
Frontiers in Immunology | www.frontiersin.

Edited by:
Geraldine Taylor,

The Pirbright Institute, United Kingdom

Reviewed by:
Ralph A. Tripp,

University System of Georgia,
United States
Ki-Hye Kim,

Georgia State University,
United States

Christine Rollier,
University of Surrey, United Kingdom

*Correspondence:
Kathrin Endt

kathrin.endt@bavarian-nordic.com

Specialty section:
This article was submitted to

Vaccines and Molecular Therapeutics,
a section of the journal

Frontiers in Immunology

Received: 22 December 2021
Accepted: 13 May 2022
Published: 14 June 2022

Citation:
Endt K, Wollmann Y, Haug J, Bernig C,

Feigl M, Heiseke A, Kalla M,
Hochrein H, Suter M, Chaplin P and
Volkmann A (2022) A Recombinant
MVA-Based RSV Vaccine Induces

T-Cell and Antibody Responses
That Cooperate in the Protection

Against RSV Infection.
Front. Immunol. 13:841471.

doi: 10.3389/fimmu.2022.841471

ORIGINAL RESEARCH
published: 14 June 2022

doi: 10.3389/fimmu.2022.841471
A Recombinant MVA-Based RSV
Vaccine Induces T-Cell and Antibody
Responses That Cooperate in the
Protection Against RSV Infection
Kathrin Endt1*, Yvonne Wollmann1, Jana Haug1, Constanze Bernig1, Markus Feigl1,
Alexander Heiseke1, Markus Kalla1, Hubertus Hochrein1, Mark Suter2, Paul Chaplin1

and Ariane Volkmann1

1 Bavarian Nordic GmbH, Martinsried, Germany, 2 University of Zürich, Dekanat Vetsuisse-Fakultät Immunology,
Zurich, Switzerland

Respiratory syncytial virus (RSV) causes a respiratory disease with a potentially fatal
outcome especially in infants and elderly individuals. Several vaccines failed in pivotal
clinical trials, and to date, no vaccine against RSV has been licensed. We have developed
an RSV vaccine based on the recombinant Modified Vaccinia Virus Ankara-BN® (MVA-
RSV), containing five RSV-specific antigens that induced antibody and T-cell responses,
which is currently tested in clinical trials. Here, the immunological mechanisms of
protection were evaluated to determine viral loads in lungs upon vaccination of mice
with MVA-RSV followed by intranasal RSV challenge. Depletion of CD4 or CD8 T cells,
serum transfer, and the use of genetically engineered mice lacking the ability to generate
either RSV-specific antibodies (T11µMT), the IgA isotype (IgA knockout), or CD8 T cells
(b2M knockout) revealed that complete protection from RSV challenge is dependent on
CD4 and CD8 T cells as well as antibodies, including IgA. Thus, MVA-RSV vaccination
optimally protects against RSV infection by employing multiple arms of the adaptive
immune system.

Keywords: MVA, vaccines, RSV, protection, mode of action
INTRODUCTION

Respiratory syncytial virus (RSV) is a leading cause of respiratory illness in children and elderly
individuals. The immunological determinants that contribute to complete protection against RSV
are not fully understood. Investigations on potential immune correlates of protection against RSV
infection have demonstrated that antibody responses established after natural RSV infections are
poorly protective against reinfection and high levels of serum antibodies do not always correlate
with protection (1–3). On the other hand, protection from RSV reinfection in mice is only partial in
the absence of RSV-specific antibodies (4, 5), and RSV neutralizing antibody titers correlate with
protection in both young and aged BALB/c mice vaccinated with RSV F protein (6). Apart from
antibody responses, the cellular immune response is believed to play an essential role for RSV
clearance from the lungs. Earlier studies showed that adoptive transfer of memory T cells from
org June 2022 | Volume 13 | Article 8414711
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previously primed mice could clear persistent infection in
athymic nude or irradiated mice and that regulatory T-cells
play an important role in viral clearance after an RSV infection
(7–9). Furthermore, CD4 as well as CD8 T-cells are involved in
the termination of RSV replication and both T-cell subsets play a
role in shortening the duration of RSV shedding and generation
of protective immunity (10, 11).

The novel RSV vaccine candidate (MVA-RSV) is based on the
highly attenuated virus vector, Modified Vaccinia Ankara
Bavarian Nordic (MVA-BN®; registered as IMVANEX®/
IMVAMUNE®/JYNNEOS®), encoding the RSV fusion protein
(F), glycoprotein (G), nucleoprotein (N), and transcription
elongation factor (M2-1) derived from RSV subtype A, as well
as another G of RSV subtype B. The various surface proteins are
expected to induce a broad humoral and cell-mediated immunity
against all RSV-specific antigens. The G protein of both subtypes
has been included since it differs substantially between subtypes,
and thus, this vaccine may provide broad protection against RSV
(A and B) disease. Indeed, MVA-RSV has been proven as a safe
vaccine with the potential to elicit both T-cell and antibody
responses as demonstrated in a phase 1 and phase 2 clinical trial
(12, 13). Moreover, MVA-RSV demonstrated a vaccine efficacy
of 79.3% in preventing moderately symptomatic RSV infection
in a recent human challenge trial (14).

In our studies, we used two mouse models to shed light on
MVA-RSV-induced immune mechanisms of protection against
RSV infection in more detail, since mice can easily be
manipulated either by depletion of certain cell types or by
using genetic knockout mice in the laboratory setting. BALB/c
mice, which show an intermediate susceptibility to RSV, have
been widely used to study vaccine immunity and efficacy against
RSV (11, 15). To complement and confirm data in this well-
established mouse model, we also utilized genetically modified
mice on the C57BL/6 background. In both mouse strains, a
prime-boost vaccination with MVA-RSV provided sterilizing
immunity, indicated by the absence of infectious virus and the
complete lack of viral transcripts 4 days after RSV challenge. This
provided the basis to study the role of CD4 and CD8 T cells as
well as antibodies for complete protection. In MVA-RSV-
vaccinated BALB/c mice, CD4 or CD8 T cells were depleted,
or serum from vaccinated mice was transferred to naïve mice
upon RSV challenge. On the C57BL/6 background, CD8 T-cell-
deficient mice (b2M -/-), antibody-deficient (T11µMT) mice, or
IgA-deficient (IgA -/-) mice were employed for vaccination and
RSV challenge, with the aim to define potential correlates of
protection. Here, instead of a single correlate of protection, we
show that the immune mechanisms required for RSV protection
after vaccination with MVA-RSV involve all adaptive immune
responses examined.
MATERIALS AND METHODS

Animals
BALB/c (8 to 9 weeks of age) and C57BL/6 (13 weeks of age)
female mice were purchased from Janvier Labs. IgA-deficient
mice (IgA -/-) at the age of 12 to 24 weeks, CD8-deficient mice
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(b2M -/-) at the age of 8 weeks, and T11µMT transgenic mice
(T11µMT) at the age of 20 to 24 weeks, all on a C57BL/6
background, were provided by the University of Zurich,
Laboratory Animal Service Center. Mice were kept under
specific-pathogen-free conditions in the animal facility of
Bavarian Nordic. Mouse experiments were performed in
compliance with the German Animal Welfare Law (Deutsches
Tierschutzgesetz) and approved by the government of Upper
Bavaria (approval no. 55.2-1-54-2532-112-2016).

Vaccines and Viruses
MVA-RSV is based on MVA-BN® (ECACC cat no. V00083008)
as the backbone virus (16) and encodes the full-length version of
the membrane-anchored fusion protein F (A long), the full-
length version of the membrane-anchored glycoprotein G (A)
and G (B), as well as the full-length version of the nucleoprotein
N and transcription elongation factor M2-1 from the A2 strain.
The latter (N and M2-1) are expressed as fusion protein. The
RSV genes were inserted in specific Intergenic Regions (IGR) of
the MVA-BN genome. RSV-G (A) and RSV-G (B) were inserted
in IGR 64/65 and RSV-N, RSV-M2-1, and RSV-F were inserted
in IGR 148/149. Expression of transgenes was driven by synthetic
or natural occurring pox virus promoters. No marker gene was
present in the recombinant virus. The coding sequence of RSV-G
(A) was based on the naturally occurring glycoprotein G
sequence of the RSV-A2 strain whereas the coding sequence of
RSV-G (B) was based on the naturally occurring glycoprotein G
sequence of the RSV B strain. The DNA sequence was codon
optimized in such way that the least possible sequence homology
between both glycoprotein variants exists. Both inserted genes
were synthesized by GeneArt with optimized codon usage and
used for cloning into the recombination plasmid. Expression of
RSV-G (A) was driven by the strong early and late promoter
Pr7.5e/l, which naturally transactivates gene expression of the
Vaccinia virus 7.5-kDa gene. Expression of RSV-G (B) was
driven by the synthetic promoter PrS, which was designed
from consensus sequences of early and late elements of
Vaccinia virus promoters. The coding sequences for RSV-N
and RSV-M2-1 were based on the naturally occurring
sequences of the RSV A2 strain. Both genes were connected by
a well-characterized 2A self-cleaving peptide sequence of the
foot-and-mouth disease virus that allowed the expression of two
separate native proteins under the control of a single promoter.
The coding sequence of RSV-F was based on the RSV-Along

strain. The genes were synthesized by GeneArt with optimized
codon usage. Expression of RSV-N and RSV-M2-1 was driven by
the synthetic promoter PrLE1 designed by BN, which is a fusion
of the late cowpox virus A type inclusion promoter with
optimized early elements of the Pr7.5e/l promoter. Expression
of RSV-F was driven by the synthetic promoter PrH5m, which
was a modified version of the Vaccinia virus H5 gene promoter
consisting of strong early and late elements.

MVA-RSV was generated by homologous recombination. For
this purpose, primary chicken embryo fibroblast (CEF) cells were
infected with MVA-BN and subsequently transfected with the
appropriate recombination plasmids. During homologous
recombination, the sequences within the plasmid homologous to
June 2022 | Volume 13 | Article 841471
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the insertion sites of the MVA-BN genome recombine with their
corresponding sequences within the viral genome and target the
transgenes into the respective integration site (either IGR 64/65 or
IGR 148/149) of MVA-BN. MVA-RSV was further propagated in
CEF cells at serum-free conditions. After insertion of the antigens
into the MVA-BN genome, genetically pure clones were isolated
by repeated rounds of limiting dilution and plaque purification. A
final clone was amplified, and a stock was prepared, which was
extensively analyzed, including proof of (i) correct size, (ii) correct
sequence of the inserts, (iii) absence of parental MVA-BN virus,
(iv) and absence of extraneous microbes (sterility testing). In
addition, the (v) infectious titer of the MVA-RSV virus stock
was determined. Such virus stock was used as inoculum during
production of research grade material for use in animal vaccine
studies. Production was conducted in roller bottles seeded with
primary CEF cells under serum-free conditions. Infected CEF
lysates were sonicated, purified, and concentrated using a
standardized two-step sucrose cushion centrifugation procedure.
Vaccine infectious titer, sequence identity, and integrity were
confirmed. Transgene expression was confirmed at various
developmental steps by Western blot and flow cytometry,
confirming extracellular expression of the RSV-derived genes F
and G.

Immunization and Challenge
Mice were administered intranasally (IN) with 100 µl of the
MVA-RSV vaccine at 1 × 108 TCID50 per dose (1 TCID50

corresponds to 1 infectious unit [Inf.U]) at Days 0 and 21. IN
challenge was performed with 100 µl of RSV-A2 at 1 × 106 pfu at
Day 35 (9, 15). Control animals received TRIS-buffered saline,
pH 7.7. For IN applications, mice were anesthetized with a
mixture of Fentanyl, Midazolam, and Medetomidine and
anesthesia was antagonized with a mixture of Naloxone,
Flumazenil, and Atipamezole. After challenge, animals were
monitored daily, and body weight was measured. Animals
were sacrificed 4 days post challenge (peak of infection).

T-Cell Depletion and Transfer of
Donor Serum
CD4 or CD8 T-cell subsets were depleted in BALB/c mice by
intraperitoneal injection of 250 µg of anti-CD4 (rat IgG2b, Clone
GK1.5, Bio X Cell) or anti-CD8 (rat IgG2b, Clone 53-6.7, Bio X
Cell) antibody 1 day before and 1 day after challenge. As control,
an isotype-matched antibody (rat IgG2b, LTF-2, Bio X Cell) was
used. For long-term depletion of CD4 T cells, injection was
performed 2 days before prime vaccination and twice a week
thereafter. At Day 39 (4 days post RSV-A2 challenge), the
efficacy of these treatments was determined by FACS analysis
of heparinized whole blood and splenocytes. Briefly, cells were
treated with a purified anti-mouse CD16/CD32 monoclonal
antibody (1:50, Fc Block™, BD) prior to staining with CD8
FITC (1:200; BioLegend) and CD4 brilliant violet 785 (1:200,
BioLegend). For live versus dead cell discrimination, Zombie
Aqua™ (1:200, BioLegend) was used. All cells were acquired
using a digital flow cytometer (LSR II, BD Biosciences), and data
were analyzed with FlowJo software (Tree Star).
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Serum from MVA-RSV-vaccinated or mock-treated control
mice was transferred by intraperitoneal (IP) injection of 1 ml of
serum to non-vaccinated BALB/c mice 1 day before challenge.

RSV Load in Lung
Mouse lung homogenates were generated and used for titration
on Vero E6 cells (ATCC® Number: CRL-1586™) in 48-well
plates. In brief, 2‐fold serial dilutions of homogenized lung tissue
supernatant (duplicate measurement) or RSV-A2 (1:500; positive
control) were adsorbed onto a monolayer of Vero E6 cells. After
adsorption, a solid overlay medium was applied to the cell
monolayer to restrict virus growth to the originally infected
foci of cells. Plates were incubated at 37°C and 5% CO2 for 6
days, following visualization of plaques after the addition of
crystal violet solution. The plates were scanned and the numbers
of plaques per well were counted automatically by a validated
neural network. The average number of plaques adjusted by the
respective dilution factor was then multiplied by 10 to obtain the
titer of the solution in plaque-forming units [pfu]/ml.

Viral load was determined by reverse transcription quantitative
polymerase chain reaction (RT-qPCR). RT reactions were
performed using the High-Capacity RNA-to-cDNA Kit (Applied
Biosystems). PCR specific for RSV-A2 L-gene was performed using
Taqman Gene Expression Master Mix (Applied Biosystems),
primer 1: GAACTCAGTGTAGGTAGAATGTTTGCA, primer 2:
TTCAGCTATCATTTTCTCTGCCAAT, and probe: 6FAM-
TTTGAACCTGTCTGAACATTCCCGGTT-MGB. Before the
genomic copy numbers (gcs) per sample were calculated from the
standard curve (pMISC202 plasmid vector containing a fragment of
the RSV L-gene), all measured CT values were normalized to the18S
housekeeping gene. Then, the normalized CT values were used to
calculate the corresponding copy numbers for each sample from the
standard curve. The detection limit of the assay was 15 copies,
which was the corresponding copy number to the highest possible
CT value of 40. RSV L-gene copies were measured by real-time PCR
using the Applied Biosystems 7500 Real-Time PCR System and
analyzed using the 7500 System Software.

RSV-Specific Antibody Analysis
RSV-specific IgG levels in serum or bronchoalveolar (BAL) fluids
were measured by a direct ELISA. 96-well ELISA plates were
coated overnight with inactivated total RSV-A (RSV Grade 2
Antigen [Long Strain], Meridian Bioscience). Samples were
titrated using serial dilutions starting at 1:100 for serum and
1:20 for BAL fluids. A sheep anti-mouse IgG-HRP (AbD Serotec)
or a goat anti-mouse IgG-HRP (Abcam) was used as detection
antibody for sera or BAL fluids, respectively. The antibody titers
were calculated by a 4-parameter fit (Magellan Software). The
average of the OD values of the negative control (naïve sample)
needed to be below an OD of 0.24 for serum and 0.05 for BAL
fluids and was defined as assay cutoff. Serum samples with an OD
value below the assay cutoffs were negative and given the
arbitrary value of 1.

RSV-specific IgA levels in BAL fluids were measured by a
direct ELISA using a standard curve. 96-well ELISA plates were
coated overnight with RSV antigen (Meridian). Samples were
June 2022 | Volume 13 | Article 841471
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used at dilutions between 1:20 and 1:200 and detected with goat
anti-mouse IgA-HRP (Invitrogen). The antibody titers were
calculated by a 4-parameter fit (Magellan Software). The
average of the OD values of the negative control (naïve
sample) needed to be below an OD of 0.140, which was
defined as assay cutoff. Serum samples with an OD value
below the assay cutoff were negative and given the arbitrary
value of 1.

For data presentation, the geometric mean of the antibody
titers (GMT) with 95% confidence interval (CI) was calculated
using GraphPad Prism version 8.4.3.

Statistical Analysis
The analysis on antibody titers was done on the log10-
transformed data. Antibody titers and viral load were analyzed
using a normality test on the log10-transformed data (Shapiro–
Wilk and an equal variance test [Brown–Forsythe] should the
data pass normality). In case the normality test did pass, the
ANOVA was followed by the Tukey all pairwise multiple
comparison procedures test to compare the groups. If the
normality did not pass, we used a non-parametric method
(Kruskal–Wallis one-way analysis of variance on ranks)
followed by a multiple comparison procedure (Dunn’s
method). When only two groups were compared, a t-test was
used in case of normality; otherwise, the Mann–Whitney rank
sum test was used.
RESULTS

Protection Against RSV Is Impaired in the
Absence of CD4 or CD8 T Cells
To elucidate the role of T cells in RSV clearance from the lungs
after challenge of vaccinated mice, we experimentally depleted
CD4 or CD8 T cells, which is an established method to assess the
role of T cells during immune responses, already used in various
experimental systems (10, 17–20). For that purpose, four groups
of BALB/c mice were vaccinated with MVA-RSV in a prime-
boost regimen 3 weeks apart (Supplementary Figure 1A). One
group (CD4 long-term depleted) was treated with a CD4-
depleting antibody before vaccination and throughout the
vaccination and challenge phase (Supplementary Figure 1B).
During RSV infection, this group had no CD4 T cells in blood or
spleen (Supplementary Figure 2) and no RSV-specific IgG
antibodies in serum or RSV-specific IgA and IgG in
bronchioalveolar (BAL) fluids (Figures 1A, B). The lack of IgG
and IgA isotypes was expected due to the lack of T-cell help for
antibody class switch during the vaccination phase. Two
additional groups of MVA-RSV-vaccinated mice were either
treated with an CD4- or CD8-depleting antibody 1 day before
RSV challenge and during the challenge phase (Supplementary
Figure 1C). As intended, mice in these groups lacked either CD4
or CD8 T cells with a depletion efficacy of >99% for both T-cell
subsets (Supplementary Figure 2). In contrast to the CD4 long-
term depleted group, these two groups had comparable antibody
titers for RSV-specific serum IgG (GMT of 20,325 [95% CI, 7,241
Frontiers in Immunology | www.frontiersin.org 4
to 57,049] for CD4-depleted mice and GMT of 30,251 [95% CI,
18,094 to 50,576] for CD8-depleted mice), mucosal IgG (GMT of
1,404 [95% CI, 501 to 3,935] for CD4-depleted mice and GMT of
2,243 [95% CI, 711 to 7,070] for CD8-depleted mice), and
mucosal IgA (GMT of 141 [95% CI, 63 to 316] for CD4-
depleted mice and GMT of 331 [95% CI, 212 to 517] for CD8-
depleted mice) to mice treated with an isotype-matched control
monoclonal antibody (GMT of 18,874 [CI, 9,085 to 39,210] for
RSV-specific serum IgG, GMT of 1,495 [95% CI, 623 to 3,588]
for RSV-specific mucosal IgG, and GMT of 160 [95% CI, 84 to
303] for RSV-specific mucosal IgA).

The effect of the respective T-cell-type depletion on
protection against RSV infection was assessed 4 days post RSV
challenge by measuring the presence of live virus in the lungs by
plaque assay. Lungs from MVA-RSV-vaccinated, isotype-
matched control antibody-treated mice that were shown to
contain CD4 and CD8 T cells as well as RSV-specific IgG and
IgA (Supplementary Figure 2 and Figures 1A, B) were free
from infectious virus (Figure 1C), while non-vaccinated (TBS-
treated) mice given the isotype control antibody harbored high
amounts of infectious RSV in their lungs (mean plaque-forming
units [PFU]: 23,596). Interestingly, as judged by plaque assay 4
days post challenge, the lungs of CD4 long-term depleted and
CD4-depleted vaccinated mice were also free of infectious RSV
(Figure 1C), despite the absence of CD4 T cells and in case of
CD4 long-term depletion, even in the absence of RSV-specific
IgG and IgA (Figures 1A, B). In contrast, small amounts of
infectious virus (5 PFU, each) were present in 2 out of 10 CD8-
depleted mice (Figure 1C). These results suggested a role for
CD8 T cells for complete clearance of infectious virus from the
lung, but potentially no role for CD4 T cells or IgG and IgA.
However, the plaque assay is not the most sensitive method, and
a finer grading of efficacy can be achieved by using the more
sensitive RT-qPCR method measuring RSV L-gene transcripts in
the lung. In this assay, in line with expectations, lung samples
from TBS-treated animals showed more than 4-fold higher viral
loads (mean genomic copies [gcs] of 99,453) compared to the
same samples by plaque assay, whereas samples from MVA-
RSV-vaccinated mice treated with the isotype-matched control
monoclonal antibody were still completely free of viral
transcripts (Figure 1D). These results not only confirmed
sterilizing mucosal immunity conferred by MVA-RSV in the
presence of all arms of the immune system, but also indicated
that the RT-qPCR assay offers a wider bandwidth to measure
protection. Indeed, though detectable RSV L-gene transcripts in
the lung were reduced by a factor of >2,500 for CD4- and CD8-
depleted mice (p < 0.05) and a factor of 318 for CD4 long-term
depleted mice compared to TBS-treated mice (Figure 1D), low
amounts of viral transcripts were still detectable not only in CD8
T-cell-depleted mice (3 of 10 mice, mean gcs of 39) as anticipated
based on the plaque assay results, but also in CD4 T-cell-depleted
mice (2 of 9 mice, mean gcs of 25), indicating that CD4 as well as
CD8 T cells play a role for complete viral clearance in the lung.
This effect was even more pronounced in the CD4 long-term
depletion group, which was lacking CD4 T cells already during
the vaccination phase and thereby also IgG and IgA, due to the
June 2022 | Volume 13 | Article 841471
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inability of antibody class switch in the absence of CD4 T-cell
help. In this group, more than half of the mice (7 out of 10) had
up to 786 gcs, compared to 2 out of 9 mice with up to 69 gcs in
the group that were CD4 depleted later, i.e., at the time of
challenge. This result suggests that besides T cells, IgG and/or
IgA antibodies contribute to mediating sterilizing immunity.

The Importance of T Cells and Antibodies
for Complete RSV Clearance Is Confirmed
in Knockout Mice
Next, we wanted to know whether these findings held true in a
different, potentially even cleaner setting. For this reason, we
used mice lacking CD8 T cells due to missing a constituent of
major histocompatibility class I molecules (b2M -/-; 21, 22) or
mice unable to produce RSV-specific antibodies due to a
Frontiers in Immunology | www.frontiersin.org 5
rearranged heavy chain gene specific for a VSV virus
(T11µMT; 23), which are well-established models to assess the
role of CD8 T cells or antibodies, respectively (24–26). Both have
a C57BL/6 genetic background that is less sensitive to RSV
infection (27–30). Similar to the BALB/c mouse experiments
described above, C57BL/6 wild-type (WT) mice, b2M -/-, or
T11µMT mice were vaccinated twice with 1 × 108 TCID50 of
MVA-RSV, challenged 2 weeks later with RSV, and the presence
of RSV was assessed 4 days post challenge in the lungs by plaque
assay and RT-qPCR (Supplementary Figure 1A). As expected,
non-vaccinated C57BL/6 WT mice showed a lower viral load
after challenge than BALB/c mice (621 versus 23,596 mean PFU
by plaque assay and 47,300 versus 99,453 mean gcs by RT-PCR,
Figures 2 vs. Figure 1C, D). Complete absence of infectious
virus as well as RSV specific L-gene transcripts in the lungs of
A B

DC

FIGURE 1 | Effect of T-cell depletion on efficacy. BALB/c mice (n = 5) either were vaccinated (IN) twice 3 weeks apart with 1 × 108 TCID50 MVA-RSV or received TBS. RSV
challenge (IN, 106 pfu) was performed 2 weeks after the last vaccination. One day prior and 1 day after RSV challenge, mice were either treated (IP) with an anti-CD4 (CD4 depl.) or
anti-CD8 (CD8 depl.) or an isotype-matched control antibody (isotype control). For long-term depletion of CD4 T cells, injection with the anti-CD4 antibody was performed 2 days
before prime vaccination and thereafter twice a week. (A) RSV-specific IgG in serum was measured on Day 33 (12 days post second vaccination) by ELISA. Titers were
comparable between vaccinated mice treated with the isotype control antibody and anti-CD4 or anti-CD8 antibody (p = 0.9965 for CD4-depleted mice and p = 0.5426 for CD8-
depleted mice; Tukey test). (B) RSV-specific mucosal IgA and IgG in BAL fluids were measured on Day 39 (4 days post challenge) by ELISA. Mice treated with anti-CD4 or anti-
CD8 antibody had comparable RSV-specific mucosal IgA (p = 0.9717 for CD4-depleted mice and p = 0.1087 for CD8-depleted mice, Tukey test) as well as mucosal IgG (p =
0.9991 for CD4-depleted mice and p = 0.8205 for CD8-depleted mice, Tukey test) to vaccinated mice treated with the isotype control antibody. No antibodies could be measured
in the CD4 long-term depleted group. For both panels the geometric mean titers (GMT) with 95% confidence interval (CI) are shown. Representative data of one out of two mouse
studies are shown. ns: not statistically significant. Four days post challenge mice were sacrificed and the viral load in lung was measured by (C) plaque assay. Mean pfu per half
lung ± SEM is shown. (D) Viral load detected by RT-qPCR. Mean L-gene copies ± SEM is shown; the black line indicates the lower limit of detection (LLOD = 15 gcs). Plaque
assay data showed significant differences between TBS-treated control mice and all other groups (***p < 0.0005, **p < 0.005 Dunn’s method). RT-qPCR data showed significant
differences between TBS-treated control mice and vaccinated control mice, CD4 depl. mice, and CD8 depl. mice (****p < 0.00005, ***p < 0.0005 Dunn’s method). Pooled data of
two separately performed mouse studies are shown (n = 9 or 10).
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MVA-RSV-vaccinated, RSV-challenged WT C57BL/6 mice
(Figures 2A, B) confirmed that sterilizing mucosal immunity
is also vaccine mediated in the C57BL/6 mouse model. Plaque
assay results showed that in contrast to TBS control mice with
high viral loads (mean PFU of 621), vaccinated b2M -/- mice
were either able to fully clear infectious virus from their lungs or
showed only small amounts (22 PFU) in one out of 4 mice
(Figure 2A). All vaccinated b2M -/- mice had detectable RSV-
specific transcripts (mean gcs of 1,224) determined by RT-qPCR
(Figure 2B), confirming the importance of CD8 T cells for
complete RSV clearance from the lungs seen in the CD8-
depleted mice.

Since viral clearance from the lungs seemed to be more impaired
in the absence of CD4 T cells and IgG and/or IgA antibodies as
indicated by the results of the CD4 long-term depleted mice, the
impact of antibodies for viral clearance was further investigated in
T11µMT transgenic mice that also lack RSV-specific IgM. Here,
infectious virus was detected in 2 out of 5 vaccinated T11µMT
transgenic mice. The difference in RSV-specific viral transcripts
between T11µMT transgenic mice (mean gcs of 7,005) and TBS
control mice (mean gcs 47,300) was 7-fold (p < 0.005), accrediting
RSV-specific antibodies a role in protection from RSV.

Although data from the transgenic and knockout mice are
limited to a smaller number of animals, the obtained results are
valuable in that they support the findings in the immunodepleted
BALB/c mice in a second mouse model, reiterating that T cells in
combination with antibodies are required for complete protection.

RSV-Specific Serum Antibodies Alone
Afford Only Weak Protection
Given the limited protection afforded in the absence of RSV-specific
antibodies in T11µMT mice, we evaluated the sole effect of
antibodies for protective efficacy. Serum from MVA-RSV-
vaccinated mice (positive serum) was passively transferred to
previously naïve BALB/c mice 1 day prior to RSV challenge
Frontiers in Immunology | www.frontiersin.org 6
(Supplementary Figure 1D). As a control, normal serum from
naïve mice (mock serum) was transferred. The transfer of positive
serum led to a detectable RSV-specific IgG antibody titer in serum
(Figure 3A) and lung mucosa (Figure 3B) 4 days post challenge
that was comparable in titers to vaccinated WT BALB/c mice (p =
0.4127 for IgG serum titers and p = 0.2313 for IgG BAL titers), while
RSV-specific mucosal IgA could not be measured in the lungs of
mice receiving positive serum. Four days after challenge with RSV,
plaque assay results revealed that infectious RSV was 26-fold
reduced (p < 0.00005) by the passive transfer of RSV-specific
antibodies compared to the viral load of mice receiving mock
serum, but still measurable in all mice (Figure 3C). RSV L-gene
transcripts detected by RT-qPCR showed only a slight (factor of 2),
not statistically significant (p = 0.066) difference between the
positive and mock serum transfer groups (Figure 3D), indicating
that RSV-specific serum antibodies and mucosal IgG alone could
not eliminate RSV from the lung.

Mucosal IgA Contributes to
Complete Protection
Knowing that RSV-specific IgG in serum and at mucosal sites did not
achieve complete protection on its own, we looked at the role of
mucosal IgA for RSV clearance in C57BL/6mice lacking IgA (IgA -/-;
31, 32). At the time of RSV challenge, IgA -/- mice vaccinated with
MVA-RSV had comparable levels of RSV-specific IgG in serum (p =
0.0539; Figure 4A) and lung mucosa (p = 0.4206; Figure 4B) to
vaccinatedWTC57BL/6mice. Comparable RSV-specific T cells were
also present, as supposed, since the development and function of CD4
and CD8 T cells are not impaired in IgA -/- mice (31). As expected,
RSV-specific mucosal IgA was only measured in the vaccinated WT
control mice and was absent in IgA -/- mice (Figure 4B). Four days
after challenge, the lungs of vaccinated IgA -/- mice were free from
infectious virus analogous to the vaccinated WT control group
(Figure 4C) and only minimal viral load (mean gcs of 96)
determined by RT-qPCR was detectable in the lungs of IgA -/-
A B

FIGURE 2 | Efficacy in CD8 T cell (b2M -/-)- or antibody (T11µMT)-deficient C57BL/6 mice. C57BL/6 WT mice (n = 5), T11µMT (n = 5), or b2M -/- (n = 4) were
vaccinated (IN) twice 3 weeks apart with 1 × 108 TCID50 MVA-RSV. WT mice treated with TBS served as controls. RSV challenge (IN, 106 pfu) was performed 2 weeks
after last vaccination. Four days post challenge mice were sacrificed, and the viral load in lung was measured by (A) plaque assay. Mean pfu per half lung ± SEM is
shown. (B) Viral load detected by RT-qPCR. Mean L-gene copies ± SEM is shown; the black line indicates the lower limit of detection (LLOD = 15 gcs). Plaque assay
data (pfu) showed significant differences between TBS-treated control mice and vaccinated control mice (*p < 0.05, Dunn’s method). RT-qPCR data (L-gene copies)
showed significant differences between TBS-treated control mice and all other groups (***p < 0.0005, **p < 0.005, Tukey test). ns: not statistically significant.
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mice (Figure 4D) compared to TBS-treated WT mice (p < 0.0005).
Comparing the viral transcripts detectable in IgA -/- mice and
T11µMT transgenic mice (mean gcs of 96 versus 7,005), it
appeared that the absence of IgA alone had a smaller impact on
protection than the absence of all RSV-specific antibodies.
Nevertheless, the fact that detectable RSV transcripts remained in
vaccinated IgA -/- mice compared to vaccinatedWTmice (p < 0.005)
showed that complete protection relies on mucosal IgA as well.
DISCUSSION

Currently, immune mechanisms responsible for complete
protection against RSV are still not fully identified. In mice,
RSV-specific antibodies appeared to have only a minor role in
the resolution of infection (33), and cellular immune responses
are mainly thought to play an important role in clearing RSV,
since RSV clearance from the lung could be mediated by an
adoptive RSV-specific T-cell transfer in infected nu/nu mice (8)
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and duration of RSV shedding was shortened in the presence of
RSV-specific CD4 and CD8 T cells (10). Similarly in humans, the
highest level of neutralizing antibodies could not reliably protect
against RSV re-infection, while on the other hand, individuals
with low titers could be resistant (2, 34). Indeed, a vaccine
candidate eliciting high neutralizing antibody responses has
failed to show protective efficacy (35), suggesting that besides
neutralizing antibodies, other arms of the immune system may
also play an important role in protection against RSV disease.
Human observational studies underline this notion, by
highlighting the importance of T cells for viral clearance as
well (11).

The MVA-RSV vaccine candidate used here was previously
tested in a phase 1 and phase 2 clinical trial and shown to be safe
and immunogenic. MVA-RSV induced both broad T-cell
responses against all encoded RSV antigens and humoral
responses against RSV A and RSV B (12, 13). These results
suggest that MVA-RSV may activate various adaptive immune
responses against RSV that could contribute to different
A B

DC

FIGURE 3 | Efficacy of passively transferred RSV-specific antibodies. Either BALB/c mice (n = 5) were vaccinated (IN) twice 3 weeks apart with 1 × 108 TCID50 MVA-RSV or
non-vaccinated BALB/c mice received 1 ml of serum (IP) from MVA-RSV-vaccinated (positive serum) or mock-vaccinated control mice (mock serum) 1 day before challenge.
(A) RSV-specific IgG in serum was measured on Day 39 (4 days post serum transfer) by ELISA. Geometric mean titers (GMT) with 95% confidence interval (CI) are shown.
Titers were comparable between MVA-RSV-vaccinated mice and mice receiving positive serum (p = 0.4127, Dunn`s method). (B) RSV-specific mucosal IgA and IgG in BAL
fluids were measured on Day 39 (4 days post serum transfer) by ELISA. GMT with 95% CI is shown. RSV-specific mucosal IgG titers were comparable between vaccinated
mice and mice receiving RSV-specific serum antibodies (p = 0.2313, Dunn’s method). For Figures 3B and 1B, identical results for RSV-specific mucosal IgA and IgG for
MVA-RSV-vaccinated control animals were shown as this experiment was run in parallel to reduce the number of animals required. (C) Viral load in lung was measured 4 days
post RSV challenge (IN, 106 pfu) by plaque assay. Mean pfu per half lung ± SEM is shown. Viral load (pfu) determined by plaque assay was significantly (****p < 0.00005;
Mann–Whitney U-test) reduced by the passive transfer of RSV-specific antibodies compared to the viral load of mice receiving the mock serum. (D) Viral load detected by RT-
qPCR. Mean L-gene copies ± SEM is shown; the black line indicates the lower limit of detection (LLOD = 15 gcs). There was no statistically significant difference (p = 0.066,
Mann–Whitney U-test) in RSV-specific L-gene copies between mice receiving RSV-specific antibodies and mice receiving the mock serum. Pooled data of two separately
performed mouse studies are shown (n = 9 or 10). ns: not statistically significant.
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pathways of protection. In fact, MVA-RSV was efficacious in a
recent human challenge trial, demonstrating a vaccine efficacy of
79.3% in preventing moderately symptomatic RSV infection
(manuscript in preparation).

To illuminate the immune mechanisms of protection against
RSV upon MVA-RSV vaccination, we used mouse models in
which a prime-boost vaccination of MVA-RSV provided
sterilizing mucosal immunity 4 days after RSV challenge,
indicated by the absence of infectious virus and the complete
lack of RSV L-gene transcripts determined in the lung by plaque
assay and RT-qPCR, respectively. In vivo depletion of T cells in
mice has been extensively performed to study the role of T-cell
subsets in various immune responses, such as antibody responses
(36–38) and control of bacterial (39), viral (10, 40–42), fungal
(43), or parasitic infections (44). Hence, to elucidate the role of
the cellular immune responses for RSV protection, we depleted
CD8 or CD4 T cells 1 day prior and during the challenge phase
and, in the case of the CD4 T cells, additionally before and during
vaccination and the challenge phase. Furthermore, CD8 T-cell-
deficient b2m -/- mice were employed.
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Data presented here demonstrate that protection afforded
by MVA-RSV was only partial in the absence of CD4 or CD8 T
cells. Both vaccinated CD8 T-cell-depleted mice (2 of 10) and
vaccinated b2M -/- mice (1 of 4) could not completely clear
infectious virus from their lungs as judged by plaque assay 4
days post RSV challenge. Moreover, RSV-specific transcripts
were detected by RT-qPCR at small levels in all vaccinated
b2M -/- mice and also in vaccinated CD8-depleted mice (3 of
10). Although differences in the genomic copy numbers
between the CD8-depleted mice (BALB/c) and the b2M -/-
mice (C57BL/6) were expected due to the different genetic
background and RSV susceptibility of the mouse strains, it was
apparent that upon CD8 depletion, only 3 of 10 mice showed
low detectable genomic copy numbers compared to the b2M
-/- mice, which all showed clearly detectable copies of the RSV
L-gene. One explanation might be an incomplete CD8 T-cell
depletion especially for RSV-specific vaccination-induced CD8
T cells at the mucosal respiratory areas in mice treated with
anti-CD8 antibodies, which was not analyzed. However, both
groups clearly indicated that CD8 T cells are important to
A B

DC

FIGURE 4 | Role of IgA for RSV protection. C57BL/6 WT (n = 5 to 10) or IgA-deficient (IgA-/-, n = 5 to 10) mice were vaccinated (IN) twice 3 weeks apart with
1 × 108 TCID50 MVA-RSV. C57BL/6 WT mice treated with TBS served as controls. (A) RSV-specific IgG in serum was measured on Day 34 (13 days post last
vaccination) by ELISA. Geometric mean titers (GMT) with 95% confidence interval (CI) are shown. Titers were similar between vaccinated WT mice and IgA -/- mice
(p = 0.054, Mann–Whitney U-test). (B) RSV-specific mucosal IgA and IgG in BAL fluids were measured on Day 39 (4 days post challenge) by ELISA. GMT with 95%
CI is shown. Mucosal IgG titers were comparable between vaccinated WT mice and IgA -/- mice (p = 0.4206, Mann–Whitney U-test). Mucosal IgA was only
detected in vaccinated WT mice but not in IgA -/- mice, as expected. (C) Viral load in lung was measured 4 days post RSV challenge (IN, 106 pfu) by plaque assay.
Mean pfu per half lung ± SEM is shown. The lungs of vaccinated IgA -/- mice were completely free from infectious virus analogous to the vaccinated WT control
group (*p < 0.05; Dunn’s method). (D) Viral load detected by RT-qPCR. Mean L-gene copies ± SEM is shown; the black line indicates the lower limit of detection
(LLOD = 15 gcs). L-gene copies were significantly reduced in IgA -/- mice compared to TBS-treated WT mice (**p < 0.005, ***p < 0.0005, Tukey test). ns: not
statistically significant. For Figures 4C, D and 2A, B, identical results for plaque assay (pfu) and RT-qPCR (L-gene copies) for TBS-treated and vaccine-treated
control animals were shown as this experiment was run in parallel to reduce the number of animals required.
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mediate sterilizing mucosal immunity, and this finding is also
consistent with CD8 T-cell depletion data in mice (4) or data
from other animal models (e.g., calves), suggesting a role for
CD8 T cells in limiting RSV replication (45).

An earlier study demonstrated that CD4 T cells, important
for the induction of mucosal and systemic RSV-specific
antibodies, were necessary for RSV clearance shown by
adoptive CD4 T-cell transfer experiments into RSV-infected
nude mice (46). Similar results were seen in our study in the
BALB/c mice treated with the two different CD4 T-cell
depletion regimens. While no infectious RSV could be
detected by plaque assay in vaccinated CD4 short- or long-
term depleted mice, low amounts of viral transcripts were
detected by RT-qPCR in a few CD4 short-term depleted mice
(2 of 9) and in more than half of the CD4 long-term depleted
mice (7 of 10), implicating a role of CD4 T cells for mediating
sterilizing mucosal immunity.

Mice depleted for CD4 after vaccination had 11 times lower
genomic copies present in their lungs than the CD4 long-term
depleted group, which were depleted already before the
vaccination. CD4 T cells could also play a role for the
induction and expansion of CD8 T cells. However, a major
role for this is not strongly supported by our data since the
CD4 long-term depletion showed, in the plaque assay, less
effect than the depletion of CD8 T cells alone. As shown here,
the CD4 long-term depleted mice did not mount RSV-specific
IgG and IgA, since immunoglobulin isotype switching from
IgM depends on the presence of CD4 T-cell help. This likely
contributed to an even lower protective efficacy compared to
mice lacking only CD4 T cells during the challenge. Based on
these results, it was evident that antibodies also play a role for
complete RSV clearance from the lungs, which was further
investigated in T11µMT transgenic mice (C57BL/6). These
mice were unable to produce RSV-specific antibodies upon
vaccination but had normal levels of RSV-specific T cells at the
time of RSV challenge. Plaque assay results revealed that 2 out
of 5 vaccinated T11µMT mice could not completely clear
infectious RSV from their lungs and viral transcripts were
only slightly reduced compared to non-vaccinated WT mice,
confirming that antibodies were required for complete
protection. Similar results were observed in experiments with
CD4 long-term depleted mice and B-cell-deficient mice (anti-µ
treated), showing that RSV-specific antibody responses were
important for complete protection from RSV replication in
lungs (5).

However, passive transfer of RSV-specific antibodies to
previously naïve BALB/c mice 1 day prior to RSV challenge
had only a minor protective effect. We could show that mice
receiving RSV-specific antibodies exhibit RSV-specific IgG in
serum and mucosa (BAL fluids), but no mucosal IgA at the
time of challenge, indicating that RSV-specific antibodies
and mucosal IgG alone afford only weak protection against
RSV. Though the induction of neutralizing antibodies has not
explicitly been addressed in this study, earlier unpublished
mouse studies showed that MVA-RSV vaccination induces
neutralizing antibodies at comparable levels as RSV
Frontiers in Immunology | www.frontiersin.org 9
exposure. These findings raised the question on the role of
mucosal IgA for RSV protection as it could act as a first-line
immune defense against the virus (47). Several studies in
infants and adults revealed the importance of the mucosal
humoral response for protection against RSV. RSV-specific
nasal IgA correlated more strongly with protection from PCR-
confirmed infection than serum neutralizing antibodies (3),
and higher nasal IgA predicted a lower infectivity and lower
levels of RSV replication (48). Our data obtained in vaccinated
and challenged IgA -/- mice showed that IgA is indeed required
for complete protection, although IgA alone had a smaller
effect on protection than the absence of all RSV-specific
antibodies, indicated by the 73-fold higher genomic copies
detected in the lungs of T11µMT transgenic mice compared to
the IgA -/- mice.

In summary, after vaccination with MVA-RSV, clearance of
RSV from murine lungs was only complete in the presence of
RSV-specific antibodies, including mucosal IgA, as well as CD4
and CD8 T cells. These findings demonstrate that vaccination
with MVA-RSV induces immune parameters from all arms of
the adaptive immune system, which together warrant sterilizing
protection against RSV exposure. Indeed, RSV-specific
antibodies, including IgA, and T-cell responses against all RSV
antigens encoded in MVA-RSV, were boosted in RSV-
experienced human subjects (12, 13) and support the notion
that an effective RSV vaccine needs to induce a balanced humoral
and cellular immunity.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The animal study was reviewed and approved by the
Government of Upper Bavaria.
AUTHOR CONTRIBUTIONS

KE: Supervision, Project administration, Investigation, and
Writing review and editing. YW: Project administration. JH:
Investigation. CB: Investigation. MF: Investigation. AH:
Investigation. MS: Conceptualization and Methodology. MK:
Vaccine design and production. HH: Conceptualization,
Methodology, and Writing review and editing. PC:
Conceptual izat ion, Methodology, and Review. AV:
Conceptualization, Methodology, Supervision, and Writing
review and editing. All authors contributed to the article and
approved the submitted version.
June 2022 | Volume 13 | Article 841471

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Endt et al. RSV Vaccine Mode of Action
ACKNOWLEDGMENTS

The authors thank Christian Krause, Yvonne Terkowski, and
Kerstin Zehentbauer for taking excellent care of the mice and
Niels Wulff for statistical analysis.
Frontiers in Immunology | www.frontiersin.org 10
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.841471/
full#supplementary-material
REFERENCES
1. Hall CB, Powell KR, MacDonald NE, Gala CL, Menegus ME, Suffin SC, et al.

Respiratory Syncytial Viral Infection in Children With Compromised
Immune Function. N Engl J Med (1986) 315(2):77–81. doi: 10.1056/
NEJM198607103150201

2. Hall CB, Walsh EE, Long CE, Schnabel KC. Immunity to and Frequency of
Reinfection With Respiratory Syncytial Virus. J Infect Dis (1991) 163(4):693–
8. doi: 10.1093/infdis/163.4.693

3. Habibi MS, Jozwik A, Makris S, Dunning J, Paras A, DeVincenzo JP, et al.
Impaired Antibody-Mediated Protection and Defective IgA B-Cell Memory
in Experimental Infection of Adults With Respiratory Syncytial Virus. Am J
Respir Crit Care Med (2015) 191(9):1040–9. doi: 10.1164/rccm.201412-
2256OC

4. Graham BS, Bunton LA, Wright PF, Karzon DT. Reinfection of Mice With
Respiratory Syncytial Virus. J Med Virol (1991) 34(1):7–13. doi: 10.1002/
jmv.1890340103

5. Graham BS, Bunton LA, Rowland J, Wright PF, Karzon DT. Respiratory
Syncytial Virus Infection in Anti-Mu-Treated Mice. J Virol (1991) 65
(9):4936–42. doi: 10.1128/JVI.65.9.4936-4942.1991

6. Cherukuri A, Stokes KL, Patton K, Kuo H, Sakamoto K, Lambert S, et al. An
Adjuvanted Respiratory Syncytial Virus Fusion Protein Induces Protection in
Aged BALB/cMice. ImmunAgeing (2012) 9(1):21. doi: 10.1186/1742-4933-9-21

7. Cannon MJ, Stott EJ, Taylor G, Askonas BA. Clearance of Persistent
Respiratory Syncytial Virus Infections in Immunodeficient Mice Following
Transfer of Primed T Cells. Immunology (1987) 62(1):133–8.

8. Cannon MJ, Openshaw PJ, Askonas BA. Cytotoxic T Cells Clear Virus But
Augment Lung Pathology in Mice Infected With Respiratory Syncytial Virus.
J Exp Med (1988) 168(3):1163–8. doi: 10.1084/jem.168.3.1163

9. Muñoz JL, McCarthy CA, Clark ME, Hall CB. Respiratory Syncytial Virus
Infection in C57BL/6 Mice: Clearance of Virus From the Lungs With Virus-
Specific Cytotoxic T Cells. J Virol (1991) 65(8):4494–7. doi: 10.1128/
JVI.65.8.4494-4497.1991

10. Graham BS, Bunton LA, Wright PF, Karzon DT. Role of T Lymphocyte
Subsets in the Pathogenesis of Primary Infection and Rechallenge With
Respiratory Syncytial Virus in Mice. J Clin Invest (1991) 88(3):1026–33.
doi: 10.1172/JCI115362

11. Openshaw PJ, Chiu C. Protective and Dysregulated T Cell Immunity in RSV
Infection. Curr Opin Virol (2013) 3(4):468–74. doi: 10.1016/j.coviro.2013.05.005

12. Samy N, Reichhardt D, Schmidt D, Chen LM, Silbernagl G, Vidojkovic S, et al.
Safety and Immunogenicity of Novel Modified Vaccinia Ankara-Vectored
RSV Vaccine: A Randomized Phase I Clinical Trial. Vaccine (2020) 38
(11):2608–19. doi: 10.1016/j.vaccine.2020.01.055

13. Jordan E, Lawrence SJ, Meyer TPH, Schmidt D, Schultz S, Mueller J, et al.
Broad Antibody and Cellular Immune Response From a Phase 2 Clinical Trial
With a Novel Multivalent Poxvirus-Based Respiratory Syncytial Virus
Vaccine. J Infect Dis (2021) 223(6):1062–72. doi: 10.1093/infdis/jiaa460

14. NCT04752644. A Phase 2a, Randomised, Double-Blinded, Placebo-Controlled
Study to Assess the Safety, Immunogenicity and Efficacy of the Recombinant
MVA-BN®-RSV Vaccine Against Respiratory Syncytial Virus Infection in the
Virus Challenge Model in Healthy Adult Participan. Available at: https://
clinicaltrials.gov/ct2/show/NCT04752644.

15. Taylor G. Animal Models of Respiratory Syncytial Virus Infection. Vaccine
(2017) 35(3):469–80. doi: 10.1016/j.vaccine.2016.11.054

16. Suter M, Meisinger-Henschel C, Tzatzaris M, Hülsemann V, Lukassen S,
Wulff NH, et al. Modified Vaccinia Ankara Strains With Identical Coding
Sequences Actually Represent Complex Mixtures of Viruses That Determine
the Biological Properties of Each Strain. Vaccine (2009) 27(52):7442–50.
doi: 10.1016/j.vaccine.2009.05.095
17. Jones HP, Tabor L, Sun X, Woolard MD, Simecka JW. Depletion of CD8+ T
Cells Exacerbates CD4+ Th Cell-Associated Inflammatory Lesions During
Murine Mycoplasma Respiratory Disease. J Immunol (2002) 168(7):3493–501.
doi: 10.4049/jimmunol.168.7.3493

18. McNeal MM, VanCott JL, Choi AH, Basu M, Flint JA, Stone SC, et al. CD4 T
Cells are the Only Lymphocytes Needed to Protect Mice Against Rotavirus
Shedding After Intranasal Immunization With a Chimeric VP6 Protein and
the Adjuvant LT(R192G). J Virol (2002) 76(2):560–8. doi: 10.1128/
jvi.76.2.560-568.2002

19. Andreasson K, Eriksson M, Tegerstedt K, Ramqvist T, Dalianis T. CD4+ and
CD8+ T Cells can Act Separately in Tumour Rejection After Immunization
With Murine Pneumotropic Virus Chimeric Her2/neu Virus-Like Particles.
PloS One (2010) 5(7):e11580. doi: 10.1371/journal.pone.0011580

20. Laky K, Kruisbeek AM. In Vivo Depletion of T Lymphocytes. Curr Protoc
Immunol (2016) 113:4.1.1–9. doi: 10.1002/0471142735.im0401s113

21. Bevan MJ. The Earliest Knockout. J Immunol (2010) 184(9):4585–6.
doi: 10.4049/jimmunol.1090023

22. Zijlstra M, Bix M, Simister NE, Loring JM, Raulet DH, Jaenisch R. Beta 2-
Microglobulin Deficient Mice Lack CD4-8+ Cytolytic T Cells. Nature (1990)
344(6268):742–6. doi: 10.1038/344742a0

23. Klein MA, Frigg R, Flechsig E, Raeber AJ, Kalinke U, Bluethmann H, et al. A
Crucial Role for B Cells in Neuroinvasive Scrapie. Nature (1997) 390
(6661):687–90. doi: 10.1038/37789

24. Sherwood ER, Lin CY, Tao W, Hartmann CA, Dujon JE, French AJ, et al. Beta
2 Microglobulin Knockout Mice are Resistant to Lethal Intraabdominal
Sepsis. Am J Respir Crit Care Med (2003) 167(12):1641–9. doi: 10.1164/
rccm.200208-950OC

25. Eichelberger M, Allan W, Zijlstra M, Jaenisch R, Doherty PC. Clearance of
Influenza Virus Respiratory Infection in Mice Lacking Class I Major
Histocompatibility Complex-Restricted CD8+ T Cells. J Exp Med (1991)
174(4):875–80. doi: 10.1084/jem.174.4.875
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