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ABSTRACT Respiratory syncytial virus (RSV) infection of seronegative children previ-
ously immunized with formalin-inactivated (FI) RSV has been associated with serious
enhanced respiratory disease (ERD). The phenomenon was reproduced in the cotton
rat and the mouse, and both preclinical models have been routinely used to evalu-
ate the safety of new RSV vaccine candidates. More recently, we demonstrated that
immunizations with suboptimal doses of the RSV fusion (F) antigen, in its post- or
prefusion conformation, and in the presence of a Th1-biasing adjuvant, unexpect-
edly led to ERD in the cotton rat model. To assess if those observations are specific
to the cotton rat and to elucidate the mechanism by which vaccination with low an-
tigen doses can drive ERD post-RSV challenge, we evaluated RSV post-F antigen
dose de-escalation in BALB/c mice in the presence of a Th1-biasing adjuvant. While
decreasing antigen doses, we observed an increase in lung inflammation associated
with an upregulation of proinflammatory cytokines. The amplitude of the lung histo-
pathology was comparable to that of FI-RSV-induced ERD, confirming the observa-
tions made in the cotton rat. Importantly, depletion of CD4� T cells prior to viral
challenge completely abrogated ERD, preventing proinflammatory cytokine upregu-
lation and the infiltration of T cells, neutrophils, eosinophils, and macrophages into
the lung. Overall, low-antigen-dose-induced ERD resembles FI-RSV-induced ERD, ex-
cept that the former appears in the absence of detectable levels of viral replication
and in the context of a Th1-biased immune response. Taken together, our observa-
tions reinforce the recent concept that vaccines developed for RSV-naïve individuals
should be systematically tested under suboptimal dosing conditions.

IMPORTANCE RSV poses a significant health care burden and is the leading cause
of serious lower-respiratory-tract infections in young children. A formalin-inactivated
RSV vaccine developed in the 1960s not only showed a complete lack of efficacy
against RSV infection but also induced severe lung disease enhancement in vacci-
nated children. Since then, establishing safety in preclinical models has been one of
the major challenges to RSV vaccine development. We recently observed in the cot-
ton rat model that suboptimal immunizations with RSV fusion protein could induce
lung disease enhancement. In the present study, we extended suboptimal dosing
evaluation to the mouse model. We confirmed the induction of lung disease en-
hancement by vaccinations with low antigen doses and dissected the associated im-
mune mechanisms. Our results stress the need to evaluate suboptimal dosing for
any new RSV vaccine candidate developed for seronegative infants.
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Respiratory syncytial virus (RSV) causes lower-respiratory-tract infections leading to
mortality and morbidity in children, the elderly, and immunocompromised adults

and therefore represents a significant public health issue and economic burden (1–3).
The only FDA-approved treatment for high-risk infants consists of a prophylactic
administration of palivizumab, a monoclonal antibody (MAb) targeting the surface
fusion (F) glycoprotein, which mediates viral entry and propagation in the host (4).
However, the current cost of this MAb prophylaxis, along with the inconvenience of
once-a-month injections, makes immunoprophylaxis with palivizumab unfeasible for
healthy infants and warrants the development of a RSV vaccine.

The major obstacle to vaccine development dates from the 1960s with the failure of
an alum-precipitated, formalin-inactivated (FI) RSV vaccine candidate that, in addition
to lacking efficacy, induced enhanced respiratory disease (ERD) upon natural infection
(5–8). This led to the deaths of two children and to the hospitalization of 80% of the
vaccinees, as opposed to 5% in the control vaccine group. ERD included pneumonia,
bronchiolitis, rhinitis, and bronchitis, despite an encouraging initial �4-fold increase in
the level of neutralizing antibodies (NAbs) in 43% of the vaccinees (8). A more-detailed
study on the composition of the anti-RSV antibodies showed poor neutralizing activity
against the F and G viral surface glycoproteins relative to that in naturally infected
individuals. The authors concluded that FI-RSV induced an unbalanced immune re-
sponse, with an unusual proportion of non-neutralizing antibodies against the F and G
antigens (9).

Additionally, postmortem examination of the lungs from the two fatal cases re-
vealed the presence of mononuclear cells, neutrophils, and eosinophils in the lower
respiratory tract. It was hypothesized that alum-precipitated FI-RSV vaccination primed
for an exaggerated Th2-biased immune response in the absence of cytotoxic T lym-
phocytes (reviewed in references 10 and 11), which, upon subsequent RSV exposure,
led to high antigen burdens in the lungs and to the recruitment of immune cells (i.e.,
RSV-specific T cells, neutrophils, or eosinophils), ultimately resulting in airway obstruc-
tion.

The RSV F glycoprotein, in its postfusion (RSV post-F) or prefusion (RSV pre-F)
conformation (12), is the primary target for neutralizing antibodies and the antigen of
choice for vaccine development due to its antigenic stability, with minimal differences
between RSV subtypes (13). Numerous studies in animal models have suggested that
a safe immune profile in response to RSV immunization should combine a highly
neutralizing antibody response with a Th1-biased cellular response (reviewed in refer-
ences 14 and 15). However, we have reported that in the cotton rat model, vaccination
with suboptimal doses of soluble RSV F (sF) antigen (in the post- or prefusion confor-
mation) in the presence of a strong Th1-biasing adjuvant (GLA-SE, comprising a Toll-like
receptor 4 [TLR4] agonist, glucopyranosyl lipid A [GLA], integrated into a stable
squalene emulsion [SE]) could also lead to alveolitis-associated histopathology, the
hallmark of ERD (16). Due to the lack of availability of immunological tools for the
cotton rat, the exact mechanism of action of low-antigen-dose-associated ERD could
not be investigated.

In the present study, we conducted a detailed immunological evaluation of soluble
RSV post-F antigen dose de-escalation in order to evaluate whether low antigen doses
could also lead to ERD in the BALB/c mouse model. The inflammation profiles induced
by low antigen doses post-RSV A2 challenge were compared to those in FI-RSV-induced
enhanced disease. In order to elucidate the potential mechanism of action leading to
ERD, we depleted CD4� and CD8� T cells prior to viral challenge and evaluated the
impact on subsequent lung inflammation.

Interestingly, we confirmed our initial observations made in the cotton rat model
(16): low doses of RSV post-F antigen, even in the presence of a Th1-biasing adjuvant,
induce lung histopathology similar to that with FI-RSV. Despite different immunological
profiles induced by FI-RSV (Th2 bias) and low RSV F antigen doses (Th1 bias), CD4� T
cell depletion completely prevented ERD in both instances, strongly inhibiting lung
inflammation and immune cell infiltration, whereas CD8� T cell depletion had only a
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marginal impact. Overall, the confirmation of low-antigen-dose-induced ERD in a model
other than the cotton rat and the elucidation of its mechanism of action are of great
importance for the RSV field. The present work will help to guide the preclinical
evaluation of any new vaccine candidate targeting RSV-naïve infants and children.

RESULTS
RSV F-specific antibody response and lung protection from viral challenge

after immunization with decreasing doses of soluble RSV post-F antigen. BALB/c
mice were immunized twice (day 0 and day 21) intramuscularly (i.m.) with an antigen
dose that conferred full protection in previous studies (1.5 �g) or with decreasing doses
of RSV post-F antigen (0.3, 0.06, and 0.012 �g) in the presence of the GLA-SE adjuvant
(2.5 �g GLA in 2% SE) (Fig. 1). As expected, immunization with decreasing doses of
antigen resulted in decreasing levels of neutralizing antibody (NAb) titers (means, 10.6,
9.5, 8.6, and 4.3 log2, respectively) (Fig. 1A) and decreasing concentrations of anti-RSV
F-specific total IgG (ranging from 215 to 25 �g/ml) (Fig. 1B). Only the lowest antigen
dose tested (0.012 �g) failed to induce an immune response that conferred full
protection against RSV A2 challenge in the lungs; viral breakthrough was observed in
3 animals out of 5 (Fig. 1C). Similarly, FI-RSV immunization induced low NAb titers
(mean, 4.4 log2) and low concentrations of anti-RSV F-specific IgG (22 �g/ml) and failed
to raise an immune response capable of conferring complete protection from viral
replication in the lungs; viral titers were measurable in all animals (Fig. 1). Additionally,
measurement of viral titers in nasal turbinates (NT) (Fig. 1D) showed that the two doses
below 0.3 �g of antigen did not confer full protection in the upper respiratory tract and

FIG 1 Immunogenicity induced by decreasing doses of post-F antigen. BALB/c mice (7 weeks old; n, 5 per group)
were immunized i.m. at day 0 and day 21 with either buffer alone, different doses of post-F antigen with GLA-SE
(2.5 �g GLA in 2% SE) as an adjuvant, or FI-RSV. A control group for natural infection was immunized i.n. with live
RSV (106 PFU) at day 0. At day 34, animals were challenged i.n. with 106 PFU of wild-type (wt) RSV A2. Naïve animals
were left untreated. (A) Prior to challenge (day 33), sera were harvested, and NAb titers were evaluated using a
microneutralization assay. Data are presented as the log2 dilution of serum that provides a 50% reduction in viral
entry with an LLOD of 4 (indicated by a dashed line). (B) At sacrifice (day 39), RSV F-specific total IgG was measured
by ELISA. For panels A and B, Kruskal-Wallis analyses comparing the experimental groups with the buffer-alone
group were performed, followed by pairwise Dunn’s multiple-comparison tests. *, P � 0.05. (C and D) Lung (C) and
nasal turbinate (D) viral loads were determined by plaque assays. Medians, with ranges of individual values, are
shown.
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are therefore considered suboptimal in the context of immunization with RSV F plus
GLA-SE in mice.

Overall, profiles similar to those published previously for the cotton rat model (16)
were obtained, with antigen doses covering full to no protection of the lungs from
challenge.

Dosing down of soluble RSV post-F antigen leads to enhanced inflammation in
lung tissue post-RSV A2 challenge. Lungs from animals immunized with decreasing
doses of RSV post-F antigen or with FI-RSV, a positive control for ERD, were harvested
4 days post-RSV A2 challenge, homogenized, and clarified by centrifugation, and the
supernatants were pooled for each treatment group and were analyzed in duplicate by
multiplex cytokine analysis. The expression of cytokines previously associated with
FI-RSV-induced enhanced disease (eotaxin, interleukin 5 [IL-5], IL-13, and tumor necrosis
factor alpha [TNF-�]) (17–19) was assessed (Fig. 2A to D). As expected, the Th2-biasing
cytokines IL-5, IL-13, and eotaxin were strongly upregulated in animals previously
immunized with FI-RSV relative to levels in animals immunized with the optimal dose
of RSV F (1.5 �g), with 95-, 114-, and 8-fold increases, respectively. TNF-� was also
induced in FI-RSV-immunized animals, but to a lesser extent under these experimental
conditions (a 3.3-fold increase over the level with 1.5 �g of RSV F plus GLA-SE).
Interestingly, IL-5 and eotaxin were only mildly upregulated by immunization with low
doses of RSV F antigen, peaking at the RSV post-F dose of 0.06 �g with 8- and 2-fold
increases, respectively, over levels with RSV F at the 1.5-�g dose. IL-13 was undetect-
able in all RSV F-immunized animals, and TNF-� upregulation was similar to that
observed in the FI-RSV group (a 2.2-fold increase). Overall, the data suggest potential
differences between the pathway leading to ERD induced by FI-RSV and that for ERD
induced by low RSV F antigen doses.

The cytokine analysis was extended to other proinflammatory cytokines (IL-6,
interferon gamma-induced protein 10 [IP-10], and monocyte chemoattractant pro-
tein 1 [MCP-1]) and to cytokines with neutrophil chemoattractant properties (IL-17,
keratinocyte chemoattractant [KC], and macrophage inflammatory protein 2 [MIP-
2]) (Fig. 2E to J) (20). All of these cytokines were upregulated at lower doses of RSV
F antigen (peaking at 0.06 �g in this experiment, with 6.3-, 9.1-, 3.6-, 4.1-, 2.5-, and
2-fold increases, respectively). In contrast, FI-RSV induced only IL-6 and MIP-2 (8-
and 2.1-fold, respectively), suggesting, again, potentially different mechanisms for
inflammation enhancement triggered by FI-RSV and that triggered by immunization
with a low dose of RSV F.

Vaccination with low RSV post-F antigen doses induces enhanced lung pathol-
ogy. To evaluate the impact of the observed increase in inflammatory cytokines
induced by low RSV F doses on lung histopathology, we focused our investigation on
three doses of RSV F antigen (1.5, 0.06, and 0.012 �g) (Fig. 3). To further confirm that
our observations were specifically correlated with RSV F antigen vaccination, another
negative control was introduced, consisting of a group of animals immunized with a
nonrelevant antigen, human cytomegalovirus (CMV) glycoprotein B (gB; 0.06 �g) with
GLA-SE (2.5 �g GLA in 2% SE) as an adjuvant. Four days post-RSV A2 challenge, lungs
were harvested, inflated with 10% formalin, and embedded in paraffin. Sections stained
with hematoxylin and eosin (H&E) were examined and scored by a blinded pathologist.
A cumulative histopathology score ranging from 0 to 20 was based on inflammatory
characteristics including (i) peribronchiolar cuffing by lymphocytes and/or neutrophils,
(ii) alveolitis (characterized by lymphocytes, macrophages, and neutrophils within
alveolar spaces), and (iii) thickening of alveolar walls. Low histopathology scores
(median score, 1.5) were observed in the buffer-alone negative-control group and,
more importantly, in the negative-control group immunized with CMV gB plus GLA-SE,
demonstrating that the GLA-SE adjuvant alone does not induce disease enhancement
and that ERD is dependent on the RSV F antigen. Vaccination with 1.5 �g RSV F antigen
with GLA-SE induced mild inflammation (median score, 5) (Fig. 3H). In contrast, signif-
icantly higher histopathology scores were observed in animals immunized with FI-RSV
or with a low dose of RSV F antigen (0.06 �g); the median overall histopathology score
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FIG 2 Dosing down of antigen leads to enhanced inflammation in lung tissue post-RSV A2 challenge.
BALB/c mice (7 weeks old; n, 5 per group) were immunized i.m. at day 0 and day 21 with either buffer

(Continued on next page)
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was 12 for both treatment groups. In this experiment, the lowest dose of antigen
(0.012 �g RSV F) also led to a high histopathology score, with no virus recovered in the
lungs from those animals (Fig. 3I). Pronounced peribronchiolar and perivascular cuffing
were noted, with an increase in the infiltration of lymphocytes and neutrophils, and the

FIG 2 Legend (Continued)
alone, different doses of post-F antigen with GLA-SE (2.5 �g GLA in 2% SE) as an adjuvant, or FI-RSV. A
control group for natural infection was immunized i.n. with live RSV (106 PFU) at day 0. Naïve animals
were left untreated. At day 34, animals were challenged i.n. with 106 PFU of wild-type (wt) RSV A2, and
4 days later, animals were sacrificed. Lungs were harvested, homogenized, clarified, pooled in each
group, and analyzed by multiplex assays to assess the respective concentrations of eotaxin (A), IL-5 (B),
IL-13 (C), TNF-� (D), IL-6 (E), IP-10 (F), MCP-1 (G), IL-17 (H), KC (I), and MIP-2 (J). The means of replicate
measurements are shown.

FIG 3 Vaccination with low antigen doses induces enhanced lung pathology. BALB/c mice (7 weeks old; n, 5 per group) were immunized
i.m. at day 0 and day 21 with either buffer alone, different doses of post-F antigen with GLA-SE (2.5 �g GLA in 2% SE) as an adjuvant, or
FI-RSV. A negative-control group was immunized with a nonrelevant antigen (CMV gB) with GLA-SE as an adjuvant. Naïve animals were
left untreated. At day 34, animals were challenged i.n. with 106 PFU of wild-type (wt) RSV A2, and 4 days later, animals were sacrificed.
Lungs were harvested, inflated with 10% formalin, and embedded in paraffin. Photomicrographs of H&E-stained sections are shown at
�10 magnification for animals vaccinated with either buffer alone (A), 1.5 �g RSV sF (B), 0.06 �g RSV sF (C), 0.0012 �g RSV sF (D), 0.06 �g
CMV gB (E), or FI-RSV (F), and for naïve animals (G). (H) Lung histopathology was analyzed blindly by a trained pathologist; the combined
scores (medians with ranges) for all groups are presented. Kruskal-Wallis analyses comparing the experimental groups with the
buffer-alone group were performed on histological scores, except for the naïve score. Pairwise comparisons were performed with Dunn’s
multiple-comparison test. *, P � 0.05. (I) Lungs were homogenized, and viral titers were determined by plaque assays. Medians, with
ranges of individual results, are shown. The horizontal dashed line indicates the lower limit of detection (LLOD).
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presence of edema around the airways. This confirmed that inflammation induced by
a low RSV F antigen dose was leading to histopathology characteristics similar to those
of FI-RSV-induced ERD.

Dosing down of antigen does not alter RSV F-specific CD4� and CD8� poly-
functionality, CD4�/CD8� T cell ratios, or Th1 bias in the lung. To investigate
whether the inflammation and lung histopathology induced by lower antigen doses
could be due to alteration of an RSV F-specific T cell activation profile or a change in
Th1 bias, a detailed analysis was performed on lung cells from RSV F-vaccinated and
FI-RSV-vaccinated animals after intranasal (i.n.) challenge with RSV A2 (Fig. 4).

Lung cells were isolated from the animals 4 days post-RSV A2 challenge and were
stimulated overnight with overlapping RSV F peptide pools. The intracellular expression
levels of gamma interferon (IFN-�), IL-2, and TNF-� in CD4� and CD8� T cells were
assessed using flow cytometry (Fig. 4A and B). RSV F-specific CD4� T cells were mainly
IFN-� producers, and RSV F-specific CD8� T cells were IFN-� producers or IFN-�–TNF-�
double producers. As expected, lowering the antigen dose to 0.06 �g decreased the
magnitudes of the specific CD4� and CD8� T cell responses (mean 16- and 9-fold
decreases, respectively) but did not alter the intracellular cytokine profiles. No RSV
F-specific CD4� T cell response could be detected in the FI-RSV-vaccinated group.

Total CD4�/CD8� T cell ratios were also evaluated and failed to show any significant
differences between groups that could explain the enhanced inflammation observed

FIG 4 Dosing down of antigen does not alter lung RSV F-specific CD4� and CD8� T cell polyfunctionality, ratios, or Th1 bias. BALB/c mice
(7 weeks old; n, 5 per group) were immunized i.m. at day 0 and day 21 with either buffer alone, different doses of post-F antigen with
GLA-SE (2.5 �g GLA in 2% SE) as an adjuvant, or FI-RSV. A negative-control group was immunized with a nonrelevant antigen (CMV gB)
with GLA-SE as an adjuvant. Naïve animals were left untreated. At day 34, animals were challenged i.n. with 106 PFU of wild-type (wt) RSV
A2, and 4 days later, animals were sacrificed. Lung cells were isolated and were stimulated with an RSV F peptide pool to evaluate
intracellular cytokine expression by flow cytometry. (A and B) Cells were surface stained with CD3 and CD8, intracellularly stained for IFN-�,
IL-2, and TNF-�, and analyzed on an LSR II instrument for the frequency of responding CD4� (A) and CD8� (B) T cells. The means of
individual results � standard errors of the means are shown. (C) Total CD4� and CD8� T cell counts were assessed, and the CD4/CD8 ratio
is given above each bar. (D) Lungs from another set of animals were harvested and homogenized, and IFN-� and IL-5 concentrations in
the supernatant were evaluated by Luminex technology. Individual results and medians with ranges are shown in panels C and D.
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after vaccination with low antigen doses (Fig. 4C). Similarly, the Th1/Th2 profile in the
lungs postchallenge was assessed (Fig. 4D) by measuring the relative amounts of IFN-�
and IL-5, and a clear Th1 profile was maintained at all antigen doses, as opposed to a
Th2 profile in animals vaccinated with FI-RSV.

CD4� T cell depletion completely alters the cytokine profile induced by FI-RSV
and low-dose RSV F immunizations post-RSV A2 challenge. For determination of
the relative contributions of CD4� and CD8� T cells, specific depleting MAbs for each
cell type were administered at day 29 (5 days prior to challenge), day 32 (2 days prior
to challenge), and day 35 (1 day postchallenge) to ensure complete T cell depletion
until sacrifice and lung harvest. The absence of CD4� and CD8� T cells in lung tissue
was confirmed at the time of sacrifice, 4 days post-RSV A2 challenge, by flow cytometry
(Fig. 5A and B, respectively).

Individual lung supernatants were also analyzed by multiplex cytokine analysis. We
confirmed that the lung cytokine levels obtained from pooled samples (Fig. 2) were
comparable to the means of measurements of unpooled samples (Fig. 6). Interestingly,
CD4� T cell depletion had a pronounced effect on eotaxin, IL-5, IL-13, IL-17, and MIP-2
expression levels at all RSV F doses tested. The expression of these cytokines was similar
to the low levels observed after vaccination either with buffer alone or with the CMV
gB antigen control (Fig. 6A to C, H, and J). A similar observation was made in the case
of vaccination with FI-RSV. With regard to the other cytokines evaluated, except for
TNF-�, the main impact of CD4� T cell depletion was observed at the 0.012-�g dose of
RSV F, which is the dose at which the cytokine expression levels were highest in that
particular experiment (Fig. 6F, G, and I).

In contrast, the impact of CD8� T cell depletion was minor, and in some instances,
even higher levels of inflammatory cytokines (for example, IL-13 and IL-17) were
induced in the lung (Fig. 7).

CD4� T cell depletion strongly reduces the infiltration of inflammatory cells
into the lungs postchallenge. To evaluate the correlation between lung cytokine
levels and cell infiltration into the lungs postchallenge, lung cells were surface stained
as described previously (21, 22) and were analyzed by flow cytometry (Fig. 8). CD4� T
cell depletion reduced the infiltration of eosinophils, neutrophils, macrophages, and T
cells, especially at the lowest RSV F antigen dose (0.012 �g) and in the FI-RSV-

FIG 5 Impact of CD4� and CD8� T cell depletion in the lungs as assessed by flow cytometry. BALB/c mice (7 weeks
old; n, 5 per group) were immunized i.m. at day 0 and day 21 with either buffer alone, different doses of post-F
antigen with GLA-SE (2.5 �g GLA in 2% SE) as an adjuvant, or FI-RSV. A negative-control group was immunized with
a nonrelevant antigen (CMV gB) with GLA-SE as an adjuvant. Naïve animals were left untreated. At days 29, 32, and
35, groups were treated i.p. with 250 �g of anti-CD4 (A) or anti-CD8 (B) antibodies as indicated. Four days after i.n.
challenge with 106 PFU of wild-type (wt) RSV A2, animals were sacrificed. Lungs were harvested, and cells were
isolated and surface stained as described in Materials and Methods. Individual results and medians with ranges are
presented.
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FIG 6 CD4� T cell depletion has a strong impact on cytokines induced by FI-RSV or low-antigen-dose immunization post-RSV A2 challenge.
BALB/c mice (7 weeks old; n, 5 per group) were immunized i.m. at day 0 and day 21 with either buffer alone, different doses of post-F antigen

(Continued on next page)
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vaccinated group, to levels that were similar to those observed in animals vaccinated
either with buffer alone or with the irrelevant CMV gB antigen.

Histological examination confirms that CD4� T cell depletion prevents en-
hanced lung pathology induced by vaccination with low RSV F antigen doses or
FI-RSV. Finally, we examined whether the decrease in inflammatory cytokines and
immune cell infiltration observed post-CD4� T cell depletion resulted in a decrease in
the overall lung histopathology score (Fig. 9). The most significant impact was observed
in FI-RSV-immunized animals and at the lowest dose of RSV F antigen (0.012 �g):
median histopathology scores decreased from 12 to 3 and from 10 to 3, respectively
(Fig. 9E). A score of 3, corresponding to minimal inflammation, was observed following
immunization either with buffer alone or with the nonrelevant CMV gB antigen.

In sharp contrast, depletion of CD8� T cells did not significantly decrease the
histopathology observed following immunization with FI-RSV and even increased the
pathology score measured at the highest and lowest doses of RSV F antigen tested
(Fig. 10).

DISCUSSION

Despite decades of efforts to establish a safe and efficient RSV vaccine, no subunit-
based vaccine has entered clinical evaluation for seronegative infants, because of the
fear of inducing disease enhancement, as was observed with the FI-RSV vaccine
candidate in a clinical trial in the 1960s (8). Based on preclinical models recapitulating
FI-RSV vaccine-induced ERD, it was believed that a strong Th1-biasing adjuvant and a
purified recombinant antigen would be sufficient to provide safe immunity (reviewed
in references 14 and 15). We showed in the cotton rat, the preferred model of reference
for vaccine-induced ERD (23), that prophylactic doses of RSV F plus GLA-SE were
protective, with no associated ERD signs post-RSV challenge, and that, in contrast,
animals immunized with prophylactic doses of RSV F and an alum adjuvant exhibited
clear signs of ERD (16). However, when we evaluated suboptimal immunizations by
decreasing antigen doses to induce antibody titers below protective levels, surprisingly,
we observed pronounced ERD in both the RSV F–GLA-SE and the RSV F–alum group
post-RSV challenge (16), regardless of the addition of a Th1-biasing adjuvant. In the
present study, we recapitulated and expanded our evaluation of RSV F with the GLA-SE
adjuvant in the mouse model. We observed, as expected, that dosing down of antigen
leads to a decrease in antigen-specific immunity for both humoral (Fig. 1) and cell-
mediated (Fig. 4A and B) responses. Confirming the observations in the cotton rat
model, we detected an increase in overall lung inflammation 4 days post-RSV challenge
(Fig. 2; Fig. 4C and D) in the absence of detectable viral replication in the lungs of the
animals (Fig. 3I) (16). Interestingly, the peak of inflammation fluctuated from experi-
ment to experiment between 0.06-�g and 0.012-�g doses of RSV F but was consistently
observed in the absence of detectable viral replication. Similar observations were made
previously in the cotton rat model, with alveolitis occurring in the complete or almost
complete absence of detectable virus in the lungs (16). In sharp contrast, FI-RSV-
induced ERD was consistently observed in the presence of measurable replicating virus
in the lungs in both the mouse and the cotton rat model. Even if no viral replication
could be detected by plaque assays at the peak of inflammation, it is likely that low
levels of virus were replicating, as indicated by detectable levels of virus in the upper
respiratory tracts of animals immunized with low antigen doses (RSV F at 0.06 �g and

FIG 6 Legend (Continued)
with GLA-SE (2.5 �g GLA in 2% SE) as an adjuvant, or FI-RSV. A negative-control group was immunized with a nonrelevant antigen (CMV gB)
with GLA-SE as an adjuvant. Naïve animals were left untreated. At days 29, 32, and 35, animals were treated i.p. with 250 �g of anti-CD4
antibodies. Four days after i.n. challenge with 106 PFU of wild-type (wt) RSV A2, animals were sacrificed. Lungs were homogenized and
clarified, and individual supernatants were analyzed by multiplex assays to assess the respective concentrations of eotaxin (A), IL-5 (B), IL-13
(C), TNF-� (D), IL-6 (E), IP-10 (F), MCP-1 (G), IL-17 (H), KC (I), and MIP-2 (J). Individual results and medians with ranges are presented.
Kruskal-Wallis analysis followed by Dunn’s multiple-comparison tests were used for statistical analyses. Symbols indicate an adjusted P value
of �0.05 for nondepleted conditions compared to buffer alone (#) or a P value of �0.05 for pairwise Mann-Whitney tests of nondepleted
versus CD4 T cell-depleted conditions (*).
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FIG 7 CD8� T cell depletion has a mild impact on cytokines induced by FI-RSV or low-antigen-dose immunization followed by RSV A2 challenge.
BALB/c mice (7 weeks old; n, 5 per group) were immunized i.m. at day 0 and day 21 with either buffer alone, different doses of post-F antigen with

(Continued on next page)
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0.012 �g) (Fig. 1D). Additionally, it has been demonstrated that FI-RSV-induced ERD is
dependent on viral replication (24).

A detailed analysis of lung-infiltrating cells showed increased levels of eosinophils,
neutrophils, macrophages, and T cells with decreasing antigen doses, observations
similar to those made for FI-RSV-immunized mice (Fig. 8). Eosinophilia is a characteristic
of a Th2-mediated immune response and has been reported in the peripheral blood of
many of the hospitalized children immunized with FI-RSV in the 1960s trial; more
importantly, it was observed in the lungs of the two infants who tragically died (8).
Lung eosinophilia is a prominent characteristic of FI-RSV-vaccinated mice challenged
with RSV (9, 25–27), but it has been shown with eosinophil-deficient mice that eosin-
ophils are actually not required to mediate FI-RSV pathology (19). Eosinophilia induced
by immunization with low antigen doses was less pronounced than that in the
FI-RSV-immunized group, a finding consistent with the lower levels of Th2-associated
cytokines and chemokines (IL-5, IL-13, and eotaxin) observed with immunization with
0.06 �g RSV F and GLA-SE than with FI-RSV immunization. Lower antigen doses induced
a more-pronounced neutrophil chemoattractant environment than FI-RSV, as indicated
by higher levels of IL-17 and, to a lesser extent, KC (Fig. 2H and I; Fig. 6H and I; Fig. 7H
and I). This also translated into higher neutrophil infiltrates in the lungs than in those
of FI-RSV-immunized animals (Fig. 8). Interestingly, Zhang et al. recently reported that
FI-RSV promoted Th17 responses and that Th17 inhibition through the stimulation of
both TLR9 and Notch signaling pathways suppressed FI-RSV-induced ERD (28). In our
model, CD4� T cell depletion dramatically reduced FI-RSV-induced ERD, as observed
previously (27), but also inhibited ERD induced by low RSV F antigen doses, suggesting
a potential common mechanism of vaccine-enhanced lung inflammation. CD4� T cell
depletion had the most pronounced effect on Th2-associated cytokines/chemokines
(eotaxin, IL-5, IL-13) (Fig. 6A to C) and on neutrophil chemoattractant cytokines (IL-17
and MIP-2) (Fig. 6H and J), which reverted to levels found in buffer-immunized control
animals at all antigen doses tested. This implies that the expression of those cytokines/
chemokines relies solely on the presence of CD4� T cells. Additionally, we observed
that CD4� T cell depletion inhibited IL-6, IP-10, MCP-1, and KC expression only at the
peak of inflammation induced by suboptimal vaccination (Fig. 6E to G and I). This
suggests a more complex regulatory mechanism for those mediators by cell types other
than CD4� T cells, depending on the antigen concentration. Interestingly, we did not
find a role for TNF-� in low-antigen-dose-mediated ERD. TNF-� has been identified as
a key cytokine mediating weight loss and airway obstruction in FI-RSV-induced ERD in
mice (19). In contrast, CD4� T cell depletion in mice immunized with low RSV F doses
did not impact TNF-� levels (Fig. 6D) but profoundly impacted the observed histopa-
thology (Fig. 9).

It could be hypothesized that both the Th17 and Th2 CD4� T cell subsets are
responsible for FI-RSV-induced ERD and that the Th17 CD4� T cell subset is mainly
responsible for ERD induced by low RSV F vaccine doses, but additional investigations
are needed to further characterize the CD4� T cell subset responsible for low-antigen-
dose-induced ERD.

In summary, we have confirmed in the mouse model the safety signals associated with
low-dose immunization with RSV post-F plus GLA-SE. Our initial observations, therefore,
were likely not specific to the cotton rat model alone. Further investigations are still needed
to fully uncover the mechanism associated with low-antigen-dose-induced ERD. Impor-
tantly, these results might relate to heterogeneous responses to vaccination that are likely

FIG 7 Legend (Continued)
GLA-SE (2.5 �g GLA in 2% SE) as an adjuvant, or FI-RSV. A negative-control group was immunized with a nonrelevant antigen (CMV gB) with GLA-SE
as an adjuvant. Naïve animals were left untreated. At days 29, 32, and 35, groups shown in orange were treated i.p. with 250 �g of anti-CD8
antibodies. Four days after i.n. challenge with 106 PFU of wild-type (wt) RSV A2, animals were sacrificed. Lungs were homogenized and clarified,
and individual supernatants were analyzed by multiplex assays to assess the respective concentrations of eotaxin (A), IL-5 (B), IL-13 (C), TNF-� (D),
IL-6 (E), IP-10 (F), MCP-1 (G), IL-17 (H), KC (I), and MIP-2 (J). Individual values and median with ranges are shown. Kruskal-Wallis analysis followed by
Dunn’s multiple-comparison tests was used for statistical analyses. Symbols indicate an adjusted P value of �0.05 for nondepleted conditions compared
to buffer alone (#) or a P value of �0.05 for pairwise Mann-Whitney tests comparing nondepleted with CD8 T cell-depleted conditions (*).
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FIG 8 CD4� T cell depletion strongly reduces inflammatory cell infiltration into the lungs postchallenge. BALB/c mice (7 weeks old; n, 5 per group) were
immunized i.m. at day 0 and day 21 with either buffer alone, different doses of post-F antigen with GLA-SE (2.5 �g GLA in 2% SE) as an adjuvant, or FI-RSV.
A negative-control group was immunized with a nonrelevant antigen (CMV gB) with GLA-SE as an adjuvant. Naïve animals were left untreated. At days 29, 32,
and 35, animals were treated i.p. with 250 �g of anti-CD4 antibodies. At day 34, animals were challenged i.n. with 106 PFU of wild-type (wt) RSV A2, and 4 days
later, animals were sacrificed. Lungs were harvested, and cells were isolated and surface stained as described in Materials and Methods. (A) Gating strategy for
the assessment of cells infiltrating the lungs. SSC, side scatter; FSC, forward scatter. (B through E) Total numbers of eosinophils (B), neutrophils (C), macrophages
(D), and T cells (E), calculated on the basis of flow cytometry results and total cell counts. For statistical analyses, pairwise Mann-Whitney tests comparing
nondepleted with CD4 T cell-depleted conditions were performed. *, P � 0.05. Individual results and medians with ranges are shown.
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to be observed in humans, in the case of a poor response to vaccine or in the context of
a waning of the immune response. While it is not clear whether suboptimally dosed rodents
are an appropriate model for such responses, our findings indicate the need for great care
in any study of subunit RSV vaccines in naïve children.

MATERIALS AND METHODS
Ethics statement. All procedures were performed in accordance with federal, state, and institutional

guidelines in an AAALAC-accredited facility, The MedImmune Institutional Animal Care and Use Com-
mittee (IACUC) board approved this research under a specified protocol (MI-16-0004), and all animal work
was performed in accordance with the IACUC policies. MedImmune is registered with the U.S. Depart-
ment of Agriculture (USDA) and applies the standards outlined in the Guide for the Care and Use of
Laboratory Animals (29) to its institutional animal care and use program. Animals were lightly anesthe-
tized with isoflurane for immunizations and blood draws and were euthanized with carbon dioxide for
terminal organ harvests.

Vaccine components. The soluble RSV post-F and cytomegalovirus gB antigens were produced as
described previously (16, 30). GLA-SE (31) was licensed from Immune Design Corporation (Seattle, WA)
and was used at 2.5 �g GLA in 2% SE per dose. FI-RSV was obtained from Sigmovir Biosystems (Rockville,
MD) and was prepared as described previously (16). RSV A2 (ATCC) was propagated on HEp-2 cells (ATCC)
grown in Eagle’s minimum essential medium (EMEM). Supernatants were spun to remove cell debris, and
the virus was stabilized with 1� sucrose phosphate (0.2 M sucrose, 0.0038 M KH2PO4, and 0.0072 M
K2HPO4) before snap-freezing in 1.5-ml aliquots and storage at �80°C until use.

Animals, immunizations, CD4� T cell depletions, and RSV challenge. Seven-week-old female
BALB/c mice (Envigo, Dublin, VA) were housed under pathogen-free conditions at MedImmune (Gaith-
ersburg, MD). Immunizations with RSV F, FI-RSV, and the negative controls cytomegalovirus (CMV)
glycoprotein B (gB) and protein storage buffer (20 mM histidine and histidine HCl, 23 mM potassium
chloride, 7% [wt/vol] sucrose, 0.01% polysorbate 80 [pH 6.5]) were administered by i.m. injection on days
0 and 21. Animals were challenged intranasally under isoflurane anesthesia with RSV A2 (1 � 106 PFU) on
day 34 and were terminated on day 38. The naïve group remained untreated. To deplete CD4� or CD8�

FIG 9 Histological examination confirms that CD4� T cell depletion inhibits the enhanced lung pathology induced by vaccination
with low antigen doses or FI-RSV. BALB/c mice (7 weeks old; n, 5 per group) were immunized i.m. at day 0 and day 21 with either
buffer alone, different doses of post-F antigen with GLA-SE (2.5 �g GLA in 2% SE) as an adjuvant, or FI-RSV. A negative-control
group was immunized with a nonrelevant antigen (CMV gB) with GLA-SE as an adjuvant. Naïve animals were left untreated. At days
29, 32, and 35, animals were treated i.p. with 250 �g of anti-CD4 antibodies. At day 34, animals were challenged i.n. with 106 PFU
of wild-type (wt) RSV A2, and 4 days later, animals were sacrificed. Lungs were harvested, inflated with 10% formalin, and
embedded in paraffin. (A through D) Photomicrographs of H&E-stained sections are shown at �10 magnification for animals
vaccinated with 0.012 �g RSV sF (A), 0.012 �g RSV sF plus anti-CD4 (B), FI-RSV (C), or FI-RSV plus anti-CD4 (D). (E) Lung
histopathology was analyzed blindly by a trained pathologist; the combined scores are presented for all groups as medians with
ranges of individual results. Pairwise Mann-Whitney analyses comparing nondepleted with CD4 T cell-depleted conditions were
performed on histopathology scores. *, P � 0.05.
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T cells, mice received three injections of anti-mouse CD4 antibodies (clones GK1.5 and YTS191) from Bio
X Cell (West Lebanon, NH) at 250 �g each or an anti-mouse CD8� antibody at 250 �g (clone 53-5.8) from
BioLegend (San Diego, CA) on days 29, 32, and 35 by intraperitoneal (i.p.) injection. The efficiency of
CD4� and CD8� depletion in the lungs was confirmed by flow cytometry after termination. Different
antibody clones were used for flow cytometry and depletion.

Microneutralization assay. Serum samples were heat inactivated at 56°C for 45 min. In 96-well
plates, the positive-control antibody (palivizumab) was serially diluted by 3-fold increments (starting at
8 �g/ml) in cell culture medium (minimal essential medium [MEM] supplemented with 5% heat-
inactivated fetal bovine serum [FBS], 2 mM L-glutamine, 100 U of penicillin/ml, and 100 �g of strepto-
mycin/ml [all from Invitrogen]) for a final volume of 50 �l. In duplicate, the test sera (starting dilution, 1:8)
were serially diluted by 3-fold increments in cell culture medium for a final volume of 50 �l. A 25-�l
volume of cell culture medium was added to the first dilution to bring the volume back to 50 �l, bringing
the starting dilution down to 1:16. Each serum dilution was mixed with 50 �l RSV A2 at 500 PFU per well.
Following 2 h of incubation at 37°C under 5% CO2, 2.5 � 104 HEp-2 cells in a 100-�l volume were added
to each well. Cell-plus-virus and cell-only wells served as controls. After 3 days of incubation at 37°C
under 5% CO2, the cell culture medium was removed, and the monolayer was fixed with chilled 80%
acetone. RSV replication was visualized by immunostaining with a horseradish peroxidase (HRP)-labeled
monoclonal antibody, 1331H (32). The reciprocal log2 of the 50% inhibitory concentration (IC50) was
determined for each serum sample using GraphPad Prism software (version 7.02). The lower limit of
detection (LLOD) of this assay is 4 log2. If an IC50 value could not be calculated, the log2 of the initial
dilution (1:16) was used for analysis.

Serum IgG ELISA. Serological responses were evaluated by a standard enzyme-linked immunosor-
bent assay (ELISA) with sera collected at the day of sacrifice on plates coated with RSV post-F
(100 ng/well) plates. Control antibodies (purified 1331H for total IgG) (32) were serially diluted by 3-fold
increments starting from a concentration of 1 �g/ml in sample diluent (phosphate-buffered saline [PBS]
with 1% bovine serum albumin [BSA] and 0.05% Tween 20). Samples were diluted in sample diluent at
1:102 to 1:107. Bound total IgG was detected with an HRP-labeled goat anti-mouse IgG antibody (Dako).
The serum antibody concentrations were calculated (in micrograms per milliliter) based on the standard
curves (SoftMax Pro, version 5.4).

FIG 10 Histological examination confirms that CD8� T cell depletion does not inhibit the enhanced lung pathology induced by
vaccination with low antigen doses or FI-RSV. BALB/c mice (7 weeks old; n, 5 per group) were immunized i.m. at day 0 and day
21 with either buffer alone, different doses of post-F antigen with GLA-SE (2.5 �g GLA in 2% SE) as an adjuvant, or FI-RSV. A
negative-control group was immunized with a nonrelevant antigen (CMV gB) with GLA-SE as an adjuvant. Naïve animals were left
untreated. At days 29, 32, and 35, some groups were treated i.p. with 250 �g of anti-CD8 antibodies. At day 34, animals were
challenged i.n. with 106 PFU of wild-type (wt) RSV A2, and 4 days later, animals were sacrificed. Lungs were harvested, inflated with
10% formalin, and embedded in paraffin. (A to D) Photomicrographs of H&E-stained sections are shown at �10 magnification for
animals vaccinated with 0.012 �g RSV sF (A), 0.012 �g RSV sF plus anti-CD8 (B), FI-RSV (C), or FI-RSV plus anti-CD8 (D). (E) Lung
histopathology was analyzed blindly by a trained pathologist; the combined scores are presented for all groups as medians with
ranges of individual results. Pairwise Mann-Whitney analyses of nondepleted versus CD8 T cell-depleted conditions were
performed on histology scores. *, P � 0.05.
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Lung and NT processing for plaque assays, cytokine assessment, and histology. Lungs or nasal
turbinates (NT) were collected 4 days post-RSV challenge. For the plaque assay, the inferior right lung
lobe was tied off and cut below the tie. Lung lobes and NT were placed in cold Hanks balanced salt
solution supplemented with 1� sucrose phosphate in tissue homogenization tubes (MP Biomedicals)
and were homogenized using an MP FastPrep-24 instrument (MP Biomedicals). The clarified supernatants
were serially diluted and placed onto subconfluent HEp-2 cells in 24-well plates. After 90 min of
incubation, supernatants were removed. and cells were overlaid with MEM–FBS–penicillin-streptomycin
supplemented with 0.75% methylcellulose. After 5 days, cells were fixed with 100% methanol for 15 min.
Following fixation, cells were blocked for 1 h in 5% nonfat milk and were stained for 1 h with a goat
polyclonal antibody against RSV (Chemicon), followed by staining for 1 h with an HRP-conjugated rabbit
anti-goat antibody (Dako). To visualize plaques, cells were incubated with a ready-to-use 3-amino-9-
ethylcarbazole (AEC) substrate system (Dako), followed by a water rinsing step. PFU per gram were
calculated based on the number of plaques, dilution factors, and tissue weight. For cytokine assessment,
multiplex analysis of cytokine expression levels was conducted on 25 �l of lung homogenate superna-
tant according to the manufacturer’s instructions (Bio-Rad, Hercules, CA). Values below the LLOD were
analyzed as zero. For histology, the remaining four lobes of the lung were inflated using a tracheal
cannula, fixed with 10% neutral formalin, and processed in paraffin. Tissues were sectioned at 4 �m,
mounted on polarized slides, and stained with hematoxylin and eosin (H&E) for histologic evaluation on
a Nikon Eclipse 80i light microscope by a board-certified pathologist.

Flow cytometry. Lung cells were collected 4 days postchallenge and were isolated as described
previously (33), except that lungs were processed with a gentleMACS dissociator (Miltenyi Biotec) in 5 ml
digestion buffer rather than being manually dissociated and were incubated at 37°C for 30 min.

Eosinophils were stained and gated as described previously (21). Cells were surface stained with
antibodies specific to Ly6c (clone HK1.4; BioLegend), Siglec F (clone E50-2440; BD Biosciences), Ly6g
(clone 1A8; BioLegend), major histocompatibility complex class II (MHC-II) (clone M5/114.15.2; BioLeg-
end), CD11c (clone N418; BioLegend), CD11b (clone M1/70; eBioscience), F4/80 (clone BM8; eBioscience),
and CD45 (clone 30-F11; BioLegend) for 30 min at 4°C and were fixed with fixation buffer (eBioscience).
A total of 300,000 events were collected on a BD FACS LSR II instrument and were analyzed using FlowJo
software (Tree Star, Ashland, OR).

For intracellular cytokine staining (ICS), cells were incubated with 1 �g/ml of overlapping RSV F
peptide pools (JPT, Berlin, Germany) for 12 h in the presence of 10 �g/ml brefeldin A (BFA) (BD
Biosciences) at 37°C. Following stimulation, cells were blocked with CD16/32 (BD Biosciences) and were
stained with a fixable Live/Dead dye (Thermo Fisher) for 20 min. Cells were then surface stained with
antibodies specific to CD4 (clone RM4-5; BD Biosciences), CD8 (clone 53-6.7; BD Biosciences), and CD 19
(clone 6D5; BioLegend) for 20 min. The antibody clones used for fluorescence-activated cell sorter (FACS)
staining recognized epitopes different from those for the antibody clones used for depletion. Cells were
fixed and permeabilized with a BD Biosciences kit (catalog no. 554715) and were stained intracellularly
for CD3 (BioLegend), IFN-� (clone XMG1.2; BD Biosciences), TNF-� (clone MP6-XT22; BD Biosciences), and
IL-2 (clone JES6-5H4; BD Biosciences). A total of 500,000 events were collected on a BD FACS LSR II
instrument and were analyzed using FlowJo software (Tree Star, Ashland, OR). The total number of
cytokine-producing cells was calculated after subtraction of background staining using BFA-only con-
trols. Total cell counts were calculated from total cell counts in the lungs, performed on a Guava EasyCyte
Plus flow cytometer with ViaCount beads.

Statistical analysis. Sample size estimation was assessed with 80% power to detect differences
between treatment groups (based on pilot data) using a two-group Satterthwaite t test with a two-sided
significance level of 0.05, prior to experimentation. Sample sizes were estimated using nQuery Advisor�
nTerim 3.0. When all group values were approximately equal to the LLOD, no statistical analysis was
performed. When two groups were compared, Mann-Whitney tests were performed. When three or more
groups were compared, Kruskal-Wallis tests were performed, followed by Dunn’s posttests where
multiplicity-adjusted two-sided P values are reported. A P value of �0.05 was considered significant.
Analyses were performed with GraphPad Prism, version 8.1.0.
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