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Abstract

Infants require coordinated immune responses to prevent succumbing to multiple infectious 

challenges during early life, particularly in the respiratory tract. The mechanisms by which 

infant T cells are functionally adapted for these responses are not well understood. Here, we 

demonstrated using an in vivo mouse co-transfer model that infant T cells generated greater 

numbers of lung-homing effector cells in response to influenza infection compared to adult T 

cells in the same host, due to augmented T cell receptor (TCR)-mediated signaling. Mouse infant 

T cells showed increased sensitivity to low antigen doses, originating at the interface between 

T cells and antigen-bearing accessory cells--through actin-mediated mobilization of signaling 

molecules to the immune synapse. This enhanced signaling was also observed in human infant 

versus adult T cells. Our findings provide a mechanism for how infants control pathogen load and 

dissemination, which is important for designing developmentally-targeted strategies for promoting 

immune responses at this vulnerable life stage.
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Enhanced T cell activation and immune synapse formation by infant T cells promotes generation 

of lung homing effector cells.
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INTRODUCTION

During early life, infants encounter multiple diverse pathogens, including pathogens that 

infect the respiratory tract against which they are particularly vulnerable. Infants are more 

susceptible to morbidity and mortality to ubiquitous respiratory viruses such as influenza 

and respiratory syncytial virus (RSV) and experience recurrent respiratory tract infections 

due to lack of long-term protective immunity that is well-established in adults (1, 2). 

However, infants can mount effective responses to these and other respiratory viruses, 

including SARS-CoV-2 during the current pandemic (3, 4), suggesting that the early life 

immune system may have specific mechanisms in place for efficacious anti-pathogen 

immunity. Moreover, infants and young children exhibit distinct responses to vaccines 

compared to adults, although vaccine formulations are the same for all ages (5, 6). 

Understanding the mechanisms for the distinct immune responses to respiratory viruses 

in early life and childhood is important for protecting infants from current and emerging 

pathogens.

The reduced ability of infants to combat viral respiratory infections is attributed to 

the immaturity of adaptive immunity mediated by newly developed naïve T cells (7, 

8). However, recent studies show that infant immune responses to infection are not 

necessarily of lower magnitude compared to adults, but rather exhibit distinct functional 

features and altered T cell differentiation fates (9, 10). In response to systemic and 

respiratory virus infection, infant CD8+ and CD4+ T cells exhibit enhanced proliferation 

and/or differentiation to effector cells, and reduced memory formation (11-13) . These 

distinct responses of neonatal T cells in part derive from their maturation from fetal 

progenitors compared to T cells generated during the post-natal period, resulting in altered 

transcriptional profiles (12, 14). The induction and expression levels of the transcription 

factor T-bet can bias effector over memory T cell fate in adult mouse T cells, and 

we previously showed that reducing T-bet expression in infant T cells reduces effector 

generation in vivo (11, 15). Another transcription factor determining T cell fate, T cell 

factor-1 (TCF-1), is required for memory formation and inhibits effector formation (16-18), 

though its role in infant T cell differentiation is not known. Moreover, the upstream 

mechanisms driving differential activation and fate determination in infant T cells remains 

unclear.

Antigen-mediated activation of T cells triggers T cell-receptor (TCR)-coupled signaling 

events which lead to transcription factor activation. T cell activation begins with the 

formation of an immune synapse (IS) between the T cell and antigen presenting cell (APC) 

which contain the molecular contact points between the TCR, major histocompatibility 
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complex (MHC) complexed with antigen, the CD4 or CD8 co-receptor, and integrins 

such as LFA-1 (CD11a) (19-21). IS formation and maintenance is essential for initiation 

and propagation of proximal signaling events including phosphorylation of CD3 chains 

by the co-receptor–coupled p56Lck tyrosine kinase, thereby governing the magnitude of 

TCR-mediated signaling (22, 23). TCR signal strength also influences differentiation with 

stronger TCR signal strength biasing effector differentiation over memory T cell fate 

(24-26). Differential TCR-mediated signaling in thymocytes versus peripheral T cells and 

naïve versus memory T cells is described; however, it is not known whether T cell activation 

and TCR-coupled signaling are developmentally regulated in T cells in early life.

In this study, we investigated the molecular mechanisms for the distinct responses of infant 

compared to adult T cells in mice and humans. Using a co-transfer mouse model to track 

the intrinsic activation properties of infant and adult mouse T cells in response to respiratory 

infection in the same host, we found that virus-specific infant T cells exhibited increased 

proliferation and generation of lung-homing effector T cells compared to adult T cells in the 

same host. These distinct mouse infant T cell responses involved extensive downregulation 

of TCF-1, along with increased proximal signaling events upstream of TCF-1. We mapped 

the initiating events in enhanced infant T cell responses to IS formation in response to 

antigenic stimulation. We further confirmed that human infant T cells exhibited enhanced 

TCR sensitivity, signaling, as well as augmented TCF-1 downregulation relative to adult T 

cells. Our findings demonstrate that infant T cells are uniquely adapted for robust responses 

to combat antigenic challenges during early life, with implications for the design of age-

targeted strategies for boosting immunity in this critical life stage.

RESULTS

Enhanced generation of lung-homing effector cells by infant compared to adult T cells 
during respiratory virus infection

To study intrinsic properties of infant versus adult T cells to influenza infection, we 

established a co-transfer mouse model to follow the fate of infant or adult-derived influenza-

specific CD4+ T cells in vivo in multiple tissue sites within the same host. Infant T cells 

were obtained from mice 10-14 days old, the timepoint where mouse neonatal T cells are 

most similar in phenotype to human infant T cells (11). Adult T cells were obtained from 

mice over 6 weeks of age. We transferred equal numbers of CD4+ T cells from infant 

and adult OT-II TCR transgenic mice, expressing a transgene-encoded TCR specific for 

chicken ovalbumin (27), into congenic adult mouse hosts. Prior to transfer, there were 

similar frequencies of OT-II cells in adult and infant mice and comparable expression 

levels of the OT-II TCR (Vα2/Vβ5.1) (figure S1A). Both infant and adult OT-II cells 

exhibited a predominant naïve (CD62LhiCD44lo) phenotype (figure S1B). Host mice were 

subsequently challenged with recombinant influenza virus expressing the OT-II-specific 

epitope (PR8-OVA, Fig. 1A). Differential expression of congenic markers was used to 

distinguish between transferred infant, adult, and host T cells in the lung and lung-draining 

mediastinal lymph node (medLN) at indicated times post-infection. Prior to infection, the 

frequencies of infant and adult OT-II cells in host LN were equivalent (Fig. 1B), indicating 

comparable persistence after transfer.
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T cell responses to influenza virus are typically primed in the medLN where they develop 

into lung-homing effector cells which direct lung viral clearance in situ (28, 29). At early 

times post-infection, (day 4 p.i.) there was a significantly higher proportion of infant 

compared to adult T cells in the medLN (Fig. 1C, figure S1C), which also exhibited 

increased proliferation compared to adult T cells (Fig. 1C, D, figure S1E). Few undivided 

OT-II cells (infant or adult origin) had migrated to the lungs at this early time point 

(figure. S1D). During the peak T cell response (day 7-15 p.i.) infant T cells outnumbered 

adult T cells in the lungs by 4:1 in frequency and absolute number but were present in 

comparable frequency and numbers to adult T cells in the mediastinal lymph nodes (Fig. 

1E-G). Furthermore, the ratio of OT-II cells in the lung relative to medLN was higher for 

infant T cells compared to adult T cells within each congenic host (Fig. 1H). Infant and adult 

lung effector T cells exhibited comparable Annexin V staining (with modest increase in 

infant T cells) (figure S1F), indicating that their different numbers in the lung were not due 

to variations in cell death. Functionally, infant and adult lung OT-II effector cells secreted 

proinflammatory cytokines IFNγ and TNFα and low-to-negligible levels of IL-4, IL-5, and 

IL-17A (figure S1G); however, there were significantly higher frequencies of infant OT-II 

cells producing both IFNγ and TNFα in the lung compared to adult cells (Fig. 1I). These 

findings show that infant T cells have an enhanced capacity compared to adult T cells to 

proliferate and differentiate into lung-homing effector cells in response to respiratory virus 

infection.

Infant T cells downregulate TCF-1 for enhanced proliferation

We investigated whether the enhanced proliferation and differentiation of infant T cells was 

due to differential regulation of key transcription factors TCF-1 and T-bet, required for self-

renewal and proinflammatory effector function, respectively (18, 30, 31). TCF-1 is highly 

expressed in naïve T cells, becomes downregulated during effector differentiation, and 

retention of TCF-1 expression is required for memory T cell development and persistence 

(16, 32). Prior to infection, infant OT-II cells expressed slightly higher levels of TCF-1 

compared to adult OT-II cells (figure S2A). At day 4 p.i. in the medLN, proliferating infant 

T cells (detecting by dilution of the proliferation dye CPD) downregulated TCF-1 to a 

greater extent than proliferating adult T cells, while non-dividing (CPDhi) infant T cells 

maintained slightly higher TCF-1 expression compared to adult T cells (Fig. 2A, figure 

S2B). In the lung (day 7-15 p.i), only a small fraction of infant OT-II cells maintained 

TCF-1 expression compared to a higher proportion of adult OT-II cells expressing TCF-1 

(Fig. 2B). At the same timepoints, T-bet expression was elevated in both infant and adult 

lung OT-II cells, compared to the lower level expressed in host naïve T cells (figure S2C), 

indicating their differentiation to effector cells. Together, these finding show enhanced 

expansion of lung homing infant effector T cells is accompanied by an early and more rapid 

downregulation of TCF-1 compared to adult effector CD4+ T cells.

To determine whether TCF-1 played a direct role in the enhanced proliferation of infant 

T cells, we generated OT-II mice with fixed expression of TCF-1 (OT-II/TCF-1 Tg) by 

crossing to TCF-1 transgenic mice (see Mice section in Materials and Methods (33)). 

Equal numbers of infant OT-II/TCF-1 Tg and adult OT-II T cells were co-transferred into 

congenic hosts and subsequently challenged with PR8-OVA as in Fig. 1A. Prior to viral 
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challenge, Infant OT-II/TCF-1 Tg T cells expressed higher levels of TCF-1 (which exhibited 

a bimodal expression pattern) compared to adult WT OT-II as measured in the medLN (Fig. 

2C). Following PR8-OVA challenge, the frequency and number of infant OT-II/TCF-1 Tg 

was similar to adult OT-II T cells in the lungs, but was reduced compared to adult OT-II 

cells in the medLN (Fig. 2D, E; figure S2D). As a result, the ratio of OT-II cells in the 

lung compared to medLN in congenic hosts was higher for infant TCF-Tg compared to 

adult OT-II cells (Fig. 2F), similar to our findings with OT-II (non-TCF-Tg) infant T cells 

(Fig. 1H). These findings show that fixing TCF-1 expression in infant T cells constrained 

proliferative expansion; however, the biased differentiation to lung homing effector cells by 

infant T cells was upstream of TCF-1 expression.

Enhanced TCR-mediated signaling by infant T cells in vivo

We hypothesized that the enhanced effector differentiation by infant T cells could be driven 

by the more proximal events involved in T cell activation and signaling. To measure the 

extent of TCR-mediated signaling to influenza infection in vivo in the co-transfer model, 

we assessed the expression levels of the OT-II TCR as programmed downregulation of the 

TCR correlates with TCR signal strength (34). When measured using a specific tetramer 

that binds to the OT-II TCR (35), both infant and adult OT-II cells in LNs had comparable 

tetramer binding prior to influenza challenge (Fig. 3A), consistent with comparable surface 

expression of the Vα2Vβ5.2 TCR (figure S1A). Following influenza challenge, however, the 

pattern of tetramer binding is reduced relative to uninfected for both infant and adult OT-II 

cells that was observed at day 11 and 15 post-infection (Fig. 3A, figure S3A). Importantly, 

infant lung OT-II and had significantly reduced tetramer binding compared to adult OT-II 

cells in the lungs (Fig. 3A. figure S3A); a similar reduction in tetramer binding was also 

observed between infant TCF-1 Tg OT-II cells and adult OT-II cells in the lung (Fig. 

3B; figure S3B). These results suggest that TCR downregulation is upstream of TCF-1 

expression, which is further supported by similar tetramer binding between TCF1high and 

TCF1low effector OT-II cells in both infant and adults (figure S3C). Together, these results 

suggest enhanced TCR-coupled proximal signaling by infant compared to adult T cells.

Augmented TCR sensitivity by infant T cells lowers the activation threshold

We further investigated whether enhanced TCR downregulation as observed in vivo 
by infant T cells was indicative of increased sensitivity of infant T cells to antigenic 

stimulation. We therefore stimulated infant and adult OT-II T cells with varying doses of 

OVA peptide antigen in the presence of adult-derived antigen-presenting cells (A-APC) 

and assessed multiple readouts for TCR-mediated activation and signaling at different time 

points. Infant OT-II cells exhibited increased and more rapid proliferative responses to lower 

peptide doses (0.01-0.1μg) compared to adult OT-II cells (Fig. 4A, figure S3D). Infant 

T cells also expressed higher levels of the activation markers CD69 and CD25 at lower 

peptide doses compared to adult T cells (Fig. 4B). Moreover, there was significantly higher 

induction of the transcription factor Nur77, an orphan nuclear receptor which is a marker 

of early TCR-mediated signaling (36-38) and IRF4, which is directly downstream of TCR 

signaling (39, 40) by infant compared to adult T cells at low and intermediate antigen doses 

(Fig. 4C). To determine whether the enhanced activation of infant T cells was due to A-APC, 

we set up similar stimulations with infant-derived APC (I-APC). Accordingly, infant OT-II 
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cells exhibited enhanced proliferation, activation, and signaling compared to adult OT-II 

cells when stimulated in the presence of OVA+ I-APC (Fig. 4D). These results demonstrate 

a dramatically higher antigen sensitivity and reduced activation threshold for infant T cells 

compared to adult T cells, independent of the mode of stimulation. These findings suggest 

that infant T cells are more readily activated in conditions of limited antigen availability.

Increased TCR-coupled signaling by infant compared to adult T cells is developmentally 
regulated

Manifestations of TCR-coupled signaling occur within minutes to hours following antigen-

mediated stimulation. We therefore assessed early timepoints for TCR downregulation and 

Nur77 upregulation in antigen-stimulated infant and adult OT-II cells. Infant OT-II cells 

exhibited more rapid kinetics of surface TCR-β downmodulation compared to adult OT-II 

cells, starting at 2hrs post- antigen stimulation which was reduced further up to 8hrs post-

stimulation (Fig. 5A). Infant T cells also showed a more rapid and enhanced upregulation 

of Nur77 expression at early timepoints relative to adult T cells (Fig. 5B), that was also 

observed in the presence of I-APC (figure S4). These results indicate that the enhanced 

activation of infant T cells occurs at early kinetics.

We then asked whether this enhanced signaling by infant compared to adult T cells was 

developmentally regulated during early life, by obtaining OT-II T cells at different post-natal 

ages for analysis of antigen-driven activation. Nur77 upregulation was enhanced in OT-II 

cells obtained from by mice at postnatal day (PND) 14, 21 and 28 compared to adult OT-II 

cells (Fig. 5C). However, the signaling enhancements over adult T cells observed in younger 

T cells (measured by fold-change PND/adult mice) were higher in PND 14 mice relative to 

PND 21 and 28 mice; T cells from PND 28 mice were closest to adult T cells in the extent 

of signaling (Fig. 5C). These results suggest that enhanced TCR sensitivity and signaling 

is highest in T cells during the initial weeks of life and adopts a more measured response 

during maturation over the first month of life.

We also assessed early signaling events proximal to Nur77 such as phosphorylation of 

ERK1/2, a proximal signaling event that occurs following activation of TCR-coupled 

tyrosine kinases (41). An increased proportion of infant CD4+ T cells phosphorylated 

ERK1/2 at earlier times following TCR engagement, compared to adult CD4+ T cells, 

while there was no significant difference in pERK1/2 expression upon phorbol 12-myristate 

13-acetate (PMA)/ionomycin stimulation which bypasses the TCR (Fig. 5D, E). These 

results indicate that infant CD4+ T cells have an intrinsic capacity for enhanced proximal 

TCR-coupled signaling compared to adult T cells responding to the same antigenic epitope.

Infant T cells more readily form immunological synapses with antigen-bearing accessory 
cells

TCR activation and early signaling are triggered when the TCR and accessory molecules, 

bind their respective ligands on the surface of an antigen presenting cell (APC) forming an 

immunological synapse (IS) at the point of contact (19, 42). Key molecules in the mature 

IS include LFA-1(CD11a), an integrin for stable conjugate formation, actin, for overall 

mobilization of signaling molecules to the TCR, and p56lck kinase, an essential tyrosine 
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kinase coupled to the CD4 and CD8 co-receptors (43-45). To determine if the distinct 

TCR signaling capacity of infant compared to adult T cells is regulated at the level of IS 

formation, we employed imaging flow cytometry to visualize T cells in contact with APC 

(46, 47) and key molecules associated with IS formation in the presence or absence of the 

antigenic stimulus (see methods). OT-II cells and APCs were distinguished by differential 

fluorescent labeling as well as expression of surface and intracellular markers expressed by 

each cell and in the contact zone between them (Fig. 6A).

Unstimulated infant and adult T cells expressed comparable levels of CD3, CD4, 

intracellular Lck, and LFA-1 (figure S5A) and did not form IS when present in conjugates 

with APC in the absence of antigen, as manifested by the broad distribution of CD3 and 

actin around the cell perimeter (Fig. 6B). Upon stimulation with cognate antigen, there was 

a shift in distribution of CD3, LFA-1, actin, p56lck, and CD4 to the zone of contact between 

the T cell and the APC within 10 minutes and maintained through 60 minutes indicating 

stable IS formation for both infant and adult cells (figure. S5B, Fig. 6B-D). However, there 

were significantly higher levels of actin, p56lck, and CD4 in the IS of infant compared to 

adult OT-II cells at all timepoints (Fig. 6E-G), while accumulation of LFA-1 within the IS 

was similar between infant and adult T cells (figure. S5B). Furthermore, there was enhanced 

co-localization of CD4/p56lck with CD3, and CD4 with CD3 in infant compared to adult 

T cells at all timepoints, while co-localization of CD11a with CD3 was only significant at 

10min (figure S5C, D). Infant OT-II cells also showed significantly increased accumulation 

of actin in the IS compared to adult OT-II cells even when stimulated at a low peptide 

dose (figure S5E). Together, these findings indicate that increased TCR-coupled signaling by 

infant compared to adult T cells originates at the earliest stage in T cell activation— through 

actin-mediated mobilization of signaling molecules to the IS.

Human infant T cells exhibit enhanced TCR-coupled signaling and TCF-1 downregulation

To address if human infant T cells exhibit similar enhancements in TCR-coupled signaling 

and differentiation compared to adult T cells, we examined the response of purified naïve 

CD4+ T cells isolated from infant and adult lymph node T cells to polyclonal activation by 

anti-CD3/anti-CD28/anti-CD2-coupled beads, as surrogates for an antigen-driven response. 

Human infant T cells showed higher levels of Nur77 expression at early timepoints 

compared to adult T cells (Fig. 7A, figure S6A). Human infant T cells also exhibited 

reduced TCF-1 expression upon proliferation and a higher proliferative index compared to 

adult T cells (Fig. 7B,C). Importantly, infant T cells had a reduced capacity to retain TCF-1 

expression following activation compared to adult cells, as exemplified by lower TCF-1 

levels early in proliferation, starting at division 3 (Fig. 7D, E). Production of TNF-α and 

IFN-γ was similar between infant and adult naïve CD4+ T cells after 4 days of stimulation 

(figure S6B), indicating that human infant T cells can mediate robust effector responses, 

consistent with findings in mice that infant T cells migrating to the lungs during infection 

showed robust effector function (Fig. 1F). These results indicate that human naïve T cells 

also show age-dependent capacities for TCR-mediated activation; those derived early in 

life have an enhanced capacity for TCR-coupled signaling driving effector differentiation 

compared to naïve T cells which persist in adults.
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DISCUSSION

Infancy is a unique period of exposure and immune education to multiple new pathogens, 

particularly for those encountered in the respiratory tract. While the naiveté of adaptive 

immunity during infancy has been attributed to an overall weaker immune system, the 

emerging view from a number of studies indicate that infant T cells exhibit altered functional 

responses compared to adult T cells (8, 11, 12, 14). However, the basic mechanisms for 

these distinct responses remain incompletely understood. In this study, we demonstrated 

that infant T cells were intrinsically adapted to mediate augmented responses to influenza 

infection in vivo and low dose antigenic stimulation ex vivo due to increased TCR-coupled 

signaling originating at the most proximal stage of T cell activation—IS formation. This 

enhanced TCR-coupled signaling resulted in an intrinsic bias for differentiation to tissue-

homing effector cells that governs early responses to respiratory pathogens, and was 

recapitulated in human infant T cells. Our findings may help to inform strategies for 

promoting immunity at early life stages.

We used a co-transfer model of infant and adult TCR transgenic OT-II T cells recognizing 

a single antigenic epitope within a recombinant influenza strain to compare antigen-specific 

responses to infection that were intrinsic to infant or adult T cells. Importantly, infant virus-

reactive T cells exhibited robust proliferation in response to influenza infection, out-pacing 

expansion of adult-derived T cells and outcompeting them in the lung. This expansion was 

accompanied by downmodulation of the transcription factor TCF-1 to a greater extent in 

infant than adult T cells, consistent with the known reduction in TCF-1 expression during 

proliferative expansion and effector differentiation (16, 18). T cells from infant TCF-Tg 

mice with fixed expression of TCF-1 exhibited comparable proliferation as adult WT T 

cells; however, , TCF-1-Ttg infant T cells still exhibited biased lung homing compared 

to adult T cells. These findings indicated that signals upstream of TCF-1 activity were 

regulating distinct responses in infants. These upstream TCF-1-independent processes in 

infant T cells occurred at the level of TCR-mediated signal transduction.

We found enhanced TCR-mediated proximal signaling in infant compared to adult T 

cells, as manifested by TCR downregulation, Erk phosphorylation and induction of Nur77. 

Moreover, these distinct responses of infant T cells originated at the earliest stage of 

T cell activation during IS formation. The initial discovery of the IS provided evidence 

for structural organization of the T cell-APC conjugate as a critical requirement for TCR-

coupled signaling and subsequent activation outcomes (21, 42, 43). Infant T cells generate 

mature IS with increased kinetics compared to adult T cells and mobilize greater quantities 

of actin, CD4 and Lck to the IS, despite expressing comparable levels of these molecules 

as adult cells. The co-expression of Lck with CD4 was not different between infant and 

adult T cells at all timepoints, suggesting, there may be other factors that influence Lck/CD4 

mediated TCR signaling in infant T cells (22, 48-51). As the cytoskeleton and membrane 

dynamics can affect IS formation (21, 52), differences in membrane fluidity or structure 

of infant T cells may facilitate their interaction with APC. Further investigation of the 

biophysical properties of infant relative to adult T cells may provide additional insight into 

this process.
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We showed enhanced TCR sensitivity of infant T cells compared to adult T cells using 

antigenic stimulation of OT-II TCR transgenic CD4+ T cells, by polyclonal stimulation of 

CD4+T cells from wildtype mice, and polyclonal stimulation of T cells from human infant 

lymph nodes. These findings are consistent with results showing robust expansion of infant 

CD4+T cells expressing a different transgenic TCR specific for an influenza epitope (53), 

and increased proliferative responses of infant compared to adult CD8+T cells expressing 

a transgenic TCR specific for Listeria (12). These findings suggest that enhanced immune 

synapse formation and TCR signaling by infant T cells is an intrinsic features of early 

life T cells that is independent of antigen specificity. Determining how individual TCRs of 

different avidities may impact IS formation during early life is a crucial future step.

The specific responses of infant T cells may derive from their origin and/or recent 

emergence from the thymus. Neonatal T cells present at birth are derived from fetal bone 

marrow progenitors and these T cells have distinct transcriptional profiles compared to T 

cells generated postnatally (14). For our studies, we obtained T cells at later stages of 

infancy in mice, allowing for 10- 14 days of post-natal development and we show similar 

enhanced signaling in human T cells up to 2 years of age. Mouse models examining 

recent thymic emigrants (RTE) marked by green fluorescent protein (GFP) expression also 

identified enhanced proliferation and responses by RTE compared to naïve T cells which 

persisted in the periphery (54). While these results suggest that some of the findings may 

be due to newly developed naïve T cells, RTE were also found to be impaired in effector 

and proinflammatory cytokine production (54, 55), unlike other studies with neonatal T cells 

(56, 57) and infant T cells examined here. Together, our findings suggest that developmental 

origin and “newness” may contribute to the distinct activation properties of infant T cells, in 

addition to other factors.

The higher TCR-coupled signaling strength of infant T cells results in increased sensitivity 

to low antigen doses compared to adult T cells. The ability of infants to generate adaptive 

immune responses to minute levels of antigen, could facilitate protection from viruses 

which replicate exponentially in the host. Enhanced TCR signaling could also explain the 

advantage of infants and young children in generating efficacious primary responses to novel 

pathogens, like SARS-CoV-2 which rarely infects infants and exhibits reduced infection and 

dissemination in children compared to adults (3, 4, 58). Higher sensitivity T cell responses 

can promote clearance of low viral doses, preventing viral replication and dissemination 

to pathogenic levels as seen in adults (59). Whether this enhanced sensitivity of infant T 

cells in humans is maintained throughout childhood remains to be determined, though recent 

evidence shows distinct immune responses for children of all ages compared to adults to 

respiratory challenge (58). Future studies defining both anti-viral and vaccine responses in 

children of different ages can enable age-targeted strategies for immune modulation at this 

formative life stage.

MATERIALS AND METHODS

Study design:

The aim of the study was to investigate the molecular mechanisms that govern infant CD4+ 

T cell responses to influenza infection. We used a murine influenza co-transfer model 
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using OT-II TCR transgenic mice to assess antigen specific responses by infant OT-II cells 

compared to adult OT-II cells within individual host. OT-II cells were also stimulated with 

cognate antigen to assess antigen specific TCR signaling differences between infant and 

adult OT-II cells ex vivo. Human CD4+ T cells from lymph nodes were also stimulated ex 
vivo to assess for enhanced T cell signal strength capacity.

Mice

Mice were housed and bred in specific pathogen-free (Spf) conditions in the animal 

facilities at Columbia University Irving Medical Center (CUIMC). Male and female OT-

II (B6.Cg.Tg(TcraTcrb)425Cbn/J) (27) and CD45.1(B6.SJL-PtprcaPepcb/BoyJ) mice were 

purchased from Jackson Laboratories while C57BL/6 mice were purchased from Charles 

River. Male TCF-1 transgenic (p45 - Tg) mice expressing the long isoform of TCF-1(33) 

were generously provided by Dr. Hai-Hui Xue and Dr. Werner Held. CD45.1 mice were 

bred to generate CD45.1 congenic hosts and CD45.2 mice were bred to use for phosphoflow 

studies. OT-II mice were also crossed to CD45.1 mice and TCF-1 Tg OT-II mice were 

generated by breeding TCF-1 Tg male to OT-II females. All infant mice were used at 10-14 

days of age, and adult mice were used at 6 weeks and older. Infections were performed 

in BSL-2 level biocontainment animal facilities. All animal studies were approved by 

Columbia University IACUC.

T cell adoptive transfer and Influenza infection

To isolate CD4+ T cells from infant and adult mice, spleen and lymph nodes were harvested 

from euthanized mice and processed to generate a single cell suspension. Briefly, organs 

were meshed through 100μm filter (Corning) and washed with PBS (Corning). Red blood 

cells were lysed using ACK lysis buffer (Gibco) for 3min before addition of PBS. Cells 

were washed twice with PBS, filtered through 70μm filter (Corning) and counted using 

trypan blue (Gibco). Single litters of at least 5 pups were combined to generate sufficient 

numbers of CD4+ T cells for each experiment. CD4+ T cells were purified by negative 

magnetic selection (Stemcell Technologies). For co-transfers, 250,000 cells in 100μl of PBS 

containing 1:1 ratio of adult and infant OT-II T cells were transferred into adult congenic 

B6 or CD45.1 host mice retro-orbitally one-day prior (day −1) to infection. For 4-day in 
vivo proliferation experiments, OT-II T cells were labeled with cell proliferation dye (CPD) 

as per the manufacturer’s protocol (ThermoFisher) and 500,000 each of infant and adult T 

cells were transferred into host mice. At day 0, host mice were infected intranasally (i.n.) 

with 2000 TCID50 of a recombinant PR8-OVA strain expressing the OVA323–339 peptide 

(sequence ISQAVHAAHAEINEAGR; provided by Dr. Paul Thomas, St. Jude Children’s 

Research Hospital, Memphis, TN)(60).

Flow cytometry

Mediastinal lymph nodes and lungs were harvested at indicated days of infections and 

processed to generate single cell suspension as previously described (11, 61). Briefly, lungs 

were dissociated using gentleMACs lung protocol (Miltenyi) and then digested for 1hr 

in RPMI media containing Collagenase D (Sigma), DNase (Sigma) and Trypsin inhibitor 

(Sigma) at 37 degrees shaking incubator. After digestion, cells were washed twice with 

complete media and filtered through 100μm and 70μm filters (Corning) and then counted. 
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Draining LNs were prepared as described above in T cell adoptive transfer and Influenza 

infection section for single cell suspension. Flow cytometry gating scheme is shown for 

mouse cells (figure S1) and human cells (figure S6). A list of all antibodies used for flow 

cytometry in this study is shown for mouse cells (Table S3) and human cells (Table S4). 

In general, cells were first stained with surface markers at 30 min room temperature (RT) 

and an additional 30 min on ice. Cells were then fixed and permeabilized with Foxp3 

fix/perm (Tonbo) before being stained for intracellular markers for 30 min on ice. For 

OT-II TCR specific tetramer staining, cells were incubated with I-A(b)AAHAEINEA tetramers 

(NIH Tetramer Core Facility, NTCF) in 50μl for 1hr in 37°C incubator before addition of 

other surface markers with additional 30 min at RT before fixation as described above. All 

flow cytometry samples were acquired using LSRII flow cytometer (BD) with FACSDiva 

software. All cell sorting were performed in BD Influx cell sorter. Data were analyzed using 

FSC Express (DeNovo software) and FlowJo LLC (BD).

Human donor samples

Human adult lymph nodes were obtained from deceased (brain dead) organ donors through 

an approved protocol and material transfer agreement with LiveOnNY as described (62). 

Human infant lymph nodes were obtained from deceased (brain dead) organ donors under 

the Human Atlas for Neonatal Development and Early Life – Immunity (HANDEL-I) tissue 

procurement program. A list of all donors used and their ages is in Table S1, and compiled 

ages and sex in Table S2. Tissues were obtained and processed for single-cell suspensions, 

as previously described (63). The study does not qualify as human subjects research as 

determined by Columbia University institutional review board (IRB), because tissue samples 

were obtained from deceased individuals.

Mouse T cell stimulations

For activation of OT-II CD4+ T cells, OT-II cells were isolated from spleens and LNs of 

infant and adult mice as described above (T cell adoptive transfer and Influenza infection 

section), while antigen presenting cells (APC) were isolated by magnetic depletion of 

CD3+ T cells (Miltenyi, as per manufacturer’s protocol) from single cell suspension of 

total spleen cells. To deplete CD3+ T cells, total splenoctyes were incubated with biotin 

anti-mouse CD3 (Biolegend) for 15min at room temperature then washed before incubating 

with anti-biotin microbeads (Miltenyi) for 15min on ice. Cells were magnetically sorted 

through an LS magnetic column where the flow through was collected as APCs. OT-II 

cells were labeled with eFlour450 proliferation dye (ThermoFisher, as per manufacturer’s 

protocol) and cultured 1:1 with APCs from adult (7 weeks and older) or infant (10 – 14 

days) CD45.1 or C57BL/6 mice in the presence of chicken ovalbumin peptide epitope 

recognized by the OT-II TCR (ISQAVHAAHAEINEAGR) (InVivoGen) in complete RPMI 

media (10% fetal bovine serum (FBS), 1% penicillin – streptomycin-glutamine (PSQ), 

25mM HEPES). Controls were T cell and APC cultured without peptide. For short-term 

stimulations for assessing TCR signaling, infant or adult OT-II cells were stimulated with 

10μg of peptide-pulsed T cell-depleted splenocytes. For measuring cytokine production by 

lung T cells, total lung cells were isolated as described (11, 61) from mice at day 11 

post-infection and stimulated in the presence of 10μg of peptide for 16 hr in complete RPMI. 

Protein transport inhibitor cocktail (ThermoFisher) was added 2 hours into stimulation. 
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After stimulation, cells were first stained with surface markers, then fixed and permeabilized 

with Foxp3 fix/perm (Tonbo) before being stained for intracellular cytokine for 30 min on 

ice.

Human T cell stimulation

Naïve (CD45RA+CCR7+) CD4+ T cells were sorted from lymph nodes (LN), labeled with 

cell proliferation dye (CPD), and allowed to rest overnight before stimulation. To sort 

naïve CD4+ T cells, single cell suspension from lung LN or mesenteric LN were labeled 

with antibodies (fixable viable dye, CD45, CD4, CD8, CD45RA and CCR7; antibody 

information is provided in Supplemental material - Table S4) for 30min on ice. Cells were 

washed twice with FACS buffer, filtered through 40μm filter and then sorted using BD 

influx sorter. Sorted CD4+ naïve T cells (100,000 cells/well) were cultured with carboxylate 

modified latex (CML) microbeads (ThermoFisher) functionalized with 10μg/mL of anti-

CD28 (BioXcell) and anti-CD2 (ThermoFisher) monoclonal antibodies and 0.1 - 10μg/mL 

of anti-CD3 monoclonal antibody (BioXcell), at 1:1 in complete AIM V media (10% human 

serum, 1% PSQ, Glutamax, and IL-2 (50ng/ml)). Preparation of CML microbeads used for 

stimulation was done as described (64-66). To measure cytokine production, sorted CD4+ T 

cells were stimulated for 4 days with beads in complete AIM V media before stimulation 

with PMA/ionomycin (Sigma) and protein transport inhibitor cocktail (ThermoFisher) for 

6 hours. After stimulation, cells were first stained with surface markers, then fixed and 

permeabilized with Foxp3 fix/perm (Tonbo) before being stained for intracellular cytokine. 

For short-term (0-8hr) stimulation, total lymph node T cells were pre-stained with surface 

makers CD4, CD3, CD45RA, and CCR7 before being plated in complete RPMI media. 

Cells were stimulated using beads coated with 10μg/mL of anti-CD3/ anti-CD28/ anti-CD2 

(Miltenyi) for indicated time. At each time point, cells were harvested and further stained for 

surface marker (CD3) before being fixed and permeabilized for intracellular marker Nur77.

TCR signaling analysis using Phosphoflow

C57BL/6 wild-type (WT) mice were used for examination of phosphoERK1/2 expression 

upon stimulation. Cells were isolated with magnetic negative enrichment using CD3 

isolation kit (StemCell). CD3 enriched cells were kept ice cold until time of stimulation 

in 37°C water bath. Cells were first labeled with anti-CD3ε (10μg/ml) and anti-CD28 

(5μg/ml) (BioXcell) antibodies in ice cold PBS for 30min on ice. Cells were washed and 

then stained with cross-linker goat anti-Armenian hamster IgG (Jackson Immuno Research 

Laboratories) (20μg/ml) and anti-CD44/ anti-CD62L antibodies for additional 30min on ice. 

Tubes were then placed in water bath to start stimulation and lyse/fix buffer (BD) was added 

to stop stimulation at indicated times. Cells were permeabilized with Perm III buffer (BD) 

before being stained for CD3, CD4, CD8, and pERK1/2. Samples were acquired in LSRII 

cytometer and analyzed using Flowjo software.

Analysis of T cell and APC conjugates

To image immunological synapse (IS) formation between OT-II T cells and APC, CPD 

labeled OT-II cells were pre-stained with anti-CD4 antibodies at 4°C and washed with 

ice cold PBS before stimulation. APCs were isolated as described above (mouse T cell 

stimulation section) and then labeled with CFSE (ThermoFisher). Briefly, 20 million APCs 
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in 1ml 1x PBS were incubated with 1ml of 1x PBS containing CFSE dye for 10min in 37 

degrees before ice cold complete media was added. Cells were rested for 5min on ice before 

spinning down and washed twice with complete media. OT-II cells were then placed with 

0.1μg – 10μg of peptide pulsed T cell-depleted CFSE-labeled splenocytes and spun down at 

100 x g for 1min to enable conjugation. Stimulation was started by placing tubes into 37°C 

water bath. After each stimulation time point, cells were fixed with cytofix (BD) and placed 

on ice overnight. The next day cells were washed and then permeabilized with 1x Triton-X 

solution (Sigma-Aldrich) for 15min RT. After wash, cells were stained with the rest of the 

markers for 45min at RT before being analyzed by ImageStream X (Amnis, Seattle, WA).

ImageStream analysis

Images were acquired at 60x magnification on a four-laser ImageStream X (Amnis, Seattle, 

WA) imaging flow cytometer with INSPIRE software. Data was analyzed using IDEAS 

v6. Using Area measurement, doublet cells were gated and acquired for all samples. From 

doublet cells, events with both CPD and CFSE dye were gated to identify conjugates of 

T cell:APC. Previously published analysis from Au-Wabnitz et al and Abrahamsen et al 

was adapted (46, 47). Using the ‘threshold’ mask function on CPD channel, T cell were 

highlighted. With ‘interface’ mask function on CPD, the immune synapse of T cells was 

highlighted. Formula used to quantify accumulation of molecules in the IS:

percent accumulation = intensity in IS
intensity in T cell × 100

To measure co-localization of CD4 and lck with CD3 (figure S5D), ‘bright detail 

colocalization 3’ (BDC) feature was used:

percent co‐localization of 3 molecules = BDC in IS
BDC in T cell × 100

To measure co-localization of two markers of interest (figure S5C & D), ‘bright detail 

similar R3’ (BDS) feature was used:

percent co‐localization of 2 molecules = BDS in IS
BDS in T cell × 100

To adjust for background differences existing before stimulation, quantification was 

normalized to unstimulated controls.

Statistical analysis

All data were compiled, and statistical analysis performed using Prism software (GraphPad 

Software). Each connected dot represents infant and adult cells from an individual host. 

Results are shown with SEM unless otherwise indicated. Significance was determined using 

either paired or unpaired Student’s t-test (2-tailed), or two-way repeated measure ANOVA 

with multiple comparison testing using the Sidak method, or one-way ANOVA with Tukey 

multiple comparison testing. Result was designated significant when p value was p ≤ 0.05. 

The paired T test was used for direct comparison of adult and infant T cells in the same 
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host (Figs. 1-3). For side-by-side comparison of infant and adult T cells in ex vivo dose 

and kinetic responses (Fig. 4, 5, 6, 7), we used two-way ANOVA with multiple comparison 

because we are measuring 2 independent variables (adult vs infant and time) in combination 

for quantifying T cell activation and proliferation. All experiments were performed at least 

twice. Host mice were challenged intranasally (i.n.) with PR8-OVA. For co-transfer mice 

experiments at least three biological replicates (three individual host mice) were used in 

each experiment. A biological replicate was excluded only if donor OT-II cells were absent 

in both lungs and medLN of individual host which was considered a technical failure and 

occurred rarely.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Enhanced generation of lung-homing effector cells by infant compared to adult T cells 
during influenza virus infection.
(A) Schematic diagram depicting model for co-transfer of infant (red) and adult (blue) OT-II 

T cells into congenic host mice (CD45.2−/− CD45.1+/+), followed by infection with PR8-

OVA, and tissue harvest at indicated days post challenge. dLN, lung-draining (mediastinal) 

lymph node. (B) Frequency of transferred infant CD45.1+ (red) and adult CD45.1− (blue) 

OT-II cells in LNs of host mice shown in representative flow cytometry plots (left) and in 

graphs of paired frequencies within individual host mice (right). (C) MedLN T cells at day 4 

post infection (p.i.) shown in representative flow cytometry plots (left) and graph with paired 

frequencies (right) of infant and adult OT-II cells in individual host mice. (D) Proliferation 
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by infant OT-II cells relative to adult OT-II cells in medLN shown by flow cytometry plots of 

CPD dilution (left) and paired frequencies of divided infant (red) and adult (blue) OT-II cells 

(right) in individual host mice. (E)Representative flow cytometry plots showing frequency 

of infant (red) and adult (blue) OT-II cells from lungs and medLN of congenic hosts at 

indicated days post-infection. (F) Graphs showing total number of infant (red) and adult 

(blue) OT-II cells in lung (left) and medLN (right) of individual host at indicated days post 

infection. (G) Ratio of infant to adult OT-II cell numbers in lung and medLN of congenic 

hosts post infection. (H) Ratio of OT-II cells in lung:medLN from adult or infant in congenic 

hosts post infection derived from cell numbers. (I) Cytokine production by lung effector 

OT-II cells shown in representative flow plots of IFN-γ and TNF-α by infant and adult OT-II 

cells (left) and in graphs of paired frequencies of OT-II cells producing indicated cytokines 

from individual host mice (right). Lung effector T cells at day 11 p.i. were stimulated with 

10 μg of peptide for 16 hours and examined for cytokine production. Each connected dot 

represents infant and adult from an individual host. Data are representative of at least 2 

independent experiments with n = 3-4 mice per experiment. Statistical analysis was done 

using Student’s paired t-test (*p<0.05) with error bars representing standard error mean 

(S.E.M.).
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Fig. 2: Role of TCF-1 in enhanced proliferation of infant T cells.
(A) Expression of TCF-1 as a function of proliferation (CPD expression) at day 4 post 

infection in medLN of host mice shown in flow cytometry plots (left) and graphs of paired 

frequencies of CPDlow TCFlow infant and adult OT-II cells (right). (B) TCF-1 expression 

shown in flow cytometry plots (top) and graphs (bottom) of individual paired frequencies 

of TCF-1+ infant (red) and adult (blue) lung effector cells. (C) Left: Representative flow 

cytometry plots of transferred infant OT-II/TCF-1 Tg CD45.1− (red) and adult CD45.1+ 

(blue) OT-II cells in LNs of host mice at day 0. Middle: Paired frequencies of infant and 

adult OT-II cells within individual host mice. Right: Baseline expression of TCF-1 in OT-II/

TCF-1 Tg infant (red) compared to adult (blue) cells in LNs at day 0. (D) Total number of 
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OT-II/TCF-1 Tg infant (red) and OT-II adult (blue) cells in lung (left) and medLN (right) 

of individual mice at indicated days p.i.(E) Ratio of infant OT-II/TCF-1 Tg cells:adult OT-II 

cell numbers in lung and medLN of congenic hosts post infection. (F) Ratio of OT-II in 

lung:medLN from OT-II adult or OT-II/ TCF-1 Tg infant in congenic hosts post infection 

derived from cell numbers. Data are representative of 2 independent experiments with n=3-4 

mice per experiment. Statistical analysis was done using Student’s paired t-test (*p<0.05) 

with error bars representing S.E.M.

Thapa et al. Page 22

Sci Immunol. Author manuscript; available in PMC 2022 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3: Infant T cells exhibit features of enhanced TCR-mediated signaling during influenza 
responses in vivo.
(A) Expression of OT-II TCR using I-A(b)AAHAEINEA tetramer on infant (red) and adult 

(blue) OT-II cells from LNs and lungs at indicated day p.i. shown in histograms (top) and 

graphs with mean fluorescent intensity (MFI) of I-A(b) tetramer (bottom). (B) Expression 

of OT-II TCR on lung infant OT-II/TCF-1 Tg and adult OT-II effector cells shown in 

representative flow cytometry plots (top) and graphs quantifying MFI of tetramer (bottom) 

of individual hosts. Data are representative of 2 independent experiments with n = 3-4 mice 

per experiment. Statistical analysis was done using Student’s paired t-test (*p<0.05) with 

error bars representing S.E.M.
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Fig. 4: Infant T cells have enhanced TCR sensitivity leading to decreased activation threshold.
Infant and adult OT-II cells were co-cultured with APC in different doses of ovalbumin 

peptide and harvested at 1-4 days post-stimulation (A) Proliferation of infant and adult 

OT-II cells to different antigen doses at day 3 post-stimulation shown in representative CPD 

dilution plots (top) and graphs quantifying percent divided at 1-4 days post-stimulation 

(bottom). Expression of CD69 and CD25 (B) and Nur77 and IRF4 (C) on infant and 

adult OT-II cells at day 3 post stimulation shown in representative flow cytometry plots 

(top) and graphs showing percent of CD69+CD25+ or Nur77+IRF4+ cells or for each dose 

over time (bottom). (D) (Top) Proliferation of infant and adult OT-II cells (black line) 

upon stimulation with infant antigen presenting cells (I-APC) at indicated peptide doses 

compared to unstimulated (dotted line). (Bottom) Expression of activation CD69+ CD25+, 

and percent Nur77+ IRF4+ expression by infant (red) and adult (blue) OT-II cells after 3 

days of stimulation with I-APC at indicated doses. Data are compiled from 4 (A-C) and 

2 (D) independent experiments. Statistical analysis was done using two-way ANOVA with 

Sidak multiple comparison testing.
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Fig. 5: Increased proximal signaling by infant compared to adult T cells.
Infant and adult OT-II cells were stimulated with ovalbumin-peptide (10μg) pulsed APCs 

for 0-8hrs. (A) Expression of surface TCR-β by infant (red) and adult (adult) OT-II cells 

shown in representative histograms (left) and graph showing fold change (FC) expression of 

TCR-β (bottom) upon antigen stimulation relative to unstimulated control. (B) Expression 

of Nur77 by infant and adult OT-II cells shown in flow cytometry plots (left) and graphs of 

percent Nur77+ (right) in OT-II cells at indicated times post-stimulation. Significance was 

determined using paired Student’s t-test. (C) Expression of Nur77 shown as fold-change 

(FC) relative to adult (over 8 weeks) in OT-II cells derived from mice postnatal day (PND) 

14, 21, and 28 as indicated upon stimulation with 10μg peptide pulsed APC for indicated 

times. (D) Increased phosphorylation of ERK1/2 kinase in infant compared to adult T 

cells. T cells were stimulated by cross-linking with anti-CD3 (10μg) and anti-CD28 (5μg) 

antibodies for indicated times (or PMA/ionomycin) and examined for pERK1/2 expression 

by flow cytometry. (E) Graphs quantifying fold change (FC) in pERK1/2 expression relative 

to unstimulated controls for TCR/CD3 crosslinking (left) or PMA/ionomycin (right). Data 

are compiled from 3 (A, B, D) and 2 (C) independent experiments. Significance was 

determined using two-way ANOVA with Sidak multiple comparison testing.
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Fig. 6: Infant T cells have higher accumulation of signaling molecules in the immunological 
synapse compared to adult T cells.
(A) Schematic diagram of ImageStream analysis using IDEAS software to examine 

accumulation of actin, Lck, and CD4 in the immune synapse of conjugates upon stimulation 

(see ImageStream Analysis section in Materials and Methods). (B) Infant T cells compared 

to adult T cells have higher accumulation of actin (red) with CD3 (turquoise) in T cell:APC 

conjugates as shown in representative images. OT-II cells were stimulated with 10 μg 

peptide pulsed APC for indicated times and fixed immediately before staining. (C) Infant 

T cells compared to adult T cells have higher accumulation of Lck (yellow) with CD3 

(turquoise) in T cell:APC conjugates as shown in representative images. (D) Infant T cells 

compared to adult T cells have higher accumulation of CD4 (pink) with CD3 (turquoise) in 

T cell:APC conjugates as shown in representative images. (E-G) Graphs quantifying fold 
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change (FC) of actin (E), Lck (F), and CD4 (G) relative to unstimulated control (right). Data 

are from 3 independent experiments. Significance was determined using two-way ANOVA 

with Sidak multiple comparison testing.
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Fig. 7: Human infant T cells exhibit early TCR-coupled signaling and enhanced TCF-1 
downregulation.
CD4+ naive T cells from human infant and adult lymph nodes were stimulated with 

anti-CD3/anti-CD28/anti-CD2 coated beads for time points indicated. (A) Expression of 

Nur77 in human infant and adult T cells upon stimulation at the indicated times are shown 

in representative flow plots (left) and a graph showing Nur77 expression as fold change 

(FC) relative to unstimulated control (right). (B) Expression of TCF-1 as a function of 

proliferation (CPD expression) after 4 days of stimulation shown in flow cytometry plots 

(left) and graph with frequencies of infant (red) and adult (blue) T cells that downregulated 

TCF-1 (right). (C) (left) Proliferation of infant (red) and adult (blue) T cells upon varying 

dose of anti-CD3 stimulation shown in representative flow cytometry plots of proliferation 

dye dilution (left) and graph showing proliferation index from each independent experiment 
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(right). (D) Expression of TCF-1 by infant and adult T cells following anti-CD3 stimulation 

(1 μg) as a function CPD dilution in representative flow cytometry dot plots (top row) and 

histograms of TCF-1 expression by infant (red) and adult (blue) T cells in non-dividing cells 

(division 0, top row)) and cells undergoing 3-5 divisions (bottom row). (E) Graph showing 

percent TCFlow cells (i.e.—TCF-1 downregulated cells) for infant (red) and adult (blue) T 

cells at indicated divisions for each of three independent experiments. Statistical analysis 

was done using Student’s paired t-test (*p<0.05) with error bars representing S.E.M.
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