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Single MHC- I Expression Promotes 
Virus- Induced Liver Immunopathology
Haifeng C. Xu,1* Jun Huang,1* Aleksandra A. Pandyra,2 Piyush Pandey,1 Ruifeng Wang,1 Zeli Zhang,3 Yuan Zhuang,1  
Christoph G.W. Gertzen,4-6 Carsten Münk,3 Diran Herebian,7 Arndt Borkhardt,2 Mike Recher,8 Holger Gohlke,4,5  
Irene Esposito,9 Martin Oberbarnscheidt,10 Dieter Häussinger,3 Karl S. Lang,11 and Philipp A. Lang1

Major histocompatibility complex I (MHC- I) molecules present epitopes on the cellular surface of antigen- presenting 
cells to prime cytotoxic clusters of differentiation 8 (CD8)+ T cells (CTLs), which then identify and eliminate other 
cells such as virus- infected cells bearing the antigen. Human hepatitis virus cohort studies have previously identified 
MHC- I molecules as promising predictors of viral clearance. However, the underlying functional significance of these 
predictions is not fully understood. Here, we show that expression of single MHC- I isomers promotes virus- induced 
liver immunopathology. Specifically, using the lymphocytic choriomeningitis virus (LCMV) model system, we found 
MHC- I proteins to be highly up- regulated during infection. Deletion of one of the two MHC- I isomers histocompat-
ibility antigen 2 (H2)– Db or H2- Kb in C57Bl/6 mice resulted in CTL activation recognizing the remaining MHC- I 
with LCMV epitopes in increased paucity. This increased CTL response resulted in hepatocyte death, increased caspase 
activation, and severe metabolic changes in liver tissue following infection with LCMV. Moreover, depletion of CTLs 
abolished LCMV- induced pathology in these mice with resulting viral persistence. In turn, natural killer (NK) cell 
depletion further increased antiviral CTL immunity and clearance of LCMV even in the presence of a single MHC- I 
isomer. Conclusion: Our results suggest that uniform MHC- I molecule expression promotes enhanced CTL immunity 
during viral infection and contributes to increased CTL- mediated liver cell damage that was alleviated by CD8 or NK 
cell depletion. (Hepatology Communications 2022;6:1620-1633).

The liver is a vital organ with a variety of 
functions in metabolism including car-
bohydrate, lipid, and nitrogen metab-

olism.(1,2) Moreover, the liver is involved in 
plasma protein expression and detoxifications.(3) 
Venous blood from the gut directly feeds into 
the liver via the portal vein, potentially expos-
ing the liver to a great variety of pathogens.(4) 
Hepatotropic pathogens such as hepatitis B 
virus (HBV ) or hepatitis C virus (HCV ) can 

establish chronic infections and can cause life- 
threatening liver disease in hundreds of millions 
of people worldwide.(1,5,6) The liver consists of 
multiple cell types including hepatocytes, hepatic 
stellate cells, Kupffer cells, and liver sinusoidal 
endothelial cells (LSECs).(7) Under inflamma-
tory conditions, myeloid cell– derived inflam-
matory monocytes named iMATEs can also be 
found in liver tissues to promote anti- pathogen 
immunity.(8)
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Cytotoxic T cell (CTL) immunity contributes 
to the clearance of viral infections by eliminating 
infected cells. Major histocompatibility complex I 
(MHC- I) molecules along with their cofactor beta- 2- 
microglobulin present peptides on the cell surface of 
nucleated cells to make them recognizable to CTLs. 
All hepatic cell types express MHC- I with varying 
functions.(7) While antigen presentation via MHC- I 
on iMATEs leads to enhanced T- cell proliferation,(8) 
hepatocyte- derived MHC- I presentation may con-
tribute to deletion of CTLs.(9) The contact of CTL 
and LSECs via MHC- I can determine the formation 
of long- lived memory CD8+ T cells.(10) Moreover, 
although increased MHC- I expression can increase 
T- cell activation, prolonged viral infection with the 
presentation of high antigen levels on MHC- I mole-
cules can contribute to exhaustion of antiviral T cells 
and consequently cause the establishment of chronic 
viral infection.(11,12)

Three maternal and three paternal inherited 
MHC- I isomers define an individual’s set of antigen- 
presenting molecules called human leukocyte anti-
gen (HLA) class in humans and histocompatibility 
antigen 2 (H2) in mice.(13) An increased repertoire 
of peptide presentation by heterozygous expression 

of HLA molecules can trigger a broader T- cell 
response, preventing viral escape and accordingly 
benefit viral clearance, and therefore is referred to as 
the HLA heterozygosity advantage. Previous studies 
have highlighted the importance of HLA in human 
chronic infectious diseases. Specifically, heterozy-
gous expression of HLA class II molecules showed 
better viral clearance than homozygous expression 
in patients suffering from HBV or HCV infec-
tion.(14- 16) Consistently, disease progression during 
human immunodeficiency virus (HIV) infection is 
inversely correlated with heterozygous HLA class I 
expression.(17) However, during infection with hep-
atitis viruses, the role of heterozygous HLA class 
I expression is less clear. Only a minor correlation 
between HLA class I heterozygosity and HCV viral 
clearance was observed.(16) Furthermore, progression 
to liver fibrosis was not associated with heterozy-
gous or homozygous expression of HLA – A, – B, 
or – C.(18) However, the expression of certain HLA 
class I genes can influence the outcome of infec-
tions with hepatitis viruses. Analysis of HLA class I 
alleles during HCV infection between patients who 
cleared infection or who developed chronic infec-
tions revealed that the alleles B*15, B*27, B*57, and 
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C*01 were associated with effective HCV clearance. 
In contrast, expression of HLA- A*23 was associated 
with viral persistence of HCV.(19- 23) Taken together, 
while there is evidence that MHC- I molecule 
expression influences the course of viral infection in 
the liver, the role of their expression on the course 
of infection and pathology during viral infections 
is insufficiently understood. The inbred, genetically 
homozygous mouse strain C57BL/6 expresses only 
the two MHC- I molecules H2- Db and H2- Kb.(24) 
In mice, infection with the noncytopathic lym-
phocytic choriomeningitis virus (LCMV) can also 
affect hepatocytes, which results in antiviral CTL- 
dependent hepatitis.(25) Accordingly, LCMV can be 
used as a model to investigate CTL- mediated liver 
immunopathogenesis.(26) Notably, H2- Db and H2- 
Kb share the similar immunodominant epitope gp33 
and gp34 of LCMV, respectively,(27) which reduces 
the probability of viral escape in experimental model 
systems in which specific MHC- I molecules are 
deleted.

In this study, we show that MHC- I expression is 
highly up- regulated following chronic LCMV infec-
tion in liver tissue. Moreover, the expression of uni-
form MHC- I molecules in H2- Db- deficient and 
H2- Kb- deficient mice resulted in severe liver immu-
nopathology. Although T- cell immunity was only 
restricted to the remaining MHC- I isomer, increased 
T- cell numbers were detected. The liver pathology 
was associated with increased liver cell death and 
slightly accelerated clearance of LCMV, indicating an 
increased CTL immunity. Depletion of CTLs abol-
ished LCMV- mediated immune pathology, while 
natural killer (NK) cell depletion boosted the uniform 
CTL response to clear LCMV in absence of severe 
pathology.

Materials and Methods
miCe, ViRuses, ViRus titRation, 
anD Cell Depletion

H2- D1−/−, H2- K1−/− mice were bred in a C57BL/6 
background and maintained under specific pathogen- 
free conditions. Experiments were performed under the 
authorization of LANUV in accordance with German 
laws for animal protection. LCMV strain Docile 

was originally obtained from Dr. C. J. Pfau (Troy, 
New York). Viruses were propagated in L929 cells 
(obtained from ATCC; NCTC clone 929) and virus 
titers were measured using a plaque- forming assay as 
previously described.(28) Briefly, organs were harvested 
into Hank’s balanced salt solution and homogenized 
with a tissuelyser (Qiagen, Hilden, Germany). Diluted 
virus samples were mixed with MC57 cells in 24- well 
plates. After 3 hours, methylcellulose 1% medium was 
added. After 2 days of incubation, viruses were visu-
alized by staining against LCMV nucleoprotein via 
an anti- LCNV- NP antibody (clone VL- 4). CD8+ T 
cells were depleted with intravenous (i.v.) injection of 
anti- CD8 antibody (clone YTS169.4),(28) and NK1.1+ 
cells (clone PK136) were depleted with i.v. injection 
of anti- NK1.1 antibody.(29)

Histology
Histological analysis of snap- frozen tissue was 

performed as previously described.(28) Antibodies 
against cleaved caspase- 3 (Casp3), cleaved caspase- 8 
(Casp8; Cell Signaling, Danvers, MA), and self- 
made anti- LCMV monoclonal antibody (clone VL4) 
were used. Terminal deoxynucleotidyl transferase– 
mediated deoxyuridine triphosphate nick- end label-
ing (TUNEL) staining was performed using the in 
situ cell death detection kit, fluorescein (Roche) as 
per manufacturers’ instructions. Images were acquired 
with the ZEISS LSM 880 or ZEISS Axio Observer 
Z1 microscopes. Cleaved Casp3, cleaved Casp8, and 
TUNEL quantifications were analyzed by ImageJ 
software.

FloW CytometRiC analysis
Experiments were performed using fluorescence- 

activated cell sorting (Fortessa) and analyzed using 
FlowJo software. For cell subsets and surface mol-
ecule staining, single suspended cells were incu-
bated with antibodies (anti- CD19, CD3, CD4, 
CD8, F4/80, CD202b, HNF4a, H2Db, and H2Kb 
[Thermo Fisher Scientific, Waltham, MA]) for 30 
minutes at 4°C. Tetramer and intracellular cytokine 
staining were performed as described previously.(29) 
For tetramer staining, single suspended cells were 
incubated with tetramer- gp33 or tetramer- gp34 
(CD8) for 15 minutes at 37°C. After incubation, 
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surface antibodies (anti- CD8, interleukin [IL]- 7R, 
killer cell lectin- like receptor subfamily G, mem-
ber 1 [KLRG1], CD44, CD62L, programmed cell 
death protein 1 [PD- 1], 2B4, T- cell immunoglob-
ulin mucin- 3 [TIM- 3], lymphocyte- activation gene 
3 [LAG- 3], and C- X- C chemokine receptor type 
5) were added for 30 minutes at 4°C. For intracel-
lular cytokine restimulation, single suspended cells 
were stimulated with LCMV- specific peptides gp33, 
gp34(27) for 1 hour. Brefeldin A (Thermo Fisher 
Scientific) was added for another 5- hour incubation 
at 37°C followed by staining with anti- CD8 antibody 
(Thermo Fisher Scientific). After surface staining, 
cells were fixed with 2% formalin, followed by per-
meabilization with 0.1% Saponin, and stained with 
anti- interferon γ (IFN- γ) for 30 minutes at 4°C.

Rna puRiFiCation anD Real- 
time polymeRase CHain 
ReaCtion

RNA was isolated using Trizol according to 
the manufacturer’s instructions (Thermo Fisher 
Scientific). Real- time polymerase chain reaction 
(PCR) was performed using the iTaq Universal SYBR 
GreenOne- Step RT- qPCR Kit (Bio- Rad, Hercules, 
CA) as previously described. For analysis, expression 
levels were normalized to glyceraldehyde 3- phosphate 
dehydrogenase.

immunoBlotting
Liver tissue was smashed using a tissue lyser 

(TissueLyser II; Qiagen) and lysed using sodium 
dodecyl sulfate (SDS) lysis buffer (1.1% SDS, 11% 
glycerol, 0.1 mol/L Tris, pH 6.8) with 10% β- mer-
captoethanol. Blots were probed with anti- α- tubulin 
(Merck, Kenilworth, NJ), anti- cleaved Casp3, anti- 
cleaved Casp8, or anti- beta- 2 microglobulin (Cell 
Signaling) followed by detection with the Odyssey 
infrared imaging system (Odyssey Fc; LI- COR 
Biosciences, Lincoln, NE). Immunoblots were quan-
tified using ImageJ.

metaBolomiCs
Targeted metabolomics profiling of liver samples 

was performed using the AbsoluteIDQ p180 Kit 

(Biocrates Life Sciences AG, Innsbruck, Australia). 
This kit allows for absolute quantification of 188 
metabolites. The measurements were carried on a 
Xevo TQ- S tandem mass spectrometer coupled to 
an Acquity UPLC- I class system (ultraperformance 
liquid chromatography). Blood glucose levels were 
measured using a Bayer Contour Blood Glucose 
Meter.

statistiCal analysis
Data are expressed as mean ± SEM. For analysis of 

statistical significance between two groups, a Student 
t test was used. For analysis of multiple time- point 
experiments, two- way analysis of variance with an 
additional Bonferroni post hoc test was used. *P < 0.05, 
**P  <  0.01, ***P  <  0.001 was considered statistically 
significant. Survival curves were analyzed by log- rank 
(Mantel- Cox) test.

Results
uniFoRm mHC- i eXpRession 
Results in liVeR tissue 
Damage FolloWing 
inFeCtion WitH lCmV

Liver cell apoptosis can be induced by CTLs 
during noncytolytic LCMV infection.(30) To study 
the role of heterozygous MHC expression follow-
ing CTL- induced liver damage during infection, 
we infected H2- Db- deficient mice on a C57Bl/6 
background with LCMV. In this model system, H2- 
D1−/− mice will only express H2- Kb as MHC- I, while 
C57Bl/6 mice will express H2- Db and H2- Kb. We 
observed a decrease in glucose levels in both wild- type 
(WT) and H2- Db- deficient animals after infection. 
However, glucose levels were restored in control ani-
mals but not H2- Db- deficient mice 9 days following 
infection, suggesting an impairment of liver function 
in the absence of H2- Db (Fig. 1A). Notably, 8- 9 
days following infection, we observed that H2- D1−/− 
mice exhibited hypothermia, hypoactivity, and had a 
noticeably sullied coat following what is usually an 
asymptomatic LCMV infection in WT animals (Fig. 
1B). H2- K1−/− animals, which only exhibit uniform 
expression of H2- Db, also appeared in a moribund 
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state, but to a lesser extent than mice expressing H2- 
Kb (Fig. 1B). Damaged liver tissue can be detected 
by an increase of hepatic enzymes in the bloodstream. 
Elevated liver enzymes can be observed during LCMV 
infection as a result of CD8+ T cell– mediated immu-
nopathology.(25) We found increased alanine amino-
transferase (ALT), aspartate aminotransferase (AST), 
and lactate dehydrogenase (LDH) enzyme activities 
in the serum of LCMV- infected H2- Db deficient 
mice compared with WT mice (Fig. 1C). Serum 
ALT levels were under the detection limit in naïve 
WT, H2- Db- deficient, or H2- Kb- deficient mice (Fig. 
S1A). Liver tissue damage may lead to liver metabolic 
dysfunction.(30) Consistently, we observed that glycer-
ophospholipids were highly increased in WT- infected 

liver tissue when compared with H2- Db- deficient 
liver tissue (Supporting Fig. S1B). In turn, long- chain 
acyl- carnitines were highly increased in the liver tis-
sue of LCMV- infected H2- Db- deficient mice when 
compared with WT counterparts (Supporting Fig. 
S1C). Additionally, we found most of the amino acids 
were down- regulated in liver tissues when H2- Db 
was missing (Supporting Fig. S1D). These data sug-
gest a decreased metabolic function following infec-
tion in the presence of uniform MHC- I expression. 
Biogenic amines showed a mixed expression pattern: 
4- hydroxyproline, methionine sulfoxide, and asym-
metric dimethylarginine expression were decreased, 
whereas kynurenine, serotonin, and aminoadipic 
acid expression were increased in H2- Db- deficient 

Fig. 1. H2- Db expression protects animals from lethal LCMV- induced liver pathology. (A) WT and H2- D1−/− mice were infected with 
2 × 104 pfu of LCMV Docile. (A) Blood glucose concentration was monitored (starting with n = 7 animals). (B) WT, H2- D1−/−, and 
H2- K1−/− mice were infected with 2 × 104 pfu of LCMV Docile, and survival was monitored (n = 6- 7). (C) WT and H2- D1−/− mice were 
infected with 2 × 104 pfu of LCMV Docile. At day 9 following infection, ALT, AST, and LDH activity in the serum of control and H2- 
D1−/− mice was determined (n = 6). Error bars show SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, between the indicated groups).
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liver tissue (Supporting Fig. S1E). High kynurenine 
expression might be associated with increased hepatic 
inflammation during LCMV infection.(31) However, 
serotonin can affect T- cell immunity and is associated 
with increased liver pathology.(28) Taken together, 
these data suggest that uniform MHC- I expression 
results in severe liver damage, hepatic metabolic dys-
function, and severe pathology following infection 
with LCMV.

mHC- i eXpRession is up- 
RegulateD aFteR lCmV 
inFeCtion in liVeR tissue

Because H2- Db- deficient animals exhibited 
severe liver pathology following LCMV infection, 
we wondered whether hepatic MHC- I protein 
expression changed after infection. Previous findings 

have shown that MHC- I can be up- regulated in the 
central nervous system during LCMV infection.(32) 
Consistently, liver H2- D1 and H2- K1 messenger 
RNA expression increased after LCMV infection 
(Fig. 2A). Furthermore, we observed that the beta- 2 
microglobulin expression levels were significantly 
increased in liver tissue following infection (Fig. 2B). 
Using flow cytometry, H2- Db and H2- Kb expres-
sion was observed on F4/80+ (Kupffer cells), Tie2+ 
endothelial cells, and HNF4a+ hepatocytes following 
infection in the liver tissue (Fig. 3B; Supporting Fig. 
S2A,B). These data indicate that MHC- I expression 
is increased during LCMV- induced liver inflam-
mation, and this increase is observed on multiple 
hepatic cell types. H2- Db and H2- Kb expression 
was also confirmed on several immune cell sub-
sets in single- cell suspended splenocytes, includ-
ing CD19+ B cells, CD4+ T cells, CD8+ T cells, 

Fig. 2. H2- Db is rapidly up- regulated in liver tissue following LCMV infection. C57BL/6 mice (H2- b) were infected with 2 × 104 pfu of 
LCMV Docile. Four days following infection, H2- D1 and H2- K1 messenger RNA was quantified by real- time PCR using RNA isolated 
from liver tissue (n = 6) (A). (B) Beta- 2 microglobulin protein expression in liver tissue was determined by immunoblot analysis (n = 3). (C) 
Expression of H2- Db (upper panels) and H2- Kb (lower panels) was measured in different cell types of single cell suspended liver tissue 
from infected and naïve animals by flow cytometry (n = 7 for Kupffer cells and hepatocytes; n = 6 for endothelial cells; average of mean 
fluorescence intensity (MFI) is listed on the upper- right corner). (D) Expression of H2- Db (upper panel) and H2- Kb (lower panel) was 
determined by flow cytometry in different immune cells in spleen tissue (n = 7; average of MFI is listed on the upper- right corner). Error 
bars show SEM. *P < 0.05 and **P < 0.01 between the indicated groups.
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and F4/80+ macrophages following infection (Fig. 
2D; Supporting Fig. S2C,D). Taken together, these 
data indicate that MHC- I molecules are highly and 

ubiquitously up- regulated following infection on 
multiple cells, including immune subsets in liver and 
spleen tissue.

Fig. 3. H2- Db protects liver tissue during LCMV infection. WT and H2- D1−/− mice were infected with 2 × 104 pfu of LCMV Docile. 
(A- I) At day 9 following infection, sections of snap- frozen liver tissue were analyzed using H&E staining (one representative set of 
images of n = 5 is shown; scale bar = 50 µm; stars indicate the necrotic areas; arrows indicate the inflammatory infiltrates) (A). Sections of 
snap- frozen liver tissue were analyzed for TUNEL (B,C), cleaved Casp3 (D,E), and cleaved Casp8 (F,G); expression was determined and 
quantified using fluorescent staining of tissue sections. One representative set of images of n = 8 is shown; scale bar = 50 μm; three fields of 
each section were analyzed for the frequency of TUNEL, cleaved Casp3, or cleaved casp8 positive cells out of the total 4´,6- diamidino- 2- 
phenylindole (DAPI)– positive cells (n = 24). Error bars show SEM; ***P < 0.001 between the indicated groups. Abbreviation: Cl, cleaved.
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H2- DB eXpRession pReVents 
liVeR Cell apoptosis DuRing 
lCmV inFeCtion

MHC- I molecules can recruit antiviral CD8+ T 
cells, which mediate liver cell death during LCMV 
infection.(25) Specifically, LSECs can contribute to 
CD8+ T- cell stimulation and CTL- mediated TNF 
production.(33) Moreover, CD8+ T cells can crawl 
along liver sinusoids in scanning hepatocellular 
antigen to induce caspase activation and liver cell 
death.(34) Accordingly, we hypothesized that during 
uniform MHC- I expression, liver cell death was 
increased. In hematoxylin and eosin (H&E) tissue 
sections, liver damage can be observed by diffuse 
hemorrhagic necrotic areas, which were more com-
mon and extensive in H2- D1−/− mice than in controls, 
whereas pericellular and perivascular inflammatory 
infiltrates were observed in both groups (Fig. 3A). 
Notably, we did not observe any significant differ-
ence in LCMV- infected liver cells or LCMV titers 
between H2- D1−/− and WT animals in this setting 
(Supporting Fig. S3A,B). Next, we checked whether 
the absence of H2- Db triggered increased apoptosis 
in liver tissue following infection with LCMV. In line 
with the elevated liver enzymes in H2- D1−/− mice, we 
also observed increased staining of DNA fragmenta-
tion by TUNEL in liver tissue of H2- Db- deficient 
mice when compared with WT controls (Fig. 3B,C; 
Supporting Fig. S4A,B). DNA fragmentation can 
result from the activation of effector caspases such 
as Casp3.(35) As expected, we found increased Casp3 
activation in snap- frozen liver sections of H2- Db- 
deficient mice when compared with WT controls 
following LCMV infection (Fig. 3D,E; Supporting 
Fig. S4C- F). Notably, no Casp3 cleavage differences 
were observed in WT, H2- D1−/−, and H2- K1−/− liver 
tissue under naïve conditions, suggesting that H2- Db 
or H2- Kb deficiency does not directly cause liver cell 
apoptosis (Supporting Fig. S4E,F). Effector caspases 
are activated by initiator caspases such as Casp8 
during tumor necrosis factor receptor 1– mediated cell 
death.(36) Consistently, active Casp8 was also highly 
expressed in the absence of H2- Db when compared 
with control animals in tissue sections as well as pro-
tein samples from liver tissue (Fig. 3F,G; Supporting 
Fig. S4G- J). These data confirm that the absence of 
H2- Db resulted in increased liver cell death follow-
ing LCMV infection.

eFFeCtiVe Ctl immunity 
pRomotes immunopatHology 
in H2- D1−/− miCe FolloWing 
lCmV inFeCtion

Hepatocyte death is induced by CTL during 
LCMV infection. Therefore, we investigated the 
CTL response in H2- Db- deficient mice after 
LCMV infection. Indeed, we observed an increased 
frequency of KLRG1+CD62L−IL- 7R− effector 
LCMV- gp34+tet+CD8+ (H2- Kb- restricted) T cells 
in the peripheral blood of H2- D1−/− mice com-
pared with WT animals (Fig. 4A; Supporting Fig. 
S5A). KLRG1− CD62L+IL- 7R+ memory T- cell fre-
quency was also increased in H2- D1−/− mice (Fig. 4A; 
Supporting Fig. S5A). A lower dose of LCMV also 
resulted in increased LCMV- gp34+tet+CD8+ T cells 
in H2- D1−/− mice (Fig. 4B). KLRG1+CD62L−IL- 7R− 
effector T cells were also increased in this setting 
(Fig. 4C; Supporting Fig. S5B). We did not observe 
major differences in expression of exhaustion mol-
ecules including PD- 1, LAG- 3, TIM- 3, and 2B4 
between WT and H2- D1−/− LCMV- specific T cells 
(Fig. 4D; Supporting Fig. S5C). However, when 
we restimulated splenocytes ex vivo with a variety 
of LCMV- specific peptides, we detected increased 
IFN- γ production in CD8+ T cells harvested from 
H2- Db- deficient mice compared with WT con-
trols (Fig. 4E). Consistently, LCMV infection also 
resulted in increased LCMV- gp33+tet+CD8+ (H2- 
Db- restricted) and LCMV- np396+tet+CD8+ (H2- 
Db- restricted) T- cell frequencies in H2- K1−/− animals 
(Supporting Fig. S5D). We also observed increased 
KLRG1+CD62L−IL- 7R− effector T cells in H2- K1−/− 
mice compared with WT controls (Supporting Fig. 
S5E). Consistent with increased effector T- cell func-
tion, we observed accelerated LCMV control in H2- 
Db- deficient animals in this setting, although both 
WT and H2- Db- deficient animals eventually elimi-
nated LCMV (Fig. 4F; Supporting Fig. S5F). These 
data indicate that uniform MHC- I expression results 
in increased CTL immunity against the MHC- I iso-
mer restricted peptides.

Considering the hyper CTL response in H2- Db 
knockout mice after LCMV infection, we investi-
gated whether depletion of CTL in H2- Db- deficient 
mice can revert the immunopathology. Depletion 
of CTLs using a CD8+ T- cell depleting antibody, 
reduced active Casp8, cleaved Casp3, and TUNEL 
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Fig. 4. H2- Db knockout mice exhibited enhanced CTL immunity during LCMV infection. (A) WT and H2- D1−/− mice were infected 
with 2 × 104 pfu of LCMV Docile. Effector (KLRG1+ IL- 7R− CD62L−), effector memory (KLRG1+ IL- 7R+ CD62L−, KLRG1− IL- 7R+ 
CD62L−), and central memory (KLRG1− IL- 7R+ CD62L+) markers were measured on tet- gp34+ T cells in the blood at day 6 following 
infection (mean of n = 13- 14 is shown). (B- G) WT and H2- D1−/− mice were infected with 200 pfu of LCMV Docile. (B) Tet- gp34+ T 
cells were determined in the blood at the indicated time points (n = 11). (C) Effector, effector memory, and central memory T- cell subsets 
shown as a proportion of tet- gp34+ T cells were determined in the blood of WT and H2- D1−/− mice at day 12 following infection (mean 
of n = 11 is shown). (D) Surface molecule expression was measured on tet- gp34+ T cells as indicated (one representative set of n = 11 is 
shown). (E) Twelve days after infection, single cell suspended splenocytes were restimulated with LCMV- specific epitopes, as indicated, 
followed by staining for IFN- γ (n = 8- 9). (F) Eight days following infection, virus titers were determined in the spleen, liver, lung, and 
kidney tissues (n = 6). Error bars show SEM; *P < 0.05, ***P < 0.001. Abbreviations: C, central; CM, central memory; CXCR5, C- X- C 
chemokine receptor type 5; E, effector; EM, effector memory; ns, not significant.
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levels in snap- frozen liver tissue following infection 
(Fig. 5A- F). Moreover, neither necroses nor inflam-
matory infiltrates were observed in liver tissues of 

CD8+ T cell– depleted H2- D1−/− mice (Fig. 5G). ALT, 
AST, and LDH activity following LCMV infec-
tion were reduced in the absence of CD8+ T cells in 

Fig. 5. CD8+ T cells trigger liver cell apoptosis in H2- Db- infected knockout mice. CD8+ T cell– depleted, non- depleted WT and H2- 
D1−/− mice were infected with 2 × 104 pfu of LCMV Docile. At day 9 following infection, sections of snap- frozen liver tissue were analyzed 
for cleaved Casp8 (n = 7- 9) (A,B), cleaved Casp3 (n = 8) (C,D), and TUNEL (n = 8) (E,F). One representative set of images is shown; scale 
bar = 50 μm; for quantification, three fields of each section were analyzed for the frequency of cleaved Casp8 (n = 21- 27), cleaved Casp3 
(n = 24), or TUNEL (n = 24) positive cells out of the total DAPI- positive cells). (G) Sections of snap- frozen liver tissue were analyzed for 
H&E staining at day 9 following infection. One representative set of images of n = 4 is shown; scale bar = 50 µm; the star indicates a necrotic 
area, and arrows indicate the inflammatory infiltrates, which are mostly not observed in the CD8+ T cell– depleted mice. (H) ALT, AST, and 
LDH activities in the serum at day 9 following infection were measured (n = 7- 9). Error bars show SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.
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H2- D1−/− mice, despite high LCMV titers (Fig. 5H; 
Supporting Fig. S6). These data indicate that CTL 
immunity following uniform MHC- I expression 
caused severe hepatic immunopathology.

Overproduction of IFN- γ and/or tumor necrosis 
factor α (TNF- α) is associated with inflammation, 
tissue damage, and death in human or animal infec-
tion models.(37,38) We observed increased levels of 
serum IFN- γ but not TNF- α in H2- Db knockout 
animals (Fig. 6A; Supporting Fig. S7). When mice 
were treated with an anti- CD8 depletion antibody, 
IFN- γ was reduced in both WT and H2- Db knock-
out mice at day 4 following infection (Fig. 6A). This 
finding suggests that CD8+ T cells in H2- Db mice 
were the source of IFN- γ and likely activated to a 
greater extent than their WT counterparts during the 
early phase of viral infection. Furthermore, ablation of 
CTLs restored glucose levels in both WT and H2- 
D1−/− mice (Fig. 6B). Furthermore, survival and liver 
immunopathology observed in H2- Db- deficient mice 
following LCMV infection were rescued by depletion 
of CD8+ T cells (Fig. 6C). Taken together, these data 
suggest that uniform MHC- I can trigger increased 
T- cell activation and result in severe immunopathol-
ogy. Consistently, CD8+ T- cell depletion could block 
immunopathology but promoted LCMV persistence. 

Next, we wondered whether CD8+ T- cell immunity 
could be further boosted to eliminate LCMV and 
alleviate immunopathology during uniform MHC- I 
expression. Specifically, NK cells are known to sup-
press CD8+ T- cell immunity during LCMV infection. 
Accordingly, depletion of NK cells leads to faster viral 
clearance due to enhanced CD8+ T- cell responses and 
reduced immunopathology.(39- 41) In our model system, 
NK cell– depleted H2- D1−/− mice showed increased 
CD8+ T- cell immunity than NK- cell competent 
H2- D1−/− mice (Fig. 6D). As a consequence, LCMV 
was eliminated in all tissues harvested from NK 
cell– depleted H2- D1−/− mice, but also WT animals 
(Supporting Fig. S8). However, NK- cell depletion 
prevented severe immunopathology following LCMV 
infection when compared with NK cell– competent 
H2- Db- deficient mice (Fig. 6E). These data suggest 
that viral replication in liver cells targeted by CD8+ T 
cells resulted in increased liver immunopathology in 
H2- Db- deficient mice. Following NK- cell depletion, 
antiviral T- cell immunity can be promoted to pre-
vent severe symptoms during hepatic viral infection 
even during uniform MHC- I expression. Accordingly, 
MHC- I molecule expression can influence the equi-
librium between immunity and pathology during 
CTL- mediated antiviral defense (Fig. 7).

Fig. 6. CD8+ T- cell depletion restores the survival of chronically infected H2- Db deficient mice. CD8+ T cell– depleted, nondepleted 
WT, and H2- D1−/− mice were infected with 2 × 104 pfu of LCMV Docile. (A) IFN- γ was measured in serum at the indicated time points 
following infection (n = 3- 8). (B) Blood glucose concentration was monitored over the course of infection (starting with n = 6- 7 animals). 
(C) Survival was monitored over time (n = 7). (D,E) NK1.1+ cell– depleted, nondepleted WT, and H2- D1−/− mice were infected with 
2 × 104 pfu of LCMV Docile. (D) tet- gp34+ T cells were determined at day 8 following infection (n = 3- 4). (E) Survival was monitored 
(starting animals n = 7- 8). Error bars show SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.
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Discussion
The present study identified that uniform expres-

sion of MHC- I molecules can affect liver cell death, 
and severe CTL induced immunopathology following 
infection with LCMV. Mice lacking the MHC- I mol-
ecules H2- Db, and to a lesser extent H2- Kb, exhib-
ited enhanced CTL immunity. However, the enhanced 
CD8+ T- cell response did not result in a strikingly 
augmented clearance of the virus in the H2- D1−/− 
mice compared with WT mice during chronic LCMV 
infection. Instead, the hyper CTL cell immunity caused 
sustained liver pathology and severe disease. Ablation 
of CTL in H2- D1 knockout mice prevented virus- 
induced liver pathology. Moreover, a further boost of 
antiviral T- cell immunity by NK- cell depletion pre-
vented pathology in absence of H2- Db. Collectively, 
our data provide evidence that during chronic infec-
tion, diverse MHC- I expression can prevent a hyper-
responsive CD8+ T- cell immunity and protect the host 
from severe virus- induced immunopathology.

A narrow expression range of MHC- I mole-
cules might influence immunopathology during 

viral infection. During infection with HIV homozy-
gous expression of HLA molecules correlates with a 
rapid decline in CD4+ T cells compared to patients 
with heterozygous HLA expression.(17) Considering 
our data, the rapid decline of CD4+ T- cell count 
in HLA homozygote individuals may be due to an 
increased anti- HIV CTL response targeting HIV- 
infected CD4+ T cells.(17) Our data showed that H2- 
Db knockout mice exhibited a transient faster viral 
clearance during LCMV infection when compared 
with WT animals. In line with these data, no major 
significant viral clearance difference was observed 
from patients infected with HCV or HBV between 
HLA class I heterozygote and HLA class I homo-
zygote groups.(15- 17) Furthermore, establishment of 
liver fibrosis during infection with HCV was not 
associated with homozygous expression of HLA 
– A, – B, or – C alleles.(18) Our data show that expres-
sion of a single MHC- I molecule is associated with 
increased liver immunopathology following infection 
with LCMV in comparison to expression of H2- Db 
and H2- Kb. While overall our data support that het-
erozygote expression of MHC- I might be beneficial 
and prevents pathology during chronic infection, a 
detailed analysis of large patient cohorts and poten-
tially overlapping effects need to be tested to validate 
these findings during human disease.

Furthermore, expression of specific HLA molecules 
are associated with disease progression and outcome 
during HCV infections. Immunodominant HCV 
CTL epitopes of HLA- B*27, HLA- B*57, and HLA- 
B*15 required several mutations to escape from CTL 
recognition. Therefore, HCV clearance was observed 
in most of the patients who express HLA- B*27, 
HLA- B*57, and HLA- B*15.(19) On the contrary, 
HLA- A*01 CTL epitopes only require one muta-
tion to escape from CTL recognition. Consequently, 
HLA- A*01 has not been identified as a protec-
tive HLA class I allele in HCV infection.(19) In the 
LCMV setting, both H2- Db and H2- Kb present the 
immunodominant epitope gp33 and gp34, respec-
tively. Both H2- Db and H2- Kb can be considered as 
protective alleles in single MHC- I expression animals, 
as enhanced CTL function was observed in H2- D1−/− 
or H2- K1−/− mice when compared with WT controls. 
However, we also observed slight but significant dif-
ferences between H2- Db and H2- Kb expressing ani-
mals, suggesting that expression of different MHC- I 
molecules can affect immunopathology and disease 

Fig. 7. Postulated mechanism: MHC- I molecule expression 
and NK cells influence the equilibrium between immunity and 
pathology during CTL- mediated antiviral defense. During LCMV 
infection, if CTL response in the early phase of the infection is 
limited, resulting in viral persistence and T- cell exhaustion, little 
CTL- mediated immunopathology in the liver is observed (left). In 
H2- D1−/− deficient animals, an increased CTL immunity is induced 
while the viruses are still replicating, and virus- infected liver cells 
are attacked by CTL; this leads to enhanced immunopathology 
(middle). NK- cell depletion triggers rapid induction of CTL 
response. This leads to CTL mediated elimination of LCMV 
viruses in liver tissue and limited CTL mediated immunopathology 
(right).
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progression during viral infection. Notably, depletion 
of CD8+ T cells abolished liver pathology, indicating 
that the functional CTL response in the presence of a 
single MHC- I molecule expression setting triggered 
the pathology.

MHC expression can affect the outcome of human 
chronic viral infection. Specifically, transporter asso-
ciated with antigen processing deficiency can cause 
global loss of HLA expression in humans, and these 
patients may suffer from bacterial infections.(42) 
During HIV, HBV, and HCV infections, the HLA 
heterozygous advantage can be observed.(14- 17) 
These studies indicate that homozygous expression 
of MHC molecules correlate with decreased immu-
nity and prolonged disease. Our finding further 
strengthens this conclusion in our animal model sys-
tem that limited MHC isomer expression during a 
viral infection can cause severe immunopathology— 
even if it is CTL- mediated. In our model system, 
liver pathology is mediated by CTLs, which is 
consistent with the literature.(25) Specifically, we 
observe reduced immunopathology in H2D1−/− mice 
following CTL depletion. However, the strength of 
the CTL response is also mediated by NK- cell acti-
vation.(39,40,43,44) As in human hepatic viral infec-
tions, inhibitory NK- cell receptor expression and 
their ligands, the HLA- C group 1 alleles are ben-
eficial for viral clearance.(45) The HLA- C1 allele is 
only effective in HCV clearance when KIR2DL3 
but not KIR2DL2 is expressed.(45) Notably, expres-
sion of other HLA molecules including HLA- B*27, 
HLA- B*57, and HLA- B*15 are also associated with 
HCV clearance.(19) Whether these correlations are 
mechanistically mediated by NK cell– T cell inter-
action, or even direct T- cell interaction, remains to 
be further studied.(46) Overall, these data support 
the conclusion that expression of MHC- I molecules 
can affect the outcome of a viral infection, and this 
equilibrium is further triggered by CTL and NK 
cell immunity (Fig. 7).

Taken together, we show that diverse expression of 
MHC- I molecules can prevent virus- induced, CTL- 
mediated liver immunopathology during chronic 
LCMV infection.
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