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Abstract

The RSV vaccine field suffered a major set-back when children were vaccinated with a formalin-

inactivated RSV vaccine (FI-RSV). Unexpectedly, the vaccinated children fared worse than 

unvaccinated children when they were naturally infected with RSV. Mouse models were then 

developed that implicated the CD4+ T helper cell population as a contributor to adverse events. 

Today, the T cell is viewed with much caution in the RSV field, and its induction by vaccination is 

sometimes discouraged. Here we re-emphasize the beneficial role of the CD4+ T cell. Experiments 

were performed with RSV-infected nude mice that received CD4+ T cells by adoptive transfer. 

Data demonstrated that CD4+ T cells were necessary for the induction of mucosal and systemic 

RSV-specific antibodies, for the establishment of RSV-specific IgG and IgA antibody secreting 

cells in the upper and lower respiratory tract, and for RSV clearance.
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INTRODUCTION

Respiratory syncytial virus continues to threaten the lives of children, particularly the lives 

of infants in the developing world [1–3]. Currently, there is no licensed vaccine for RSV [4–

6]. The unfortunate outcome of a clinical study with a formalin-inactivated RSV vaccine (FI-

RSV) in the 1960s is well remembered [7, 8]. This vaccine was not protective against RSV, 

and in fact, caused morbidity and mortality when vaccinated children were subsequently 
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exposed naturally to RSV. Although the precise explanation for the outcome remains a topic 

of debate, it is likely that RSV-specific CD4+ T cells played some role. The formalin 

treatment of RSV altered key neutralizing antibody binding sites [9, 10] so that antibodies 

could not serve as a first line of defense against RSV in the respiratory tract. RSV entered 

the lung and was likely followed by a vigorous cellular response inclusive of T cells, 

neutrophils, and eosinophils that blocked airways and rendered children susceptible to 

asphyxiation.

Today, there is much concern associated with the induction of CD4+ T cells (and 

eosinophils) in the context of an RSV infection. The study described here emphasizes that 

RSV-specific CD4+ T cells can be beneficial. As an extension of previous literature [11], we 

now show that when mice are infected with RSV, but lack CD4+ T cells, they fail to (i) 

generate RSV-specific serum antibodies, (ii) generate RSV-specific IgG and IgA antibody 

secreting cells (ASCs) in the upper and lower respiratory tract (URT and LRT), and (iii) 

clear virus from the lung. Each of these deficits can be remedied by the adoptive transfer of 

RSV-specific CD4+ T cells, demonstrating the beneficial role that T helpers play during an 

RSV infection.

MATERIALS AND METHODS

Mice and infections

Adult, female, BALB/c mice and nude mice (NU-Foxn1nu) were purchased from Charles 

River Laboratory. BALB/c mice were infected intranasally with 2 × 106 plaque forming 

units (pfu) of RSV (A2 strain, received from ATCC) and rested for at least 1 month to serve 

as a source of RSV-specific T cells. To test immune responses in nude mice, mice were first 

infected with 2 × 106 pfu RSV intranansally. Test groups of nude mice then received 

intravenous cell transfers from memory, wildtype BALB/c animals (see details below) on 

day 14 relative to infection, based on the experience of Cannon et. al.[11]. Nude mice were 

sacrificed and samples were taken 5 weeks after the RSV infection (3 weeks after cell 

transfers) for analyses by ELISAs and ELISPOT assays. Additional, RSV-infected BALB/c 

or nude mice were sacrificed 24 days after RSV infections (10 days after cell transfers) to 

test for persistent virus in the lungs. All mouse experiments were repeated to ensure 

reproducibility.

Cell preparations for adoptive transfers

Spleens from sacrificed, RSV-infected BALB/c mice were collected and suspended in Hanks 

Balanced Salt Solution (HBSS, Gibco). Cells were incubated in 1 ml HBSS and 3 ml sterile 

Geys Solution (4.15g NH4Cl, 0.5g KHCO3 and 0.5ml 0.5% Phenol Red brought to 500 ml 

H2O) for 3 min at room temperature to lyse red blood cells, and then washed twice with 

HBSS at 4°C. Cells were suspended in 10 ml fresh RPMI 1640 (Gibco), supplemented with 

10% heat-inactivated FCS (Atlanta Biologicals), 5 × 10−5 M 2ME (Gibco), 2mM L-

Glutamine (Gibco), and antibiotics (termed ‘complete RPMI’). To enrich CD4+ T cells, two 

ml anti-MHC class II antibody-containing supernatants (from M5/114.15.2 cell cultures) and 

2 ml anti-CD8α antibody-containing supernatants (from 53.6.7 cell cultures) were added to 

cells for a 30′ incubation on ice. Cells were then washed 1X with PBS (Biowhittaker) 
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followed by centrifugation at 4°C. Pellets were resuspended in 20 ml complete RPMI with 

200 μl/spleen pre-blocked sheep anti-rat Ig Dynabeads (Invitrogen Cat#11035) and 200 μl/

spleen pre-blocked sheep anti-mouse Ig Dynabeads (Invitrogen Cat#11031). Cells were 

rotated at 4°C for 30′ and the tube was then placed on a Dynal Magnet for 10′. Unbound 

cells were collected and washed. Cells were then split into equal aliquots of 7 ml complete 

RPMI to serve as test (‘CD4s’) and control (‘Depleted CD4s’) cells.

The tube designated for ‘Depleted CD4s’ received anti-CD4 antibody-containing 

supernatants (from GK1.5 cell cultures) and was placed on ice for 30′. After 1X wash with 

PBS, cells were centrifuged and resuspended in 7 ml complete RPMI + 500 μl sheep anti-

mouse Ig Dynabeads and 500 ul sheep anti-rat Ig Dynabeads for rotation at 4°C. The tube 

was again placed on a Dynal magnet for 10′ and non-adherent cells were collected. The 

tube designated for ‘CD4s’ received no GK1.5 supernatants, but was otherwise treated 

similarly. Cells were washed in PBS and depletions were confirmed by the staining of cell 

samples with antibodies for membrane markers (APC-conjugated anti-CD19 antibody [BD 

Pharmingen Cat# 550992], PE-conjugated anti CD8α antibody [Pharmingen Cat#553033] 

and FITC-conjugated anti-CD4 antibody [BD Pharmingen Cat# 553047]) for analyses by 

flow cytometry. The CD4-enriched population (‘CD4s’) were typically >80% CD4+ and 

<2% CD19+ or CD8+ among FSC/SSC-gated lymphocytes. The control cells (‘Depleted 

CD4s’) were <2% CD4+. Nude mice received intravenous injections with 5 × 106 ‘CD4s’ 

per animal or an equal aliquot of control ‘depleted CD4s’ (i.e. aliquots for injection were 

based on counts of ‘CD4s’ and were not readjusted based on the lower cell counts of 

‘depleted CD4s’).

ELISAs

96-well ELISA plates were coated with a detergent-disrupted lysate of RSV (A2)-infected 

Hep2 cells or with purified RSV fusion protein (F, Sino Biologicals, diluted to 0.1 μg/ml). 

Plates were incubated overnight at 4°C. Plates were washed 3X with 150 μl PBS and then 

blocked with 100 μl 3% BSA in PBS for 2 hours at room temperature. Mouse serum or 

bronchoalveolar lavage (BAL) samples were serially diluted in 3% BSA and 0.1% Tween 20 

in PBS. After removing blocking buffer from wells, 50 μl of sample were added per well in 

replicate and incubated for 1 hour at 37°C. Plates were washed 6X with 0.1% Tween 20 in 

PBS. Next, goat anti-mouse IgG (H chain specific; Southern Biotechnology Associates, Inc. 

[SBA]) or goat anti-mouse IgA (H chain, SBA) were diluted to1:1000 and added to plates at 

50 μl per well. Plates were incubated for 1 hour at 37°C and then washed 6X with PBS with 

0.1% Tween 20 in PBS. To each well, 100 μl of 4-nitrophenyl phosphate (Sigma-Aldrich) at 

1mg/ml in diethanolamine buffer was added. OD 405 nm readings were recorded after 15 

minutes. Titers were defined using a non-linear regression program (GraphPad Prism) with a 

cut-off for positivity of 0.1. T tests were conducted using GraphPad Prism Software. A 

sampling of one set of control BALB/c mice (n=5) several weeks after RSV infection 

showed that RSV-specific serum antibody titers ranged from 1,500 to 9,000.

ELISPOTs

RSV-A2 infected Hep2 frozen cell lysates were detergent-disrupted. Antigen was then 

diluted 1:1000 and wells of a 96 well MAIPS4510 plate were coated for overnight 
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incubation at 4°C. Plates were washed 3X with PBS and 100 μl RPMI supplemented with 

glutamine and 10% FCS was added for a 1–2 hour incubation. Cells were isolated from 

nasal tissues (URT) and lungs (LRT) as described previously [12, 13] and concentrations 

were adjusted to 106 cells/ml. Blocking medium was removed from plates and cells were 

added to wells at 100 μl per well in replicate. Plates were incubated for 3 hours at 37°C. and 

washed 3X with PBS. Plates were then incubated with 100 μl alkaline phosphatase 

conjugated goat anti-mouse IgG (H chain) or goat anti-mouse IgA (H chain, SBA). 

Incubation was overnight at 4°C. Plates were washed 6X with PBS prior to adding 100 μl/

well bromo-chloro-indolyl phosphate/nitro blue tetrazolium (Sigma-Aldrich). Plates were 

washed with water and dried. Spots were counted and recorded. T tests were conducted 

using GraphPad Prism Software.

RSV Plaque Assays

On day 24 after infection with RSV, mice were euthanized and lungs were collected in 2 ml 

Dulbecco’s phosphate buffered saline (DPBS) on ice. Lungs were homogenized using a 

PowerGen 125 Homogenizer (Fisher Scientific) and kept on ice. Serial dilutions of 

homogenates were made in EMEM with 10% fetal bovine serum (FBS). Virus titrations 

were in 12 well tissue culture plates that were 80–90% confluent with HEp-2 cells. Briefly, 

medium was removed from plates and serial dilutions of homogenates were plated in 

duplicate, 100 μl per well. Plates were incubated at 37°C, 5% CO2 for 1 hour with shaking 

every 15 minutes. One ml of pre-warmed 0.75% methyl cellulose in EMEM plus 10% FBS 

was added to each well for further incubation for 5 days. The medium with methyl cellulose 

was removed by aspiration. Cells were fixed with 1 ml 10% buffered formalin (Fisher 

Scientific) for 1 hour at room temperature. Formalin was removed and plates were washed 

with tap water. Then, 1 ml Hematoxylin solution (Sigma-Aldrich) was added for 20 minutes 

at room temperature. Plates were washed with tap water, air dried, and plaques were counted 

to determine plaque forming units (pfu) per lung.

RESULTS AND DISCUSSION

Cannon et. al. [11] previously used a cell transfer system to demonstrate that CD4+ T cells 

were required for the generation of serum antibody responses against RSV, and for RSV 

clearance from the respiratory tract. We employed a similar system for the testing of URT 

and LRT ASCs. Briefly, wildtype BALB/c mice were inoculated with RSV intranasally (i.n.) 

and rested for at least 1 month. Nude mice were then inoculated with RSV by the i.n. route. 

Fourteen days later, the nude mice received an intravenous injection with: 1) spleen cells 

depleted of CD8+ T cells and MHC Class II+ cells (B cells, monocytes, macrophages, and 

dendritic cells) from the primed BALB/c animals (an enriched RSV-specific CD4+ T cell 

source termed ‘CD4s’), or 2) the same cells additionally depleted of CD4+ T cells (negative 

control cells termed ‘Depleted CD4s’). Another negative control group was RSV-infected 

nude mice that were not injected with any cells. Serum and BAL antibodies and ASCs from 

nasal tissues (URT) and lungs (LRT) of nude mice were monitored 5 weeks after RSV 

infections (and 3 weeks after cell transfers). The day 14 transfer was selected based on the 

experience of Cannon et. al.[11].
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As expected, and comparable to the results of Cannon et. al., anti-RSV antibodies (scored as 

RSV-specific or RSV fusion [F] protein-specific antibodies) were recognized in the sera of 

animals that received the enriched CD4+ T cell populations. In the absence of CD4+ T cells, 

serum RSV-specific antibodies were not detected (Figure 1). Statistical analyses showed that 

enriched CD4+ T cell transfers were necessary to induce significant RSV-specific serum 

antibody responses (One sample T test; p<.05 for both types of ELISA).

We next turned our attention to the respiratory tract, asking if CD4+ T cells were necessary 

for the induction of local RSV-specific IgA and IgG responses, a first line of defense against 

virus at its point of entry. Mouse groups were as described above. An additional group of 

nude mice received enriched CD4+ T cells, but no RSV. As shown in Figure 2, whereas 

RSV-specific IgG (not IgA) responses were measureable in sera (panel 2A), both IgA and 

IgG antibodies were measureable in the BAL (panel 2B), and both responses were 

dependent on CD4+ T cells. Next we examined ASCs in the URT and LRT, because these 

cells are well positioned to secrete antibodies into the respiratory tract lumen. Results are 

shown in Figures 2C and 2D. The only robust RSV-specific IgG and IgA ASC responses 

were in RSV-infected mice that received enriched CD4+ T cells. We note that the 

relationship of IgA and IgG ASCs in the lung (IgA>IgG) was inverted compared to the 

relationship of antibody titers in BAL (IgG>IgA). This was likely because serum IgG readily 

traffics to the LRT [14]. One-sample T tests demonstrated statistical significance for both 

IgG and IgA ASC responses (p<.05). Small and insignificant numbers of ASCs appeared in 

animals that received cells lacking the CD4+ T cell population.

As shown in supplementary Figure 1, CD4+ T cells were also required for virus clearance. 

In the absence of CD4+ T cells, RSV was present in the lungs of all nude host animals on 

day 24 after virus inoculation. When CD4+ T cells were transferred on day 14, all mice 

exhibited virus clearance on day 24. The differences between mouse groups were significant 

(p<.05, Fisher’s Exact Test). Altogether, results confirmed and advanced those of Cannon et. 

al. [11], and demonstrated the importance of CD4+ T cells for the establishment of RSV-

specific ASCs and antibodies in the respiratory tract.

Debates will continue concerning the types of immune cells or effector molecules that may 

be beneficial or harmful in the context of RSV vaccination and infection in children. 

Following murine experiments with the FI-RSV vaccine, it was suggested that a subset of 

RSV G-specific CD4+ Th2 cells and eosinophils associated with disease, and that inhibition 

of a Th2 cytokine abrogated bronchiolar histopathology [15, 16]. This and similar research 

prompted the suggestion that Th2 cells or perhaps all T cell responses toward RSV should 

be avoided [17]. On the other hand, not all research supports the idea that T cells and 

eosinophils are harmful in the context of RSV vaccinations and infections. For example, it 

has been noted that individuals who lack T cells can experience great difficulty in RSV 

clearance (as is also the case in nude mice [11]), and suffer worse outcomes than their 

immunocompetent counterparts [2, 18, 19]. Biased Th2 cytokine profiles may associate with 

pathology in some mouse models, but this is not necessarily the case in humans [20]. Results 

in the literature are also contradictory in that RSV-specific CD8+ T cells were described as 

harmful in one case, but beneficial in another [21–23]. Furthermore, contrary to previous 

expectations, the eosinophil can be shown to benefit an RSV-infected host. Specifically, 
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when eosinophils are transferred to the lungs of RSV-infected mice, they improve RSV 

clearance and inhibit airway hyper-reactivity [24].

Taken together, results encourage a cautious and comprehensive view of the benefits and 

risks of immune populations. In the context of any lung infection, a balance must be 

achieved; immune cells can clear virus at the site of infection to avoid tissue destruction, but 

the same cells may obstruct airways if they infiltrate tissues in large numbers. Fine 

differences in context (e.g. virus dose, virus strain, cell clone size, antigen specificity, B-T 

ratio, lymphocyte-granulocyte ratio, infection site, airway integrity, and/or airway size) may 

tip the balance between benefit and harm. A focus on (or exoneration of) any one cell type 

as the prime mediator of RSV-associated morbidity may not be warranted, and may hamper 

the development of successful products in the vaccine field. Results in this report re-

emphasize the beneficial role of CD4+ T cells in the context of RSV infection and a healthy 

B cell response.

The dependence of virus-specific B cells on CD4+ T cell help is apparent in our studies, but 

is not always the rule. In the influenza virus field for example, CD4+ T cells support B cell 

responses, but under some circumstances B cells can respond, at least transiently, in the 

absence of CD4+ T cell help [25–27].

CD4+ T cells normally support a plethora of activities that can lend to virus clearance. These 

include induction of interferons, help for CD8+ T cell activities, help for serum antibody 

responses, and help for mucosal antibody responses. Previous literature shows that 

antibodies administered either systemically or mucosally can clear a respiratory virus 

infection [11, 14, 28–30], and that interferon-producing CD4+ T cells, even in the absence 

of B cells, are protective [31]. Vaccines that induce some or all of these seemingly redundant 

activities: (i) can induce durable immune responses [13, 32], (ii) have proven highly 

successful in other fields [33, 34], and (iii) may ultimately serve to protect children from 

RSV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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URT upper respiratory tract

LRT lower respiratory tract

RSV respiratory syncytial virus
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FI-RSV formalin-inactivated RSV vaccine

FCS Fetal calf serum

ELISA Enzyme-linked immunosorbent assay

HBSS Hanks balanced salt solution

PBS phosphate buffered saline
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HIGHLIGHTS

• Adoptive T cell transfers were performed using RSV-infected athymic 

animals as hosts to define CD4+ T cell functions.

• RSV-specific serum antibodies required CD4+ T cells for development.

• The establishment of IgG and IgA-producing antibody secreting cells (ASCs) 

in the upper and lower respiratory tract required CD4+ T cells.

• RSV clearance required CD4+ T cells.

• Results emphasize the importance of CD4+ T cell functions in the context of 

an RSV infection.
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Figure 1. Serum antibodies in RSV-infected mice
Nude mice were infected with RSV and 14 days later received no cells, splenocytes from 

RSV-primed BALB/c mice enriched for CD4+ T cells (depleted of CD8+ and MHC class II+ 

cells including B cells, monocytes, macrophages, and dendritic cells [‘CD4s’]), or the same 

splenocytes additionally depleted of CD4+ T cells (‘Depleted CD4s’). Antibody responses 

against RSV or a purified RSV fusion protein (F) were analyzed by ELISAs 5 weeks after 

RSV infections.
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Figure 2. ASCs in the URT and LRT of RSV-infected mice
RSV-specific IgG and IgA antibody titers were measured in sera (panel A) and 

bronchoalveolar lavage fluids (panel B) of RSV-infected nude mice, which were treated as 

described in Figure 1. Additional controls received CD4+ T cells from RSV-primed BALB/c 

mice, but no RSV. IgG and IgA ASCs were measured in the URT (panel C) and LRT (panel 

D).
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