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Abstract

Respiratory syncytial virus (RSV) is the most common cause of lower respiratory tract infection 

and hospitalization in infants. It is well-established that both CD4+ and CD8+ T cells are critical 

for mediating viral clearance but also contribute to the induction of immunopathology following 

RSV infection. C57BL/6 mice are often utilized to study T cell responses following RSV infection 

given the wide variety of genetically modified animals available. To date, few RSV-derived CD4+ 

and CD8+ T cell epitopes have been identified in C57BL/6 mice. Utilizing an overlapping peptide 

library spanning the entire RSV proteome, intracellular cytokine staining for IFN-γ was 

performed to identify novel CD4+ and CD8+ T cell epitopes in C57BL/6 mice. We identified two 

novel CD4+ T cell epitopes and three novel CD8+ T cell epitopes located within multiple RSV 

proteins. Additionally, we characterized the newly described T cell epitopes by determining their 

TCR Vβ expression profiles and MHC-restriction. Overall, the novel RSV-derived CD4+ and 

CD8+ T cell epitopes identified in C57BL/6 mice will aid in future studies of RSV-specific T cell 

responses.

Introduction

Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infection in 

infants and young children (1). RSV represents a substantial healthcare burden worldwide, 

causing approximately three-four million hospitalizations and 200,000 deaths annually (1). 

However, despite the immense burden of RSV-associated disease, there remains no licensed 

RSV vaccine. The peak of disease following RSV infection coincides with the onset of the 

host immune response, including the expansion of RSV-specific T cells (2). Studies in 

mouse models of RSV infection have clearly established that both CD4+ and CD8+ T cells 

contribute to RSV-associated disease, despite their vital role in mediating viral clearance (3). 

T cells have also been associated with enhanced viral control and exacerbated disease 

following RSV infection in humans (4–7). Therefore, both CD4+ and CD8+ T cells play a 

critical role in determining the severity of disease during RSV infection in both mice and 

humans.
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C57BL/6 mice are susceptible to RSV infection and are often utilized as an animal model 

for RSV. Given the wide variety of genetically modified mice that are available on the H-2b 

genetic background, C57BL/6 mice are frequently used for studying RSV-specific T cells. 

Several T cell epitopes have been defined in C57BL/6 mice using prediction algorithms and 

peptide library screening techniques. Three RSV-derived CD4+ T cell epitopes in the RSV 

matrix (M), attachment glycoprotein (G), and M2–1 proteins (G168–185, M209–223, and M2–

126–39) have been previously described (8–10). CD8+ T cell epitopes against RSV in 

C57BL/6 mice have also been identified, including the immunodominant epitope within the 

RSV M protein, M187–195 (11). Several additional subdominant CD8+ T cell epitopes have 

also been described within the RSV nucleoprotein (N), fusion glycoprotein (F), and G 

proteins (N57–64, N360–368, F250–258, F433–442, and G177–188). Therefore, known CD4+ or 

CD8+ T cell epitopes in C57BL/6 mice are located within the RSV M, G, N, F, and M2–1 

proteins. However, the remaining RSV proteins lack defined RSV-derived T cell epitopes in 

C57BL/6 mice.

In this study, we utilized a peptide library spanning the entire RSV proteome to identify 

novel RSV-derived CD4+ and CD8+ T cell epitopes in C57BL/6 mice. We discovered two 

novel CD4+ T cell epitopes and three novel CD8+ T cell epitopes against RSV in C57BL/6 

mice. Additionally, we defined the TCR Vβ profiles and the MHC-restriction of the newly 

identified T cell epitopes. Overall, the discovery of these novel CD4+ and CD8+ T cell 

epitopes will provide valuable tools for the study of RSV-specific T cell responses in 

C57BL/6 mice.

Materials and Methods

Mice and infection

Female C57BL/6 mice between 6–8 weeks of age were purchased from National Cancer 

Institute (Frederick, MD). The A2 strain of RSV (RSV-A2) was a gift from Dr. Barney 

Graham (National Institutes of Health, Bethesda, MD) and was propagated on HEp-2 cells 

(ATCC). Mice were infected intranasally with 1.6–2.5 × 106 PFU RSV-A2. The A/Puerto 

Rico/8/34 strain of influenza (IAV) was a gift from Dr. Kevin Legge (University of Iowa). 

Mice were infected intranasally with a 0.1 LD50 dose of IAV. All experimental procedures 

utilizing mice were approved by the University of Iowa Animal Care and Use Committee. 

The experiments were performed under strict accordance to the Office of Laboratory Animal 

Welfare guidelines and the PHS Policy on Humane Care and Use of Laboratory Animals.

Peptides and epitope mapping

A peptide library spanning the entire RSV-A2 proteome consisting of 889 peptides (15-mer 

overlapping every 10 amino acids) was utilized to screen for novel T cell epitopes 

(Mimotopes Pty. Ltd., Roseville, MN). For initial screening, the software program 

Deconvolute This (Version 2.0; courtesy of Dr. Mario Roederer, Vaccine Research Center, 

NIAID, NIH) was used to generate a set of peptide pools, such that each library peptide was 

represented in two unique pools of 10 peptides each (12). Deconvolute This software was 

utilized to identify potential peptides contributing to a positive response, which was defined 

as being ≥ 3-SD over the average of no peptide controls in both unique pools in both of two 

Schmidt and Varga Page 2

Immunohorizons. Author manuscript; available in PMC 2020 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



independent experiments. The identified potential epitopes were screened individually, and 

peptides eliciting a response ≥ 3-SD above the average of no peptide controls in both of two 

independent experiments were considered confirmed epitopes. CD8+ T cell minimal core 

epitopes were predicted using the immune epitope database (IEDB) analysis resource 

consensus tool (13), which combines predictions from artificial neural networks, also known 

as NetMHC (14–16), stabilized matrix method (17), and comblib (18). 9-mer peptides of the 

predicted CD8+ T cell minimal core epitopes were synthesized for epitope confirmation 

(Biosynthesis, Lewisville, TX).

Ex vivo peptide stimulation

Lungs were harvested from RSV-infected mice on day 8 post-infection (p.i.), and single-cell 

suspensions were generated as previously described (19, 20). Cells were stimulated with 

either peptide pools or individual peptides at 1 μM per peptide for 5 hrs at 37°C in the 

presence of 10 μg/ml brefeldin A (BFA; Sigma-Aldrich) in 10% FCS-supplemented RPMI. 

In certain experiments, the peptide concentrations were titrated from 10 μM to 0.000001 μM 

per well. No peptide controls were incubated with 10 μg/ml BFA in 10% FCS-supplemented 

RPMI in the absence of peptides for 5 hrs at 37°C.

MHC class I restriction assay

Parent P815 cells not expressing H-2b MHC class I molecules and P815 cells stably 

expressing H-2Db or H-2Kb MHC class I molecules were a gift from Dr. John Harty 

(University of Iowa). P815 cell lines were pulsed with 1 μM peptide at 37°C for 1 hour and 

washed twice. CD8+ T cells were isolated from the lungs using anti-CD8a microbeads 

(Miltenyi Biotec, Auburn, CA) and pre-sorted via positive selection on a MidiMACS 

separator (Miltenyi Biotec). Positively selected cells were stained extracellularly with a 

monoclonal antibody specific to CD8 (clone 53–6.7) and purified populations of CD8+ T 

cells were sorted using a FACSAria (BD Biosciences). Sort-purified CD8+ T cells were 

stimulated with either peptide-pulsed P815 cells or unpulsed P815 cells at a 2:1 effector-to-

stimulator ratio for 5 hrs at 37°C in the presence of 10 μg/ml BFA in 10% FCS-

supplemented RPMI.

Flow cytometry analysis

Following stimulation, cells were stained extracellularly with monoclonal antibodies specific 

to CD90.2 (BioLegend; clone 53–2.1), CD4 (clone RM4–5), CD8 (clone 53–6.7), and 

CD11a (clone M17/4) in FACS buffer (PBS, 2% FCS, 0.02% sodium azide) for 30 mins at 

4°C. For TCR Vβ usage analysis, cells were stained with one antibody from a 15 antibody 

TCR Vβ staining panel (BD Biosciences). Background staining was detected using 

fluorescence minus one controls and subtracted from the frequency of Vβ+ T cells. After 

extracellular staining, cells were fixed using 1-step Fix/Lyse Solution for 10 mins at room 

temperature (eBioscience). Cells were stained intracellularly for IFN-γ (clone XMG1.2) in 

FACS buffer containing 0.5% saponin (Sigma-Aldrich) for 30 mins at 4°C. All antibodies 

were purchased from eBioscience unless otherwise indicated. Samples were run on a BD 

LSRFortessa and analyzed using FlowJo software (Tree Star, Inc., Ashland, OR). Cell types 

were gated as follows: CD4+ T cells (CD90.2+CD4+) and CD8+ T cells (CD90.2+CD8+).
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Statistical analysis

All statistical analyses were performed using Prism software (GraphPad Software, San 

Diego, CA). Data were evaluated using Student’s t test for two groups or two-way ANOVA 

with Tukey’s post-test for more than two groups as indicated in the figure legends to 

determine if there was a statistical significance of at least α = 0.05.

Results

Identification of candidate CD4+ T cell epitopes

An 889 15-mer peptide library, overlapping every 10 amino acids, spanning the entire RSV 

proteome was utilized to identify novel RSV T cell epitopes in C57BL/6 mice (21). To 

increase assay efficiency and reduce the number of animals required, library peptides were 

divided into peptide pools using Deconvolute This software for initial screening (12). Pools 

containing 10 peptides were created such that each library peptide was included within two 

unique pools for 179 total pools. Lung cells from day 8 RSV-infected C57BL/6 mice were 

stimulated with the peptide pools, and CD4+ T cell reactivity was measured by intracellular 

cytokine staining (ICS) for IFN-γ. A positive pool was defined as having results ≥ 3-SD 

above the average of no peptide controls.

To validate our experimental approach, we determined whether the previously defined CD4+ 

T cell epitopes in C57BL/6 mice, M209–223 and M2–126–39, and pools containing their 

corresponding peptides within the peptide library elicited a positive response (9). Both 

M209–223 and M2–126–39 CD4+ T cell epitopes stimulated responses exceeding the 3-SD 

threshold (Fig. 1A). Importantly, all pools containing their corresponding library peptides, 

M211–225 (pools 65 and 144) and M2–126–40 (pools 36 and 150), also produced positive 

responses above the 3-SD threshold (Fig. 1). These results indicate that the peptide pooling 

approach is sufficient to identify potential CD4+ T cell epitopes. Stimulation with the 179 

peptide pools resulted in a total of 17 positive pools exceeding the 3-SD threshold for 

positivity (Fig. 1B). Individual peptides potentially contributing to a positive response were 

detected using the Deconvolute This software and defined as peptides contained in two 

positive pools in both of two independent experiments. A total of 16 individual peptides 

within the pools were identified as candidate CD4+ T cell epitopes for further analysis.

Confirmation of novel CD4+ T cell epitopes

To confirm the CD4+ T cell epitope candidates, lung cells from RSV-infected C57BL/6 mice 

were stimulated with each candidate peptide individually and assessed for IFN-γ production 

by ICS. A total of four candidate peptides elicited a frequency of IFN-γ+ CD4+ T cells that 

exceeded the 3-SD threshold for positivity (Fig. 2A). Two of the identified CD4+ T cell 

epitopes, M211–225 and M2–126–40, contain the previously defined epitopes M209–223 and 

M2–126–39. Two novel RSV CD4+ T cell epitopes in C57BL/6 mice were identified: 

M166–180 and N346–360. Importantly, CD4+ T cells harvested from either naive or IAV-

infected C57BL/6 mice did not produce IFN-γ above background levels following 

stimulation with M166–180 and N346–360 peptides (Fig. 2B, 2C). These results confirm that 

M166–180 and N346–360 are true RSV-derived CD4+ T cell epitopes, as cross-recognition by 

non-RSV-specific CD4+ T cells did not occur. Both M166–180 and N346–360 epitopes are H2-
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I-Ab MHC class II-restricted, as C57BL/6 mice lack expression of the mature H2-I-Eb MHC 

class II molecule (22).

Because we have previously found that CD4+ T cells that recognize the RSV I-Ed-restricted 

T cell epitope G183–195 predominately express TCR Vβ14, we evaluated the CD4+ T cell 

repertoire of the novel CD4+ T cell epitopes by staining with a panel of TCR Vβ-specific 

antibodies (23, 24). As expected, lung CD4+ T cells from naive C57BL/6 mice exhibit a 

polyclonal TCR repertoire (Fig. 3A). Vβ8.1/8.2 is the TCR Vβ chain most highly expressed 

by naive CD4+ T cells. Vβ4, Vβ6, and Vβ14 are represented at comparable levels with 

smaller contributions from the other Vβ chains. Similar to naive CD4+ T cells, M166–180-

specific CD4+ T cells exhibit a polyclonal TCR repertoire in which Vβ8.1/8.2 is most highly 

represented, followed by smaller frequencies of Vβ3-, Vβ6-, and Vβ8.3-expressing cells 

(Fig. 3B). Vβ8.1/8.2 is also highly represented in the N346–360-specific CD4+ T cell TCR 

repertoire, followed closely by a population of cells expressing Vβ6 (Fig. 3C). These results 

are similar to the TCR repertoires of previously defined epitopes M209–223 and M2–126–39, 

which are also highly represented by Vβ8.1/8.2-expressing cells (25).

Identification of candidate CD8+ T cell epitopes

We used a similar strategy as outlined for the CD4+ T cells to identify candidate RSV CD8+ 

T cell epitopes in C57BL/6 mice. Similar to the CD4+ T cell epitope screen, positive pools 

were defined as those having CD8+ T cell IFN-γ responses ≥ 3-SD above the average of no 

peptide controls. To verify the approach for the identification of CD8+ T cell epitopes, we 

evaluated whether pools containing the peptides encompassing the previously defined 

immunodominant CD8+ T cell epitope in C57BL/6 mice, M187–195, elicited positive 

responses (11). As expected, M187–195 stimulated robust CD8+ T cell responses well above 

the 3-SD threshold (Fig. 4A). Similarly, all pools containing its corresponding library 

peptides, M181–195 (pools 65 and 116) and M186–200 (pools 5 and 108), exhibited positive 

IFN-γ responses above the 3-SD threshold (Fig. 4). Stimulation with the 179 peptide pools 

resulted in a total of 127 positive pools meeting the 3-SD threshold for positivity, much 

greater than the number of positive responses observed during the CD4+ T cell epitope 

screen (Fig. 4B). Following this initial screening, Deconvolute This software identified 510 

individual peptides potentially contributing to the positive responses. To reduce the overall 

number of peptides requiring individual testing, a second peptide pool screen (204 total 

pools of 5 peptides each) for CD8+ T cell reactivity was performed yielding 155 positive 

pools (data not shown). Deconvolution of this response identified a total of 352 candidate 

CD8+ T cell epitopes for individual screening.

Confirmation and evaluation of novel CD8+ T cell epitopes

To confirm the CD8+ T cell epitope candidates, IFN-γ production following stimulation of 

lung cells with each of the 352 candidate peptides individually was evaluated by ICS. A total 

of 72 candidate peptides elicited a positive IFN-γ response above the 3-SD threshold in both 

of two individual experiments (Fig. 5A, Supplemental Table 1). Included within the positive 

candidate peptides are three peptides containing either the entire or partial peptide sequence 

of the previously defined CD8+ T cell epitope M187–195 (Fig. 5, Supplemental Table 1). In 

total, 69 candidate peptides were identified as potential novel CD8+ T cell epitopes, 
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although the overall number of CD8+ T cell epitopes is likely fewer given the overlapping 

nature of the peptide library utilized (Supplementary Table 1).

Of the 69 potential novel CD8+ T cell epitopes identified, we selected three CD8+ T cell 

epitopes to confirm and utilize for further study: NS161–75, M111–125, and L2021–2035 (Fig. 

5). We selected NS161–75 and L2021–2035 because no H-2b-restricted CD8+ T cell epitopes 

are currently known within the RSV NS1 and L proteins. M111–125 was chosen to identify a 

potential subdominant CD8+ T cell epitope within the RSV M protein to evaluate in addition 

to the immunodominant CD8+ T cell epitope, M187–195. To confirm these novel CD8+ T cell 

epitopes, we first utilized cell lines expressing H-2Db and H-2Kb MHC class I molecules to 

determine their MHC class I-restriction. Sort-purified CD8+ T cells isolated from the lungs 

of RSV-infected C57BL/6 mice were stimulated with peptide-pulsed parent P815 cells or 

P815 cells expressing either H-2Db or H-2Kb and assessed for IFN-γ production by ICS. As 

previously described, the M187–195 CD8+ T cell epitope is H-2Db MHC class I-restricted 

(Fig. 6A) (11). Similarly, the three newly identified epitopes NS161–75, M111–125, and 

L2021–2035 are all also H-2Db MHC class I-restricted (Fig. 6A). Importantly, CD8+ T cells 

did not produce IFN-γ following stimulation with P815 cells that were not pulsed with 

peptides, confirming that they are responding specifically to the RSV-derived peptides bound 

to the H-2Db MHC class I molecule (Fig. 6A). After determining the MHC restriction of the 

newly identified CD8+ T cell epitopes, we predicted their minimal core CD8+ T cell epitope 

sequence using the IEDB analysis resource (13). The IEDB resource identified the minimal 

9-mer sequences with the highest percentile rank of NS161–75, M111–125, and L2021–2035 

epitopes to be NS165–73 (ICPNNNIVV), M112–120 (IKACSLTCL), and L2021–2029 

(NVVQNAKLI), respectively. Peptides for the three core minimal epitopes were synthesized 

and used to stimulate lung cells for confirmation. NS165–73, M112–120, and L2021–2029 

minimal core epitopes all elicited strong IFN-γ production by CD8+ T cells (Fig. 6B). 

Additionally, the vast majority of IFN-γ+ CD8+ T cells express high levels of the integrin 

CD11a after peptide stimulation, indicating that they are antigen-experienced cells (Fig. 6B) 

(26). To confirm that the 9-mer minimal core epitope sequences were recognized at 

enhanced or similar levels as the 15-mer library peptides, the peptide concentration used for 

stimulation was titrated from 101 to 10−6 μM (Fig. 6C). NS165–73 and L2021–2029 stimulation 

exhibited increased IFN-γ+ CD8+ T cells compared to stimulation with their 15-mer peptide 

library counterparts down to 10−4 μM, indicating that they are strongly recognized (Fig. 6C). 

In contrast, M112–120 stimulation resulted in similar levels of IFN-γ+ CD8+ T cells as 

stimulation with its 15-mer peptide library counterpart at all peptide concentrations (Fig. 

6C). Three additional peptides within the M111–125 15-mer library peptide sequence were 

identified by the IEDB resource as having medium-high percentile rankings, M113–121, 

M115–123, and M117–125, but did not elicit IFN-γ production following stimulation at any 

peptide concentration (data not shown). Therefore, given the consistent and robust results 

obtained with M112–120, it is highly likely that M112–120 is the confirmed minimal CD8+ T 

cell epitope within the M111–125 sequence. Similar to the novel CD4+ T cell epitopes, 

stimulation with NS165–73, M112–120, and L2021–2029 did not induce IFN-γ production above 

background levels by CD8+ T cells harvested from either naive or IAV-infected C57BL/6 

mice, confirming that they are bona-fide RSV-derived CD8+ T cell epitopes (Fig. 6D, 6E).
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We also determined the epitope-specific CD8+ T cell repertoire of the novel CD8+ T cell 

epitopes by staining with a panel of TCR Vβ-specific antibodies. Similar to naive CD4+ T 

cells, CD8+ T cells from the lungs of naive C57BL/6 mice exhibit a polyclonal TCR 

repertoire in which Vβ8.1/8.2 is most highly expressed, followed closely by Vβ5.1/5.2 (Fig. 

7A). Vβ6, Vβ7, Vβ8.3, Vβ10, Vβ11, and Vβ13 are also well-represented in naive CD8+ T 

cells within the lung. NS165–73-specific CD8+ T cells also express a polyclonal TCR 

repertoire, but the expression of individual Vβ chains are highly variable between mice, 

unlike in naive CD8+ T cells (Fig. 7B). Both M112–120 and L2021–2029 exhibit highly skewed 

CD8+ T cell repertoires that are dominated by Vβ9 with smaller contributions made by Vβ6 

and Vβ8.1/8.2 for M112–120 and Vβ13 for L2021–2029 (Fig. 7C–D). The oligoclonal TCR 

repertoires of M112–120 and L2021–2029 are similar to that of the previously described CD8+ 

T cell epitope M187–195, which also predominately expresses Vβ9 following RSV infection 

(27).

In addition to the NS165–73, M112–120, and L2021–2029 CD8+ T cell epitopes identified, we 

attempted to confirm novel CD8+ T cell epitopes within eight additional RSV library 

peptides that elicited positive IFN-γ responses in the individual candidate peptide screen 

(Fig. 5A). Four 15-mer library peptides within the RSV M protein were evaluated for 

potential CD8+ T cell epitopes, three of which exhibited large IFN-γ production (>3%) in 

the candidate screen (Fig. 5A). Additionally, one 15-mer peptide within each of the RSV 

NS1, NS2, P, and L proteins were also tested for CD8+ T cell epitopes. However, we were 

not able to confirm RSV-derived CD8+ T cell epitopes within these other library peptides, as 

stimulation with predicted 9-mer amino acid sequences resulted in low IFN-γ production 

similar to background levels (data not shown). Alternatively, stimulation with multiple 

predicted 9-mer peptide sequences elicited IFN-γ production by CD8+ T cells above 

background levels. However, the responses observed were either significantly reduced 

compared to stimulation with the 15-mer library peptides or titration of the peptide 

concentration resulted in an immediate decline in IFN-γ production that was similar to 

background levels (data not shown). These results may help explain the large number of 

positive candidate peptides identified in the individual CD8+ T cell epitope screen (Fig. 5A). 

Therefore, while additional novel CD8+ T cell epitopes are likely present within the library 

peptides that were positive in the individual screen, only NS165–73, M112–120, and L2021–2029 

have been confirmed to date.

Discussion

In this study, we utilized an overlapping peptide library spanning the entire RSV proteome 

to identify novel RSV-derived CD4+ and CD8+ T cell epitopes in C57BL/6 mice. The initial 

screening was performed using a peptide pooling approach, as has been described in the 

screening of T cell epitopes for a variety of other viruses (28–32). The peptide pooling 

approach was validated by confirming that pools containing library peptides that correspond 

to previously defined CD4+ and CD8+ T cell epitopes exhibited IFN-γ production above the 

3-SD threshold for positivity. Library peptides containing the most widely used CD4+ T cell 

epitopes M209–223 and M2–126–39 and the immunodominant CD8+ T cell epitope M187–195 

elicited positive responses, validating this experimental approach. In contrast, pools 

containing library peptides that represented the amino acid sequences of less widely utilized 
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T cell epitopes against RSV in C57BL/6 mice did not produce positive responses, including 

the CD4+ T cell epitope G168–185 and the CD8+ T cell epitopes N57–64, N360–368, F250–258, 

F433–442, and G177–188. The differential ability for defined CD4+ and CD8+ T cell epitopes 

to induce positive IFN-γ responses within peptide pools may be due to a variety of factors. 

Given that there are multiple peptides in each pool, it is possible that peptides not 

corresponding to RSV T cell epitopes bind with a high affinity to the MHC molecule, 

preventing other peptides within the pool from attaching to the MHC molecule’s peptide 

binding groove. Alternatively, the 15-mer peptides utilized may not be the optimal size for 

eliciting a T cell response in vitro. We have previously shown that the use of 17-mer 

peptides induced an increased frequency of responding CD4+ T cells from RSV-infected 

BALB/c mice than 15-mer peptides (21). Therefore, it is likely that 17-mer peptides may 

also induce IFN-γ production from C57BL/6 CD4+ T cells more optimally, which may 

explain why the G168–185 CD4+ T cell epitope was negative in our initial screening. 

Additionally, the 15-mer peptides may not always be cleaved in the correct place to produce 

the proper amino acid sequence corresponding to a CD8+ T cell epitope that is typically 8–

10 amino acids in length. Thus, the peptide library approach we have used here is likely an 

underestimate of the number of total T cell epitopes.

By screening individual library peptides, we identified two novel RSV-derived CD4+ T cell 

epitopes in C57BL/6 mice: M166–180 and N346–360. M166–180 provides an additional CD4+ T 

cell epitope within the RSV M protein that is of similar size to the previously defined 

M209–223 CD4+ T cell epitope. N346–360 represents the first CD4+ T cell epitope in C57BL/6 

mice within the RSV N protein. Additionally, we confirmed three novel CD8+ T cell 

epitopes against RSV in C57BL/6 mice: NS165–73, M112–120, and L2021–2029. NS165–73 is 

the first RSV-derived T cell epitope to be described within the RSV NS1 protein in any 

mouse model. NS1 and NS2 are the first and most abundant viral gene products synthesized 

following RSV infection (33). Given the abundance of NS1 and NS2 proteins within a host 

cell, it is interesting that there is only a single defined murine T cell epitope within NS1 and 

none within NS2. Similarly, L2021–2029 is the first murine CD8+ T cell epitope identified 

within the RSV L protein. Lastly, M112–120 provides an additional subdominant CD8+ T cell 

epitope in C57BL/6 mice within the RSV M protein to study alongside the immunodominant 

CD8+ T cell epitope, M187–195.

In addition to confirming the novel CD4+ and CD8+ T cell epitopes, we characterized their 

TCR Vβ expression profiles. Lung CD4+ T cells from naive C57BL/6 mice express a 

polyclonal TCR Vβ repertoire in which Vβ8.1/8.2 is the most highly expressed. Similar to 

the naive CD4+ T cell repertoire, the previously defined CD4+ T cell epitopes M209–223 and 

M2–126–39 exhibit dominant responses by cells expressing Vβ8.1/8.2 (25). The novel CD4+ 

T cell epitopes M166–180 and N346–360 also exhibit polyclonal TCR Vβ repertoires in which 

Vβ8.1/8.2 is the most highly represented. Overall, RSV infection results in the expansion of 

CD4+ T cells of multiple specificities that predominately express TCR Vβ8.1/8.2. This is in 

contrast to the Vβ repertoire of the I-Ed-restricted T cell epitope G183–195 in BALB/c mice, 

which predominately express TCR Vβ14 (23, 24). The naive CD8+ T cell Vβ repertoire in 

the lung of C57BL/6 mice is also polyclonal with Vβ8.1/8.2 and Vβ5.1/5.2 expressed with 

the highest frequency. This is a similar pattern to what was previously observed on splenic 

naive CD8+ T cells in C57BL/6 mice (27). In contrast to the C57BL/6 CD4+ T cell epitopes 
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which highly express Vβ8.1/8.2, Vβ9 is most highly represented on CD8+ T cells specific to 

the previously described CD8+ T cell epitope M187–195 (27). Similarly, the TCR Vβ usage of 

M112–120 and L2021–2029 CD8+ T cell epitopes is dominated by Vβ9 with very small 

frequencies of epitope-specific CD8+ T cells expressing other TCR Vβ chains. In contrast, 

NS165–73-specific CD8+ T cells exhibit a polyclonal Vβ repertoire that is highly variable 

between mice. It is particularly interesting that the Vβ repertoire for NS165–73-specific 

CD8+ T cells is highly variable, in contrast to other RSV-derived CD8+ T cell epitopes 

which do not exhibit TCR Vβ repertoire variability between individual mice (Figure 7) (27, 

34). It is possible that the precursor frequency of NS165–73-specific CD8+ T cells may not be 

identical between individual C57BL/6 mice. Alternatively, the proliferation capacity of 

certain NS165–73-specific CD8+ T clones may be different between individual C57BL/6 

mice. The mechanism underlying the variability of the NS165–73-specific CD8+ T cell Vβ 
repertoire is an interesting topic for future study. Overall, the TCR Vβ repertoire of RSV-

specific T cells tends to skew towards Vβ8.1/8.2 for CD4+ T cells and Vβ9 for CD8+ T 

cells, with the exception of the CD8+ T cell epitope NS165–73.

In summary, we have identified two novel RSV-derived CD4+ T cell epitopes, M166–180 and 

N346–360, and three novel RSV-derived CD8+ T cell epitopes, NS165–73, M112–120, and 

L2021–2029, in C57BL/6 mice. We have also characterized the TCR Vβ expression profile as 

well as the MHC-restriction of each new T cell epitope described. In addition to utilizing 

these epitopes to perform ex vivo peptide stimulation, the characterization of their TCR Vβ 
expression profiles and MHC-restriction provides information that could aid in the 

generation of transgenic T cell lines and peptide-MHC tetramers to probe antigen-specific 

responses following RSV infection. While these novel T cell epitopes will be useful in future 

studies of C57BL/6 mice, they will also be important for the study of T cells in the CB6F1 

model, a cross between C57BL/6 and BALB/c mice, which is also frequently used as a 

murine model for RSV infection (27, 34–40). Overall, the discovery of these novel T cell 

epitopes in C57BL/6 mice will provide valuable tools for further understanding RSV-

specific T cell responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this article:

RSV respiratory syncytial virus

IAV influenza

IEDB immune epitope database

p.i. post-infection

BFA brefeldin A

ICS intracellular cytokine staining
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Figure 1. RSV peptide library screen for candidate CD4+ T cell epitopes.
C57BL/6 mice were infected with RSV, and lungs were harvested on day 8 p.i. Lung cells 

were either incubated with BFA alone or stimulated with a pool containing 10 individual 

RSV-derived peptides from a peptide library spanning the entire RSV proteome. (A) Dot 

plots show the frequency of IFN-γ+ CD4+ T cells elicited following peptide stimulation with 

previously defined CD4+ T cell epitopes, M209–223 and M2–126–39, or pools containing their 

corresponding peptides in the peptide library, M211–225 and M2–126–40. (B) The frequency 

of IFN-γ+ CD4+ T cells induced by peptide stimulation with all peptide pools. The dashed 

light gray line represents the average of no peptide controls (y=1.16), and the solid dark gray 

line represents the 3-SD threshold for positivity (y=1.58). Arrows indicate pools containing 

the previously defined M209–223 and M2–126–39 CD4+ T cell epitopes. Data are 

representative of 1 of 2 experiments with 24 mice pooled per experiment.
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Figure 2. Identification of novel RSV CD4+ T cell epitopes.
(A) C57BL/6 mice were infected with RSV, and lungs were harvested on day 8 p.i. Lung 

cells were either incubated with BFA alone or stimulated with individual candidate CD4+ T 

cell epitopes. Dot plots show the frequency of IFN-γ+ CD4+ T cells elicited by the 

previously defined CD4+ T cell epitopes, M209–223 and M2–126–39, and the individual 

peptides that are ≥ the 3-SD threshold for positivity, M166–180 and N346–360. (B/C) Lung 

cells from (B) naive C57BL/6 mice or (C) day 8 IAV-infected C57BL/6 mice were either 

incubated with BFA alone or stimulated with M166–180 or N346–360 peptides and stained 

intracellularly for IFN-γ. Data are representative of 1 of 2 experiments with (A) 30 mice 

pooled per experiment or (B/C) 4 mice per group per experiment.
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Figure 3. TCR Vβ usage of novel CD4+ T cell epitopes.
(A) TCR Vβ usage of CD4+ T cells in the lungs of naive C57BL/6 mice. (B/C) C57BL/6 

mice were infected with RSV, and lungs were harvested on day 8 p.i. Lung cells were 

stimulated with M166–180 or N346–360 peptides, stained extracellularly with a panel of TCR 

Vβ-specific antibodies, and stained intracellularly for IFN-γ. Lung cells were gated on IFN-

γ+ CD4+ T cells and graphs show the TCR Vβ usage of (B) M166–180- and (C) N346–360-

specific CD4+ T cells. Data are presented as mean ± SEM of 2–3 independent experiments. 

Each dot represents an individual mouse (n=6–10).

Schmidt and Varga Page 15

Immunohorizons. Author manuscript; available in PMC 2020 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. RSV peptide library screen for candidate CD8+ T cell epitopes.
C57BL/6 mice were infected with RSV, and lungs were harvested on day 8 p.i. Lung cells 

were either incubated with BFA alone or stimulated with a pool containing 10 individual 

RSV-derived peptides from a peptide library spanning the entire RSV proteome. (A) Dot 

plots show the frequency of IFN-γ+ CD8+ T cells elicited following peptide stimulation with 

the previously defined CD8+ T cell epitope, M187–195, or pools containing its corresponding 

peptides in the peptide library, M181–195 and M186–200. (B) The frequency of IFN-γ+ CD8+ 

T cells induced by peptide stimulation with all peptide pools. The dashed light gray line 

represents the average of no peptide controls (y=0.47), and the solid dark gray line 

represents the 3-SD threshold for positivity (y=0.73). Arrows indicate pools containing the 

previously defined M187–195 CD8+ T cell epitope. Data are representative of 1 of 2 

experiments with 24 mice pooled per experiment.
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Figure 5. Identification of novel RSV CD8+ T cell epitopes.
C57BL/6 mice were infected with RSV, and lungs were harvested on day 8 p.i. Lung cells 

were either incubated with BFA alone or stimulated with individual candidate CD8+ T cell 

epitopes. (A) The frequency of IFN-γ+ CD8+ T cells induced by peptide stimulation with 

individual candidate CD8+ T cell epitopes. The dashed light gray line represents the average 

of no peptide controls (y=0.40), and the solid dark gray line represents the 3-SD threshold 

for positivity (y=1.10). Gray arrows indicate library peptides containing the previously 

defined M187–195 CD8+ T cell epitope. Black arrows indicate select CD8+ T cell epitopes 

utilized for further study. (B) Dot plots show the frequency of IFN-γ+ CD8+ T cells elicited 

by select individual peptides that are ≥ the 3-SD threshold for positivity. Data are 

representative of 1 of 2 experiments with 30 mice pooled per experiment.
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Figure 6. Confirmation of novel RSV CD8+ T cell epitopes.
(A-C) C57BL/6 mice were infected with RSV, and lungs were harvested on day 8 p.i. (A) 
Sort-purified CD8+ T cells were stimulated with either unpulsed (open bars) or peptide-

pulsed (closed bars) MHC class I-expressing P815 cell lines at a 2:1 effector-to-stimulator 

ratio and stained intracellularly for IFN-γ. Parent indicates untransfected P815 cells, and Db 

and Kb indicate P815 cells transfected with H-2Db and H-2Kb MHC class I molecules, 

respectively. Data are presented as mean ± SEM of 1 of 2 independent experiments (n=4). 

Groups were compared using two-way ANOVA with Tukey’s post-test. (B) Lung cells were 

either incubated with BFA alone or stimulated with CD8+ T cell minimal core epitope 9-mer 

peptides at a 1 μM concentration and stained intracellularly for IFN-γ. Dot plots are 

previously gated on CD8+ T cells and show the frequency of IFN-γ+ CD8+ T cells that are 

CD11ahi. Data are representative of 1 of 4 experiments (n=4–6). (C) Lung cells were 

stimulated with either 15-mer library peptides (open circles) or CD8+ T cell minimal core 

epitope 9-mer peptides (closed circles) at the indicated peptide concentrations and stained 
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intracellularly for IFN-γ. Data are presented as mean ± SEM of 2 independent experiments 

(n=8). Groups were compared using Student’s t test. (D/E) Lung cells from (D) naive 

C57BL/6 mice or (E) day 8 IAV-infected C57BL/6 mice were either incubated with BFA 

alone or stimulated with CD8+ T cell minimal core epitope 9-mer peptides at a 1 μM 

concentration and stained intracellularly for IFN-γ. Data are representative of 1 of 2 

experiments (n=4). * p<0.05, ** p<0.01, *** p<0.001.
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Figure 7. TCR Vβ usage of novel CD8+ T cell epitopes.
(A) TCR Vβ usage of CD8+ T cells in the lungs of naive C57BL/6 mice. (B/C) C57BL/6 

mice were infected with RSV, and lungs were harvested on day 8 p.i. Lung cells were 

stimulated with NS165–73, M112–120, or L2021–2029 peptides, stained extracellularly with a 

panel of TCR Vβ-specific antibodies, and stained intracellularly for IFN-γ. Lung cells were 

gated on IFN-γ+ CD8+ T cells and graphs show the TCR Vβ usage of (B) NS165–73-, (C) 
M112–120-, and (D) L2021–2029-specific IFN-γ+ CD8+ T cells. Data are presented as mean ± 

SEM of 2–3 independent experiments. Each dot represents an individual mouse (n=6–11).
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