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Cytotoxic T lymphocytes (CTLs) represent key immune effectors of the host response
against chronic viruses, due to their cytotoxic response to virus-infected cells. In response
to this selection pressure, viruses may accumulate escape mutations that evade CTL-
mediated control. To study the emergence of CTL escape mutations, we employed the
murine chronic infection model of lymphocytic choriomeningitis virus (LCMV). We
developed an amplicon-based next-generation sequencing pipeline to detect low
frequency mutations in the viral genome and identified non-synonymous mutations in
the immunodominant LCMV CTL epitope, GP33-41, in infected wildtype mice. Infected
Rag2-deficient mice lacking CTLs did not contain such viral mutations. By using
transgenic mice with T cell receptors specific to GP33-41, we characterized the
emergence of viral mutations in this epitope under varying selection pressure. We
investigated the two most abundant viral mutations by employing reverse genetically
engineered viral mutants encoding the respective mutations. These experiments provided
evidence that these mutations prevent activation and expansion of epitope-specific CD8 T
cells. Our findings on the mutational dynamics of CTL escape mutations in a widely-
studied viral infection model contributes to our understanding of how chronic viruses
interact with their host and evade the immune response. This may guide the development
of future treatments and vaccines against chronic infections.

Keywords: viral infection, lymphocytic choriomeningitis (LCMV), CD8 T cell, immune evasion, mouse model, CTL
escape mutation
INTRODUCTION

The action of cytotoxic T lymphocytes (CTLs) is a key means by which the immune system controls
viral infections (1, 2). CTLs recognize peptides presented by major histocompatibility complex I
(MHCI) (3). During viral infection, MHCI complexes present virus-derived peptides on the cell
surface (3, 4), which are detected by CTLs via the T cell receptor (TCR). Viral epitopes are restricted
org June 2021 | Volume 12 | Article 6384851
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to one of the three types of MHCI, each type containing a unique
a chain. In mice, the a chain is encoded by the H-2D, H-2K and
H-2L loci (5). Binding of the TCR to the viral peptide-MHCI
complex, together with sufficient costimulatory signals from
receptor/ligand interactions and cytokines, results in
proliferation and migration of the CTLs to the site of infection
(2). CTLs initiate targeted cell death, by apoptosis, of infected
cells through the secretion of perforin and granzymes and/or
binding of Fas ligand to Fas receptors on the infected cell (6, 7).
Due to their cytotoxic nature, CTL activity constitutes a direct
antiviral selection pressure and is considered essential to control
viral infections (8).

Increased mutation rates of CTL epitopes are a classical
mechanism by which chronic viruses like lymphocytic
choriomeningitis virus (LCMV), hepatitis C virus (HCV) and
human immunodeficiency virus (HIV) may evade CTL-
mediated clearance (9–12). These escape mutations commonly
occur in or adjacent to the epitopes and normally affect one of
the three following processes: the processing of viral peptides, the
display of viral peptide on the MHCI molecule and the
recognition of the MHCI-peptide complex by the TCR (13,
14). Anchor residues facilitate the binding of peptides to the
MHCI molecule, where they occupy binding pockets (5).
Accordingly, if an anchor residue is mutated, this often leads
to the reduction or the ablation of the binding of the peptide to
the MHCI molecule (15).

Experimental infections with LCMV are a benchmark model
for studying chronic viral infection and CTL responses (16). The
virus-encoded CTL epitopes are well-characterized for the
infection of H-2Db/H-2Kb restricted C57BL/6J wildtype (WT)
mice (17). This model enabled the discovery of the first viral CTL
escape mutation (18) and it has provided additional valuable
insights into viral immune evasion by non-synonymous
mutations in CTL epitopes (19–22).

Although several CTL escape mutations have been identified in
LCMV, the emergence dynamics of these mutations have not been
comprehensively studied. Here, we infected C57BL/6J WT mice
with the chronic LCMV strain, Clone 13, and analyzed viral
sequences from the spleens of these mice using a next-generation
sequencing approach. We focused on the immunodominant viral
epitope GP33-41 (23) and employed complementary experimental
approaches to modulate the CTL selection pressure and elucidate
the dynamics of emerging viral mutations. Selected mutations were
characterized by determining peptide binding to recombinant H2-
Db molecules as well as by characterizing mice infected with reverse
genetically engineered viruses carrying identified mutations in the
GP33-41 epitope.
MATERIALS AND METHODS

Mice
All animal experiments were conducted in compliance with the
respective mouse licenses with the protocol numbers BMWFW-
66.009/0318-II/3b/2012, BMWFW-66.009/0199- WF/V/3b/2015
and BMWFW-66.009/0361-WF/V/3b/2017 in accordance
with the Austrian law for animal experiments (TVG, BGBl. Nr.
Frontiers in Immunology | www.frontiersin.org 2
501/1989 i.d.F. BGBI. I Nr. 162/2005). All animal licenses were
approved by the relevant institutional ethics boards in
accordance with institutional guidelines.

All mice used in these experiments were on a C57BL/6J
background, age-matched and male. Genetically modified mice
included P14 TCR-transgenic (24) and Rag2-/- (25) mice. The
mice were housed under specific pathogen free conditions at the
Institute of Molecular Biotechnology, Vienna, Austria, the Anna
Spiegel animal facility of the Medical University of Vienna,
Vienna, Austria and the animal facility of the Department of
Biomedical Research of the Medical University of Vienna,
Vienna, Austria.

Viruses
All mice were infected intravenously (i.v.) via the tail vein with
2 x 106 focus forming units (FFUs) of the Clone 13 strain of
LCMV or the respective viruses containing mutations in the
GP33-41 epitope. All viruses were generated using a reverse
genetic rescue system as described previously (26). Virus stocks
of passage two were used for infection experiments.

Tissue Collection
For longitudinal measurements of viral titer blood was collected
from the tail vein in 1ml of MEM-Heparin (10U/ml). The MEM
was purchased from Sigma-Aldrich (M4655) and the heparin
from Ratiopharm. Organs were collected upon whole body
perfusion of anesthetized animals with 20ml PBS. For the
sequencing experiments spleens were harvested, rinsed in PBS
and were frozen in liquid nitrogen for further processing. For
measuring viral titers from solid organ samples, organs were
harvested in the same way but were collected in 1ml MEM
supplemented with 5% fetal calf serum (Invitrogen) and 1%
Penicillin-Streptomycin-Glutamine (Thermo Fisher Scientific,
10378016) before being frozen in liquid nitrogen. For flow
cytometry analyzes blood and spleen samples were collected
and prepared as previously described (27).

RNA Extraction and cDNA Synthesis
Spleen samples were homogenized in QIAzol lysis reagent
(QIAGEN, 79306) using a TissueLyser II (QIAGEN, 85300)
and RNA was extracted in accordance with the manufacturer’s
instructions. We used the First Strand cDNA synthesis Kit
(Thermo Fisher Scientific, K1622) using 1µg of RNA as input
and the manufacturer’s standard protocol to synthesize cDNA.

Amplicon-Based Next-Generation
Sequencing Experiments
To amplify a 540bp fragment of the LCMV S segment containing
the GP33-41 epitope, the following primers were used: Forward
5 ’-CGCTTTCCTCTAGATCAACTGG-3 ’ , Reverse 5 ’-
CATTGTTGAAGTCGCAGGATAC-3’. The PCR with Phusion
high fidelity polymerase (Thermo Fisher Scientific, F530S) was
run for 45 cycles and with a melting temperature of 68°C, in
accordance with the manufacturer’s 20µl reaction protocol. Once
the PCR was completed the samples were cleaned with AMPure
XP beads (Beckman Coulter, A63881) to remove the PCR
primers and enzyme. Sequencing libraries were created from
June 2021 | Volume 12 | Article 638485
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these samples using a Nextera XT DNA library preparation kit
(Illumina, FC-131-1096) using the manufacturer’s standard
protocol. The libraries were sequenced on a MiSeq v2 micro
with a 150bp paired end protocol. Base calling was achieved
using the Illumina Realtime Analysis software. Data were
converted into BAM format using Illumina2bam and
demultiplexed using BamIndexDecoder (https://github.com/wtsi-
npg/illumina2bam). We obtained an average coverage of 1.5 x 105

reads per sample at the GP33-41 epitope. Read filtering for adapter
and primer sequences as well as for quality and length was
performed with BBDUK from the BBtools suite (http://jgi.doe.
gov/data-and-tools/bbtools). Mapping of paired reads on the
combined mm10 (GRCm38/mm10) mouse genome and LCMV
genome segments (GenBank: DQ361065.2 and DQ361066.1) was
done with the BWA-MEM software package (28) (v 0.7.17) with a
minimal seed length of 17. For calling virus variants we realigned
the BAM alignment file using the Viterbi method implemented by
LoFreq (29) (v 2.1.2). InDel qualities for low frequency variants
were called using LoFreq. A reference genome of the short
segment of LCMV Clone 13 (GenBank: DQ361065.2) was
employed for the variant calling. Variant filtering was performed
with LoFreq and Bcftools (30) (v 1.9) using a minimum coverage
of 75 reads, a minimum base quality of 10, a minimum mapping
quality of 20 and a significance threshold of 0.05 (-q 10 -Q 20 -m
20 -C 75 -a 0.05). The programs SnpEff (31) (v 4.3) and SnpSift
(32) (v 4.3) were used for variant annotation.

Plasmid Titration to Validate Amplicon-Based
Next-Generation Sequencing Pipeline
A solution of plasmid containing the whole LCMV S (short)
segment with a G->A nucleotide exchange at position 178 of the S
segment (the GP34A->T mutation) was serially diluted in a
solution of a plasmid containing WT S segment. This was done
to produce final solutions containing the percentage of mutant
plasmid indicated in Supplementary Figure 1. The concentration
of total plasmid in these solutions was 10ng/ml. These solutions
were then processed using the full next-generation sequencing
pipeline described above.

Predictions of Peptide Binding to H2-Db

We used the bioinformatic tool netMHCpan (v 4.0) (33) to predict
the binding of peptides to H2-Db. (http://www.cbs.dtu.dk/services/
NetMHCpan-4.0) with default settings defining a rank score of
<0.5% as strong binding, a rank score of 0.5%-2% as weak binding
and a rank score of >2% as little to no binding.

Splenocyte Transfer Experiment
Whole spleens from P14 TCR-transgenic mice were
homogenized by passing them through 40µm filters. The
splenocytes were counted and the homogenates were diluted to
5 x 107 splenocytes/ml in PBS. 200µl of this splenocyte dilution
was injected intravenously via the tail vein so that each mouse
received 1 x 107 splenocytes. One day later the recipient mice, as
well as WT mice that did not receive splenocytes, were infected
with LCMV Clone 13 WT as described above. The mice were
sacrificed 40 days after LCMV infection. The details of sacrifice
and organ collection are described above.
Frontiers in Immunology | www.frontiersin.org 3
Sanger Sequencing
Using the same PCR conditions as detailed above, a 540bp
fragment containing the GP33-41 epitope was generated and
run on a 1% agarose electrophoresis gel containing 0.0025%
ethidium bromide (Sigma, E1510), along with a 100bp ladder
(New England Biolabs, N0551S). Excised bands were purified with
a gel extraction kit (Qiagen, 28706) using the manufacturer’s
protocol and eluting the final products in 40µl DNase/RNase
free water. The products were then submitted to Microsynth AG
for Sanger sequencing. The percentage of the GP34A->T and
GP35V->A mutations in each sample was estimated with
QSVanalyzer using -10bp to -5bp as reference bases (34).

Virus Propagation on BHK-21 Cells
BHK-21 cells were maintained in Dulbecco׳s Modified Eagle
Medium (Gibco, 41985-039) supplemented with 10% fetal calf
serum (Invitrogen), 2% tryptose phosphate broth (Sigma,
T8159), 1% 1M HEPES solution (Sigma, H0887), 1% 100mM
sodium pyruvate solution (Sigma, S8636) and 1% Penicillin-
Streptomycin-Glutamine (Thermo Fisher Scientific, 10378016)
throughout all experiments. 3 x 105 BHK-21 cells per well were
plated in 6-well plates and were left overnight at 37°C. The next
day the sub confluent cells were infected at a multiplicity of
infection (MOI) of 0.01 (assuming 6 x 105 cells per well). For
these infections LCMV Clone 13 WT, LCMV Clone 13
containing the GP34A->T mutation or LCMV Clone 13
containing the GP35V->A mutation was used. Three replicate
wells were used for each condition. After infection 2ml of media
was added to each well. After 6, 12, 24, 48 and 72 hours post
infection 1ml of media was taken for further analysis and then
1ml of fresh media was added. At 96 hours post infection, all the
media was taken.

Flow Cytometry Analyzes
All surface and intracellular antibodies used in the flow
cytometry analyzes were purchased from Biolegend. All
dilutions containing staining reagents (antibodies, tetramers
and the viability dye) where made using FACS buffer (2% FCS/
PBS). Data were analyzed using FlowJo software (v 10).

GP33-41 tetramers with a PE fluorophore, GP276-286
tetramers with a FITC fluorophore and NP396-404 tetramers
with an APC fluorophore were obtained from the NIH Tetramer
Core Facility. The samples were first stained with the tetramers
(GP33-41 and NP396-404, 1:500; GP276-286, 1:200) at 37°C for
15 minutes. After tetramer staining the samples were stained
with anti-CD16/CD32 block antibody (1:200, clone 93) at room
temperature for 10 minutes and then 1:200 with surface
antibodies: CD3e: Pe-Cy7, clone 145-2C11; CD8a: AF700,
Clone 53-6.7 at 4°C for 20 minutes. They were concurrently
stained 1:2000 with Fixable Viability Dye; eFluor 780
(ebioscience, 65-0865-18). The samples were washed in FACS
buffer and then fixed in 4% formaldehyde solution (Sigma-
Aldrich, 252549-1L) in FACS buffer at room temperature for
10 minutes. The samples were then resuspended in 200µl of
FACS buffer and analyzed by flow cytometry on a LSRFortessa
flow cytometer (Biosciences).
June 2021 | Volume 12 | Article 638485
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For the splenocyte transfer experiment, the percentage of cells
from P14 TCR-transgenic mice in the CD8+ population was
calculated as the percentage of the CD45.1+ cells in the CD8+
population. The samples were stained 1:200 with the same
surface antibodies as for the tetramer experiments (see above)
in addition to a CD45.1 antibody (clone A20, Pacific Blue). For
the flow cytometry analysis of P14 TCR-transgenic mice the
samples were stained with tetramers and treated with anti-CD16/
CD32 block antibody as described above. They were then stained
1:200 with the following surface antibodies: CD8.2b: Pacific Blue,
clone 53-5.8; CD44: Brilliant Violet 605, clone IM7 and they were
concurrently stained 1:2000 with Fixable Viability Dye: eFluor
780, (ebioscience, 65-0865-18). Samples were then processed and
analyzed as described above.

Intracellular cytokine staining was performed as previously
described (20). The GP33-41 peptides (KAVYNFATC,
KTVYNFATC and KAAYNFATC) were purchased from
BonOpus biosciences at a purity of >90%.

Measurements of Viral Titer
For all relevant samples, (blood, organ pieces, viral stock, media
from the BHK-21s cells) viral titer was quantified with focus
forming assay as described previously (35).

Differential Scanning Fluorimetry
The recombinant peptide-MHCI complexes were produced as
described previously (36–38). The UV-cleavable peptides for H2-
Db and H2-Kb, ASNENJETM (36) and FAPGNYJAL (39)
respectively, were purchased crude (70% purity) from Intavis
Peptide Services and were used in all differential scanning
fluorimetry experiments. The peptide-MHCI complexes for the
differential scanning fluorimetry experiments were made (37)
and the experiments performed as described previously (40). The
GP33-41 peptides used in Figures 3D, E were the same as for the
intracellular cytokine experiment (see above). The GP33-41
peptides used in Supplementary Figure 8 were purchased
crude (70% purity) from JPT peptide services. The GP34-43
peptides used in Supplementary Figure 10 were purchased from
BonOpus biosciences at a purity of >90%.
RESULTS

Mutations Emerge in the Immunodominant
GP33-41 Epitope in LCMV-Infected
WT Mice
Firstly, we wanted to investigate the emergence of non-
synonymous mutations in the immunodominant, H2-Db

restricted GP33-41 epitope of LCMV (nucleotide positions
175-201 of the S segment) during the course of a chronic
infection in WT mice. To recover low frequency mutations, we
employed a LCMV-specific amplicon-based next-generation
sequencing protocol that allows the identification of low
frequency mutations and that we validated by a plasmid
titration experiment (Supplementary Figure 1). We collected
spleen tissue fromWTmice that were infected with 2 x 106 focus
Frontiers in Immunology | www.frontiersin.org 4
forming units (FFU) of LCMV Clone 13 at various timepoints
(39, 40, 43 and 75 days post infection) and subjected them to our
sequencing protocol. We identified at least one non-synonymous
mutation in 12 out of 21 infectedWTmice, from six independent
experiments, in the GP33-41 epitope (Figures 1A, B). Ten
distinct, possible escape mutations were identified and 60% of
which were seen in multiple mice (Figure 1B). As control, we
analyzed seven infected C57BL/6J Rag2-/- mice (lacking
functional B or T cells) from two independent experiments
and did not find any such mutation in the GP33-41 epitope
(Figure 1A). Together, these observations suggest that the viral
mutations found in infected WT mice, although at relatively low
frequencies, may have escaped the CTL response against the
GP33-41 epitope.

The GP34A->T, which affects an anchor residue, and the
GP36Y->C mutations were the most frequent mutations
identified (four and three individual mice respectively)
(Figure 1C and Table 1). We also detected the GP35V->A
mutation, a known CTL escape mutation (Figure 1C and
Table 1) (22, 41). Moreover, LCMV Clone 13 viruses containing
either the GP34A->T or the GP36Y->C mutation were previously
shown to persist in P14 mice, which encode a transgenic TCR
specific for the GP33-41 epitope (9, 24), further suggesting that
these mutations are likely to mediate escape from the GP33-41
specific CTL response.

Next, we predicted the effect of the mutations on binding to
H2-Db by using the netMHCpan prediction tool (33). A score
of <0.5% indicates strong predicted binding, a score of 0.5%-2%
predicts weak binding whereas a score of >2% suggests that the
peptide will not bind to the MHCI molecule (33). These analyses
indicated a reduced H-2Db binding strength of the three mutant
peptides compared to WT peptide (Table 1).

Infection of GP33-41-Specific TCR
Transgenic Mice Resulted in the Rapid
Emergence of Mutations in the Viral
GP33-41 Epitope
In order to study the emergence of escape mutations in the
GP33-41 epitope under increased selection pressure, we
employed different approaches using P14 mice, which encode a
transgenic TCR specific to the GP33-41 epitope (24). To increase
CTL-mediated selection pressure on the GP33-41 epitope, we
transferred 1 x 107 splenocytes from P14 TCR-transgenic mice,
which express the congenic CD45.1 marker, into WT mice. One
day after splenocyte transfer the mice were infected with LCMV
Clone 13 and harvested at 40 days post infection. As control, we
observed the maintenance of P14 TCR-transgenic cells in the
circulating CD8+ cell (CTL) population during the peak of the
CTL response and during the chronic phase of infection, at eight
and 39 days post infection respectively (Supplementary
Figure 2A). Upon sequencing of viral RNA from spleens of
these mice (Supplementary Figure 3A) we observed the
GP34A->T mutation (Figure 2A), which we had previously
identified in the WT mice (Figure 1). This mutation was
observed at frequencies of at least 20% in all five of the
splenocyte-transferred mice (Figure 2A). We also observed the
June 2021 | Volume 12 | Article 638485
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GP35V->A mutation, however this was only detected in one out
of five mice at a frequency of approximately 10% (Figure 2A).
For both groups of mice, we obtained more than 8 x 103 reads at
the positions where the GP34A->T and the GP35V->A
mutations occur (Supplementary Figure 3B). Further, we
detected at least 2.5 x 103 reads where either the GP34A->T or
Frontiers in Immunology | www.frontiersin.org 5
GP35V->A mutation was present in the mice that received
splenocytes (Supplementary Figure 3C).

Next, we directly infected P14 TCR-transgenic mice to study
the emergence kinetics of mutations in the GP33-41 epitope in
response to near-monoclonal CTL selection pressure. Spleens of
P14 TCR-transgenic mice were harvested between 1 and 39 days
A B

C

FIGURE 1 | Mutations emerge in the immunodominant GP33-41 epitope in LCMV CL13 WT in infected WT mice. (A) Mutations in the GP33-41 epitope identified in
WT and Rag2-/- mice using next-generation sequencing. The data from WT mice represents three, eleven, two and five mice harvested at 39, 40, 43 and 75 days
post infection respectively. These data are from six separate experiments. The data for the Rag2-/- mice represent six and two mice harvested at 40 and 75 days
post infection respectively. These data are from two separate experiments. The dotted line indicates the mean +3 standard deviations of the combination of the
frequencies of all the mutations in the Rag2-/- mice at both time points. (B) Schematic indicating the type and position, in the GP33-41 epitope, of the mutations
identified in mice chronically infected with LCMV CL13 WT. (C) Diagram of the mutations identified repeatedly (GP34A->T and GP36Y->C) or at high frequency
(GP35V->A) in the WT mice. The underlined amino acids are anchor residues.
TABLE 1 | Identified mutations in the GP33-41 epitope and predictions of their impact on the binding strength between GP33-41 peptide and H2-Db.

Mutation Identified in infected WT mice Identified in WT mice with P14
TCR-transgenic splenocyte

transfers

Identified in infected P14 TCR-
transgenic mice

NetMHCpan prediction (%)

GP33-41 (WT) 0.391
GP33K->E X 1.46
GP33K->T X 0.395
GP34A->T X X X 1.84
GP34A->S X 0.868
GP34A->V X 2.47
GP35V->A X X X 0.585
GP35V->I X 0.152
GP36Y->C X X 0.638
GP36Y->F X 0.372
GP37N->T X 6.00
GP38F->I X 0.317
GP39A->D X 0.182
GP40T->S X 0.733
June 2021
The predictions are the percentage rank scores calculated using the netMHCpan (v.4.0) prediction tool.
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post infection. The CTL responses were analysed in infected P14
TCR-transgenic mice (Supplementary Figures 2B, C). Viremia
and viral loads in spleen were also determined for these mice
(Supplementary Figures 4A, B). Measurement of tetramer
positive cells in the CD8 positive population of P14 TCR-
transgenic mice confirmed that their CTLs recognized the
GP33-41 epitope and did not recognize either of the
immunodominant epitopes GP276-286 and NP396-404
(Supplementary Figures 4C–E).

Over the course of viral infection in P14 TCR transgenic mice,
we detected six distinct mutations in the GP33-41 epitope
(Figure 2B). GP35V->A and GP36Y->F were previously
characterized as escape mutations (22, 41), while it was shown
that viruses containing either the GP34A->T or GP36Y->C
mutation cannot be cleared by P14 TCR-transgenic mice (9).
The other mutations have not been reported in the literature so
far. Intriguingly, the six observed mutations displayed different
emergence kinetics (Figure 2B). GP34A->T and GP35V->A
showed a large increase in frequency between two and four
days post infection and maintained high frequencies from eight
to 12 days post infection. In contrast the other four mutations
increased in frequency from two to four days post infection but
showed low frequencies at eight to 12 days post infection. These
data suggest that GP34A->T and GP35V->A provided the
greatest increase in viral fitness among the six identified
nonsynonymous mutations in P14 TCR-transgenic mice.

We also assessed nonsynonymous mutations in the viral
GP33-41 epitope of spleens from P14 TCR-transgenic mice
that were infected 39 days previously. Interestingly, at this
chronic time point we observed that the GP35V->A mutation
was present at an average frequency of approximately 80% while
the GP34A->T mutation showed significantly lower frequencies
of below 20% (Supplementary Figure 5A). This was
independently confirmed by Sanger sequencing using
QSVanalyzer to perform semi-quantitative mutation frequency
analysis (Supplementary Figure 5B) (34). This suggests that the
GP35V->A mutation confers a relative fitness advantage over the
GP34A->T mutation during chronic infection in the context of a
near-monoclonal CTL selection pressure.
Frontiers in Immunology | www.frontiersin.org 6
To investigate whether these mutations occurred within the
same viral genomes, we analyzed the sequencing reads and
observed that >99.8% of reads contained, mutually exclusively,
either one of these mutations or none (Supplementary Figure 6).
This indicated that the two mutations were not genetically linked
but emerged in different viral genome molecules.

The GP34A->T Mutation Changes the CTL
Response Against the GP33-41 Epitope
Without Impacting Viral Replication In Vivo
Next, we investigated the impact of the GP34A->T and
GP35V->A mutations, which we had found in both WT mice
and in our experimental systems with increased CTL selection
pressure (Figures 1 and 2). To this end, we employed reverse
genetically engineered LCMV Clone 13 strains containing either
one of these mutations and, as control, the parental LCMV Clone
13 WT (26). Henceforth these viruses are referred to as CL13
GP34A->T, CL13 GP35V->A and CL13 WT respectively.

MHC class I tetramer staining revealed reduced numbers of
GP33-41 specific CD8+ T cells in mice infected with CL13
GP34A->T or CL13 GP35V->A compared to the mice infected
with CL13 WT (Figure 3A). Conversely, we found no difference
in the percentage of CD8+ T cells specific for the NP396-404
epitope between mice infected with either of the three viruses
(Figure 3B). These data indicate that the CTL response was
normal in the mice infected with CL13 GP34A->T or CL13
GP35V->A, aside from the lack of a response to the GP33-41
epitope. These data indicate that the GP34A->T mutation
escapes the anti-GP33-41 CTL response to the same degree as
the GP35V->A mutation.

To investigate how the GP34A->T and GP35V->A mutations
affect cytokine production of virus-specific CD8 T cells, we
performed intracellular cytokine staining (ICS) upon peptide
restimulation using splenocytes from mice infected with 2 x 106

FFU of either CL13 WT, CL13 GP34A->T or CL13 GP35V->A.
At eight days post infection, splenocytes were harvested and
stimulated with WT GP33-41 peptide or GP33-41 peptides
containing either the GP34A->T or the GP35V->A mutation
(Supplementary Figure 7). We observed a smaller percentage of
A B

FIGURE 2 | Increased GP33-41-specific CTL responses result in the rapid emergence of mutations in the viral GP33-41 epitope. (A) Frequency of mutations
identified in the GP33-41 epitope at 40 days post infection in the WT mice that received splenocytes from P14 TCR-transgenic mice. The splenocytes were
transferred one day before infection with LCMV CL13 WT. Five mice in each group were analyzed. (B) Mutations identified in P14 TCR-transgenic mice in the GP33-
41 epitope using next-generation sequencing. The x-axis scale break indicates separate experiments (two total). Three mice were analyzed per timepoint. The dotted
line indicates the limit of detection as defined in Figure 1A. In all graphs each error bar displays mean ± SEM.
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CD8+IFNg+ cells when splenocytes from mice infected with
CL13 WT were stimulated with either of the mutant peptides
compared to the WT peptide (Figure 3C). We also observed that
splenocytes of mice infected with either of the CL13 mutants
showed a smaller percentage of CD8+IFNg+ cells compared to
splenocytes infected with CL13 WT upon stimulation with WT
peptide (Figure 3C). Taken together these results support the
conclusion that the GP34A->T and GP35V->A mutations escape
the CTL response against GP33-41.

To experimentally assess the impact of the identified
nonsynonymous mutations on peptide binding to MHCI, we
performed differential scanning fluorimetry (DSF) (38, 40).
Briefly, we performed UV-mediated peptide-exchange reactions
Frontiers in Immunology | www.frontiersin.org 7
with H2-Db-UVCP (ultraviolet light-cleavable peptide) complexes
in the presence of WT or the mutant peptides. In agreement with
our netMHCpan predictions (Table 1), we observed that both
mutations (GP34A->T or GP35V->A) led to a decrease in the
melting temperature of the GP33-41 peptide-H2-Db complex and,
hence, they led to the formation of less stable peptide-MHC
complexes (Figures 3D, E).

We also applied DSF to measure the impact of the other
mutations we observed in WT mice (Figure 1A) and P14 TCR-
transgenic mice (Figure 2B), on the stability of the GP33-41
peptide-H2-Db complex (Supplementary Figure 8). We found
that eight out of the eleven tested peptides displayed
similar melting temperatures to the GP33-41 WT peptide
A B

D E

F G H

C

FIGURE 3 | The GP34A->T mutation changes the CTL response against the GP33-41 epitope without impacting viral replication in vivo. The percentages of
(A) GP33-41 and (B) NP396-404 tetramer positive cells in the circulating CD8+ CTL population were determined with flow cytometry at 8 days post infection. WT
mice were infected with the indicated viruses. The uninfected control group are also shown. Between three and four mice were used per group. (C) The percentage
of IFNg positive cells in the splenic CD8+ population in WT mice infected with the indicated viruses and uninfected mice. Data were generated by intracellular
cytokine staining at 8 days post infection and analysed with flow cytometry. Splenocytes were gated for the Lymphocyte/Single cell/Live/CD3+CD8+ population
before being analyzed for IFNg expression. Splenocytes from each mouse were stimulated with either GP33-41 WT peptide or peptide either containing the GP34A-
>T or GP35V->A mutation. Three to four mice were used per group. (D) Differential scanning fluorimetry measurements showing the melting temperature (Tm) of
GP33-41 peptide-H2-Db complexes. Negative first derivative of relative fluorescence units (rfu) plotted against increasing temperatures. The minimum point of the
curves indicates the Tm of the corresponding peptide-H2-Db complex. Three replicates were measured for each condition. (E) Bar graphs displaying Tm values of
peptide-H2-Db complexes, calculated from the curves in (D). Each data point of the bar chart indicates the Tm for one technical replicate (F) BHK-21 cells were
infected with a 0.01 multiplicity of infection (MOI) of the indicated viruses and media was harvested at the indicated timepoints. The scale break in the y-axis indicates
the limit of detection. Data are representative of two independent experiments. Viremia from Rag2-/- (G) or WT (H) mice were infected with the indicated viruses. Four
mice were analyzed per virus. The same mice were analyzed at each time point. Data are representative of two independent experiments. The scale break in the y-
axis indicates the limit of detection. (A–C, F–H) each error bar displays mean ± SEM. In (D–E) the error bars indicate mean ± standard deviation. For (A–C) p-values
were calculated using unpaired, two-tailed t-tests. For (F) p-values were calculated with one-way ANOVA using the Bonferroni correction. For (A–C, F) significant
p-values are indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, NS, Not significant.
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(Supplementary Figures 8B, D–L), indicating that these
mutations do not affect the stability of the GP33-41 peptide-
H2-Db complex. In contrast, we observed that the GP33K->E
mutation lowered the Tm of the GP33-41 peptide-H2-Db

complex compared to the complex containing the WT peptide
(Supplementary Figures 8B–C, L). These results are in line with
the netMHCpan predictions for this mutation as it leads to a
drop in rank score (Table 1), suggesting that this mutation
destabilizes the GP33-41 peptide-H2-Db complex.

Further, we observed that the peptides with the GP36Y->C or
the GP37N->T mutation (Supplementary Figures 8M, N),
showed melting curves with no clear minima. This suggests
that these peptides did not bind to, and consequently stabilize,
the H2-Db complex. These results are in line with the
netMHCpan predictions as both mutations lead to a drop in
the rank score, with GP33-41 peptide containing the GP37N->T
mutation displaying the largest rank score of all the eleven
analyzed peptides (Table 1), likely because it changes an
anchor residue (Figure 1C). The GP36Y->C mutation, which
arose in multiple WT mice (Figure 1B) and in P14 TCR-
transgenic mice (Figure 2B) and has also been observed by
Pircher et al. (9), providing accumulated evidence for conferring
escape from GP33-41-specific CTL responses.

Upon elucidating the benefits endowed by the GP34A->T and
GP35V->A mutations in regard to escaping the CTL response
against GP33-41, we investigated whether either of these two
mutations impose a replicative cost on the virus. To measure the
replication of the three viruses in vitro, we infected BHK-21 cells
and measured viral titers over a period of 96 hours. At 72 and 96
hours post infection all three viruses reached similar viral titers
(Figure 3F). Yet, in two independent experiments we found that
the virus containing the GP34A->Tmutation grew slower between
24 and 48 hours post infection. To measure viral propagation in
the absence of adaptive immune responses in vivo, we infected
Rag2-/- mice with 2 x 106 FFU of each of the viruses. We found no
consistent difference in viremia in either Rag2-/- or WT mice
infected with CL13 WT, CL13 GP34A->T or CL13 GP35V->A
over the course of chronic infection (Figures 3G, H). Organ titers
were also comparable for all three viruses in spleen, liver, kidney
and brain of infected Rag2-/- and WT mice at 17 days post
infection (Supplementary Figure 9). Taken together these data
indicate that the mutations do not impose any replication cost on
the virus nor confer a detectable increase in overall viral fitness by
escaping one of many CTL epitope responses. This observation is
in line with a previous study which showed that the presence of a
single escape mutation in LCMV does not necessarily lead to
impaired virus control in WT mice (9, 20).
DISCUSSION

CTLs are important to control chronic viral infections such as
LCMV, HCV and HIV, which may evade this immune pressure
by the selection of mutations in CTL epitopes (8, 9, 20, 22, 41–
44). CTL escape mutations are linked to greater viral persistence
and consequently with less favorable outcomes in both HIV and
Frontiers in Immunology | www.frontiersin.org 8
HCV (45, 46). In HIV, it has been shown that two general
principles determine which escape mutations are selected for: the
fitness cost that a mutation imparts upon the virus and how
effective a mutation is at escaping the CTL response (15).

Here we focused on the immunodominant epitope GP33-41
during chronic LCMV infection and we employed a novel next-
generation sequencing based approach to reveal the emergence
of a variety of non-synonymous mutations at low frequencies.

The experimental increase of CTL-mediated selection pressure
on a single viral epitope led to an accelerated emergence of epitope
mutations and higher mutation frequencies. The fact that both the
GP34A->T and GP35V->Amutations escape the CTL response to
the GP33-41 epitope, while imposing little to no replication cost on
the virus, suggests that thesemutants would be selected for in aWT
setting. This is in line with the fact that we identified both of these
mutations in chronically infected WT mice. Despite the limited
number of mice used in this study, we readily identified the
aforementioned two mutations in both WT and P14 TCR-
transgenic mice by next-generation sequencing at high coverage.

Using a viral infection model widely used to uncover
fundamental aspects of CTL biology with relevance for human
immunology (16, 18, 47, 48), we observed that CTL selection
pressure selects a few distinct mutations from a pool of mutations
in a CTL epitope. This may be applicable to chronic viral infection
in humans, although mutations in CTL epitopes may show altered
emergence kinetics that are determined by several parameters such
as the individual’s MHCI haplotype and the immunodominance
of the presented epitopes. Nonsynonymous mutations in CTL
epitopes of acute infections such as SARS-CoV-2 may contribute
to viral immune evasion (40).

In this study we focused on the selection of viral CTL escape
mutations in the spleen. Yet, it is conceivable that other organ
compartments may harbor organ-specific CTL escape mutations
due to the local inflammatory milieu, immunoprivileged state,
altered CTL responses and viral clearance kinetics during
chronic infection (23, 49). While out of the scope of this study,
such organ-specific differences present an interesting avenue for
future investigations.

CTL escape mutations have also been reported in simian
models of HIV after primates were vaccinated with vaccines
containing a small number of CTL epitopes (50–52). A better
understanding of how CTL escape mutations arise and precisely
how these mutations interact with the immune system is an
important consideration when designing and deploying CTL-
based immunotherapies. Results from our study with the widely-
used LCMV infection model combined with these observations
in primates suggest that T cell-mediated vaccines against viruses
should target a large number of CTL epitopes in order to avoid
the development of CTL escape mutations.

We observed different emergence kinetics of theGP34A->T and
GP35V->A mutations in the P14 TCR-transgenic mice compared
to WT mice with P14 TCR-transgenic splenocyte transfer. In the
P14 TCR-transgenic mice, the GP35V->A mutation accumulated
to much higher frequencies than the GP34A->T mutation by 39
days post infection. This may be related to a small replicative
disadvantage conferred by the GP34A->T mutation as suggested
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by our in vitro experiment, although further investigations are
warranted to elucidate the involved mechanisms of viral intra-
host competition.

However, in the context of P14 TCR transgenic splenocyte
transfer the GP34A->T mutation was found at high frequency
while the GP35V->A mutation was barely detectable. It is possible
that the GP34A->T mutation escapes from the CTL response
against the H2-Kb restricted GP34-43 epitope, which overlaps
with the H2-Db restricted GP33-41 epitope (53). It was shown
that the GP35V->A mutation cannot escape the CTL response
against the H2-Kb restricted GP34-43 epitope (22). While we
observed that both the GP34A->T and GP35V->A mutations
slightly decrease the stability of the GP34-43 peptide-H-2Kb

complex (Supplementary Figure 10), it is possible that the
GP34A->T mutation could mediate escape from the anti-GP34-
43 response by reducing the recognition of the GP34-43 peptide-
H2-KbcomplexbyCTLs. Suchamechanismofescapecouldexplain
why the GP34A->T mutation was selected for over GP35V->A in
WTmice, as their CTLs recognize peptides presented by both H2-
Db and H2-Kb while CTLs of P14 TCR-transgenic mice recognize
only the H2-Db restricted epitope GP33-41.

It was shown that while GP33-41 peptide containing the GP35V-
>AmutationcanbepresentedbyH2-DbandthatCTLscanbindto this
peptide-MHCI complex, this binding does not cause the proliferation
of CTLs (54, 55). Lack of CTL proliferation due to the instability of the
mutantpeptide-H2-Dbcomplex is the likelymechanismofescape (54).
We observed that both the GP35V->A and GP34A->Tmutations led
to a similardecrease in the thermostability of theGP33-41peptide-H2-
Db complex, which suggests that the GP34A->T mutation may use a
similarmechanismtoescape fromtheCTLresponseagainst theGP33-
41 epitope.

Using a novel next-generation sequencing based approach,
we demonstrate that a variety of possible CTL escape mutations
emerge in the LCMV genome during chronic infection and that
specific mutations are selected for when immune selection
pressure is increased. As chronic viral infections continue to be
a substantial burden on human health, understanding how such
mutations arise and impact immunobiology will be valuable for
designing CTL-mediated vaccines and other immunotherapies
against pathogen- or tumor-specific epitopes (15, 56, 57).
DATA AVAILABILITY STATEMENT

The next-generation sequencing data is available at the European
Nucleotide Archive (ENA) with the accession number PRJEB41755.
Frontiers in Immunology | www.frontiersin.org 9
ETHICS STATEMENT

The animal study was reviewed and approved by Animal ethics
committee of the Medical University of Vienna.
AUTHOR CONTRIBUTIONS

MS designed and executed most of the experiments. KK designed
and executed some of the experiments and contributed to the
design of experiments executed by MS. AP, LE, and MS analyzed
the data for the next-generation sequencing experiment. VG, BA,
AL, HB, LK, CV, and JH designed and/or conducted
experiments. MS and AB wrote the manuscript with input
from VG, BA, JH, LE, LK, and AL. AB supervised the study
and experimental design. All authors contributed to the article
and approved the submitted version.
FUNDING

MS, KK, and AL were supported by DOC fellowships of the
Austrian Academy of Sciences (No. 24813, No. 24158 and No.
24955 respectively). BA was supported by the Austrian Science
Fund (FWF) DK W1212. VG and JH received support from the
Vienna Science and Technology Fund (WWTF, LS14-031).
ACKNOWLEDGMENTS

We would like to thank Christian Schlötterer for his helpful
advice and feedback during the development of the project. We
would like to acknowledge Sarah Niggemeyer, Jenny Riede,
Sabine Jungwirth and Nicole Fleischmann for their excellent
animal caretaking and Thorina Boenke, Michael Schuster and
Thomas Penz from the Biomedical Sequencing Facility at CeMM
for their help sequencing. We would also like to thank the NIH
Tetramer Core Facility for providing MHCI tetramers.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
638485/full#supplementary-material
REFERENCES

1. Zhang N, Bevan MJ. Cd8+ T Cells: Foot Soldiers of the Immune System.
Immunity (2011) 35:161–8. doi: 10.1016/j.immuni.2011.07.010

2. Walker LJ, Sewell AK, Klenerman P. T Cell Sensitivity and the Outcome of
Viral Infection. Clin Exp Immunol (2010) 159:245–55. doi: 10.1111/j.1365-
2249.2009.04047.x

3. De La Roche M, Asano Y, Griffiths GM. Origins of the Cytolytic Synapse. Nat
Rev Immunol (2016) 16:421–32. doi: 10.1038/nri.2016.54

4. Blum JS, Wearsch PA, Cresswell P. Pathways of Antigen Processing. Annu Rev
Immunol (2013) 31:443–73. doi: 10.1146/annurev-immunol-032712-095910
5. Rammensee H-G, Falk K, Rotzschke O. (1993). Available at: www.
annualreviews.org (Accessed Access provided by 193).

6. Kägi D, Ledermann B, Bürki K, Seiler P, Odermatt B, Olsen KJ, et al.
Cytotoxicity Mediated by T Cells and Natural Killer Cells Is Greatly
Impaired in Perforin-Deficient Mice. Nature (1994) 369:31–7. doi: 10.1038/
369031a0

7. Lord SJ, Rajotte RV, Korbutt GS, Bleackley RC. Granzyme B: A Natural Born
Killer. Immunol Rev (2003) 193:31–8. doi: 10.1034/j.1600-065X.2003.00044.x

8. Goulder PJR, Watkins DI. Impact of MHC Class I Diversity on Immune
Control of Immunodeficiency Virus Replication. Nat Rev Immunol (2008)
8:619–30. doi: 10.1038/nri2357
June 2021 | Volume 12 | Article 638485

https://www.frontiersin.org/articles/10.3389/fimmu.2021.638485/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.638485/full#supplementary-material
https://doi.org/10.1016/j.immuni.2011.07.010
https://doi.org/10.1111/j.1365-2249.2009.04047.x
https://doi.org/10.1111/j.1365-2249.2009.04047.x
https://doi.org/10.1038/nri.2016.54
https://doi.org/10.1146/annurev-immunol-032712-095910
http://www.annualreviews.org
http://www.annualreviews.org
https://doi.org/10.1038/369031a0
https://doi.org/10.1038/369031a0
https://doi.org/10.1034/j.1600-065X.2003.00044.x
https://doi.org/10.1038/nri2357
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Smyth et al. CD8 T Cell-Mediated Viral Mutations
9. Pircher H, Moskophidis D, Rohrer U, Burki K, Hengartner H, Zinkernagel
RM. Viral Escape by Selection of Cytotoxic T Cell-Resistant Virus Variants In
Vivo. Nature (1990) 346:629–33. doi: 10.1038/346629a0

10. Bowen DG, Walker CM. Mutational Escape From CD8+ T Cell Immunity:
HCV Evolution, From Chimpanzees to Man. J Exp Med (2005) 201:1709–14.
doi: 10.1084/jem.20050808

11. Price DA, Goulder PJ, Klenerman P, Sewell AK, Easterbrook PJ, Troop M,
et al. Positive Selection of HIV-1 Cytotoxic T Lymphocyte Escape Variants
During Primary Infection. Proc Natl Acad Sci USA (1997) 94:1890–5.
doi: 10.1073/pnas.94.5.1890

12. Xu XN, Screaton GR, McMichael AJ. Virus Infections: Escape, Resistance, and
Counterattack. Immunity (2001) 15:867–70. doi: 10.1016/S1074-7613(01)
00255-2

13. Lucas M, Karrer U, Lucas A, Klenerman P. Viral Escape Mechanisms -
Escapology Taught by Viruses. Int J Exp Pathol (2001) 82:269–86.
doi: 10.1046/j.1365-2613.2001.00204.x

14. Timm J, Walker CM. Mutational Escape of CD8+ T Cell Epitopes: Implications
for Prevention and Therapy of Persistent Hepatitis Virus Infections. Med
Microbiol Immunol (2015) 204:29–38. doi: 10.1007/s00430-014-0372-z

15. Goulder PJR, Watkins DI. HIV and SIV CTL Escape: Implications for Vaccine
Design. Nat Rev Immunol (2004) 4:630–40. doi: 10.1038/nri1417

16. Zehn D, Wherry EJ. Clinically Relevant Lessons From the LCMV Model. In:
Schoenberger S, Katsikis P, Pulendran B, editor. Adv Med Biol. Cham:
Springer (2015) Vol 850. p. 137–52.

17. Kotturi MF, Peters B, Buendia-Laysa F, Sidney J, Oseroff C, Botten J, et al. The
CD8+ T-Cell Response to Lymphocytic Choriomeningitis Virus Involves the
L Antigen: Uncovering New Tricks for an Old Virus. J Virol (2007) 81:4928–
40. doi: 10.1128/JVI.02632-06

18. Zinkernagel RM, Doherty PC. Restriction of In Vitro T Cell-Mediated
Cytotoxicity in Lymphocytic Choriomeningitis Within a Syngeneic or
Semiallogeneic System. Nature (1974) 248:701–2. doi: 10.1038/248701a0

19. Weidt G, Deppert W, Utermöhlen O, Heukeshoven J, Lehmann-Grube F.
Emergence of Virus Escape Mutants After Immunization With Epitope
Vaccine. J Virol (1995) 69:7147–51. doi: 10.1128/jvi.69.11.7147-7151.1995

20. Johnson S, Bergthaler A, Graw F, Flatz L, Bonilla WV, Siegrist C-A, et al.
Protective Efficacy of Individual CD8+ T Cell Specificities in Chronic Viral
Infection. J Immunol (2015) 194:1755–62. doi: 10.4049/jimmunol.1401771

21. Van Der Most RG, Murali-Krishna K, Lanier JG, Wherry EJ, Puglielli MT,
Blattman JN, et al. Changing Immunodominance Patterns in Antiviral CD8
T-Cell Responses After Loss of Epitope Presentation or Chronic Antigenic
Stimulation. Virology (2003) 315(1):93–102. doi: 10.1016/j.virol.2003.07.001

22. Puglielli MT, Zajac AJ, van der Most RG, Dzuris JL, Sette A, Altman JD, et al.
In Vivo Selection of a Lymphocytic Choriomeningitis Virus Variant That
Affects Recognition of the GP33-43 Epitope by H-2Db But Not H-2Kb. J Virol
(2001) 75:5099–107. doi: 10.1128/JVI.75.11.5099-5107.2001

23. Wherry EJ, Blattman JN, Murali-Krishna K, van der Most R, Ahmed R. Viral
Persistence Alters CD8 T-Cell Immunodominance and Tissue Distribution
and Results in Distinct Stages of Functional Impairment. J Virol (2003)
77:4911–27. doi: 10.1128/jvi.77.8.4911-4927.2003

24. Pircher H, Michalopoulos EE, Iwamoto A, Ohashi PS, Baenziger J, Hengartner
H, et al. Molecular Analysis of the Antigen Receptor of Virus-Specific
Cytotoxic T Cells and Identification of a New Va Family. Eur J Immunol
(1987) 17:1843–6. doi: 10.1002/eji.1830171226

25. Mombaerts P, Iacomini J, Johnson RS, Herrup K, Tonegawa S, Papaioannou
VE. Rag-1-Deficient Mice Have No Mature B and T Lymphocytes. Cell (1992)
68:869–77. doi: 10.1016/0092-8674(92)90030-G

26. Flatz L, Bergthaler A, de la Torre JC, Pinschewer DD. Recovery of an
Arenavirus Entirely From RNA Polymerase I/II-Driven Cdna. Proc Natl
Acad Sci USA (2006) 103:4663–8. doi: 10.1073/pnas.0600652103

27. Lercher A, Bhattacharya A, Popa AM, Caldera M, Schlapansky MF, Baazim H,
et al. Type I Interferon Signaling Disrupts the Hepatic Urea Cycle and Alters
Systemic Metabolism to Suppress T Cell Function. Immunity (2019) 51:1074–
87.e9. doi: 10.1016/j.immuni.2019.10.014

28. Li H, Durbin R. Fast and Accurate Short Read Alignment With Burrows-
Wheeler Transform. Bioinformatics (2009) 250(14):1754–60. doi: 10.1093/
bioinformatics/btp324

29. Wilm A, Aw PPK, Bertrand D, Yeo GHT, Ong SH, Wong CH, et al. LoFreq: A
Sequence-Quality Aware, Ultra-Sensitive Variant Caller for Uncovering Cell-
Frontiers in Immunology | www.frontiersin.org 10
Population Heterogeneity From High-Throughput Sequencing Datasets.
Nucleic Acids Res (2012) 40:11189–201. doi: 10.1093/nar/gks918

30. Li H. A Statistical Framework for SNP Calling, Mutation Discovery,
Association Mapping and Population Genetical Parameter Estimation From
Sequencing Data. Bioinformatics (2011) 27(21):2987–93. doi: 10.1093/
bioinformatics/btr509

31. Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, et al. A Program
for Annotating and Predicting the Effects of Single Nucleotide Polymorphisms,
SnpEff: SNPs in the Genome of Drosophila Melanogaster Strain w1118; iso-2;
iso-3. Fly (Austin) (2012) 6(2):80–92. doi: 10.4161/fly.19695

32. Cingolani P, Patel VM, Coon M, Nguyen T, Land SJ, Ruden DM, et al. Using
Drosophila Melanogaster as a Model for Genotoxic Chemical Mutational
Studies With a new Program, SnpSift. Front Genet (2012) 3:35. doi: 10.3389/
fgene.2012.00035

33. Jurtz V, Paul S, Andreatta M, Marcatili P, Peters B, Nielsen M. Netmhcpan-
4.0: Improved Peptide–Mhc Class I Interaction Predictions Integrating Eluted
Ligand and Peptide Binding Affinity Data. J Immunol (2017) 199:3360–8.
doi: 10.4049/jimmunol.1700893

34. Carr IM, Robinson JI, Dimitriou R, Markham AF, Morgan AW, Bonthron
DT. Inferring Relative Proportions of DNA Variants From Sequencing
Electropherograms. Bioinformatics (2009) 25:3244–50. doi: 10.1093/
bioinformatics/btp583

35. Bhattacharya A, Hegazy AN, Deigendesch N, Kosack L, Cupovic J,
Kandasamy RK, et al. Superoxide Dismutase 1 Protects Hepatocytes From
Type I Interferon-Driven Oxidative Damage. Immunity (2015) 43:974–86.
doi: 10.1016/j.immuni.2015.10.013

36. Toebes M, Coccoris M, Bins A, Rodenko B, Gomez R, Nieuwkoop NJ, et al.
Design and Use of Conditional MHC Class I Ligands.Nat Med (2006) 12:246–
51. doi: 10.1038/nm1360

37. Blaha DT, Anderson SD, Yoakum DM, Hager MV, Zha Y, Gajewski TF, et al.
High-Throughput Stability Screening of Neoantigen/HLA Complexes
Improves Immunogenicity Predictions. Cancer Immunol Res (2019) 7:50–
61. doi: 10.1158/2326-6066.CIR-18-0395

38. Garboczi DN, Hung DT, Wiley DC. HLA-A2-Peptide Complexes: Refolding
and Crystallization of Molecules Expressed in Escherichia Coli and
Complexed With Single Antigenic Peptides. Proc Natl Acad Sci USA (1992)
89:3429–33. doi: 10.1073/pnas.89.8.3429

39. Grotenbreg GM, Roan NR, Guillen E, Meijers R, Wang JH, Bell GW, et al.
Discovery of CD8+ T Cell Epitopes in Chlamydia Trachomatis Infection
Through Use of Caged Class I MHC Tetramers. Proc Natl Acad Sci USA
(2008) 105:3831–6. doi: 10.1073/pnas.0711504105

40. Agerer B, Koblischke M, Gudipati V, Montaño-Gutierrez LF, SmythM, Popa A,
et al. SARS-CoV-2Mutations inMHC-I-Restricted Epitopes Evade CD8 + T Cell
Responses. Sci Immunol (2021) 6:eabg6461. doi: 10.1126/sciimmunol.abg6461

41. Blattman JN, Wherry EJ, Ha S-J, van der Most RG, Ahmed R. Impact of
Epitope Escape on PD-1 Expression and CD8 T-Cell Exhaustion During
Chronic Infection. J Virol (2009) 83:4386–94. doi: 10.1128/JVI.02524-08

42. Deng K, Pertea M, Rongvaux A, Wang L, Durand CM, Ghiaur G, et al. Broad
CTL Response Is Required to Clear Latent HIV-1 Due to Dominance of
Escape Mutations. Nature (2015) 517:381–5. doi: 10.1038/nature14053

43. Leslie AJ, Pfafferott KJ, Chetty P, Draenert R, Addo MM, Feeney M, et al. HIV
Evolution: CTL Escape Mutation and Reversion After Transmission. Nat Med
(2004) 10:282–9. doi: 10.1038/nm992

44. GanusovVV,GoonetillekeN,LiuMKP,FerrariG,ShawGM,McMichaelAJ, et al.
Fitness Costs and Diversity of the Cytotoxic T Lymphocyte (Ctl) Response
Determine the Rate of CTL Escape During Acute and Chronic Phases of HIV
Infection. J Virol (2011) 85:10518–28. doi: 10.1128/jvi.00655-11

45. Goulder PJR, Phillips RE, Colbert RA, McAdam S, Ogg G, Nowak MA, et al.
Late Escape From an Immunodominant Cytotoxic T-Lymphocyte Response
Associated With Progression to AIDS. Nat Med (1997) 3:212–7. doi: 10.1038/
nm0297-212

46. Erickson AL, Kimura Y, Igarashi S, Eichelberger J, Houghton M, Sidney J,
et al. The Outcome of Hepatitis C Virus Infection Is Predicted by Escape
Mutations in Epitopes Targeted by Cytotoxic T Lymphocytes. Immunity
(2001) 15:883–95. doi: 10.1016/S1074-7613(01)00245-X

47. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al.
Restoring Function in Exhausted CD8 T Cells During Chronic Viral Infection.
Nature (2006) 439:682–7. doi: 10.1038/nature04444
June 2021 | Volume 12 | Article 638485

https://doi.org/10.1038/346629a0
https://doi.org/10.1084/jem.20050808
https://doi.org/10.1073/pnas.94.5.1890
https://doi.org/10.1016/S1074-7613(01)00255-2
https://doi.org/10.1016/S1074-7613(01)00255-2
https://doi.org/10.1046/j.1365-2613.2001.00204.x
https://doi.org/10.1007/s00430-014-0372-z
https://doi.org/10.1038/nri1417
https://doi.org/10.1128/JVI.02632-06
https://doi.org/10.1038/248701a0
https://doi.org/10.1128/jvi.69.11.7147-7151.1995
https://doi.org/10.4049/jimmunol.1401771
https://doi.org/10.1016/j.virol.2003.07.001
https://doi.org/10.1128/JVI.75.11.5099-5107.2001
https://doi.org/10.1128/jvi.77.8.4911-4927.2003
https://doi.org/10.1002/eji.1830171226
https://doi.org/10.1016/0092-8674(92)90030-G
https://doi.org/10.1073/pnas.0600652103
https://doi.org/10.1016/j.immuni.2019.10.014
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/nar/gks918
https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.4161/fly.19695
https://doi.org/10.3389/fgene.2012.00035
https://doi.org/10.3389/fgene.2012.00035
https://doi.org/10.4049/jimmunol.1700893
https://doi.org/10.1093/bioinformatics/btp583
https://doi.org/10.1093/bioinformatics/btp583
https://doi.org/10.1016/j.immuni.2015.10.013
https://doi.org/10.1038/nm1360
https://doi.org/10.1158/2326-6066.CIR-18-0395
https://doi.org/10.1073/pnas.89.8.3429
https://doi.org/10.1073/pnas.0711504105
https://doi.org/10.1126/sciimmunol.abg6461
https://doi.org/10.1128/JVI.02524-08
https://doi.org/10.1038/nature14053
https://doi.org/10.1038/nm992
https://doi.org/10.1128/jvi.00655-11
https://doi.org/10.1038/nm0297-212
https://doi.org/10.1038/nm0297-212
https://doi.org/10.1016/S1074-7613(01)00245-X
https://doi.org/10.1038/nature04444
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Smyth et al. CD8 T Cell-Mediated Viral Mutations
48. Zinkernagel RM. Lymphocytic Choriomeningitis Virus and Immunology. In:
Oldstone MBA, ed. Arenaviruses II. Current Topics in Microbiology and
Immunology. Berlin, Heidelberg: Springer (2002) 263:1–5.

49. Chakradhar S. Puzzling Over Privilege: How the Immune System Protects -
And Fails - The Testes. Nat Med (2018) 24:2–5. doi: 10.1038/nm0118-2

50. Barouch DH, Kunstman J, Kuroda MJ, Schmitz JE, Santra S, Peyerl FW, et al.
Eventual AIDS Vaccine Failure in a Rhesus Monkey by Viral Escape From
Cytotoxic T Lynphocytes. Nature (2002) 415:335–9. doi: 10.1038/415335a

51. Martins MA, Tully DC, Cruz MA, Power KA, Veloso de Santana MG, Bean
DJ, et al. Vaccine-Induced Simian Immunodeficiency Virus-Specific Cd8 + T-
Cell Responses Focused on a Single Nef Epitope Select for Escape Variants
Shortly After Infection. J Virol (2015) 89:10802–20. doi: 10.1128/jvi.01440-15

52. Fernandez CS, Smith MZ, Batten CJ, De Rose R, Reece JC, Rollman E, et al.
Vaccine-Induced T Cells Control Reversion of AIDS Virus Immune Escape
Mutants. J Virol (2007) 81:4137–44. doi: 10.1128/jvi.02193-06

53. Hudrisier D, Oldstone MBA, Gairin JE. The Signal Sequence of Lymphocytic
Choriomeningitis Virus Contains an Immunodominant Cytotoxic T Cell
Epitope That Is Restricted by Both H-2Db and H-2Kb Molecules. Virology
(1997) 234:62–73. doi: 10.1006/viro.1997.8627

54. Shorter SK, Schnell FJ,McMaster SR,PinelliDF,AndargachewR,EvavoldBD.Viral
EscapeMutant EpitopeMaintains TCRAffinity forAntigenYet Curtails Cd8TCell
Responses. PloS One (2016) 11:e0149582. doi: 10.1371/journal.pone.0149582
Frontiers in Immunology | www.frontiersin.org 11
55. Schnell FJ, Alberts-Grill N, Evavold BD. Cd8+ T Cell Responses to a Viral
Escape Mutant Epitope: Active Suppression Via Altered SHP-1 Activity.
J Immunol (2009) 182:1829–35. doi: 10.4049/jimmunol.0801798

56. Thimme R. T Cell Immunity to Hepatitis C Virus: Lessons for a
Prophylactic Vaccine. J Hepatol (2020) 74(1):220–9. doi: 10.1016/j.jhep.
2020.09.022

57. Haynes BF, Shaw GM, Korber B, Kelsoe G, Sodroski J, Hahn BH, et al. Hiv-
Host Interactions: Implications for Vaccine Design. Cell Host Microbe (2016)
19:292–303. doi: 10.1016/j.chom.2016.02.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Smyth, Khamina, Popa, Gudipati, Agerer, Lercher, Kosack, Endler,
Baazim, Viczenczova, Huppa and Bergthaler. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.
June 2021 | Volume 12 | Article 638485

https://doi.org/10.1038/nm0118-2
https://doi.org/10.1038/415335a
https://doi.org/10.1128/jvi.01440-15
https://doi.org/10.1128/jvi.02193-06
https://doi.org/10.1006/viro.1997.8627
https://doi.org/10.1371/journal.pone.0149582
https://doi.org/10.4049/jimmunol.0801798
https://doi.org/10.1016/j.jhep.2020.09.022
https://doi.org/10.1016/j.jhep.2020.09.022
https://doi.org/10.1016/j.chom.2016.02.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Characterization of CD8 T Cell-Mediated Mutations in the Immunodominant Epitope GP33-41 of Lymphocytic Choriomeningitis Virus
	Introduction
	Materials and Methods
	Mice
	Viruses
	Tissue Collection
	RNA Extraction and cDNA Synthesis
	Amplicon-Based Next-Generation Sequencing Experiments
	Plasmid Titration to Validate Amplicon-Based Next-Generation Sequencing Pipeline
	Predictions of Peptide Binding to H2-Db
	Splenocyte Transfer Experiment
	Sanger Sequencing
	Virus Propagation on BHK-21 Cells
	Flow Cytometry Analyzes
	Measurements of Viral Titer
	Differential Scanning Fluorimetry

	Results
	Mutations Emerge in the Immunodominant GP33-41 Epitope in LCMV-Infected WT Mice
	Infection of GP33-41-Specific TCR Transgenic Mice Resulted in the Rapid Emergence of Mutations in the Viral GP33-41 Epitope
	The GP34A-&gt;T Mutation Changes the CTL Response Against the GP33-41 Epitope Without Impacting Viral Replication In Vivo

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


