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ABSTRACT

Respiratory syncytial virus (RSV) causes severe pulmonary disease in infants, young children, 
and the elderly. Formalin inactivated RSV (FI-RSV) vaccine trials failed due to vaccine 
enhanced respiratory disease, but the underlying immune mechanisms remain not fully 
understood. In this study, we have used wild type C57BL/6 and CD4 knockout (CD4KO) 
mouse models to better understand the roles of the CD4 T cells and cellular mechanisms 
responsible for enhanced respiratory disease after FI-RSV vaccination and RSV infection. 
Less eosinophil infiltration and lower pro-inflammatory cytokine production were observed 
in FI-RSV vaccinated CD4KO mice after RSV infection compared to FI-RSV vaccinated 
C57BL/6 mice. NK cells and cytokine-producing CD8 T cells were recruited at high levels in 
the airways of CD4KO mice, correlating with reduced respiratory disease. Depletion studies 
provided evidence that virus control was primarily mediated by NK cells whereas CD8 T 
cells contributed to IFN-γ production and less eosinophilic lung inflammation. This study 
demonstrated the differential roles of effector CD4 and CD8 T cells as well as NK cells, in 
networking with other inflammatory infiltrates in RSV disease in immune competent and 
CD4-deficient condition.

Keywords: Respiratory syncytial virus; FI-RSV; Vaccine enhanced disease; CD8-positive 
T-lymphocytes; NK cell

INTRODUCTION

Human respiratory syncytial virus (RSV) is an enveloped RNA virus and causes severe 
respiratory disease leading to bronchiolitis, pneumonia, and mortality in infants and young 
children less than 5 years of age. As the name of the virus refers, RSV induces formation of 
cell fusion syncytia in respiratory epithelium. In 1960s, an attempt to develop prophylactic 
RSV vaccine trials failed due to enhanced respiratory disease. The children who received 
alum adjuvanted formalin-inactivated RSV (FI-RSV) resulted in 80% of hospitalizations and 
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2 deaths during RSV epidemic season (1-3). Many scientists have been developing protective 
and safe RSV vaccines without causing enhanced respiratory disease, but there is still no 
licensed RSV vaccine. In preclinical murine animal models, other platforms of RSV vaccines 
including recombinant vaccinia expressing RSV glycoproteins (G, F), RSV fusion (F) protein 
and F encoding plasmid DNAs were reported to induce enhanced respiratory disease after 
vaccination and then RSV infection (4-8).

A mechanism of FI-RSV vaccine enhanced respiratory disease is an imbalance in CD4 Th1 and 
Th2 immune responses as reported in studies using BALB/c mouse models (9). Generally, 
Th1 immune responses induce IFN-γ secretion and cytotoxic CD8 T cell activation which are 
desirable responses for antiviral protection. However, FI-RSV vaccination induced Th2-biased 
immune responses, which include RSV-specific IgG1 Ab production and IL-4, IL-5, and IL-13 
producing T cell responses in BALB/c mouse models (10,11). Moreover, FI-RSV immunization 
elicited severe eosinophil infiltration and lung inflammation after RSV infection (11-13). 
Depletion of CD4 and CD8 T cells but not B cells before and during the RSV infection resulted 
in diminishing RSV pathogenesis in BALB/c mice (14,15). Therefore, vaccination inducing 
balanced Th1 CD4 T cell and cytotoxic CD8 T cell responses as well as neutralizing Ab 
production is highly desirable to prevent enhanced respiratory disease after RSV infection 
(16). However, host immune parameters contributing to enhanced respiratory disease have 
not been fully understood yet.

BALB/c mouse models have been commonly used in previous studies reporting RSV 
pathogenesis and vaccine efficacy probably due to being relatively high susceptible to RSV 
infection (17,18). In this study, we have used wild type (WT) C57BL/6 and CD4 knockout 
(CD4KO) mice to better understand the roles of the CD4 T cells and immune cell networks 
contributing to enhanced respiratory disease after FI-RSV vaccination and following RSV 
challenge. In addition, depletion of CD8 T cells and NK cells from the FI-RSV-immunized 
CD4KO mice demonstrated further cellular mechanisms of RSV protection and enhanced 
respiratory disease.

MATERIALS AND METHODS

Animals and reagents
C57BL/6 WT and CD4KO (B6.129S6-Cd4tm1Knw/J) mice were purchased from the Jackson 
laboratory and maintained in the Georgia State University (GSU) animal facility under 
the guidelines of a GSU-approved Institutional Animal Care and Use Committee protocol 
(protocol A18001). Six to eight-wk old female mice were used in this study. FI-RSV was 
prepared by a method previously described (19). Briefly, RSV was amplified in Hep2 cells and 
inactivated with formalin for 3 days at 37°C. The formalin-treated RSV was ultra-centrifuged 
at 30,000 rpm, 4°C for 1 h. The pellet was resuspended in serum-free DMEM and stored at 
−80°C until use.

Immunization, cell depletion, and virus infection
WT and CD4KO mice (n=5, 6–8 wk old age) were immunized with PBS or FI-RSV (2 μg) with 
aluminum hydroxide (Alum, 100 μg) intramuscularly at a 3-wk interval. Blood samples were 
collected at 2 wk after prime and boost immunizations. For specific cell depletion before RSV 
infection, 150 μg of anti-CD8α monoclonal Ab (clone 53-6.7) for CD8 T cell depletion and 50 
μl of anti-asialo GM1 monoclonal Ab for NK cell depletion were injected intraperitoneally 2 
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times on −2 and 0 days relative to the day of challenge. Naïve control and FI-RSV immunized 
mice were infected with 5×105 PFU of RSV A2 intranasally under isoflurane anesthesia at 4 wk 
after boost immunization. Body weight changes were daily monitored for 5 days and airway 
resistance was measured at day 4 post infection by using plethysmography. For measuring the 
airway resistance and hyper-responsiveness, mice were treated with aerosolized 100 mg/ml 
of methacholine (50 μl/mouse) by a nebulizer and the enhanced pause (PenH) was measured 
before and after methacholine treatment by a mouse whole-body plethysmograph (EMKA 
technologies). The percent increases above the baseline PenH were calculated and presented. 
At day 5 post infection, all mice were euthanized and bronchoalveolar lavage fluids (BALF) 
and lung tissues were obtained for further analysis. The RSV titers in lung samples were 
determined by using a plaque forming assay on Hep2 cells as previously described (13).

Ab and cytokine ELISA
To measure RSV-specific Ab levels in immunized mice, immune sera were serially diluted and 
treated to 96-well ELISA plates coated with 200 ng/well of FI-RSV after a blocking process. 
HRP-conjugated anti-mouse IgG, IgG1, and IgG2c Abs were used for detecting specific Ab 
subtypes. The levels of IL-1β, IL-6, and IFN-γ cytokines in BALF and lung homogenates were 
measured by using cytokine ELISA kits (R&D systems, Minneapolis, MN, USA) according 
to the manufacturer's protocol. The OD values were measured at 450 nm by using an ELISA 
reader (Bio-Rad, Hercules, CA, USA).

Lung histopathology
Lung samples from individual mice were harvested at day 5 post RSV infection and fixed in 
10% neutral buffered formalin. The fixed lung samples were processed and then embedded 
paraffin blocks for tissue sections. Lung tissue sections with a thickness of 5 μm were stained 
with H&E or hematoxylin and Congo red (H&CR) to evaluate lung histopathologic changes 
and eosinophil infiltration, respectively as previously described (13,20).

Flow cytometry
Cells prepared from BALF and lung tissues collected at day 5 post infection were stained with 
specific phenotypic marker Abs including CD45 (30-F11), F4/80 (BM8), CD11b (M1/70), CD11c 
(N418), CD103 (2E7), B220 (RA3-6B2), Ly6c (HK1.4), CD49b (DX5), Siglec F (E50-2440), CD3 
(17A2), CD4 (RM4-5), and CD8 (53-6.7) to distinguish the cell populations. To determine the 
RSV-Specific cytokine producing T cells, bronchoalveolar lavage (BAL) cells were stimulated 
with 4 μg/ml RSV peptide mixture (F92-106; ELQLLMQSTPATNNR + F85-93; KYKNAVTEL for CD8 
T cells and G183-195; WAICKRIPNKK for CD4 T cells) for 5 h. And then the stimulated cells were 
fixed and permeabilized by using a Cytofix/Cytoperm kit (BD Biosciences, Franklin Lakes, NJ, 
USA) and stained with the surface markers and intracellular cytokines such as TNF-α, IL-4, 
and IFN-γ. The stained cells were acquired using a BD LSR-II/Fortessa flow cytometer and the 
data were analyzed by FlowJo software. The gating strategy of the immune cells and cytokine-
producing cells were presented in Supplementary Figs. 1 and 2.

Statistical analysis
The data were presented as the mean±SEM. Statistical analysis of data was performed by 
2-way ANOVA with Tukey's multiple comparison test or non-parametric Mann-Whitney test 
by using GraphPad Prism.
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RESULTS

FI-RSV immunization in CD4KO mice induces lower levels of IgG Ab responses 
than those in WT mice
It was known that FI-RSV induced Th2-biased immune responses, contributing to vaccine 
enhanced disease. In this study, we have examined immune responses to FI-RSV vaccination 
in WT and CD4KO mice to better understand the roles of CD4 T cells and cellular immune 
mechanisms in inducing Ag specific Ab production and vaccine-enhanced respiratory disease. 
WT and CD4KO mice were immunized with FI-RSV intramuscularly 2 times with a 3-wk interval, 
immune sera were collected for RSV-specific Ab ELISA at 2 wk after each immunization (Fig. 1).  
In CD4KO mice, RSV-specific Ab levels were not detectable after prime immunization, but IgG 
and IgG1 Abs were increased to significant levels after boost (Fig. 1A and B). The levels of RSV-
specific Ab in CD4KO mice were lower than those in WT mice, suggesting critical roles of CD4 T 
cells in inducing IgG responses to FI-RSV vaccination. Higher IgG2c (or IgG2a in BALB/c mice) 
production reflects Th1-biased immune responses whereas IgG1-dominant Ab response indicates 
Th2 in mice correlating with the induction of Th1 and Th2 cytokines respectively (21,22). No 
significant levels of IgG2c Ab were detected in CD4KO mice whereas low but substantial levels 
of IgG2c in WT mice (Fig. 1C). IgG1 subtype was the dominant RSV-specific IgG Ab induced by 
FI-RSV immunization in both WT and CD4KO mice as evident in the ratio of IgG2c/IgG1 isotype 
Ab levels (Fig. 1D).

CD4 T cells contribute to enhanced respiratory disease by FI-RSV vaccination 
upon RSV infection
The naïve and FI-RSV immunized WT and CD4KO mice were infected with RSV to determine 
the roles of CD4 T cells in inducing vaccine enhanced respiratory diseases by FI-RSV after 
RSV infection. The body weight changes of the infected mice were monitored daily for 5 
days and the PenH values were measured at day 4 post infection. In FI-RSV immunized WT 
mice, a substantial loss (7%) in body weight was observed from day 1 post RSV infection and 
not recovered until the day 5 post infection (Fig. 2A). In the naïve RSV infected WT mice, 
body weight loss was less but not fully recovered until day 5 post infection. However, the 
naïve and FI-RSV immunized CD4KO group showed slight weight loss (≤3% or less) at day 
1 post infection, and fully recovered at day 3 post infection. Airway resistance of the RSV 
infected mice at day 4 post infection was measured by plethysmography under methacholine 
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Figure 1. RSV-specific Ab production in immunized WT and CD4KO mice. WT and CD4KO mice (n=5 each) were immunized with FI-RSV intramuscularly 2 times 
with a 3-wk interval. The immune sera were collected at 2 wk post prime and boost immunization and RSV-specific IgG ELISA was performed. (A-C) RSV-specific 
IgG, IgG1, and IgG2c levels of diluted sera from each immunization groups were shown. Experimental data were presented in mean±SEM. Two-way ANOVA and 
Tukey's multiple comparison tests were performed for statistical analysis. (D) IgG2c/IgG1 ratio of 100-times diluted boost sera from FI-RSV immunized WT and 
CD4KO mice. 
NS, not significant. 
*p<0.001 compared to C57BL/6 WT boost; †p<0.001 compared to C57BL/6 WT prime.
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treatment (Fig. 2B). FI-RSV immunized WT mice showed significantly enhanced PenH values, 
but CD4KO mice immunized with FI-RSV displayed significantly less airway obstruction, 
indicating reduced respiratory disease. Lung virus titers at day 5 post RSV infection were 
significantly lower in both FI-RSV immunized WT and CD4KO mice than those of the naïve 
RSV groups (Fig. 2C). There were no significant differences in lung virus titers between FI-
RSV immunized WT and CD4KO mice.

Lung inflammation and eosinophil infiltration are the representative pathological 
changes of vaccine enhanced diseases by RSV infection in FI-RSV immunized population. 
Histopathology appeared to be less severe in the lung from CD4KO mice compared to that 
from WT mice without FI-RSV vaccination after RSV infection (Supplementary Fig. 3). 
Perivascular inflammation after RSV infection was most severe in both FI-RSV immunized 
WT and CD4KO mice despite of low viral loads (Supplementary Fig. 3). The CD4KO mice 
immunized with FI-RSV significantly reduced eosinophil infiltration, but not fully, compared 
with eosinophil infiltration of FI-RSV immunized WT mice in H&CR staining for eosinophils 
in lungs (Fig. 3A). This result suggests that CD4 T cells are partially responsible for eosinophil 
infiltration in FI-RSV immunized mice after RSV infection. In addition, pro-inflammatory 
cytokines such as IL-6 and IL-1β were reduced in lung extracts from FI-RSV CD4KO mice 
compared to WT mice, and anti-viral cytokine IFN-γ was significantly increased in FI-RSV 
CD4KO mice (Fig. 3B). These results provide evidence for reduced lung inflammation in FI-
RSV immunized CD4KO mice after RSV infection.

FI-RSV vaccination in CD4KO mice recruits NK cells and effector CD8 T cells 
into the airway BALF upon RSV infection
Under a CD4 T cell deficient condition, CD4KO mice might display different cellular 
recruitment in the airways after RSV infection from WT mice. We collected BAL cells at 
day 5 post infection and carried out flow cytometric analysis of the cellular phenotypes and 
intracellular cytokine staining (Figs. 4 and 5). The gating strategy of the cells were presented 
in Supplementary Figs. 1 and 2. FI-RSV immunization in both WT and CD4KO mice reduced 
the number of alveolar macrophages in BAL after RSV infection (Fig. 4B). As observed 
in H&CR-stained lung histopathology (Fig. 3A), significantly lower levels of eosinophils 
(CD45+CD11b+CD11c−SiglecF+) were detected in FI-RSV immunized CD4KO mice compared 
to WT mice. Nonetheless, substantial amounts of eosinophils were recruited in CD4KO 
mice with FI-RSV vaccination after RSV challenge (Fig. 4C). Previous studies have reported 
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Figure 2. FI-RSV immunized CD4KO mice are protected against RSV disease and viral replication. The immunized WT and CD4KO mice (n=5 each) were 
challenged with RSV intranasally and monitored body weight daily. Two-way ANOVA and Tukey's multiple comparison tests were performed between groups and 
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no detection or low levels of eosinophil infiltration in RSV infected naïve animals and in less 
severe human patients (11,12,20,23). In consistent, we observed no eosinophils or below 
the detection limit in the lung from WT and CD4KO mice without FI-RSV vaccination after 
challenge with RSV (Fig. 4C). NK cells (CD45+CD3−CD49b+), neutrophils (CD45+CD11b+F4/80−

Ly6cint), and CD103+ dendritic cells (DCs; CD45+F4/80−CD11c+MHCII+CD103+) were 
significantly increased in FI-RSV immunized CD4KO mice compared to WT mice (Fig. 4D-F). 
There were similar levels of CD11b+ DCs (CD45+F4/80−CD11c+MHCII+CD11b+) between FI-RSV 
immunized WT and CD4KO mice but we observed a trend of reduced levels in monocytes 
(CD45+CD11b+F4/80+Ly6chi) and plasmacytoid DCs (pDCs) (CD45+F4/80-CD11c+MHCII+B220+) 
in BAL samples from CD4KO with FI-RSV vaccination and RSV challenge (Fig. 4G-I).

In addition to significant increase of NK cell population, FI-RSV immunized CD4KO 
mice showed significant increases in cytokine-producing effector CD8 T cells 
(CD45+CD3+CD8+TNF-α+ or CD45+CD3+CD8+IFN-γ+, Fig. 5A) in BAL, which is correlating 
with high levels of airway CD103+ DCs (Fig. 4F). In contrast, WT mice recruited high levels 
of CD4 T cells producing TNF-α, IFN-γ, and IL-4 into the airway BALF (Fig. 5B). These 
results suggest that NK cells and CD8 T cells might play a role in providing better protective 
outcomes of less weight loss and inflammation in CD4KO mice upon RSV infection whereas 
high levels of effector CD4 T cells secreting inflammatory cytokines (TNF-α, IL-4) in the 
airways contribute to severe FI-RSV enhanced inflammation in WT mice.
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Extensive lung effector CD4 T cells correlate with inflammatory infiltrates in 
WT mice upon RSV infection
Lung infiltrates were analyzed by flow cytometry to better understand inflammation and 
pathology in WT mice after RSV infection (Figs. 6 and 7). Flow cytometry results of CD4 T 
cells confirmed CD4 deficiency in CD4KO mice. TNF-α and IL-4 producing total lung cells 
in FI-RSV WT mice were significantly higher than those in CD4KO mice (Fig. 6A and C). 
IFN-γ+ CD4 T and TNF-α+ CD4 T cells were recruited at high to moderate levels into the lung 
from naive WT mice after RSV infection (Fig. 6D and E). In addition, higher levels of total 
infiltrates, alveolar macrophages, monocytes, NK cells as well as diverse DC populations 
(pDCs, CD103+ DCs, CD11b+ DCs) were infiltrated into the lung from naive WT mice 
compared to those in CD4KO naïve mice after RSV infection (Fig. 7A-G). These effector CD4 
T cells and infiltrates appear to correlate with moderate histopathology in naïve WT C57BL/6 
mice compared to CD4KO mice after RSV infection (Supplementary Fig. 3).
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FI-RSV vaccination in WT C57BL/6 mice resulted in extensive induction of lung effector CD4 
T cells producing TNF-α and IL-4 cytokines most dominantly and IFN-γ+ at moderate levels 
upon RSV challenge (Fig. 6D-F). The high levels of pro-inflammatory TNF-α+ and Th2 type 
IL-4+ CD4 T cells contributed to weight loss and might be partially responsible for eosinophil 
infiltration in mice after FI-RSV vaccination and RSV challenge. In contrast, cytokine-
producing CD8 T cells were recruited into the lung at significantly higher levels in FI-RSV 
immunized CD4KO mice after RSV infection (Fig. 6G-I). Lung eosinophils were significantly 
recruited in WT mice compared to those in CD4KO mice after FI-RSV vaccination and RSV 
challenge (Fig. 7H). There were no significant differences in the levels of other myeloid cells 
such as monocytes, neutrophils, and NK cells recruited into the lung in WT and CD4KO mice 
after FI-RSV vaccination and RSV challenge (Fig. 7C, D, and I).

NK and CD8 T cell depletion results in increases in weight loss and lung viral 
loads in FI-RSV immunized CD4KO mice upon RSV infection
To investigate the roles of CD8 T cells and NK cells in protective outcomes in FI-RSV immunized 
CD4KO mice, we depleted CD8 T cells and NK cells before RSV challenge by treating with 
cell specific depleting Abs (Fig. 8). At day 1 post infection, the CD8 and NK-depleted FI-RSV 
immunized CD4KO mice showed similar body weight loss (3%) as control (no depletion) FI-
RSV immunized CD4KO mice. At day 2 after RSV infection, NK-depleted CD4KO mice showed 
8% of weight loss and CD8-depleted CD4KO mice showed 7% of weight loss, a level similar to 
that observed in FI-RSV immunized WT mice whereas control FI-RSV immunized CD4KO mice 
displayed 3% weight loss. The control FI-RSV immunized CD4KO mice recovered by day 3 post 
infection, but the NK-depleted mice recovered after 5 days, and CD8-depleted mice could not 
fully recover body weight until day 5 post infection (Fig. 8A). PenH values were measured at day 
4 post RSV infection, but there was no significant difference in FI-RSV immunized CD4KO mice 
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Figure 5. Intracellular cytokine staining of CD4 and CD8 T cells infiltrated into the airway BALF upon RSV infection. BAL cells were harvested as described in Fig. 4.  
Intracellular cytokine staining of cells in BALF was performed to determine cytokine producing cells. Experimental data were shown in mean±SEM. Non-
parametric Mann-Whitney test was performed between the indicated groups for statistical analysis. 
*p<0.05.
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with CD8 T cell or NK cell depletion (Fig. 8B). However, the control of viral loads in lung was 
highly affected as a result of depleting NK or CD8 T cells (Fig. 8C). Significantly increased viral 
loads were observed in both CD8 and NK cell depleted CD4KO mice compared with the control 
FI-RSV immunized CD4KO mice. In particular, NK cell-depleted CD4KO mice with FI-RSV 
vaccination could not control lung viral loads and showed similar viral loads to naïve CD4KO 
mice. These results suggest that the effector cells such as CD8 T cells and NK cells also play a 
role in controlling RSV replication and in alleviating weight loss due to RSV infection.

NK and CD8 T cell depletion has differential impact on lung inflammation in 
FI-RSV immunized CD4KO mice after RSV infection
BAL and lung samples were harvested at day 5 after infection in non-depleted control, CD8-
depleted and NK-depleted CD4KO mice to assess lung inflammation. IFN-γ production was 
completely suppressed in CD8-depleted FI-RSV CD4KO mice and significantly reduced in 
NK-depleted FI-RSV CD4KO mice (Fig. 9A). Pro-inflammatory cytokine IL-6 production 
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Figure 6. Intracellular cytokine staining of CD4 and CD8 T cells infiltrated into the lung tissues upon RSV infection. The immunized WT and CD4KO mice (n=5 
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Figure 7. Cellular phenotypes of inflammatory infiltrates ion into the lung upon RSV infection. Lung tissues were harvested at day 5 post challenge and cells 
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in lung was significantly enhanced in CD8-depleted and NK-depleted FI-RSV CD4KO 
mice, which is similar to those in FI-RSV WT mice (Fig. 9B). A moderate increase in IL-
1β cytokine was observed in NK-depleted FI-RSV CD4KO mice (Fig. 9C). A significant 
reduction in alveolar macrophages was observed in the BAL cells from NK-depleted CD4KO 
mice (Fig. 9D). In addition, a significant increase in eosinophil infiltration was detected 
in CD8-depleted FI-RSV CD4KO mice (Fig. 9E). These results indicate that CD8 T cells are 
responsible for most IFN-γ production in lung and partial inhibition of eosinophil infiltration 
and that NK cells play a role in reducing lung inflammation by controlling viral loads in 
CD4KO mice with FI-RSV vaccination upon RSV infection.

DISCUSSION

CD4 T cells orchestrate humoral and cellular immune responses by interacting with Ag 
presenting cells through a T cell receptor and modulating a pattern of Th1 and Th2 cytokines. 
CD4 T cells have been considered to be mainly responsible for enhanced respiratory disease 
after RSV infection of FI-RSV vaccinated BALB/c mice (24,25). Alum adjuvant in FI-RSV 
vaccination of BALB/c mice induced RSV-specific IL-4+ and TNF-α+ CD4 T cells rather than 
IFN-γ+ CD8 T cells, which exacerbated pulmonary inflammation after RSV infection (26). We 
tested whether FI-RSV vaccine enhanced respiratory disease could be induced in WT C57BL/6 
and CD4KO mice upon RSV infection. Consistent with those in BALB/c mice (27), FI-RSV 
vaccine enhanced respiratory disease was induced in WT C57BL/6 mice as determined by Th2 
biased IgG responses after vaccination, weight loss, increased airway resistance, enhanced 
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Figure 9. Inflammatory responses in FI-RSV CD4KO mice after CD8 T and NK cell depletion. Naïve and FI-RSV immunized WT, CD4KO, CD8 T-depleted CD4KO, NK-
depleted CD4KO mice (n=5 each) were challenged with RSV intranasally. BAL and lung samples were harvested at day 5 post infection. (A-C) Cytokine levels in 
lung extracts. (D, E) Immune cell infiltration in BALF. Experimental data were shown in mean±SEM. Non-parametric Mann-Whitney test was performed between 
the indicated groups for statistical analysis. 
*p<0.05; **p<0.01.

https://immunenetwork.org


inflammatory cytokine production, and eosinophil infiltration in lung after RSV infection. 
Significantly lower IgG levels by 10 folds were induced in CD4KO mice than those in WT 
mice after FI-RSV vaccination but the efficacy of lung viral clearance was similarly observed 
in both mice after RSV infection. There was no correlation between lung viral titers and 
inflammatory disease in naïve and FI-RSV vaccinated WT C57BL/6 and CD4KO mice upon 
RSV infection, which was also reported in BALB/c mice (28-32), suggesting a limitation in 
murine models for RSV pathogenesis. Nonetheless, there were significant differences in 
FI-RSV vaccine enhanced respiratory disease between WT C57BL/6 and CD4KO mice with 
FI-RSV vaccination or not upon RSV infection, supporting the rationale justification of this 
study on the roles of CD4 T cells in RSV disease.

In a CD4KO mouse model, the vaccine enhanced disease parameters monitored during RSV 
infection after FI-RSV immunization were significantly reduced. Lung eosinophil infiltration 
was diminished in the FI-RSV immunized CD4KO mice as well as body weight loss and 
airway resistance compared to the FI-RSV immunized WT mice. These results suggest 
that Th2 biased CD4 T cell responses to FI-RSV vaccination were a parameter deriving 
immunopathology responsible for vaccine-enhanced respiratory disease. Consistently, 
previous studies reported that depletion of CD4 T cells but not B cells before and during 
RSV infection significantly lessened inflammatory RSV disease in BALB/c mice (14,15). 
Nonetheless, there were still substantial levels of lung eosinophil infiltration even under a 
CD4-deficient condition after FI-RSV vaccination upon RSV infection.

CD4 T cell deficiency would not generate an imbalanced immune condition of Th2 CD4 T 
cells which are associated with inducing eosinophil infiltration and suppressing the induction 
and recruitment of cytotoxic CD8 T and NK cells into the lungs. As a result, protective CD8 T 
and NK cell responses would be promoted in CD4KO mice, contributing to diminishing FI-
RSV vaccine enhanced respiratory disease. In this study, we provide evidence that CD8 T cells 
and NK cells play a protective role in FI-RSV vaccine enhanced respiratory diseases in a CD4 
deficient condition. We observed significant increases in NK cells and cytokine-producing 
CD8 T cells in the BALF of FI-RSV vaccinated CD4KO mice upon RSV infection, suggesting 
the possible protective roles of NK and CD8 T cells. There were previous studies reporting 
that a small subset of conventional DC (cDC) expresses CD4 molecules (33,34). Therefore, it 
is possible that CD4KO mice not only have no CD4 T cells, but also might have a defect with 
developing cDC expressing CD4. It should be noted that the phenomenon observed such as 
the attenuation of eosinophil recruitment and subsequent inflammatory disease in CD4KO 
mice might be the result from the outcomes by deficiency of both CD4 T cells and a subset of 
cDCs expressing CD4 molecules. It is also possible that the increase of CD103 DCs in CD4KO 
mice together with CD8 T cells and NK cells might have contributed to the inhibition of 
respiratory disease.

CD8 T cell plays a role in antiviral responses by its cytotoxic effector function and cytokine 
production like IFN-γ. Cytotoxic CD8 T cell transfer to the naïve immune-deficient mice 
could provide protection against RSV infection by successful RSV clearance (35-37). A recent 
study reported the roles of resident memory CD8 T cells in providing protection against 
RSV infection (38). It was also demonstrated that a lack of CD8 T cell induction by FI-RSV 
vaccination might promote eosinophil infiltration and disease enhancement in lungs (39). 
In WT mice with intact CD4 T cells, FI-RSV immunization induced strong Th2-biased CD4 T 
cell activation. IL-4 Th2 unbalanced responses cause relative inhibition of IFN-γ producing 
CD8 T cell and Th1 CD4 T cell responses. In addition, other Th2 cytokines produced by 
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CD4 T cells such as IL-5 and IL-13 can promote eosinophil infiltration in lung. In a CD4 
deficient condition, there would be no such Th2-CD4 T cell-mediated inhibition of IFN- γ 
producing effector CD8 T cells, contributing to better protection against RSV infection in 
FI-RSV immunized CD4KO mice. In this study, we found significant increases in CD8 T cells 
secreting TNF-α and IFN-γ from FI-RSV immunized CD4KO upon RSV infection. In addition, 
CD8 T cell depletion from FI-RSV immunized CD4KO mice resulted in lowering IFN-γ levels 
to a background and increases in lung viral loads, inflammatory IL-6 cytokine, severe weight 
loss, and eosinophil infiltration. This finding suggests that a deficiency of CD4 T cells during 
FI-RSV vaccination appears to promote the induction of protective CD8 T cell responses 
contributing to protection against weight loss upon RSV infection.

NK cells are known to play dual roles in RSV infection. NK cells play a role in providing 
protection against RSV by inducing cytotoxicity of virus-infected airway epithelial cells, 
but also can aggravate lung injury by producing excessive cytokines and cytotoxicity, which 
results in severe injury and immune regulation in the lung (40). NK cell is one of the innate 
immune cells which produce IFN-γ, TNF-α, and cytotoxic granules and induce cell death of 
virus-infected cells. It also contributes to regulate the adaptive immune responses including 
CD8 T cell differentiation into effector cytotoxic lymphocyte as well as CD4 T cell activation 
(41,42). During RSV infection, NK cells were recruited to the lung and highly activated to 
induce acute lung injury. The activated NK cells produce IFN-γ which increases lung CD8 
T cell recruitment and aggravates lung pathology (43,44). Consistent with these previous 
studies on NK cells, our preliminary studies showed that inclusion of an adjuvant Addavax 
(MF59-like oil-in-water emulsion) in FI-RSV split vaccination of BALB/c mice resulted in 
increased recruitment of activated NK cells and other inflammatory innate and adaptive 
infiltrates causing severe histopathology despite lung viral clearance upon RSV infection 
(data not shown). However, the roles of NK cells in FI-RSV vaccination enhanced respiratory 
disease are not full elucidated yet. NK cells and effector CD8 T cells were not recruited into 
the airway BALF collected from alum adjuvanted FI-RSV vaccinated WT C57BL/6 mice upon 
RSV infection. It might be due to the high levels of RSV-specific CD4 T cells in WT mice. 
The virus infection and replication were blocked by the RSV-specific serum Ab and Th2-
biased strong CD4 T cell responses including IL-4 and IL-13 cytokine production, promoting 
eosinophil infiltration greatly in the airway rather than recruitment of effector CD8 T cells 
or NK cells. In contrast, FI-RSV vaccination and RSV infection of CD4KO mice recruited NK 
cells and effector CD8 T cells at higher levels. NK cell depletion from FI-RSV immunized 
CD4KO mice during RSV infection led to substantial weight loss similar to FI-RSV WT mice 
and more increases in lung RSV titers compared to those in CD8 depletion, suggesting that 
NK cells are a critical cell population to clear lung viral loads in FI-RSV vaccinated CD4KO 
mice. It is interesting to note that CD8 depletion led to a complete loss in IFN-γ production 
whereas NK depletion to a partial loss in IFN-γ and no control of viral loads, indicating a 
cross-talk between NK cells and effector CD8 T cells.

This study supports that CD4 T cells are required for inducing high levels of humoral IgG 
responses to alum adjuvanted FI-RSV vaccination but also contribute to FI-RSV vaccine 
enhanced respiratory disease. It is also likely that alum adjuvanted FI-RSV vaccination of WT 
C57BL/6 mice appears to suppress the induction of effector CD8 T cells and NK cells in the 
airways in contrast to CD4KO mice during RSV infection. RSV vaccination should induce 
neutralizing Abs while avoiding the induction of Th2 type CD4 T cell responses. Excessive 
induction of RSV-specific memory CD8 T cells can contribute to severe immunopathology 
following RSV infection (45). Similarly, NK cell immunity needs to be cautious due to its 
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potential contribution to immunopathology and eosinophilia upon RSV infection (44). 
Further studies are required to investigate the molecular mechanisms of CD8 T cells and 
NK cells in RSV vaccine-induced protection and lung pathology to provide better insight in 
developing an effective and safe RSV vaccine.
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SUPPLEMENTARY MATERIALS

Supplementary Figure 1
Gating strategy for innate immune cells. Alveolar macrophages, CD11b−CD11c+F4/80+; 
eosinophils, CD11b+CD11c−SiglecF+; neutrophils, CD45+CD11b+F4/80−Ly6cint; monocytes, 
CD45+CD11b+F4/80+Ly6chi; NK cells, CD45+CD3−CD49b+, pDCs, CD45+F4/80−

CD11c+MHCII+B220+; CD103 DCs, CD45+F4/80−CD11c+MHCII+CD103+; CD11b DCs, 
CD45+F4/80−CD11c+MHCII+CD11b+.

Click here to view

Supplementary Figure 2
Gating strategy for cytokine-producing lymphocytes. CD4 and CD8 T cells were gated from 
CD3+ cells. Ag-specific cytokine production was evaluated after 5-h RSV F and G peptide 
treatment.

Click here to view

Supplementary Figure 3
Histopathological changes in lung. Lung samples were harvested from the naïve mice or the 
RSV infected mice at day 5 post challenge. Lung sections were stained with H&E.

Click here to view
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