JOURNAL OF VIROLOGY, Oct. 2011, p. 10135-10143
0022-538X/11/$12.00  doi:10.1128/JVI.00816-11

Vol. 85, No. 19

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Major Histocompatibility Complex-Dependent Cytotoxic T
Lymphocyte Repertoire and Functional Avidity Contribute
to Strain-Specific Disease Susceptibility after Murine
Respiratory Syncytial Virus Infection’

Birthe Jessen,' Simone Faller,? Christine D. Krempl,3 and Stephan Ehl'*

Centre of Chronic Immunodeficiency (CCI), University Hospital Freiburg, Freiburg, Germany'; Department of Anaesthesiology and
Critical Care Medicine, University Hospital Freiburg, Freiburg, Germany?* and Institute of Virology and Immunobiology,

Julius-Maximilian University Wiirzburg, Wiirzburg, Germany®

Received 21 April 2011/Accepted 16 July 2011

Susceptibility to respiratory syncytial virus (RSV) infection in mice is genetically determined. While RSV
causes little pathology in C57BL/6 mice, pulmonary inflammation and weight loss occur in BALB/c mice. Using
major histocompatibility complex (MHC)-congenic mice, we observed that the H-29 allele can partially transfer
disease susceptibility to C57BL/6 mice. This was not explained by altered viral elimination or differences in the
magnitude of the overall virus-specific cytotoxic T lymphocyte (CTL) response. However, H-2¢ mice showed a
more focused response, with 70% of virus-specific CTL representing VB8.2* CTL directed against the immu-
nodominant epitope M2-1 82, while in H-2" mice only 20% of antiviral CTL were VB9* CTL specific for the
immunodominant epitope M187. The immunodominant H-2%restricted CTL lysed target cells less efficiently
than the immunodominant H-2" CTL, probably contributing to prolonged CTL stimulation and cytokine-
mediated immunopathology. Accordingly, reduction of dominance of the M2-1 82-specific CTL population by
introduction of an M187 response in the F1 generation of a C57BL/6N x C57BL/6-H-2? mating (C57BL/6-H-
2% mice) attenuated disease. Moreover, disease in H-29 mice was less pronounced after infection with an RSV
mutant failing to activate M2-1 82-specific CTL or after depletion of VB8.2* cells. These data illustrate how
the MHC-determined diversity and functional avidity of CTL responses contribute to disease susceptibility

after viral infection.

Respiratory syncytial virus (RSV) causes significant morbid-
ity and mortality in infants, immunocompromised adults, and
the elderly (4, 17). The nature and severity of disease vary
widely between infected individuals. Viral, host, and environ-
mental factors probably all contribute to this variable disease
expression, but the relative roles of these factors in human
RSV disease remain difficult to evaluate. A series of recent
genetic association studies have suggested that polymorphisms
in a range of genes encoding cytokines, chemokines, surfactant
proteins, or toll-like receptors influence the disease phenotype
in humans (1, 8, 19, 21, 23, 35, 45, 52, 57). However, it remains
unclear how and to what extent these factors contribute to
disease pathogenesis.

Inbred mouse strains have also been used to identify genetic
factors that influence susceptibility to RSV infection. In a study
of 20 strains of inbred mice, permissiveness to viral replication
has been found to differ by up to a factor of 100 between
certain strains (44). Disease susceptibility was not analyzed in
that study. A second study compared virus titers and RSV-
induced weight loss in 8 strains of mice and reported low virus
replication and no disease in “resistant” C57BL/6 mice,
whereas viral titers and disease were more pronounced in
“susceptible” AKR, 129P3, or BALB/c mice (51). The differ-
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ence in viral replication and weight loss between BALB/c and
C57BL/6 mice was confirmed in two further studies (7, 49),
although airway obstruction and airway hyperresponsiveness
were similar (7). Furthermore, in a model of vaccine-induced
eosinophilia during RSV infection, BALB/c mice were more
prone to develop a pathological eosinophilic response than
C57BL/6 mice and this was partly linked to the H-2 locus (20).
Higher viral replication could be a reasonable explanation for
the different outcomes of infection in the two strains (33) but
may not be the only relevant factor.

Both in humans and in mice, cytotoxic T lymphocytes (CTL)
have been identified as important mediators of virus control
and disease. Infants with congenital T cell deficiencies cannot
eliminate RSV (11, 12, 18), and depletion of T cells leads to
persistent infection in BALB/c mice (14). Adoptive transfer of
RSV-specific T cells can eliminate RSV from infected mice but
also aggravates disease (5). In immunodeficient human infants
persistently infected with RSV who are undergoing bone mar-
row transplantation, virus control has been observed in parallel
to donor T cell reconstitution, and this was associated with
significant deterioration of lung disease (11). Both CD4™ and
CD8™ T cells can eliminate virus and cause immunopathology
independently, but CD8™ T cells appear to be more effective
(14). The composition and quality of the CTL response to
viruses is determined by the major histocompatibility complex
(MHC) haplotype. An important contribution of the MHC to
susceptibility to viral infections has been documented in mu-
rine herpesvirus hominis type 1 (HVH-1) (34) and lymphocytic
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choriomeningitis virus (LCMV) infection (31) and has been
linked to the impact of the MHC on T cell repertoire and T cell
avidity (34). For RSV infection, a recent study documented
that the MHC influences the extent of pulmonary CTL infil-
trates and disease susceptibility in adult mice reinfected after
neonatal priming (54). However, it remained unclear how the
MHC governs disease-inducing CTL responses and how these
observations in a reinfection model relate to primary infection.

In this study, we addressed the question of to what extent
and how the MHC-determined CD8" T cell response contrib-
utes to the different outcomes after primary RSV infection.
For this, we not only compared C57BL/6 to BALB/c mice but
analyzed three C57BL/6 mouse strains differing only in their
MHC haplotype: C57BL/6 (H-2"), C57BL/6-H-29, and the F1
generation of a C57BL/6N X C57BL/6-H-2¢ mating (C57BL/
6-H-2%"). This allowed studying the impact of the MHC inde-
pendent of strain-specific background genes. Our results show
that the MHC has no impact on virus elimination but influ-
ences weight loss and pulmonary inflammation. These mani-
festations of RSV-induced disease are determined by a highly
focused CTL response exhibiting a low functional avidity (28,
50) and therefore contributing to prolonged cytokine-mediated
immunopathology.

MATERIALS AND METHODS

Mice. Specific-pathogen-free BALB/c, C57BL/6N, and C57BL/6-H-2¢ (B6.C-
H-29/bByJ) mice were obtained from Charles River (Sulzfeld, Germany) or
Jackson Laboratories (Bar Harbor, ME) and used at 6 to 12 weeks of age.
C57BL/6-H-2%" mice are the F1 generation of a C57BL/6N X C57BL/6-H-2¢
mating. Mice were kept in an individual ventilated cage (IVC) unit (BioZone,
Kent, United Kingdom). All animal experiments were performed in accordance
with guidelines of the local animal care commission (accreditation no. 35/
9185.81/G-08/49).

Virus infection and in vivo T cell depletion. Human RSV (RSV) A2 and RSV
8A (55) were grown on HEp-2 cells and stored at —80°C until use. Mice were
anesthetized intraperitoneally (i.p.) with ketamine and xylazine and inoculated
intranasally (i.n.) with 1 X 10° PFU of RSV. RSV titers from lung homogenates
were determined as described previously (5). To deplete T cells bearing T cell
receptors (TCRs) with the VB8.2 (F23.2 [26]) chain, mice were injected i.p. with
100 pg of F23.2 in 200 pl phosphate-buffered saline (PBS) 1 day prior to and 2
and 5 days after infection (24). Efficiency of depletion was determined by flow
cytometry.

Flow cytometry. Cells were isolated either by performing a bronchoalveolar
lavage (BAL) as described previously (40) or from lung parenchyma as described
previously (56). Cells were stained with the following antibodies: CD3-allophy-
cocyanin (clone 145-2C11), CDS8-phycoerythrin (PE) Cy5 (clone 53-6.7),
CD4-PE (clone RM4-5), CD25-fluorescein isothiocyanate (FITC) (clone 7D4),
and VB chain FITC (all from BD Bioscience, Heidelberg, Germany), and with
MHC-K? M2-1 82-90 tetramers (provided by the National Institutes of Health
tetramer facility, Emory University, Atlanta, GA). The frequency of gamma
interferon (IFN-y)-producing T cells was determined by restimulating 1 X 10°
BAL fluid cells for 3 h with the respective peptide (RSV M2-1 82-90 [M2-1 82]
or M187-196 [M187], synthesized by PolyPeptide Group, Strasbourg, France) at
a concentration of 0.1 wg/ml or with decreasing peptide concentrations in a total
volume of 150 pl/well in the presence of monensin (Golgistop; BD). Cells were
surface stained with anti-CD3 and anti-CD8 antibodies and then stained intra-
cellularly with an anti-IFN-y antibody (clone XMG1.2; BD) using the Cytofix/
Cytoperm kit according to the manufacturer’s instructions (BD). In some exper-
iments, 1 X 10° BAL fluid cells were restimulated with 4 X 10* RAW309CR.1
(TIB-69; ATCC), a murine macrophage-like cell line expressing both H-2¢ and
H-2° MHC class I molecules, which had been infected 1 day previously with RSV
at a multiplicity of infection (MOI) of 5. To determine the frequency of Th17
cells, 1 X 10° BAL fluid cells were restimulated in the presence of monensin with
phorbol myristate acetate (PMA)-ionomycin for 3 h. After harvesting, the cells
were surface stained with anti-CD3 and anti-CD4 antibodies, followed by intra-
cellular staining using anti-interleukin 17A (IL-17A) (clone TC11-18H10; BD)

antibody. For regulatory T cell (T,.,) staining, BAL fluid cells were surface
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stained without restimulation, followed by intracellular staining for FoxP3 (clone
MF23; BD). Cells were analyzed on a FACSsort cytometer using the Cellquest
Pro v4.02 software program.

Cytometric bead array. BAL was performed with 0.8 ml of phosphate-buffered
saline. Fifty microliters of supernatants of BAL fluid or of lung homogenates
were analyzed for secreted cytokines (IL-6, IL-10, monocyte chemoattractant
protein 1 [MCP-1], IFN-y, tumor necrosis factor alpha [TNF-a], and IL-12p70)
using a CBA mouse inflammation kit (BD) according to the manufacturer’s
instructions. The data were analyzed by using the CBA software program (BD).

Cytotoxicity assays. Ex vivo CTL assays were performed under “Mini-Killer”
conditions (41). P815 cells (H-2%; TIB-64; ATCC) or RAW309CR.1 cells (H-
24Py were used as target cells. They were labeled with decreasing peptide
concentrations from 2 X 107° to 2 X 10~'* M and *'Cr for 2 h. BAL fluid cells
were then incubated with target cells for 5 h in a total volume of 100 wl Iscove’s
modified Dulbecco’s medium (IMDM). After this incubation period, 50 pl of the
supernatant was removed and analyzed for >'Cr release in a y counter. Sponta-
neous °'Cr release was below 20% in all experiments.

Statistics. Data were analyzed using Student’s ¢ test in the case of a normal
distribution of raw data and equality of standard deviations. When standard
deviations differed significantly, the Welch ¢ test was used. When comparing
more than two experimental groups, a one-way analysis of variance (ANOVA)
with posttest was performed. Tests were performed with the GraphPad InStat
software program, version 3.06. Differences were considered significant at a P
value less than 0.05.

RESULTS

The MHC haplotype is an important determinant of disease
susceptibility following RSV infection. After infection with 10°
PFU of RSV, BALB/c mice develop an inflammatory pneu-
monia that is clinically associated with signs of illness, such as
weight loss, ruffled fur, and inactivity (16). These signs of
illness are not observed after RSV infection of C57BL/6 mice
(51). To analyze to what extent these differences are deter-
mined by the MHC locus, we performed experiments with
MHC congenic mice. BALB/c (H-2%) mice, C57BL/6 (H-2")
mice, MHC congenic C57BL/6-H-2¢ mice, and an F1 backcross
(H-2%*) of these mice to C57BL/6 mice were infected with 10°
PFU RSV and weighed daily. As expected, CS7BL/6 mice did
not show any signs of illness, while BALB/c mice significantly
lost weight from day 5 to day 7 after infection (Fig. 1A and B).
Weight loss in C57BL/6-H-29 mice was comparable to that in
BALB/c mice, but C57BL/6-H-2¢ mice recovered eatlier (Fig.
1A), while C57BL/6-H-2"* did not lose weight after RSV
infection (Fig. 1B). These results show that disease suscepti-
bility can in part be transferred with the H-2* MHC allele and
that the protective effect of the H-2" allele is dominant.

RSV-induced disease is not determined by peak virus titers
or virus elimination kinetics. RSV replicates to higher titers in
lungs of BALB/c mice than in those of C57BL/6 mice (44, 51).
To determine whether the disease observed in C57BL/6-H-2¢
mice is due to differences in peak virus titers or to a different
kinetic of viral elimination, we compared lung RSV titers in
the four mouse strains at day 4 (d4) and d6 after infection. As
expected, at the peak of viral replication, BALB/c mice had
10-fold-higher pulmonary virus titers than C57BL/6 mice,
while the virus load in lungs of C57BL/6-H-2¢ and C57BL/6-
H-2"" mice was similar to that for C57BL/6 mice (Fig. 1C). At
d6 after infection, all groups had similar virus titers (Fig. 1C),
and at d7, virus was eliminated below the detection limit in all
strains (data not shown). The poor correlation between signs
of illness and viral titers suggests that different kinetics of virus
growth and elimination are not responsible for the different
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FIG. 1. Weight loss after RSV infection is more pronounced in
mice carrying the H-2¢9 MHC haplotype, but disease is independent of
peak virus titers and elimination. Mice were infected intranasally (i.n.)
with 1 X 10° PFU RSV. (A and B) Weight was monitored for 8 days.
(A) The data show mean values and SD from mice in one experiment
representative of 6 independent experiments. (B) Each box represents
the weight on day six after infection in 12 independent experiments for
BALB/c and C57BL/6 mice (n = 44). In six of those experiments,
C57BL/6-H-2¢ and C57BL/6-H-2%** mice were included (n = 18). =,
P < 0.05; =, P < 0.001; n.s. (not significant), P > 0.05. (C) Pulmonary
virus load was determined at days four and six after infection. Data
were pooled from two independent experiments with 3 to 4 mice per
group and time point. The dashed line indicates the detection limit.
sk, P < 0.001; n.s. (not significant), P > 0.05.

infection outcomes in C57BL/6 and MHC-congenic C57BL/6-
H-2¢ mice.

Introduction of the H-2* MHC results in increased cytokine
production in the lungs of C57BL/6 mice. To determine
whether these differences in weight loss were also reflected by
the extent of inflammation in the infected lungs, we analyzed a
panel of inflammatory cytokines in supernatants of BAL fluid
on d7 (Fig. 2A to D) and of lung homogenates on d6 after
infection (Fig. 2E to H). BALB/c mice showed significantly
higher levels of IFN-y, MCP-1, IL-6, and TNF-«a than C57BL/6
mice (Fig. 2A to H), while no differences were found in the
levels of IL-10 and IL-12p40 (data not shown). C57BL/6 mice
carrying the H-2¢ haplotype had significantly higher levels of
MCP-1 and TNF-a than C57BL/6 mice with the H-2® haplo-
type, although the pulmonary inflammatory response was less
pronounced than that in BALB/c mice (Fig. 2A to H). These
data show that the MHC H-2¢ locus influences the pulmonary
cytokine levels in response to infection, mainly MCP-1 and
TNF-a. However, the extent of weight loss was not fully re-
flected by the investigated cytokines, indicating that other fac-
tors also contribute to this manifestation of immunopathology.
Thus, C57BL/6-H-2"" mice had levels of cytokines similar to
those for C57BL/6-H-2¢ mice but showed less weight loss.

MHC AND SUSCEPTIBILITY TO RSV 10137

The pulmonary CTL response is of similar magnitude in
MHC-congenic mice. Differences in MHC result in a different
extent and composition of T cell responses. Since T cells and in
particular CD8" cytotoxic T cells play a major role in RSV-
induced pathology in BALB/c mice (14), we compared the
CTL responses to RSV infection in the different mouse strains.
Seven days after RSV infection, cells recruited to the airways
were eluted via bronchoalveolar lavage (BAL) and restimu-
lated with RSV-infected RAW309Cr.1 cells expressing both
MHC haplotypes, H-2¢ and H-2°. The percentage of IFN-y-
producing cells among CD8™" T cells was determined by intra-
cellular cytokine staining. The absolute numbers of CTL eluted
by BAL (Fig. 3A) and the total numbers of CTL in lung
parenchyma (data not shown) were similar in all groups. More-
over, the fraction of virus-specific CTL among total BAL fluid
CTL was similar in all 4 experimental groups (Fig. 3B and C).
Thus, disease susceptibility was not determined by the amount
of virus-specific CTL recruited to the lung.

Since pulmonary inflammatory responses may also be influ-
enced by regulatory or inflammatory helper T cell responses,
we determined the number and percentage of FoxP3-express-
ing and IL-17-expressing CD4" T cells in the BAL fluid of
BALB/c and C57BL/6 mice. On d7 after RSV infection, both
strains showed similar numbers and percentages of BAL fluid
CD4™" T cells expressing IL-17 or FoxP3 (data not shown).

VB skewing of pulmonary CTL is more pronounced in
BALB/c and C57BL/6-H-2¢ mice than in C57BL/6 mice. Al-
though the MHC differences did not lead to a difference in the
overall number of pulmonary virus-specific CTL, their compo-
sition and quality could be influenced by the MHC. To address
this issue, we analyzed V@ chain usage of pulmonary CTL and
compared it to the VB usage of CTL obtained from the spleens
of naive mice. In these experiments, we initially used an anti-
body recognizing VB8.1/8.2. We later obtained a VB8.2-spe-
cific hybridoma (F23.2 [26]) and showed that more than 90%
of the cells recognized by the VB8.1/8.2 antibody expressed
VB8.2 (see also Fig. 6C). Seven days after RSV infection, there
was a significant increase in V38.1/8.2-expressing CTL in the
BAL fluid of BALB/c and C57BL/6-H-2¢ mice, while there
were few changes in the frequency of CTL using other chains
(Fig. 4A and B). In C57BL/6 mice, we observed a relative
increase in the dominant VB9-expressing population, but this
was less pronounced (Fig. 4C). In C57BL/6-H-2"" mice, the
expansion of the VB8.1/8.2-expressing population was attenu-
ated, and there was only a slight increase in the V39-expressing
population (Fig. 4D). Overall, the response was highly oligo-
clonal in the H-2¢ strains, while this was less pronounced in the
strains carrying H-2" alleles.

The epitope-specific pulmonary CTL response is more fo-
cused in H-2¢ mice than in H-2" mice. To further investigate
the T cell repertoire in the different mouse strains, we analyzed
defined virus-derived CTL responses. After RSV infection of
BALB/c mice, the majority of the RSV-specific CTL response
is directed against the immunodominant CTL epitope M2-1
82-90 (M2-1 82), presented by H-2K? (29, 30), while in
C57BL/6 mice, the immunodominant epitope is M187-195
(M187), presented by H-2D" (48). On d7 after RSV infection,
in BALB/c and C57BL/6-H-2¢ mice, about 20% of the pulmo-
nary CTL produced IFN-y in response to M2-1 82 stimulation
(Fig. 5A). This high frequency of M2-1 82-specific CTL, rep-
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FIG. 2. Different cytokine patterns in supernatants of BALF and of lung homogenates of BALB/c, C57BL/6, C57BL/6-H-2¢, and C57BL/6-H-2%®
mice. Mice were infected with 1 X 10° PFU RSV, and the indicated cytokines, IFN-y (A and E), IL-6 (B and F), MCP-1 (C and G), and TNF-« (D and
H), were determined in supernatants of BAL fluid on d7 (A to D) or of lung homogenates on d6 (E to H) following infection by cytometric bead array.
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FIG. 3. Total antiviral CTL responses are comparable in all groups.
Mice were infected i.n. with 1 X 10° PFU RSV. Seven days later, BAL
fluid CTL were analyzed for total numbers of CD8 T cells and IFN-y
production after restimulation with RSV-infected RAW macrophages.
(A) Absolute numbers of CD8 T cells in BAL fluid were determined by
a combination of microscopic cell counts and flow cytometry. (B) Repre-
sentative fluorescence-activated cell sorter (FACS) plots gated on CD3*
T cells are shown. (C) Frequency of IFN-y-producing CDS8 T cells fol-
lowing restimulation with RAW cells. Pooled data from 6 independent
experiments with 3 to 5 mice/group for BALB/c and C57BL/6 mice are
shown. In two (A) or three (C) of those experiments, C57BL/6-H-2¢ and
C57BL/6-H-2"* mice were included. n.s. (not significant), P > 0.05.

resenting the majority (~80%) of the virus-specific CTL (38,
39, 55), was confirmed by tetramer staining (Fig. 5B). In con-
trast, only about 10% of total BAL fluid CTL, representing
about 50% of the virus-specific CTL of C57BL/6 mice (32),
were specific for the immunodominant epitope M187 (Fig.
5D). Analysis of the VB usage of these immunodominant pop-
ulations revealed that in BALB/c and C57BL/6-H-29 mice,
about 75% of the M2-1 82-specific CTL carried the dominant
V8.2 chain (Fig. 5C) (3, 55). In contrast, only about 40% of
the M187-specific CTL of C57BL/6 mice carried the dominant
VB9 chain (Fig. SE) (3). These results revealed significant
differences in the composition of the virus-specific CTL reper-
toire, with a highly focused response in H-2¢ mice (about 70%
of virus-specific CTL represented by a single VB-expressing
dominant population; Fig. 5F) and a broader, less focused
response (about 20% represented by a single VB-expressing
population) in H-2" mice (Fig. 5F). While we were preparing
the manuscript, similar results regarding the V@ usage of
epitope-specific CTL (using the different IMGT [international
ImMunoGeneTics information system]| nomenclature) in
BALB/c and C57BL/6 mice were published by Graham and
colleagues (3). Of note, the coexpression of the H-2" allele,
which protected from RSV-induced weight loss, led to a sig-
nificant reduction in the dominant H-2%restricted CTL popu-
lation and to a more diverse CTL response (Fig. 5A to E).
VB8.2* M2-1 82-specific CTL response is responsible for
RSV-induced disease in H-2* mice. Collectively, the obtained
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fluid CTL from BALB/c and C57BL/6-H-2¢ mice is shown for 5 selected VB chains. The experiments were repeated with similar results.

results indicated that the focused M2-1 82-specific CTL re-
sponse in H-2¢ mice could be a significant determinant of
RSV-induced disease. This would predict that failure to acti-
vate this T cell population or depletion of VB8.2" cells should
attenuate the disease. To test this hypothesis, we infected
C57BL/6-H-29 mice either with RSV or with RSV 8A, carrying
a loss-of-recognition point mutation in the immunodominant
M2-1 82 epitope (55). Indeed, in mice infected with the mutant
virus, weight loss was significantly reduced (Fig. 6A) in the
absence of the M2-1 82-specific CTL population (Fig. 6B). In
a second set of experiments, VB8.2™ cells were depleted via
injecting an anti-VB8.2 depleting antibody 1 day before and 2
and 5 days after RSV infection of BALB/c mice. This treat-
ment depleted about 90% of VB8.2* CD8" T cells (Fig. 6C)
and about 70% of M2-1 82-specific CTL (Fig. 6D). Figure 6E
shows that this partial depletion significantly attenuated weight
loss after RSV infection of BALB/c mice.

H-2"-restricted M187-specific CTL show higher functional
avidity than H-2%restricted M2-1 82-specific CTL. To com-
pare functional avidities of the two immunodominant CTL
populations, we first analyzed their abilities to lyse peptide-
loaded target cells. For this, we labeled *!Cr-loaded RAW™"
cells with decreasing concentrations of both peptides (M2-1 82
and M187) and incubated them with BAL fluid cells obtained
7 days after RSV infection. BAL fluid cell numbers in the assay
were adapted to contain the same numbers of M187-specific
CTL (for CS7BL/6 mice) and M2-1 82-specific CTL (for

BALB/c mice), as determined by IFN-y analysis. While the
specific lysis by RSV-specific CTL was comparable at higher
peptide concentrations (Fig. 7A and C), M187-specific CTL
from C57BL/6 mice were able to lyse their target cells more
efficiently at lower peptide concentrations than M2-1 82-spe-
cific CTL from BALB/c mice (Fig. 7B and C). Similar results
were obtained by analysis of cytokine production after restimu-
lation with decreasing peptide concentrations. While there was
a good IFN-y and TNF-a response to saturating peptide con-
centrations (10~® M) in both strains (defined as 100%), the
dose-response curves showed higher proportions of TNF-a-
and IFN-y-producing CTL for C57BL/6 mice than for BALB/c
mice at more limiting peptide concentrations (Fig. 7D). These
data indicate that the dominant M2-1 82-specific CTL popu-
lation in H-2¢ mice has a lower functional avidity for its cog-
nate antigen/MHC complex than the M187-specific CTL pop-
ulation in H-2" mice. Therefore, a less efficient killing of
antigen-presenting cells (APC) may contribute to prolonged
stimulation of CTL, resulting in enhanced secretion of patho-
genic cytokines.

DISCUSSION

This study shows that the MHC locus can contribute to
disease severity after a respiratory viral infection by determin-
ing the diversity and functional avidity of the antiviral CTL
response. Limited diversity and dominance of a CTL popula-
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FIG. 5. CTL response against the immunodominant peptide epitopes of BALB/c and C57BL/6 mice. Seven days after intranasal inoculation
with 1 X 10° PFU RSV, epitope-specific BAL fluid CTL were quantified by flow cytometry. (A and D) Intracellular IFN-y production was
measured following restimulation with the indicated peptides: H-2K“ epitope M2-1 82-90 (A) or H-2D" epitope M187-195 (D). (B) M2-1
82-specific CTL were quantified by tetramer staining. (C and E) Percentages of VB8.1/8.2" cells among the M2-1 82-specific IFN-y™ cells (C) or
percentages of V9™ cells among the M187-specific IFN-y™ cells (E). (A to E) Pooled data from 3 to 5 independent experiments are shown, with
3 to 5 mice per group. (F) Estimated contribution of the dominant CTL population to the overall RSV-specific response. *, P < 0.05; #x, P < 0.01;

wxk, P < 0.001; n.s. (not significant), P > 0.05.

tion that is not very efficient in target cell lysis may lead to
increased cytokine production and subsequent immune-medi-
ated disease. In contrast, a more diverse CTL response medi-
ating more effective elimination of target cells attenuates the
disease. Of note, in a viral infection that is eliminated inde-
pendent of perforin, these differences in disease severity can
occur despite similar kinetics of viral elimination.

Starting from the observation that RSV-induced weight loss
and the pulmonary inflammatory response are more pro-
nounced in BALB/c (H-2¢) mice than in C57BL/6 (H-2") mice,
we analyzed the contribution of the MHC-determined CTL
response to differences in disease susceptibility using MHC-
congenic mice. In contrast to previous studies using an F1
hybrid mouse model (47, 49), we used MHC-congenic mice on
the same genetic background (C57BL/6) which differed only in
their MHC expression. This allowed us to study the impact of
the MHC independent of strain-specific background genes. We
found that the disease observed in BALB/c mice following
RSV infection was in part transferred with the H-2¢ allele to
mice on the C57BL/6 genetic background. In contrast,
C57BL/6 mice carrying both MHC haplotypes, H-2¢ and H-2°,
were found to be less susceptible to disease, indicating that the
H-2° haplotype is dominant and confers resistance to RSV-
induced disease. It should be stated that an increased disease
susceptibility remained in BALB/c mice compared to C57BL/
6-H-2¢ mice, indicating a relevant role of additional genetic
factors carried by these different mouse strains.

The key parameters determined by the MHC are the com-
position and efficacy of CD4* and CD8* T cell responses, both
of which can contribute to disease pathogenesis. Of note, reg-
ulatory helper T cells were recently shown to limit immunopa-

thology following RSV infection (13, 46). Moreover, a critical
role for IL-17 in disease development after influenza infection
was observed (9). In our experimental model, there were no
differences in the overall number of CD4 " helper T cells or in
the number of regulatory T cells or Th17 cells recruited to the
lung after RSV infection of H-2" mice versus results for H-2¢
mice. As expected from previous observations (14, 15), disease
was clearly determined by CD8 ™ T cells and was dependent on
the presence of the immunodominant population of H-29-
restricted M2-1 82-specific CTL. Thus, only infection with
wild-type virus but not with a mutant virus carrying a single
amino acid substitution in the dominant epitope (RSV 8A),
which failed to induce this particular CTL population, caused
disease in C57BL/6-H-2 mice. This was similar to our previous
observations with BALB/c mice (55). In addition, depletion of
a large fraction of this immunodominant CTL population by
anti-VB8.2 treatment also significantly reduced the pathology.

How do MHC-determined CTL responses contribute to dis-
ease in our model? A recent study showed that increased
recruitment of CD8" T cells to the lung contributes to MHC-
dependent increased disease susceptibility in mice reinfected
with RSV after neonatal priming (54). Increased CTL recruit-
ment was not the key factor in our primary infection model,
where the MHC did not affect the extent of the overall pul-
monary CTL infiltration or the extent of the virus-specific CTL
response. We identified two other relevant factors. First, the
MHC determined the diversity of the virus-specific CTL re-
sponse. In H-2¢ mice, about 70% of virus-specific CTL repre-
sented a particular VB-expressing population directed against
a single epitope, while these were only 20% of CTL in H-2°
mice. Of note, C57BL/6 mice expressing both H-2" and H-2¢
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FIG. 6. Reduced weight loss after infection of CS7BL/6-H-2¢ mice
with an RSV strain carrying a mutation in the immunodominant epitope
or after depletion of VB8.2" CTL in BALB/c mice. (A) C57BL/6-H-2¢
mice were infected i.n. with 1 X 10° PFU of recombinant RSV (rRSV)
wild type (wt) or rRSV 8A. Weight was monitored for 7 days. Data show
mean values and SD for 6 mice per group, obtained in 2 independent
experiments. (B) Specific lysis of target cells labeled with M2-1 82 peptide
is shown for BAL fluid CTL of mice infected with rRSV 8A or rRSV wt.
(C to E) Mice were treated with the hybridoma supernatant («VB8.2
[F23.2] d-1, d2, and d5) i.p. and infected i.n. with 1 X 10° PFU of RSV.
(C) Efficacy of depletion was monitored by flow cytometry of BAL fluid
CTL at d7 after infection. (D) After in vitro restimulation with M2-1 82,
the percentage of IFN-y* CD8" T cells is shown. (E) Percent body weight
is shown for depleted and PBS-treated mice (d6). Results shown are from
one of two independent experiments with 4 mice per group. *, P < 0.05;
sk, P < 0.001.
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alleles did not develop disease. In that situation, reduction of
the relative dominance of the M2-1 82-specific population in
favor of an additional M187-specific CTL population provided
an antiviral CTL repertoire that was not associated with dis-
ease. These results extend previous observations by Ruckwardt
et al. In elegant experiments using different viral epitope mu-
tant RSV isolates, they showed with C57BL/6/BALB/c F1 mice
that the extent of dominance of the M2-1 82 population over
the M187 population was related to disease (47). Similar to
results of our experiments, a very narrow M2-1 82-specific
response was associated with more-severe disease, while
broadening the response by M187-reactive CTL was beneficial
to the host.

The second factor was the quality of the M2-1 82-specific
CTL response. These H-2%restricted CTL had a lower func-
tional avidity than M187-specific CTL mediating the immuno-
dominant response in H-2° mice, and on a per-cell basis, their
efficacy in mediating target cell lysis was significantly lower. A
link between reduced CTL cytotoxicity and enhanced cytokine-
mediated disease has been observed in several other experi-
mental models. For example, in perforin-deficient mice, im-
paired target cell lysis does not significantly delay clearance of
RSV infection but leads to an increase in inflammatory cyto-
kines, in particular IFN-y, associated with enhanced disease
manifestations (2). Increased cytokine-mediated immunopa-
thology as a consequence of impaired target cell lysis is also the
key pathogenetic principle in a human genetic disorder of
lymphocyte cytotoxicity called familial hemophagocytic lym-
phohistiocytosis (FHL) (10). In that disease, which can be
reproduced by LCMV infection of perforin-deficient mice
(25), defective lysis of APC leads to a prolonged stimulation of
virus-specific CTL with subsequent IFN-y-mediated disease
(25, 42). We have recently shown that quite subtle differences
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FIG. 7. The highly focused M2-1 82-specific CTL population has a lower avidity than the M187-specific CTL population. The specific lysis of
target cells loaded with a peptide concentration of 107% M (A) or 107'° M (B) or loaded with peptides in decreasing concentrations (C) is shown
for BAL fluid CTL of BALB/c and C57BL/6 mice 7 days following infection with RSV. (D) Dose-response curves of M2-182- and M187-specific
CD8 T cells stimulated with decreasing peptide concentrations are shown for TNF-a™ (left panel) or IFN-y™ (right panel) CTL. Values obtained
after stimulation with a peptide concentration of 10~® M represented the maximum response and were set as 100% response. Mean values and

SD for 5 mice per group are shown.
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in CTL cytotoxicity that can be detected only under the low
peptide concentrations also used in this study are highly rele-
vant and can be a deciding factor regarding recovery versus
lethal disease in the FHL model (B. Jessen, A. Maul-Pavicic,
H. Utheil, T. Vraetz, A. Enders, K. Lehmberg, A. Léangler, U.
Gross-Wieltsch, A. Bay, Z. Kaya, Y. T. Bryceson, E. Kosciel-
niak, S. Badawy, G. Davies, M. Hufnagel, A. Schmitt-Graff, P.
Aichele, U. zur Stadt, K. Schwarz, and S. Ehl, submitted for
publication).

In the context of these examples, we would like to argue that
after infection of H-2¢ mice, the MHC-determined generation
of the large immunodominant M2-1 82-specific CTL popula-
tion is a disadvantage to the host because it is of low functional
avidity. This does not impair virus elimination but may lead to
delayed elimination of APC and prolonged stimulation of an-
tiviral CTL, which contribute to cytokine-mediated immuno-
pathology. We thus provide an additional aspect illustrating
how T cell diversity and functional avidity determined by the
MHC can contribute to increased susceptibility to viral infec-
tions. While previous data obtained in a mouse model of her-
pesvirus infection showed that these factors can determine
control of virus replication and survival after viral infection
(34), our results indicate that they can be equally important in
the determination of infection-induced immunopathology.

In humans, MHC-disease associations are much more diffi-
cult to prove. While in mice defined single homozygous MHC
alleles are present on a constant non-MHC background,
codominant expression of 6 MHC class I alleles in the human
outbred population introduces significant complexity. More-
over, individual MHC-restricted CTL responses may be dis-
ease causing or protective, even after infection with the same
virus, depending on viral parameters (36). This may explain
why association studies between particular HLA class I anti-
gens and severe RSV bronchiolitis in infants failed to reveal
obvious correlations (22). Nevertheless, MHC-disease correla-
tions have been observed in several human infectious diseases.
For example, the major genetic determinants of HIV-1 control
affect HLA class I peptide presentation (43), and certain MHC
alleles have been shown to delay onset of disease in HIV-1-
infected patients (6, 27, 53). Furthermore, clearance of hepa-
titis C virus infection has been associated with certain MHC
class I alleles (37).

Apart from improving our understanding of MHC-disease
associations in viral infections, our findings also have implica-
tions for vaccine design. If antiviral responses are dominated
by ineffective CTL, this may have consequences for viral clear-
ance and for infection-associated immunopathology. If the vac-
cine is designed to elicit a broad and diverse T cell response,
the risk of inducing one dominant response of limited quality
is significantly smaller.
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