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Abstract
Major histocompatibility complex (MHC) class II molecules present
exogenously derived antigen peptides to CD4 T cells, driving activation of
naïve T cells and supporting CD4-driven immune functions. However, MHC
class II molecules are not inert protein pedestals that simply bind and present
peptides. These molecules also serve as multi-functional signaling molecules
delivering activation, differentiation, or death signals (or a combination of these)
to B cells, macrophages, as well as MHC class II-expressing T cells and tumor
cells. Although multiple proteins are known to associate with MHC class II,
interaction with STING (stimulator of interferon genes) and CD79 is essential
for signaling. In addition, alternative transmembrane domain pairing between
class II α and β chains influences association with membrane lipid
sub-domains, impacting both signaling and antigen presentation. In contrast to
the membrane-distal region of the class II molecule responsible for peptide
binding and T-cell receptor engagement, the membrane-proximal region
(composed of the connecting peptide, transmembrane domain, and
cytoplasmic tail) mediates these “non-traditional” class II functions. Here, we
review the literature on the function of the membrane-proximal region of the
MHC class II molecule and discuss the impact of this aspect of class II
immunobiology on immune regulation and human disease.
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Introduction
Major histocompatibility complex (MHC) class II molecules 
present antigen-derived peptides to T cells to drive immunological 
events such as thymic selection, activation of naïve CD4 T cells, 
and triggering of CD4 T-cell effector function. These events depend 
on T-cell receptor (TCR) recognition of peptide-class II complexes, 
the biochemistry and immunology of which have been the focus of 
much research. Both peptide binding and TCR engagement involve 
the membrane-distal region of the class II molecule. However, the 
class II membrane-proximal region (MPR), comprised of the extra-
cellular connecting peptide (CP), transmembrane domain (TM), 
and intracellular cytoplasmic tail (CT), is not an inert base, merely 
supporting the molecule’s peptide binding/TCR-interacting region. 
The MPR (Figure 1) drives multiple functions such as trafficking, 
signaling, and membrane partitioning, which are discussed below.

Overview
As the study of class II immunobiology grew, both antigen pres-
entation and other class II functions were reported. However, the 
desire to understand the role of class II in TCR engagement/T-cell 
activation led investigators to focus on peptide-class II complex 
generation and recognition, leaving the now non-traditional class II 
functions in relative obscurity. This review revisits some early find-
ings as well as more recent discoveries that shed new light on these 
frequently overlooked but significant class II functions.

Class II immunobiology is more complex than simple presenta-
tion of peptides for TCR recognition. Class II molecules are multi-
functional and have complex biological properties. For example, 
class II localization within lipid rafts and its association with tet-
raspan protein domains and cytoskeleton all impact the ability of 

Figure 1. Major histocompatibility complex class II membrane-proximal region. The major histocompatibility complex class II 
membrane-proximal region (MPR green) is composed of the connecting peptide (CP), transmembrane (TM) domain, and cytoplasmic tail 
(CT). The α chain connecting peptide (αCP) controls class II association with both CD79 (which bears a cytoplasmic ITAM motif) and STING 
(which bears a cytoplasmic ITIM motif). CD79 association is dependent on an αCP motif, composed of four glutamic acid (E) residues. 
The class II TM is the site of palmitoylation and contains both GxxxG dimerization motifs and a cholesterol-binding motif. Together, these 
motifs control association of the α and β chain TM domains, which control lipid raft partitioning, CD79 association, and the structure and 
function of the class II extracellular domain. The class II β chain CT bears three known motifs: a membrane-proximal YFR motif that regulates 
activity of the invariant chain (Ii) endoplasmic reticulum (ER)-retention motif, a lysine (K) residue that is the target of MARCH1-mediated 
class II ubiquitination, and a membrane-distal GP motif that is necessary and sufficient to drive cyclic AMP (cAMP)-based class II signaling. 
ITAM, immunoreceptor tyrosine-based activation motif; ITIM, immunoreceptor tyrosine-based inhibitory motif; PKC, protein kinase C; STING, 
stimulator of interferon genes.
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antigen-presenting cells (APCs) to present antigen to T cells. 
Class II also drives intracellular signals activating tyrosine, serine/ 
threonine, and inositol kinases through mediators, including intrac-
ellular calcium and cyclic AMP (cAMP). These pathways can lead 
to APC activation or death. In most cases, proteins such as class 
II-associated CD791,2 and STING3 drive these events. Importantly, 
the class II MPR mediates essentially all of these functions.

This review provides an up-to-date analysis of the documented func-
tions of the class II MPR, considers how human polymorphisms 
in the class II MPR might impact function (potentially providing 
insights into the molecular mechanism of disease), and highlights 
outstanding questions that should be the focus of future study.

Human major histocompatibility complex class II 
polymorphisms
The human class II molecules HLA-DR, -DP, and -DQ have been 
linked to numerous diseases, including rheumatoid arthritis4–6, 
Goodpasture’s disease7, multiple sclerosis8,9, narcolepsy10, type I 
diabetes6, Grave’s disease11, celiac disease4, and sarcoidosis/ 
Lofgren’s syndrome12,13. Human leukocyte antigen (HLA) class II 
molecules also play a critical role in tissue/organ allograft success 
and susceptibility to infectious disease. Hence, an understanding of 
HLA immunobiology is essential to understanding the role of HLA 
in human health.

Much of the work to understand mechanisms linking class II to 
human health has focused on disease-associated polymorphisms 
in and around the membrane-distal peptide/TCR-binding region of 
the molecule. This approach has yielded a large body of informa-
tion. For example, the principal HLA association for celiac disease 
is the heterodimer DQA1*05:01, DQB1*02:01 with a secondary 
association of DQA1*03, DQB1*03:02, encoded in cis or trans14. 
These heterodimers present wheat gluten gliadin peptides modi-
fied by tissue transglutaminase 2 (released from damaged intes-
tinal tissue), which converts glutamine residues to glutamic acid. 
Presentation of the modified peptides by the disease-associated 
class II leads to CD4 T-cell responses, cytokine production, addi-
tional tissue damage, and upregulation of HLA-DQ, causing ampli-
fication of the response15. However, mechanisms underlying other 
disease linkages are less clear, and the MPR may hold some impor-
tant clues.

Contrary to some statements in the literature, HLA class II poly-
morphisms are not restricted to the membrane-distal region of 
the molecule. Even though the sequence of the class II MPR is 
under-studied/under-reported (see below), analysis of existing data-
bases illustrates the high level of MPR polymorphism (Table 1). 
Moreover, many of these polymorphisms lie in or near functional 
domains (discussed in detail below), suggesting that they impact 
class II structure or function (or both) and thus human health.

Table 1. Amino Acid Sequence Comparison of Murine and Human Class II Molecules1.

Chain Connecting peptide  – –  Transmembrane  – –  Cytoplasmic

 
I-A α

                                               M1           M2 
WEPEIPAPMSELTETVVCALGLSVGLVGIVVGTIFIIQGLRSGGTSRHPGPL

I-E α WEPEIPAPMSELTETVVCALGLSVGLVGIVVGTIFIIQGLRSGGTSRHPGPL

DRA*01:01:01:01 WEFDAPSPLPETTENVVCALGLTVGLVGIIIGTIFIIKGVRKSNAAERRGPL

DRA polymorphisms ........................................L...........

DPA1*01:03:01:01 WEAQEPIQMPETTETVLCALGLVLGLVGIIVGTVLIIKSLRSGHDPRAQGTL

DQA1*01:01:012 WEPEIPAPMSELTETVVCALGLSVGLVGIVVGTVFIIQGLRSVGASRHQGPL

DQA polymorphisms2 ....N.T......G....T.....S.MC...D..L..R..............

I-A β      AQSESARSKMLSGIGGCVLGVIFLGLGLFIRHRSQKGPRGPPPAGLLQ

I-E β      AQSTSAQNKMLSGVGGFVLGLLFLGAGLFIYFRNQKGQSGLQPTGLLS

DRB1*01:01:01      ARSESAQSKMLSGVGGFVLGLLFLGAGLFIYFRNQKGHSGLQPTGFLS

DRB polymorphisms ......Q....R......I...M.......T......K........H.R.L..

DPB1*01:01:01      AQSDSAQSKTLTGAGGFVLGLIICGVGIFMHRRSKKVQRGSA

DQB1*05:03:012      AQSESAQSKMLSGVGGFVLGLIFLGLGLIIRQRSRKGPQGPPPAGLLH

DQB polymorphisms2 .....DE..C..C.I...IVCLG....IHA..V.NGH.NQ..∆∆∆∆∆∆∆∆...

1. Motifs: Connecting Peptide, CD79 association heavy underline (I-A only); Transmembrane Domain, GxxxG 
motifs indicated by dark grey box, putative cholesterol binding motif indicated by light grey boxes (I-A only); 
C targets of palmitoylation (not highlighted); Cytoplasmic Domain, GP – cAMP motif double underlined, K – ubiquitination 
sites. DRB – CT GHS motif mediates cytoskeletal interaction (not indicated)

2. Missense polymorphisms compiled from the IMGT/HLA (http://www.ebi.ac.uk/ipd/imgt/hla/) and SNP (ensembl.org) 
databases.
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Class II cytoplasmic tail
The class II CT controls multiple aspects of class II immunobiology 
such as endoplasmic reticulum (ER) retention of class II-invariant 
chain (Ii) complexes and MARCH-mediated class II ubiquitination, 
which controls trafficking within the antigen-processing pathway. 
Together, the CT and TM domains control cytoskeletal association, 
which impacts T-cell activation. Finally, the CT is essential for cer-
tain class II-mediated signals, of which the cAMP pathway is the 
most studied.

In the ER, class II αβ dimers assemble on Ii trimers to form nona-
meric complexes that can exit the ER and traffic to peptide-loading 
compartments. Ii is a type II membrane protein with an N-terminal 
CT. Studies by Thibodeau and colleagues revealed that the human Ii 
p35 and p45 isoforms have an N-terminal extension (due to alterna-
tive upstream start sites) possessing an ER-retention motif, which 
allows ER retention of incomplete class II-Ii complexes16,17. They 
also demonstrated that the β chain CT of all three human class II 
molecules can mask the retention motif to allow egress of assem-
bled complexes16,17. Interestingly, masking requires only the three β 
chain membrane-proximal CT residues (i.e. YFR in HLA-DR; 
Figure 1), suggesting that simple steric hindrance of the retention 
motif is not the mechanism of masking. Thus, the CT has an impor-
tant role in controlling the early steps of class II biosynthesis.

Subsequent to Ii dissociation, class II molecules bind antigen-
derived peptide and are delivered to the plasma membrane, from 
which they can cycle through the endocytic pathway. Roche and 
colleagues have shown that, within early endosomes, the ubiquitin 
ligase MARCH1 can ubiquitinate the class II CT18,19, which causes 
class II to be shunted out of the recycling pathway and into deep 
endocytic compartments for degradation20,21. Although there are 
reports of other ubiquitin ligases such as MARCH8 and MARCH9 
ubiquitinating class II22,23, MARCH1 appears to be the main class II 
ubiquitin ligase in dendritic cells, B cells, and macrophages20,21.

MARCH1 targets the single conserved β chain CT lysine residue. 
Although arginine substitution of this lysine prevents class II ubiq-
uitination, it is unclear whether and how flanking residues or the 
α chain CT impacts MARCH-mediated class II ubiquitination. A 
study by Thibodeau and colleagues revealed that the MARCH1 TM 
domain is critical for class II interaction/ubiquitination24, suggest-
ing a role for the class II TM domain in controlling class II ubiqui-
tination. Consistent with this idea, Kelly and colleagues reported a 
role for the class II TM domain in HLA-DR interactions with the 
MARCH1 homologue MARCH822. However, some of these inter-
actions were defined with a chimeric molecule bearing an unpaired 
β chain TM domain, which may behave differently than the class II 
heterodimer (see below). Nevertheless, a picture is emerging where 
the class II CT and TM domains control both ER egress of class 
II-Ii complexes and ubiquitin-dependent delivery of class II to late 
endocytic compartments, influencing class II trafficking throughout 
the antigen-processing pathway.

Cell surface peptide-class II complexes interact with the APC 
cytoskeleton, impacting the ability of the APC to drive T-cell 

activation25–28. Using anti-class II antibodies, multiple labs have 
demonstrated the existence of class II-cytoskeleton interactions. It 
should be noted that many studies have employed somewhat ambig-
uous definitions of “cytoskeleton” (e.g., detergent-insoluble mate-
rial) and have not defined the underlying molecular mechanisms. 
Nevertheless, in these studies, deletion of either class II α or β chain 
CT alone fails to completely sever cytoskeletal association, sug-
gesting that both class II CTs are involved. Similarly, a substantial 
increase in class II lateral translation within the plasma membrane 
of the cell is seen only when both CTs are deleted29,30. In one study 
of human class II, Mourad and colleagues26 demonstrate that, in 
the absence of an HLA-DR α CT, the DR β chain CT mediates 
cytoskeletal interaction and that this interaction is mediated at least 
in part by the β chain CT GHS motif (Table 1).

Engagement of class II molecules leads to activation of multiple 
downstream signaling pathways. In many cases, class II-associated 
“accessory molecules” such as CD79 mediate signaling pathway 
activation (see below). However, in B cells, class II-driven intracel-
lular cAMP signaling is directly dependent on the class II β chain  
CT31,32. Class II-driven cAMP signaling (or the addition of dibu-
tyryl-cAMP) both enhances B-cell receptor (BCR)-mediated 
antigen processing33,34 and drives plasma cell differentiation35. 
Thus, signals emanating directly from the class II CT synergize 
with signals emanating from other class II-associated signaling 
molecules to drive efficient APC activation.

A β chain CT GP or GQ motif (Table 1) is necessary and sufficient 
for class II-driven cAMP production and protein kinase C (PKC) 
activation32,36,37. This GP motif is present in I-A and HLA-DQ, 
while I-E has a comparably active GQ motif32. The GH motif of 
HLA-DR bears some similarity to GQ and GP, and CT truncation 
mutants lacking the GH motif fail to activate PKC38, but whether 
the specific GH motif is active is untested. In contrast, the VQ in 
HLA-DP is predicted to be incapable of driving a cAMP response 
based on loss-of-function GA mutants32. The GP motif most likely 
couples class II to an undefined adenylate cyclase responsible for 
cAMP production and activation of downstream signaling mole-
cules such as PKC.

Interestingly, the close proximity of the class II β chain CT ubiquiti-
nation, cytoskeletal, and cAMP signaling motifs (Table 1) suggests 
that at a molecular level these functions may be mutually exclusive. 
For example, individual class II molecules that have undergone 
MARCH1-mediated ubiquitination (which attaches a large ubiqui-
tin molecule to the small CT) may sterically block the adenylate 
cyclase interactions needed to drive cAMP signaling. This would 
mean that subsets of class II molecules (possibly bearing different 
sets of peptides such as self versus foreign antigen) could be biased 
toward particular CT-dependent functions such as cAMP signal-
ing versus MARCH1-dependent ubiquitination. This would allow 
an APC to tailor both the expression of various peptide-class II 
complexes for TCR engagement and the APC’s response to TCR 
engagement of these complexes. This extent of regulation would 
provide a previously unappreciated level of sophistication to regu-
lation of peptide-class II expression and signaling.
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Open questions

• What mechanism couples class II engagement to cAMP 
production? Which adenylate cyclase is responsible? 
What signaling pathways and in vivo immunological 
functions are cAMP-dependent?

• How is class II ubiquitination controlled? Is there a 
MARCH1 recognition motif? What are the immunologi-
cal roles of class II ubiquitination?

• How does the class II β chain CT control activity of the 
Ii ER retention motif?

• What level of crosstalk is there between the CT ubiq-
uitination, cAMP signaling, and cytosleletal interaction 
motifs?

Class II transmembrane domain
The class II TM domain controls membrane domain partitioning 
and class II structure, both of which influence antigen presenta-
tion and T-cell activation. The TM domain also controls class II 
association with the CD79 signaling complex (see below) and with 
MARCH family ubiquitin ligases (see above), which regulate class 
II signaling and expression. Class II molecules also associate with 
tetraspan family member proteins such as CD82, which can form 
a web of interacting tetraspan proteins39–41. Although it is likely 
that these associations are driven by interactions between the TM 
domains of class II and the tetraspan proteins, the precise role of the 
class II TM domains versus other regions of the class II molecule 
such as the CT and CP is currently unclear (see discussion of class 
II-STING interactions below).

Many membrane proteins undergo fatty acylation (e.g., palmitoyla-
tion) of TM domain cysteine residues, which can control associa-
tion with membrane domains such as lipid rafts. The TM domain of 
all class II α chains contains a highly conserved cysteine residue, 
as does the TM domain of the I-A and HLA-DP β chain (Table 1). 
These conserved cysteine residues represent putative palmitoylation 
sites, and both I-A and HLA-DR have been shown to incorporate 
palmitic acid42,43. Moreover, mutation of I-A TM domain cysteine 
residues has been shown to decrease class II lipid raft partitioning 
and, when transduced into thymic epithelial cells, decreased class 
II-driven positive selection of CD4+ T cells43. However, the molecu-
lar mechanism of class II palmitoylation and how it is controlled are 
currently not known.

Cosson and Bonifacino first demonstrated the impact of the class II 
TM domain on extracellular domain structure and function44. They 
noted the unique enrichment/positioning of multiple TM domain 
glycine residues and demonstrated that mutation of these conserved 
residues results in an I-Ak class II molecule that is recognized by a 
conformation-insensitive monoclonal antibody (mAb) (10-2.16) but 
not by a conformation-specific mAb (11-5.2). Subsequent work by 
King and Dixon revealed that the TM domain glycine residues form 
GxxxG dimerization motifs, which function by one-to-one pairing 
to facilitate TM domain interactions45. The authors noted that while 
the class II β chain contains one GxxxG motif, the α chain contains 
two (an N-terminal M1 motif and a C-terminal M2 motif), and, using 
both in silico and in vitro studies, demonstrated that the HLA-DR β 

chain motif is able to pair with either α chain motif, albeit with dif-
fering “affinity”45. Taken together, these studies revealed previously 
unknown dimerization motifs within the class II TM domain and 
suggest a critical role in class II structure/function.

Further studies established that the 11-5.2 anti-I-Ak mAb is unique 
in that it selectively binds to M1 paired I-Ak class II molecules, and 
that these molecules are enriched in plasma membrane lipid rafts46 
and have unique signaling properties47. Although other anti-class II 
antibodies may discriminate conformers on the basis of alternative 
pairing of TM domain GxxxG dimerization motifs, we are unaware 
of any that have been identified and characterized. Interestingly, 
although M1 paired class II represents approximately 10% of cell 
surface I-Ak molecules46, they carry up to 100% of class II immu-
nological function. Specifically, the 11-5.2 mAb blocks over 90% 
of antigen-specific B cell-T cell interactions in vitro46 and in vivo 
T-cell activation48. These findings are compatible with the results 
of Roche and colleagues, who demonstrated that lipid raft-resident 
peptide-class II (such as M1 paired class II) is more efficient at acti-
vating CD4 T cells, in part due to the clustering of the raft-resident 
complexes49.

Formation of M1 paired class II is invariant chain (Ii)-dependent, 
as the addition of a class II tethered peptide that blocks Ii binding 
also blocks their formation46. Because previous studies established 
that the Ii TM domain can interact with the class II TM domain50, 
these results suggest that Ii may guide the pairing of class II TM 
domains, which would be consistent with the presence of M1 paired 
class II in the ER of the cell51. Interestingly, GxxxG dimerization 
motifs are also present in the DM and DO molecules that con-
trol class II peptide loading (Table 2), suggesting that this type of 
TM domain interaction may have additional functions within the 
class II antigen-processing pathway.

Table 2. Major histocompatibility complex 
class II transmembrane domain GxxxG 
motifs.

Chain TM Domain Sequence

I-Aα VVCALGLSVGLVGIVVGTIFIIQGL

DMα VLCGVAFGLGVLGIIVGIVLIIYF

H-2Mα ALCGVAFGLGVLGTIIGIVFFLCS

DOα LVCALGLAIGLVGFLVGTVLII

H-2Oα LICGLGLVLGLMGCLLGTVLMI

I-Aβ MLSGIGGCVLGVIFLGLGLFI

DMβ VSVSAVTLGLGLIIFSLGVISW

H-2Mβ VSVSAATLGLGFIIFCVGFFRW

DOβ MLSGIAAFLLGLIFLLVGIVIQL

H-2Oβ ILSGAAVFLLGLIVFLVGVVIHL

Human Sequences from “http://www.ebi.ac.uk/imgt/
hla/align.html”
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Figure 2. Differential peptide loading of M1 versus M2 paired 
major histocompatibility complex class II molecules. B cells were 
pulsed with hen egg lysozyme (HEL) antigen under conditions that 
lead to expression of similar levels of C4H3-reactive HEL46-61–I-Ak 
peptide-class II complexes53. For B-cell receptor-mediated 
processing (BCR), MD4.B10.Br B cells (expressing a transgenic 
HEL-specific BCR) were pulsed with 100 nM HEL protein. For fluid-
phase processing (F-P), B10.Br B cells were pulsed with 100 µM HEL 
protein. As previously reported1, cells were lysed and pre-cleared 
with protein G-Sepharose (PGS) only (No Pre-clear), 10-3.6 + PGS 
(Pre-clear all), or 11-5.2 + PGS (Pre-clear M1 Paired). Remaining 
(non-pre-cleared) HEL46-61–I-Ak complexes were immunoprecipitated 
with the C4H3 monoclonal antibody. The amount of major 
histocompatibility complex class II β chain remaining in each sample 
was determined by Western blot1. Although the 11-5.2 anti-M1 
paired class II monoclonal antibody pre-cleared essentially all of the 
BCR-generated peptide-class II complexes, it pre-cleared only a 
fraction of complexes generated by fluid-phase antigen processing. 
Shown are representative results from one of three independent 
experiments.

the 11-5.2 mAb, which binds an epitope near the class II peptide-
binding groove/TCR contact site46,55. TM domain pairing also con-
trols both entry into the MHC class II PLC and class II lipid raft 
partitioning. Hence, the TM domain has profound effects on both 
the structure and immune function of class II molecules.

Open questions
• How is class II palmitoylation and GxxxG motif pairing 

controlled?

• Is there crosstalk between TM domain palmitoylation, 
GxxxG motif pairing, and cholesterol binding?

• How do changes in the orientation of TM domain pairing 
impact the structure or function (or both) of the extra-
cellular domain of the molecule (TCR binding, peptide 
binding, DM binding, CD4 binding, and CD79 binding; 
see below)?

• Does GxxxG motif pairing impact the functions of 
HLA-DM or HLA-DO?

Class II connecting peptide
The class II extracellular domain is tethered to the cell surface via 
α and β chain CPs, which are 15 and 10 amino acids long, respec-
tively (Table 1). In addition to linking the extracellular and TM 
domains, CPs control class II interactions with signaling molecules. 
Studies on the function of the class II CP have focused on B cells, 
but some of the observations such as control of STING-mediated 
cell death are likely transposable to other APCs such as dendritic 
cells and macrophages.

In a recent study of the class II CP, Jin and colleagues established 
that in B cells the α chain CP (αCP) mediates class II interac-
tion with CD79 (typically regarded solely as the BCR signaling 
subunit) and a then-uncharacterized molecule critical for class II-
driven B-cell death (later determined to be STING, also known as 
MPYS, which is an integral membrane protein with four TM 
domains but not a member of the tetraspan family of proteins3)56. 
The authors also discovered that mutation of the four αCP glutamic 
acid residues causes decreases in CD79 association and downstream 
signaling pathways. This result is interesting as it reveals that extra-
cellular domains control class II-CD79 interactions, distinct from 
CD79-BCR associations that are mediated instead by TM domain 
interactions. Subsequent work revealed that CD79 preferentially 
associates with M1 paired class II (see above)1, suggesting that both 
the class II CP and TM domain may affect class II-CD79 association. 
Here, the impact of the class II TM domain could be either direct 
(the class II TM domain could interact with the CD79 TM domain) 
or indirect (class II TM domain pairing could affect the availability 
of αCP to interact with the CD79 extracellular domain).

The reported signaling of class II via CD792,56, as well as the 
reported association of class II with intact antigen-BCR complexes 
in a putative MHC class II peptide loading complex (PLC, 1), 
raises questions about the form of class II-associated CD79. Is the 
class II-associated CD79 just the CD79a/CD79b heterodimer, or 
is it part of an intact BCR complex? In the original report by Lang 
and colleagues2, the authors demonstrate that class II engagement 

In additional studies, Roy and colleagues have shown that mem-
brane cholesterol, which is important for lipid raft structure, 
can affect expression of 11-5.2-reactive M1 paired I-Ak class II 
molecules52. The authors used a combined in situ and in silico 
approach to identify a putative TM domain cholesterol binding 
motif and demonstrated that mutation of this motif blocks both 
formation of M1 paired class II and the ability of cells to effectively 
present antigen to CD4 T cells.

Most recently, we have shown that M1 paired class II uniquely 
binds intracellular antigen-BCR complexes in a putative MHC 
class II peptide-loading complex (PLC)1. In the PLC, M1 paired 
class II appears to acquire both peptide derived from the process-
ing of BCR-bound antigen and a CD79 signaling module1,2. In con-
trast, peptide derived from fluid-phase processing of non-cognate 
antigen is loaded onto both M1 and M2 paired class II (Figure 2). 
This finding is consistent with the observation that the B-cell 
response to engagement of peptide-class II complexes formed via 
BCR-mediated versus fluid-phase antigen processing is different53, 
and could explain why in vivo B cell-T cell interactions subsequent 
to BCR-mediated antigen processing are prolonged and highly 
dynamic, whereas interactions in the absence of cognate antigen 
(presumably mediated by self-peptide loaded onto M1 and M2 
paired class II) are transient54.

Taken together, these studies reveal that TM domain pairing is con-
trolled by both GxxxG dimerization motifs and a cholesterol-binding 
motif, impacting extracellular domain structure and the binding of 
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leads to selective phosphorylation of class II-associated CD79a 
but that membrane immunoglobulin engagement leads to selec-
tive phosphorylation of membrane immunoglobulin-associated 
CD79a, suggesting that class II is associated with a distinct pool of 
CD79 not associated with membrane immunoglobulin. This would 
be consistent with our finding that induction of BCR endocytosis 
fails to result in downregulation of cell surface class II molecules 
(suggesting that membrane immunoglobulin and class II are not 
physically associated at the cell surface; Drake, unpublished data). 
Moreover, these findings are consistent with the scenario suggested 
above, where complexes of intact cell surface BCR molecules (i.e. 
membrane IgH/L plus CD79) and bound cognate antigen are inter-
nalized and trafficked to the intracellular PLC, where BCR-bound 
antigen is converted to class II-bound peptide and the BCR CD79 
signaling subunit is transferred to the newly formed peptide-class 
II complex. The ability of class II engagement to drive intracellular 
calcium signaling in resting B cells under some conditions47 would 
suggest that constitutively internalized BCR molecules may also 
enter this pathway, generating some “baseline” level of class II-
CD79 complexes even on resting cells.

STING has recently received attention as an innate immune 
receptor for cyclic dinucleotides. However, STING is also a class 
II-associated homodimer that possesses a cytoplasmic immunore-
ceptor tyrosine-based inhibitory motif (ITIM)3, which can recruit 
the tyrosine and inositol phosphatases SHP-1 and SHIP. Hence, 
class II signaling is somewhat similar to BCR signaling in that 
engagement can elicit immunoreceptor tyrosine-based activation 
motif (ITAM) or ITIM signaling (or both) depending on condi-
tions. Antigen engagement of the BCR results in CD79-driven 
ITAM signaling, whereas co-engagement of the BCR and ITIM-
bearing FcγRII by immune complexes results in mixed ITAM/ITIM 
signaling. For class II, selective engagement of CD79-associated 
class II, such as with the M1 conformer-specific 11-5.2 mAb, results 
in robust BCR-like ITAM signaling. In contrast, ligation of all 
class II molecules with the pan-reactive 10-3.6 mAb fails to elicit 
a detectable intracellular calcium flux47, likely because of recruit-
ment of ITIM-bearing STING-associated class II molecules. Con-
sistent with this scenario, ectopic overexpression of STING blocks 
CD79-mediated class II-driven intracellular calcium signaling3.

These findings suggest that the relative levels of CD79 and STING 
associated with any particular MHC class II-peptide complex 
may be variable. Therefore, TCR engagement of peptide-class II 
complexes formed under different conditions or via different path-
ways (e.g., fluid-phase versus BCR-mediated antigen processing) 
may have profoundly different effects on the APC. TCR engage-
ment of peptide-class II complexes having a high ratio of CD79 to 
STING would lead to predominantly ITAM-based class II signaling 
and APC activation, whereas TCR engagement of peptide-class II 
complexes having a lower ratio of CD79 to STING would result in 
predominantly ITIM-based class II signaling and APC death. This 
highlights the profound impact that functions mediated by the MPR 
of the class II molecule could have on the outcome of APC-T cell 
interaction.

Open questions

• Is binding of CD79 and STING to class II a mutually 
exclusive event?

• Do all class II molecules associate with CD79 or STING 
or both? What controls class II association with CD79 
and STING?

• What are the immunological functions of peptide-class II  
complexes associated with CD79, STING or both 
molecules?

Human class II membrane-proximal region and disease
Current sequence-based protocols for clinical typing of HLA class 
II molecules focus on the extracellular domain of the molecule, 
extending from the leader peptide to the C-terminal end of the 
immunoglobulin domain, leaving the MPR of the molecule under-
analyzed and under-reported (Table 3). Considering the numer-
ous functional motifs present in this region of the molecule, the 
high degree of regional polymorphism (Table 1), and the potential 
effects of these polymorphisms on class II function, we encourage 
the HLA typing community to accelerate adoption of new protocols 
such as next-generation sequencing, which allow analysis of the 
entire length of each HLA molecule, and to include this important 
information is future database entries. This approach will provide 

Table 3. Frequency of reported full-length human leukocyte antigen class II 
sequences.

HLA chain Total allelesa Number with 
membrane-proximal 

region sequence 
informationb

Fraction with reported 
membrane-proximal 

region sequence 
information

DRA 7 7 100%

DRB1 1,825 153 8%
DQA1 54 41 75%
DQB1 876 113 13%
DPA1 42 15 36%
DPB1 587 54 9%

aTotal number of alleles for each locus listed in the IMGT/HLA database (http://www.ebi.ac.uk/ipd/
imgt/hla/) as of 4 Nov. 15.
bNumber of alleles in IMGT/HLA database with sequence information for the membrane-proximal 
region of the molecule as of 4 Nov. 15.
HLA, human leukocyte antigen.
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information that could be used to divide existing HLA alleles into 
“sub-alleles” that may differ only in the MPR of the molecule, and 
could provide information crucial to determining the molecular 
mechanisms linking HLA class II to human disease. Two examples 
are discussed below.

Myasthenia gravis (MG) is an autoimmune disease with production 
of high-affinity antibodies to molecules of the neuromuscular junc-
tion (particularly the acetylcholine receptor). Generation of these 
antibodies requires HLA class II-restricted interactions between 
auto-reactive B cells and T cells. However, the molecular mecha-
nisms underlying disease are not fully understood. Although a role 
for HLA class II in MG was appreciated in 1990, a series of arti-
cles between 2006 and 2012 established a crucial role for HLA-DQ 
in the disease57–61. Interestingly, many MG-associated HLA-DQ 
alleles bear multiple MPR polymorphisms when compared with 
the non-MG-associated “reference” alleles of DQA1*01:01:01 
and DQB1*05:01:01 (Table 1). These MPR polymorphisms are 
present in both chains and could impact class II-CD79 associa-
tion, TM domain pairing/cholesterol binding, CT cAMP signaling, 
and CT ubiquitination. Because the precise molecular mechanism 
underlying the link between HLA-DQ and MG is still unclear, 
studies of MG-associated MPR polymorphisms and their effect on 
class II function may provide important new insights into the 
molecular mechanism of disease.

A relatively common variation in the HLA-DQ MPR is the pres-
ence of a CT proline-rich insert of eight amino acids (PQGPPPAG; 
Table 1) in approximately 10% of sequenced HLA-DQ β chains 
(8 out of 71). Interestingly, the first residue of this insert is the pro-
line of the GP cAMP-signaling motif (see above). In alleles lack-
ing the insert, the GP cAMP signaling motif is replaced by GL, 
which is unable to drive cAMP signaling. Because the cAMP 
signaling capability of the other HLA class II molecules is either 
untested (HLA-DR) or lacking (HLA-DP), it is possible that indi-
viduals bearing two DQ alleles lacking this insert and the resulting 
GP motif (likely about 1% of the population) could lack all HLA 
class II-driven cAMP signaling, which is known to be important for 
B-cell activation and antibody production. It would be interesting to 
see whether such individuals have a compromised humoral immune 
response.

Open questions
• Are there HLA class II alleles that differ only in their 

MPR?

• What is the contribution of MPR polymorphisms in the 
molecular mechanisms linking HLA class II to human 
diseases?

What lies ahead
MHC class II molecules mediate inter-cellular communications 
between class II-expressing APCs and CD4 T cells, meaning that 
peptide-class II complexes mediate bidirectional communica-
tions between these two populations of cells. The membrane-distal 
region of the class II molecule mediates peptide binding and TCR 
engagement, which functions to drive T-cell activation. However, 
the class II MPR impacts T-cell activation in multiple ways. By 

controlling class II ER retention, endocytic trafficking, and PLC 
entry, the MPR directly controls the class II peptidome available 
to drive T-cell activation. By controlling association with mem-
brane sub-domains and the APC cytoskeleton, the MPR controls 
the “potency” of each peptide-class II complex. Future studies will 
need to elucidate how these MPR-driven functions are controlled for 
each and every peptide-class II complex and define their immuno-
logical impact. Answering the first part of the question will require 
the continued application of cutting-edge cellular and molecular 
approaches, as well as an appreciation of the molecular heterogene-
ity of the peptide-class II complexes under study. Answering the 
second part of the question will require extension into in vivo sys-
tems by using either genetically engineered experimental animals or 
samples from humans with MPR polymorphisms. Although results 
from some studies have been reported, such as a mouse express-
ing tail-less MHC class II molecules36, these animals were tested 
under a limited set of experimental conditions. Future progress will 
require analysis of a greater number of mutations tested under a 
wider range of physiological conditions.

In addition to driving T-cell activation, class II molecules are sign-
aling molecules and the MPR mediates all of these signaling events. 
Class II signaling is driven directly by the class II molecule (as in 
the case of cAMP signaling), by class II-associated signaling mol-
ecules such as CD79 and STING, or by membrane domains such 
as lipid rafts. Here, two pressing questions remain. First, given the 
heterogeneity of peptide-class II complexes, which peptide-class 
II complexes are capable of which forms of class II signaling and 
how is this regulated as a molecular level? Second, given the range 
of APCs, such as dendritic cells, B cells, and macrophages, what 
types of class II signaling are functional/important in which cells? 
Whereas some forms of signaling such as cAMP production may 
occur in many/all APCs, others such as CD79-driven signaling are 
more likely to be highly APC-specific. Here again, it will be criti-
cal to move to in vivo experimental systems to begin to unravel the 
immunological impact of these various class II pathways in relevant 
APC populations.

The function of the membrane-distal region of the class II molecule 
has been a long-term focus of immunologists. This emphasis has led 
to a detailed understanding of the biology and immunology of this 
molecular domain, which has provided the foundation for a deeper 
understanding of the role of class II in the human immune response. 
However, our understanding of the function of the class II MPR 
has lagged and future focus on this understudied topic holds much 
promise for significant strides. Future studies will not only increase 
our knowledge and appreciation of the immunological functions 
of this region of the molecule but will also form a foundation to 
understand how human polymorphisms impacting this region drive 
the molecular mechanisms of human disease. This next phase of 
investigation promises to be both exciting and enlightening.

Abbreviations
αCP, alpha chain connecting peptide; APC, antigen-presenting 
cell; BCR, B-cell receptor; cAMP, cyclic AMP; CP, connecting 
peptide; CT, cytoplasmic tail; ER, endoplasmic reticulum; HLA, 
human leukocyte antigen; Ii, invariant chain (CD74); ITAM, immu-
noreceptor tyrosine-based activation motif; ITIM, immunoreceptor 

Page 9 of 12

F1000Research 2016, 5(F1000 Faculty Rev):368 Last updated: 17 MAR 2016



tyrosine-based inhibitory motif; mAb, monoclonal antibody; MG, 
myasthenia gravis; MHC, major histocompatibility complex; MPR, 
membrane-proximal region; PKC, protein kinase C; PLC, peptide-
loading complex; STING, stimulator of interferon genes; TCR, 
T-cell receptor; TM, transmembrane.

Competing interests
The authors declare that they have no competing interests.

Grant information
Financial support was provided by grants AI-097673 (JRD), 
AI-056320 and AI-083922 (JRD and JAH), and AI-110606 (LJ).

Acknowledgements
We thank Steven G. E. Marsh and Anup R. Soormally, of the IMGT/
HLA Database and Anthony Nolan Research Institute, for informa-
tion on HLA class II entries in the database and Heidi Tucker for 
generation of the data presented in Figure 2.

References F1000 recommended

1.  Barroso M, Tucker H, Drake L, et al.: Antigen-B Cell Receptor Complexes 
Associate with Intracellular major histocompatibility complex (MHC) Class II 
Molecules. J Biol Chem. 2015; 290(45): 27101–27112. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

2.  Lang P, Stolpa JC, Freiberg BA, et al.: TCR-induced transmembrane 
signaling by peptide/MHC class II via associated Ig-alpha/beta dimers. Science. 
2001; 291(5508): 1537–1540. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

3. Jin L, Waterman PM, Jonscher KR, et al.: MPYS, a novel membrane tetraspanner, 
is associated with major histocompatibility complex class II and mediates 
transduction of apoptotic signals. Mol Cell Biol. 2008; 28(16): 5014–5026. 
PubMed Abstract | Publisher Full Text | Free Full Text 

4. Koning F, Thomas R, Rossjohn J, et al.: Coeliac disease and rheumatoid 
arthritis: similar mechanisms, different antigens. Nat Rev Rheumatol. 2015; 
11(8): 450–461. 
PubMed Abstract | Publisher Full Text 

5. Raychaudhuri S, Sandor C, Stahl EA, et al.: Five amino acids in three HLA 
proteins explain most of the association between MHC and seropositive 
rheumatoid arthritis. Nat Genet. 2012; 44(3): 291–296. 
PubMed Abstract | Publisher Full Text | Free Full Text 

6. Tsai S, Santamaria P: MHC Class II Polymorphisms, Autoreactive T-Cells, and 
Autoimmunity. Front Immunol. 2013; 4: 321. 
PubMed Abstract | Publisher Full Text | Free Full Text 

7. Ooi JD, Holdsworth SR, Kitching AR: Advances in the pathogenesis of 
Goodpasture’s disease: from epitopes to autoantibodies to effector T cells. 
J Autoimmun. 2008; 31(3): 295–300. 
PubMed Abstract | Publisher Full Text 

8.  Hollenbach JA, Oksenberg JR: The immunogenetics of multiple sclerosis: A 
comprehensive review. J Autoimmun. 2015; 64: 13–25. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

9. Ramagopalan SV, Knight JC, Ebers GC: Multiple sclerosis and the major 
histocompatibility complex. Curr Opin Neurol. 2009; 22(3): 219–225. 
PubMed Abstract | Publisher Full Text 

10.  Mahlios J, De la Herrán-Arita AK, Mignot E: The autoimmune basis of 
narcolepsy. Curr Opin Neurobiol. 2013; 23(5): 767–773. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

11. Li H, Chen Q: Genetic susceptibility to Grave’s disease. Front Biosci (Landmark Ed). 
2013; 18: 1080–1087. 
PubMed Abstract 

12. Grunewald J: Review: role of genetics in susceptibility and outcome of 
sarcoidosis. Semin Respir Crit Care Med. 2010; 31(4): 380–389. 
PubMed Abstract | Publisher Full Text 

13. Grunewald J: HLA associations and Löfgren’s syndrome. Expert Rev Clin 
Immunol. 2012; 8(1): 55–62. 
PubMed Abstract | Publisher Full Text 

14. Sollid LM, Lie BA: Celiac disease genetics: current concepts and practical 
applications. Clin Gastroenterol Hepatol. 2005; 3(9): 843–851. 
PubMed Abstract | Publisher Full Text 

15.  Howell WM: HLA and disease: guilt by association. Int J Immunogenet. 
2014; 41(1): 1–12. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

16.  Khalil H, Brunet A, Saba I, et al.: The MHC class II beta chain cytoplasmic 
tail overcomes the invariant chain p35-encoded endoplasmic reticulum 
retention signal. Int Immunol. 2003; 15(10): 1249–1263. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

17. Khalil H, Brunet A, Thibodeau J: A three-amino-acid-long HLA-DRbeta 

cytoplasmic tail is sufficient to overcome ER retention of invariant-chain p35. 
J Cell Sci. 2005; 118(Pt 20): 4679–4687. 
PubMed Abstract | Publisher Full Text 

18.  Ishido S, Matsuki Y, Goto E, et al.: MARCH-I: a new regulator of dendritic 
cell function. Mol Cells. 2010; 29(3): 229–232. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

19.  Matsuki Y, Ohmura-Hoshino M, Goto E, et al.: Novel regulation of MHC class 
II function in B cells. EMBO J. 2007; 26(3): 846–854. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

20. Cho KJ, Roche PA: Regulation of MHC Class II-Peptide Complex Expression by 
Ubiquitination. Front Immunol. 2013; 4: 369. 
PubMed Abstract | Publisher Full Text | Free Full Text 

21.  Furuta K, Walseng E, Roche PA: Internalizing MHC class II-peptide 
complexes are ubiquitinated in early endosomes and targeted for lysosomal 
degradation. Proc Natl Acad Sci U S A. 2013; 110(50): 20188–20193. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

22.  Jahnke M, Trowsdale J, Kelly AP: Structural requirements for recognition of 
major histocompatibility complex class II by membrane-associated RING-CH 
(MARCH) protein E3 ligases. J Biol Chem. 2012; 287(34): 28779–28789. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

23.  Lapaque N, Jahnke M, Trowsdale J, et al.: The HLA-DRalpha chain is 
modified by polyubiquitination. J Biol Chem. 2009; 284(11): 7007–7016. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

24. Bourgeois-Daigneault MC, Thibodeau J: Autoregulation of MARCH1 expression 
by dimerization and autoubiquitination. J Immunol. 2012; 188(10): 4959–4970. 
PubMed Abstract | Publisher Full Text 

25. Chia CP, Khrebtukova I, McCluskey J, et al.: MHC class II molecules that lack 
cytoplasmic domains are associated with the cytoskeleton. J Immunol. 1994; 
153(8): 3398–3407. 
PubMed Abstract 

26. El Fakhry Y, Bouillon M, Léveillé C, et al.: Delineation of the HLA-DR region and 
the residues involved in the association with the cytoskeleton. J Biol Chem. 
2004; 279(18): 18472–18480. 
PubMed Abstract | Publisher Full Text 

27. Setterblad N, Bécart S, Charron D, et al.: B cell lipid rafts regulate both peptide-
dependent and peptide-independent APC-T cell interaction. J Immunol. 2004; 
173(3): 1876–1886. 
PubMed Abstract | Publisher Full Text 

28. Wade WF, Ward ED, Rosloniec EF, et al.: Truncation of the A alpha chain of 
MHC class II molecules results in inefficient antigen presentation to antigen-
specific T cells. Int Immunol. 1994; 6(10): 1457–1465. 
PubMed Abstract | Publisher Full Text 

29. Munnelly HM, Brady CJ, Hagen GM, et al.: Rotational and lateral dynamics of 
I-Ak molecules expressing cytoplasmic truncations. Int Immunol. 2000; 12(9): 
1319–1328. 
PubMed Abstract | Publisher Full Text 

30. Wade WF, Freed JH, Edidin M: Translational diffusion of class II major 
histocompatibility complex molecules is constrained by their cytoplasmic 
domains. J Cell Biol. 1989; 109(6 Pt 2): 3325–3331. 
PubMed Abstract | Publisher Full Text | Free Full Text 

31. Chen ZZ, McGuire JC, Leach KL, et al.: Transmembrane signaling through 
B cell MHC class II molecules: anti-Ia antibodies induce protein kinase C 
translocation to the nuclear fraction. J Immunol. 1987; 138(7): 2345–2352. 
PubMed Abstract 

32. Harton JA, Van Hagen AE, Bishop GA: The cytoplasmic and transmembrane 
domains of MHC class II beta chains deliver distinct signals required for MHC 

Page 10 of 12

F1000Research 2016, 5(F1000 Faculty Rev):368 Last updated: 17 MAR 2016

http://f1000.com/prime/725807163
http://www.ncbi.nlm.nih.gov/pubmed/26400081
http://dx.doi.org/10.1074/jbc.M115.649582
http://www.ncbi.nlm.nih.gov/pmc/articles/4646406
http://f1000.com/prime/725807163
http://f1000.com/prime/723290615
http://www.ncbi.nlm.nih.gov/pubmed/11222857
http://dx.doi.org/10.1126/science.291.5508.1537
http://f1000.com/prime/723290615
http://www.ncbi.nlm.nih.gov/pubmed/18559423
http://dx.doi.org/10.1128/MCB.00640-08
http://www.ncbi.nlm.nih.gov/pmc/articles/2519703
http://www.ncbi.nlm.nih.gov/pubmed/25986717
http://dx.doi.org/10.1038/nrrheum.2015.59
http://www.ncbi.nlm.nih.gov/pubmed/22286218
http://dx.doi.org/10.1038/ng.1076
http://www.ncbi.nlm.nih.gov/pmc/articles/3288335
http://www.ncbi.nlm.nih.gov/pubmed/24133494
http://dx.doi.org/10.3389/fimmu.2013.00321
http://www.ncbi.nlm.nih.gov/pmc/articles/3794362
http://www.ncbi.nlm.nih.gov/pubmed/18502098
http://dx.doi.org/10.1016/j.jaut.2008.04.005
http://f1000.com/prime/725614207
http://www.ncbi.nlm.nih.gov/pubmed/26142251
http://dx.doi.org/10.1016/j.jaut.2015.06.010
http://www.ncbi.nlm.nih.gov/pmc/articles/4687745
http://f1000.com/prime/725614207
http://www.ncbi.nlm.nih.gov/pubmed/19387341
http://dx.doi.org/10.1097/WCO.0b013e32832b5417
http://f1000.com/prime/726195815
http://www.ncbi.nlm.nih.gov/pubmed/23725858
http://dx.doi.org/10.1016/j.conb.2013.04.013
http://www.ncbi.nlm.nih.gov/pmc/articles/3848424
http://f1000.com/prime/726195815
http://www.ncbi.nlm.nih.gov/pubmed/23747868
http://www.ncbi.nlm.nih.gov/pubmed/20665388
http://dx.doi.org/10.1055/s-0030-1262206
http://www.ncbi.nlm.nih.gov/pubmed/22149340
http://dx.doi.org/10.1586/eci.11.76
http://www.ncbi.nlm.nih.gov/pubmed/16234020
http://dx.doi.org/10.1016/S1542-3565(05)00532-X
http://f1000.com/prime/726195082
http://www.ncbi.nlm.nih.gov/pubmed/24004450
http://dx.doi.org/10.1111/iji.12088
http://f1000.com/prime/726195082
http://f1000.com/prime/720801953
http://www.ncbi.nlm.nih.gov/pubmed/13679394
http://dx.doi.org/10.1093/intimm/dxg124
http://f1000.com/prime/720801953
http://www.ncbi.nlm.nih.gov/pubmed/16188937
http://dx.doi.org/10.1242/jcs.02592
http://f1000.com/prime/726195816
http://www.ncbi.nlm.nih.gov/pubmed/20213309
http://dx.doi.org/10.1007/s10059-010-0051-x
http://f1000.com/prime/726195816
http://f1000.com/prime/1065697
http://www.ncbi.nlm.nih.gov/pubmed/17255932
http://dx.doi.org/10.1038/sj.emboj.7601556
http://www.ncbi.nlm.nih.gov/pmc/articles/1794403
http://f1000.com/prime/1065697
http://www.ncbi.nlm.nih.gov/pubmed/24312092
http://dx.doi.org/10.3389/fimmu.2013.00369
http://www.ncbi.nlm.nih.gov/pmc/articles/3826109
http://f1000.com/prime/718188195
http://www.ncbi.nlm.nih.gov/pubmed/24277838
http://dx.doi.org/10.1073/pnas.1312994110
http://www.ncbi.nlm.nih.gov/pmc/articles/3864281
http://f1000.com/prime/718188195
http://f1000.com/prime/718901048
http://www.ncbi.nlm.nih.gov/pubmed/22761441
http://dx.doi.org/10.1074/jbc.M112.381541
http://www.ncbi.nlm.nih.gov/pmc/articles/3436574
http://f1000.com/prime/718901048
http://f1000.com/prime/718927640
http://www.ncbi.nlm.nih.gov/pubmed/19117940
http://dx.doi.org/10.1074/jbc.M805736200
http://www.ncbi.nlm.nih.gov/pmc/articles/2652342
http://f1000.com/prime/718927640
http://www.ncbi.nlm.nih.gov/pubmed/22508929
http://dx.doi.org/10.4049/jimmunol.1102708
http://www.ncbi.nlm.nih.gov/pubmed/7930565
http://www.ncbi.nlm.nih.gov/pubmed/14976194
http://dx.doi.org/10.1074/jbc.M401159200
http://www.ncbi.nlm.nih.gov/pubmed/15265920
http://dx.doi.org/10.4049/jimmunol.173.3.1876
http://www.ncbi.nlm.nih.gov/pubmed/7826938
http://dx.doi.org/10.1093/intimm/6.10.1457
http://www.ncbi.nlm.nih.gov/pubmed/10967027
http://dx.doi.org/10.1093/intimm/12.9.1319
http://www.ncbi.nlm.nih.gov/pubmed/2557353
http://dx.doi.org/10.1083/jcb.109.6.3325
http://www.ncbi.nlm.nih.gov/pmc/articles/2115898
http://www.ncbi.nlm.nih.gov/pubmed/3494063


class II-mediated B cell activation. Immunity. 1995; 3(3): 349–358. 
PubMed Abstract 

33. Faassen AE, Dalke DP, Berton MT, et al.: CD40-CD40 ligand interactions 
stimulate B cell antigen processing. Eur J Immunol. 1995; 25(12): 3249–3255. 
PubMed Abstract | Publisher Full Text 

34. Faassen AE, Pierce SK: Cross-linking cell surface class II molecules stimulates 
Ig-mediated B cell antigen processing. J Immunol. 1995; 155(4): 1737–1745. 
PubMed Abstract 

35. Bishop GA: Requirements of class II-mediated B cell differentiation for class II 
cross-linking and cyclic AMP. J Immunol. 1991; 147(4): 1107–1114. 
PubMed Abstract 

36. Smiley ST, Laufer TM, Lo D, et al.: Transgenic mice expressing MHC class 
II molecules with truncated A beta cytoplasmic domains reveal signaling-
independent defects in antigen presentation. Int Immunol. 1995; 7(4): 665–677. 
PubMed Abstract 

37. Wade WF, Chen ZZ, Maki R, et al.: Altered I-A protein-mediated transmembrane 
signaling in B cells that express truncated I-Ak protein. Proc Natl Acad Sci U S A. 
1989; 86(16): 6297–6301. 
PubMed Abstract | Publisher Full Text 

38. Rich T, Lawler SE, Lord JM, et al.: HLA class II-induced translocation of PKC 
alpha and PKC beta II isoforms is abrogated following truncation of DR beta 
cytoplasmic domains. J Immunol. 1997; 159(8): 3792–3798. 
PubMed Abstract 

39. Hammond C, Denzin LK, Pan M, et al.: The tetraspan protein CD82 is a resident 
of MHC class II compartments where it associates with HLA-DR, -DM, and -DO 
molecules. J Immunol. 1998; 161(7): 3282–3291. 
PubMed Abstract 

40.  Kropshofer H, Spindeldreher S, Röhn TA, et al.: Tetraspan microdomains 
distinct from lipid rafts enrich select peptide-MHC class II complexes. Nat 
Immunol. 2002; 3(1): 61–68. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

41. Vogt AB, Spindeldreher S, Kropshofer H: Clustering of MHC-peptide complexes 
prior to their engagement in the immunological synapse: lipid raft and 
tetraspan microdomains. Immunol Rev. 2002; 189(1): 136–151. 
PubMed Abstract | Publisher Full Text 

42. Kaufman JF, Krangel MS, Strominger JL: Cysteines in the transmembrane region 
of major histocompatibility complex antigens are fatty acylated via thioester 
bonds. J Biol Chem. 1984; 259(11): 7230–7238. 
PubMed Abstract 

43.  Komaniwa S, Hayashi H, Kawamoto H, et al.: Lipid-mediated presentation of 
MHC class II molecules guides thymocytes to the CD4 lineage. Eur J Immunol. 
2009; 39(1): 96–112. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

44. Cosson P, Bonifacino JS: Role of transmembrane domain interactions in the 
assembly of class II MHC molecules. Science. 1992; 258(5082): 659–662. 
PubMed Abstract | Publisher Full Text 

45.  King G, Dixon AM: Evidence for role of transmembrane helix-helix 
interactions in the assembly of the Class II major histocompatibility complex. 
Mol Biosyst. 2010; 6(9): 1650–1661. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

46. Busman-Sahay K, Sargent E, Harton JA, et al.: The Ia.2 epitope defines a subset 
of lipid raft-resident MHC class II molecules crucial to effective antigen 
presentation. J Immunol. 2011; 186(12): 6710–6717. 
PubMed Abstract | Publisher Full Text 

47. Nashar TO, Drake JR: Dynamics of MHC class II-activating signals in murine 

resting B cells. J Immunol. 2006; 176(2): 827–838. 
PubMed Abstract | Publisher Full Text 

48. Sprent J, Lerner EA, Bruce J, et al.: Inhibition of T cell activation in vivo with 
mixtures of monoclonal antibodies specific for I-A and I-A/E molecules. J Exp 
Med. 1981; 154(1): 188–192. 
PubMed Abstract | Publisher Full Text | Free Full Text 

49. Poloso NJ, Roche PA: Association of MHC class II-peptide complexes with 
plasma membrane lipid microdomains. Curr Opin Immunol. 2004; 16(1): 103–107. 
PubMed Abstract | Publisher Full Text 

50. Castellino F, Han R, Germain RN: The transmembrane segment of invariant 
chain mediates binding to MHC class II molecules in a CLIP-independent 
manner. Eur J Immunol. 2001; 31(3): 841–850. 
PubMed Abstract | Publisher Full Text 

51. Dixon AM, Drake L, Hughes KT, et al.: Differential transmembrane domain 
GXXXG motif pairing impacts major histocompatibility complex (MHC) class II 
structure. J Biol Chem. 2014; 289(17): 11695–11703. 
PubMed Abstract | Publisher Full Text | Free Full Text 

52.  Roy K, Ghosh M, Pal TK, et al.: Cholesterol lowering drug may influence 
cellular immune response by altering MHC II function. J Lipid Res. 2013; 54(11): 
3106–3115. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

53. Nashar TO, Drake JR: The pathway of antigen uptake and processing dictates 
MHC class II-mediated B cell survival and activation. J Immunol. 2005; 174(3): 
1306–1316. 
PubMed Abstract | Publisher Full Text 

54.  Okada T, Miller MJ, Parker I, et al.: Antigen-engaged B cells undergo 
chemotaxis toward the T zone and form motile conjugates with helper T cells. 
PLoS Biol. 2005; 3(6): e150. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

55. Landias D, Beck BN, Buerstedde JM, et al.: The assignment of chain specificities 
for anti-Ia monoclonal antibodies using L cell transfectants. J Immunol. 1986; 
137(9): 3002–3005. 
PubMed Abstract 

56. Jin L, Stolpa JC, Young RM, et al.: MHC class II structural requirements for the 
association with Igalpha/beta, and signaling of calcium mobilization and cell 
death. Immunol Lett. 2008; 116(2): 184–194. 
PubMed Abstract | Publisher Full Text | Free Full Text 

57. Deitiker PR, Oshima M, Smith RG, et al.: Association with HLA DQ of early 
onset myasthenia gravis in Southeast Texas region of the United States. Int J 
Immunogenet. 2011; 38(1): 55–62. 
PubMed Abstract | Publisher Full Text 

58.  Fekih-Mrissa N, Klai S, Zaouali J, et al.: Association of HLA-DR/DQ 
polymorphism with myasthenia gravis in Tunisian patients. Clin Neurol 
Neurosurg. 2013; 115(1): 32–36. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

59. Lee KW, Jung YA, Oh DH: Four novel human leukocyte antigen-DQA1 alleles 
identified in the Korean population. Tissue Antigens. 2006; 68(2): 167–172. 
PubMed Abstract | Publisher Full Text 

60.  Saruhan-Direskeneli G, Kiliç A, Parman Y, et al.: HLA-DQ polymorphism in 
Turkish patients with myasthenia gravis. Hum Immunol. 2006; 67(4–5): 352–358. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

61. Zhu WH, Lu JH, Lin J, et al.: HLA-DQA1*03:02/DQB1*03:03:02 is strongly 
associated with susceptibility to childhood-onset ocular myasthenia gravis in 
Southern Han Chinese. J Neuroimmunol. 2012; 247(1–2): 81–85. 
PubMed Abstract | Publisher Full Text 

Page 11 of 12

F1000Research 2016, 5(F1000 Faculty Rev):368 Last updated: 17 MAR 2016

http://www.ncbi.nlm.nih.gov/pubmed/7552999
http://www.ncbi.nlm.nih.gov/pubmed/8566008
http://dx.doi.org/10.1002/eji.1830251208
http://www.ncbi.nlm.nih.gov/pubmed/7543530
http://www.ncbi.nlm.nih.gov/pubmed/1651356
http://www.ncbi.nlm.nih.gov/pubmed/7547694
http://www.ncbi.nlm.nih.gov/pubmed/2503831
http://dx.doi.org/10.1073/pnas.86.16.6297
http://www.ncbi.nlm.nih.gov/pubmed/9378966
http://www.ncbi.nlm.nih.gov/pubmed/9759843
http://f1000.com/prime/1007288
http://www.ncbi.nlm.nih.gov/pubmed/11743588
http://dx.doi.org/10.1038/ni750
http://f1000.com/prime/1007288
http://www.ncbi.nlm.nih.gov/pubmed/12445271
http://dx.doi.org/10.1034/j.1600-065X.2002.18912.x
http://www.ncbi.nlm.nih.gov/pubmed/6373770
http://f1000.com/prime/724979380
http://www.ncbi.nlm.nih.gov/pubmed/19089815
http://dx.doi.org/10.1002/eji.200838796
http://f1000.com/prime/724979380
http://www.ncbi.nlm.nih.gov/pubmed/1329208
http://dx.doi.org/10.1126/science.1329208
http://f1000.com/prime/720555789
http://www.ncbi.nlm.nih.gov/pubmed/20379596
http://dx.doi.org/10.1039/c002241a
http://f1000.com/prime/720555789
http://www.ncbi.nlm.nih.gov/pubmed/21543648
http://dx.doi.org/10.4049/jimmunol.1100336
http://www.ncbi.nlm.nih.gov/pubmed/16393966
http://dx.doi.org/10.4049/jimmunol.176.2.827
http://www.ncbi.nlm.nih.gov/pubmed/6166722
http://dx.doi.org/10.1084/jem.154.1.188
http://www.ncbi.nlm.nih.gov/pmc/articles/2186388
http://www.ncbi.nlm.nih.gov/pubmed/14734117
http://dx.doi.org/10.1016/j.coi.2003.11.009
http://www.ncbi.nlm.nih.gov/pubmed/11241289
http://dx.doi.org/10.1002/1521-4141(200103)31:3<841::AID-IMMU841>3.0.CO;2-D
http://www.ncbi.nlm.nih.gov/pubmed/24619409
http://dx.doi.org/10.1074/jbc.M113.516997
http://www.ncbi.nlm.nih.gov/pmc/articles/4002079
http://f1000.com/prime/718110929
http://www.ncbi.nlm.nih.gov/pubmed/24038316
http://dx.doi.org/10.1194/jlr.M041954
http://www.ncbi.nlm.nih.gov/pmc/articles/3793615
http://f1000.com/prime/718110929
http://www.ncbi.nlm.nih.gov/pubmed/15661887
http://dx.doi.org/10.4049/jimmunol.174.3.1306
http://f1000.com/prime/1025902
http://www.ncbi.nlm.nih.gov/pubmed/15857154
http://dx.doi.org/10.1371/journal.pbio.0030150
http://www.ncbi.nlm.nih.gov/pmc/articles/1088276
http://f1000.com/prime/1025902
http://www.ncbi.nlm.nih.gov/pubmed/3463623
http://www.ncbi.nlm.nih.gov/pubmed/18194817
http://dx.doi.org/10.1016/j.imlet.2007.11.023
http://www.ncbi.nlm.nih.gov/pmc/articles/2424217
http://www.ncbi.nlm.nih.gov/pubmed/21108743
http://dx.doi.org/10.1111/j.1744-313X.2010.00979.x
http://f1000.com/prime/722341412
http://www.ncbi.nlm.nih.gov/pubmed/22521184
http://dx.doi.org/10.1016/j.clineuro.2012.04.001
http://f1000.com/prime/722341412
http://www.ncbi.nlm.nih.gov/pubmed/16866887
http://dx.doi.org/10.1111/j.1399-0039.2006.00645.x
http://f1000.com/prime/726195821
http://www.ncbi.nlm.nih.gov/pubmed/16720217
http://dx.doi.org/10.1016/j.humimm.2006.02.039
http://f1000.com/prime/726195821
http://www.ncbi.nlm.nih.gov/pubmed/22503410
http://dx.doi.org/10.1016/j.jneuroim.2012.03.018


F1000Research

3

2

1

Open Peer Review

   Current Referee Status:

Editorial Note on the Review Process
 are commissioned from members of the prestigious  and are edited as aF1000 Faculty Reviews F1000 Faculty

service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees
provide input before publication and only the final, revised version is published. The referees who approved the
final version are listed with their names and affiliations but without their reports on earlier versions (any comments
will already have been addressed in the published version).

The referees who approved this article are:
Version 1

, Department of Microbiology and Immunology, University of Montreal, Montreal,Jacques Thibodeau
Canada

 No competing interests were disclosed.Competing Interests:

, Child Health Institute of New Jersey, Robert Wood Johnson Medical School, University ofLisa Denzin
Medicine and Dentistry of New Jersey, New Brunswick, New Jersey, USA

 No competing interests were disclosed.Competing Interests:

,   BIOSS Centre for Biological Signalling Studies, University of Freiburg, Freiburg, D-79104,Michael Reth
Germany
 Max Planck Institute for Immunobiology and Epigenetics, Freiburg, D-79108, Germany

 No competing interests were disclosed.Competing Interests:

1,2 1

2

Page 12 of 12

F1000Research 2016, 5(F1000 Faculty Rev):368 Last updated: 17 MAR 2016

http://f1000research.com/channels/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty

