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The major histocompatibility complex class II (MHC II)eCD4 immunologic synapse is classically
described between the T-cell receptor of CD4-positive lymphocytes and MHC II on antigen-presenting
cells. This interaction and others between surrounding costimulatory and checkpoint molecules promote
differentiation of naïve CD4 T lymphocytes into helper T cells subtypes, including types 1, 2, and 17
helper T cells, that have more tailored immunologic responses. Although MHC II is mainly produced by
professional antigen-presenting cells, it can be aberrantly produced by other cell types, including
hepatocytes in various liver pathologies, such as autoimmune hepatitis and alcoholic hepatitis. This can
lead to direct targeting of hepatocytes by CD4-positive lymphocytes, which form an immunologic
synapse with the hepatocyte. The lymphocytes internalize the MHC IIeCD4 complexes in a
phagocytosis-like mechanism and in the process eat the hepatocyte piece by piece. We review the
evidence for this mechanism and the role of these autoimmune responses in various liver diseases,
including alcoholic hepatitis, autoimmune hepatitis, and primary biliary cirrhosis. The role of aberrant
MHC II in malignancy, including hepatocellular carcinoma, is also reviewed. Further understanding of
this mechanism can lead to better understanding of the immune mechanisms involved in these liver
pathologies, with potential diagnostic and therapeutic applications. (Am J Pathol 2020, 190: 25e32;
https://doi.org/10.1016/j.ajpath.2019.09.019)
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Historical Context and Current Understanding
of the Immunologic Synapse

Initially, it was recognized that the major histocompatibility
complex (MHC) is required for specific recognition of anti-
gen by T cells.1 Solving the crystal structure of major histo-
compatibility complex shed further light on this mechanism
as it demonstrated how a foreign peptide antigen fit into the
MHC complex.2 Other molecules required for T-cell activa-
tion were also discovered; however, it was unclear how these
various signals could cause T-cell activation as activating
them alone was not sufficient for T-cell activation.3
stigative Pathology. Published by Elsevier Inc
The first description of the immunologic synapse in 1995
furthered our understanding in 1995.4 Using digital imaging
to analyze antigen-specific interactions between individual
T cells and antigen-presenting cells, the authors showed that
rather than even distribution of key molecules involved in
T-cell activation, there were segregated, concentrated three-
dimensional clusters of molecules. Subsequent studies
further characterized the immunologic synapse. The classic
. All rights reserved.
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description is a bull’s eye with a central major histocompat-
ibility (MHC)eT-cell receptor structure surrounded by a ring
of lymphocyte function-associated antigen-1 and intercellular
adhesion molecule 1 adhesion molecules.5 Further outside is
a ring that includes CD45.6 In T cells, there are twomain types
of immunologic synapses, depending on the type of MHC
complex and T-cell coreceptor: MHC IIeCD4 and MHC
IeCD8. CD8 T cells have cytotoxic function toward MHC I
loadedwith proteasome-degraded peptide. Our focus is on the
MHC IIeCD4 immunologic synapse.

The MHC IIeCD4 immunologic synapse results in
helper T-cell activation due to presentation of endocytosed
antigen on the MHC II complex.7 Specialized antigen-
presenting cells, such as dendritic cells and macrophages,
endocytose antigens and load them onto MHC II, where
they are recognized by naïve CD4-positive T lymphocytes.
First, adhesion molecules pull the T cell and the target cell
together.8 Then, the T-cell receptor binds to the MHC
IIepeptide complex, with CD4 functioning as a coreceptor.
The MHC IIeCD4 immunologic synapse is 15 nm across.9

Positive costimulatory molecules CD40, CD40 ligand,
CD80/86, and CD28 aid the interaction,10 whereas negative
costimulators programmed death ligand 1 (PDL1), program
cell death protein 1 (PD-1), CD80, and CTLA-4 attenuate
the interaction.11,12 Successful activation of CD4 T cells
leads to differentiation into helper T cell subtypes, including
types 1, 2, and 17 helper T cells (Th1, Th2, and Th17,
respectively), that have more tailored immune responses.

Aberrant MHC II Production in Hepatocytes and
Other Nonantigen-Presenting Cells

Although MHC II is classically thought to be found on
antigen-presenting cells, it can also be present on other cell
types. In skin, breast, lung, and kidney tissues, MHC II is
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normally present.13 MHC II can also be aberrantly present
in various liver pathologies. In viral hepatitis and auto-
immune hepatitis, hepatocytes aberrantly have higher
levels of MHC II.14,15 In a series of pediatric liver bi-
opsies, MHC II was aberrantly present on hepatocytes in 3
of 10 cases of autoimmune hepatitis and 5 of 9 cases of
primary sclerosing cholangitis, but not in biliary atresia, a-
1 antitrypsin deficiency, idiopathic neonatal hepatitis, or
normal liver.16 Interestingly, the cases that showed aber-
rant hepatocyte MHC II were untreated patients. Also,
hepatocytes in human biopsies of alcoholic hepatitis have
increased levels of MHC II but not those in nonalcoholic
steatohepatitis17,18 (Figure 1). In our study, the biopsies of
alcoholic hepatitis also showed higher levels of interferon-
g and IL-1a compared with those of nonalcoholic steato-
hepatitis and normal controls.
The aberrant production of MHC II is triggered by

interferon-g.15 Once hepatocytes produce MHC II, they can
express costimulatory molecules and activate CD4-positive
lymphocytes, toward either a Th1 or a Th2 phenotype.19

By itself, aberrant MHC II production is not sufficient to
cause autoimmune hepatitis,19 but it may enhance an
already existing autoimmune response. It may also help
bypass the normally immunotolerant microenvironment of
the liver.20 Interestingly, MHC II production is also present
on bile duct epithelium in primary biliary cirrhosis and
primary sclerosing cholangitis.21

Aberrant MHC II production is also seen in other organs,
usually in the autoimmune setting, with the level of
expression tending to correlate with disease severity. In
autoimmune thyroiditis, aberrant MHC II production is seen
in thyrocytes and is associated with a slight increase in the
severity of the autoimmune response compared with cases
with no MHC II expression in thyrocytes.22 Similar to
autoimmune hepatitis, MHC II production by itself was not
Figure 1 A: Aberrant major histocompatibility
complex class II (MHC II) production (green) in a
liver biopsy with alcoholic hepatitis. Note the
Mallory body (arrow), which stains positively for
CAM5.2 (red) in the hepatocyte coated with MHC
II. Nuclei are stained with DAPI (blue). B: Same
biopsy with only MHC II shown (green); note the
pericellular distribution of MHC II in the hepato-
cyte with Mallory body (arrow). C: Electron
micrograph of a lymphocyte indenting a hepato-
cyte and forming multiple immunologic synapses
(arrows) with the hepatocyte. D: Electron micro-
graph from a case of autoimmune hepatitis with a
lymphocyte surrounding a bleb (arrow) from a
hepatocyte. C and D: Adapted from Wang et al18

with permission from Experimental and Molecular
Pathology. Original magnification: �780 (A and
B); �700 (C); �24,000 (D).
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sufficient to trigger autoimmune thyroiditis. Aberrant MHC
II production is also seen in diabetic insulitis,23 autoimmune
uveitis,24 adrenal atrophy,25 autoimmune gastritis,26 and
rheumatoid arthritiselike joint disease.27 Misfolded cellular
proteins are transported to the cell surface by MHC II
molecules, a possible mechanism for autoimmune
response.28 In the case of rheumatoid arthritiselike joint
disease, transgenic mice that aberrantly produce MHC II did
not spontaneously develop autoimmune joint disease, but
they were highly susceptible to immunization with low
doses of foreign protein (bovine collagen), whereas nega-
tive control mice did not respond to this stimulus. The
aberrantly MHC IIeproducing mice developed joint disease
phenotypically and histologically akin to rheumatoid
arthritis.27

Aberrant MHC II production can also be seen in the
neoplastic setting. Melanoma cells often aberrantly produce
MHC II, which leads to a dampening of CD8 T-cell antitumor
activity.29 In papillary thyroid carcinoma, higher levels of
MHC II are inversely correlated with recurrence of carci-
noma.30 In a study of triple-negative breast cancer, the pres-
ence of MHC II components is associated with progression-
free survival.31 Among the genes with significantly higher
expression in no relapse patients were CIITA, the activator of
MHC II;CD74, the chaperone forMHC II; and various human
leukocyte antigen (HLA) genes that express the components of
MHC II. Histologically, this was correlated with tumor cells
staining for CD74 and HLA-DPB1 protein and lymphocytic
infiltrate. In addition to the aforementioned examples,MHC II
production can be seen in tumor cells in colorectal carci-
noma,32 squamous cell carcinoma,33 and osteosarcoma.34
The MHC IIeCD4 Immunologic Synapse and
Piecemeal Necrosis

To further understand the role of aberrant MHC II in liver
pathology, it is necessary to understand piecemeal necrosis,
which is the historical term for interface hepatitis.35 Nor-
mally, there is a sharp demarcation between the portal tract
and surrounding cords of hepatocytes, which is termed the
limiting plate. In interface hepatitis, this demarcation is
disrupted and a predominantly mononuclear inflammatory
cell infiltrate involves the hepatic sinusoids in the periportal
regions.36 The hepatocytes in this area are gradually
destroyed. This phenomenon is seen in various conditions,
including autoimmune hepatitis, viral hepatitis, primary
biliary cirrhosis, and liver transplant rejection.37 It is also
observed in alcoholic hepatitis.38

The mechanism of hepatocyte damage varies by disease.
However, there is a mixture of CD4- and CD8-positive
T-lymphocyte infiltrate, of which CD4 lymphocytes
are usually predominant.36 B cells are uncommon in
these lymphocytic infiltrates.39 More important, when
CD4-positive lymphocytes are activated through the MHC
IIeCD4 immunologic synapse, they can absorb molecules
The American Journal of Pathology - ajp.amjpathol.org
from the antigen-presenting cell, including MHC and the
costimulatory molecule B7.40 This process is dependent on
the actin cytoskeleton.41 It is also dependent on TC21 and
RhoG, a GTPase involved in phagocytosis.42 Normally, CD4
T lymphocytes interact with antigen-presenting cells, but if
hepatocytes can aberrantly express MHC II, this raises the
question of whether CD4 lymphocytes can directly attack and
phagocytose hepatocytes. Indeed, with their T-cell receptors,
T cells can phagocytose beads 1 to 6 mm in diameter.42 For
comparison, a hepatocyte is 20 to 30 mm in width; thus, the
size and scale of this mechanism seem plausible.

To further investigate, we previously performed electron
microscopy studies for piecemeal necrosis in viral hepatitis,
autoimmune hepatitis, primary biliary cirrhosis, and steato-
hepatitis.18,43 Piecemeal necrosis requires formation of an
immunologic synapse between the lymphocyte and hepato-
cyte as they closely associate with each other. The hepatocyte
indents at the interface with the lymphocyte, and the lym-
phocytes eat hepatocytes piece by piece and digest them in
their lysosomes. Microscopically one sees loss of liver cell
volume and irregular pieces (nubbins) of hepatocytes
dispersed through the sinusoidal area devoid of nuclear ma-
terial. By electron microscopy, one sees lymphocytes indent-
ing the cytoplasm and approaching the nucleus of hepatocytes.
Other images show attachments between the plasma mem-
branes of lymphocyte and hepatocyte, strongly suggestive of
immunologic synapse formation. Furthermore, lymphocytes
are seen surrounding blebs of neighboring hepatocytes, as
though in the process of phagocytosing them, and phagosomes
are seen within the cytoplasm of activated lymphocyte. This
phenomenon was named troxis necrosis, deriving from the
Greek verb trogo, meaning to eat, chew, gnaw, to reflect direct
phagocytosis of hepatocytes by lymphocytes.18

MHC II is aberrantly produced in various hepatitis pa-
thologies, and CD4 lymphocytes are the predominant lym-
phocytic infiltrate; the process of piecemeal necrosis is
likely due to CD4 lymphocytes directly attacking and eating
hepatocytes. For instance, CD4-positive lymphocytes
closely associate with hepatocytes in alcoholic hepatitis, and
electron microscopy showed them forming immunologic
synapses with hepatocytes.17

Interestingly, a subset of CD4 lymphocytes has been shown
to have direct cytotoxic activity.44,45 The CD4-positive cyto-
toxic T cells can derive from any subset of T-helper cells but
usually arise from Th1 cells, which secrete interferon-g and
promote a cell-mediated response.46 The presence of CD4
cytotoxic lymphocytes may be protective in nature as some
viruses can cause their host cells to underexpress MHC class I,
thus evading CD8 cytotoxic T-lymphocyte response.47
Immunologic Synapse Formation in
Autoimmune Hepatitis

Autoimmune hepatitis is diagnosed by a combination of
clinical and pathologic features. The typical biopsy findings
27
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include a heavy portal inflammatory infiltrate and interface
hepatitis, with plasma cells and eosinophils accompanying
lymphocytes.48 Lobular hepatitis may also be seen. Drug-
induced hepatitis has varying appearance, depending on
the medication, but can show similar histologic features to
autoimmune hepatitis.

The inflammatory infiltrate of autoimmune hepatitis typi-
cally shows CD4-positive lymphocytes in the portal tracts.
The lymphocytic infiltrate at the area of interface hepatitis
varies in immunophenotype. In one study, CD8-positive
lymphocytes were predominant in the areas of interface
hepatitis in contrast to the CD4-rich portal tracts.20 In another
study, an analysis of 189 T-cell clones from four autoimmune
hepatitis liver biopsies showed predominantly CD4þ/CD8-

clones, with a CD4/CD8 ratio of 2.0 to 3.8.48 Interestingly,
some of the CD4-positive T-cell clones showed cytolytic
activity, lending further support to the concept of cytotoxic T
cells.49 An additional study of 12 pediatric liver biopsies for
patients with autoimmune hepatitis also showed predomi-
nantly CD4-positive lymphocytes in the portal tract
compared with CD8-positive lymphocytes.50 Interestingly,
the autoimmune reaction occurs in spite of increased
checkpoint inhibitor PD-1 expression on Kupffer cells.51

Immunologic synapse formation has been shown in
autoimmune hepatitis with CD4-positive lymphocytes.43 In
addition, in a case of drug-induced hepatitis secondary to
immunomodulatory medications, CD4 lymphocytes were
seen forming immunologic synapses with hepatocytes.52

This phenomenon was also seen in cases of hepatotoxicity
due to black cohosh53 and from taking Herbalife weight loss
supplements.54 Immunologic synapse formation from
CD4-positive lymphocytes and MHC IIeproducing hepa-
tocytes may be an important mechanism in autoimmune
hepatitis that leads to direct phagocytosis of hepatocytes.
Autoimmune Mechanisms in Alcoholic
Hepatitis

Alcoholic hepatitis is characterized histologically by stea-
tosis, Mallory body formation, pericellular and perivenular
fibrosis, and hepatocyte ballooning.48 In addition, it is
associated with an immune response that is multifactorial in
nature. Previously characterized mechanisms include
lipopolysaccharide-induced acute inflammation due to
increased gut epithelial membrane permeability,55 direct
response to free fatty acids,56 and reactive oxygen species
formation.57 In addition, the response is partly antibody
mediated. Autoantibodies can be formed against cyto-
chrome proteins CYP2E1 and CYPEA4,58,59 hydroxyethyl
radical protein adducts,60 and acetaldehyde binding to
cellular proteins.61

Overall, these mechanisms trigger a primarily acute in-
flammatory response with neutrophils and macrophages.
Lymphocyte response in alcoholic hepatitis is less well
described.62 However, increased levels of MHC II have
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recently been shown on hepatocellular membranes in
biopsies of alcoholic hepatitis (Figure 1). Immunologic
synapse formation has also been observed between
CD4-positive lymphocytes and hepatocytes in these bi-
opsies. Combined with previous findings regarding piece-
meal necrosis in steatohepatitis, direct eating of hepatocytes
by CD4-positive lymphocytes may be an important auto-
immune mechanism seen in alcoholic hepatitis.18

A proposed model for this autoimmunity can be seen in
Figure 2. Exposure to alcohol leads to development of au-
toantibodies, which activate Th1 helper T cells in the
traditional antigen-presenting cell pathway. Th1 cells
secrete interferon-g, leading to increased levels of MHC II
in hepatocytes, which allows direct targeting of hepatocytes
by CD4-positive cells. As hepatocytes are eaten and
degraded, inflammatory cytokines, such as IL-1a, are
released, which further activate CD4 lymphocytes, leading
to a positive feedback loop. In addition, IL-1a recruits
macrophages, which themselves secrete interferon-g, lead-
ing to further MHC II expression on hepatocytes and
additional positive feedback.

Autoimmune Mechanisms in Primary Biliary
Cirrhosis

Primary biliary cirrhosis is characterized pathologically by
initial heavy portal inflammation with bile duct damage,
followed by ductular proliferation, scarring with bridging
fibrosis, and cirrhosis.54 Granulomas are sometimes seen.
The inflammatory infiltrate is predominantly lymphocytic,
with mostly CD4-positive T cells, and the overall appear-
ance may mimic other forms of chronic hepatitis.
One study of 15 liver biopsies from patients with primary

biliary cirrhosis showed expression of MHC II subregion
genes (HLA-DP, HLA-DR, and HLA-DQ) on bile duct
epithelial cells in early-stage disease.63 In advanced-stage
disease, this expression decreased. In addition, four bi-
opsies showed hepatocytes staining for HLA-DR. Another
study found increased levels of MHC class I molecules in
addition to aberrant HLA-DR expression.64 Furthermore,
certain alleles of HLA-DR and HLA-DQ are associated with
increased risk for primary biliary cirrhosis, whereas other
alleles are considered protective.65 Thus, it appears that
aberrant MHC II on bile duct epithelium plays a role in the
early-stage pathology of this disease.

Summary and Diagnostic and Clinical
Applications

Aberrant MHC II on hepatocytes or bile duct epithelium
is a mechanism to amplify autoimmune response by
CD4-positive lymphocytes and even lead to direct tar-
geting and destruction by cytotoxic CD4 T lymphocytes.
The lymphocytes form MHC IIeCD4 immunologic
synapses with hepatocytes and, in the process of
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Model for autoimmune mechanisms in alcoholic hepatitis. Autoantibodies to alcohol-liver protein adducts lead to a type 1 helper T-cell (Th1)
response, leading to secretion of interferon-g (IFN-g). IFN-g causes aberrant major histocompatibility complex class II (MHC II) production on hepatocytes,
leading to targeting by CD4-positive cytotoxic lymphocytes. As hepatocytes are destroyed, they release IL-1a, which, among other effects, further enhances
antigen-activated CD4þ T-cell response, generating a positive feedback loop.
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internalizing these complexes, phagocytose the hepato-
cytes piece by piece. This is an additional autoimmune
mechanism that appears to be involved in various pa-
thologies, including autoimmune hepatitis, alcoholic
hepatitis, and primary biliary cirrhosis.

There are several follow-up investigations. One is
whether MHC II immunohistochemistry can be used for
diagnostic purposes. As there is considerable overlap in the
histologic appearance of viral hepatitis, autoimmune hepa-
titis, primary biliary cirrhosis, and primary sclerosing
cholangitis, the presence of aberrant MHC II could be used
to help differentiate between these conditions. In particular,
viral hepatitis and autoimmune hepatitis would show aber-
rant MHC II on hepatocytes, whereas primary biliary
cirrhosis and primary sclerosing cholangitis would show
MHC II on bile duct epithelium. Given data from previous
studies, this marker would likely have lower sensitivity but
high specificity; it may have higher sensitivity in untreated
patients.16

Second, we can investigate whether MHC II is aberrantly
produced in hepatocellular carcinoma. One study investi-
gated whether differential expression of individual genes and
signaling pathway components correlated with recurrence-
free survival for hepatocellular carcinoma.66 The authors
found that MHC IIerelated antigen-presenting pathways
significantly correlated with longer recurrence-free survival
time. They note that MHC II molecules were found on
CD68-positive (macrophage) and CD45-positive (lympho-
cyte) cells. Whether MHC II is present on tumor cells re-
mains to be investigated, in addition to whether lymphocytes
The American Journal of Pathology - ajp.amjpathol.org
can be seen on electron microscopy, directly forming
immunologic synapses with tumor cells.

Recent clinical trials have investigated use of pem-
brolizumab in advanced hepatocellular carcinoma. Pem-
brolizumab is an inhibitor of PD-1, a receptor that is
expressed in lymphocytes and attenuates T-cell activation
via the immunologic synapse. A nonrandomized, open-
label, phase 2 trial of pembrolizumab for patients with he-
patocellular carcinoma previously treated with sorafenib
found that 17% of 104 treated patients had partial or com-
plete response to the medication.67 This finding prompted a
fast-track approval of pembrolizumab for this indication by
the Food and Drug Administration. The phase 3 trial of
pembrolizumab showed a trend toward improved overall
survival and progression-free survival, although these find-
ings were not statistically significant.68 Why do only some
patients respond to pembrolizumab? One hypothesis is that
some patients had higher levels of tumor MHC II; even if
the inhibitory signal from PD-L1 is diminished by the
medication, lymphocytes may not adequately target tumor
cells if there is insufficient tumor MHC II. As pem-
brolizumab is an expensive medication, stratification of
potential therapeutic response by a marker such as MHC II
may lead to more cost-effective management.

Finally, in the setting of autoimmune liver pathologies,
one wonders what mechanisms can attenuate MHC IIeCD4
immunologic synapse formation and piecemeal necrosis.
The adverse effects of CTLA-4 and PD-1 checkpoint in-
hibitors include reactions resembling autoimmune disease,
including pruritis, rash, colitis, inflammation pneumonitis,
29
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and interstitial nephritis.69 These medications can also
worsen already existing autoimmune disease,70 such as
psoriasis.71 Type 1 diabetes has even been induced in the
context of this medication.72 It stands to reason that the
opposite action, enhancing checkpoint inhibitor CTLA-4
and PD-1 activity, would have the opposite effect of
reducing autoimmunity. In addition, one can consider
blocking the costimulatory molecule activity of CD28 and
CD80, which theoretically would have a similar effect as
enhancing checkpoint inhibitor activity. Further studies are
needed to evaluate the feasibility and efficacy of such tar-
geted therapies.
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