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Abstract

Respiratory infection of young infants results in increased morbidity and mortality compared to 

infection of adults. In spite of the significance of this health issue, our understanding of the 

immune response elicited in infants, especially in the respiratory tract is highly limited. We 

developed a nonhuman primate model to probe the virus-specific antibody response in infants 

following infection with influenza virus. Infection of infants resulted in more pulmonary damage 

and higher viral loads compared to adults. While the systemic IgG antibody response was similar 

in infant and adult animals, the response in the upper respiratory tract of the infant was 

compromised. This lower response was associated with an increased prevalence of Treg cells and 

low levels of BALT. These data suggest a defect in the ability to produce effective virus-specific 

antibody responses at the local infection site is a contributor to increased pulmonary damage in the 

at-risk infant population.
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INTRODUCTION

Respiratory infections are one of the leading causes of morbidity and mortality throughout 

the world. These infections, of which respiratory syncytial virus (RSV), rhinovirus (RV) and 
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influenza virus are among the most prevalent [1], are particularly problematic for infants, 

resulting in increased morbidity and mortality compared to older children and adults. There 

are an estimated 11.9 million episodes of severe acute lower respiratory tract infection 

(ALRI) in young children each year [2]. Children under one year of age account for 6.4 

million instances of severe ALRI and nearly 3 million of these cases are considered very 

severe [2]. Together these findings demonstrate the extreme susceptibility of the newborn to 

disease caused by respiratory pathogens.

As noted above, influenza virus is a significant health concern in infants. Not surprisingly, 

infection with influenza virus accounts for the greatest number of Emergency Department 

visits among children aged 6–23 months [3]. Further, infants younger than 6 months of age 

are particularly vulnerable to developing severe disease, with the highest risk of death 

occurring in the first year of life [4]. Disease states associated with influenza infection in 

children are varied and include otitis media, pneumonia, myositis, and 

laryngotracheobronchitis (croup). The last is restricted primarily to children less than 1 year 

of age and can be life threatening.

Currently, treatment of influenza relies on the use of antiviral drugs. Only one (oseltamivir) 

of the two currently recommended drugs is approved for infants <6 months of age and it 

must be administered within 48h of symptoms onset to realize benefit from treatment. Thus, 

there are limited therapeutics available for infants. Further, while an effective influenza 

vaccine is available, it is not approved for use in children less than 6 months of age. While 

this may reflect some safety concerns, a principal factor is the reduced ability of the neonatal 

immune system to respond to the influenza vaccine [5, 6]. These issues make clear the need 

for an improved understanding of the immune response generated in infants following 

respiratory infection with influenza virus.

Antibody plays an important role in the clearance of influenza virus (e.g. [7–9]). Studies in 

animal models show that the absence of B cells results in a 50–100 fold increase in 

susceptibility to lethal influenza [8]. Generation of an optimal antibody response relies on 

the presence of CD4+ T cells [10], with Th1 cells exhibiting increased effectiveness 

compared to Th2 cells [11–13]. CD4+ T cells from infants have been reported to exhibit a 

propensity for differentiation into Th2 cells [14, 15]. In addition to alteration in effector 

function, T cells from neonates exhibit decreased sensitivity to TCR engagement [16–18] 

and thus it is likely that they are less efficiently activated following infection. These aspects 

likely contribute to impaired CD4+ T cell mediated generation of high affinity, isotype 

switched antibody following infection of neonates.

An important mechanism through which antibodies contribute to the control of infection is 

neutralization, which limits virus spread. In addition, recent data suggest that antibodies can 

promote phagocytosis and/or antibody dependent cell-mediated cytotoxicity (ADCC) 

through a process that is highly dependent on alveolar macrophages [19]. Both IgG and IgA 

antibodies are believed to be important in the control of virus in the respiratory tract [20, 

21]. Although antibodies to HA, NA, M and P can be detected, those specific for HA and 

NA glycoproteins are highly associated with protection [22] and the ability to neutralize 

virus [10].
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Studies suggest that in general, vaccination or infection of infants results in an antibody 

response that is reduced in both the quantity and quality of antibody compared to adults (for 

review see [15]). Young infants infected with RSV or PIV fail to consistently develop serum 

or mucosal antibody [23, 24]. In humans, antibody responses following vaccination in young 

infants are largely IgM, with weak IgG responses during the first year of life [25]. Further, 

analysis of infants immunized with measles vaccine at 6 months of age revealed a defect in 

the generation of antibody compared to infants immunized at 9–12 months of age [26]. This 

effect was independent of the presence of maternal antibody. A similar finding was observed 

in infants that received the trivalent inactivated influenza vaccine (TIV). Administration of a 

single dose of TIV did not result in seroconversion [5] and a second TIV dose resulted in a 

protective titer rate of only 29–32% across H1N1 strains [5, 6]. These results show that 

young infants have impaired antibody responses, leaving them susceptible to severe disease.

The significant mortality and morbidity associated with respiratory virus infection in infants 

<6 months of age together with the absence of an effective vaccines demonstrates the 

importance of understanding the defects in the immune response in this at risk population. 

Progress in this area would be enhanced by a model that more closely mimics the human 

neonate with regard to physiology and immune system maturation/responsiveness. To this 

end, we have developed a model of influenza A virus (IAV) infection using the nonhuman 

primate (NHP) neonate in order to more fully elucidate the defects in the infant immune 

response following respiratory infection with virus. We believe that the nonhuman primate 

is an excellent model for studies of infant respiratory infection with regard to both 

physiology and immune system development. Specifically, the lungs of NHP are more 

similar in structure to the human than is the mouse lung [27]. In addition, the immune 

system does not display the reduced maturity at birth that is found in mice [15, 28]. Finally, 

the distribution and function of innate immune sensors in NHP versus mice are more 

comparable to humans [29].

We show that neonate African green monkeys (AGM) develop more severe lung damage 

following infection compared to adult animals. This was associated with lower levels of 

virus-specific IgG antibody in the upper respiratory tract. Surprisingly, systemic influenza-

specific IgG levels were relatively similar. The lower antibody level in the respiratory tract 

was associated with an absence of organized BALT in infants, suggesting a defect in the 

local immune environment may contribute significantly to influenza-mediated diseases in 

neonates. Interestingly neonates also exhibited higher frequencies of T regulatory cells 

which may contribute to weakened immune responses.

MATERIALS AND METHODS

Ethics Statement

All research performed using animals in this study complied with federal and institutional 

guidelines set forth by the Wake Forest University Animal Care and Use Committee. All 

studies were approved by the Wake Forest University Animal Care and Use Committee.
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Influenza A/PR/8/34 (H1N1)

Virus stocks were grown and titered in fertilized chicken eggs (median egg infectious dose 

(EID50)) essentially as described previously [30]. Stocks were diluted in PBS, flash frozen, 

and stored at −80°C.

Infection and sampling

Adult African green monkeys (6–9 years old) were sedated with 10–15 mg/kg of ketamine. 

Infants (6–10d old) were sedated with 2–5% inhalant isoflurane. Adults received 5×109 

EID50 of PR8 and infants received 1×109 EID50 (One of the infants received 1×108 EID50). 

The dose was delivered equally between the intranasal (i.n.) and intratracheal (i.t.) routes. 

Adults received 1.0 ml i.t. and 1.0 ml i.n. (0.5 ml per nostril). Infants received 0.25 ml i.t. 

and 0.25 mL i.n. (0.125 ml per nostril). On each sampling day, adults and infants were 

sedated. Blood was collected in sodium heparin tubes by venipuncture on d8 and d14 

postinfection. Plasma was obtained by centrifugation and PBMC subsequently isolated using 

Isolymph. Tracheal washes were performed on sedated animals on d2, 8 and 14 

postinfection by inserting an endotracheal tube into the trachea, instilling sterile PBS and 

aspirating back. In adult animals, 15 ml of PBS was instilled. In infant animals, 1.0 ml was 

instilled. Due to the small volume of PBS used in the infants, 0.5mL of PBS was used to 

wash out the endotracheal tube. Samples were centrifuged to remove cellular material and 

BSA was added to a final concentration of 0.5%. Bronchial alveolar lavage (BAL) with PBS 

was performed at necropsy (d14) using 25ml for adults and 5 ml for infants. Samples were 

centrifuged to remove cellular material and BSA added to a final concentration of 0.5%.

Assessment of lung pathology

Lung was preserved in 10% neutral buffered formalin for at least 24 hours, trimmed, 

embedded in paraffin and processed routinely for histology. Sections were cut at 6μm and 

stained with hematoxylin and eosin. The slides were examined by light microscopy by an 

ACVP (American College of Veterinary Pathologists) board certified veterinary pathologist 

in a blinded fashion and evaluated for degree of inflammation and injury. Pathology scores 

are based on a summation of scores assigned for interstitial and alveolar inflammatory cell 

infiltration and edema, pneumocyte hyperplasia, and bronchial degeneration and necrosis. 

Each parameter was scored on a scale of 0 to 4 with higher numbers associated with 

increased severity.

Quantitation of viral load

Viral RNA was extracted from tracheal wash using QIAamp Viral RNA Mini Kit (Qiagen). 

cDNA was synthesized from mRNA by reverse transcription using Superscript III RT kit 

(Invitrogen) and random primers (Invitrogen). For viral quantification, RNA primer-probe 

sets specific for H1N1 were used (BEI Resources). RT-PCR (qRT-PCR) was performed 

using the Applied Biosystems 7500 real-time PCR system. Copy number was calculated 

based on the copy number present in the sample volume used for the RT-PCR (140 μl) and 

adjusting to the total volume used for the wash.
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ELISA for detection of influenza-specific antibody

Nunc MaxiSorp Elisa plates were coated with 1 μg/well PR8 in sodium carbonate/

bicarbonate coating buffer (pH 9.5). Plates were blocked with 1x Blocking Buffer (10x 

Blocking Buffer, Sigma) plus 2% Goat serum (Lampire Biologicals) and washed. The wash 

buffer used throughout the assay was PBS with 0.1% Tween 20. Plasma or respiratory 

samples were serially diluted in 1x Blocking Buffer. Wells without virus served as a 

negative control. Antibody specific for monkey IgG (Fitzgerald), IgM (LifeSpan 

Bioscience) or IgA (AbD Serotec) was used to detect bound plasma antibody. IgG and IgM 

detecting antibodies were directly conjugated to HRP. Anti-IgA antibody was biotinylated 

and was detected with Streptavidin-HRP. Plates were developed with 3,3′,5,5′-

Tetramethylbenzidine dihydrochloride (Sigma) and read at 450nm on a BioTek Elx800 

Absorbance Microplate Reader. Absorbance for each dilution was calculated by subtracting 

the OD value obtained for the corresponding non-virus coated wells. Threshold titer was 

defined as the value that reached 3 times the assay background, i.e. wells that received only 

sample diluent.

Neutralization assay

Heat-inactivated (56°C for 1 hour) samples were serially diluted in RPMI-1640 media 

supplemented with 2 mM L-glutamine, 1 mM Sodium pyruvate, 1x non-essential amino 

acids (NEAA), 100U/mL penicillin, 100 μg/mL streptomycin, 50 μM 2-ME, 10% FBS in a 

sterile 96-well flat bottom plate. 7.5×106 EID50 of PR8-GFP (kindly provided by Dr. Adolfo 

Garcia-Sastre [31]) was added to each well and incubated for 2 hours at 37°C and 5% CO2 

to allow for antibody binding. 2×105 U937 cells were then added to each well and incubated 

overnight at 37°C. The next morning, samples were acquired on a BD FACSCalibur and 

analyzed with CellQuest Pro software (Becton Dickinson) to determine the percentage of 

U937 cells that were positive for GFP. Controls for each experiment consisted of U937 cells 

alone and U937 cells infected with the PR8-GFP virus in the absence of animal samples. 

Maximal %GFP was calculated for each experiment and non linear regression (Graphpad 

Prism) used to determine the dilution at which the 50% maximum PR8-GFP infected U937 

cells was achieved.

Analysis of PBMC

Immune populations in PBMC obtained from animals at d14 postinfection were identified 

by staining with anti-CD3-biotin followed by avidin-FITC, anti-CD8α APC-H7, anti-CD8β 

PE, anti-CD4 PerCpCy5.5, anti-CD20 Pacific Blue, and anti-CD95 APC. Samples were 

acquired on a BD FacsCanto II and analyzed with Diva software (Becton Dickinson).

Treg analysis

Lung, spleen, and tracheobronchial lymph nodes (TBLN) were isolated at necropsy. Lungs 

were minced and incubated in the presence of collagenase D for 1h. Digested tissues were 

mechanically disrupted by passage through a 70 μm filter. Single cell suspensions from this 

process were layered over a ficoll gradient and centrifuged to recover live cells. TBLN and 

spleen were mechanically disrupted and RBC lysed using ACK. To identify Tregs, cells 

were stained with anti-CD4 antibody (Clone L200, BD Bioscience). Following washing 
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cells were permeabilized using BioLegend FOXP3 Fix/Perm and FOXP3 Perm buffer 

(BioLegend) followed by incubation with anti-FoxP3 antibody (Clone 206D, BioLegend). 

Samples were acquired on a BD FacsCanto II and analyzed with Diva software (Becton 

Dickinson).

RESULTS

Infant African green monkeys exhibit more pulmonary damage and impaired viral 
clearance compared to adult animals

Four infant African green monkeys between 6 and 10 days of age (which approximates a 3–

4 week old human infant) and four adults between 6 and 9 years of age (approximating a 

24–36 year old human adult) were infected with the well characterized H1N1 influenza 

strain A/Puerto Rico/8/34 (PR8) by the combined intranasal and intratracheal routes. To 

control in part for the differences in lung volume between the two age groups, adult animals 

received 5-fold more virus as infection with the same inoculum dose would constitute a 

greater viral load per unit area of lung, complicating interpretation of the pathology changes 

caused by infection. Infants remained with the mothers throughout the infection as 

preliminary studies showed that mothers did not seroconvert (data not shown) and thus there 

was no evidence to suggest generation of maternal antibody that could be transferred to the 

infants. Mothers and adults used in the study had very low to undetectable levels of 

influenza-specific IgG (<1:200) and no detectable neutralizing antibody. Animals were 

monitored over time for changes in weight as well as signs of disease. All animals were 

normal with regard to activity and alertness. In general, adult animals did not exhibit 

significant changes in weight over the course of infection (Fig. 1A). Infants gained weight 

(Fig. 1A); however, this appeared to be at a lower rate than non-infected infants (Data 

shown for comparison are gathered from another study where infants where weighed at 4–6 

days of age and again 10 days later) (Fig. 1B).

On d14 postinfection, animals were euthanized and lungs evaluated for signs of injury 

(alveolar wall thickness, hyperplasia, edema and bronchial necrosis). Each parameter was 

scored using a scale of 0–4 (with 0 being normal) in a blinded fashion by a veterinary 

pathologist. The values assigned for each parameter were summed to obtain a pathology 

score. The averaged pathology score from the infants was significantly increased compared 

to adults (p<0.03) (Fig. 1C). Representative photomicrographs from infant and adult lungs 

are shown in figure 1D. The infants typically had interstitial pneumonia, consistent with 

influenza. Alveolar walls were regularly thickened and alveolar spaces contained edema 

fluid and mixed type inflammatory cells, primarily macrophages and neutrophils. In 

contrast, adults exhibited only patchy interstitial pneumonia without edema fluid, and the 

infiltrating cells were predominantly lymphocytes and plasma cells.

The severity of pulmonary injury in the infants suggested there may be a difference in viral 

load between the two groups. This was addressed by measuring the viral copy number in the 

tracheal washes on d2, d8, and d14 postinfection as determined by qRT-PCR (Fig. 2A). 

Infant animals had a 41-fold increase in virus in the trachea at d2 postinfection, despite that 

the dose of virus administered to the infants was five fold less (and for one animal 50-fold 

less) than in adults. To allow direct comparison of the relative viral load, values were 
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normalized for the infectious dose delivered to the infants versus the adults (Fig. 2B). This 

analysis revealed that infants had on average a 413-fold increase in virus burden. Increased 

viral burden in the trachea of infants was also apparent at d8 p.i. The results of this analysis 

show increased virus burden in the airway of infants versus adults.

Infants have a lower amount of influenza-specific IgG antibody in the respiratory tract 
compared to adults

To assess the immune response elicited in adult and infant animals following infection, we 

determined the level of virus-specific antibody (IgM, IgG, IgA) in the trachea and lungs of 

infant and adult animals. Volumes utilized for the tracheal wash were 1.0 ml in infants and 

15 ml in adults. The difference in volume used compensates for the calculated difference in 

size between infants and adults, allowing more direct comparison of the antibody titer 

between the two groups. Antibody in the trachea was analyzed at d8 and d14 p.i. Influenza-

specific IgG was significantly lower in the trachea of infants compared to adults at d8 and 

d14 p.i. (Fig. 3). This difference was more pronounced at d8 (35-fold) compared to d14 (9.3-

fold). The more pronounced difference in antibody level at d8 may suggest a delay in 

generation in the infant animals. Influenza-specific IgG in the lung at d14 was 

approximately twice as high on average in the adults compared to infants, although it was 

not significantly different (Fig. 3). (Antibody in the lung could not be assessed at the earlier 

timepoint.) There was no significant reduction in IgA in the lungs of infant animals as 

determined by analysis of the BAL (Fig. 3). Unfortunately limited sample obtained from the 

infants precluded determination of IgA in the trachea. On average, IgM was decreased in the 

infant animals, although this did not reach statistical significance (Fig. 3). Together these 

data demonstrate an impaired virus-specific IgG antibody response in the respiratory tract 

that is characterized by a delay in production as well as a lower quantity.

Adults have a higher level of neutralizing antibody in the trachea compared to infants

We next assessed the neutralizing potential of antibody present in the respiratory tract. For 

these studies, titrated concentrations of tracheal wash fluid or BAL were incubated with 

influenza virus that expresses GFP. Virus was then added to U937 indicator cells and 

cultured overnight, following which GFP expressing cells were quantified by flow 

cytometry. The neutralization titer was defined as the dilution of plasma that resulted in 50% 

inhibition of the percentage of GFP+ cells present in the absence of plasma (usually 80–90% 

of the cells). We chose this approach as it is a direct measure of the ability of antibody to 

prevent infection. However, to validate this approach in our hands we have compared 

results obtained to the standard HAI using plasma samples where we had adequate sample 

for this analysis (data not shown). We found that these two approaches led to similar 

conclusions, although the infectivity assay shown here was somewhat more sensitive. These 

analyses revealed a trend towards a higher level of neutralizing antibody at d8 and a 

significantly higher level of neutralizing antibody in the trachea of adult animals at d14 p.i. 

(Fig. 4). Although on average the level of neutralizing antibody in the BAL was higher in 

adults, it did not reach statistical significance (Fig. 4). Together with the data in figure 3, 

these findings support increases in both the quality and quantity of antibody present in the 

respiratory tract of adult compared to infant animals.
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Systemic influenza-specific IgG antibody responses are similar in infants and adults

We next evaluated systemic antibody in the adult and infant animals as this is the most 

common approach for evaluating responses in humans. Influenza specific antibody in the 

plasma was measured at d8 and d14 postinfection. IgM levels at d8 were similar in adult and 

infant animals with a trend towards increased IgM in adults at d14 p.i (Fig. 5). No 

differences were found in the circulating level of influenza-specific IgG antibody between 

the two groups at either timepoint, although a significantly higher level of IgA was observed 

in adult animals at both d8 and d14 p.i. These data show that, in contrast to what was 

observed in the respiratory tract, neonates exhibited a robust systemic IgG response 

following infection with IAV that was similar to that observed in adults. To determine 

whether there was a difference in the quality of the antibody, neutralization capacity was 

assessed. As with IgG level, no significant differences in neutralizing titers were observed 

(Fig. 6).

Infants and adults differ in PBMC populations at d14 p.i. To gain insights into the immune 

populations present in infant and adult animals following infection, the frequency of T and B 

cells in circulation was determined. While the percentage of T cells did not differ between 

infant and adult animals, there was a marked increase in B cells (Fig. 7A). Although the 

percentage of T cells was similar in adults and infants, there was a pronounced shift towards 

CD4+ cells in infants, perhaps suggestive of a reduced CD8+ T cell response in these 

animals. When CD95 was evaluated as a marker of activation, no differences were observed 

in the T cells subsets. In contrast, the percentage of B cells that expressed high levels of 

CD95 was significantly different between the two groups, with infants having a much lower 

proportion of B cells that had undergone activation.

Infants have less BALT compared to adults

The disparity between the levels of antibody in the upper respiratory tract and circulation 

between adult and infant animals was unexpected. Antibody in the respiratory tract is a 

reflection of local production in the airway in addition to production in the draining lymph 

nodes. Several recent studies have reported tertiary lymphoid tissues, e.g. BALT, as a 

significant source of antibody following infection with influenza virus [32, 33]. We 

hypothesized that one possibility to explain the reduced antibody present in the infant 

animals in our study was a decrease in the induction of BALT in response to virus infection. 

Histological evaluation of the BALT in the infant animals consistently revealed a near 

absence of this structure, while it was considered robust in adults, as evidenced by 

prominent collections of lymphocytes situated around bronchi and bronchioles (Fig. 8). The 

presence of robust BALT structures in the adult animals is an infection related event, as 

analysis of non-infected age-matched controls revealed limited BALT (Fig. 8). The absence 

of BALT in infant animals is consistent with the lower level of antibody in the respiratory 

tract.

Tregs are increased in infants

A previous study performed in mice suggested Tregs can suppress generation of BALT [34]. 

Thus, we assessed the presence of Treg in the TBLN and lung of adults and infants at 

necropsy (d14 postinfection). We found a significant increase in the representation of 
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FoxP3+ cells within the CD4+ subset in the LN of infant animals compared to adults (Fig. 

9A). Further, there was an increase in FoxP3+ cells in the lungs of infants, although the 

increase did not achieve statistical significance (Fig. 9B). To address whether the increased 

frequency of Tregs was the result of differences in the response to infection versus inherent 

differences in the immune system of adult and infant animals, the frequency of FoxP3+ cells 

within the CD4+ T cell population was assessed in the spleen of infected and non-infected 

adult and infant animals. No significant differences were found between the infected animals 

and their non-infected counterparts for either age group. However, a highly significant 

difference in the percentage of Tregs was observed, with infants having a 2.8 fold increase 

in the percentage of CD4+ T cells that express FoxP3. The higher number of Tregs could 

contribute to the reduced antibody response in infants through both suppression of BALT 

formation and inhibition of T and B cell responses.

DISCUSSION

We investigated the capacity for neonates to elicit an antibody response to IAV infection 

using a novel nonhuman primate model. We found respiratory infection with IAV resulted 

in increased viral load in the respiratory tract of infants compared to adults following 

inoculation. Infection of neonates was also associated with significantly greater pulmonary 

damage. Surprisingly, systemic levels of influenza-specific IgG were similar in infants and 

adults, although there was a reduction in IgA. In contrast, respiratory IgG was consistently 

lower in infants compared to adults. The reduced antibody in the respiratory tract was 

associated with an absence of organized BALT in the infants. The selective decrease in 

antibody in the airway suggests a defect in the local production of antibody may contribute 

to increased pulmonary damage in this population.

The generation of a robust antibody response is an important contributor to the clearance of 

influenza virus [7]. The vast majority of our understanding of efficacious influenza-specific 

antibody responses has come from studies in adult animals. These analyses have determined 

that IgG and IgA responses are capable of promoting protection/clearance [7–9,19, 35]. 

There is some indication that distinct isotypes may play different roles depending on the site, 

with IgA playing a more important role in the upper respiratory tract and IgG in the lung 

[21]. Whether this is the case in humans is not clear.

At present, to our knowledge, there is only a single study evaluating the antibody response 

in neonates following IAV infection. In a mouse model using 3 day old animals, 1 of 5 

animals exhibited positive antibody titers at 13 days postinfection compared to 5 of 5 adults 

[36]. The vast majority of additional data available in relation to influenza-specific immune 

responses in infants is derived from studies of vaccination in humans. Trivalent inactivated 

influenza vaccine (TIV) in 3–5 months old infants did not result in seroconversion following 

initial administration, with the exception of one virus strain (A/Mississippi/11/85, which had 

a 40% conversion rate for reasons that are unknown) [5]. This low responsiveness was not 

due to inhibitory effects of maternal antibody. A second TIV dose resulted in a protective 

titer rate of approximately 29% across all strains evaluated. Not surprisingly, the conversion 

was directly correlated with age as older infants converted at a higher rate than younger 

infants [5]. In the second study, conversion was assessed following two doses of vaccine 
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with a conversion rate of 32% for H1N1 and 47% for H3N2 strains [6]. Thus, the ability of 

infants to respond effectively to influenza vaccination is limited.

Our results showed that respiratory infection with IAV resulted in a significantly lower 

influenza virus-specific IgG response in the respiratory tract. The presence of antibody at 

local sites of infection, e.g. the lung, is the result of systemic antibody that enters the 

respiratory tract via circulation as well as the local production by respiratory tract associated 

lymphoid tissue. Pathogens entering the nasal passage initiate responses in the nasal 

associated lymphoid tissue (NALT). As they spread to the lower respiratory tract, they 

initiate immune activation in the tracheal/bronchial associated lymphoid tissue (BALT).

BALT is relatively absent in healthy humans and mice [37, 38], developing in response to 

inflammatory/infection derived signals [39–41]. BALT contains organized structures that 

are similar to lymph nodes in that they have defined T and B cell areas [32]. Germinal 

centers [32] form during the immune response resulting in production of high affinity 

antibody and long lived plasma cells. While much less studied than responses in the draining 

lymph node, recent data support an important contribution of BALT derived responses in the 

control of influenza virus infection [32, 42, 43]. In fact, responses generated in BALT tissue 

may be superior to those originating in the secondary lymphoid tissues as these immune 

responses are less pathogenic [32].

A number of cytokines and chemokines have been implicated in BALT development 

including lymphotoxin α, CXCL13, CCL19, and CCL21 (for review see [40]). Much 

remains to be learned with regard to the expression of these factors in the infant lung. It is 

tempting to speculate that reduced production of these mediators in infants contributes to 

impaired BALT formation. In support of this possibility, CXCL13 expression has been 

reported to be decreased in the lymph nodes of neonatal mice [44]. However, in contrast, 

analysis of lymphotoxin α production following in vitro stimulation of mononuclear cells 

showed similar production by neonate versus adult derived cells [45]. The production of and 

responsiveness to these regulators is an important area for further investigation in the 

context of the infant lung.

While infection and inflammatory mediators are known signals for the induction of BALT, 

the presence of Treg has been reported to inhibit this process [34]. This seems to be reliant 

on the ability of Tregs to enter into lymphoid tissues in a CCR7, L-selectin dependent 

manner [34]. Interestingly, similar to our study, the effect of Tregs on BALT formation was 

associated with changes in Tregs in lung draining lymph nodes as opposed to the lungs. The 

increase in Tregs in the tracheobronchial lymph nodes of the infant animals assessed in our 

study would be consistent with a model where Tregs contribute to the failure of these infants 

to form BALT following IAV infection. Although we did not see a statistically significant 

increase in Tregs in the lungs of infected infants, there was on average a higher percentage 

of Tregs among CD4+ T cells in the lungs. A limitation to our analyses as well as the 

previous study of lung cells [34] is the analysis of Treg was performed using total lung cells 

as opposed to BALT resident cells. Whether there are differences in Tregs within the BALT, 

similar to the draining lymph node, awaits further study. The increase in Tregs appears to be 
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a property of the AGM infant immune system. To our knowledge, this is the first indication 

of an increased T regulatory population in non-human primate infants.

In summary, our data suggest that a contributor to the increased susceptibility of young 

infants to respiratory infection is an impaired immune response in the respiratory tract. 

Infants in our study had lower levels of IgG at this site, which was more prominent at early 

times following infection. The lower level of antibody in the upper respiratory tract of 

infants was in contrast to the systemic response, where IgG antibody was similar in adults 

and infants. This finding suggests analysis of circulating antibody levels may not be 

indicative of the antibody response in the infected tissue and therefore may not fully 

represent the immune response. In addition, we show that infants display a significantly 

higher frequency of T regulatory cells both prior to and following infection. This population 

has the capacity to strongly modulate both B and T cell responses following viral challenge. 

In closing, our data suggest an important contribution of locally produced antibody to the 

control of virus level and pathology in vivo and suggest approaches to increase the local 

immune response in the tissue would be beneficial in protecting infants from virus-mediated 

respiratory disease.

• Influenza virus infection results in more disease in NHP neonates versus adults

• Neonates have lower virus-specific antibody in the respiratory tract

• Neonates exhibit an increased prevalence of T regulatory cells

• Neonates are impaired in the formation of BALT following virus infection
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Figure 1. Infants infected with influenza virus exhibit significant increases in disease in the lung
Infant or adult African Green monkeys were infected with IAV by the combined i.t. and i.n. 

routes. Three infants received 1×109 EID50 and one infant received 1×108 EID50 of PR8. 

Adults (4) each received 5×109 EID50. A. Weight over time for infant and adult animals. 

Closed symbols are individual animals, open symbol represents the average for the group. 

B. Average change in weight for infants over the course of the assay. Weight change over 10 

days in a group of age-matched historical control animals is shown for comparison. C. On 

d14 p.i. animals were euthanized and lungs assessed for disease. Disease scores are based on 

a summation of scores assigned for interstitial and alveolar inflammatory cell infiltration and 

edema, pneumocyte hyperplasia, and bronchial degeneration and necrosis. Each parameter 

was scored on a scale of 0 to 4 with higher numbers associated with increased severity. 

Significance testing was performed using a Mann-Whitney test. * p=0.029. D. 

Representative sections of affected areas from the lungs of infant and adult animals (2.5X, 

upper panels and 40X, lower panels).
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Figure 2. Infants have increased virus in the respiratory tract even in the face of a reduced 
inoculation dose
Infected animals were sampled by tracheal lavage at the indicated days postinfection. Virus 

in lavage fluid was quantified by qRT-PCR and copy number determined. A. Averaged viral 

load in the trachea. B. Viral load normalized for differences in inoculation dose. Each infant 

animal copy number value was multiplied by 5 (or by 50 for the animal that received 1×108 

EID50) to allow direct numerical comparison of the relative viral load in the infant versus 

adult animals. Significance at each timepoint was determined using a student’s t test. * 

p<0.05
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Figure 3. Respiratory tract influenza-specific IgG antibody levels are lower in infant animals
The amount of influenza-specific IgG, IgM, and IgA antibody in the tracheal wash (d8 and 

d14 p.i.) and/or BAL (d14 p.i.) was determined. IgA could not be assessed in tracheal 

washes due to limiting sample in the infants. Threshold dilution was defined as the dilution 

at which the influenza-specific OD reading (OD from influenza coated wells – OD from 

uncoated wells) reached three times the assay background. Significance at each timepoint 

was determined using a Mann Whitney test. * p≤0.05.
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Figure 4. The neutralizing titer of trachea-derived influenza-specific antibody is lower in infant 
animals
Neutralizing antibody titer in the tracheal wash and BAL of infected infant and adult 

animals was assessed at d8 and d14 p.i., respectively. Neutralization capacity was 

determined by inhibition of infectivity of a GFP expressing virus. The neutralization titer 

was defined as the dilution at which infectivity of the virus was inhibited by 50%. 

Significance at each timepoint was determined using a Mann Whitney test. * p≤0.05.
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Figure 5. Systemic influenza-specific IgA, but not IgG or IgM antibody levels, are higher in adult 
versus infant animals
The amount of influenza-specific IgG, IgM, and IgA antibody in the plasma was determined 

at d8 and 14 postinfection. Threshold dilution was defined as the dilution at which the 

influenza-specific OD reading (OD from IAV coated wells – OD from uncoated wells) 

reached three times the assay background.
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Figure 6. The neutralizing titer of systemic influenza-specific antibody is similar in adult and 
infant animals
Neutralizing antibody titer in the plasma of infected infant and adult animals was assessed at 

d8 and d14 p.i. Neutralization capacity was determined by inhibition of infectivity of a GFP 

expressing influenza virus. The neutralization titer was defined as the dilution at which 

infectivity of the virus was inhibited by 50%. Significance at each timepoint was determined 

using a Mann Whitney test. * p≤0.05.
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Figure 7. The circulating populations of immune cells at d14 p.i. differ in adult versus infant 
animals
PBMC at d14 p.i. were assessed for the relative proportion of (A) T and B cells, (B) CD4 

versus CD8 subsets, and (C) CD95high cells within B and T cell populations. *p≤0.05, 

**p≤0.01
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Figure 8. Infants infected with influenza virus lack detectable BALT
Photomicrographs of lung from an infected and control infant (left column) and adult (right 

column) AGM. H and E staining are shown at 5X and 10X for the infected and 10X for the 

control animals. The infected adult has prominent round accumulations of lymphocytes 

adjacent to a bronchiole, structures absent around the bronchus (supported by cartilage) and 

the adjacent bronchiole. BALT is indicated by arrows.
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Figure 9. T regulatory cells are increased in infants
On d14 p.i., the tracheobronchial lymph nodes (TBLN) (A), lung (B) and spleen (C) were 

isolated and processed to yield single cell suspensions. Spleens were also isolated from non-

infected animals (C). Cells were stained for CD4+ and FoxP3+. Averaged data shown are the 

percentage of FoxP3-expressing cells within the CD4+ population. Significance at each 

timepoint was determined using a student’s t test. *p≤0.05, **p≤0.01.
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