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Abstract

Currently, there is little consensus regarding the most appropriate animal model to study acute 

infection and the virus–specific CD8+ T cell (CTL) responses in neonates. TCRβ high-throughput 

sequencing in naïve CTL of differently aged neonatal mice was performed, which demonstrated 

differential Vβ family gene usage. Using an acute influenza infection model, we examined the 

TCR repertoire of the CTL response in neonatal and adult mice infected with influenza type A 

virus. Three-day old mice mounted a greatly reduced primary NP(366–374)-specific CTL response 

when compared to 7-day old and adult mice, while secondary CTL responses were normal. 

Analysis of NP(366–374)-specific CTL TCR repertoire revealed different Vβ gene usage and greatly 

reduced public clonotypes in 3-day old neonates. This could underlie the impaired CTL response 

in these neonates. To directly test this, we examined whether controlling the TCR would restore 

neonatal CTL responses. We performed adoptive transfers of both non-transgenic and TCR-

transgenic OVA(257–264)-specific (OT-I) CD8+ T cells into influenza-infected hosts, which 

revealed that naïve neonatal and adult OT-I cells expand equally well in neonatal and adult hosts. 

In contrast, non-transgenic neonatal CD8+ T cells when transferred into adults failed to expand. 

We further demonstrate that differences in TCR avidity may contribute to decreased expansion of 

the endogenous neonatal CTL. These studies highlight the rapid evolution of the neonatal TCR 

repertoire during the first week of life and show that impaired neonatal CTL immunity results 

from an immature TCR repertoire, rather than intrinsic signaling defects or a suppressive 

environment.
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Introduction

Although there is a tremendous need for a clinically-relevant neonatal animal model to 

mimic human infection, there is inconsistency in the literature about what constitutes a 

neonatal human equivalent in the mouse. TdT knockout mice have been used as a neonatal 

surrogate, although adult TdT knockout mice have a surprisingly intact immune response to 

various pathogens (1, 2). In contrast, human neonates fail to develop strong CTL responses 

to influenza virus and respiratory syncytial virus infection (RSV) (3); therefore, animals 

deficient in TdT are not a suitable model for a human infant. Studies have defined a neonatal 

mouse anywhere from an age of 1 day to 3 weeks of age (4–7), and have demonstrated that 

neonatal mice have blunted T cell responses to influenza virus (5, 8) and HSV (9). 

Differences in T cell hierarchy have been reported using a 7-day neonatal model of RSV 

(10). We were curious whether CTL immunity differences exist in neonatal mice before 7 

days of age and whether the neonatal environment, intrinsic defects in neonatal CD8+ T cells 

or the TCR repertoire alone or together can contribute to the reduced CTL responses to 

pathogens in neonates.

To determine the evolution of the naïve TCRβ repertoire, TCRβ high-throughput sequencing 

in naïve CTL of differently aged neonatal mice was performed. We compared CTL 

responses to dominant and subdominant epitopes of influenza in 3-day old, 7-day old and 

adult mice. To dissect the mechanisms underlying reduced CTL responses of 3-day old 

neonatal mice, we used influenza virus infections and adoptive transfers of non-transgenic 

and TCR transgenic neonatal and adult T cells. We find that 3-day old neonatal mice have 

greatly reduced dominant and subdominant CTL responses compared to 7-day old and adult 

mice. TCR repertoire analysis of virus-specific CTL in 3-day old neonates revealed different 

and shorter TCRβ CDR3 sequences and Vβ family utilization, which reflected the naïve 

repertoire. Finally, we find that the neonatal environment does not inhibit CTL responses, 

and TCR-transgenic neonatal CD8+ T cells do not exhibit intrinsic defects. Our findings 

suggest that differences in TCR repertoire in the neonate are a major contributor to the 

defective neonatal CD8+ T cell response.

Materials and Methods

Mice and infections

Experienced timed pregnant female C57Bl/6 mice were purchased to generate neonatal mice 

and 8 week old adult C57Bl/6 mice were purchased from Charles River Laboratory. 

CD45.1+, and CD45.2+ mice were obtained from Charles River Laboratory. CD45.1+ OT-I 

and Thy1.1+ OT-I mice were generated through breeding. The mice were housed under 

specific-pathogen-free conditions in an American Association for the Accreditation of 

Laboratory Animal Care-certified barrier facility at the Drexel University College of 

Medicine Queen Lane Campus animal facility. Animal work was carried out according to 

approved Institutional Animal Care and Use Committee protocols.

Neonatal mice at 3 days of age (weight ~3g) were infected intranasally (i.n.) with 0.12 

TCID50 (0.04 TCID50/g) of influenza virus H1N1 strain PR8 (A/Puerto Rico/8/34) 

(generous gift of Dr. W. Gerhard, Wistar Institute, Philadelphia, PA) in a 5μl volume. 
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Neonatal mice at 7 days of age (weight ~5g) were infected intranasally (i.n.) with 0.20 

TCID50 (0.04 TCID50/g) of influenza virus in a 7μl volume. Adult 8 week old C57Bl/6 mice 

(weight ~20g) were infected i.n. with a sublethal dose of 3 TCID50 in a 20μl volume (0.15 

TCID50/g). The mice were anesthetized with inhaled isoflurane before intranasal 

inoculations. The primary response was examined by harvesting cells from lungs and 

spleens on various days post-infection.

For secondary infections, neonatal mice were infected i.n. with 0.08 TCID50 of influenza 

virus H1N1 strain PR8, a slightly reduced amount from the dose used for the primary 

response experiments. The adult mice were infected as above with H1N1 PR8 virus. Sixty 

days later, the mice were challenged with H3N2 X31 recombinant influenza virus strain. 

Seven days after this second infection, the mice were harvested and lungs, spleens, and 

mediastinal lymph nodes were processed to analyze cell populations.

For OT-I adoptive transfer experiments, 3-day old neonatal CD45.1+ OT-I and adult Thy 

1.1 OT-I spleens on the C57 background were harvested and percentage of splenic OT-I 

CD8+ T cells was calculated using flow cytometry. 5x104 OT-I splenic CD8+ T cells were 

injected intraperitoneally into congenic mice. Mice were infected with WSN-OVA strain, a 

SIINFEKL peptide- (OVA257–264) expressing influenza A/WSN/33 virus strain (H1N1, kind 

gift from Dr. David Topham, University of Rochester) in a total volume of 20 μL on the 

same day as the adoptive transfer.

For wild-type naïve adoptive transfer experiments, 3-day old CD45.2+ C57Bl/6 and adult 

CD45.2+ C57Bl/6 spleens were harvested and percentage of splenic CD8+ T cells was 

calculated using flow cytometry. 1.2–1.5 x106 primary splenic CD8+ T cells were injected 

intravenously into CD45.1+ C57Bl/6 mice (Jackson Laboratories). Mice were infected with 

PR8 at the adult infecting dose, as above.

Isolation of pulmonary lymphocytes

Pulmonary lymphocytes were isolated from individual mice by removing lungs and mincing 

into smaller pieces. The tissue was then digested for 2 h at 37°C with 3.0 mg/ml collagenase 

A and 0.15 μg/ml DNase I (Roche) in RPMI 1640 (Mediatech) containing 5% heat-

inactivated FBS (Life Technologies), 2 mM l-glutamine, 100 IU/ml penicillin, 100 μg/ml 

streptomycin (Mediatech). The digested tissue was then run through a 40-μm cell strainer 

(Falcon) and washed in the same media as above. Cells were counted using trypan blue 

exclusion with light microscopy.

Adoptive Transfer Experiments

For the OT-I adoptive transfer experiments, on day 7 post-infection, lung lymphocytes were 

isolated, and flow cytometry was performed. Percentage of donor OT-I cells in recipients 

was determined using: APC-labeled MHC class I Kb tetramers loaded with OVA peptide, 

anti- CD45.1 conjugated to FITC (BD Biosciences), anti-Thy 1.1 conjugated to eFluor 450 

(eBioscience) and anti-CD8α conjugated to PERCP (BD Biosciences).

For the non-transgenic adoptive transfer experiments, mice were harvested at day 10 post-

infection, lung lymphocytes were isolated, and flow cytometry was performed. Percentage 
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of donor versus recipient NP(366–374)-specific CD8+ T cells was detected using peptide-

loaded MHC class I Db tetramers conjugated to APC. The donor and recipient cells were 

distinguished using the following antibodies: anti-CD45.2 conjugated to FITC, anti-CD45.1 

conjugated to PE, and anti-CD8α conjugated to PerCP (all BD Biosciences).

Flow Cytometry

MHC class I tetramers were prepared with biotinylated monomeric H-2b class I MHC 

molecules refolded in the presence of equimolar amounts of β2-microglobulin and excess 

immunodominant NP(366–374) (ASNENMETM) peptide. Tetramers were prepared with 

APC-labeled streptavidin (Molecular Probes). Cells were co-stained with anti-mouse CD8α 

conjugated to PerCP (BD Biosciences) or PE (Tonbo Biosciences), and anti-mouse Vβ8.3 

conjugated to FITC (Biolegend) monoclonal antibodies. Anti-CD16/32 (Fc Block, clone 

2.4G2) (Tonbo Biosciences) was used in all stains. For the tetramer titration on 3-day old 

and adult mice, lung cell suspensions containing equal numbers (7.5x104) of CD8+ T cells 

(neonatal and adult) were mixed and then co-stained with NP(366–374) loaded MHC class I 

Db tetramer. Adult cells were Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE, 

CellTrace, Thermofisher) labeled. All stains were completed on ice to prevent 

internalization. All absolute cell numbers are calculated per 100 mg of lung tissue. To assess 

cytokine production, the H2K or H2D associated influenza virus peptides NP(366–374), 

DbPA(224–233), and KbNS2(114–121) were used for stimulations. For intracellular staining, 

pulmonary lymphocytes were incubated for 5 hours at a concentration of 2 × 106 cells in 200 

μl of RPMI 1640 medium containing 10% FBS, and 5 μg/ml Brefeldin A (Epicentre 

Technologies, Madison, WI), in the absence or presence of 1 μM viral-specific peptide, and 

then washed and stained with anti-mouse CD8α-PE Ab (Tonbo Biosciences). The cells were 

permeabilized in PBS/0.5% saponin for 20 min before staining with mouse IFN-γ-APC 

(Tonbo Biosciences). Cells were fixed in 1% paraformaldehyde (Fisher Scientific) before 

flow cytometric analysis. Data was collected on a FACS Calibur using Cell Quest software 

or a FACS Fortessa using FACS Diva software (BD Biosciences). Analysis was performed 

using Flow Jo software (Tree Star).

Viral Loads

At various time points post-infection, the lungs of the mice were harvested, weighed, and 

frozen at −80°C in TRIzol (Invitrogen). RNA was isolated by the Qiagen RNeasy kit 

(Qiagen). The isolated RNA was then used for cDNA synthesis using the High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems). Virus was measured by real-time 

PCR using influenza specific primers as previously described (11). cDNA synthesis was 

performed using both a specific primer (5′-TCTAACCGAGGTCGAAACGTA-3′) and 

random hexamers. Real-time assays were performed in triplicate with 5 μl of cDNA, 12.5 μl 

of 2× TaqMan Universal PCR Master Mix (Applied Biosystems), 900 nM influenza A virus 

sense primer (5′-AAGACCAATCCTGTCACCTCTGA-3′), 900 nM influenza A virus 

antisense primer (5′-CAAAGCGTCTACGCTGCAGTCC-3′), and 200 nM influenza A virus 

probe (FAM-5′-TTTGTGTTCACGCTCACCGT-3′-TAMRA) (12). All primers were 

specific for the influenza A virus matrix protein. Amplification and detection were 

performed using an Applied Biosystems Prism 7900HT sequence detection system with 

SDS 2.2.1 software (Applied Biosystems) at the following conditions: 2 min at 50°C and 10 
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min at 95°C, then 45 cycles of 15 s at 95°C and 1 min at 60°C. For viral load measurement, 

a standard curve was developed with serial 10-fold dilutions of stock PR8 with known 

TCID50 concentration. Ct values were plotted against virus quantity in TCID50 per milliliter. 

This curve was used to convert the Ct values for viral loads to TCID50 equivalents. Virus 

RNA quantities in lungs were expressed as TCID50 equivalents/100 mg lung.

Cell Sorting and TCR sequencing

For the naïve CD8+ T cell sorting, spleens were harvested from 3-day old, 7-day old and 8 

week old mice, and lymphocytes were isolated. Naïve CD8+ T cells were detected with 

CD8α conjugated to PE and CD44 conjugated to FITC (Tonbo Bioscience, San Diego CA). 

CD8+ T cells were then sorted on a FACSAria fluorescence-activated cell sorter (BD 

Biosciences). Lymphocytes were isolated from the lungs of influenza A infected newborn 

and adult mice on day 10 of infection. Influenza virus nuclear protein (NP)(366–374)-specific 

CD8+ T cells were detected using MHC class I tetramers. Cells were stained on ice for 40 

min with anti-mouse CD8α conjugated to PE (Tonbo Bioscience, San Diego CA) and 

NP(366–374)-specific tetramer. Tetramers were prepared with APC-labeled streptavidin 

(Molecular Probes). Cells were washed once, counted and re-suspended in HBSS with 3% 

FBS at a concentration of 20 x 106 cells/ml. NP(366–374)-specific CD8+ T cells were then 

sorted on a FACSAria fluorescence-activated cell sorter (BD Biosciences). gDNA extraction 

was performed following the DNeasy Blood and Tissue Kit (Qiagen). Sorted cell numbers 

ranged from ~1,000 to ~100,000. Samples were analyzed with high-throughput sequencing 

at the survey level of the TCRβ CDR3 regions, which were amplified and sequenced using 

the Illumina Genome Analyzer using the ImmunoSeq® immune-profiling system (Adaptive 

Biotechnologies, Seattle, WA). In brief, bias-controlled V and J gene primers were used to 

amplify rearranged V(D)J segments for high-throughput sequencing designed to target an 

output of 200,000 assembled output sequences. CDR3 sequences were analyzed using the 

International ImMunoGeneTics (IMGT®)/V-QUEST tool (http://www.imgt.org), 

acknowledged as the international reference for immunoglobulin and TR sequence analysis, 

CSH Protocols, WHO/IUIS, to identify the V, D, and J genes that contributed to each 

rearrangement. Sequences were classified as nonproductive if it was determined that 

nontemplated insertions or deletions produced frameshifts or premature stop codons. 

Pielou’s evenness, a normalized Shannon’s H entropy, was calculated using the Adaptive 

Biotechnologies Immunoseq Analyzer software. Circos plots were generated with the Circos 

software package (13). The sequencing data for the 14 individual samples used for naive 

repertoire analysis and the 6 individual samples used for the primary response to influenza 

infection can be accessed from https://clients.adaptivebiotech.com/pub/Carey-2016-JI.

Statistical analysis

Statistical analysis was performed using the Shapiro-Wilk W test for normality, Student’s t-

test and nonparametric Wilcoxon signed-rank test for paired and unpaired samples. 

Nonparametric (Spearman’s rho) statistics were used for measurements of correlation for 

data without a normal distribution and a linear regression was performed for data with a 

normal distribution. Analyses were performed with the JMP statistical analysis program 

(SAS, Cary, NC). P values<0.05 were considered to be statistically significant.
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Results

The neonatal naïve CD8+ T cell receptor repertoire rapidly evolves during the first week of 
life

In order to investigate the mouse CD8+ T cell receptor repertoire in neonatal and adult mice, 

we performed high-throughput sequencing of the TCRβ CDR3 regions in sorted, naive 

CD8+ T cells from 3-day old, 7-day old, and adult mice. The CDR3 length of 3-day old mice 

was on average 37.8 nucleotides, as compared to 38.5 nucleotides for 7-day old mice and 

41.5 for adult mice. Although the average weighted CDR3 length is essentially the same for 

3-day old and 7-day old neonatal mice, the distribution of CDR3 lengths is different (Figure 

1A), with 3-day old mice having fewer sequences with a length of 42 or 45 base pairs. 

Deconstruction analysis of the CDR3 region showed that the reduced length of the CDR3 

lengths in neonatal samples was mostly due to reduced N nucleotide addition (Figure 1B), as 

previously reported (14). Of note, there is a statistically significant difference in the N2 

additions between the 3-day and 7-day mice. Moreover, there was no increase in trimming at 

the 5′ and 3′ ends of the VDJ genes (Figure 1C), indicating that exonucleolytic activity does 

not contribute to generation of shorter CDR3 regions during neonatal life. Next, we looked 

at Vβ family usage among the samples. Our data demonstrate that the dominant Vβ usage in 

the 3-day old neonate is TRBV31, which is in direct contrast to the 7-day old and adult 

mouse usage of TRBV13-2 (Figure 1D and E). Finally, we calculated the Pielou’s evenness, 

which is a normalized Shannon’s entropy, to determine differences in clonality. Three-day 

old neonates have a higher clonality, indicating less diversity than their 7-day old and adult 

counterparts (p<0.02) in their naïve TCR repertoire (Figure 1F and Supplementary Table 1).

CTL immunity of 3-day old neonatal mice is less robust than 7-day old mice

High-throughput sequencing of the naïve CTL TCR repertoire identifies a shift in Vβ family 

usage and longer CDR3 lengths from 3 days of life to 7 days of life suggesting that 7-day 

old mice may be more similar to adult mice than previously thought (Figure 1E). Based on 

the above, we hypothesized that the 7-day old mouse may have a more adult-like CTL 

response to influenza infection. We infected 3-day old, 7-day old, and adult mice with H1N1 

PR8 influenza virus and measured virus-specific CTL responses against dominant and 

subdominant epitopes (15) on day 10 post-infection, the peak of the CTL response (16). 

Both groups of neonates had a depressed NP(366–374)-specific CTL response in terms of 

absolute numbers (1.3±0.6 x104 and 4.6±1.1 x104 per 100 mg lung tissue for 3-day and 7-

day old mice, respectively) versus the adult controls (21.9x104±5.4 per 100 mg lung tissue). 

However, 7-day old neonates have an intermediate response when compared to 3-day old 

neonates and adult controls indicating that the T cell repertoire evolves over the first week of 

life (Figure 2A). We also examined immunity to the PA(224–233) epitope, another dominant 

CTL epitope in the adult C57Bl/6 mouse. For the PA(224–233) epitope, 3-day old neonates 

have a depressed CTL response (2.9±1.0 x104 per 100 mg lung tissue) versus the other two 

groups (15.3±4.3 x104 and 21.2±4.0 x104 cells per 100 mg lung tissue for 7-day and adult 

mice, respectively) (Figure 2A). Finally, the NS2(114–121) subdominant epitope response in 

3-day old neonates is also reduced in terms of absolute numbers (0.2±0.08 x104per 100 mg 

lung tissue) versus the other two groups (14.4±5.3 x104 and 7.8±3.4 x104 per 100 mg lung 

tissue for 7-day and adult mice, respectively) (Figure 2A). These results demonstrate two 
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points: first, 3-day old neonates have reduced CTL responses to both dominant and 

subdominant epitopes, and second, although 7-day old mice have lower CTL responses to 

the NP(366–374) dominant peptide than adults, it still is significantly higher than in 3-day old 

neonates. Despite their lower NP(366–374) response, 7-day old mice are able to develop an 

adult-equivalent CTL response to the second dominant PA(224–233) epitope and the 

NS2(114–121) subdominant epitope, confirming previous studies that showed changes in 

epitope dominance in 7-day old mice compared to adult mice (10). Together, these data 

demonstrate that the CTL response to influenza virus dynamically evolves over the first 

week of life.

The primary CD8+ T cell response in influenza virus infected neonates is diminished and 
delayed

We next sought to further characterize the influenza -specific CTL response in the 3-day old 

neonatal mouse. The immunodominant NP(366–374)-specific primary CD8+ T cell response 

in adult mice peaks on days 10–11 (16). Therefore, a shift in the kinetics of the response 

could account for the reduced CTL response in 3-day old mice. To exclude this, we infected 

3-day old and adult mice with PR8 virus and harvested animals at days 10, 14 and 21 post-

infection and stained with peptide-loaded MHC class I tetramers. Confirming our results 

above, at day 10 post-influenza virus infection, neonates have a significantly reduced 

frequency of lung NP(366–374)-specific CTL when compared to adult mice (0.3% ± 0.1 

versus 16.4% ± 2.3 of CD8+ T cells, respectively) (Figure 2B and C). This was accompanied 

by a 2-log reduction in the numbers of lung NP(366–374)-specific CTL in neonates relative to 

adult mice (0.9±0.3 x104 versus 219±65 x104 per 100 mg of lung tissue, respectively) 

(Figure 2D). This reduction of neonatal NP(366–374)-specific CTL was also seen in the 

spleen (Figure 2E), suggesting that the reduction in lung numbers was not due to altered 

migration. By day 14 post-infection, however, while the adult NP(366–374)-specific CTL 

response was already contracting (13.7%±1.6 of CD8+ T cells; 55±16.4 x104 per 100 mg of 

lung tissue), the neonatal NP(366–374)-specific CTL response continued to increase (5.4%

±1.3 of CD8+ T cells; 4.5±1.4 x104 per 100 mg of lung tissue) (Figure 2C and D). This 

results in a comparable frequency of virus-specific CD8+ T cells in the lungs of neonates 

and adult mice at day 14. However, the absolute numbers of virus-specific CTLs remain 10-

fold reduced in the neonatal lungs. Finally, at day 21 post infection, the frequency of the 

neonatal NP(366–374)-specific CTL response continued to increase (14.0% ± 2.0) (Figure 2C 

and D) and the absolute numbers of neonatal NP(366–374)-specific CTLs remained essentially 

the same (5.7±1.0 x104 per 100 mg of lung tissue) as compared to day 14, while the adult 

absolute numbers continued to contract and were comparable with the neonatal numbers 

(5.8±1.3 x104 per 100 mg of lung tissue for adult mice). Therefore, despite the fact that the 

neonates reach adult-level frequencies at a delayed time point, they never attain the peak 

adult-level of absolute numbers of NP(366–374)-specific CTLs. The neonatal day 14 numbers 

were nearly 50-fold lower than the day 10 peak of the adult animals (4.5±1.4 x104 versus 

219±65 x104 per 100 mg of lung tissue, neonate day 14 post-infection and adult day 10 post-

infection, respectively) (Figure 2D). From these studies, it is evident that neonatal mice 

mount a diminished NP(366–374)-specific CTL response against influenza virus infection 

which remains low in magnitude and exhibits delayed kinetics compared to adult mice.
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Impaired CTL responses in neonates are not due to diminished antigenic load

To understand why 3-day old neonates mount such diminished primary CTL responses, we 

first asked whether neonates had lower lung viral titers and the associated reduced antigenic 

load resulted in reduced neonatal virus-specific CTLs. We find that 3-day old mice have a 

similar viral load kinetic as compared to their adult controls at days 6, 10, and 14 post-

infection (Figure 2F). This demonstrates that the neonates are productively infected and their 

reduced numbers of virus-specific CTLs cannot be attributed to reduced antigen loads. The 

CTL response plays a critical role in the control and clearance of virally-infected cells (17). 

Therefore, we correlated the frequency of virus-specific CTLs with viral loads in both the 

neonates and the adults (Figure 2G). The viral load decreases with increasing numbers of 

NP(366–374)-specific CTLs, demonstrating that although it is a diminished and delayed 

response in neonates, these virus-specific CTLs do contribute to viral control.

Mice infected during the neonatal period have a robust secondary CTL response

Because neonatal mice had an impaired primary virus-specific CTL response, we 

investigated whether memory and secondary responses to influenza virus were also affected. 

To perform these studies, we infected 3-day old neonates and adults with H1N1 PR8 virus 

and re-challenged these mice at 60 days post-infection with heterosubtypic H3N2 X31 

influenza virus. In adult mice, the secondary NP(366–374)-specific CTL response to influenza 

virus in the lung peaks on day 7–8 with a frequency of ~30% of the CD8+ T cells. We found 

that secondary lung NP(366–374)-specific CTL responses in mice primed as neonates were 

similar in magnitude to those of mice primed as adults in both frequency (38.5%±8.0 versus 

40.9%±2.5 of lung CD8+ T cells, respectively) (Figure 3A and B) and numbers (2.2±0.6 

x106 versus 2.0±0.6 x106 NP(366–374)-specific CTL, respectively) (Figure 3C). In addition, 

the absolute numbers of NP(366–374)-specific CTL in the spleen (1.9±0.3 x106 versus 

2.8±0.6 x106, in neonates and adults respectively) and the mediastinal lymph nodes 

(0.2±0.05 x106 versus 0.1±0.02 x106, in neonates and adults respectively) were similar 

(Figure 3C).

We also performed peptide stimulations and found that the absolute numbers of NP(366–374) 

peptide-induced IFNγ-producing CTLs are similar between animals infected the first time as 

a neonate versus those animals infected for the first time as adults (8.9±2.9 x105 versus 

8.2±2.2 x105 in neonates and adults respectively) (Figure 3D). Additionally, viral loads did 

not differ in these animals (Figure 3E), further indicating the memory population function 

normally in animals infected as a neonate. Thus, in spite of a defective primary response in 

3-day old neonates, these animals can establish memory and mount an intact secondary 

response.

To further investigate the intact secondary response in those animals with primary infection 

in the neonatal period, we infected 3-day old neonates and adults with influenza and then 

harvested the adult animals at their peak virus-specific CTL response on day 10 post 

infection, and the neonates at days 14 and 21 post infection, and found that there is an 

increase in the frequency of the adult dominant Vβ.3 family (TRBV 13.1) in the neonatal 

NP(366–374)-specific CTL (adult day 10: 31.6%±7.5, neonate day 14: 9.6%±14.6 and day 21: 
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24.5%±24) (Figure 3F). These results suggest that 3-day old neonates recruit “adult-like” Vβ 

TCR over time, which may explain the intact secondary response in these mice.

Neonatal virus-specific CTLs have a different, unfocused TCR repertoire that lacks public 
TCR clonotypes seen in adults

Because our naïve CD8+ T cell TCR repertoire analysis showed major differences in 3-day 

old mice, we hypothesized that TCR utilization by virus-specific CTL may be dissimilar in 

neonatal mice and may explain, at least in part, CTL response differences in adult mice. To 

examine this we performed next generation sequencing of sorted, NP(366–374)- specific 

CTLs from animals on day 10 post-infection. We found that the top shared adult clones to 

the immunodominant NP(366–374) epitope used the CDR3 sequences: 

CASSGGSNTGQLYF, CASSGGANTGQLYF, CASSGGGNTGQLYF, and 

CASRGGANTGQLYF, all sequences that have been previously established as public clones 

in the mouse NP(366–374)-specific CTL response to influenza infection (1, 18, 19). These 

public clonotypes, however, were infrequent in the neonates. The ten most frequent shared 

clones in adults comprised 46%±7% of all clones while the ten most frequent shared clones 

in neonates only made up 6%±0.5% of all clones (Fig. 4A, p< 0.03, Supplementary Tables 1 

and 2). Importantly, adult mice have a high frequency of these shared clones, in contrast to 

the neonates who each had a different dominant clone (Figure 4A). When the Pielou’s 

evenness was calculated for the adult and neonatal samples, the adults had a higher average 

clonality (0.55) versus the neonates (0.41), indicating that the neonates have a less focused 

NP(366–374)-specific response. This is particularly interesting in comparison to the naïve data 

(Figure 1F), which showed that 3-day old neonates have a more focused naïve repertoire. 

Together, these data indicate that the 3-day old neonate has a less diverse naïve repertoire, 

and when challenged with antigen, is unable to focus like their adult counterparts.

In addition to utilizing private clonotypes, the neonates also have a less focused use of Vβ 

families. The number of Vβ families in the top 50% of all TCR sequences ranged from 4 to 

11 in each of the neonates, as opposed to 1 to 2 in the adults, highlighting again the 

preferential use of Vβ and the much more focused response in adults. The predominant Vβ 

used in neonates is also different, as neonates utilized TRBV31 and TRBV19 while the adult 

TCRs used predominantly the TRBV13-1 and TRBV17 families (Figure 4B and C). 

Neonates used primarily TRBJ2-4 and TRBJ2-7 while adults used TRBJ2-2 (Figure 4C). 

The neonates also have a shorter CDR3 region (37.8 ±0.6 versus 42.7 ±1.0 bases, for 

neonates and adults respectively, p=0.015), which inherently leads to less diversity. This 

was most likely due to fewer N1 and N2 nucleotide insertions in neonates (Figure 4D), 

indicating reduced TdT activity. Junctional trimming was not different (Figure 4E). The 

above indicate that the virus-specific CTL response in neonates utilizes a very different and 

less focused TCR repertoire as compared to adult animals, and lacks the characteristic public 

clonotypes found in adult mice.

Adult public NP(366–374)- specific TCR clonotypes are rare in neonates

Based on the above, we questioned whether the reduced use of public TCR clonotypes for 

their NP(366–374)- specific CTL response by the 3-day old neonatal mice was due to these 

clonotypes being absent from their naïve TCR repertoire. To test this, we queried the CDR3 
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sequences in the naïve CD8+ T cell TCR repertoire of 3-day old, 7-day old and adult mice 

for the presence of adult shared public NP(366–374)- specific clonotypes. Nine out of 10 of 

these adult shared, public NP(366–374)- specific clonotypes (adult clones in Figure 4A) are 

found in the naïve adult TCR repertoire, 5 out of 10 clones are present in the 7-day old 

neonates and only 2 out of 10 clones are present in the 3-day old neonates. These findings 

suggest that 3-day old mice use less public NP(366–374)- specific clonotypes due to the 

greatly reduced frequency of these clonotypes in their naïve TCR repertoire. These public 

clonotypes clearly increase during the first week of life as they are found in 7-day old mice 

at a higher frequency, again confirming the rapid maturation of the TCR repertoire during 

the first week of life.

The neonatal environment does not suppress CTL responses to influenza virus

Despite the marked difference in the neonate’s TCR utilization, the reduced primary CTL 

responses of neonates could be, in part, attributed to a suppressive neonatal environment 

(20–22). To test this directly, we performed adoptive transfer experiments of congenically 

mismatched CD45.2+ TCR transgenic OT-I cells from adult mice into CD45.1+ 3-day old 

neonates and adult mice, and infected these mice with the OVA(257–264)-expressing 

influenza A/WSN/33 (WSN-OVA) virus. Previous studies have indicated that TCR 

transgenic CD8+ T cells behave most like endogenous T cells when low numbers of cells 

are transferred by intravenous injections (23). Therefore, we performed a dose response of 

transferred cells and found that the lowest number of intraperitoneally injected cells into 

neonates and adults that resulted in a detectable expansion post infection was 50,000. Based 

on these results, all adoptive transfer experiments were done with 5x104 OT-I cells. Adult 

OT-I cells expanded to the same degree in neonates and adult hosts in terms of both 

frequencies (19.4%±3.3 versus 22.8%±4.6 of lung CD8+ T cells, respectively) (Figure 5A) 

and numbers (1.5±0.3 x106 versus 1.6±0.3 x106 donor OT-I cells per 100mg of lung, 

respectively) (Figure 5C). At 7 days post-infection with WSN-OVA, both neonates and 

adults have an average viral load of 103 TCID50 equivalents/100 mg lung. These findings 

show that adult CD8+ T cells can expand normally in the neonatal environment and exclude 

that a suppressive neonatal environment is responsible for the reduced primary CTL 

responses we find in neonates.

TCR-transgenic neonatal CD8+ T cells expand normally

Potentially, there could be an intrinsic defect in the neonatal CD8+ T cells’ ability to 

proliferate or survive, such as signaling defects in T cells due to their immaturity (24) or to 

the reduced diversity or makeup of the neonatal TCR repertoire (25–28). To address the 

question of an intrinsic defect of neonatal CD8+ T cells while circumventing differences of 

TCR repertoire in neonates, we transferred congenically mismatched neonatal OT-I cells 

into neonates and adults and compared them to adult OT-I cell transfers. We found that 3-

day old neonatal OT-I cells expanded to the same degree as adult OT-I cells when 

transferred into adult host mice both in terms of frequency (26.6% ± 2.7 versus 22.8% ± 4.6 

of lung CD8+ T cells in neonatal and adult hosts respectively) (Figure 5B) and numbers 

(2.5±0.6 x106 versus 1.6±0.3 x106 donor OT-I cells per 100 mg of lung in neonatal and 

adult hosts respectively) (Figure 5C). Potentially, neonatal CD8+ T cells could specifically 

express a receptor for a suppressive cytokine present in the neonatal milieu. To investigate 
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this, neonatal OT-I cells were transferred into neonatal hosts, and they expanded similar to 

transferred adult cells both in terms of frequency (26.5% ± 3.8 of lung CD8+ T cells) and 

numbers (2.4±0.6 x106 donor OT-I cells per 100 mg of lung) (Figure 5B and C). Therefore, 

the neonatal environment did not selectively suppress neonatal CD8+ T cells. The above 

data demonstrate that neonatal cells can expand within the adult environment, which 

excludes an intrinsic neonatal T cell signaling defect. In addition, if one circumvents the 

TCR repertoire of the neonatal T cells with a high affinity TCR, neonatal CD8+ T cells can 

mount robust primary responses to viral infection in both neonatal and adult hosts.

Non-transgenic neonatal CD8+ T cells in an adult environment have reduced expansion

Next, we investigated whether endogenous neonatal T cells without a transgenic TCR could 

expand in the adult host to clearly exclude a suppressive neonatal environment. Equal 

numbers (1.5x106 CD8+ T cells) of congenically mismatched CD45.2+ naïve CD8+ T cells 

from neonatal and adult mice were injected intravenously into adult CD45.1+ mice, which 

were then infected with influenza virus. Ten days after adoptive transfer and infection, the 

frequency and absolute numbers of lung neonatal NP(366–374)-specific CTLs was 

significantly lower than the adult response (0.3±0.2 x103 versus 8.2±4.9 x103 donor 

NP(366–374)-specific CTL) (Figure 6A, B and C). Together, these data indicate that equal 

numbers of non-transgenic neonatal CD8+ T cells are not able to expand in the adult host as 

well as non-transgenic adult CD8+ T cells. This argues against the neonates diminished 

expansion of NP(366–374)-specific CTLs being solely due to a smaller pool of CD8+ T cells 

in the neonate. Taken together with the adoptive transfers of OT-I cells, these findings argue 

that TCR differences are a major contributor to the reduced ability of neonates to mount an 

efficient virus-specific CTL response.

Neonatal virus-specific CTLs have reduced peptide affinity

Because TCR usage was a major determinant of the reduced CTL response in the neonate, 

we hypothesized that these CTLs may have decreased TCR binding affinity. Several studies 

have shown that influenza and other respiratory viruses induce functionally impaired CD8+ 

T cells in the lung (29). Therefore, it was important to determine that the function of the 

virus-specific CTLs was similar in the pulmonary environment at all three of these ages. In 

fact, we found that regardless of age, virus-specific CTLs had similar function (Figure 6D), 

whereby only ~50% of the lung NP(366–374) tetramer-positive cells make cytokine or 

degranulate after peptide stimulation. After we had established equivalent function, we 

sought to determine that there are equal levels of TCRs on the surface of the CD8+ in both 

the neonate and adult. Therefore, we stained 3-day old, 7-day old and adult CD8+ CTL with 

a pan-TCR antibody, and found that the MFI of TCR expression of CD8+ cells is equivalent 

(Figure 6E). Next, we performed NP(366–374) peptide dose responses 14 days post-infection 

from 3-day old, 7-day old and adult mice and intracellular IFNγ staining was performed. We 

chose to look at 14 days post-infection because prior to this point there were insufficient 

virus-specific CTLs to obtain accurate results. These studies revealed that the 3-day neonatal 

mice had an ED50 that was 4-fold lower than 7-day old mice and 6-fold lower than adult 

mice (ED50: 91.6±1.3pg/ml, 21.6±1.5pg/ml, and 15.4±1.4pg/ml, 3-day, 7-day and adult 

mice respectively) (Figure 6F). This indicates that the 3-day old neonatal TCRs have 

decreased affinity for peptide, and this affinity increases by 4-fold over the first week of life.
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To further address the question of TCR avidity, we performed a tetramer titration 

experiment, where we mixed and co-stained equal numbers of adult CD8+ CTL at day 10 

post infection and 3-day old CD8+ CTL at day 14 post infection with decreasing 

concentrations of NP(366–374) loaded MHC class I Db tetramer. Adult cells were labeled with 

CFSE to distinguish the adult cells in the co-stain from neonatal cells. We found that the 3-

day old neonates had a more rapid decline in Mean Fluorescence Intensity (MFI) as the 

concentration of tetramer decreases, as compared to the adults (Figure 6G). Based on the 

above, lower TCR affinity could explain the decreased expansion of virus-specific CTLs 

during acute influenza infection in neonatal mice.

Discussion

Although neonatal and adult CTL responses have been compared in the setting of DNA 

vaccines (30, 31), virus-like particles (32), and adjuvants (33), little is known about the 

neonatal CTL response to acute viral infection. To dissect the CTL response in neonates, we 

first examined the TCR repertoire of naïve CD8+ T cells in 3-day, 7-day and adult mice. We 

find that the Vβ family usage was different in 3-day old mice, while 7-day old mice had 

adult-like usage. We also find that 3-day mice have shorter CDR3 and the CDR3 length 

distribution shifts to longer CDR3 lengths from 3 days of age to 7 days of age to adult mice. 

This shift in CDR3 length appears to be due to the lack of N1 and N2 nucleotide additions, 

as opposed to VDJ junctional trimming. These N nucleotides are added by the enzyme TdT 

(34) suggesting that this activity is not fully functional during the first weeks of life, 

consistent with previous work (28). More junctional trimming is found in the human fetus as 

compared to infant control samples (35) potentially indicating that our 3-day and 7-day 

neonates correspond to human neonates. Our analysis points to a rapid evolution of the naïve 

TCR repertoire during the first week of birth with an increase in TdT activity and changes in 

availability of Vβ families shaping this evolution towards an adult-type repertoire.

To investigate the neonatal CTL response to a viral infection and understand the 

mechanisms that shape this response, we used influenza virus infections of 3-day old, 7-day 

old and adult mice. We find that 3-day old mice have greatly diminished CTL responses to 

both dominant and subdominant epitopes. In contrast, 7-day old mice have normal CTL 

responses to the dominant PA(224–233) and subdominant NS2(114–121) epitopes. These 7-day 

old mice mounted a NP(366–374) response that was intermediate between that of 3-day old 

and adult mice. Such altered patterns of neonatal CTL hierarchy have also been 

demonstrated by others in a 7-day old mouse model of RSV infection (10). Our study 

suggests that the CTL response is rapidly evolving during the first week of mouse life. 

Previous work has demonstrated that when 2-day old mice are challenged with influenza 

virus, there are reduced numbers of T cells in the lungs (5); however, these studies did not 

examine the influenza virus-specific CTL response. Our current study therefore reports for 

the first time the dominant and subdominant epitope-specific CTL response in such young 

neonates and demonstrates that they are very different from 7-day old and adult mice.

Our findings of greatly reduced CTL responses in neonatal mice raise the question of what is 

the responsible mechanism. Because we had determined that the naïve CD8+ T cell TCR 

repertoire was different in 3-day old mice, we postulated that the TCR usage of the 
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immunodominant NP(366–374) –specific CTL responses may reflect biases found in the naïve 

TCR repertoire. Our study suggests that the major cause of a neonatal mouse’s failure to 

mount robust CTL responses against influenza virus is the reduced frequency of public, high 

affinity clonotypes in their TCR repertoire. Adult NP(366–374) –specific CTLs demonstrated 

the well-established, characteristic public clonotypes shared between different C57Bl/6 mice 

(1, 18, 19). In contrast, neonates use private clonotypes of NP(366–374) –specific CTLs, 

which utilize TRBV31 and TRBV19 while the adult CTLs use predominantly TRBV13-1 

and TRBV17. Our data suggests that alternate TCR Vβ family usage in the naïve neonatal 

repertoire may be responsible for their lack of public clonotypes. Different TCR Vβ families 

are used in the naïve TCR repertoire of 3-day mice as compared to adults, which is 

consistent with the evolution of the BCR VH utilization. During fetal development, D 

proximal VH genes are preferentially used in the BCR repertoire and VH usage spreads with 

gestational age (36–38). Interestingly, 3-day old neonatal mice use predominantly TRBV31 

in both their naïve and NP(366–374) –specific repertoire. TRBV31 has some unique features, 

as it is the most 3′ TRBV gene and has opposite polarity than that of the D-J-C cluster (39). 

The TRBV31 usage by neonates may be controlled in part by RAG activity as mice 

expressing core, but not full-length RAG1 show a 5-fold increase in TRBV31expressing 

thymocytes (40). In humans, TRBV30 is the homologue of mouse TRBV31 and also has a 

similar 3′position in the TRB locus and opposite polarity as mouse TRBV31. Human 

TRBV30 is expressed highest in neonates and decreases with age (41). Future studies are 

needed to examine whether these 3′positioned TRBV genes are expressed early in 

development and how they may affect CTL immunity.

TCR repertoire analysis revealed different TCR usage in neonates and the use of private 

instead of public clonotypes, but this does not address the quality of the TCR. To test this, 

we determined the affinity of 3-day old neonatal CTL to influenza virus NP(366–374) 

dominant epitope and compared it to 7-day and adult mice. We find that the TCRs utilized 

by 3-day old neonatal mice have much lower affinity than adult CTL TCRs, while 7-day old 

CTL TCRs have an affinity similar to adults. This lower affinity could explain the failure of 

neonatal mice to mount robust CTL responses, particularly when coupled with our finding 

of the lack of adult public clones in the neonatal naïve repertoire, and as others have shown 

with an initially small naïve repertoire in the neonatal CD4+ T cell pool (42). Specifically, 

the differences in TCR repertoire in neonates underlie the lack of high affinity precursors.

Although we demonstrated that TCRs used by neonatal mice in their virus-specific CTL 

response was different from adults and of lower affinity, there still remained the possibility 

that the neonatal environment (43, 44), or intrinsic defects in neonatal CD8+ T cells (45, 46) 

contributed to the diminished CTL response of neonates. To test directly if controlling the 

TCR would restore neonatal CTL responses, we performed a series of careful adoptive 

transfer experiments where we showed that neonatal high affinity TCR transgenic OT-I cells 

can expand normally in neonatal and adult animals (excludes intrinsic defects of neonatal 

CTL, neonatal environment and their combination as factors) and that non-transgenic 

neonatal CD8+ T cells fail to expand in adult mice (excludes the neonatal environment and 

the interaction of the neonatal T cells with the neonatal environment being factors). A caveat 

is that the adoptive transfer of 5x104 cells could have circumvented possible environmental 

effects because the animal was receiving a higher precursor frequency, in addition to the fact 
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that the repertoire was changed with transgenic TCR CD8+ T cells. However, transfers of 

less cells were attempted and were not successful because of the limitation of doing adoptive 

transfers through the intraperitoneal route in neonatal mice.

Our findings argue that if one corrects the TCR on neonatal CD8+ T cells, a neonate can 

mount a normal CTL response. Although our neonatal OT-I transfer into neonatal recipients 

argues that the TCR can correct the CTL defect, we cannot exclude that the NP(366–374)-

specific CTL response may be more susceptible to neonatal dendritic cell functional 

differences than OT-I cells. Neonatal dendritic cells may preferentially recruit lower avidity 

or more promiscuous TCR for the NP(366–374)-specific response, and these outcompete 

public idiotypes.

There is little data describing neonatal memory development after neonatal acute viral 

infection. Some previous investigations into the neonatal memory response were performed 

using models of chronic infection. These studies found that neonate-primed CD8+ T cells 

develop into cells that rival adult-primed cells in proliferation and effector function in a 

murine leukemia virus model of chronic viral infection (47, 48). However, such chronic 

infections due to the sustained presence of high antigen loads do not reflect true memory, 

and may not be informative on memory generation after an acute infection that is followed 

by antigen clearance. Others have examined priming of virus-specific memory T cells in 1-

day old mice injected intravenously with irradiated influenza virus (49); these studies found 

that there was a secondary cytotoxic T lymphocyte response when splenocytes were 

stimulated in vitro as adults. Rudd and colleagues investigated the memory recall response 

of neonatally vaccinated versus adult vaccinated mice, and found that neonatal memory 

clonotypes are not efficiently recruited into the proliferative recall response to secondary 

challenge (50). For our studies, we used the natural infection route of influenza virus and 

examined the secondary expansion of memory CD8+ T cell responses primed on the third 

day of life. Given that the primary CD8+ T cell response was impaired in the neonates, it is 

possible that the primary CD4+ T cell response may also be affected. This could set the stage 

for the generation of “helpless” CD8+ T cell memory that is characterized by defective 

expansion during secondary responses, often termed as reduced quality of memory (51–53). 

It was thus important to determine whether CD8+ T cell memory generated after neonatal 

infection could expand during a secondary challenge. Despite the reduced and delayed 

primary CD8+ T cell response in neonates, our studies have shown that secondary responses 

against the immunodominant NP(366–374) epitope for PR8 influenza virus, are normal, as 

others have shown with vaccinia virus (50). Similarly, Kollmann and colleagues using older 

(day 5–7) mice have shown that after only one immunization with an attenuated strain of 

Listeria monocytogenes, neonatally immunized mice generate memory CD8+ T cells with 

kinetics and frequencies similar to adult-immunized mice (54). Here, we demonstrate that 

when 3-day old neonates are exposed to an acute infection, clear the virus, and are then 

rechallenged, despite their reduced primary responses, they mount a robust secondary 

response equivalent to adult primed mice. One explanation for the robust secondary 

response in neonates could be persistent antigen that is presented at later times in the 

primary response, which allows for the recruitment of new TCR that are generated in the 

repertoire and emigrate from the thymus after 7–10 days of age (55). In response to this 
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possibility, we devised a time course experiment where we infected animals at 3 days of life 

and 8 weeks of life, harvested animals at different time points post infection, and stained 

pulmonary lymphocytes with NP(366–374)-specific tetramer and Vβ8.3 (TRBV13-1, the 

dominant Vβ family in the public NP(366–374)-specific response in the adult C57Bl/6 

mouse). We found that at later time points post-infection, the 3 day old neonate started to 

develop a more “adult-like” response to influenza, as shown by a greater percentage of NP 

specific CD8+ T cells, which co-stained for Vβ 8.3. However, to fully answer this question, 

future studies need address the kinetics and identify the TCR sequences at several time 

points post-infection of infected 3-day old mice, as well as performing RNA sequencing of 

virus-specific CTL’s after a secondary challenge.

Our findings raise the question of how predictive is the primary response in neonates for 

long term protection. Measuring the neonatal primary responses to a vaccine or a primary 

infection may not appropriately evaluate the efficacy of a vaccine or be predictive of long-

term protection to the infectious agent. Neonates display a suboptimal response to many 

vaccines, impairing the ability to protect this large segment of the population (56). It will be 

important to determine whether using adjuvants that simulate the effect of acute infection in 

terms of inflammation or pattern recognition receptor triggering improve neonatal vaccine 

efficacy, or whether vaccines with increased antigen persistence or shorter boosting intervals 

may overcome neonatal vaccine failure. Several models of experimental respiratory tract 

viral infection (Vesicular Stomatitis Virus, RSV and influenza) have demonstrated that viral 

antigen in the form of processed peptide persists in the draining lymph nodes at the site of 

initial pathogen entry (57–59). This might explain the delayed expansion of Vβ8.3 family 

clones within the virus-specific CTL response and the robust secondary responses to 

influenza in our neonatal animal model.

Neonatal mice have proved useful to model human infant viral infections (60). However, the 

age of the mouse that most closely approximates a human infant has not been established. A 

neonatal mouse is defined in the literature anywhere from an age of 1 day to 3 weeks of age, 

which can lead to inconsistency in the development of clinically-relevant animal models to 

mimic human infection (4–7). Our study shows a rapid evolution of the TCR repertoire over 

the first week of life; 7-day old mice have an intermediate anti-viral CTL response and TCR 

repertoire, between 3-day old and adult mice. Our studies suggest caution when assuming 

that the 7-day old mouse most closely reflects a full-term human neonate. Alternatively, 3-

day old mice may not reflect a full term human neonate but rather reflect a premature human 

neonate, for which an animal model is lacking. Future studies, comparing human and mouse 

TCR Vβ repertoires using high-throughput sequencing, as we employed here, could 

determine the exact mouse neonatal age that is more relevant to human full-term and 

premature neonates.

Our studies using a neonatal acute infection model demonstrate that the critical component 

underlying the neonate’s faulty primary CTL response is the neonatal TCR repertoire. 

Despite their impaired primary CTL response, however, neonates can mount normal 

secondary responses suggesting that appropriate vaccine strategies can result in protective 

immunity in this vulnerable population.
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Figure 1. Comparison of CDR3 length, N1 and N2 insertions, junctional trimming, Vβ gene 
usage and V-J combination across the murine life span
Naïve CD8+ T cells were sorted from 3-day old, 7-day old and adult mouse spleens and 

high-throughput sequencing was performed. (A) The CDR3 nucleotide lengths are depicted. 

(B) The number of nucleotides inserted into the N1 (region between the V and J gene 

segments) and N2 (region between the J and D gene segments) are shown. (C) 3′V and 3′D 

trimming is the nucleotide loss at the 3′of the V and D gene segments, respectively; 5′J and 

5′D trimming is the nucleotide loss at the 5′ of the J and D gene segments, respectively. (D) 
The percentage of total Vβ gene usage (mean±SEM) of all productive sequences shown. (E) 
Circos plots of frequencies of age-specific Vβ and Jβ usage and combinations of productive 
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sequences shown. The width of the band is proportional to the frequency. (F) The clonality 

of the naïve repertoire for both neonatal and adult animals, as determined by Pielou’s 

Evenness.
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Figure 2. Diminished and delayed primary CD8+ T cell response in Influenza virus infected 
neonates
(A) IFN-γ producing CTL numbers for the NP366–374, PA224–233 and NS2114–121 peptide 

stimulation of d10 post infection pulmonary lymphocytes are depicted. Symbols represent 

individual animals, with the horizontal line marking the mean of each group (n= 8–10 mice 

per group, 2 independent experiments). Representative flow cytometry plots (B) and pooled 

data (C) showing frequencies of pulmonary CTLs 10,14, and 21 days after PR8 infection. 

Symbols represent individual animals, horizontal line marking mean of each group (n= 3–10 

mice per group, at least two independent experiments). (D) NP(366–374)-specific CTL 

numbers per 100 mg of lung shown from the lungs day 10,14, and 21 post-infection. (E) 
Percentage of splenic NP(366–374)-specific CTLs are shown day 10,14, and 21 post-infection. 

(F) Neonates have similar viral loads as compared to the adults during influenza infection. 

Viral loads were measured by real-time PCR and normalized per 100 mg of lung tissue. 

Symbols represent individual animals, horizontal line marking mean of each group (n= 3–9 

mice per group, at least two independent experiments). (G) Viral load and NP(366–374)-

specific CTL frequency inversely correlate in neonates and adults. Nonparametric 

(Spearman’s rho) statistics were used for measurements of correlation for data without a 

normal distribution (neonates) and a linear regression was performed for data with a normal 

distribution (adults). Each symbol depicts one animal (neonates=16, adults=14).
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Figure 3. Mice infected during the neonatal period have a robust secondary CTL response
Primary infection was performed in 3-day old neonatal or adult mice with PR8 influenza, 60 

days later mice were challenged with H3N2 X31 recombinant strain and virus-specific CTLs 

were analyzed day 7 post-infection. Representative flow cytometry plots (A) and pooled 

data (B) showing percentage of pulmonary NP(366–374)-specific CTLs from mice either 

infected as neonates or adults and challenged as adults. (C) Pooled data showing 

NP(366–374)-specific CTL numbers in the lung, spleen and mediastinal lymph nodes from 

mice either infected as neonates or adults and challenged as adults. (D) IFN-γ producing 

CTL numbers shown in response to peptide stimulation after challenge. (E) Viral loads of 

neonates and adults after challenge were measured by real-time PCR and normalized per 

100 mg of lung tissue. (F) Pooled data showing percentage of pulmonary NP(366–374)-

specific CTLs which were Vβ 8.3 positive from mice either infected as neonates or adults 

and harvested at various time points. Symbols represent individual animals, horizontal line 

marking mean of each group (n= 5–6 mice per group, 2–3 independent experiments).
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Figure 4. High-throughput sequencing of the neonatal versus adult mouse T cell receptor 
repertoire of virus-specific CTLs
High-throughput sequencing was performed on sorted NP(366–374)- specific CTLs. (A) The 

CDR3 sequence frequency for all productive sequences for both the neonates and adults is 

shown, with the ten most common shared clones among the adults and neonates highlighted. 

(B) The percentage of total Vβ gene family usage (mean±SEM) of all productive sequences 

shown. (C) Circos plots of frequencies of Vβ and Jβ usage and combinations of productive 

sequences shown. The width of the band is proportional to the frequency. (D) The number of 

nucleotides inserted into the N1 (region between the V and J gene segments) and N2 (region 

between the J and D gene segments) are shown. (E) 3′V and 3′D trimming is the nucleotide 

loss at the 3′of the V and D gene segments, respectively; 5′J and 5′D trimming is the 

nucleotide loss at the 5′ of the J and D gene segments, respectively.
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Figure 5. Expansion of neonatal and adult OT-I CD8+ T-cells after adoptive transfer into 
neonatal and adult mice is comparable
Splenocytes from neonatal and adult mice were adoptively transferred into neonates or 

adults and the expansion of OT-I CD8+ cells were analyzed on day 7 post-infection. 

Representative flow cytometry plots of pulmonary lymphocytes depict percentage of adult 

(A) and neonatal (B) donor OT-I CD8+ T cells on day 7 post-infection. Pooled data showing 

percentage (C left) and numbers (C right) of pulmonary donor OT-I CTLs. Symbols 

represent individual animals, horizontal line marking mean of each group (n= 7–9 mice per 

group, two independent experiments). Statistical analysis was performed using the Shapiro-

Wilk W test for normality, Student’s t-test for paired and unpaired samples.
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Figure 6. Expansion of neonatal non-transgenic CD8+ T-cells after adoptive transfer into adult 
mice is diminished as compared to adult non-transgenic CD8+ T cells
Splenocytes from neonatal and adult mice with matched numbers of CD8+ lymphocytes 

were adoptively transferred into adults, mice were infected with influenza virus and the 

expansion of donor CD8+ cells were analyzed on day 10. Representative flow cytometry 

plots from pulmonary lymphocytes depict percentage of donor NP(366–374)-specific CTLs 

from adult (A) and neonatal mice (B) versus the recipient’s endogenous response. (C) 
Pooled data showing absolute numbers of the donor NP(366–374)-specific CTLs from the 

lungs 10 days post-infection (n= 4–6 mice per group, four independent experiments). (D) 
Similar IFNγ production after NP(366–374)-peptide stimulation. Percentage of NP(366–374)-
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specific CTLs (based on MHC I tetramer staining) producing IFNγ is similar among 3-day 

old, 7-day old and adult mice. (E) Similar MFI of TCRβ+CD8+ CTL among 3-day old, 7-

day old and adult mice. (F) Reduced binding affinity of the 3-day old TCR. NP(366–374)-

peptide responses (0.01 pg – 1 μg) CTLs 14 days post-infection is depicted as percentage 

maximum response determined by IFNγ production (n= 4–9 mice per group, 2–3 

independent experiments). Arrows indicate ED50 for the different groups. (G) Tetramer 

titration assay. Equal numbers of adult CD8+ CTL at day 10 post infection and 3-day old 

CD8+ CTL at day 14 post infection were co-stained with decreasing concentrations of 

NP(366–374) loaded MHC class I Db tetramer (n= 4 mice per group). Statistical analysis was 

performed using the Student’s t-test for unpaired samples.
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