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ABSTRACT

Respiratory syncytial virus (RSV) is a leading cause of lower respiratory tract disease, which causes high rates of morbidity and
mortality in infants and the elderly. Models of human RSV pulmonary disease are needed to better understand RSV pathogenesis
and to assess the efficacy of RSV vaccines. We assessed the RSV-specific human innate, humoral, and cellular immune responses
in humanized mice (mice with a human immune system [HIS mice]) with functional human CD4* T and B cells. These mice
were generated by introduction of HLA class II genes, various human cytokines, and human B cell activation factor into immu-
nodeficient NOD scid gamma (NSG) mice by the use of an adeno-associated virus vector, followed by engraftment of human he-
matopoietic stem cells. During the first 3 days of infection, HIS mice lost more weight and cleared RSV faster than NSG mice.
Human chemokine (C-C motif) ligand 3 (CCL3) and human interleukin-1f3 (IL-1f3) expression was detected in the RSV-infected
HIS mice. The pathological features induced by RSV infection in HIS mice included peribronchiolar inflammation, neutrophil
predominance in the bronchioalveolar lavage fluid, and enhanced airway mucus production. Human anti-RSV IgG and RSV-
neutralizing antibodies were detected in serum and human anti-RSV mucosal IgA was detected in bronchioalveolar lavage fluid
for up to 6 weeks. RSV infection induced an RSV-specific human gamma interferon response in HIS mouse splenocytes. These
results indicate that human immune cells can induce features of RSV lung disease, including mucus hyperplasia, in murine lungs
and that HIS mice can be used to elicit human anti-RSV humoral and cellular immunity.

IMPORTANCE

Infections with respiratory syncytial virus (RSV) are common and can cause severe lung disease in infants and the elderly. The
lack of a suitable animal model with disease features similar to those in humans has hampered efforts to predict the efficacy of
novel anti-RSV therapies and vaccines for use in humans. A murine model consisting of mice with a human immune system
(HIS mice) could be useful for assessment of RSV disease and anti-RSV responses specific to humans. This study investigates an
HIS mouse model to imitate human RSV disease and immune responses. We found that RSV lung infection in HIS mice results
in an RSV-specific pathology that mimics RSV disease in humans and induces human anti-RSV immune responses. This model
could be useful for better understanding of human RSV disease and for the development of RSV therapies.

I nfection of the lower respiratory tract with respiratory syncy-
tial virus (RSV) is the most common cause for hospitalization
of infants and children (1) and globally causes up to 200,000
deaths in children under the age of 5 years (2). Premature
infants, especially those with chronic lung disease or congenital
heart disease (3), and the elderly (4) are the most susceptible to
the development of severe disease. Early RSV infections are also
associated with the later development of asthma (5). No effi-
cient therapeutics or vaccines active against RSV are available.
Only immunoprophylaxis with palivizumab, a monoclonal an-
ti-RSV F antibody, provides some protection for infants at risk
(6). Several animal models have been developed to model hu-
man RSV disease (7). As mouse models have limitations in
mimicking human RSV disease, better models would be useful
for the preclinical assessment of novel anti-RSV therapies and
vaccines. Humoral immunity is essential in the prevention of
RSV infections. Higher levels of maternally derived antibodies
(8) and prophylactic administration of intravenous immuno-
globulin enriched for high levels of RSV-neutralizing antibod-
ies (9) or humanized monoclonal antibody against RSV (10)
are associated with a reduction of disease severity in RSV-in-
fected infants. Therefore, a humanized mouse model with
functional human CD4™ T and B cells would be useful to assess
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the contributions of these immune cells to the lung disease
induced by RSV infection.

Murine models consisting of mice with a human immune sys-
tem (HIS mice) have been developed to study the mechanisms of
infection and human immune responses against human patho-
gens and to test the efficacy of vaccines (11-14). We recently es-
tablished HIS mice that possess functional human CD8™ or CD4™"
T and B cells. These mice were generated by the introduction of an
adeno-associated virus serotype 9 (AAV9) vector carrying human
cytokine genes into highly immunodeficient NOD scid gamma
(NSG) mice followed by engraftment of human hematopoietic
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stem cells (15, 16). In this study, we investigated the use of HIS
mice with human CD4™ T cells and B cells as a model for human
RSV disease with the following two objectives: (i) to assess if this
model leads to features of human RSV lung disease, even those
that are not primarily thought to be associated with immune cell
function, such as mucus cell hyperplasia, and (ii) to evaluate if this
model can be used to generate human neutralizing antibodies, one
of the major immune correlates for protection. We found that the
RSV-specific pathology generated in these mice mimics the RSV
disease in humans and, importantly, that these mice induce hu-
man anti-RSV immune responses, including human neutralizing
antibodies. These findings further highlight the role of human
immune cells in pulmonary RSV pathogenesis.

MATERIALS AND METHODS

RSV. The RSV strain Line 19 was propagated, purified, and quantified as
described previously (17).

Mice. NSG (NOD.Cg-Prkdc*™ IL2rg"""7/Sz) mice were purchased
from The Jackson Laboratory and maintained under specific-pathogen-
free conditions in the animal facilities at the Comparative Bioscience Cen-
ter of The Rockefeller University. All animal experiments were carried out
in strict accordance with the policy on the humane care and use of labo-
ratory animals of the United States Public Health Service (18). The pro-
tocol was approved by the Institutional Animal Care and Use Committee
(IACUC) at The Rockefeller University (assurance number A3081-01).
HIS mice that possess functional human CD4" T and B cells through
AAV9-mediated modification with human cytokine genes were used in
this study (16). To obtain HIS mice, young NSG mice (2 to 3 weeks old)
were first inoculated with 1 X 10'! genomic copies (GC) of AAV9-HLA
class IT (DR1 or DR4) (5 X 10'° GC intrathoracically and 5 X 10'* GC
intraperitoneally), together with intraperitoneal injection of 5 X 10'° GC
of AAV9-B cell-activating factor belonging to the tumor necrosis factor
family (BAFF) and 5 X 10° GC of AAV9-human cytokines (AAV9—inter-
leukin-3 [IL-3], AAV9-IL-4, AAV9-IL-7, AAV9-IL-15, AAV9—granu-
locyte macrophage colony-stimulating factor, and AAV9—macrophage
colony-stimulating factor). Two weeks later, the mice were subjected to
sublethal irradiation, followed by intravenous administration of 1 X 10°
human CD34" hematopoietic stem cells (HSCs) derived from human
fetal liver (Advanced Bioscience Resources, Alameda, CA). The levels of
human peripheral blood mononuclear cells (PBMCs) in the mouse pe-
ripheral blood are shown in Table 1. Since these HIS mice received only
HLA class IT and not HLA class I, the human CDS8 cells in these mice are
nonfunctional. NSG mice not infected with the AAV9 vector or transfused
with human HSCs were used as negative controls.

Rapid host responses to intranasal challenge with RSV. To evaluate
the host responses against RSV pulmonary infection, HIS and NSG mice
were challenged with RSV Line 19 (10° PFU in 50 pl phosphate-buffered
saline [PBS] per mouse) by intranasal inoculation. Three days later the
mice were sacrificed, and lung homogenates were stored at —80°C or in
TRIzol reagent (Invitrogen) for RNA isolation. The RSV titers in lung
homogenates were quantified by plaque assay and expressed as the num-
ber of PFU per lung as previously described (19). RNA was converted to
cDNA using random hexamers and reverse transcription (RT) reagents
(Applied Biosystems). Quantification of the relative levels of expression of
mRNA for murine and human IL-18, murine and human chemokine
(C-C motif) ligand 3 (CCL3), and the murine mucus gene Muc5ac was
performed utilizing TagMan gene expression assays (catalog numbers
MmO00441259_g1, Mm00434228_m1, Hs04194942_s1, Hs01555410_ml1,
and MmO01276735_m1; Applied Biosystems). One hundred nanograms of
c¢DNA was processed for quantitative RT-PCR (qRT-PCR) using a specific
6-carboxyfluorescein-labeled TagMan MGB probe and primers (Applied
Biosystems). Endogenous murine GAPDH (glyceraldehyde-3-phosphate
dehydrogenase; catalog number 4352932E) was used for normalization of the
mRNA levels. qRT-PCR was performed using an ABI Prism 7000 sequence
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TABLE 1 Human leukocyte reconstitution in the peripheral blood of
NSG mice transduced with AAV9-DR1/DR4, AAV9-human BAFF, and
AAV9-human cytokines”

% cells
CDhi161%

HIS CD3 CD8 CD4 CD19 CD3™
mouse Human  human human human human human
identifier PBMCs T cells T cells T cells B cells NK cells
57° 94.5 18.5 22.8 73.6 48 25.8
61° 86.6 29.4 30.2 67.3 49.1 11.7
584 70 75.4 35.6 63.9 15 6.5
336" 86.7 74.3 50 49.3 15.9 5
585¢ 83.8 61.9 37 62.2 22.3 8.8
600" 78.7 90.7 33.2 66.5 1 3.4
3020 85.8 74 18.7 80.9 19.1 2.5
330° 64.2 54.3 15.8 83.4 32.6 5.6
700" 58.9 52 21.6 78.3 38.5 3.4
830 81.5 20.2 29.7 50.2 49 19.2
837 87.9 7.3 3.1 7.9 49.8 16.4
842 32.5 30.9 36.5 45.6 28.6 6
846 65.9 30.9 42.5 50.9 49.8 13.2
847 3.1 6.4 20 80 7.7 7.7
849 11.8 69 52.3 45 4.4 2.5
141 18.9 4.5 33.3 43.3 35.5 4.6
145 8.2 17.1 55.9 26.5 25.1 9
831 59 19.1 21.8 30 47.9 13.4
845 12.6 4.1 23.5 41.2 56.4 20.2
668 80.4 87 26.2 72.1 1.3 8.9
669 79 74.9 48.5 48.8 2 18.1
672 81.6 67.3 42.3 56.4 5.4 20.9
682 98 68.9 42 56.9 10.1 17.5
628 44.7 31.6 26.3 71.3 1.4 55.9
629 83.1 0.3 58.8 0 1.7 83.5
681 10.1 0 0 0 8.8 33.3

“The level of human CD45™ cell reconstitution in the blood was determined using flow
cytometry at 15 weeks after human CD34 " cells were engrafted into NSG mice
transduced with an AAV9 vector carrying HLA-DR1/DR4, human BAFF, or selected
human cytokines. Shown are the percentages of human CD3™ T cells, human CD4" T
cells, and CD19™ B cells within human CD45™ cells in the blood of various HIS mice.

b HIS mice utilized to study short-term responses to RSV infection.

detection system (Applied Biosystems) under conditions of 40 cycles of de-
naturation (95°C for 15 s) and annealing/extension (60°C for 1 min). The
relative quantity of each mRNA was calculated by the AAC;. threshold cycle
(Cp) method. Lung histopathology and differential cell counts in bronchio-
alveolar lavage (BAL) fluid were evaluated as previously described (17, 19).

Anti-RSV adaptive immune responses. HIS and NSG mice were in-
fected intranasally with RSV (10° PFU per mouse) and were infected again
1 and 6 weeks later. Serum was collected at 2, 4, and 7 weeks following
initial RSV administration. BAL fluid was collected by intratracheal instil-
lation and aspiration of 0.5 ml PBS. Anti-RSV human IgG in serum and
human IgA in BAL fluid were assessed by enzyme-linked immunosorbent
assay (ELISA; Bio-Rad Laboratories) as previously described, with modi-
fications (17, 19). RSV-neutralizing antibody titers in serum were quan-
tified by plaque assay, as previously described (17, 19).

The RSV-specific cellular immune response was determined by an
enzyme-linked immunosorbent spot (ELISPOT) assay for human gamma
interferon (IFN-vy) secreted from splenocytes following stimulation with
heat-inactivated (56°C, 30 min) RSV. Mouse splenocytes were isolated at
7 weeks as a single-cell suspension and cultured in RPMI medium supple-
mented with 2% fetal bovine serum (HyClone, Logan, UT), 10 mM
HEPES (pH 7.5; Biosource International, Camarillo, CA), and 10 pM
B-mercaptoethanol (Sigma-Aldrich) in 96-well MultiScreen-HA plates
(Millipore) coated with of 10 wg/ml of anti-human IFN-vy capture anti-
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FIG 1 Short-term responses of HIS mice to RSV respiratory infection. HIS and NSG mice were infected via the intranasal route with RSV Line 19 (10°
PFU/mouse for all mice). (A) Human CD45-positive cells in a lung of an HIS mouse. (B) Body weight change in mice following RSV infection. (C) RSV titers in
lung homogenates at 3 days following infection, determined by plaque assay. (D and E) Lung histology (hematoxylin and eosin stain) from RSV-infected HIS (D)
or NSG (E) mice at 3 days following infection. Bars = 500 pm. (F and G) Morphology of BAL fluid cells (Giemsa stain) from RSV-infected HIS (F) or NSG (G)
mice. (H) Differential quantification of cells in BAL fluid. (I to L) Inflammatory human and murine CCL3 and IL-1 mRNA expression at 3 days following
infection, analyzed by relative qRT-PCR, as follows: human CCL3 (I), human IL-1f (J), murine CCL3 (K), and murine IL-1f3 (L). (M and N) Mucus-secreting
cells from HIS (M) or NSG (N) mice visualized with PAS stain. Bars = 100 pm. (O) Relative quantification of murine Muc5ac mRNA by qRT-PCR. Data are
shown as the means = SEMs for 4 to 5 mice per group. **, P < 0.001; ***, P < 0.0001. h, human; m, murine.

body (Mabtech). The splenocytes (10°/well) were treated with 10 pg/mlof ~ mice (Fig. 1A) and were absent in NSG mice (not shown), con-
heat-inactivated puriﬁed RSV for 24 h. The wells were washed, incubated ﬁrming the presence Of human immune CCHS in the respiratory
;:’i;hua biotinylated a.n“}'lhuman .H;N'“/ antibody (1 pg/ml; MabteCh)l for2  tract. To assess the susceptibility of the HIS mice to RSV respira-
° Owe,d by a'v1d1n- or§eradls peroxidase (1:1,000), and, de\'/e oped tory infection, HIS and NSG control mice were infected with RSV
using angiotensin-converting enzyme (ACE) substrate (BD Biosciences). . . . .

- . via the intranasal route. Interestingly, only the HIS mice and not

The number of distinct spots was counted under a stereomicroscope. ‘ ) - i .
Statistical analysis. Data are presented as the mean * standard error the NSG mice showed aloss of body weight on intranasal infection
of the mean (SEM). Statistical analyses were performed using a nonpaired ~ with RSV (P < 0.0001; Fig. 1B), suggesting a stronger host inflam-
two-tailed Student’s ¢ test or two-way analysis of variance, and statistical matory response to the infection in the HIS mice. Quantification
significance was determined to be a P value of <0.05. of the RSV load after 3 days showed a lower level of RSV in the HIS
RESULTS mice than the NSG mice (P < 0.0001; Fig. 1C), indicating the
Short-term responses of HIS mice to RSV respiratory infection. more productive clearance of the virus in the HIS mice. RSV-
Human CD45™ cells were detected throughout the lungs of HIS  infected HIS mice showed predominant peribronchiolar inflam-
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FIG 2 Adaptive humoral and cellular immune responses in HIS mice following RSV respiratory infection. HIS and NSG mice were infected via the intranasal
route with RSV Line 19 (10° PFU/mouse for all mice). (A) Anti-RSV human IgG antibody levels in serum at 0, 2, 4, and 7 weeks analyzed by ELISA. The limit of
detection is indicated by the dashed line. The arrows indicate the time points of RSV inoculation. (B) Anti-RSV neutralization titers in mouse serum at 4 weeks
postinfection analyzed by virus-neutralizing assay. (C) Anti-RSV human IgA antibody levels in BAL fluid analyzed at 7 weeks analyzed by ELISA. In panels A to
C, data are shown as the means = SEMs for 4 to 6 mice per group. (D) Results of analysis of RSV-specific human IFN-y-positive spleen cells isolated from

RSV-infected HIS and NSG mice at 7 weeks by ELISPOT assay.

matory cell infiltrates, which are characteristic of RSV bronchioli-
tis (Fig. 1D). Minimal inflammation was present in the RSV-
infected NSG mouse controls (Fig. 1E). Likewise, the BAL fluid
retrieved from the RSV-infected HIS mice contained more neu-
trophils and lymphocytes (Fig. 1F), whereas the BAL fluid from
RSV-infected NSG mice had a predominance of macrophages
(Fig. 1G). Quantification of the BAL fluid cells from RSV-infected
HIS mice showed an increase in the numbers of macrophages,
neutrophils, and lymphocytes (Fig. 1H), indicative of a neutro-
phil-predominant inflammatory response that is characteristic for
RSV respiratory infection at this time point. To assess if RSV in-
duced a human chemokine/cytokine response that is typically
seen with RSV respiratory infections, expression of the chemokine
CCL3 and the cytokine IL-1B in lung tissue from infected mice
was quantified. Interestingly, human CCL3 and IL-1{3 were de-
tected in all the HIS mice infected with RSV but not, as expected,
in NSG mice (Fig. 1I and J). Murine CCL3 and IL-1f were de-
tected in both RSV-infected NSG mice and RSV-infected HIS
mice (Fig. 1K and L). This suggests that RSV infection in the HIS
mice induced a robust human cell-derived chemokine/cytokine
response, in addition to the murine cell-derived responses. To
assess if RSV can elicit a strong mucus response, the mucus-pro-
ducing cells were visualized by the use of periodic acid-Schiff
(PAS) stain, and the expression of the murine mucus gene Muc5ac
in the lung was quantified. Numerous PAS-positive airway epithe-
lial cells were seen in the HIS mice compared to those in the NSG
mice infected with RSV (Fig. IM and N). The level of Muc5ac
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mRNA expression was increased in the RSV-infected HIS mice
(P < 0.001; Fig. 10). Overall, these results indicate that RSV in-
fection in the HIS mice showed characteristic early responses, in-
cluding the inflammation and mucus induction that is typically
seen with RSV respiratory infections.

RSV induces human humoral and cellular immune re-
sponses in HIS mice. To assess anti-RSV humoral immune re-
sponses, RSV-specific human IgG antibodies in RSV-infected or
noninfected HIS and NSG mouse sera were analyzed by ELISA for
up to 7 weeks. All RSV-infected HIS mice showed anti-RSV serum
human IgG at 2, 4, and 7 weeks following infection (Fig. 2A). In
contrast, no antibodies were detected in the RSV-infected NSG
mice or the uninfected HIS or NSG mice. Importantly, all RSV-
infected HIS mice had RSV-neutralizing antibodies (Fig. 2B). To
assess the mucosal IgA response, anti-RSV human IgA antibodies
in BAL fluid were analyzed at 7 weeks following infection. RSV-
infected HIS mice (3 out of 4) had detectable anti-RSV human IgA
(Fig. 2C). Importantly, RSV-infected HIS mice had RSV-specific
human IFN-y-positive spleen cells at 7 weeks following infection
(Fig. 2D). This suggests that HIS mice are able to mount RSV-
specific systemic and mucosal human humoral and cellular im-
mune responses.

DISCUSSION

The RSV-infected HIS mice were able to mount innate immune
responses, features of RSV respiratory disease, and, importantly,
human adaptive immune responses, including RSV-neutralizing
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antibodies. RSV-neutralizing antibody responses strongly corre-
late with protection against RSV disease (20, 21) and have not
been associated with severe disease following RSV reinfections
(22, 23). However, once the RSV infection is established, cellular
immunity is required to completely eliminate RSV. Both human
humoral neutralizing and human cellular responses were elicited
by RSV in the HIS mouse model.

Despite extensive efforts, the realization of a safe and effective
RSV vaccine has remained a challenge. HIS mice could be useful
not only for the preclinical evaluation of vaccines but also for the
identification and development of novel anti-RSV monoclonal
antibodies. Although mice are only semipermissive to RSV infec-
tion, various murine strains have extensively been used to estab-
lish the preclinical features and immunogenicity of RSV vaccine
candidates. The further preclinical advancement of vaccines then
requires confirmation in other animals as models of human infec-
tion, such as cotton rats, cattle, or nonhuman primates. HIS mice
could help reduce the number of those studies with larger animals
required. In addition, the poor long-term immunity against nat-
ural RSV infection and the risk of vaccine-enhanced RSV disease,
both of which are major hurdles for the development of RSV vac-
cines, could be more relevantly assessed with human immune
cells. Human CD8 cells require HLA class I molecules in the thy-
mus and other tissues for their development and function (24, 25).
Since these HIS mice received only HLA class IT and not HLA class
I, the human CD8 cells, although present (Table 1), are nonfunc-
tional. Therefore, the RSV-associated lung pathology and im-
mune responses observed are due to the CD4 responses. Given
the role of CD4 T cells in RSV disease pathogenesis (26), espe-
cially vaccine-enhanced disease (27), and the essential role of
neutralizing antibodies in protection against RSV infections
(8-10, 21), we focused on the HIS mouse model with func-
tional CD4 T and B cells. It will be interesting to test in future
studies the response to RSV infection in the HIS mouse model
with CD8 cells to assess the differential roles of CD8 and CD4
cells in RSV-associated pathology. Interestingly, the presence
of functional CD4 T and B cells was required to induce mucus
hyperplasia, as this response was not induced in the immuno-
deficient mice after RSV infection.

In addition, there is a need to further define and better under-
stand human RSV lung disease. Only a limited number of human
histopathology studies of severe RSV lung disease are available
(28-31). The prominent histological features of severe and fatal
human RSV disease are peribronchiolar infiltrates of leukocytes,
intrabronchiolar plugs with mucus, fibrin and cellular debris of
leukocyte and epithelial cells, as well as submucosal edema (28—
31). Similar findings were observed in the lungs of RSV-infected
HIS mice. An additional feature of human severe RSV disease is
secretion of inflammatory cytokines, such as tumor necrosis fac-
tor alpha, IL-6, macrophage inflammatory protein 1a/CCL3, and
monocyte chemotactic protein 1/CCL2 (32-35). Similar to the
findings in RSV-infected HIS mice, the most abundant cells in
human BAL fluid are neutrophils (36-38).

The human immune cells in the HIS mice were functional and
capable of mounting effective anti-RSV innate and adaptive (both
humoral and cellular) immune responses. Therefore, the HIS
mice could productively clear the RSV infection, while the infec-
tion persisted in the immunodeficient NSG mice. The immune
cell-mediated induction of cytokines in response to a pathogen is
primarily responsible for the feeling of sickness and the loss of
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body weight (39, 40). Correspondingly, the robust human cell-
derived cytokine response to RSV in HIS mice is likely responsible
for the observed loss of body weight. In addition, the cytokines
and chemokines recruit immune cells to the site of infection and
induce pathology and mucus hyperplasia (41-43), as was ob-
served in RSV-infected HIS mice. The inefficiency with which
immunodeficient NSG mice cleared the RSV infection, a lack of
weight loss, and the absence of significant changes in lung histo-
pathology are consistent with the findings described in previous
reports (44, 45). Similar to the plaque assay, qRT-PCR for the RSV
genome showed a lower RSV RNA load in HIS mice than NSG
mice (not shown). However, in contrast to the results of the
plaque assay, the RNA load is not always a true reflection of infec-
tious RSV titers (46).

In future, it would be interesting to evaluate if the RSV infec-
tion of the HIS mice also results in increased airway reactivity,
which is often seen in infants with a predisposition for asthma.
This could also be studied with models of allergic sensitization.
Future studies also need to further define the temporal systemic
and lung mucosal cellular responses in this humanized mouse
model and to further assess the role of the respiratory epithelial
cells in the pathogenesis of RSV infection and protection against
RSV disease.
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