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Summary

Laboratory mice comprise an expeditious model for preclinical vaccine testing; however,

vaccine immunogenicity in these models often inadequately translates to humans. Reconstituting
physiologic microbial experience to specific pathogen free (SPF) mice induces durable
immunological changes that better recapitulate human immunity. We examined whether mice

with diverse microbial experience better model human responses post-vaccination. We cohoused
laboratory mice with pet store mice, which have varied microbial exposures, and then assessed
immune responses to influenza vaccines. Human transcriptional responses to influenza vaccination
are better recapitulated in cohoused mice. Although SPF and cohoused mice were comparably
susceptible to acute influenza infection, vaccine-induced humoral responses were dampened in
cohoused mice, resulting in poor control upon challenge. Additionally, protective heterosubtypic T

Correspondence to: SEH (hamil062@umn.edu), DM (masopust@umn.edu), and RAL (langlois@umn.edu).

These authors contributed equally
Author Contributions
JKF and KEB designed, performed and analyzed experiments. MJP, CKM, JMS, and SW performed experiments. FKS, HN, WEM,
and SSS performed computational and statistical analyses. DKM performed histological analyses. VV was involved in study design.
RAL, DM and SEH supervised the study. JKF and RAL wrote the manuscript with input from all co-authors. JKF and KEB
contributed equally.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.
Declaration of Interests
The authors have no competing interests or conflicts.

Inclusion and diversity
We worked to ensure sex balance in the selection of non-human subjects. While citing references scientifically relevant for this work,
we also actively worked to promote gender balance in our reference list.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fiege et al. Page 2

cell immunity was compromised in cohoused mice. Because SPF mice exaggerated humoral and T
cell protection upon influenza vaccination, reconstituting microbial experience in laboratory mice

through cohousing may better inform preclinical vaccine testing.
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Research animals are housed in clean facilities to reduce confounding variables from microbial
exposure. Fiege et al demonstrate that natural microbial exposure of mice results in signatures
post-vaccination that are more similar to humans. Additionally, they demonstrate that animals in
clean facilities exaggerate the immunogenicity to influenza vaccination.

Introduction

Laboratory mice are often the first model organism for the assessment of new vaccine
modalities. These animals have a number of advantages including cost, wealth of

available tools for assessment, inbred genetics, and specific pathogen free (SPF) housing
environments to increase reproducibility (Jameson and Masopust, 2018). However, immune
stimuli that successfully prevent or treat disease in mice often fail to adequately translate to
humans (Davis, 2008; Jameson and Masopust, 2018; Koff et al., 2013; Mestas and Hughes,
2004; Payne and Crooks, 2007; Rice, 2012; Rivera and Tessarollo, 2008; Seok et al., 2013;
von Herrath and Nepom, 2005). The activation status and composition of the immune
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systems of SPF mice and humans are fundamentally different, potentially confounding
comparisons of the responses to experimental vaccines. To improve the translatability of
mouse studies we introduced pathogen experience into SPF animals by cohousing with pet
store mice. These now ‘dirty mice’ have fundamentally altered immune systems that better
recapitulate key aspects of human immunity (Beura et al., 2016; Hamilton et al., 2020;
Huggins et al., 2019). Additionally, dirty, but not SPF mice, were able to recapitulate the
clinical features of a human immunodeficiency disease (Takeda et al., 2019). In another
model, wild mouse fecal transfer studies altered the immune system of laboratory mice
impacting the outcome of influenza A virus (1AV) infections and predicting the failure of
two immunological treatments in humans that were successful in SPF mice (Rosshart et al.,
2019; Rosshart et al., 2017). Together these data provide examples that animals with diverse
histories of microbial exposure can better mimic feature of the human immune system.

The value of preclinical vaccine model organisms depends on many variables, including
species-specific pathogenesis, availability of reagents for evaluating immune responses and
establishing mechanisms of protection, and the likelihood of recapitulating human vaccine
reactogenicity and immunogenicity. This remains an empirical science, and there is no
perfect, universal model organism. In practice, vaccine candidates are often tested first in
mice and then vetted through species that incur higher material and logistical costs that
constrain group sizes and the number of experimental conditions. Improvements in the
predictive value of mouse models, including a reduction in the incidence of false positive
results for immunogenicity, could enable more accurate down-selection of less desirable
vaccine candidates.

New vaccine approaches and technologies must be tested for endemic pathogens that lack
effective vaccines, emerging infectious agents, and for pathogens such as influenza viruses
that constantly evolve. With respect to influenza virus, vaccine modalities that provide
enhanced seasonal protection (current efficacy rates range from ~20-60% per year) as well
as potential broadly acting ‘universal’ protection are in development. There is also the threat
of the emergence of novel influenza strains from zoonotic reservoirs for which no vaccine
may exist. Vaccine efficacy studies in humans are logistically challenging: the infection rate
per year is ~10%, necessitating large cohorts; emerging AV strains can be unpredictable;
and human challenge studies present ethical challenges (Roestenberg et al., 2018; Zhou

et al., 2018). Therefore, animal models have been essential in vaccine development to
evaluate safety, immunogenicity, and to understand mechanisms/correlates of protection.
Unfortunately, many vaccines and vaccine adjuvants that were successful in mice have failed
to translate to humans (Bracci et al., 2006; Cooper et al., 2004; Couch et al., 2009; Manzoli
et al., 2009; Moldoveanu et al., 1998; Proietti et al., 2002; Tregoning et al., 2018; Young et
al., 2015).

We tested whether immune responses to influenza vaccination and infection differed
between SPF mice and mice with more physiologic microbial experience. We observed
that SPF mice exaggerated vaccine-elicited humoral and cellular responses and protective
immunity compared to dirty mice and that the transcriptional signatures in response to
vaccination in dirty mice more closely mimic responses in humans. These data provide a
rationale for including dirty mice in preclinical vaccine candidate evaluation.
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Dirty mice recapitulate vaccine-induced transcriptional signatures observed in humans

Cohousing adult pet store mice with inbred laboratory mice for 60 days results in the
transmission of a diverse array of natural rodent microorganisms through physiological
routes and doses, with profound alterations to the innate and adaptive immune systems
(Beura et al., 2016; Hamilton et al., 2020; Huggins et al., 2019). All mice in our cohoused
colony are screened for the activation state of CD8* T cells, which we employ to provide

a simple readout for microbial exposure. Given the potential heterogeneity in pathogens
transmitted, and to ensure rigor and reproducibility of the immunological impacts of
cohousing, we evaluated the impact of cohousing using mice from 3 different pet stores

over a period of 34 months. There was a consistent influence on the immune system as
measured by systemic CD8* T cell activation levels (Figure LA-B). Through serological
testing, we uncovered 153 distinct combinations of pathogens transferred to the formerly
SPF mice. However, no specific pathogen combination correlated with the increase in CD8*
T cell activation induced by cohousing (Figure 1C). One of the pathogens encountered,
Mycoplasma pulmonis, is a chronic lung pathogen which could impact responses to
influenza. We segregated mice out by Mycoplasma pulmonis status and found no impact

on T cell activation or on any of our subsequent analyses (Figure S1A and data not shown).
Males cannot be cohoused with pet store mice therefore we exposed males to contaminated
bedding from pet store mice to determine the impact of transmission by fomites on basal
immune status. Additionally, we cohoused another common laboratory strain, BALB/c. Both
of these models demonstrated similar combinations of pathogens and impact on immune
response (Figure S1B-C) suggesting that fomite transfer and other inbred strains can be used
for these analyses. To further investigate any associations between pathogen exposure and

T cell activation we used factor analysis of mixed data. This demonstrated that while some
individual pathogens can contribute to differences between mice, the CD44 profile cannot be
used to distinguish between animals (Figure S1B and D). These data support the consistency
of the pet store cohousing approach and suggest that global exposure, rather than specific
microbe combinations, drives a generalized immune experienced phenotype.

Previous studies have demonstrated that exposure of SPF mice to microbes can result in
baseline changes to the immune system that are more closely aligned to humans (Beura et
al., 2016; Hamilton et al., 2020; Huggins et al., 2019; Reese et al., 2016; Rosshart et al.,
2019; Rosshart et al., 2017; Takeda et al., 2019). Studies using SPF mouse models have
often been derided for their ability to predict human responses to immune perturbations,
including vaccines (Davis, 2008; Jameson and Masopust, 2018; Koff et al., 2013; Mestas
and Hughes, 2004; Payne and Crooks, 2007; Rice, 2012; Rivera and Tessarollo, 2008; Seok
et al., 2013; von Herrath and Nepom, 2005). Additionally, there are significant disparities
in the response to vaccine adjuvants in SPF mice compared to humans and non-human
primates (Bracci et al., 2006; Chioato et al., 2010; Cooper et al., 2004; Couch et al.,

2009; Eisenbarth et al., 2008; Francica et al., 2017; Moldoveanu et al., 1998; Mosca et

al., 2008; Proietti et al., 2002; Tregoning et al., 2018). Therefore, we hypothesized that
dirty mice will better recapitulate the responses to vaccinations observed in people. To test
this hypothesis, we transcriptionally profiled PBMCs from dirty and SPF mice prior to,
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and at 3-days post vaccination with the 2019/2020 influenza quadrivalent vaccine with and
without adjuvant. To directly compare the response to humans we used gene set enrichment
analysis (GSEA) (Mootha et al., 2003; Subramanian et al., 2005). We generated vaccine
response genes from healthy adult humans vaccinated with trivalent vaccines from the
2007-2011 influenza seasons (Franco et al., 2013; Nakaya et al., 2011) and queried these
gene sets against vaccine responsive genes from SPF and dirty mice from the same time
point post vaccination (Figure 1D). This analysis demonstrated significant enrichment of
human vaccine gene sets from dirty mice, but not SPF mice (Figure 1E). Genes driving

this phenotype include many immune pathways, particularly those involved in cytokine
signaling (Figure 1F). Similar results were found using data from two other independent
human influenza vaccine studies (Nakaya et al., 2016; Nakaya et al., 2011) (Figure S1E-F).
Additionally, we probed the response to AddaVax adjuvanted vaccine (as a surrogate for
MF59) against human gene sets from pediatric patients vaccinated with MF59 adjuvanted
trivalent vaccine from the 2012-2013 influenza season (Nakaya et al., 2016). GSEA also
demonstrated that the human adjuvanted vaccine responsive genes are significantly in dirty
mice and not in SPF mice, identifying B cell signaling pathway enrichment only in dirty
mice (Figure 1G-H). Together these data suggest that dirty mice may provide a more reliable
preclinical model in which to study the immune responses to influenza virus vaccines.

Cohousing does not alter disease following acute influenza infection.

To determine how alterations in the basal immune state impact acute influenza infection,
dirty and SPF mice were infected with mouse-adapted PR8 and pandemic H1IN1 Cal/09
strains. Despite significant alterations in basal immunity between dirty and SPF mice, only
minor differences in disease progression and viral loads were observed (Figure 2A-D).
These data suggest that increased microbial experience and an altered immune system at
baseline do not significantly impact outcome after acute 1AV infection. We further evaluated
the induction of 1AV-specific adaptive immune responses to acute infection and observed
only modest changes in 1AV-specific antibodies (Figure 2E). Additionally, there were no
significant alterations in IAV-specific CD8* T cell numbers or surface molecule expression
at acute or memory time points (Figure 2F and S2A-E). We also evaluated the CD4* T

cell response in the lung and draining lymph node at acute and memory time points. We

did not observe any alterations in antigen-specific CD4* T cell numbers or differentiation
between dirty and SPF mice (Figure S2F-G). Together these data demonstrate that immune
experience does not significantly impact the capacity to generate primary immune responses
to pathogenic 1AV infection, permitting evaluation of vaccine challenge experiments.

Reduced immunogenicity and efficacy of humoral vaccination in dirty mice

Humoral immunity is the primary target of seasonal 1AV vaccination strategies. While
sterilizing immunity is often used as a metric for vaccine efficacy in mice, this is rarely
achieved in humans (Bouvier, 2018). To address vaccine-elicited humoral immunity, SPF
and dirty mice were vaccinated intranasally with live attenuated influenza vaccine (LAIV)
containing PR8-HA and -NA (Waring et al., 2018). |AV-specific circulating antibodies were
evaluated 30 days post vaccination demonstrating a slight decrease in 1AV-specific 1gG2b
and 1gG2c in dirty animals (Figure 3A). We then challenged vaccinated dirty and SPF

mice with a lethal dose of PR8. While we did not observe any differences in morbidity

Cell Host Microbe. Author manuscript; available in PMC 2022 December 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fiege et al.

Page 6

or mortality, there was a significant defect in generating sterilizing immunity in dirty mice
(Figure 3B-C). Over three-quarters of vaccinated SPF mice had a viral load below the limit
of detection three days after challenge, while all vaccinated dirty mice had detectable virus
in the lungs. Consistent with these results, there was also a reduced capacity for serum
antibodies to neutralize virus in dirty compared with SPF mice (Figure 3D). These results
demonstrate a failure to attain sterilizing immunity in dirty mice even though it is readily
achievable in SPF animals.

To determine if the defect in sterilizing immunity is specific to vaccination with a live
attenuated vaccine, we evaluated killed split vaccines. The adjuvant MF59 enhances
immunogenicity in children and the elderly and is critical for inducing protective responses
to novel emerging HAs (Tregoning et al., 2018; Wilkins et al., 2017). However, there are
significant disparities in the response to adjuvants in small animal models and humans and
non-human primates (Chioato et al., 2010; Eisenbarth et al., 2008; Francica et al., 2017,
Hornung et al., 2008; Mosca et al., 2008). Therefore, we evaluated the killed split Cal/09
vaccine with and without the adjuvant AddaVax (as a surrogate adjuvant for MF59) in

SPF and dirty mice and measured serum antibodies analyzed at 30 days post vaccination.
There was a modest reduction in vaccine-specific antibodies in dirty mice (Figure 4A).
While both dirty and SPF mice were protected following challenge (Figure 4B), dirty mice
had significantly higher viral burden, similar to unvaccinated animals (Figure 4C). We also
evaluated the neutralization potential of vaccine specific antibodies demonstrating a slight
reduction in dirty mice (Figure 4D). We also evaluated the 2019/2020 seasonal quadrivalent
vaccine with and without the adjuvant AddaVax in SPF and dirty mice. Similar to the
Cal/09 split vaccine there was a significant defect in the humoral response to vaccine

alone in dirty mice that could not be overcome with an adjuvant boost (Figure 4E). To
determine if there were differences in anti-vaccine antibody avidity between SPF and dirty
mice, we evaluated antibody binding with and without chaotropic agents. These analyses
demonstrated no differences in vaccine-specific antibody avidity between SPF and dirty
mice (Figure 4F). To determine if the vaccine can control virus replication, we challenged
seasonal 2019/2020 vaccinated mice with Cal/09. Because Cal/09 is only partially matched
with the 2019/2020 seasonal vaccine this may model seasonal infections with viruses that
poorly match the strains chosen for vaccine production. Quadrivalent vaccination failed

to reduce viral titers in both SPF and dirty mice (Figure 4G). However, adjuvant boost
significantly reduced viral titers in SPF but not dirty mice. Finally, we evaluated the humoral
response to the 2019/2020 seasonal vaccine in two analogous models, cohoused BALB/c
mice and male C57BL/6 mice housed with the bedding from pet store animals. BALB/c and
C57BL/6 mice display differences in Th1/Th2 profiles as well as subclasses of antibodies
generated. 1gG subclasses can have significant impact on the non-neutralizing functions of
antibodies during influenza infection which could impact responses to vaccination (Corti
etal., 2011; DiLillo et al., 2016; DiLillo et al., 2014). Both of these approaches drive
similar pathogen combinations as cohousing of C57BL/6 mice (Figure S1C). Importantly,
both models elicit similar vaccine-specific antibody profiles as cohoused C57BL/6 mice,
suggesting that reduced immunogenicity is broadly impacted by diverse immune histories
(Figure S3). Together these data suggest that SPF mice have exaggerated humoral immune
responses to live, killed split, and adjuvanted influenza vaccines.
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Memory responses fail to protect against heterologous challenge

While humoral immunity is the main target of current influenza vaccinations, T cells can
potentially provide broad protection and have been the focus of some universal vaccine
strategies. Dirty and SPF mice were primed with X31 and challenged with PRS; this

classic vaccine strategy exploits conserved internal viral T cell epitopes while avoiding the
major neutralizing antibody targets (Effros et al., 1977; Liang et al., 1994; Webster and
Askonas, 1980). While vaccination of SPF mice led to survival and reduced viral burden
after challenge, protection failed in vaccinated dirty mice (Figure 5A-B). To determine

the mechanism driving this disparity, we evaluated memory CD8* T cell responses

before and after challenge. Surprisingly, cohousing did not drive any significant defect in
antigen-specific CD8* T cell numbers, proliferation, capacity to secrete effector molecules
IFN-y or TNFa, or markers of residency or activation (CD103 and PD-1) in the lungs,
although a larger proportion of antigen-specific T cells were in the lung parenchyma in

dirty mice (Figure 5C-F and S4A-H). Additionally, there were no significant alterations

to antigen-specific CD4* T cells numbers or differentiation status after recall (Figure

S41-J). Histological examination demonstrated increased influenza-associated necropurulent
bronchiolitis in vaccinated dirty mice after lethal challenge (Figure S5A-H). Together,

these data suggest that the increased disease in vaccinated dirty mice after challenge is

due to an immunological failure to control the infection and not a result of increased
immunopathology. To determine if the increased lethality in dirty mice is due to an antigen-
specific failure to protect or an increased susceptibility to a secondary pulmonary infection
we primed mice with X31 and challenged with antigenically distinct influenza B virus
(IBV). There was no difference in morbidity or mortality after IBV infection suggesting that
dirty mice are not more susceptible to sequential pulmonary challenges due to alterations

in innate immune responses or failure to repair damage after the primary infection (Figure
S51). Finally, in an effort to determine if CD8* T cells alone were responsible for the failure
in protection we attempted to deplete CD8* T cells from SPF and dirty mice. However, even
with high doses of antibody we were unable to achieve sufficient depletion in dirty mice
(Figure S5J). This is likely due to the human-like high levels of basal memory T cells in the
tissues in dirty mice and represents an experimental limitation of the cohousing system.

To globally evaluate the failure to control challenge in dirty mice, we profiled the
transcriptome from whole lung of SPF and dirty mice at baseline, after vaccination, and two
days post challenge. Multidimensional scaling demonstrates significant differences between
SPF and dirty mice at baseline and post challenge (Figure 5G). SPF and dirty mice have
similar transcriptional profiles after vaccination. Interestingly, after vaccination of SPF mice
the transcriptional profile is similar to unvaccinated dirty mice at baseline, suggesting that
both infection with 1AV and natural mouse pathogens from cohousing, drive fundamental
changes to the transcriptional response in the lungs after resolution of the infection. To
further interrogate the differences between dirty and SPF mice, we evaluated the interaction
effect of cohousing on the response to challenge. Semi-supervised clustering demonstrated
distinct gene expression patterns impacted by cohousing (Figure 5H). Gene ontology of
these clusters identified that cohousing leads to muted B cell, chemotaxis, phagocytic, and
other innate immune responses after vaccination and challenge (Figure 5I). These results
show that multiple arms of the immune system are leveraged in SPF mice following
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infection and are not employed to the same degree in dirty mice, potentially leading to
reduced capacity to control the infection. While CD8* T cells have been shown to correlate
with protection in humans (Grant et al., 2016), SPF mice exaggerate protection from disease.
These data suggest that it may be better to test strategies aimed at exploiting CD8* T cell
immunity in dirty mice rather than SPF mice, as the latter model may fail to translate into
humans, while dirty mice may improve translational success.

Discussion

Mice are often used as the first model for the assessment of vaccine immunogenicity and are
also used to identify correlates of protection. Unfortunately, studies utilizing traditional SPF
mice do not always serve as a faithful predictor of immune responses in humans. Several
recent studies have demonstrated that mouse models with complex immune histories better
recapitulate human immune responses and can predict responses to immune-based therapies
that were successful in SPF mice but failed in humans (Beura et al., 2016; Reese et al.,
2016; Rosshart et al., 2019; Rosshart et al., 2017; Takeda et al., 2019). Additionally, a
sequential infection strategy to generate mice with diverse infections, similar to dirty mice,
demonstrated subdued antibody responses to yellow fever vaccine compared to standard
mice, which more closely resembled human responses (Reese et al., 2016). Here we use
influenza vaccines as a model to evaluate the differences in vaccine responses between
standard SPF mice and dirty mice with complex immune histories. We demonstrate that
dirty mice better recapitulate transcriptional signatures observed after human vaccinations.
Importantly, we further show that dirty mice have altered humoral responses to influenza
vaccines. While SPF mice mount robust responses, dirty mice are more muted and better
phenocopy the cellular, humoral, and transcriptional responses observed in humans. These
alterations are consistent across two major inbred mouse strains and are independent of the
combination of transmitted microbes. We hypothesize that alterations in baseline immune
cell activation profiles and composition impact the magnitude of subsequent immune
responses preventing robust responses to vaccination. This hypothesis is supported by the
observation that vaccines are often less efficacious in individuals from developing countries
where the number of previous microbial encounters is increased compared to people in
developed areas of the world (Gil et al., 2015; Levine, 2010; Lopman et al., 2012; Parker

et al., 2018). The reasons for this shortfall in protection are likely complex, but elevated
inflammatory profiles have been noted to detrimentally impact germinal center formation
and the development of antibody responses (Matar et al., 2015; Ryg-Cornejo et al., 2016).
Whether the persistent elevation in cytokines observed in dirty mice or the numerous
changes in immune cell numbers and activation status (Beura et al., 2016; Huggins et al.,
2019) is ultimately responsible for altered adaptive immunity is unknown but should be
investigated in future work.

Adjuvants can increase the efficacy of influenza vaccines in high-risk populations. Despite
this, currently, there is only one approved adjuvant for seasonal influenza vaccines
(CDC.gov). It has been well established that adjuvants in SPF mice do not drive the same
responses in humans, presenting a major hurdle to testing of novel vaccine adjuvant-antigen
combinations (Bucasas et al., 2011; Caproni et al., 2012; Francica et al., 2017; Mosca

et al., 2008; Obermoser et al., 2013). Importantly, here we demonstrate that AddaVax in
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combination with an influenza vaccine drives responses in dirty mice that are more similar
to humans than SPF animals, potentially bridging the gap between mice and humans for
evaluation of adjuvants. Additionally, we found that vaccine responsive genes from dirty
mice are profoundly different from SPF mice and were more enriched in human influenza
vaccine data included IFN+y, IFNa, and nitric oxide production, which have been shown to
correlate with stronger antibody responses in people after influenza vaccination (Li et al.,
2014; Nakaya et al., 2011). These data suggest that the pathways driving antibody responses
in environments that severely limit microbial exposure may be fundamentally different from
those in dirty mice and humans.

Seasonal influenza vaccination strategies aim to generate robust, ideally sterilizing, humoral
immunity. However, sterilizing immunity to seasonal AV vaccines is not always achieved in
humans (Bouvier, 2018). We demonstrated that dirty mice were unable to induce sterilizing
immunity in response to LAIV but were protected from morbidity and mortality after

lethal challenge. Therefore, additional correlates of protection should be assessed beyond
sterilizing immunity when evaluating vaccine candidates. Initial experiments could be
performed in dirty mice, instead of more expensive larger animal models or human studies
where access to mucosal tissues and reagents for assessment are limited.

Cell-mediated immune responses are the target of some universal influenza vaccine
strategies that focus on conserved regions of the virus that do not significantly vary from
season to season. Studies in mice have demonstrated CD8" T cells can provide potent
heterosubtypic protection between 1AV strains, but the data in humans is less clear (Clemens
et al., 2018). Dirty mice responded similarly to SPF mice in the generation and phenotype of
IAV-specific CD8* T cells and did not exhibit lung immunopathology after challenge. But,
our cellular protection experiments showed that dirty mice were not protected from viral
challenge. Given these data, dirty mice might serve as a better model to evaluate preclinical
vaccines targeting cell-mediated immunity.

There are several distinct model systems aimed at providing SPF with natural microbiomes
and/or infection histories. One strategy uses laboratory mice reconstituted with wild mice
microbiota lacking SPF-banned pathogens (Rosshart et al., 2017). Interestingly infection

in this model led to different outcomes during acute influenza A virus infection than we
observed here (Rosshart et al., 2017). Previous work from members of our group have
demonstrated that at baseline there are similar differences in microbiome between SPF

and dirty mice versus wild reconstituted and lab mice with both models seeing increased
abundance of Proteobacteria, Bacteroidetes and decreased Verrucomicrobia (Huggins et al.,
2019; Rosshart et al., 2017). However, despite the similarities in the microbiome between
dirty mice and wild reconstituted mice there are significant differences in basal cytokine
levels. This includes proinflammatory cytokines/chemokines TNF, CXCL10, CCL4, and
IL-6 which are all increased in dirty compared to SPF and, conversely, are decreased in
wild reconstituted lab compared to SPF mice. Together these data demonstrate fundamental
differences between these two attempts to normalize microbial experience and suggest

that additional microbial communities, including potential pathogens, may be responsible
for these differences. Peripheral immune responses can also be dramatically impacted by
exposure to environmental acquired microbes (Lin et al., 2020; Yeung et al., 2020). The
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complex trans-kingdom environment in free living mammals, which has been excluded
in traditional SPF laboratory mice, can significantly impact the development and function
of the immune system. Together these complementary models provide opportunities to
rigorously evaluate how more natural microbial exposure impacts immune responses.

Due to introduction and transmission of natural mouse pathogens this model necessitates
isolation from standard SPF animals. We approached this by housing the animals in a BSL3
facility. While exceeding the required biosafety level for the pathogens present this ensured
protection for the SPF mouse colonies on campus. This approach has been successfully
adopted by several other groups (Choi et al., 2019; Takeda et al., 2019). An alternative
strategy to protect SPF animals is to perform cohousing in a facility that is not connected

to any other animal husbandry. These different approaches and sources of pet store animals
will almost certainly lead to different infection profiles. However, as we demonstrate here
the impact of the immune response is independent of any particular pathogen or combination
of pathogens. Therefore, the variation in transmitted pathogens across pet stores from
different locations will likely not impact subsequent responses to immunologically distinct
pathogens or vaccines. Additionally, key findings were recapitulated in another inbred
mouse strain and by using contaminated bedding instead if cohousing, further highlighting
the plasticity of this model.

While dirty mice better recapitulate key immune signatures observed in humans, they still
present some limitations for evaluating vaccines. There are genetic differences between mice
and humans that could impact vaccine responses, particularly for adjuvants that target TLR8
(Heil et al., 2004). There are also differences in virus tropism and pathogenesis and some
virus strains need to be mouse adapted to achieve infection. Additionally, the short life span
of mice makes it difficult to evaluate preexisting influenza immunity and imprinting. Dirty
mice would serve as a good model for immunologically naive children, or adults infected
with a novel strain, that are mounting responses against 1AV antigens for the first time.
Despite these limitations, dirty mice can serve as an alternative to standard SPF mice to
increase the translation potential of vaccine candidates. The current global pandemic driven
by SARS-CoV-2 highlights the critical importance of having animal models that faithfully
recapitulate immunogenicity in humans where rapid translation to the clinic is essential.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Ryan A. Langlois (langlois@umn.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—RNA-seq data have been deposited at GEO (GSE182858)
and are publicly available as of the date of publication. Accession numbers are listed in the
key resources table. This paper analyzes existing, publicly available data. These accession

numbers for the datasets are listed in the key resources table. All (serology, flow cytometry,
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ELISA, titering, morbidity and mortality, ELISA and neutralization) data reported in this
paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in the paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice.—Pet store mice were purchased from various Twin Cities area pet stores. Pet store
mice were cohoused with 8-week-old female C57BL/6 or BALB/c mice (The Jackson
Laboratory or Charles River Laboratories) or dirty bedding from pet store mice was
transferred into the cages of male C57BL/6 mice. Cohousing occurred within a BSL-3
facility. C57BL/6 mice were cohoused for 60 days, bled for flow cytometry analysis and
screened for infectious agents using EZ-spot and PCR Rodent Infections Agent (PRIA)
array methods (Charles River Laboratories). Age-matched mice were maintained in SPF
facilities. Males cannot be cohoused as this creates animal welfare concerns due to
fighting, aggression, and social defeat. Therefore, we can ethically only use female mice
for cohousing experiments. Male mice were used for bedding transfer fomite experiments.
Care and use of the animals was in accordance with The Guide for the Care and Use

of Laboratory Animals from the National Research Council and the USDA Animal Care
Resource Guide. All experimental protocols involving the use of mice were approved by the
Institutional Animal Care and Use Committee at the University of Minnesota.

Viruses.—Viruses (PR8, X31, PR8-LAIV and IBV/Mal/04) were rescued via HEK293T
transfection and amplified in embryonated chicken eggs as previously described (Langlois et
al., 2012), (Waring et al., 2018), (Hamilton et al., 2016). Eggs were obtained from Charles
River Laboratories and were grown at 37°C until 12 days of embryonation. Cal/09 was
rescued via HEK293T transfection and amplified in Madin-Darby canine kidney (MDCK)
(ATCC) cells as previously described (Hai et al., 2010). Rescued viruses were sequence
confirmed and titered on MDCK cells.

Cell lines and maintenance.—HEK?293T and MDCK cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) with 10% FBS and 1% pen-strep and grown
at 37°C. Both HEK293T and MDCK cells derived from female donors. All cell lines

were tested for mycoplasma contamination using LookOut Mycoplasma PCR Detection Kit
(Sigma-Aldrich, St. Louis, MO, USA) and resulted mycoplasma-free. Cell lines purchased
from ATCC as gift were not authenticated since they were purchased from ATCC.

METHOD DETAILS

Infections and vaccinations.—For 1AV infections, mice were anesthetized using

a weight-based dose of ketamine/xylazine delivered intraperitoneally (i.p.). Mice were
infected intranasally (i.n.) with 40 plaque forming units (PFUs) of PR8, or 5,000 PFU
of Cal/09. Mice were vaccinated i.n. with 1000 PFU of X31 or 1000 PFU of PR8-LALIYV,
or vaccinated intramuscularly (i.m.) with 1.5 pg of Cal/09 split vaccine (BEI Resources,
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NIAID, NIK: Influenza A (H1N1) 2009 Monovalent Vaccine, NR-20347), or 180 ug of
2019-2020 seasonal quadrivalent influenza vaccine (Sanofi Pasteur) with or without 25

pL AddaVax (InvivoGen). For challenge, mice were infected i.n. with 1000 PFU of PRS,
30,000 to 75,000 PFU of Cal/09, or 1000 PFU of IBV/Mal/04. During infection, all mice
having weight loss exceeding 25% of their starting weight were sacrificed. For CD8* T cell
depletion experiments, X31 memory mice were injected with 300 pg of anti-CD8f antibody
(Iyt3.2, Bio X Cell) at days -6, —5, =3 and —2 prior to harvest.

Mouse PBMC RNAseq and GSEA.—Mouse PBMCs were isolated using Ficol®-Paque
PREMIUM (Millipore Sigma) and RNA was extracted using RNeasy Micro Plus Kit
(Qiagen). The cDNA library was prepared using strand-specific RNA-sequencing protocols.
Samples were run on an lllumina NovaSeq (150 bp paired-end). We obtained an average

of 35 million read pairs per sample. Sequencing reads were mapped to the mouse

genome (GRCm38) using Bowtie aligner (bowtie2 version 2.3.4.1) with local mode, -L

22 and -N 1 parameters (Langmead and Salzberg, 2012). Reads were assigned to Ensembl
gene models (Mus_musculus.GRCm38.87.gtf) with featureCounts of the Subread software
package (version 1.5.1) (Liao et al., 2014). The reads count matrices were organized
corresponding to experimental design and used for subsequent statistical analysis using

the bioconductor package edgeR (version 3.24.3) (McCarthy et al., 2012; Robinson et al.,
2010). The raw reads count table were normalized by using default method in the package
prior to generating statistics. The normalized reads table of mouse blood samples were
reformatted to meet the requirements for the subsequent GSEA analysis (Mootha et al.,
2003; Subramanian et al., 2005). The gene lists were prepared from human vaccination data
and merged into an immune geneset (c7.immune.datasets.gmt) to generate a customized
geneset (c7.custom.immune.datasets.gmt) (Mootha et al., 2003; Subramanian et al., 2005).
The mouse datasets originated from either SPF or dirty mouse models were computed
against the customized geneset by using desktop GSEA analysis engine with default
parameters except the enrichment plot generation. Sequencing data were deposited under
Gene Expression Omnibus series accession number GSE182858.

Flow cytometry and reagents.—Single cell suspensions were washed with 1 X PBS
and stained with a fixable viability dye for 30 min on ice, Ghost Dye™ Red 780 (Tonbo).
Cells were washed once with FACS buffer (cold HBSS supplemented with 2% bovine
serum), stained with surface Abs, then washed before flow cytometric detection on a BD
LSRFortessa (Becton Dickinson). For ex vivo IFN-y staining, lung single cell suspensions
were incubated in complete T cell media with/without 1 pg/mL NP3g¢ peptide for 4 h at
37°C in the presence of GolgiPlug (BD Biosciences). For positive intracellular staining
controls, cells were stimulated with eBioscience™ Cell Stimulation Cocktail. Cells were
washed 2x with FACS buffer and stained as above. For /n vivo IFN-y staining, mice were
challenged with 1000 PFU of PR8 i.n., lungs were harvested (see below) at 3 dpc and
single cell suspensions were generated in the presence of GolgiPlug (BD Biosciences).
For intracellular staining cells were fixed with BD Cytofix/Cytoperm (BD Biosciences),
incubated on ice for 30 min, washed 2x with 1 X BD Perm/Wash buffer, then incubated with
Abs for 30 min. Cells were washed 2x with 1 X BD Perm/Wash buffer and resuspended

in FACS buffer. Complete T cell media consisted of RPMI 1640 with 10% FBS, 4 mM
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L-glutamate, 0.1mM nonessential amino acids, 1 mM sodium pyruvate, 100 U/mL penicillin
and streptomycin, 10 mM HEPES, and 5 mM 2-ME. 1AV-specific cells were gated as Live/
Dead™, Dump~ (F4/80, CD4, B220), CD8*, H-2DP-PA,s4* or H-2DP-NP3g6*.

Isolation of lymphocytes from the lung.—To discriminate parenchymal cells from
blood-borne cells, mice were given an intravenous (i.v.) injection of anti-CD8a or anti-
CD45 (3 pg diluted in 200 pl PBS) for 3 min, as described (Anderson et al., 2014). Mice
were euthanized and spleen, draining parenchymal lymph nodes and lung were harvested.
Tissues were minced and washed 2x with harvest buffer (cold RPMI 1640 supplemented
with 5% bovine serum, 4 mM L-glutamate and 10 mM HEPES). Lungs were incubated in

a solution of RPMI 1640/ 10% bovine serum/ 2 mM MgCl,/ 2mM CaCl,/ 10 mM HEPES/
4 mM L-glutamate medium containing 100 U/mL of collagenase type I (Worthington) for
45 min at 37°C. Lung pieces were then incubated in a solution of RPMI 1640/10% bovine
serum/10 mM HEPES/4 mM L-glutamate medium containing 1.3 mM EDTA (Calbiochem)
for 45 min at 37°C. Single cell suspensions of all tissues were generated and stained for flow
cytometry as described above.

Histology.—On indicated days post infection/vaccination lungs were harvested and fixed
in 4% paraformaldehyde in PBS. 1 week post fixation, samples were transferred to the
Comparative Pathology Laboratory (University of lowa Carver College of Medicine).
Tissues were routinely processed, paraffin-embedded, sectioned (~4 um) onto glass slides
and stained with hematoxylin and eosin (H&E). Tissues were evaluated by a boarded
veterinary pathologist using a post-examination method of masking to group assignments
(Meyerholz and Beck, 2018).

Serum antibody detection by ELISA.—On indicated days post infection/vaccination,
mice were bled and serum was isolated. 96 well plates were coated with a 1:25 dilution

of UV-killed PR8, a 1:100 dilution of the Influenza A (HIN1) 2009 Monovalent Vaccine
(BEI Resources) or a 1:250 dilution of the 2019-2020 quadrivalent influenza vaccine (Sanofi
Pasteur) diluted in PBS. All antigen coated plates were blocked with 1% BSA in PBS prior
to addition of serum. Serial dilutions were added to coated and blocked plates and bound
Ig was detected with HRP-anti-mouse g antibodies (IgG1, 1gG2b and IgG2c) (Southern
Biotech) followed by ABTS Peroxidase Substrate (SeraCare). OD4g5 Was detected by

a Synergy H1 plate reader (BioTek). For chaotropic ELISAS, serum bound plates were
incubated in 1.5M NaSCN for 15 min. Plates were washed prior to addition of HRP-anti-
mouse g antibodies and treated as above.

Plague assay.—Infections of MDCK cells were carried out in infection medium

PBS with 10% CaMg, 1% pen-strep, 5% bovine serum albumin) at 37°C for 1 hr.
Infection medium was replaced with an agar overlay (MEM, 1 mg/mL tosyl_sulfonyl
phenylalanyl chloromethlyl ketone trypsin, 1% DEAE-dextran, 5% NaCOs3, 2% agar), and
cells were cultured at 37°C for 40 h and then fixed with 4% formaldehyde. Blocking and
immunostaining were done for 1 hr at 25°C in 5% milk using the following antibodies:
polyclonal anti-lIAV PR8/34, 1:5,000 (V301-511-552), and peroxidase rabbit anti-chicken
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1gG, 1:5,000 (303-035-003; Jackson Immuno Research). TrueBlue peroxidase substrate
(Kirkegard & Perry Laboratories) was used as directed for detection of virus plaques.

Microneutralization assay.—MDCK cells were plated in 96 well plates. Serum samples
were heat-inactivated at 56°C for 30 min and analyzed in quadruplicate. Serum samples
were diluted in virus growth media containing DMEM with 0.5% bovine serum albumin, 1%
pen-strep. 1AV, either PR8 or Cal/09 was diluted to 2500 x TCIDsq in virus growth media
and incubated with diluted sera for 1 hr at 37°C. Virus-serum mixture was added to MDCKs
in the presence of TPCK for 40 hours at 37°C, fixed with 4% formaldehyde, stained with
crystal violet and cytopathic effects (CPE) were assessed. MN antibody titers are expressed
as the reciprocal of the highest serum dilution causing protection from virus induced CPE.

Whole Lung RNAseq.—Whole lungs were harvested and RNA was extracted using
AllPrep DNA/RNA kit (Qiagen). The cDNA library was prepared using strand-specific
RNA-sequencing protocols. Samples were run on an lllumina NovaSeq (50 bp paired-end).
We obtained an average of 27 million read pairs per sample. Sequence processing and
mapping was performed as described above. Multidimensional scaling was performed with
edgeR using the top 500 differentially expressed genes across samples. The regression
model in the edgeR package with block design and interaction model was used for
statistical analysis to select the corresponding significant genes. Gene ontology analysis was
performed using Panther on genes in each cluster with an adjusted p value <0.01 and LogFC
>0.5. Sequencing data were deposited under Gene Expression Omnibus series accession
number GSE182858.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics.—GraphPad Prism was used to determine statistical significance. Student
unpaired two-tailed £test or one-way ANOVA was used. For ELISAS, area under the curve,
ignoring peaks defined by fewer than 2 adjacent points, was determined and one-way
ANOVASs were performed to determine significance between groups. A p value of <0.05 was
considered statistically significant. To illustrate the similarities among cohoused mice based
on past pathogen exposure, a distance matrix was calculated for all cohoused mice using the
presence or absence of pathogen exposure based on EZ-spot and PRIA assay results. The
distance matrix was plotted in two dimensions using multidimensional scaling with the stats
package in R (Team, 2012). Additionally, serology data (n=14 binary categorical variables)
were combined with CD44% (continuous variable) and used as input for Factor Analysis

of Mixed Data (FAMD) to generate principal components and explore the contribution of
individual pathogen exposure and T cell activation to the principal dimensions. FAMD was
done in R using the FactoMineR package (L€ et al., 2008). MDS plots were made using

the ggplot2 R package (Wickham, 2016). Data for FMD plots were exported from R and
graphed using GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Cohousing SPF and pet store mice led to diverse microbes but stable immune
impacts

. Vaccine-induced transcriptional signatures are similar between cohoused mice
and humans

. Cohoused mice have dampened humoral responses to vaccinations compared
to SPF animals

. Heterologous protection is readily achieved in SPF mice but not cohoused

mice or humans
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Figure 1: Cohousing better recapitulates vaccine-induced transcriptional signatures observed in
humans.

(A and B) Mice from 3 different pet stores over a 34-month period were housed with

SPF C57BL/6 mice. CD44 expression by bloodborne CD8* T cells was determined 60
days after cohousing and (A) graphed by date of experiment or (B) volume plot of all
animals combined, n=1031. 16.68% of CD8" T cells expressed CD44 in age-matched SPF
B6 mice (dotted line in A). (C) Multidimensional scaling plot of serology from cohoused
mice at 60 days post cohousing, n=719. Distances represent similarities in past exposure
to 18 pathogens. (D) Model demonstrating experimental design for comparing vaccinated
SPF and dirty mice to vaccinated humans. (E and G) PBMCs were harvested on -3 and
3-days post vaccination with 2019-2020 QIV or AQIV. Vaccine responsive genes were
generated comparing day 3 to —3 and these lists were queried humans vaccinated with
TIV (GSE48024) or ATIV GSE74975 and compared by GSEA. Normalized enrichment
score (NES) (F and H) Gene Ontology (GO) of mouse genes enriched in humans with and
adjusted p value <0.01 using Panther. For (F) plotted GO terms had false discovery rate
(FDR) <0.01 and fold enrichment (FE) >10. For (H) plotted GO terms had FDR <0.05 and
FE >5.
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Figure 2: SPF and dirty mice exhibit similar primary responses to influenza virus.
Dirty and SPF mice were infected with either 40 PFU of PR8 (A to B and E to F) or

5000 PFU Cal/09 (C to D). Animals evaluated for weight loss (A and C) and pulmonary
virus titers on indicated days post infection (dpi) (B and D). Dotted line, limit of detection
(LOD) 37.5. At 50* dpi, serum was assessed by ELISA to detect IgG1-, IgG2b- and 1gG2c-
PR8-specific antibodies (E). At 10, 55 and 84 dpi lungs were harvested and the number of
H-2DP-PAy,4/NP3gs* CD44* CD8* T cells from the lung was determined (F). Data (A to D)
are representative of 4 and 2 independent experiments for PR8 and Cal/09, respectively with
4-9 mice per group. These data (E) are a combination of 5 independent experiments with at
least 7 mice per group. These data (H) are a combination of 5 independent experiments with
at least 5 mice per group. Significance (B, D, and F) was determined using student unpaired
two-tailed #test. Significance (E) was determined using AUC and one-way ANOVA. Error
bars indicate mean + SEM. *p < 0.05, ** p< 0.01, *** p< 0.001.
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Figure 3: Reduced immunogenicity and efficacy of live attenuated vaccination in dirty mice.
SPF and dirty mice were untreated or vaccinated with 1000 PFU LAIV i.n. (A) Serum

harvested at 30 days post vaccination (dpv) was assessed for anti-PR8 antibodies. (B) 30
days after vaccination mice were challenged with 1000 PFU PR8 and weight loss was
monitored. Animals that lost >25% of starting weight were euthanized. (C) Pulmonary
virus titer at 3 days post challenge (dpc). (D) Antibodies from (A) were evaluated for
neutralization of PR8. Dotted line (C) LOD 37.5, (D) LOD 14. The data (A) are a
combination of 2 independent experiments with at least 10 mice per group. The data (B-D)
are a combination of 2 independent experiments with at least 6 mice per group. Significance
(A) was determined using AUC and one-way ANOVA. Significance (C-D) was determined
using one-way ANOVA. Error bars indicate mean £ SEM. *p < 0.05, ** p< 0.01, *** p<
0.001, **** p< 0.0001.
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Figure 4: Reduced immunogenicity and efficacy of split killed vaccination with and without
adjuvant in dirty mice.

(A to D) SPF and dirty mice were untreated or vaccinated with Cal/09 split vaccine with or
without AddaVax i.m. (A) Serum harvested at 30 dpv was assessed for anti-Cal/09 vaccine
antibodies. (B) 30 dpv mice were challenged with 30,000 PFU Cal/09 and weight loss was
monitored. (C) Pulmonary virus titer at 3 dpc. (D) Microneutralization. (E to G) SPF and
dirty mice were untreated or vaccinated with 2019-2020 QIV with or without AddaVax i.m.
(E) Serum harvested at 30 dpv was assessed for anti-QIV antibodies (F) Antibody avidity
from (E) measured after exposure to chaotropic NaSCN. (G) 30 days after vaccination mice
were challenged with 75,000 PFU Cal/09. Pulmonary virus titer at 3 dpc. Dotted line (C,
and G), LOD 37.5. The data (A) are representative of 2 independent experiments with at
least 6 mice per group. The data (B-G) are a combination of 2 independent experiments with
at least 6 mice per group. Significance (A and E) was determined using AUC and one-way
ANOVA. Significance (C-D and F-G) was determined using one-way ANOVA. Error bars
indicate mean = SEM. *p < 0.05, ** p<0.01, *** p< 0.001, **** p< 0.0001.

Cell Host Microbe. Author manuscript; available in PMC 2022 December 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fiege et al.

Ao -& SPFNaive 4qq
-0 SPFX31
%100 ® Dity)Xst 80
z € 60
° =
£ 0 K
s 2 40
>
— 12
o
S e 20
1}
70 0 O

o B0 *kkk *kkk

0123 4586738910

Days post challenge

01 2 3 4 5 6
Days post challenge

7 8 9 10

SPF Naive SPF X31  Dirty X31

C 100 0 . D 10 o E 100
2 2 3 ]
8 2 o S 0 ®» 7 -
% S0 o 15[ R o~
Q a °q ﬁ' B8R
9 <] gt g8 e e 8g 60
g gy ¢ @ £8 a0 o 82 a0
& g S & o R
Z & N (-] z 2
4 o 2 20 o
8 Q9 o 8 ’ ° 8
1o T10 T T oo T o
SI‘:’F Di'r‘ly SPF  Dirty Lung dLN Spleen SPF  Dirty
1 dpv dpc 3dpc 31dpv
F G : 1 )
50 O [ONaive Fold Enrichment
5 o o o (@30 dpv S DO B P O
2 = & 05 o ® 2144 AT N NN
. < o[ mmEN
B30 so| e s @ oo
o ° Lo .-
> -
§ Z 20 %, 2 o ® Ig Production —
% = ? ] _g T phagocytosis, recognition —
T 3 2] ® o complement act., classical path. -
Q ) = 1 |00 Eowmt B cell receptor signaling path. -
= 0 ° 2]l o Qspg phagocytosis, engulfment —
] _ 5 T + reg. of B cell activation - - @
iy i chemokine-mediated signaling path. -
Leading logFC dim 1 neutrophil chemotaxis —
Dirty lymphocyte chemotaxis —
H monocyte chemotaxis —
30 dpv 2dpc 30 dpv 2 dpc ial humoral immune resp. mediated by pep. |
4 cellular resp. to TNF —

2

[

e

%I

‘_II\ lw

|
o

skeletal muscle thin filament assembly —
transition between fast and slow fiber —
skeletal muscle fiber development —

+ reg. of fast-twitch skeletal muscle fiber contraction —
pointed-end actin filament capping —|

cardiac muscle fiber development —
reg. of the force of heart contraction —

killing of cells of other organism —|

reg. of myoblast differentiation —
eosinophil chemotaxis —
cellular resp. to IL-1 —

reg. of myoblast fusion
cellular resp. to IFN-y —

- reg. of viral process —|

+ reg. of lymphocyte migration |
reg. of NK cell chemotaxis —

defense resp. to bacterium |
innate immune resp. —

0

cellular resp. to corticotropin-releasing hormone stim. — .

sarcomere organization —|
skeletal muscle contraction —
cardiac muscle contraction —

response to activity —

detection of muscle stretch —
reg. of myotube differentiation —

1.2 3 4 5 6 7 8

Figure 5: Memory CD8" T cells fail to protect dirty mice upon influenza virus challenge.

SPF and dirty mice were untreated or vaccinated with 1000 PFU X31 and were challenged

after 30 days with 1000 PFU PR8. Animals were evaluated for weight loss (A) and

pulmonary virus titers on 3 dpc (B). Dotted line, LOD 37.5. (C) Number of H-2DP-NP3g6*

CDS8™* T cells in the lung at 30 dpv (left) or 3 dpc (right) (D) On 3 dpc, the percentage
of H-2DP-NP3gt CD8* T cells that are Ki67+ from the lung, mediastinal lymph node

(mLN) and spleen. (E to F) IFN-y expression H-2DP-NPzgs+ CD8™ T cells was determined

31 dpv ex vivo (E), or 3 dpc in vivo (F). (G to I) Whole lungs were harvested and

RNA was extracted for RNA-seq from untreated, 31 dpv and 2 dpc SPF and dirty mice.
Multidimensional scaling plot demonstrating transcript alterations between groups (G).
Heatmap of differentially expressed genes (H). (I) Gene ontology analysis was performed
using Panther on genes in each cluster with an adjusted p value <0.01 and LogFC >0.5, FDR
<0.01, and FE >20. The data (A-E) are combined from 2-3 independent experiments with

at least 6 animals per group. The data (F) are from 1 of 2 representative experiments.
Significance (B) was determined using one-way ANOVA. Significance (C to F) was
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determined using student unpaired two-tailed #test. Error bars indicate mean + SEM. *p
<0.05, ** p<0.01, *** p< 0.001, **** p<0.0001.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
anti-CD8p antibody (clone lyt3.2) Bio X Cell BE0223

RRID: AB_2687706

CD49a (clone Ha31/8)

BD Biosciences

740262
RRID: AB_2740005

RORyt (clone Q31-378)

BD Biosciences

562894
RRID: AB_2687545

B220 (clone cRA3-6B2) Biolegend 103255
RRID: AB_2563491
CD4 (clone GK1.5) Biolegend 100447

RRID: AB_2564586

CD4 (clone GK1.5) BUV395

BD Biosciences

563790
RRID: AB_2738426

CDB8-B (clone YTS156.7.7) Biolegend 126610
RRID: AB_2260149
CD44 (clone IM7) Tonbo 65-0441-U100

RRID: AB_2621891

CD44 (clone IM7)

BD Biosciences

563736
RRID: AB_2738395

CD45 (clone 104) Tonbo 60-0451-U100

RRID: AB_2621848
CD45 (clone 30-F11) vF450 Tonbo 75-0451-U100

RRID: AB_2621947
CD45 (clone 30-F11) FITC eBioscience 11-0451-81

RRID: AB_465049
CD62L (clone MEL-14) Biolegend 104440

RRID: AB_2629685
CD69 (clone H1.2F3) Biolegend 104512

RRID: AB_493564
CD103 (clone 2E7) Biolegend 121414

RRID: AB_1227502
CXCRS5 (clone L138D7) Biolegend 145517

RRID: AB_2562453
F4/80 (clone BM8) Biolegend 123147

RRID: AB_2564588
IFN-y (clone XMG1.2) Biolegend 505826

RRID: AB_2295770
Ki67 (clone 16A8) Biolegend 652411

RRID: AB_2562663
KLRG1 (clone 2F1/KLRG1) Biolegend 138416

RRID: AB_2561736
PD-1 (clone 29F.1A12) Biolegend 25-5982-80

RRID: AB_2573508
T-bet (clone 4B10) Biolegend 644814

RRID: AB_10901173
TCR-B (clone 4B10) eBioscience 47-5961-82

RRID: AB_1272173
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
TCR-B (clone H57-597) BV510 BD Biosciences 563221

RRID: AB_2738078

TNF-a (clone MP6-XT22) Biolegend 506308

RRID: AB_315429
CD45.1 (clone A20) eBioscience 47-0453-82

RRID: AB_1582228
Foxp3 (clone FIK-16s) eBioscience 53-5773-82

RRID: AB_763537
I1-A/I-E (clone M5/114.15.2) Biolegend 107639

RRID: AB_2565894
CD8-a (clone 53-6.7) Tonbo 35-0081-U100

RRID: AB_2621671

CD8-a (clone 53-6.7) BUV737

BD Biosciences

612759
RRID: AB_2870090

HRP-anti-mouse 1gG1

Southern Biotech

1070-05
RRID: AB_2650509

HRP-anti-mouse 1gG2b

Southern Biotech

1090-05
RRID: AB_2794521

HRP-anti-mouse 1gG2c

Southern Biotech

1079-05
RRID: AB_2794466

HRP-anti-mouse 1gG2a

Southern Biotech

1080-05
RRID: AB_2734756

Polyclonal Anti-Influenza Virus, A/Puerto Rico/8/1934 (HIN1)
(antiserum, Rooster)

BEI Resources, NIAID, NIH

V301-511-552, NR-3098

HRP rabbit anti-chicken IgG

Jackson Immuno Research

303-035-003
RRID: AB_2339290

Bacterial and virus strains

IAV/PR8 In house N/A
1AV/Cal/09 In house (Hai et al., 2010) N/A
LAIV_PR8 In house (Waring et al., 2018) N/A
1AV/X31 In house N/A
IBV/Mal/04 In house (Hamilton et al., 2016) | N/A
Biological samples

Chemicals, peptides, and recombinant proteins

H-2DP-PA,,, (SSLENFRAYV) tetramer NIH Tetramer Core Facility N/A
H-2DP-NP365 (ASNENMETM) tetramer NIH Tetramer Core Facility N/A
1-Ab NP3;; (QVYSLIRPNENPAHK) tetramer In House N/A
Influenza A (H1N1) 2009 Monovalent Vaccine BEI Resources NR-20347

2019-2020 quadrivalent influenza vaccine

Sanofi Pasteur

NDC 49281-719-10

AddaVax

InvivoGen

Cat# vac-adx-10
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
NP356 (ASNENMETM) peptide, no N or C terminal modifications Biosynn N/A Custom

collagenase type |

Worthington

Cat# LS004196

ABTS Peroxidase Substrate

SeraCare

Cat# 5120-0043

TrueBlue peroxidase substrate

Kirkegard & Perry Laboratories

Cat# 50-674-28

Ghost Dye Red 780

Tonbo

13-0865-T100

Cytofix/Cytoperm Fixation/Permeablization Kit

BD Biosciences

Cat# 554714
RRID: AB_2869008

Foxp3 / Transcription Factor Staining Buffer Set

eBioscience

Cat# 00-5523-00

GolgiPlug Protein Transport Inhibitor

BD Biosciences

Cat# 555029
RRID: AB_2869014

Critical commercial assays

EZ-spot and PCR Rodent Infections Agent (PRIA) array methods

Charles River Laboratories

AllPrep DNA/RNA kit QIAGEN Cat# 80204

RNeasy Micro Plus Kit QIAGEN Cat# 74034

Deposited data

Mouse PBMC RNAseq after (A)QIV, Raw data files This paper GEO: GSE182858

Mouse whole lung RNAseq, Raw data files This paper GEO: GSE182858

Customized gene set This paper c7.custom.immune.datasets.gmt

Time series of global gene expression after trivalent influenza
vaccination in humans, human expression profiling by array

(Franco et al., 2013)

GEO: GSE48024

Systems biology of immunity to MF59-adjuvanted versus non-
adjuvanted trivalent seasonal influenza vaccines in early childhood,
human expression profiling by array

(Nakaya et al., 2016)

GEO: GSE74975

Systems biology of vaccination for seasonal influenza in humans,
human expression profiling by array

(Nakaya et al., 2011)

GEO: GSE29619

Experimental models: Cell lines

HEK293T

ATCC

Cat# CRL-3216

MDCK (NLB-2)

ATCC

Cat# CCL-34

Experimental models: Organisms/strains

Mouse: C57BL6/J

The Jackson Laboratory

Stock No: 000664

Mouse: C57BL/6

Charles River

Strain code: 027

Mouse: BALB/c

Charles River

Strain code: 028

Oligonucleotides

Recombinant DNA
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Software and algorithms
FlowJo™ Software For Mac Becton, Dickinson and Version 9.9.6

Company

GraphPad Prism 9 for macOS

GraphPad Software

Version 9.2.0 (283)

R

https://www.r-project.org

Version 4.1.0

Bowtie aligner

http://bowtie-
bio.sourceforge.net/bowtie2/
index.shtml

bowtie2 version 2.3.4.1

Subread software package

http://subread.sourceforge.net

version 1.5.1

bioconductor package edgeR

https://bioconductor.org/
packages/release/bioc/html/
edgeR.html

version 3.24.3

FactoMineR package

https://CRAN.R-project.org/
package=FactoMineR

\ersion 2.4

Adobe Illustrator Adobe Version 25.4.1
stats R package https://stat.ethz.ch/R-manual/R- | Version 4.1.0
devel/library/stats/html/
00Index.html
ggplot2 R package https://ggplot2.tidyverse.org Version 3.3.5

Other
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