.E. Feller, M.C. Pitman, H. Weinstein, Structural and
dynamic effects of cholesterol at preferred sites of interaction with rhodopsin
identified from microsecond length molecular dynamics simulations, Proteins 76
(2009) 403-417.

K. Roy, S. Mandloi, S. Chakrabarti, S. Roy, Cholesterol corrects altered con-
formation of MHC-II protein in leishmania donovani infected macrophages: im-
plication in therapy, PLoS Negl. Trop. Dis. 10 (2016) e0004710.

[100] Y.D. Paila, S. Tiwari, D. Sengupta, A. Chattopadhyay, Molecular modeling of the

[101]

[102]

[103]
[104]

[105]

[106]

human serotonin(1A) receptor: role of membrane cholesterol in ligand binding of
the receptor, Mol. Biosyst. 7 (2011) 224-234.
D. Sengupta, A. Chattopadhyay, Identification of cholesterol binding sites in the
serotonin 1A receptor, J. Phys. Chem. B 116 (2012) 12991-12996.
X. Prasanna, A. Chattopadhyay, D. Sengupta, Cholesterol modulates the dimer
interface of the beta(2)-adrenergic receptor via cholesterol occupancy sites,
Biophys. J. 106 (2014) 1290-1300.
U. Ravnskov, High cholesterol may protect against infections and atherosclerosis,
QJM 96 (2003) 927-934.
D. Bansal, H.S. Bhatti, R. Sehgal, Role of cholesterol in parasitic infections, Lipids
Health Dis. 9 (2005) 10.
M.F. Muldoon, A. Marsland, J.D. Flory, B.S. Rabin, T.L. Whiteside, S.B. Manuck,
Immune system differences in men with hypo- or hypercholesterolemia, Clin.
Immunol. Immunopathol. 84 (1997) 145-149.
B.R. Gordon, T.S. Parker, D.M. Levine, S.D. Saal, J.C. Wang, B.J. Sloan, P.S. Barie,
A.L. Rubin, Relationship of hypolipidemia to cytokine concentrations and out-
comes in critically ill surgical patients, Crit. Care Med. 29 (2001) 1563-1568.

Web references

[61] https://www.ncbi.nlm.nih.gov/pubmed/?term = 27006762.


http://refhub.elsevier.com/S0198-8859(18)30252-0/h0350
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0350
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0350
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0355
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0355
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0360
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0360
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0360
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0365
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0365
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0365
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0370
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0370
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0370
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0375
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0375
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0375
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0380
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0380
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0385
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0385
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0385
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0390
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0390
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0395
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0395
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0395
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0400
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0400
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0400
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0405
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0405
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0410
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0410
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0410
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0415
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0415
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0415
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0420
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0420
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0425
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0425
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0425
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0430
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0430
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0430
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0435
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0435
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0435
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0435
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0440
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0440
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0440
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0440
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0440
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0445
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0445
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0445
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0450
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0450
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0450
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0450
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0455
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0455
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0455
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0460
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0460
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0460
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0465
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0465
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0465
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0470
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0470
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0470
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0475
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0475
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0480
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0480
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0480
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0480
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0485
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0485
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0490
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0490
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0490
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0490
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0495
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0495
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0495
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0500
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0500
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0500
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0505
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0505
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0510
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0510
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0510
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0515
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0515
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0520
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0520
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0525
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0525
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0525
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0530
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0530
http://refhub.elsevier.com/S0198-8859(18)30252-0/h0530
https://www.ncbi.nlm.nih.gov/pubmed/?term=27006762

	Role of membrane environment and membrane-spanning protein regions in assembly and function of the Class II Major Histocompatibility complex
	Introduction
	Current models of MHC-II assembly

	Discussion
	Membrane spanning protein regions are key interaction sites for assembly of the MHC-II throughout its transport pathway
	Assembly and function of Ii is influenced by transmembrane domain interactions.


	Engagement of Ii with Class II molecules via TMD interactions
	TMD interactions impact MHC-II assembly, conformation, transport, and peptide-binding
	Membrane composition and membrane lipid environment impact MHC-II localization, conformation and function
	Lipid rafts and localization of MHC-II protein

	Importance of rafts in MHC-II–restricted T-cell activation
	MHC-II TMD interacts with membrane cholesterol
	Impaired MHC-II restricted T-cell activation in a disease model: role of membrane cholesterol
	Cholesterol driven conformational changes within MHC-II proteins
	Analysis of MHC-II-cholesterol interactions by molecular dynamics (MD)
	Conclusions
	Acknowledgement
	References




