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Abstract
MHC class | (MHC-I) molecule H-2D¥ conveys resistance to murine cytomegalovirus
(MCMV) infection in both C57L and MA/My mice, mediated by a subset of NK cells bearing
the H-2D*-binding Ly49G2 receptor. M.H2¥ mice are MA/My congenic aside from a C57L-
derived region surrounding the MHC, which dominantly drives susceptibility and tissue
damage during MCMV infection, despite expression of H-2D* and presence of Ly49G2+
NK cells. The interval for which the M.H2¥® mice are heterozygous is denoted Cmv5, while
the C57L-derived phenotype-associated haplotype is referred to as Cmv5°®. The originally
described Cmv5® interval encompassed the entire MHC region and many other genes that
could be driving pathology. To determine the role of the MHC and associated sub-regions,
we generated and tested several Cmv5-recombinant strains, substantially narrowing the
phenotype-associated interval and cementing the contribution of at least 2 independent
loci to Cmv5® pathology during infection. Cmv5® corrupts the ability of otherwise protective
Ly49G2+ NK cells to control MCMV infection. To determine how this may be occurring,
we asked at what stage of the immune response Cmv5? inhibits NK cell function. We found
no differences in NK cell phenotype or function prior to infection, and no Cmv5°-driven
defects in the early activation or expansion of the Ly49G2+ subset. By 4 days post
infection (dpi), Cmv5°® NK cells had increased expression of activation markers and
checkpoint receptors, however there was no loss of functionality when stimulated in vitro.
Marginal zone (MZ) histopathology consistent with necrosis was the first apparent Cmv5°®
phenotype, occurring prior to divergence in weight loss, viral load, or NK cell phenotype,
and progressing to a widespread loss of spleen cellularity by 4dpi. Following this earliest

Cmv5°-driven phenotype, we found increased neutrophil infiltration, death, and oxidative
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stress at the MZ, along with increased global IL-6 and TGF-1 in Cmv5°® spleens by 2dpi.
Neutrophils were required for increased cell death and oxidative stress, but not necrotic
MZ histopathology, leading us to ask about the state of other MZ populations at this
timepoint. Marginal zone macrophages (MZMs), but not similarly localized stromal cells,
were lost in both strains by 2dpi, and analysis at 36 hours post infection (hpi) revealed
infection of SIGNR1+ MZMs and recruitment of neutrophils to areas of increased MCMV
positivity and spread. Depletion confirmed that macrophages were required for MZ
neutrophil recruitment and the differences between strains in spleen IL-6 and TGF-31. By
4dpi, Cmv5® spleens showed buildup of MZM debris and substantial red pulp macrophage
loss with widespread oxidative stress. These data identify macrophage loss and
inflammation mirroring the spatial and temporal appearance of Cmv5®-driven tissue
damage in the spleen during acute MCMV infection. Bringing our data together into a
model of how Cmv5® may drive pathology during MCMV infection, we conclude that
macrophage activation and loss underlie spleen histopathology, and are likely the primary
targets of Cmv5°. This Cmv5°-modified tissue environment marked by increased cell
death, oxidative stress, and inappropriate inflammation further serves to inhibit NK cell

function, preventing effective viral control.
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Chapter I: Introduction

Host Genetics Influence Outcomes of Viral Infection.

It has long been appreciated that host genetic makeup plays an important role in the
development of disease during infections, contributing to the variation in outcomes
between individuals exposed to the same pathogen'. Mutations that prevent the
appropriate function of key immune mediators or pathways are associated with severe
disease during infections?, however mutations with less overt functional implications, such
as a small increase in binding affinity to a ligand or cell signaling molecule, can also
significantly alter the strength or functional output of an immune stimulation®°. While
mutations leading to smaller differences in protein function don’t always have noticeable
global effects by themselves, combinations of small effects can lead to larger downstream
differences in the development of infection-induced pathology. Viruses, as obligate
intracellular pathogens, are intricately intertwined with the life and functions of their host
cell, with progression of infection driving interaction of viral factors with many aspects of
host cell biology®. Genetic variation in any of these factors mediating host-virus interaction
has the ability to create an intracellular environment that is more or less permissive to viral
infection and replication, which can have significant impacts on the development of
infection-associated disease. In addition to host-virus interactions, the antiviral immune

response requires a complex communication network between the infected cell and
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surrounding non-immune tissue cells, as well as local and systemic immune mediators.
During viral infection, the host needs to be able to recognize the presence of a pathogen,
distinguish between healthy and infected cells, develop a coordinated response that
eliminates the invading pathogen with minimal collateral damage, and then shut down
once that pathogen has been cleared. Genetic variation in any one of these pathways has
the potential to tip the balance away from an effective and appropriate antiviral immune

response, toward tissue damage, long term-morbidity, and death.

Monogenic defects in various parts of the immune response that lead to the development
of severe disease are known as inborn errors of immunity (IEls). IEls have been noted
since the advent of genetic screening, and as the technology has become more advanced
and the practice more widespread, |IEls have been identified in nearly every aspect of the
antiviral immune response” &: from innate antiviral sensing and interferon signaling to the
activation of innate and adaptive immune cells and their ability to exert effector functions.
IEls in antiviral response mechanisms carry the ability to make individuals more
susceptible to viral infections, but are also implicated in many instances of chronic
inflammatory disorders and autoimmunity’. Characterization of |Els and associated
phenotypes have provided key insights into how genetic variation can contribute to
disease severity upon infection, but |IEls involving these key immune mediators are rare,
and even when found they do not present complete phenotypic penetrance or
homogeneity®. Overall, monogenic |Els cannot account for the majority of variation in

patient response to viral infections™ ",

While |IEls are associated with larger downstream impacts on disease, variability in the

immune response can also come from polymorphisms that don’t necessarily lead to
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noticeable defects in immunity by themselves'?. Polymorphism in antiviral immune
mediators can lead to variability in the ability of these mediators to bind targets and induce
signaling pathways, and due to the complex communication mechanisms required during
an antiviral immune response, polymorphisms have the combined ability to cause
meaningful differences in the response to even an identical immune stimulus™. Variations
between humans are found throughout immune pathways', and these variations, despite
not necessarily conveying a singular phenotype, can interact with other polymorphisms
and pathways that change the progression of the immune response, leading to differences
in response to infection based on host genetic makeup. Bioinformatic analyses have
begun assessing these polygenic risk factors, or how combinations of different gene
mutations can lead to increased risk of severe disease upon infection?. Despite potential
promise, these approaches are limited by our understanding of genetic heritability,
interactions, and the development of disease pathology, as well as the need for large

sample sizes and diverse populations'® 16,

The major histocompatibility complex (MHC) is a highly polymorphic and gene dense
region that spans 3-4 Mb and houses a myriad of immune-relevant mediators, including
those involved with antigen presentation, cellular metabolism, cell signaling pathways, and
inflammation” '8, The MHC is functionally and mostly organizationally conserved between
mice and humans'®, with variation in this region associated with a variety of disease
outcomes, including many viral infections?2'. Among the immunological mediators found
within the MHC are MHC class | (MHC-I) and MHC class Il (MHC-II) molecules, which are
critical for immune surveillance and activation, particularly during innate immunity to
intracellular pathogens or cancer?>?* and antigen specific adaptive immunity?>27. Most

nucleated cells express MHC-I on their cell surface, functioning as a marker of “self’ and
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presenting samples of the intracellular proteome extracellularly, allowing immune system
access to the otherwise hidden intracellular environment for surveillance of pathogens?.
There are several highly polymorphic MHC-I genes in the MHC, and this genetic variation
is important in allowing the immune system to recognize a variety of different antigens?®
30_ Qutcomes of many viral infections are associated with the MHC region, but very few of
these diseases can be traced back to any one gene variant or protein polymorphism?% 31,
suggesting that intra- and extra- MHC interactions may be an important yet poorly
understood determinant of disease pathology. A better understanding of how genetic and
molecular interactions can be changed by polymorphism, and how these changes impact
cell- and tissue-level function to promote pathology, will be required to translate the
identification of genetic risk factors and use of genetic screening to the development of

effective medical interventions.

Genome-wide association studies (GWAS) seek to use the overwhelming amount of
genetic variability in populations to hone in on mutations and regions that are linked to
disease progression. While GWAS has led to the discovery of important genetic risk
factors associated with severe disease, it has problems with highly polymorphic, gene
dense regions such as the MHC®2. Many of these issues come from the associated
heritability of these regions (linkage disequilibrium), and how variation in genes can
influence other genes, which manifest phenotypes in cells and tissue (epistasis), causing
pathology®? %3. Much of biomedical research is conducted using a handful of inbred mice
and closely related sub-strains, maintaining controlled genetic backgrounds to minimize
variables for the study of the immune response and progression of infection in vivo.
Unfortunately, this elimination of genetic variability undermines the importance of genetic

makeup as a factor in disease progression, and the focused development of scientific and
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genetic tools in these specific strains has hindered the ability of researchers to study
models outside these systems. The collaborative cross is a system of mouse interbreeding
that seeks to introduce large amounts of genetic variation into a population of mice, who
then can be used for GWAS analysis34. Use of the collaborative cross has proven highly
informative to bringing some of the genetic information we have regarding human datasets
into more easily manipulatable mouse models34, however, these systems suffer from the
same complications that arise with population level analysis of genetic variability and
responses in humans, which when coupled with the availability of fewer tools in these
mixed genetic backgrounds, limits the usability of these mice for more in depth analysis of
genetic pathways. Prior to the development of targeted genetic tools and large-scale
sequencing, researchers used inter mouse breeding and backcrossing to isolate regions
associated with a phenotype, and then moved backwards from the phenotype to ascertain
mechanism (forward genetics). Substantial discovery has been made using this method?s,
and its coarse genetic mapping allows for better interrogation of interacting genetic factors
than fine mapping approaches such as large scale GWAS. Additionally, the generation
and testing of mice with known region polymorphisms on otherwise homogenous
backgrounds allows a greater level of control than use of the collaborative cross, without

reverting to completely homogenous inbred mouse populations.

Overall, host genetics play an important role in the pathology of viral infections, with the
ability to predispose individuals to more or less severe outcomes. The extent of host cell-
virus interactions and complex communication mechanisms used by the immune system
makes polymorphism within many aspects of cell biology and immunity potentially relevant
to viral pathology. In addition, gaps in our understanding of linkage disequilibrium and

epistasis within highly polymorphic immune-relevant regions compounds the complexity
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of potential genetic involvement, contributing to missing disease heritability. Phenotype-
driven coarse genetic mapping methods have the ability to offer unique insights into
understanding these regions and their contributions to viral infection outcomes without
completely sacrificing the benefits of inbred backgrounds. Together, a better
understanding of how host genetic makeup influences the immune response and
outcomes of viral infection serves to aid in the identification high-risk individuals and to
increase our overall understanding of how viruses interact with their host cell and the

immune system, leading to the development of more effective medical interventions.

Mechanisms of Viral Infection-Induced Tissue Damage.

Severe outcomes of viral infections are caused by the accumulation of damage in host
tissues that drive cell death and prevent proper function. This pathology highlights the
delicate immunological balance between host defense, or the desire to eliminate invading
pathogens, and self-tolerance, or the need to protect host tissues. The immune response
to a viral infection can cause tissue damage if not properly controlled through
excess/prolonged inflammation or direct cell-mediated autoimmunity36-3°. Insufficient
immune activation or inappropriate inhibition also has the ability to drive tissue damage
by allowing the virus to spread uncontrolled through tissues®”: 4> 4. Tissue damage is a
major cause of morbidity and mortality during viral infections, and a better understanding
of how viral infection leads to tissue damage in different contexts is instrumental to the

development of medical interventions to treat and prevent severe viral disease.

Tissue damage caused by the immune system is referred to as immunopathology, and

can occur through many different mechanisms during viral infections. Inflammation is an
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important part of the immune response to a pathogen; however, accumulation of excess
inflammation can lead to cell death and tissue damage via cytokine-induced death
pathways, buildup of oxidative stress, and via directly toxic immune mediators. Cytokine-
induced cell death is associated with interferons (IFNs)*?** as well as classical
inflammatory cytokines TNFa*#" and IL-6*% 4°, and some damage-associated molecular
patterns (DAMPs)%%-%3, Inflammation is heavily associated with oxidative stress, which
occurs when the generation of reactive species (RS) overwhelms a cell’s ability to detoxify
them, which can lead to cell damage and death® 5°. RS are produced during myeloid cell
activation, particularly in macrophages and neutrophils, and are important for killing
extracellular and phagocytosed microbes®® %7, however the benefit of RS during viral
infections is not as well defined and generally associated with tissue pathology®’. Toxic
mediators, such as those found in granulocyte granules or neutrophil extracellular traps,
are used to combat pathogen survival in the extracellular space by chelating important
cofactors, driving oxidative stress, and breaking down pathogen macromolecules®-.
While potently antimicrobial, these factors are generally not explicitly pathogen-targeted,
and are associated with host tissue damage during disease®'%¢. Overall, while
inflammatory factors are important for host control of viral infections, they are also
associated with pathology and severe disease. Genetic predisposition of certain
individuals to damaging inflammatory responses have been documented in many viral

diseases® °7- €8, but often verified mechanisms of action for these risk factors are missing.

Effective antiviral immunity requires the killing of infected host cells, generally through the
activation and targeting of cytotoxic lymphocytes such as NK cells and CD8+ T cells®® 7°.
These processes are highly regulated; however, dysfunction can occur at any point in the

process, leading to targeted autoimmunity and tissue damage. Viral infection-induced
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autoimmune disorders are documented, and generally associated with genetic
susceptibility*®, however mechanisms of action for the genetic risk factors are largely

uncharacterized.

While immunopathology is a prominent cause of severe outcomes during viral infections,
tissue damage can also be directly mediated by lack of an appropriate antiviral response,
resulting in uncontrolled viral spread. Individuals with immune impairments leading to the
development of severe disease during infections are referred to as immunocompromised,
and this immunocompromised status can be conveyed by genetics (primary
immunodeficiencies/inborn errors of immunity)’, as well as presence of other diseases,
certain medical treatments, and physiological states (secondary immunodeficiencies)’". In
these cases, tissue damage and severe outcomes of infection can come directly from viral
infection and spread through tissues. Mechanisms of action for severe disease in
immunocompromised patients can vary based on the mechanism of immune impairment
and the pathogen itself, with some mechanisms better understood than others. Overall,
tissue damage during viral infection can occur via several mechanisms, and many of these
mechanisms have genetic links that are incompletely understood. Further research into
how host genetic makeup influences antiviral immunity and the development of tissue
damage is critical toward the development of therapeutics to prevent and protect from

severe viral disease.

Regulation and Function of NK Cells in Antiviral Immunity.
NK cells are innate lymphocytes important for antiviral immunity that parse signals from

germline encoded activating and inhibitory receptors to mediate effector functions?. Upon
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activation, NK cells are able to directly recognize and kill virally infected cells via receptor-
mediated induction of apoptosis’*"° or through the release of cytotoxic granules containing
perforin and granzymes’ 777, Activated NK cells secrete important antiviral cytokine IFNy
and inflammatory TNFa’8, as well as GM-CSF and various chemokines’® important for the
recruitment and activation of myeloid and other immune cells. NK cells are required for
resistance in preclinical models of viral disease®’, and humans with NK cell deficiencies
or defects in function display increased susceptibility to viral infections®'. This data
highlights the importance of NK cells in the antiviral immune response, and opportunities

for modulation of NK cell function in the treatment of many viral diseases.

NK cells are responsive to many cytokines®?, allowing the tissue environment to tune NK
cell activation and function depending on the context of insult. In line with their antiviral
functionality, NK cells are highly activated by type | IFNs, which are early antiviral factors
produced by tissue cells upon infection® 84 and IL-12 and IL-18, which are produced by
activated myeloid cells®®. These factors serve to potently increase NK cell cytotoxicity and
IFNy production, respectively. As effector cells predominantly associated with a “type 1”
immune response to intracellular pathogens, “type 2” cytokines predominantly associated
with an extracellular pathogen, such as IL-4% and IL-6% can serve to inhibit NK cell
function, directing the immune response to more appropriate mediators for that type of
threat. Just as important as the initiation of immunity is its resolution, and inhibition of NK
cells has been demonstrated upon exposure to cytokines associated with the resolution
of inflammation, such as TGF-B%. Together, NK cell function is regulated by the tissue
environment, and an inappropriate environment has the potential to prevent effective NK

cell-mediated immunity.
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NK cell cytotoxicity is mediated by inhibitory and activating receptors that allow them to
distinguish between healthy and virally infected cells in tissues?®. Activating receptors
expressed by NK cells generally bind ligands associated with cell stress®-% and viral
infection®%". To minimize inappropriate activation, NK cells also express a variety of
inhibitory receptors that bind ligands expressed on healthy host cells, including self MHC-
123 98,99 As potentially damaging cytotoxic effector cells, NK cells upregulate additional
inhibitory receptors upon activation, serving as checkpoints to disable effector functions
and protect host tissues'®. NK cell expression of inhibitory checkpoint receptors TIM-30"-
103 TIGIT'%4 105 and LAG-3"%: 197 gre noted, binding ligands such as phosphatidylserine
on apoptotic cells and cell debris, damage associated molecular patterns (DAMPs), cell
adhesion molecules, and MHC-II'®. While checkpoint receptors are important for
protecting host tissues during an immune response, increasing upregulation of these

receptors prior to threat clearance can prevent effective immunity.

NK cells express inhibitory MHC-I-binding Ly49 receptors in variegated patterns, with
individual cells expressing different numbers and combinations of receptors'®. Genes for
these receptors are located within the natural killer cell gene complex (NKC), which
displays a considerable amount of polymorphism', similar to their ligands encoded within
the MHC. NK cells expressing an inhibitory Ly49 molecule that binds to host MHC-I are
considered licensed on that molecule, and licensed NK cells are more tuned to recognize
and respond to instances of MHC-I downregulation (“missing self’)>>24 a commonly used
immune evasion mechanism, and viral alterations to MHC-I molecules (“altered self”)"°,
In line with this, certain pairs of Ly49/MHC-I, or analogous human KIR/HLA genes, are
associated with protection from severe outcomes during highly clinically relevant viral

infections such as human immunodeficiency virus (HIV)'"" 12 and hepatitis viruses'3115,
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as well as oncogenic viruses such as human papilloma virus (HPV)"¢. Despite abundant
evidence alluding to the importance of NK cell licensing in viral infection outcomes, how
these NK cells convey protection and why certain pairings are more protective than others
is not well understood. Additionally, not every patient with a protective genotype will display
phenotypic resistance to infection, suggesting that genetic and/or environmental
differences can modify this protection through mechanisms that remain to be fully
investigated. A better understanding of how licensed NK cells convey protection against
viral infection and what interferes with their ability to drive resistance in different hosts and
environmental contexts serves to aid in the development of more effective therapeutics for

many damaging viral diseases.

Acute MCMV Infection in the Spleen.

The spleen is an intricately organized secondary lymphoid organ with key roles including
the surveillance of blood for damaged/dying cells and pathogens''”. The white pulp of the
spleen predominantly contains cells involved with adaptive immunity, home to large
populations of T cells, B cells, and dendritic cells organized similarly to a lymph node™”:
"8 This is in contrast to the red pulp, which contains innate immune cells such as NK
cells, granulocytes, and monocytes'” ''®. The marginal zone (MZ) is a distinct structure
that lies between these compartments straddling the marginal zone sinus, a major site of
blood flow into the spleen, functioning in blood surveillance and bridging the adaptive and
innate compartments'’. The spleen is home to many specialized macrophage
populations, including MZ-localized macrophage populations (MZMs) marked by
expression of SIGNR1 and/or CD169'""° and red pulp-localized macrophages (RPMs)

marked by F480 and CD68'?%°. The architectural setup of the spleen places MZMs as direct
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mediators between innate and adaptive immunity, with key functions in the clearance of
pathogens from the blood'?'-'?°, cooperation with dendritic cells to induce adaptive
immune responses'?? 126,127 - gand the induction of tolerance to apoptotic cell-associated
antigens'?®. RPMs play important roles in in clearance of damaged/dying red blood cells'?®
129" maintenance of splenic structure™®, and stress-induced extramedullary
hematopoiesis™'. Overall, the spleen is an important immune organ that relies on different
populations of specialized macrophages for optimal function at homeostasis and during

infection.

Murine cytomegalovirus (MCMV) is a large, dsDNA B-herpesvirus that predominantly
infects myeloid, stromal, and parenchymal cells'®?, with the ability to spread to various
tissues throughout the body via circulating myeloid cells'?® 34, The spleen is an important
early reservoir for MCMV infection, and splenectomized mice displayed reduced systemic
infection and mortality'®. MCMV enters the spleen hours after infection at the MZ, and
spreads into the red pulp starting around 2dpi'¢. While there is evidence that MCMV may
infect marginal zone stromal cells early during infection, they do not appear to be the
predominant infected cell type for spleen replication and progression'®. Despite decades
of research using MCMV, early progression of infection through cells in the spleen is not
well characterized. Spleen and liver histopathology have been noted during acute MCMV
infection in susceptible mice'’, however the cellular and/or molecular mediators of this
phenotype remain mostly uncharacterized. As time progresses, MCMV spreads
systemically, infecting cells in most major organs, where it will establish latency'® 13°. The
importance of the spleen as an early reservoir and the association of MCMV with multiple

organs suggests that a better understanding of how spleen pathology develops during
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early infection has the potential to offer widespread insights into mechanisms of infection-

induced tissue damage throughout the body.

Cmv5° Corrupts H-2Dk-Mediated MCMV Resistance and Drives Spleen
Histopathology During Acute MCMV Infection.

MCMV has been used to study genetic regulation of NK cell-mediated immunity, as NK
cells are required for acute viral control'®'42 and different inbred mouse strains vary in
levels of resistance or susceptibility to the virus'#2 143, Much of this variability is due to the
highly polymorphic Major Histocompatibility (MHC) and Natural Killer Cell (NKC) genetic
regions™?3 144 encoding MHC class | (MHC-I) molecules and Ly49 receptors, respectively.
MA/My and C57L mice have NKC-Ly49 haplotypes that are very similar'®®, however
MA/My (H-2%) mice are much more resistant to MCMV infection than C57L (H-2°) mice'#2.
Previous work identified MHC-I molecule H-2D¥ in MA/My mice, which interacts with
inhibitory Ly49G2 receptor on NK cells to mediate protection against MCMV infection™%-
147 These Ly49G2+ NK cells licensed on H-2DX show substantial expansion with increased
activation and effector function during acute MCMV infection in vivo compared to Ly49G2-
counterparts™® 47 Importantly, this protection mediated by Ly49G2+ NK cells can be

transferred to C57L mice with genetic addition of the H-2D* molecule .

M.H2X® mice are identical to MA/My parent strain aside from heterozygosity for a C57L-
derived region surrounding the MHC on chromosome 17'%8, Despite the expression of H-
2D and the presence of effector Ly49G2+ NK cells, M.H2"®* mice display increased
susceptibility to acute MCMV infection over MA/My counterparts'®. The genetic interval

for which M.H2¥® mice are heterozygous is referred to as Cmv5, while the C57L-derived
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haplotype that conveys susceptibility to MCMV infection is denoted Cmv5°. The presence
of Cmv5°® does not convey increased MCMV susceptibility in H-2D* transgenic C57L mice
or MA/MyxC57L F1 hybrid mice'1%, demonstrating the presence of a dominant mitigating
factor within the C57L background. This contribution of multiple loci within the MHC to
antiviral immunity with a consideration for genetic background mirrors previously reported
observations in MCMV'? and other viruses'? %3, These reports suggest that further
exploration of intra- and extra- MHC interactions is relevant not only to MCMV in MA/My
background mice, but in other models of viral pathology in various genetic backgrounds.
In addition to the relevance in preclinical models, human genetic risk factors are rarely
completely penetrant, and a better understanding of how polymorphism can modify the
ability of a gene or genetic region to covey a phenotype offers insight into potential

mechanisms%*,

In addition to the increased MCMV susceptibility, Cmv5° was also noted to significantly
disrupt splenic architecture by 4dpi'*°. Histologically, it was noted that the distinct marginal
zone structures seen in the spleens of uninfected mice were no longer well defined, and
that Cmv5°-bearing spleens had an additional loss of cellularity in the red pulp with
increased evidence of infection and necrosis'*®. This Cmv5°-driven spleen histopathology
was seen in M.H2® mice (homozygous for Cmv5°) with or without an H-2D* transgene, and
in M.H2* mice'#®, demonstrating a dominant presentation on the MA/My background that
was not dependent on H-2D*. Depletion of Ly49G2+ NK cells was unable to alleviate
spleen histopathology in M.H2°-D* mice, and depletion of MA/My mice was unable to
induce it, suggesting a mechanism independent of Ly49G2+ NK cells™®. Further
assessment of the spleen at 4dpi in M.H2® and M.H2°-D* mice by immunofluorescent (IF)

imaging revealed apparent disorganization of the white pulp T and B cell zones and
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abnormal NK cell morphology in Cmv5°-bearing mice'°. While this data provides insight
into the disruption of spleen structure, there was minimal to no assessment of marginal
zone and red pulp populations that may be behind Cmv5°® histopathology. The entirety of
available data regarding Cmv5°-driven structural disruption in the spleen is confined to
Cmv5° homozygous mice in a single figure and supplemental sub-figure'®, identifying a
phenotype without much of any additional exploration. As tissue damage and dysfunction
are the major causes of severe outcomes during viral infection, additional understanding

of this phenotype is potentially highly clinically relevant.

Thesis Rationale

Host genetics play an important role during viral infections and have the ability to
predispose individuals to more or less severe outcomes'™®. The MHC is a highly
polymorphic and gene dense region with associations to many human diseases with
incomplete penetrance?, and mouse models have identified polymorphism in MHC-
associated regions with consideration for genetic background in the pathology of MCMV 43
and other viruses'? %6, Cmv5° drives acute MCMV susceptibility and spleen tissue
damage in M.H2"®* mice despite the presence of an MHC-I/Ly49 genetic pair associated
with licensed NK cell-mediated protection™®. Identification of the genetic mediator or
mediators behind Cmv5°-driven MCMV susceptibility and tissue damage is of key
importance, particularly given the clinical relevance of MHC polymorphism, tissue
damage, and viral infection outcomes. As translation of findings into human patient
populations is unlikely to come at the genetic level, an understanding of how genetic
drivers of Cmv5°® lead to changes in protein-level mediators that regulate cellular functions

and tissue pathology, will also be required. This works seeks to increase our
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understanding of how MHC polymorphism can corrupt otherwise protective NK cell-
mediated antiviral immunity and drive tissue damage in the spleen during acute MCMV
infection.

Chapter II: Multiple Inmune and Genetic Mechanisms Contribute to Cmv5°-

Driven Susceptibility and Tissue Damage during Acute MCMYV Infection

Abstract.

The MHC class | (MHC-I) molecule H-2D* conveys resistance to acute murine
cytomegalovirus (MCMV) infection in both C57L (H-2D* transgenic) and MA/My mice.
M.H2X® mice are MA/My background aside from a C57L-derived region spanning the MHC
(Cmv5°), which diminishes this resistance and causes significant spleen histopathology.
To hone in on the effector elements within the Cmv5?® interval, we generated several Cmv5-
recombinant congenic mouse strains and screened them in vivo, allowing us to narrow the
phenotype-associated interval more than 6 times and segment the genetic mechanism to
at least 2 independent loci within the MHC region. In addition, we sought to further
characterize the Cmv5°-associated phenotypes in their temporal appearance and potential
direct relation to viral load. To this end, we found that Cmv5° histopathology and NK cell
activation could not be fully mirrored in the MA/My mice with increased viral dose, and that
marginal zone destruction was the first apparent Cmv5°® phenotype, being reliably
quantified as early as 2 days post infection (dpi) in the M.H2¥® mice, prior to divergence
in viral load, weight loss, or NK cell phenotype. Finally, we further dissect NK cell
involvement, finding no intrinsic differences in NK cell function, despite increased
upregulation of activation markers and checkpoint receptors. In conclusion, these data
dissect the genetic and immunologic underpinnings of Cmv5 and reveal a model in which
polymorphism within the MHC region of the genome leads to the development of tissue

damage and corrupts protective NK cell immunity during acute viral infection.

Key Points.
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Cmv5s, comprising the MHC, impedes NK cell control of acute MCMV and drives tissue damage.
Neither major MHC-I locus alone is sufficient to convey Cmv5s susceptibility and damage.
Cmv5¢ NK cells display increased upregulation of activation markers and checkpoint receptors.

Cmv5s splenic damage precedes divergence in weight loss, viral load, or NK cell phenotype.

The Work in this Chapter is Published in the Journal of Inmunology:

Annis JL, Duncan JBW, Billcheck HO, Kuzma AG, Crittenden RB, Brown MG. Multiple
Immune and Genetic Mechanisms Contribute to Cmv5°-Driven Susceptibility and Tissue
Damage during Acute Murine Cytomegalovirus Infection. J Immunol. 2024 Jan
15:ji2300648. doi: 10.4049/jimmunol.2300648. PMID: 38224204.
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Anna G. Kuzma and Rowena B. Crittenden did most of the mouse genotyping, which
resulted in their identification of the Cmv5-recombinant strains tested in this work. Anna
additionally assisted in running a couple PCRs for viral load. Helen O. Billcheck assisted
in some of the MCMV injections. John Benjamin W. Duncan assisted in piloting the in vitro

NK cell stimulation assay.
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Figure 2.1. Multiple Inmune and Genetic Mechanisms Contribute to Cmv5°-Driven Susceptibility and Tissue Damage during
Acute MCMV Infection - Graphical Abstract

Introduction.

Innate immunity to viral infection is a topic of high clinical relevance that is heavily
influenced by the genetic makeup of the host, with the ability to predispose individuals to
severe outcomes of infection'®®. NK cells are important innate antiviral effector cells that
use a balance of activating and inhibitory signals to distinguish healthy from infected or
cancerous cells'’, and mount an immune response through direct cytotoxic activity and
production of effector cytokines such as IFNy’2. Interactions between inhibitory Ly49
receptors on NK cells and host cell MHC-I molecules contribute to NK cell-mediated
antiviral immunity, preventing NK cells from mounting an autoimmune response, but also
augmenting NK cell function in a process termed NK cell licensing™” 158160 | jcensed NK
cells are tuned by this interaction to recognize and respond to instances of missing or

altered “self” MHC-I expression, seen when cells become infected or cancerous'® ¢,
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Murine cytomegalovirus (MCMV) has been used to study genetic regulation of NK cell-
mediated immunity, as NK cells are required for acute viral control'®'42 and different
inbred mouse strains vary in levels of resistance or susceptibility to the virus'#? 3, Much
of this variability in response is due to the highly polymorphic Major Histocompatibility
(MHC) and Natural Killer Cell (NKC) genetic regions'#? 44 encoding MHC class | (MHC-
I) molecules and Ly49 receptors, respectively. MA/My and C57L mice have NKC-Ly49
haplotypes that are very similar'®, however MA/My (H-2¥) mice are much more resistant
to MCMV infection than C57L (H-2°) mice'*?. Previous work identified MHC-I molecule H-
2D in MA/My mice, which interacts with inhibitory Ly49G2 receptor on NK cells to mediate
protection against MCMV infection'%'47. These Ly49G2+ NK cells licensed on H-2DX
show substantial expansion with increased activation and effector function during acute
MCMYV infection in vivo compared to Ly49G2- counterparts'® 47 Importantly, this
protection mediated by Ly49G2+ NK cells can be transferred to C57L mice with genetic

addition of the H-2D¥ molecule.

The MHC region of the genome itself is over 3-Megabases (Mb) in size and contains more
than 150 protein-coding genes, including host MHC-I and MHC class Il (MHC-II)
molecules': %2, While many diseases are associated with polymorphisms in the MHC
region, very few of these diseases can be fully traced to any one gene variant or protein
polymorphism®, suggesting that interactions between MHC-linked genes may be an
important yet poorly understood determinant of disease pathology. In line with this idea,
we identified a C57L-derived, MHC-linked Quantitative Trait Locus (QTL) that significantly
diminishes resistance to MCMV infection and causes substantial splenic tissue damage

in MA/My background mice'#® 183 despite the presence of the protective H-2D*-Ly49G2
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pair. This QTL-containing genetic interval is referred to as Cmv5, whereas the C57L-
derived allele that conveys MCMV susceptibility and tissue damage is referred to as
Cmv5®, initially described at approximately 23-Mb in size'® 163 184 (Table II). As mice
homozygous for the Cmv5°® interval do not express H-2D¥, to better understand how Cmv5°
corrupts this otherwise protective H-2D*-driven response, we limited our analysis to Cmv5

heterozygous mice.

Since the publication of the original Cmv5°-bearing M.H2¥® mouse strain, we have
substantially narrowed the size of the QTL interval and more rigorously defined the genetic
boundaries and interval-associated phenotypes in several new Cmv5-recombinant
congenic mouse strains. We discovered that at least two immune-modulatory loci within
the region contribute to acute MCMV susceptibility and tissue damage in Cmv5°® mice.
Additionally, we have separated the tissue damage phenotype in the spleen from the
increased viral load and provide evidence suggesting Cmv5° causes the development of
an environment not conducive to effective NK cell antiviral immunity rather than causing

an inherent defect in the NK cell’s ability to function.

Together this work sheds light on complex genetic networks within the MHC region that
contribute to variation in susceptibility during acute viral infection via profound effects on
the innate immune environment. These results and this model system together offer
insight into how polymorphism within the MHC can mask the effects of known resistance
factors in heterogeneous populations, and further characterization of these genetic
networks serves to enhance not only our understanding of early immunity to viral
infections, but also the predictive ability of genetic screening, offering the opportunity for

more efficient and effective medical intervention.



Results.
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M.R2"* Mice Bear Cmv5° MCMYV Susceptibility and Spleen Tissue Damage. To hone
in on the location of Cmv5® effectors, we continued backcrossing M.H2¥? congenic mice
to MA/My parent strain and screened offspring for Cmv5-region recombination events.
Using this method, we identified Cmv5-recombianant M.R2¥* mice (see methods for
Cmv5-recombinant nomenclature), which are heterozygous for a 5.58-Mb C57L-derived

region surrounding the MHC (Fig. 2.2A). In vivo screening for MCMV susceptibility
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identified these M.R2¥®> mice as Cmv5°, displaying increased viral load (Fig. 2.2B) and
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weight loss (Fig. 2.2C) over MA/My counterparts by 4 days post infection (dpi). In addition
to the increased weight loss seen at the 4 dpi timepoint, M.R2¥ mice continued to lose

weight after 3dpi, while the MA/My mice began to recover (Fig. 2.2C).

M.H2"® mice were additionally found to display a substantial level of tissue damage in the
spleen by 4dpi'®3. While uninfected spleens from Cmv5-disparate mice showed clear and
cellular white pulp, marginal zone, and red pulp regions (Fig. 2.2D), infected spleens had
less cellular marginal zones with abnormal cell morphology and ill-defined boundaries
(Fig. 2.2E). In depth assessment of marginal zone histopathology revealed signs of
necrosis'® in both strains, including loss of cellular definition, nuclear swelling, and pale
cytoplasmic eosin staining. Additional destruction of the red pulp in M.R2¥* mice was
visually apparent by a striking loss of cellularity compared to MA/My (Fig. 2.2E). To better
describe splenic damage in Cmv5° mice, we quantified the two most apparent aspects of
the tissue disruption: marginal zone histopathology consistent with necrosis was quantified
by using a faded eosin score (see methods), and red pulp destruction was quantified by
acellular area. Using this analysis, we found no evidence of histopathology in Cmv5-
disparate spleens prior to infection (Fig. 2.2D). However, by 4dpi both strains showed
significant tissue remodeling, with increased red pulp acellularity evident in the M.R2"®
spleens (Fig. 2.2E). In line with evidence of increased histopathology in the spleen, we
found no difference in approximate spleen area or weight, but a measurable loss of
cellularity in the M.R2"* spleens (Fig. 2.2F). We did not see any differences in histology
sections of other major organs at this timepoint (Fig. 2.3). Together this data identifies

M.R2¥* mice as Cmv5°, displaying characteristic MCMV susceptibility and splenic
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damage, which is dissected and quantified in terms of marginal zone necrosis and red

pulp cell loss.

Spleen Liver Lung Kidney

MA/My

M.R2"®

Figure 2.3. Histopathology is Not Found in Other Major Organs by 4 Days Post Infection. Representative images of H&E-stained sections of
indicated organ (left to right: spleen, liver, lung, kidney), from indicated mouse strain at 4 days post MCMV infection. Images are taken from a single
independent experiment with 3 mice per group (3 males). Scale bars at 200 microns.

Cmv5° NK Cells Upregulate Activation Markers and Checkpoint Receptors at 4 Days
Post Infection. As the importance of NK cells in early MCMV control has been
established'%2, we sought to assess NK cell populations in Cmv5-disparate spleens at
4dpi. While the percentage of NK cells in the splenocyte population was the same between
strains (Fig. 2.4A), the loss of cellularity in M.R2¥* spleens resulted in an overall loss in
NK cell numbers (Fig. 2.4B). Interestingly, the remaining NK cells were larger and more
granular (Fig. 2.4C), consistent with increased activation'®®. To better assess the state of
NK cells, we employed the use of three activation markers: CD25, a component of the
high-affinity IL-2 receptor used for NK cell expansion'®”; KLRG1, a maturation marker that
is further upregulated in NK cells upon activation during MCMV infection®® 16°; and Tim-

3, an activation-induced checkpoint receptor'®?. We found that at 4dpi, M.R2¥®> NK cells
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had significantly increased expression of all three markers compared to their MA/My

counterparts (Fig. 2.4D), demonstrating an increased state of activation.
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Figure 2.4. Cmv5° NK Cells Upregulate Activation Markers and Checkpoint Receptors at 4 Days Post Infection . (A, C-M) Flow cytometry data
from splenocytes harvested at 4dpi, pre-gated as described in methods on NK cells or NK cells further segmented by expression of Ly49G2. (B)
Approximate number of NK cells per spleen was calculated using flow cytometry, cell count, and spleen weight data. (G) G2+/G2- expression ratio,
top statistics indicate differences in ratios between groups, bottom statistics indicate differences between ratio and y = 1 (statistical differences be-
tween G2+ and G2- values). (K) Total NK cells divided by their expression of 3 assessed checkpoint molecules: LG = LAG-3, TT = TIGIT, TM = TIM-
3. (N) NK cells isolated from 4dpi spleens were stimulated in vifro and assessed by flow cytometry for CD107a expression (degranulation) and pro-
duction of IFNy. Violin plots depict median (solid line) and quartile (dashed line) values. (A, €-H) pooled from 2 independent experiments with total 7-
9 mice per group. (B, I-M) pooled from 2 independent experiments with total 9-10 mice per group. (N) representative experiment shown from a total
of 2 independent experiments. Outliers omitted if identified by Grubb's outlier test at alpha = 0.05. Statistical comparisons made using unpaired
Welch's t-test (A-F, H-J, L), 2-way ANOVAs with Sidak’s multiple comparisons test (G, K, M), or multiple unpaired Welch's t-tests with Holm-Sidak
corrections for multiple comparisons (N). * p < 0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001.

H-2D* confers MCMV resistance through licensed Ly49G2+ NK cells, which demonstrate

increased proliferation and activation over Ly49G2- NK cells in the same animal® 147,
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While both MA/My and M.R2%® mice express H-2D¥, M.R2¥* mice are heterozygous, which
led us to hypothesize that Cmv5° might convey susceptibility to MCMV infection by
interfering with the function of Ly49G2+ licensed NK cells. At 4dpi, both strains showed a
robust and equivalent expansion of Ly49G2+ NK cells, composing significantly more of
the NK cell pool compared to baseline (Fig. 2.4E). Ly49G2+ NK cells from M.R2¥* mice
had higher Ly49G2 GMFI compared to MA/My NK cells (Fig. 2.4F), likely due to H-2Dk
heterozygosity, in line with data for other Ly49/MHC-I pairs'’®. Consistent with what we
have seen in other models of H-2D-driven resistance’#’, MA/My mice showed increased
expression of activation markers in Ly49G2+ NK cells compared to their Ly49G2-
counterparts, showing higher Ly49G2+/Ly49G2- expression ratios for KLRG1"9" and Tim-
3 (Fig. 2.4G). Interestingly, these ratios were significantly diminished in M.R2¥* NK cells
(Fig. 2.4G). These data suggest that Cmv5° may impede the ability of licensed Ly49G2+
NK cells to become specifically activated over Ly49G2- counterparts, which could prevent

them from controlling MCMYV infection.

Prior work has shown that Tim-3 is upregulated acutely on activated NK cells, functioning
in an inhibitory manner designed to tamper potentially damaging immune activation'®?, but
build-up of high Tim-3 expression can be associated with dysfunctional NK cells'®'. Not
only did M.R2¥* mice have a higher frequency of NK cells expressing Tim-3 (Fig. 2.4D),
they also had higher levels of Tim-3 expression (Fig. 2.4H). To better assess if M.R2¥> NK
cells may be exhibiting a phenotype consistent with dysfunction in vivo, we looked at
additional checkpoint receptors, Lag-3 and Tigit'"'. We found that M.R2¥" NK cells showed
decreased expression of Tigit (Fig. 2.41), and comparable expression of Lag-3 to MA/My
mice (Fig. 2.4J). Interestingly, M.R2¥® NK cells showed increased co-expression of Tim-3

and Lag-3, as well as an associated decrease in NK cells expressing none of the three
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assessed checkpoint markers (Fig. 2.4K). To better understand if these M.R2¥* NK cells
may differ functionally, we assessed intracellular expression of Eomesodermin (Eomes),
an important transcription factor for NK cell development and function whose
downregulation has been associated with dysfunctional NK cells'? 73, We found that
Eomes expression in M.R2¥®> NK cells trended lower than that seen in MA/My NK cells
(Fig. 2.4L), and this reduced expression seemed to occur within the Ly49G2- NK cell
population (Fig. 2.4M). This data showing increased upregulation of checkpoint receptors
and downregulation of Eomes may suggest that M.R2¥* NK cells are dysfunctional’®* 7'
73, To test this, we isolated NK cells from 4dpi spleens and stimulated them in vitro. This
assay revealed no differences in NK cell degranulation or IFN-y production under basic
stimulatory conditions (Fig. 2.4N). While CD107a values for the no stimulation and IL-
12/IL-18 stimulation conditions did technically reach statistical significance, the difference
was minute (~3%) and we were unable to verify it in a repeat experiment. M.R2¥* NK cells
thus are not inherently dysfunctional at 4dpi, but the upregulation of checkpoint receptors

suggests they may be more sensitive to inhibition by the in vivo environment.

MA/My and M.R2¥* NK Cells are Similar in Phenotype and Function at Baseline. To
determine if M.R2¥® NK cells display any intrinsic differences in phenotype or function
when compared to MA/My, we assessed NK cells from uninfected mice. We found no
differences in spleen size, weight, or cellularity prior to MCMV infection (Fig. 2.5A, 2.5B),
nor were there any differences in the quantity of NK cells, NK cell morphology, or percent
of NK cells Ly49G2+ (Fig. 2.5C, 2.5D). Additionally, we saw no appreciable differences
between strains in assessed markers of NK cell maturation (Fig. 2.5E). While NK cells
from uninfected animals had minimal expression of activation markers and checkpoint

receptors, there was a baseline expression of Tim-3 on ~6% of total NK cells (Fig. 2.5F),
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which was almost entirely localized to the Ly49G2- NK cell population (Fig. 2.5G). We
additionally found that M.R2¥® NK cells may have lower expression of Eomes at baseline,
and that expression of Eomes was higher in the Ly49G2+ NK cells (Fig. 2.5H, 2.5l). To
test if the reduced expression of Eomes in M.R2* NK cells was associated with a reduced
ability to exert effector functions, we stimulated NK cells from uninfected mice in vitro,
finding no differences in degranulation or IFN-y production between strains (Fig. 2.5J).
Overall, these results show only minor differences in NK cell phenotype, and no

differences in basic NK cell function between MA/My and M.R2"* mice at baseline.
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Figure 2.5. MA/My and M.R2“® NK Cells are Similar in Phenotype and Function at Baseline. (A) Approximate spleen size (area, trapezoid), (B)
weight and cellularity as splenocytes/mg tissue in uninfected mice of indicated strain. (C-l) Flow cytometry data of splenocytes harvested from unin-
fected mice. (J) NK cells isolated from uninfected spleens were stimulated in vitro and assessed by flow cytometry for CD107a expression
(degranulation) and production of IFNy. Violin plots depict median (solid line) and quartile (dashed line) values. (A) pooled from 2 independent experi-
ments with total 9-10 mice per group, (B, E, F, H, I, J) data from 1 independent experiment with 5 mice per group. (C) pooled from 4 independent
experiments with total 15-16 mice per group. (D) pooled from 3 independent experiments with total 12-13 mice per group. (G) pooled from 2 inde-
pendent experiments with total 8 mice per group. Outliers removed if identified by a Grubb's outlier test at alpha = 0.05. Statistical comparisons are
made using an unpaired Welch’s t-test (A-E, H), an ordinary 2-way ANOVA with Tukey's (G, 1) or Sidak’s (F) multiple comparisons test. (J) was as-
sessed by multiple unpaired Welch's t-tests with Holm-Sidak correction for multiple comparisons. * p < 0.05, ** p < 0.01, ** p < 0.001, ** p <
0.0001.




39

Increased Viral Replication is Insufficient to Cause Cmv5°-like Tissue Damage and
NK Cell Activation in MA/My Mice. MCMV enters the spleen at the marginal zone
approximately 6-8 hours after systemic infection and progresses rapidly through the red
pulp using stromal and myeloid populations as host cells'3% 36 174 With this information
we hypothesized that a Cmv5°-driven increase in viral load could be responsible for
marginal zone and downstream red pulp tissue damage, as well as the increased NK cell
activation phenotype. To test this, we increased the viral dose given to the MA/My mice
(MA/My - Ultra High Dose (UHD)) to match the 4dpi viral load seen in the M.R2®
counterparts given the standard dose (Fig. 2.6A). MA/My-UHD mice showed increased
weight loss over both standard dose infected MA/My and M.R2X® mice at 3dpi but did not
continue to lose weight after 3dpi like the M.R2¥® animals. Non-linear regression confirmed
unique fitted curves for each group (Fig. 2.6B). Thus, even with the increased viral load,
MA/My weights began stabilizing by 4dpi. While MA/My-UHD NK cells appeared more
activated than their standard dose-infected MA/My counterparts, they did not reach the
levels of the M.R2¥* NK cells in morphology (Fig. 2.6C) or any of the assessed surface
markers, with the possible exception of KLRG1"S" (Fig. 2.6D, 2.6E). Here our data
suggests that the increased expression of NK cell activation markers CD25 and Tim-3 in
M.R2¥* mice is at least in part due to a difference in the infected Cmv5° immune
environment. While a slightly smaller population of MA/My-UHD NK cells expressed
Ly49G2 in comparison to either strain given the standard dose-infection (Fig. 2.6F),

Ly49G2+ NK cells were still selectively activated in the UHD setting (Fig. 2.6G).

Turning to the spleen histology sections, we saw that MA/My-UHD mice displayed
increased evidence of marginal zone necrosis over both standard dose-infected groups.

However, this did not translate into the substantial cell loss seen at the marginal zone and
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throughout the red pulp in the standard dose-infected M.R2¥* spleens (Fig. 2.6H, 2.61).
This data suggests that the necrotic histopathology at the marginal zone may be driven
by viral replication or spread, while Cmv5°-mediated cell loss occurs via a separate
mechanism in the M.R2¥* spleen. Interestingly, necrosis at the marginal zone in MA/My-
UHD spleen tissue was associated with inflammatory infiltrates, while the M.R2¥* mice
showed a more progressed dissolution of the marginal zone structure. These results
demonstrate that the increased viral load and marginal zone necrosis in MA/My-UHD mice

is insufficient to drive the dramatic cell loss seen in M.R2"® spleens.
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Figure 2.6. Increased Viral Replication is Insufficient to Cause Cmv5°-like Tissue Damage and NK Cell Activation in MA/My Mice. (A) Viral
load by quantitative PCR from 4dpi spleen DNA. (B) Mouse weight loss during infection as % of starting weight, Error bars represent SEM. (C-G)
Flow cytometry data from splenocytes harvested at 4dpi. (G) G2+/G2- expression ratio, top statistics indicate differences in ratios between groups,
bottom statistics indicate differences between ratio and y = 1 (statistical differences between G2+ and G2- values). (H) Quantification of histology
sections, NWP = non-white pulp. (I) Representative images of H&E-stained spleen sections at 4dpi with zoomed insert and lines highlighting borders
between white pulp (WP)/marginal zone (MZ)/red pulp (RP) regions. Full image scale bar at 200 microns, insert scale bar at 20 microns. Violin plots
depict median (solid line) and quartile (dashed line) values. Results are pooled from 2 individual experiments with total 6-9 mice per group. See
methods for details of data pooling and presentation. Statistical comparisons made using Brown-Forsythe and Welch ANOVA with Dunnett’s T3
multiple comparisons test (A, C-F, H), Ordinary 2-way ANOVA with Tukey’s multiple comparisons test (G), or non-linear (cubic) regression (NLR) with
extra sum-of-squares F test (inset) (B). * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.
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Cmv5° Histopathology at the Marginal Zone Precedes Divergence in Viral Load and
NK Cell Phenotype. To better explore the idea of a temporal difference in the response
to MCMV between Cmvb-disparate mice, and as a way to reveal the phenotypes more
likely to be a direct result of the genetic mechanism of action, we assessed Cmv5°
phenotypes at 2dpi, just prior to any evidence of divergence in weight loss (Fig. 2.2C). At
this timepoint we found no discernable differences in spleen size, cellularity, or viral load
between the strains (Fig. 2.7A, 2.7B). While we found a significant loss in the NK cell
population from baseline (Fig. 2.7C; compare to Fig. 2.5C), an increase in the proportion
of NK cells expressing Ly49G2 (Fig. 2.7D), and evidence of early NK cell activation (Fig.
2.7F, 2.7G); there was no difference between MA/My and M.R2"" in any of the assessed
metrics (Fig. 2.7E-2.7G). While there were no differences between strains, Ly49G2+ NK
cells had surpassed Ly49G2- counterparts in expression of Tim-3 (Fig. 2.7H), providing
evidence of specific activation. This data suggests that the initial process of NK cell
activation and Ly49G2+ population expansion is separate from the differences in NK cell

phenotype seen later during infection.

Interestingly, histology sections from 2dpi spleens showed significant disruption at the
marginal zone in both strains (Fig. 2.71, 2.7J), which is consistent with early MCMV entry
and replication in marginal zone cells'®. However, the MA/My marginal zone had
seemingly collapsed from its uninfected state, appearing thinner and less organized, while
the M.R2¥* marginal zones were bloated and showed significant signs of necrosis,
displaying a loss of cellular definition and faded cytoplasmic staining alongside evidence
of cellular infiltrates (Fig. 2.7J; compare to Fig. 2.2D). Here we identify marginal zone
necrotic histopathology as the first apparent Cmv5° phenotype during MCMV infection,

and further assert that differences between Cmv5-disparate mice cannot be solely traced
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back to increased viral replication. Our data additionally suggest that initial NK cell

recognition and activation during MCMYV infection are not diminished in Cmv5° mice.
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Figure 2.7. Cmv5°® Histopathology at the Marginal Zone Precedes Divergence in Viral Load and NK Cell Phenotype. (A) Approximate spleen
size (area, trapezoid) and cellularity represented as cells/mg spleen. (B) Viral load by quantitative PCR from 2dpi spleen DNA (C-H) Flow cytometry
data from splenocytes harvested at 2dpi. (H) G2+/G2- expression ratio, bottom statistics indicate differences between ratio and y = 1 (statistical differ-
ences between G2+ and G2- values). (l) Quantification of histology sections, NWP = non-white pulp, (J) Representative images of H&E-stained
spleen sections from different strains at 2dpi with zoomed insert and lines highlighting borders between white pulp (WP)/marginal zone (MZ)/red pulp
(RP) regions. Full image scale bar at 200 microns, insert scale bar at 20 microns. Violin plots depict median (solid line) and quartile (dashed line)
values. (A) Data pooled from 2 independent experiments with total 9-10 mice per group, (B, 1) pooled from 5 independent experiments with total 22-
23 mice per group, (C, E) pooled from 4 independent experiments with total 17-18 mice per group, (F) pooled from 2 independent experiments with
total 9 mice per group, (D, G, H) pooled from 3 independent experiments with total 13-14 mice per group. Statistical comparisons made using an
unpaired Welch'’s t-test (A-G, 1), or an ordinary 2-way ANOVA with Sidak’s multiple comparisons test (H). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p
< 0.0001.

H2K/Mhc-ll Region Cmv5 Recombinants Display Splenic Marginal Zone Damage. In
seeking to further narrow the genetic underpinnings of Cmv5°-mediated MCMV
susceptibility and tissue damage, we generated additional Cmv5-recombinant congenic
mice: M.R4¥? (R4), which contain a 3.78Mb C57L-derived region, and M.R5%° (R5) which
contain a 1.44-Mb C57L-derived region. Both M.R5*" and M.R4¥"® intervals encompass

the H2K/Mhc-II region (Fig. 2.8A). While these M.R5%" and M.R4*® intervals do not contain
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H2D, we continued using heterozygous mice for the sake of consistency. Neither M.R5%?
nor M.R4®* mice showed increased viral load or weight loss compared to MA/My
counterparts (Fig. 2.8B, 2.8C). Additionally, M.R5¥®> and M.R4%®* mice showed NK cell
morphology and activation marker expression in line with the MA/My group (Fig. 2.8D,
2.8E). Tim-3 expression on the M.R5%? and M.R4¥* NK cells was higher than MA/My mice,
as indicated by the Tim-3 GMFI (Fig. 2.8F), however it did not reach the level of expression
seen in the M.R2¥* NK cells. Like MA/My NK cells, M.R5** and M.R4®* NK cells
maintained the increased Ly49G2+ activation marker expression ratio (Fig. 2.8G).
Interestingly, histopathology in the spleen was apparent, showing evidence of necrosis
and acellularity, however this damage was highly localized to the marginal zone area
without apparent spread into the red pulp (Fig. 2.8H, 2.81). While quantification of histology
sections identified higher acellular area in M.R5%" and M.R4*® spleens, confinement to the
marginal zone regions significantly reduced the overall area affected when compared to
that seen in M.R2¥* mice (Fig. 2.8H). Here we identified a similar partial phenotype in two
different Cmv5-recombinant strains overlapping the same H2K/Mhc-II genomic region.
Data from these mice suggest that tissue damage at the marginal zone may be separate
from the appearance of acellularity in the red pulp and independent of increased viral load.
Additionally, the identification of a partial phenotype in the M.R5%* mice asserts that a
locus in this R5 interval, along with at least one other currently unknown locus, contributes

to the Cmv5° MCMV susceptibility and tissue damage phenotype seen in the M.R2¥° mice.
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Figure 2.8. H2KIMHC-II Region Cmv5 Recombinants Display Splenic Marginal Zone Damage without MCMV Susceptibility. (A) Schematic
depicting the M.R4® (R4) and M.R5"® (R5) C57L-derived interval locations. (B) Viral load by quantitative PCR from 4dpi spleen DNA. (C) Mouse
weight loss during infection as % of starting weight, Error bars represent SEM. NLR = non-linear regression. (D-G) Flow cytometry data from spleno-
cytes harvested at 4dpi. (G) G2+/G2- expression ratio, top statistics indicate differences in ratios between groups, bottom statistics indicate differ-
ences between ratio and y = 1 (statistical differences between G2+ and G2- values). (H) Quantification of histology sections, NWP = non-white pulp.
() Representative image of H&E-stained spleen sections at 4dpi with zoomed insert and lines highlighting borders between white pulp (WP)/marginal
zone (MZ)/red pulp (RP) regions. Full image scale bar at 200 microns, insert scale bar at 20 microns. Violin plots depict median (solid line) and quar-
tile (dashed line) values. Data pooled from R4 - § independent experiments with total 16-18 mice per group, or R5 - 3 independent experiments with
total 11-13 mice per group. See methods for details of data pooling and presentation. Outliers omitted if identified by Grubb’s outlier test at p = 0.05.
Statistical comparisons are made using Brown-Forsythe and Welch ANOVA with Dunnett's T3 multiple comparisons test (B, D-F, H), ordinary 2-way
ANOVA with Tukey’s multiple comparisons test (G), or non-linear (cubic) regression (NLR) with extra sum-of-squares F test (inset) (C). * p < 0.05, **
p <0.01, ** p <0.001, **** p < 0.0001.

C57L-Derived H2D Locus is Insufficient to Convey MCMV Susceptibility or Tissue
Damage. We additionally generated two Cmv5-recombinant strains encompassing the
H2D locus: M.R6X® (R6) mice, which bear a 1.11Mb C57L-derived interval; and M.R8"P
(R8) mice, which bear a 3.82 Mb interval encompassing H2D and the H2K/Mhc-Il regions
(Fig. 2.9A). Considering the importance of H-2D as a resistance factor for MCMV in this

model, we were surprised to find no difference between MA/My and M.R6® viral loads.



45

However, higher viral loads in M.R8%" mice were on par with M.R2® mice (Fig. 2.9B).
Similar to the pattern seen in the MA/My-UHD mice (Fig. 4B), the M.R6X® mice lost more
weight than the MA/My mice but began to stabilize between 3-4dpi while both the M.R2 P
and M.R8® mice continued to lose weight (Fig. 2.9C). Non-linear regression analysis
identified three unique weight loss curves from the four strains: a shared curve for both
M.R2¥* and M.R8%® mice, and distinct curves for both MA/My and M.R6%* mice. Both
M.R6"® and M.R8%* mice displayed increased NK cell size and KLRG1-high expression,
while only M.R8* matched the M.R2® NK cell granularity and expression of CD25 and
Tim-3 (Fig. 2.9D-2.9G). Interestingly, all the Cmv5-recombinant mice heterozygous at H2D
showed a reduction in selective activation of Ly49G2+ NK cells (Fig. 2.9H) and increased
Ly49G2 GMFI (Fig 2.91), suggesting these features are unlikely to be causative in Cmv5°

reduced MCMYV control.

In line with M.R8%® mice displaying a full Cmv5° phenotype on par with the M.R2¥* mice,
M.R8*? spleens showed significant spleen histopathology marked by a loss of organized
marginal zone, evidence of marginal zone necrosis, and widespread acellularity (Fig. 2.9J,
2.9K). The identification of M.R8® mice as bearing Cmv5° reduces the phenotype-
associated genetic interval from ~23-Mb to 3.82-Mb. Additionally, the minimal phenotype
in M.R6¥* mice excludes the H2D locus as being solely responsible for Cmv5° MCMV

susceptibility and tissue damage.
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Figure 2.9. C57L-Derived H2D Locus is Insuffi-
cient to Convey MCMV Susceptibility or Tissue
Damage.(A) Schematlc depicting the M.R6° (R6)
and M.R8 ) C57L-derived interval locations.
(B) Viral load by quantitative PCR from 4dpi spleen
DNA. (C) Mouse weight loss during infection as % of
starting weight, Error bars represent SEM. (D-1) Flow
cytometry data from splenocytes harvested at 4dpi.
% (H) G2+/G2- expression ratio, top statistics indicate
| differences in ratios between groups, bottom statis-
tics indicate differences between ratio and y =
(statistical differences between G2+ and G2- val-
ues). (J) Quantification of histology sections, NWP =
non-white pulp. (K) Representative images of H&E-stained spleen sections at 4dpi with zoomed insert and lines highlighting borders between white
pulp (WP)/marginal zone (MZ)/red pulp (RP) regions. Full image scale bar at 200 microns, insert scale bar at 20 microns. Violin plots depict median
(solid line) and quartile (dashed line) values. Data pooled from 3 independent experiments with total 9-17 mice per group. See methods for details of
data pooling and presentation. Outliers are omitted if identified by a Grubb’s outlier test at alpha = 0.05. Statistical comparisons are made using
Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test (B, D-F, H, |), ordinary 2-way ANOVA with Tukey’s multiple compari-
sons test (G), or non-linear (cubic) regression (NLR) with extra sum-of-squares F test (inset) (C). * p < 0.05, ** p < 0.01, *** p < 0.001, *** p <
0.0001.
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Discussion.

Genetic mechanisms surrounding morbidity and mortality during acute viral infection are
largely unknown, with current information unable to account for most of the variability in
outcome among patients®> 5%, In seeking to better understand the relationship between
genetics and viral control, our lab previously identified MHC-linked Cmv5®, which conveys
susceptibility to acute MCMYV infection and severe splenic tissue damage despite a

protective MHC-I/Ly49 pair and the presence of effector NK cells™: 163,

When initially described, the Cmv5 QTL interval spanned more than 23-Mb, including the
entire MHC region and over 400 genes'™® (Table Il). In this work, we expanded our
genotyping coverage of the Cmv5 interval, which allowed the identification and testing of
several novel Cmv5-recombinant congenic lines. Using these recombinant strains, we
defined Cmv5? traits starting with necrotic pathology at the marginal zone, loss of cellularity
throughout the red pulp, and increased NK cell expression of activation and checkpoint
markers at 4dpi. From these definitions we further assessed the temporal and genetic
mapping of Cmv5°. We identified marginal zone destruction as the first apparent Cmv5°
phenotype at 2dpi and linked its appearance to the R5 genetic interval. Interestingly, R5
spleen marginal zone necrosis was separated from the loss of red pulp cellularity and
increased viral susceptibility observed in R2 and R8 mice with regions overlapping R5.
Evidence of a partial phenotype controlled by the R5 interval cements the contribution of
at least two distinct loci within the MHC region to Cmv5°® susceptibility and tissue damage
during MCMV infection. Analysis of the H2D-bearing interval in R6 mice demonstrated that
polymorphism of known MCMV resistance locus H2D is not sufficient to induce Cmv5°
pathology. While we cannot rule out the potential that R5 and R6 intervals work together

in a synergistic manner to disrupt viral control and tissue tolerance in the red pulp, it is
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likely that a non-MHC-I/Il locus residing in the region between the R5 and R6 intervals

plays a role in recapitulating the R2/R8 Cmv5° pathology.

On top of the interactions between loci within the MHC region, Cmv5°-driven susceptibility
relies on additional interaction with the MA/My background, as it is not pathogenic in
MA/MyxC57L F1 hybrid mice or H-2D* transgenic C57L mice'#® 83, This contribution of
multiple loci within the MHC to antiviral immunity with a consideration for genetic
background mirrors previously reported observations in MCMV'#® and other viruses'%? 153,
These reports suggest that further exploration of intra- and extra- MHC interactions is
relevant not only to MCMV in MA/My background mice, but in other models of viral

pathology in various genetic backgrounds.

Understanding how host genetic makeup influences the progression of tissue damage
during acute viral infection is of high clinical significance. MCMV can be found at the
spleen marginal zone as early as 6 hours post infection, progressing to widespread
prevalence throughout the red pulp by 2dpi'®. In line with the idea that tissue damage in
Cmv5°® spleens follows the spread of the virus, we see necrotic marginal zone
histopathology as the first apparent Cmv5°® phenotype by 2dpi, and histopathology at the
marginal zone is apparent in MA/My mice given an increased viral dose by 4 dpi. Of note,
M.R4¥b/ M.R5® mice show significant marginal zone pathology without an associated
increase in viral load. However, there are several differences between M.R4¥®/ M.R5%P
splenic pathology compared to that seen in MA/My-UHD mice. Most apparent were the
cellular infiltrates and high faded eosin score in the MA/My-UHD mice that was not
observed in the M.R4¥*/ M.R5*® spleens. Instead, M.R4¥"/ M.R5* marginal zone damage

consisted of strikingly localized acellularity. The marginal zones of 2dpi M.R2¥® spleens
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more closely mirrored the MA/My-UHD pathology, but like the M.R4¥®/ M.R5%? spleens, it
was not associated with increased viral load. Additionally, marginal zone disruption in the
2dpi M.R2"® spleens gave way to widespread red pulp acellularity that was not matched
in M.R4¥*/ M.R5%* or MA/My-UHD mice. Cmv5° pathology therefore is distinct from that
observed in MA/My-UHD; and the genetic separation of phenotype by region further

demonstrates Cmv5°® comprises multiple loci acting together.

In an assessment of Cmv5 from an immunological standpoint, we provide evidence that
the failure of Cmv5°® NK cells to control MCMV infection is not due to an inherent defect in
the ability of the NK cell to become activated and exert effector functions, but rather the
establishment of a tissue environment not conducive to effective antiviral NK cell function.
Interestingly, our data shows that Cmv5° NK cells upregulate non-classical checkpoint
receptors Tim-3 and Lag-3 to a greater extent than their MA/My counterparts. Inan MCMV
infected spleen environment marked by tissue damage starting as early as 2dpi, inhibitory
receptors with ligands including Damage-Associated Molecular Patterns (DAMPs) and
MHC-II""" could drastically alter the way Cmv5° NK cells respond. Whether this contributes
to, or is a symptom of, the inability to control viral infection is unclear and will require further

exploration.

While we ruled out the reduced Ly49G2+/Ly49G2- NK cell activation ratio in the M.R2"®
mice as a cause of reduced viral control, we did note interesting stratifications in
phenotypes between Ly49G2+ and Ly49G2- NK cells in both strains. In particular, the
finding that Ly49G2+ NK cells have higher expression of Eomes than Ly49G2-
counterparts may suggest a role for Eomes in Ly49G2-mediated NK cell licensing, in line

with previous data associating reduced Eomes in NK cells with reduced ability to kill MHC-
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| deficient targets'”®. This is an intriguing finding that may provide additional insight into

protective H-2D*-Ly49G2 NK cell licensing with further study and verification.

Overall, these data explore the immunological and genetic underpinnings of a system
where polymorphism in the MHC region and host genetic background promotes the
formation of acute viral infection-induced tissue damage and corrupts an otherwise
protective antiviral NK cell response. Ongoing work will further delineate the genetic and
downstream immunological mechanisms contributing to host susceptibility and tissue
damage in this model, advancing our understanding of genetically driven variation in

infection outcomes.
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Chapter llI: Inflammation and Macrophage Loss Mark Susceptibility in a

Genetic Model of Acute Viral Infection-Induced Tissue Damage

Abstract.

M.R2¥* mice are identical to MA/My parent strain aside from a 5.58-Mb C57L-derived
region on chromosome 17 (Cmv5°®) that causes increased susceptibility to acute murine
CMV (MCMV) infection and the development of significant spleen tissue damage. Spleen
pathology begins at the marginal zone (MZ), apparent by 2 days post infection (dpi), and
progresses throughout the red pulp by 4 dpi. To better understand how M.R2¥° mice
respond to infection and how Cmv5°® contributes to tissue damage in the spleen, we
assessed the regulation of myeloid cells and inflammation during acute (MCMV) infection
in MA/My and M.R2¥* mice. We found that Cmv5° drove increased neutrophil
accumulation, cell death, and oxidative stress at the MZ corresponding with increased
spleen IL-6 and TGF-B1 early during infection. Further assessment of MCMV infection
dynamics at the early MZ revealed infected SIGNR1+ MZ-localized macrophages (MZMs)
as the first apparent cell type lost during infection in these mice, and the likely target of
early neutrophil recruitment. Spleen macrophages were also identified as the mediators
of differential spleen IL-6 and TGF-B1 in MA/My and M.R2® mice. Interrogation of MCMV
progression past 2dpi revealed substantial M.R2® F480+ red pulp macrophage loss along
with buildup of oxidative stress and MZM debris that was not neutrophil-dependent.
Together we identify Cmv5°-driven macrophage loss and inflammation during acute
MCMV infection corresponding with the spatial and temporal development of spleen tissue

damage.

Key Points.

Neutrophils swarm Cmv5s marginal zones early and die, bringing oxidative stress.
Neutrophil clusters and spreading virus surround highly infected SIGNR1+ MZMs.
Ongoing inflammation in Cmv5s spleens marks loss of RPMs and buildup of MZM debris.

Macrophage loss mirrors spatial and temporal appearance of Cmv5s tissue damage.
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Annis JL, Brown MG. Inflammation and Macrophage Loss Mark Susceptibility in a Genetic

Model of Acute Viral Infection-Induced Tissue Damage. 2024.

Graphical Abstract.

MA/My M.R2¥/b
Red Pulp Marginal Zone Red Pulp
Time Fibroblast RPM MZRC SIGNR1+ MZM Neutrophil
\4
Figure 3.1. Inflammation and Macrophage Loss Mark Susceptibility in a Genetic Model of Acute Viral Infection-
Induced Tissue Damage - Graphical Abstract.
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Introduction.
It has long been appreciated that host genetic makeup plays an important role in the
development of pathology during infections', and mutations that prevent appropriate
function of many different key immune mediators or pathways are associated with the
development of severe disease?. In addition to monogenic risk alleles, natural
polymorphism between humans are found throughout immune pathways'#, and these
variations, despite not necessarily conveying a singular phenotype, can interact with other
polymorphisms and pathways that change the progression of the immune response,
leading to differences in response to infection based on host genetic makeup. Severe
outcomes of viral infections are caused by the accumulation of damage in host tissues
that drive cell death and prevent proper function, making host tissue damage the major
cause of morbidity and mortality in viral diseases, and highlighting a delicate
immunological balance between host defense and self-tolerance during infection.
Together, mechanisms of how polymorphism in immune-relevant genes impacts the
antiviral immune response and the development of tissue damage are incompletely
understood. A better understanding of how host genetic makeup influences the outcomes
of viral infection has the potential to aid in the development of more effective medical

interventions to prevent and treat severe viral disease.

Inflammation is an important part of the immune response to a pathogen; however, excess
or prolonged inflammation can lead to cell death and tissue damage, generally through
the accumulation of oxidative stress or the release of directly toxic immune mediators.
Oxidative stress occurs when the generation of reactive species (RS) overwhelms a cell’s

ability to detoxify them, which can lead to cell damage and death>* °. RS are produced
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during myeloid cell activation, particularly in macrophages and neutrophils, and are
important for killing extracellular and phagocytosed microbes®® %’. Toxic mediators such
as those found in granulocyte granules or neutrophil extracellular traps, are used to
combat pathogen survival in the extracellular space by chelating important cofactors,
driving oxidative stress, and breaking down pathogen macromolecules®®°. While potently
antimicrobial, these factors are generally not explicitly pathogen-targeted, and are
associated with host tissue damage during disease®'%. Overall, while inflammatory
factors are important for host control of viral infections, they are also associated with
pathology and severe disease. Genetic predisposition of certain individuals to damaging
inflammatory responses have been documented in many viral diseases® " 68 but often

verified mechanisms of action for these risk factors are missing.

The spleen is an important immune organ that relies on different populations of specialized
macrophages for optimal function at homeostasis and during infection, and murine
cytomegalovirus (MCMV) is a large, dsDNA B-herpesvirus that predominantly infects
myeloid, stromal, and parenchymal cells'®?, with the ability to spread to various tissues
throughout the body via circulating myeloid cells'® 34, The spleen is an important early
reservoir for MCMV infection, and splenectomized mice display reduced systemic infection
and mortality'3®. MCMV enters the spleen hours after infection at the MZ, and spreads into
the red pulp starting around 2dpi'¢. While there is evidence that MCMV may infect
marginal zone stromal cells early during infection, they do not appear to be the
predominant infected cell type for spleen replication and progression'¢. Spleen and liver
histopathology have been noted during acute MCMV infection in susceptible mice'¥,
however the cellular and/or molecular mediators of this phenotype remain mostly

uncharacterized. As time progresses, MCMV spreads systemically, infecting cells in most
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major organs, where it will establish latency'® 3°. The importance of the spleen as an
early reservoir and the association of MCMV with multiple organs suggests that a better
understanding of how spleen pathology develops during early infection has the potential
to offer widespread insights into mechanisms of infection-induced tissue damage

throughout the body.

M.R2¥® mice are genetically identical to the MA/My parent strain, aside from
heterozygosity for a 5.58Mb C57L-derived interval on chromosome 17 (Cmv5°), which
conveys susceptibility to acute MCMV infection presenting with significant spleen tissue
damage'’®. Our prior data identified necrotic histopathology at the early marginal zone as
the first apparent Cmv5° phenotype, occurring prior to divergence in weight loss, viral load,
or effector NK cell activation'”. This data suggested that Cmv5° may drive susceptibility
to MCMV infection via the development of tissue damage, but immune processes
underlying this acute viral infection-induced histopathology were not explored. In order to
better understand the development of tissue damage during early MCMV infection in
Cmv5°-bearing M.R2¥* mice, we first honed in on the early marginal zone (MZ) damage,
finding that early infected MZ macrophage loss leads to an increased infiltration of
neutrophils and production of IL-6 and TGF-B1 in M.R2"* spleens. This macrophage loss
and inflammation at the MZ progressed through the red pulp, overall identifying Cmv5°-
driven inflammation and macrophage loss mirroring the spatial and temporal appearance

of spleen tissue damage during acute MCMV infection.
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Results.

Increased Neutrophil Accumulation at the M.R2¥* Marginal Zone Early During MCMV
infection is Marked by Cell Death and Oxidative Stress. In prior work we identified
tissue damage at the spleen MZ as the first apparent phenotype in M.R2®> mice compared
to MA/My parent strain'”®. This histopathology consistent with necrosis is apparent by 2
dpi and presents with accumulation of inflammatory infiltrates (Fig. 3.2A)"5. To better
assess this phenotype, we performed immunofluorescent (IF) imaging of Ly6G+
neutrophils in resistant MA/My and susceptible M.R2¥* strains. At baseline, neutrophils
appeared distinctly cellular and spread predominantly throughout the red pulp of the
spleen. Quantification of images and cells by flow cytometry revealed no differences in the
abundance of neutrophils between strains (Fig. 3.2B). Once infected, neutrophils swarmed
the MZ in both strains, with significantly increased accumulation in M.R2¥* spleens (Fig
3.2C). Analysis of splenocytes by flow cytometry mirrored this increase by trend, but did
not reach significance (Fig. 3.2C). The lack of significance in the flow data coupled with
the presence of large and less distinctly cellular clusters in the M.R2¥? images led us to
hypothesize that the neutrophils in the M.R2"® spleens may be dead or dying. To test this,
we performed fluorescent TUNEL analysis with Ly6G co-staining. We found increased
TUNEL positivity in the M.R2"® spleens compared to MA/My, both overall and within the
Ly6G+ area (Fig. 3.2D). These data demonstrate a Cmv5°-driven increase in neutrophil

accumulation and death at the MZ during early MCMYV infection.
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Figure 3.2. Increased Neutrophil Accumulation at the M.R2° Marginal Zone Early During MCMV infection is Marked by Cell Death and

Oxidative Stress. (A) Representative spleen histology sections from indicated genotypes at 2 dpi. Representative images with quantification for (B)
Uninfected Ly6G+ neutrophils (also includes flow analysis), (C) 2 dpi Ly6G+ neutrophils, (also includes flow analysis) (D) 2 dpi TUNEL assay with
Ly6G+ neutrophils, (E) 2 dpi SIGNR1+ MZMs/Ly6G+ neutrophils and cCasp3, (F) 2 dpi SIGNR1+ MZMs/Ly6G+ neutrophils and 4HNE. Full image
scale bars at 200 microns, insert scale bars at 20 microns. NWP = Non-White Pulp. Violin plots depict median (solid line) and quartile (dashed line)
values. Data pooled from: (B) 3 independent experiments with total 9-10 mice per group (C) Imaging — 4 independent experiments with total 13-18
per group, Flow — 3 independent experiments with total 13 mice per group. (D) 4 independent experiments with total 17-18 mice per group. (E, F) 4
independent experiments with total 14-18 mice per group. Statistical comparisons made using an unpaired Welch's t-test, outliers are removed if
identified by a Grubb's outlier test at alpha = 0.05. * p < 0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001.

Neutrophil death can occur by several different mechanisms with a range of immunological
consequences. Neutrophil apoptosis and clearance are important feedback mechanisms
designed to reduce inflammation and damage of surrounding tissue'’®, while other cell

death mechanisms such as pyroptosis and NETosis can exacerbate inflammation and
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damage'”’. To ask if the neutrophils may be dying differently between strains, we
additionally stained slides for cleaved caspase 3 (cCasp3), an important executioner
caspase for apoptosis, alongside Ly6G and SIGNR1 to mark neutrophils and MZMs,
respectively. We found no difference between strains in the amount of total cCasp3
staining, or cCasp3 localized within Ly6G+ or SIGNR1+ areas (Fig. 3.2E). The increased
cell death by TUNEL coupled with no difference in apoptosis by cCasp3 may suggest that
Cmv5°® drives a more inflammatory cell death pathway that occurs early during MCMV
infection at the M.R2¥* MZ. Tissue damage from inflammation generally occurs as the
result of increased oxidative stress. As testing for reactive species themselves is not
feasible in fixed tissue sections, we measured splenic levels of 4-Hydroxynonenal (4HNE),
a stable and toxic byproduct of lipid peroxidation whose buildup is caused by oxidative
stress'®. 4HNE staining was strongly localized to the marginal zone, where it accumulated
at the interface between Ly6G+ neutrophils and SIGNR1+ MZMs. In line with our
hypothesis, we found significantly increased 4HNE in the M.R2¥* spleens, both by total
area positivity and by positivity within the Ly6G and SIGNR1 staining areas (Fig. 3.2F).
Together this data shows increased inflammation at the M.R2¥° MZ very early during

MCMV infection and coinciding with the appearance of MZ histopathology.

M.R2¥* Spleen Supernatants Have Increased IL-6, TGF-B1, and IFNB Early after
MCMV Infection. To delineate differences in the spleen immunological environment
between strains, we ran multiplex ELISAs on 2 dpi spleen supernatants. Overall, there
were high levels of antiviral response cytokines IFNy and IFN(B, as well as classical
inflammatory mediators IL-6, TNFa, and IL-18, but all cytokines assayed were detectable
in both strains at this timepoint (Fig. 3.3A). Importantly, we detected significant differences

between strains, with M.R2¥* spleens showing increased IFNB, TGF-B1, and IL-6 over
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MA/My counterparts by more than 2-fold (Fig. 3.3B). This data shows differential immune
environments between MA/My and M.R2%* spleens during early MCMV infection, which

may contribute to Cmv5°-driven tissue damage and loss of viral control.

A Multiplex ELISA of 2dpi Spleen Supernatants
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comparisons made using a 2-way ANOVA with Sidak’s multiple comparisons test. * p < 0.05, ** p < 0.01, ** p <
0.001, **** p < 0.0001.

Neutrophil Depletion Diminishes MZ TUNEL and 4HNE in M.R2** Mice Without
Affecting Tissue Damage or Inflammation. Prolonged neutrophil swarming with
associated cell death and inflammation could contribute to early marginal zone necrotic
histopathology seen in the M.R2¥® spleens. To test this, we used a published regimen'”®
to stably deplete neutrophils (Fig. 3.4A and see Methods). Depletion of neutrophils was
assessed using IF imaging and intracellular staining for Ly6G by flow cytometry'”® (Fig.
3.4B). Evidence of inflammatory infiltrates at the marginal zones of M.R2¥* mice was

eliminated with neutrophil depletion. However, necrotic-like histopathology including loss
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of cellular definition, nuclear swelling, and pale cytoplasmic eosin staining’®® was still

apparent (Fig. 3.4C). This data demonstrates that increased neutrophil accumulation at

the M.R2¥* MZ is a symptom rather than the cause of Cmv5°-driven MZ histopathology

du

ring early MCMV infection.

A

G

R2 -

and Welch ANOVA test with Dunnett’s T3 test for multiple comparisons, or (G) 2-way ANOVA with Dunnett’s multiple comparisons test. Outliers are
removed if identified by a Grubb’s outlier test at alpha < 0.05. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Depletion of neutrophils alleviated the higher TUNEL staining in M.R2"® spleens over
MA/My counterparts, although there was still cell death in the neutrophil depleted spleens,
found predominantly at the MZ and in the red pulp (Fig. 3.4D). Interestingly, neutrophil
depletion did not reduce spleen cCasp3, and may even result in higher cCasp3 staining
on SIGNR1+ MZMs in the M.R2"® spleens (Fig. 3.4E). In line with the idea that neutrophils
were swarming the MZ and dying in an immunogenic manner, their depletion essentially
eliminated the MZ buildup of 4HNE (Fig. 3.4F). To determine if neutrophils were
responsible for the increased IL-6, TGF-1, and IFNB found in bulk spleen supernatants,
we assessed changes in these cytokines in the neutrophil depleted mice. While neutrophil
depletion had no effect on any of the assessed cytokines in MA/My mice, it eliminated the
significant increase in IFNB seen in the M.R2¥® spleens over MA/My counterparts (Fig.
3G). These data demonstrate that neutrophil accumulation is required for increased cell
death and MZ buildup of oxidative stress, but not for Cmv5°*-mediated early MZ tissue

damage or increased spleen |IL-6 and TGF-$1.

Infection of Macrophages Coincides with MZ Neutrophil Recruitment and Spleen IL-
6 Production During Early MCMYV Infection. Having excluded neutrophils as the cause
of MZ necrotic histopathology in M.R2* spleens, we next asked about other MZ-localized
cells at 2dpi. Since 4HNE co-localized at the interface between neutrophils and SIGNR1+
MZMs, we investigated the state of MZ-localized macrophage populations (MZMs).
CD169+ and SIGNR1+ MZMs line the MZ and surveil incoming blood for apoptotic cells
and potential pathogens'™’. As expected in uninfected mice, a thick border of MZMs
around the white pulp with spread-out, surveilling morphology was observed (Fig. 3.5A).

After infection, there was a significant loss of both MZM populations in both strains, and
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remaining cells appeared morphologically more ameboid and compact (Fig. 3.5B). There
was no apparent loss or morphological changes seen in MAACAM1+ MZ reticular cells

(MZRCs) at the same timepoint (Fig. 3.5C, 3.5D).

MCMV has been shown to enter the spleen at the MZ around 6 hpi before spreading into
the red pulp by around 2 dpi'®. We next asked if MCMV localization and replication
differed between strains during early MCMV infection, and whether we could better discern
the mechanisms of MZM cell loss and neutrophil accumulation at an earlier timepoint. We
infected MA/My and M.R2¥* mice with MCMV-GFP' and assessed infection at 36 hpi.
We observed significant MZ-localization of MCMV-GFP at this timepoint, but no difference
in the amount of positive area or intensity of staining between strains (Fig. 3.5E).
Assessment of MZM populations revealed decreases in both populations from baseline
levels, however loss was more pronounced in the SIGNR1+ MZMs, which had already

reached the level seen at 2 dpi (Fig. 3.5F).

To determine if the loss of SIGNR1+ MZMs may be associated with MCMV at the marginal
zone, we assessed co-localization of MCMV and SIGNR1. We found that 88% of MCMV-
GFP+ area colocalized with SIGNR1+ MZMs, with 53% of SIGNR1+ area affected (Fig.
3.5G, Region 1). These data suggest that SIGNR1+ MZMs are a major splenic target of
MCMV, which aligns with their loss during early infection. We hypothesized that the death
of infected SIGNR1+ MZMs may be responsible for the early infiltration of neutrophils to
the MZ. When we assessed MCMV-GFP MFI| alongside proximity to Ly6G+ neutrophil
clusters (cLy6G) we found higher MCMV-GFP staining was visually apparent in the MZMs
directly next to neutrophil clusters (near cLy6G) (Fig. 3.5G, Region 2, Top), compared with

MZMs located anywhere else in the spleen (far cLy6G) (Figure 3.5G, Region 2, Bottom).
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Figure 3.5. Infection of Macrophages Coincides with MZ Neutrophil Recruitment and Spleen IL-6 Production During Early MCMV Infection.
Representative images and quantification for (A) Uninfected MZMs, (B) 2dpi MZMs, (C) Uninfected MAdCAM 1+ MZRCs, (D) 2dpi MAdCAM1+
MZRCs, (E) 36hpi MCMV-GFP, (F) 36hpi MZMs, (G) 36hpi MCMV-GFPI/SIGNR1+ MZMs/Ly6G+ neutrophils, and (H) 36hpi MCMV-GFP/F480+
RPMs/Ly6G+ neutrophils. (l) Approximate numbers of SIGNR1+ MZMs and CD68+F480+ RPMs/mg spleen at 2dpi with clodronate liposome or
control liposome treatment. Quantities assessed using flow cytometry. (J) Representative images of spleen macrophage staining in 2dpi spleens with
clodronate liposome or control liposome treatment. Representative images and quantification for 2dpi (K) MAACAM1+ MZRCs or (L) Ly6G+ neutro-
phils, in spleens with clodronate liposome or control liposome treatment. (M) Multiplex ELISA from 2dpi macrophage depleted spleen supernatants as
fold difference over MA/My treated with control liposomes. Statistics represented are comparisons to the MA/My — control liposomes group. Full
image scale bars at 200 microns, insert scale bars at 20 microns, Grey dashed lines indicate values of uninfected image quantification, NWWP = Non-
White Pulp. Violin plots depict median (solid line) and quartile (dashed line) values. Dot plot error bars depict mean and SEM. Heatmaps depict mean
values. Data pooled from: (A) 3 independent experiments with total 9-11 mice per group. (B) 4 independent experiments with total 13-18 mice per
group. (C) 1 independent experiment with 3 mice per group. (D) 2 independent experiments with total 8-9 mice per group. (E-H) 1 independent ex-
periment with 5 mice per group. (I-M) 1 independent experiment with 3-5 mice per group. Statistical comparisons made using (A-H) unpaired Welch's
t-test, (K, L) Brown-Forsythe and Welch ANOVA test with Dunnett's T3 test for multiple comparisons, or (M) 2-way ANOVA with Dunnett's multiple
comparisons test. Outliers are removed if identified by a Grubb’s outlier test at alpha < 0.05. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Additionally, we observed direct contacts between Ly6G+ neutrophils and the MCMV-
GFP+ SIGNR1+ MZMs (Fig. 3.5G, Region 2, Arrows), as well as MCMV-GFP+ SIGNR1+
cells displaying debris-like morphology (Fig. 3.5G, Region 2, Box). If immunogenic death
of infected cells was responsible for neutrophil recruitment to the MZ during early infection,
we would expect to see evidence of increased MCMYV spread into surrounding cells closer
to the neutrophil clusters. To test this, we co-stained slides with MCMV-GFP, Ly6G, and
F480, a macrophage marker highly expressed on red pulp macrophages (RPMs) but not
MZMs. While only 1.14% of F480+ area colocalized with MCMV-GFP, it was nearly
exclusively found in RPMs that were immediately adjacent to Ly6G+ neutrophil clusters
(Fig. 3.5H). Prior work has shown that progressing MCMV infection in macrophages leads
to downregulation of cell surface markers including F480'8. In line with this observation,
we saw that while most MCMV-GFP+ RPMs had low levels of MCMV-GFP staining and
bright F480, RPMs that had more MCMV-GFP staining coincided with diminished F480
(Fig. 3.5H, Region 1 vs. Region 2). Although low-level MCMV-GFP+ RPMs, particularly
those containing brighter spots (Fig.3.5, Region 1), may be phagocytosing MCMV-GFP+
MZM debris, both situations (increased spread of infection via necrosis or increased
phagocytosis of infected cell corpses) around neutrophil clusters support the hypothesis

that MCMV-GFP+ MZMs may be dying.
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We directly assessed the impact of MZMs on neutrophil recruitment to the marginal zone
by depleting macrophages from the spleen using clodronate liposomes injected one day
prior to MCMYV infection, then examining the spleens at 2 dpi. We verified depletion of
macrophages by flow cytometry (Fig. 3.51) and IF imaging (Fig. 3.5J). We additionally
verified that MAdCAM1+ MZRCs were not impacted by our macrophage depletion
strategy, finding that the macrophage depleted spleens in both strains had significantly
increased MAdCAM1 staining at the MZ (Fig. 3.5K). While neutrophils were still recruited
to the macrophage depleted spleen, they were no longer specifically localized to the MZ,
instead they were observed in smaller clumps throughout the red pulp (Fig. 3.5L). This
data supports the hypothesis that MCMV-GFP+ MZMs contribute to the early recruitment
of neutrophils to the MZ. Assessment of cytokines in the macrophage-depleted spleens at
2 dpi revealed macrophages as the source of the increased IL-6 seen in M.R2¥® spleens
over MA/My (Fig. 3.5M), suggesting a Cmv5°-driven increase in macrophage activation.
Interestingly, depletion of macrophages in the M.R2¥" spleens did not alleviate the
increased TGF-B1 over MA/My counterparts, instead inducing an increase in TGF-31
comparable to the M.R2Y® samples (Fig. 3.5M). Together this data shows that
macrophages are responsible for the differences in cytokine environment between strains,
and supports a model in which the death of infected MZMs leads to MZ neutrophil

infiltration early during MCMV infection.

M.R2¥* Spleens Display a Buildup of MZM Debris and Substantial RPM Loss
Coinciding with Histopathology by day 4 of MCMV infection. Early splenic damage at
the M.R2¥* MZ was shown to progress towards MZ dissolution with mounting cell death
and debris along with a substantial loss of red pulp cellularity by 4 dpi'”®. MZ dissolution

also occurred in the MA/My spleens, however the damage was less severe at 4 dpi and
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showed minimal red pulp involvement'’® (Fig. 3.6A). To determine if the MZM populations
are differently impacted after the initial loss, we stained MA/My and M.R2"" spleen
sections at 4 dpi. We found that MZM staining in the MA/My spleens was mostly gone,
with some dim staining still apparent. However, M.R2¥* MZs displayed an increased
buildup of bright, punctate debris-like MZM staining that aligned with clusters of cCasp3
(Fig. 3.6B). Due to disparity in the extent of red pulp damage between strains along with
evidence suggesting a buildup of debris at the M.R2¥* MZ, we next assessed the state of
RPMs at this later timepoint during acute infection. In uninfected spleens, RPMs blanketed
the red pulp with bright F480 expression on the cell surface and mostly intracellular CD68
(Fig. 3.6C). While both strains displayed a loss of RPMs from baseline by 4 dpi, this was
strikingly more evident in the M.R2** spleens (Fig. 3.6D). Additionally, M.R2"* RPMs
appeared morphologically abnormal, and in some areas damaged (Fig. 3.6D, Side
Region). To determine if destruction at the MZ and in the red pulp of M.R2¥* spleens was
limited to macrophages, we assessed the state of ERTR7+ fibroblasts which were
comparable in uninfected spleens (Fig. 3.6E), as well as MAACAM1+ MZRCs. At 4 dpi,
there was a statistically significant difference between MA/My and M.R2¥® MZRCs,
however neither strain appeared below the levels of staining seen at baseline. While both
strains had lost ERTR7+ fibroblasts from baseline, there was no difference in the loss
between strains (Fig. 3.6F). This data suggests that development of widespread spleen
acellularity during MCMV infection is due to a specific regulation of macrophage loss by

Cmv5®.
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Figure 3.6. M.R2%® Spleens Display a Buildup of MZM Debris and Substantial RPM Loss Coinciding with Histopathology by day 4 of MCMV
infection. (A) Representative cropped images of spleen histology sections from indicated genotypes at 4dpi. Representative images and quantifica-
tion for (B) 4dpi MZMs and cCasp3, (C) Uninfected RPMs, (D) 4dpi RPMs, (E) Uninfected ERTRT7+ fibroblasts, (F) 4dpi ERTR7+ fibroblasts and
MZRCs, and (G) 4dpi RPMs and 4HNE. (H-J) 4dpi neutrophil depletion image quantifications. (K) Representative image of neutrophil depleted
spleen histology. (L) Representative images with quantification for macrophages depleted 2 dpi spleen sections. Full image scale bars at 200 mi-
crons, insert scale bars at 20 microns. Grey dashed lines indicate values of uninfected image quantification. NWP = Non-White Pulp. Violin plots
depict median (solid line) and quartile (dashed line) values. Dot plot error bars depict mean and SEM. Data pooled from: (B) SIGNR1 and CD169
data - 7 independent experiments with total 20-24 mice per group, cCasp3 data - 2 independent experiments with total 6-10 mice per group. (C) 2
independent experiments with total 10 mice per group. (D) 6 independent experiments with total 17-22 mice per group. (E) 1 independent experiment
with 3 mice per group. (F) 3 independent experiments with total 7-11 mice per group. (G) 4 independent experiments with total 14 mice per group. (H-
L) 1 independent experiment with 3-5 mice per group. Statistical comparisons made using an unpaired Welch's t-test, outliers are removed if identi-
fied by a Grubb's outlier test at alpha = 0.05. * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.

Asking if the loss of RPMs and abnormal morphology in the remaining cells at 4 dpi was
associated with increased oxidative stress, we stained spleen sections with F480 and
4HNE. While 4HNE was apparent in both strains at this timepoint, there was significantly
more staining in the M.R2® spleens and it localized with nearly all remaining M.R2%®
RPMs as well as around the MZ (Fig. 3.6G). This data suggests that M.R2¥* spleens have
a continued high level of inflammation and oxidative stress at 4 dpi. As neutrophils were
responsible for the increased 4HNE earlier at the M.R2¥® MZ, we asked if neutrophils were
responsible for any of these 4 dpi macrophage phenotypes. Neutrophil depletion revealed
no differences in buildup of MZM debris and cCasp3 at the MZ (Fig. 3.6H), loss of RPMs
(Fig. 3.61), or the buildup of 4HNE (Fig. 3.6J), with data from isotype-treated groups in
both strains falling directly on top of data from groups that were depleted of neutrophils.
In line with this, neutrophil depletion did not alleviate 4dpi Cmv5°® histopathology (Fig.
3.6K). Finally, we found that depleting macrophages from 2 dpi spleens, prior to F480+
RPM loss, induced significant acellularity in M.R2¥°, but not MA/My, mice (Fig. 3.6L).
Together this data identifies inflammation and macrophage loss mirroring the spatial and

temporal regulation of tissue damage during acute MCMV infection in M.R2¥® mice.
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Discussion.

We previously found that the activation and expansion of antiviral NK cells were similar in
MA/My and M.R2%°. Additionally, no differences in the intrinsic ability of NK cells to become
activated and perform basic functions were identified. In the current work, we further
investigate this model, seeking to better understand the development of Cmv5°
histopathology. Though MZ MCMYV infection, initial neutrophil recruitment, and the loss of
MZMs at 36 hpi did not vary between strains, by 2dpi the M.R2¥® environment was
significantly more inflammatory with higher IL-6 and TGF-B1 alongside increased MZ
neutrophil infiltration and cell death, leading us to hypothesize a more immunologically
focused mechanism of Cmv5°. For example, myeloid cells, including both neutrophils and
macrophages, could be more susceptible to oxidative stress in M.R2¥° mice, which
prolongs the initial influx of neutrophils, and causes the death of MZMs and RPMs in a
manner that propagates inflammation. This result could also be achieved by defects in
phagocytic clearance of dead and dying cells, or any one of many metabolic processes
influencing macrophage activation. Future studies will seek to assess differences in

myeloid cell function that may contribute to this genetic divergence in pathology.

Data presented supports a model in which MCMV enters the spleen at the MZ and infects
SIGNR1+ MZMs, which eventually die, spreading the virus to surrounding cells and
recruiting neutrophils. Sometime shortly after the initial wave of neutrophil recruitment
seen around 36 hpi, M.R2¥® mice diverge from MA/My counterparts, exhibiting increased
neutrophil infiltration, death, and oxidative stress at the MZ. This could be explained by
M.R2¥* neutrophils dying by a more immunogenic mechanism than MA/My neutrophils,
which could prevent the resolution of inflammation and prolong inflammatory conditions

directly and indirectly through damage to nearby infected MZMs. An alternative hypothesis
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would be that dying MZMs recruit more neutrophils to the M.R2¥®* MZ because they
themselves are dying more immunogenically, or not being cleared effectively post-death

leading to secondary necrosis.

Supporting the idea of impaired cell clearance post death, we show that at 4dpi, MZM
debris builds up at the M.R2¥* MZ, and while clusters of cell debris colocalize with clusters
of cCasp3, MZM cell debris does not perfectly colocalize with cCasp3, suggesting this
buildup of cell debris may be caused in part by reduced clearance of apoptotic MZMs.
However, inflammation and DAMP release caused by this secondary necrosis may lead
to apoptosis of other MZ cells, such as MAACAM1+ MZRCs, which are reduced in the
M.R2¥* spleens at 4dpi. Of note, 4dpi M.R2¥* MZMs are marked by significant 4HNE
staining, suggesting ongoing inflammation. Both strains exhibited a loss of RPMs from
baseline at 4 dpi, but M.R2¥* spleens display increased loss over MA/My counterparts.
Additionally, remaining M.R2¥* RPMs displayed abnormal morphology, appearing more
ameboid, and in some cases fragmented, when compared to RPMs from MA/My mice at
the same timepoint. This loss of macrophages could cause a buildup of MZM debris by
depleting the spleen of available professional phagocytes. Future studies will seek to
better characterize the mechanisms of cell death involved in M.R2® neutrophils and
macrophages during MCMV infection, as well as any differences in phagocyte clearance

of these dying cells.

Previous work suggested that stromal cells may be an early cell type infected at the MZ,
however the reported data suggests that an additional unlabeled MZ cell type is also
infected early, and quickly becomes the predominantly infected cell at the MZ by 2dpi'®.

Our data showed that by 36hpi, most MCMV-GFP+ cells in the spleen were SIGNR1+
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MZMs. Evidence has shown that the presence of macrophages can protect fibroblasts
from becoming infected, and their depletion in vivo causes increased MCMV replication in
the spleen'-183_|f depletion of macrophages prior to infection caused a more progressive
infection in spleen fibroblasts, it could explain why neutrophils were more dispersed in the
red pulp area rather than the MZ in macrophage depleted mice. Our data suggest an

important role for macrophages in Cmv5°-mediated MCMV infection and pathology.

Increased IFNB seen at 2 dpi in M.R2¥? spleens was reduced with neutrophil depletion,
and increased IL-6 was eliminated with the depletion of macrophages, however neither of
these treatments reduced the increased TGF-B1. A clue to how this may be working comes
from the evidence that macrophage depletion of MA/My mice induces an increase of TGF-
B1 in line with that seen in M.R2¥® control spleens. Increased activation of fibroblasts and
other stromal cell populations in macrophage depleted spleens, along with the increased
need for them to phagocytosis dying cells and debris could lead to an increase in fibroblast
TGF-B1 production in MA/My mice. Some of these activating pressures are more present
in untreated M.R2"® spleens during MCMV infection due to the high amounts of cell death
in neutrophils, MZMs, and later RPMs, which could explain why TGF-B1 is increased
without macrophage depletion in M.R2¥* mice. Future exploration will need to include a
more in-depth characterization of stromal cells during MCMV infection in MA/My and

M.R2%® spleens.

Overall, we describe differential regulation of neutrophil recruitment, inflammation, and
macrophage cell death corresponding with increased susceptibility in a genetic model of
acute viral infection-induced tissue damage. This work, and future work using this model,

serves to enhance our understanding of these processes in tissue damaging infections,
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with the goal of increasing the efficacy of medical interventions for individuals experiencing

severe pathology during viral infections.
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Chapter IV: Conclusions and Future Directions

Working Model of Cmv5°-Driven Susceptibility and Spleen Tissue Damage

During Acute MCMV Infection. This section refers to Figure 4.1.
MA/My M.R2K/

MCMV

NK Cells

Neutrophils * Neutrophils 0
Fibroblasts? ‘ NKCells Fibroblasts?
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Figure 4.1. Working Model for the Development of Cmv5°-Induced Susceptibility and Tissue Damage During Acute MCMV
Infection.

With the information we’ve gathered regarding Cmv5°-driven susceptibility and tissue
damage during acute MCMV infection, we can put together a model of how things may be
working together to induce and propagate pathology in M.R2¥* mice. MCMV enters the
spleen at the MZ, and establishes infection in SIGNR1+ MZMs. The SIGNR1+ MZMs that
were infected earliest show increased positivity for MCMV and begin to die around 36hpi:
recruiting neutrophils, activating surrounding RPMs, and spreading the virus. This initial
wave of neutrophil recruitment and SIGNR1+ MZM loss seen at 36hpi does not differ
between strains, suggesting that the response to SIGNR1+ MZM loss, rather than the loss
itself, is the target of the first “hit” of Cmv5°® located within the R5 genetic interval (or first
Cmv5°® locus, Cmv5°-L1). In line with this idea, there is no apparent difference in CD169
or SIGNR1 MZM loss by 2dpi, despite the increased infiltration of neutrophils and spleen

IL-6/TGF-1 in Cmv5°® mice. This data, along with the appearance of necrotic
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histopathology at the marginal zone of MA/My-UHD mice, is consistent with the early
cause of SIGNR1+ MZM death being the progression of MCMV infection in SIGNR1+

MZMs.

If the full 2dpi phenotype appears in the M.R5® mice, it makes the most sense that this
first effect of Cmv5° is an increased inflammatory activation of macrophages. In this case,
an identical first wave of infected MZM loss around 36hpi leads to a rapid accumulation of
neutrophils at the MZ that does not differ between strains. Death of SIGNR1+ MZMs in an
immunogenic enough manner to recruit neutrophils would also activate surrounding
macrophages, where Cmv5°® triggers an increased reaction, leading to more RPM IL-6
production and a stronger second wave of neutrophils than MA/My counterparts by 2dpi.
In this model, the spread of MCMV is the major inducer of SIGNR1+ MZM death at the
marginal zone, but an increased acute inflammatory reaction to this death by surrounding
macrophages leads to the production and release of acute inflammatory mediators,
exacerbating the death of infected MZMs. This increased death and professional
phagocyte loss, along with the build-up of neutrophil corpses, activates surrounding
fibroblasts to produce TGF-B1 and delays clearance of the MZ cell debris. Together this
accounts for the 2dpi marginal zone necrotic histopathology in M.R5* and M.R2¥® mice,
and a lack of additional input from Cmv5° would allow NK cells to effectively clear the virus
as it spreads into the red pulp, explaining why the M.R5X* mice do not progress to
increased viral load and widespread red pulp cell loss, despite the presence of significant

MZ histopathology.

The M.R2¥* mice experience a second “hit” from Cmv5°, located somewhere in the second

Cmv5°® locus (Cmv5°-L2), and occurring around 3dpi as the virus spreads into the red pulp.
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A second effect of Cmv5® being an increased susceptibility to activation- or oxidative
stress-induced cell death, potentially via metabolic mediators, would explain how
increased inflammation and death at the MZ progresses throughout the red pulp as RPMs
become increasingly activated. The increased macrophage activation would likely lead to
production of IL-12 and IL-18, which are cytokines associated with the upregulation of
TIM3 on NK cells'%. The increased macrophage death would increase viral spread directly
and by allowing the virus to spread more rapidly through stromal cells''-'8  potentially
overwhelming NK cell-mediated immunity. As time progresses, loss of professional
phagocytes would cause a buildup of RPM debris and ongoing inflammation marked by
high levels of DAMPs, further inhibiting NK cell function via checkpoint receptors TIM3 and
LAG3', This would present histologically as widespread red pulp acellularity and

necrosis, and explain the loss of viral control evident in M.R2¥" mice by 4dpi.

Together this model proposes a cellular-level mechanism of action for Cmv5°-driven
MCMV susceptibility and spleen tissue damage, centered predominantly around
macrophage-mediated inflammation and cell death. Within this model lies several testable
genetic, molecular, and cellular hypotheses behind how MHC-linked polymorphisms
translate into protein-level mediators, that regulate cellular functions and drive tissue
pathology during acute viral infection. Experimental interrogation of these hypotheses will
be required to fully understand Cmv5°-mediated disease. Further discussion of these
hypotheses and experiments constituting some immediate next steps toward progressing

this work are outlined in the sections below.
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Increased Inflammation Drives Necrotic Histopathology and Neutrophil

Recruitment at the Early Cmv5° Marginal Zone.

The starting hypothesis regarding the role of Cmv5° in the development of MCMV
susceptibility and spleen tissue damage is that while the infection of SIGNR1+ MZMs, their
death, and the first wave of neutrophil recruitment to the MZ do not differ between strains,
Cmv5°® causes surrounding macrophages to become more activated in response. We
further hypothesize that this additional acute phase inflammation leads to an increase in
immunogenic cell death and accumulation of neutrophils at the Cmv5° marginal zone by
2dpi. We can break this down into two initial testable claims: (1) Cmv5°® macrophages have
an increased inflammatory response to infected macrophage death, and (2) MZM necrosis
is responsible for the increased Cmv5°® recruitment of neutrophils and necrotic

histopathology.

Cmv5° macrophages have an increased inflammatory response to infected
macrophage death. This claim can be initially tested in vitro, which | strongly advise, as
a working in vitro system for Cmv5° regulation opens a lot of doors for mechanistic work
that is difficult to do in vivo using a non-C57BL/6 mouse system. In this assay,
macrophages are isolated from uninfected mice from both genotypes, and split into two
groups. One group is infected in vitro with MCMV-GFP (M; or R2)), while the other remains
uninfected and is labeled with a cell tracking dye (M, or R2,). Once a chunk of the infected
cells has begun to round up, the labeled cells are added and allowed to incubate for a
period of time prior to assessment (Fig. 4.2A). Upon completion of the co-culture assay,

supernatants should be assessed for RS and LDH activity by commercial assay, along
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with IL-6 and HMGB1 by ELISA or western blot. Uninfected cells should also be assessed

for activation by flow cytometry.
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Figure 4.2. in vitro Assay to Assess Cmv5° Macrophage Activation Upon Exposure to Infected, Dying Cells. (A) in vitro assay
layout schematic with controls. (B) Piece-wise analysis of assay results. (C) Next steps depending on assay results.

The results of this assay are best assessed in a piece-meal manner, with individual
outcomes bearing different conclusions (Fig. 4.2B). First, comparing Mi/M, and R2/R2,
assay control wells allows us to determine if we can see any differences between strains
using this in vitro assay (Fig. 4.2B, Assessment 1). Observing no differences between
these wells results in the remainder of this assay being inconclusive (Fig. 4.2B, End 1).
However, if we are able to see increased M.R2¥® macrophage activation and/or
infammation, we can further assess the R2i/M, well (Fig. 4.2B, Assessment 2). This well
asks if the difference seen in macrophage activation between strains is due to the

genotype of the dying cell. Seeing an increase in MA/My macrophage
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activation/inflammation in this well suggests that the M.R2¥* macrophages are dying in a
more immune-activating manner than the MA/My macrophages (Fig. 4.2B, End 2). Our
model suggests that it is not the cell death event, but rather the reaction to it, that is
regulated by Cmv5°. If this is correct, we should see that MA/My macrophages are not
more activated in the R2i/M, well than they are in the Mi/M, control. In this case we can
proceed to the final experimental condition: the M/R2, well (Fig. 4.2B, Assessment 3).
This well asks if the M.R2¥* macrophages are similarly highly activated in response to
dying MA/My cells. If we see that the M.R2¥* macrophages now have reduced activation
compared to the R2/R2, well, it suggests that Cmv5° causes an increased susceptibility
of surrounding M.R2¥* macrophages to something that is not released when the dying
cells come from MA/My mice (Fig. 4.2B, End 3). Finally, the result that uninfected
macrophages from M.R2¥® mice are similarly highly activated in the R2/R2, and M/R2,
well is entirely consistent with our working model (Fig. 4.2B, End 4), and can be further

dissected in additional experiments prior to testing in vivo (Fig. 4.2C).

MZM necrosis is responsible for the increased Cmv5°® recruitment of neutrophils
and necrotic histopathology. This claim can be tested initially in vivo using low dose
clodronate liposomes at 36hpi to induce apoptosis selectively in the MZMs'2" 184 The
readout for this assay would be 2dpi neutrophil recruitment and necrotic histopathology at
the MZ. At the 36hpi timepoint, early neutrophil clusters forming around highly infected
SIGNR1+ MZMs at the MZ, but there are no apparent differences between strains.
Inducing apoptosis in MZMs at this timepoint would prevent the engagement of an
immunogenic cell death pathway, and because this timepoint is prior to more significant
RPM infection and activation, should also be cleared relatively quickly, preventing

secondary necrosis. If our model is correct, induction of MZM apoptosis in M.R2¥* mice at
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36hpi should prevent the Cmv5°-driven increase in neutrophil accumulation and necrotic
histopathology, demonstrating the requirement of immunogenic MZM death. Information
obtained from this experiment could also support alternative hypotheses, for example, if
the induction of apoptosis in MZMs does not eliminate the necrotic histopathology, it would
support the idea that MZ necrosis comes from some sort of defect in Cmv5® efferocytosis,
leading to secondary necrosis. Additionally, if induction of MZM apoptosis eliminates the
necrotic histopathology but does not decrease neutrophil infiltration, it suggests that
increased MZ cell activation, rather than death, is responsible for the Cmv5° MZ neutrophil
recruitment. Results from this experiment would pave the way for follow up questions both
in vivo and in vitro regarding mechanisms and causes of macrophage death, activation,

and/or efferocytosis.

Increased Susceptibility to Activation- or Oxidate Stress-Induced Cell Death Drives

Cmv5° Red Pulp Pathology.

According to our model, the second major hypothesis regarding the role of Cmv5°® in the
development of MCMV susceptibility and spleen tissue damage is that viral progression
into the red pulp along with the increasing activation causes Cmv5° RPMs to display an
increased susceptibility to activation- or oxidative stress-induced cell death. We further
hypothesize that this loss of RPMs is what drives the increased TGF-B1 production from
spleen stromal cells and the buildup of debris at the MZ. Our macrophage depletion
experiment confirms that depletion of macrophages from MA/My mice can cause an
increase in TGF-B1 production in line with that seen in M.R2® mice, strongly supporting
this piece of the model, however this will need to be repeated. This leaves us with one

initial testable hypothesis: Cmv5° macrophages are more susceptible to activation- or
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oxidative stress-induced cell death. This can be relatively easily tested in vitro by exposing
macrophages from Cmvb-disparate mice to a variety of activating stimuli and assessing
cell death. | would suggest using an imaging readout for this cell death assay, as LDH
activity degrades rapidly (and thus results are inconclusive for assays longer than ~4
hours), and bystander macrophages are likely to phagocytose at least some of the dead
cells, which could confound analysis by flow cytometry. Imaging using a nuclear stain, a
fixable viability dye, cCasp3, and F-actin should allow a good initial assessment of
susceptibility to cell death, and whether that cell death is immunogenic. | would propose
starting by stimulating the macrophages with CpG (ssDNA, TLR9 agonist), Poly I:.C
(dsRNA, TLR3 agonist), heat-inactivated MCMV, and 3dpi M.R2¥* spleen supernatants.
This layout should give a broad view of potential mechanisms, depending on which (if any)

wells have increased M.R2"" cell death over MA/My.

In addition to the in vitro assay, time should be taken to further characterize the
mechanisms of cell death occurring in Cmv5°® mice in vivo, starting around 60hpi. This can
be done using imaging for various cell death pathway mediators over time, ideally using
MCMV-GFP so infection of these macrophages can also be tracked. If the imaging
becomes prohibitive, western blotting of spleen homogenates should be able to determine
if different pathways are being activated in Cmv5-disparate spleens, but would have
significantly reduced sensitivity due to the abundance of other cells in the spleen. Upon
determination of cell death mechanism, inhibition/activation of the pathway in vivo should
be assessed for contribution to 4dpi Cmv5° pathology (increased viral load, red pulp
acellularity, MZM debris buildup). If the cell death pathway is not apoptosis, this should be
combined with an induction of apoptosis to determine if the RPM cell death needs to be

immunogenic.
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A Non-Conducive Immune Environment Prevents Cmv5% NK Cells from

Effectively Controlling Acute MCMYV Infection.

Prior to infection, there were no differences between strains in the amount of NK cells in
the spleen, the proportion of NK cells expressing Ly49G2, nor did we notice any apparent
defects in NK cell maturation. Additionally, assessment of NK cell function revealed no
differences in the ability of Cmv5°-bearing M.R2¥* NK cells to perform basic effector
functions upon stimulation in vitro. Assessment of the early NK cell response to MCMV
infection at 2dpi additionally revealed no differences between strains, despite evidence of
high levels of early NK cell activation, the beginning of effector Ly49G2+ subset expansion,
and Ly49G2+ NK cell specific activation over Ly49G2- counterparts. This suggests no
defects the ability of Cmv5° NK cells to recognize and become activated in response to
MCMV infection in vivo. Interestingly, at this timepoint we were able to identify necrotic
histopathology along with inflammatory infiltrates at the M.R2¥* marginal zone, marking it
as the first apparent Cmv5° phenotype, prior to the divergence between strains in viral
load, weight loss, or NK cell activation. This data suggests that the development of tissue
damage is more likely to be the direct target of Cmv5°® than the regulation of NK cell

function, as discussed above.

By 4dpi, Cmv5°® mice have significantly increased viral load and dramatic spleen tissue
damage compared to MA/My counterparts, and spleen NK cells appear more activated by
morphology (light scattering properties) and expression of activation-induced cell surface
markers. Further assessment revealed an increased upregulation of non-classical

checkpoint receptors TIM-3 and LAG-3 on Cmv5°® NK cells, but no defects in effector
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function when stimulated in vitro. This data strongly suggests that something in the in vivo
tissue environment is preventing NK cells from effectively exerting their effector functions
and controlling MCMV infection in Cmv5°®-bearing mice. This could be explained by three
different models: (1) Buildup of DAMPs and macrophage debris inhibit NK cell mediated
MCMV control via checkpoint receptors, and this is why we have increased 4dpi viral load
in M.R2¥® mice at 4dpi, (2) NK cells are required to prevent increased viral control, but are
being inhibited by a different mechanism, or (3) progression of macrophage loss causes
MCMV to spread more rapidly through stromal cells in Cmv5® mice, ultimately

overwhelming the NK cell response regardless of environmental inhibition.

If we were able to prevent Cmv5°-driven RPM loss in M.R2¥* mice, assessment of the
4dpi viral load with this intervention could confirm or eliminate option (3) depending on
whether the increased Cmv5°® viral load was resolved or not (respectively). If these mice
still had increased viral load at 4dpi, the model proposed in (1) could be directly tested by
additionally blocking TIM3 and/or LAG3 in vivo (starting around 2dpi, to make sure at least
TIM3 has been upregulated) during infection and assessing 4dpi viral load. If we are
unable to alleviate the increased viral load by blocking TIM3 and LAG3 in these mice,
assessments should proceed to determine what else could be inhibiting NK cell function
in vivo (model 2). If we do not have a model that shows increased viral load without the
increased RPM loss, we can confirm model (1) if blocking TIM3 and LAG3 in vivo prevents
the increased M.R2"® 4dpi viral load, however a negative result in this experiment could
be due to model (2) or model (3). Further testing from here gets trickier, as transfers of
activated NK cells between MHC-mismatched mice is likely confounding, and depleting
NK cells causes drastically increased viral load in both strains. In order to truly test this,

we need to be able to separate the increased viral load from the increased RPM loss, so
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if we do not get lucky with some of the genetic experiments proposed in the following
section, | would propose postponing this question in favor of first characterizing the

mechanism of Cmv5° RPM loss at 4dpi.

Honing in on the Genetic Loci Responsible for Cmv5°-Driven MCMV

Susceptibility and Tissue Damage.

A R8 (179 PCG)
— S R (63 PCG
R4 (99 PCG) { )
R2 (206 PCG)
Glol Notch3 Wiz Cypdfi3 Wdrd6  Tapl Btnll Ly6g6e Lth Ppplrls H2-T3
30.60 3214 3236 3294 3394 34.19 34.38 3'3.UI." Ji 19 3586 36.18
3388 3404 34,56 35,24 37.05
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K AE D Q T M
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Cmv5* L1 (58 PCG)

Cmv5* L2 (115 PCG)
Figure 4.3. Cmv5 and MHC Region Genetic Maps. (A) Proximal and distal boundaries for the C57L-derived intervals for heterozygous Cmv5-
recombinant mouse strains identified and tested herein. Exact interval locations can be found in Table . (B) Linear map of the Cmv5 (top) and MHC
(bottom) section boundary markers. (C) MHC region map with locations of major MHCH and MHCHI molecules (D) Proximal and distal boundaries
Cmv5s locus-containing intervals resulting from Chapter I mapping. Thin lines mark the space between MAMy-matching genotypes and thick lines
depict the space between MA/My-differing genotypes. Exact location of genetic cross-overs fall somewhere in the area marked by the thin line.

Given the clinical importance of understanding genetic risk factors for severe outcomes of
viral infection, identifying the genetic mediators of Cmv5°-driven pathology is a critical
future direction. Not only does this open up many additional tools and avenues of
exploration essential for complete understanding of pathology in this system, but it also
allows direct assessment of potentially comparable genetic susceptibility in human
patients that could drive translation. By continued backcrossing of originally defined
Cmv5°-bearing M.H2¥®* mouse'®® to MA/My parent and expanded genotyping coverage of
the Cmv5 interval, we were able to identify, establish, and test 5 Cmv5-recombinant
congenic strains (intervals depicted in Fig. 4.3A) for Cmv5°-driven MCMV susceptibility

and tissue damage.




84

The M.R8Y® mouse (bearing the R8 interval, Fig. 4.3A - top), was the smallest C57L-
derived interval to convey the full Cmv5°® phenotype in vivo, consisting of histopathology
at the MZ and RP, as well as increased MCMV susceptibility defined by increased viral
load and weight loss by 4dpi. This narrows the full phenotype Cmv5 interval from the
originally described 23.08 Mb region containing 428 protein coding genes (PCG), to the
3.82 Mb R8 region containing 179 PCG'® '8 (Table IV). This constitutes a 6.04x reduction
in the interval size and a 2.39x reduction in the total number of PCG, and hones all of the
loci required for the full Cmv5°-driven pathology to the MHC and immediately adjacent
region (R8 interval, Fig. 4.3A — top, compared to Fig. 4.3C). Previously published whole
exome sequencing'® allows us to identify 80 of the 179 PCG in the R8 interval as
containing coding polymorphisms, however any of the PCG within the C57L-derived
interval could be responsible for the pathology due to polymorphisms in non-coding and
regulatory regions that could convey differences in expression, splicing, or other
modifications to the protein-level mediator. It could also be that a regulatory region in this
interval conveys pathology during MCMV infection by influencing genes outside of the
C57L-derived region, so in addition to our 179 PCG, we add 161 IncRNAs, 15 miRNAs, 5
snoRNAs, 6 snRNAs, 1 rRNA, and an unknown number of regulatory regions'® (Table V)

to the list of potential drivers for Cmv5° pathology during MCMV infection.

All the information we have regarding genetic differences between the MA/My and C57L
Cmv5 haplotypes comes from exome sequencing done on the original Cmv5°-bearing
M.H2¥* mouse™®8. While the exome data has been extraordinarily helpful in the generation
of genotyping primers and identifying differences in PCGs between strains, it is limited by
its exclusion of most of the space contained within the interval. Therefore, immediate next

steps in the assessment of the genetic mediators of Cmv5°® should be a comprehensive
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characterization of the genetic differences between strains. This includes whole genome
sequencing of the MA/My and M.R8*" mice, allowing the identification of polymorphisms
in non-coding regions such as RNA mediators and regulatory sequences. This would
provide a comprehensive list of all of the potential drivers of Cmv5° pathology during
MCMV infection and allow us to increase our genotyping coverage, which would almost
certainly reduce the phenotype associated interval sizes, as there are significant gaps
between our genotyping markers, causing large areas of uncertainty with regards to
interval boundaries (thin vs thick lines, see figure legend). In addition to the full genome
sequencing, high-coverage RNA sequencing of splenocytes from uninfected MA/My and
M.R8"" mice would allow us to more clearly identify expression- and splicing-related gene
differences, and could assist with the interpretation of genetic polymorphism in non-coding

regions identified by the full genome analysis.

Generation of the M.R4¥* and M.R5"® mice (bearing R4 and R5 intervals respectively, Fig.
4.3A — light and dark purple) allowed us to directly test the contribution of MHC-I molecule
H-2K, along with some of the MHC-II region, to Cmv5° pathology. Upon infection, M.R4
and M.R5"® mice displayed a similar partial Cmv5°® phenotype consisting of MZ
histopathology with minimal red pulp involvement and no increased weight loss or viral
load by 4dpi. The consistent phenotypic presentation in two separate recombinant lines
increases our confidence in the validity of this partial phenotype. As there was no
increased pathology displayed in M.R4¥" over M.R5® mice, we are able to exclude
genetic mediators that are present within the R4 but not R5 intervals (Fig. 4.3A — subtract
R5 interval from R4 interval, Fig. 4.3B — Glo1 to Cyp4f13). This identifies a locus within
the R5 interval as a contributor to Cmv5° pathology during MCMYV infection, however as

M.R5%" mice do not display substantial loss of red pulp cellularity, increased weight loss,
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or increased viral load seen in the M.R2* (or M.R8"") mice, there must be at least one
additional contributing locus. Using this we can break up the full Cmv5 interval into two
separate contributing regions: locus 1 and locus 2 (L1 and L2, Fig. 4.3D). Cmv5°-L1 lies
within the R5 interval, while Cmv5°-L2 is the remaining area within the R8 interval that

conveys the full phenotype (subtracting out the R4-overlapping piece, see above).

An important assumption in our working model is that the M.R5®> mouse will display all of
the pathology seen in the M.R2¥" mice at 2dpi, consisting of the increased marginal zone
necrotic histopathology, neutrophil infiltration, and IL-6/TGF-B1. While preliminary data
may suggest this may be the case in M.R4* mice, at least for the histopathology and
neutrophil infiltration, the 2dpi phenotype conveyed by the Cmv5°-L1 interval remains to
be fully characterized and is an essential future direction. If we assume that Cmv5°-L1
conveys the full 2dpi pathology, our model suggests that the mediator within this first locus
functions to increase the activation of macrophages surrounding the dying infected
SIGNR1+ MZMs, this could occur via many different potential mechanisms. If we assume
that the mediator of pathology within the Cmv5°-L1 interval is a PCG with a coding
polymorphism (for the sake of simplicity), MHC-II molecules emerge as high-priority
targets. MHC-II molecules have been shown to act intracellularly to increase the response
to TLR agonists'. The high expression of MHC-Il on myeloid cells, coupled with the
significant amount of polymorphism between MA/My and C57L MHC-II molecules, makes
this mechanism an attractive target. Additionally, increased TLR signaling being the effect
of Cmv5°-L1 may explain why the MA/My-UHD and M.R5%" mice had similar phenotypes

at 4dpi.
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The additional data that M.R2¥®, M.R4¥®, and M.R5¥" cells have increased MHC-II I-A/I-E
antibody staining (clone M5/114.15.2) over MA/My counterparts in vivo allows us to
conclude that even though the MHC-II loci are within the uncertainty area in the Cmv5°-
L1 interval, there are MHC-II differences in these mice. This could be due to differences
in antibody binding due to protein polymorphism. As MA/My are I-EX and I-A¥, and C57L
mice are I-A° (I-E™")'8 it could be that even though the M5/114.15.2 antibody positively
binds both I-E¥ and I-A° 187 if it binds I-A° with 3-5x higher affinity, it could explain the
difference in MHC-II GMFI without necessarily being due to differences in MHC-II protein
expression. This could be relatively easily tested using the high-coverage RNA
sequencing proposed above, and by staining the cells with additional MHC-II antibody
clones. This would verify if this increased GMFI is explained by antibody binding
differences or differences in protein expression, but either outcome could potentially
explain the Cmv5°-L1 phenotype. If MHC-II differences are causing increased activation
of Cmv5° macrophages in response to stimulation, use of siRNA to knock down MHC-II
expression in vitro, or siRNA liposomes in vivo, should reduce the phenotype. This could
be further tested in vitro by expressing I-A® in MA/My macrophages and assessing

activation upon stimulation.

In addition to the H-2K/MHC-II region, generation of M.R6¥" mice (bearing the R6 interval,
Fig. 4.3A — darkest blue) allowed us to directly test the contribution of the remaining MHC-
I loci to Cmv5® pathology (Compare Fig. 4.3A R6 interval to Fig. 4.3C MHCI region). Due
to the importance of MHC-I, particularly H-2D, in this system8 '8 we were surprised to
find only minor differences between MA/My and M.R6" mice, despite M.R6%" mice being
heterozygous at H-2D. The largest phenotype associated with the R6 interval was the

increased weight loss during infection, however the 3-4dpi slope began to level in these
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mice while Cmv5°-bearing M.R2¥* and M.R8%* mice continued at a more consistent
downward trend. In addition to this, M.R6¥* mice displayed a partial phenotype of
increased NK cell activation. While the lack of increased viral load or apparent spleen
damage suggests that M.R6%® mice will not experience prolonged disease. the increased
weight loss, even if it is resolving at 4/5dpi, is indicative of increased illness in M.R6%" mice
over MA/My counterparts during acute MCMV infection. Understanding this mechanism
of action poses translational relevance for variation between individuals in response to the
variety of acute and resolving illnesses humans experience on a regular basis. This R6
interval may or may not be required for full Cmv5° pathology, however it does in itself
convey some susceptibility to acute MCMV infection and is found within the full phenotype
M.R8* region, cementing the contribution of an additional locus within this 1.11 Mb R6

interval containing 63 PCGs, of which 33 bear coding polymorphisms'® 48 (Table V).

Both the R5 and R6 intervals conveyed increased pathology during MCMYV infection over
MA/My counterparts. The R5 interval was associated with marginal zone destruction, while
the R6 interval was associated with increased weight loss and NK cell activation, which
may suggest an increased level of inflammation. A proposed immediate future direction is
to breed the M.R5"® and M.R6"" mice together and test the combined strength of the
regions to determine if the remainder of Cmv5° pathology not contained within the R5
phenotype (red pulp acellularity and increased viral load) becomes synergistically
apparent. This experiment with either show (a) no significant synergy, (b) some synergy
that is still unable to match the R2/R8 pathology, or (c) a full Cmv5° phenotype. If scenarios
(a) or (b) are observed, it suggests the contribution of at least one additional locus to
Cmv5°® pathology, bringing the total involvement to at least 3 loci. This third contributing

locus would be found in the area between the R5 and R6 intervals (Fig. 4.3A), which
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encompasses all of the MHCIII region of the MHC (Fig. 4.3C). The MHCIII region is home
to many high-priority immune mediators, many of which hold coding polymorphisms
between MA/My and C57L haplotypes' %8, In this scenario, | would suggest that Ager
and Cfb are the highest priority candidates, as the mutation found in Ager is located in a
region important for protein oligomerization in response to DAMPs, and the mutation in
Cfb is a premature stop codon that could significantly influence the alternative complement
cascade. If scenario (c) is observed, it would exclude the MHCIII region polymorphisms
as contributors to Cmv5° pathology, further reducing the full phenotype-associated interval
size. The R6 interval does not solely contain MHC-I molecules, and | propose inflammatory
mediator Ltb, encoding TNF family member lymphotoxin beta, as the highest priority
candidate for further investigation in this scenario. Differences in lymphotoxin beta
signaling could link increased macrophage activation to increased cell death, causing the
inflammatory loss of RPMs and increasing the viral load seen in full Cmv5° phenotype

M.R2KP mice.

Understanding the Genetic Regulation of Acute Viral Infection Induced

Tissue Damage Using Cmv5 Model Mice.

While further assessment of the spleen tissue damage during early MCMV infection will
be important in understanding the mechanisms of Cmv5°-driven pathology, MCMV is a
systemic disease that infects other organs as well. At 4dpi M.R2® mice are very sick, but
they have not yet reached a humane endpoint, it will be important to determine if damage
to other organs presents as the virus is allowed to spread in these mice, or if the damaging

interactions are confined to the spleen. | would propose going out to 6dpi (if possible), and
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assessing the state of inflammation in organs associated with MCMV pathology in other
models, predominantly the liver, lungs, and kidney. The identification of inflammation and
macrophage loss as mediators of Cmv5°-driven tissue damage during acute MCMV
infection suggests that these model mice will likely be susceptible to other viral infections,
and depending on the mechanism of action, maybe even other classes of diseases. |
would propose testing susceptibility of Cmv5 model mice to other infectious stimuli (acute
viral infection (influenza, LCMV-Armstrong), chronic viral infection (Hepatitis, LCMV-
Clone13), intracellular bacterial infection, extracellular bacterial infection, etc. These
avenues of exploration have the potential to drastically increase the disease relevance of
this model system, and further assessment of required tissue/disease contexts needed for
Cmv5°-driven susceptibility and tissue damage will also provide in vivo mechanistic clues.
For example, if Cmv5°-driven pathology is confined to the spleen and liver and appears
regardless of what kind of infection it is, it may suggest a mechanism involving

erythrocytes, etc.

While identification of the genetic mediators is important in obtaining full understanding of
Cmv5°-driven pathology, medical intervention is unlikely to come at the genetic level, at
least with current technology. This makes understanding of how these genetic mediators
work to induce tissue pathology through molecular and cellular mediators in various
contexts highly translationally relevant. Overall, the Cmv5 model mice potentially offer
widespread relevance to viral infection induced tissue damage outside of MCMV infection
in the spleen, and while MCMV is a convenient model to explore these mechanisms, other

models and organs should not be ignored as we learn more about Cmv5°.



91

Materials and Methods

Animals. The original Cmv5° (MA/My.C57L-H2") strain was produced from MA/My x
C57L F1 with selective back-crossing to MA/My'>°. We have continued this backcrossing
while screening offspring for recombination events using HRM-PCR (described below).
Newly generated recombinant mice were then bred to MA/My parent strain, carried and
used as the heterozygote (M.H2®). Experimental groups use littermates and/or non-
cohoused mice, as available. Individual experiments with controls are sex matched for
either males or females of a similar age. Results have been pooled regardless of age/sex
as we did not note significant differences in our phenotypes by these metrics. Experimental
mice were bred and maintained in-house at UVA. All mouse experiments were performed
in accordance with the Animal Welfare Act and approved by the UVA Animal Care and Use

Committee.

Cmv5-Recombinant Animal Nomenclature. All of the newly generated Cmv5-
recombinant mice were derived from the MA/My.C57L-H2%® parent strain, and long-form
names would be as such: MA/My.C57L-H2*-RX, where X is the number for the identified
recombinant. However, as most recombinants are no longer heterozygous for the entire
H2 region (H2¥?), we refer to them as being heterozygous for the new recombinant interval
more specifically in the format of M.RX . C57L-derived interval locations are found in

Table I.
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Cmv5-Recombinant Mice (GRCm38.p6 Reference Assembly)

Mouse Proximal Boundaries* Distal Boundaries RSainde Total Genes
Strain | outer Limit Inner Limit Inner Limit Outer Limit (Mb) B (Polymorphic)©

RO 17:30600081 | 17:32144547 | 1750800015 | 17:53687821 l§é638_ 428 (156)

R2 17:30600081 | 17:32144547 | 17:35867500 | 17:36189450 357528_ 206 (89)

R4 | 17:30600081 | 17:32144547 | 17:34189560 | 17:34381106 2éo;18— 99 (35)

R5 17:32941075 | 17:33949296 | 17:34189560 | 17:34381106 Oi2:4_ 58 (25)

R6 17:35078174 | 17:35195079 | 17:35867500 | 17:36189450 OiGZZl_ 63 (33)

R8 | 17:32367895 | 17:32941075 | 17:35867500 | 17:36189450 | 50y 179 (80)

Table I. Genetic Interval Details for Cmv5-Recombinant Mice. (A) Chromosome 17 genomic
positions for proximal and distal boundaries with outer (MA/My homozygous) and inner (MA/My
heterozygous) limits for interval crossovers, including the first identified Cmv5s “R0” strain that was
further defined herein. (B) Interval range values defined but gene-specific PCR amplicons used for
genotyping inner and outer limits (See Table Il). (C) Total gene counts for each interval were
determined using the UCSC genome browser'® for protein coding genes within the associated
interval (excluding pseudogenes). Polymorphic gene counts were derived from exome sequencing
data8,

Genotyping by HRM-PCR. DNA was isolated from toe and/or tail clips from pre-weanling
pups. PCR was run using the Promega GoTag® kit (Cat. M3008) reagents, dNTPs
purchased from Genesee Scientific (Cat. 42-410), EvaGreen® dye purchased from
Biotium (Cat. 31000), and appropriate primers from IDT Technologies. Recombinant
offspring were screened using both inner boundary primers designed based on published

whole exome sequence data'® (Table II).
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Genotyping Polymorphisms and Primers (GRCm38.p6 Reference Assembly)
Polymorphism(s) Genotyping Primers
Gene -
Type Location Forward Reverse
Glol 1 SNP 17:30600118 CTGCTATGAAGTTCTCGCTC CTGCTATGAAGTTCTCGCTC
Notch3 1 SNP 17:32144588 CATTGTGTAGGCACTGAACG GTGAGATCAATGAGGACGAC
Wiz 1 SNP 17:32367917 CGTCTTGAAGTCAGGAAGCT CACCCATCAACATCCTGCAA
Cyp4f13 1 SNP 17:32941145 AACACATCTGGGCCATGACT AGCAATGAAGTTCGGGTGGA
17:33949336,
wdr46 2 SNPs 17:33949338 CTTGAGCAGCAGCAGCAGAAG CTAAGGGTCAACTTGGAGAC
Tapl 1 SNP 17:34189492 GCTGGAGTTTGCAAGTGATG CTGCTGGGTTCTTCAGGAAA
Btnl1l 1 SNP 17:34381084 GGACCTGAGAATGATGGGAT CAACTCAGAGGAGGACAGTA
Ly6g6e 1 SNP 17:35078214 TGAGCAGGACCTATGCAATG GGCTAGAGGAAGTCATGTAC
17:35195159,
Ltb 2 SNPs 17:35195179 GGCTCAGAAAAGACTGGATG GAAGCATTGGATCTCTGAGG
Ppp1rl8 1 SNP 17:35867446 ATCGCTTGTCCCAGATGCCA CGATTCTGATGTACTGGTCC
17:36189362,
H2-T3 3 SNPs | 17:36189405, TCTCACACCATCCAGGTGATG TGCTGCTGTCCACGTTTTCAG
17:36189409
1 SNP + 17:50799931,
Tbc1d5 17:50799955 TGTTCAACTGTACCGGCATGC AAGGCATCATTTGCTGCAGC
1IFD
-50799958
17:53687717,
Sgol 2 SNPs 17:53687723 CACAAAATTCTCTTACTGGG TTCAAGATACCCTTGAAGAC

Table Il. Polymorphisms and Primers used for Genotyping Cmv5-Recombinant Mice.
Locations of polymorphisms identified by previously published exome sequencing'® and primers
used for HRM-PCR genotyping. Cmv5-recombinant mice were genotyped using the inner boundary
primers after establishment of both inner and outer boundaries (See Table ).

In vivo MCMV Infections. All infected mice were given 2x10° PFU MCMV

intraperitoneally except for specifically labeled Ultra-High Dose (UHD) mice, which were

given 6.5x10° PFU. Viral titers were determined using M2-10B4 cells. Standard MCMV:

Smith strain MCMV was purchased from ATCC and passaged through Balb/c weanlings

4-5 times for salivary gland preparations used in experiments. MCMV-GFP: M36-driven

Green Fluorescence Protein (GFP) reporter MCMV (MCMV-GFP)'® was kindly provided

by Dr. Zsolt Rusics. MCMV-GFP was passaged twice through Balb/c weanlings for salivary

gland preparations used in experiments.
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Determination of Viral Load by gPCR. Viral load was determined by spleen DNA gPCR
from infected mice at indicated timepoints, normalized to control plasmids as described .
PCR was run using the Promega GoTaq® kit (Cat. M3008) reagents, dNTPs purchased
from Genesee Scientific (Cat. 42-410), SYBR® Green dye purchased from Invitrogen
(Cat. S7563), Fluorescein purchased from BioRad (Cat. 1708780), and primers from IDT

Technologies.

Flow Cytometry. Antibodies and Reagents: CD19 (6D5), CD3 (17A2), H-2D* (15-5-5),
H-2K* (36-7-5), CD69 (H1.2F3), IFNy (XMG1.2), KLRG1 (2F1), CD11b (M1/70), CD25
(PC61), TIGIT (1G9), LAG-3 (C9B7W), Eomes (W17001A), Ly6G (1A8), CD68 (FA-11),
and F480 (BM8) were purchased from Biolegend; TIM-3 (5D12), CD3e (145-2C11),
CD107a (1D4B), and Ly49G2 (4D11) were purchased from BD Biosciences; CD49b
(DX5), NK1.1 (PK136), CD11b (M1/70), SIGNR1 (eBio22D1), and LIVE/DEAD™ fixable
viability dyes (Cat. L34964 & L34966) were purchased from Invitrogen; CD25 (PC61.5)
was purchased from eBioscience. Intracellular staining was performed using BD
Biosciences Cytofix/CytoPerm™ kit (Cat. 554714). Gating: gating and analysis of flow
cytometry data was done using FlowJo software version 10.8.1. All data was pre-gated on
singlets (FSC-H x FSC-A), cells (FSC-A x SSC-A, debris exclusion), live (viability dye
negative), and dump negative (CD3-, CD19-) prior to gating various subsets. NK cells:
exclusion of SSC++ granulocytes, NK1.1+ or CD49b+. In some cases, further separation
of NK cell subsets by expression of Ly49G2 was used for analysis. Neutrophils: Ly6G+.
Red Pulp Macrophages: Ly6G-, CD68+, and F480+. SIGNR1+ MZMs: SIGNR1+.
Cytometer: Samples were run on an Invitrogen Attune™ NxT flow cytometer with the

Blue/Red/Violet6/Yellow configuration (Cat. A29004).
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In vitro NK Cell Stimulations. NK cells were isolated from mechanically dissociated
splenocyte suspensions using Miltenyi magnetic NK Cell Isolation Kit (Cat. 130-115-818).
NK cells were stimulated for 4 hours at 37°C using plate-bound aNK1.1 (PK136,
10ug/mL), recombinant IL-12p70 (purchased from Peprotech — Cat. 210-12, 5ng/mL) with
IL-18 (purchased from Biolegend — Cat. 767002, 50ng/mL), or PMA (purchased from
Sigma Cat. 79346, 50ng/mL) and lonomycin (purchased from Thermo Fisher — Cat.
124222, 1ug/mL). aNK1.1 (PK136, a gift from W. Yokoyama) was produced from

hybridoma in-house.

Histology Tissue Preparation and Section Quantification. Spleen sections were fixed
at 4°C in 10% methanol-free formaldehyde prior to dehydration, paraffin embedding,
slicing, and H&E staining by the UVA Research Histology Core. Stained slides were
scanned using an Aperio ScanScope, and individual images were taken at 10x using

Aperio ImageScope software version 12.4.3.5008. Images were analyzed using (Fiji Is

Location Location

;—ﬂ‘—‘;—:—w et T e

Histological Hallmarks of Necrosis: Location #1 displays strong evidence of marginal zone Location #2 displays marginal zone disorganization that
Swelling of the cell or nucleus, loss of necrosis. Eosin stain deconvolution shows the associated is not associated with necrotic histopathology. Eosin stain
cellular definition, pale eosinophilic cyto- faded eosin score zone, only pixels with designated eosin deconvolution shows the lack of
plasm, presence of debris, etc. values are counted. associated faded eosin score area.

Figure 5.1. Faded Eosin Spleen Histopathology Quantification. 10x H&E-stained tissue section with 2 regions identified. Each identified region
(location #1 and #2) is blown up and 3 images are displayed: leftmost image is the raw zoomed in image of the region, middle image contains an
outline of area with necrosis-like pathology, and the rightmost image is the ImageJ eosin stain deconvolution with the same outline displaying the
lighter eosin staining in these regions. Full image scale bar at 200 microns, insert scale bar at 20 microns.

Just) Imaged 2.3.0. Histology Section Analysis: Acellular area and faded eosin score

(Fig 5.1) were measured from 10x H&E images. First, images were opened and a
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saturation threshold was used to remove non-tissue (whitespace) area. Images were split
into channels using color deconvolutions for H&E (Hematoxylin 1 — “BLUE”) and H&E 2
(Hematoxylin 2 — “PURPLE”, Eosin — “PINK”, and Artifacts — “GREEN?”"). Artifacts were
amplified to reduce background, and removed from the deconvoluted images. Next,
saturation was measured over the entire area of each deconvoluted channel and settings
were calculated for white pulp, faded eosin, and acellular area measurements. These
equations are a result of large batch manual trial and error using saturations from different
slides and experiments. These calculations are not perfect by any means, but they are
consistent, transparent, and pretty good (Table Ill). Once each image is analyzed, masks

of all measured areas are saved.

Histology Section Analysis Definitions
Measurement Determination
if (PinkMEAN >= 170) {WPEosin = PinkMED + 40;
if (WPEosin > 255) {WPEosin = 255;}} else {WPEosin =
PinkMED + 10;}

WP-Eosin

PinkTHRESHOLD (WPEosin, 255), Size >= 3000

Fill holes, create mask

White Pulp Area if (PurpleMED <= 40 && PinkMIN >= 20) {WPHema =
PurpleMED;} else if (PurpleMED <= 40) {WPHema =
PurpleMED + 5;} else {WPHema = PurpleMED + 10;}

WP-Hematoxylin

PurpleTHRESHOLD (1, WPHema), Size >= 3000

Fill holes, create mask

WP Mask WPEosin Mask + WPHema Mask, MEASURE.

if (PinkMED >= 190) {FEa = 165; FEb = 210;} else if
(PinkMED >= 180) {FEa = 165; FEb = 210;} else {FEa =
Faded Eosin Area 155; FEb = 200;}

PinkTHRESHOLD (FEa, FEb), Size >= 75, MEASURE.
if (BlueMED > 215) {AC = 254;} else {AC = 234;}

Acellular Area

BlueTHRESHOLD (AC, 255), Size >=250, MEASURE.
Table Ill. Histology Section Analysis Definitions. PinkMED = PINK channel median value,
PinkMEAN = PINK channel mean value, PinkMIN = PINK channel minimum value, PurpleMED =
PURPLE channel median value, and BlueMED = BLUE channel median value.

Data Pooling for Cmv5 Recombinant Mice. See Figure 5.2. Each independent

experiment (left column) contains Cmv5s negative control (M) and positive control (R2)
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run alongside one or more experimental

I Individual Experiments Pooled Figures I

exp.1|[m][R2][m-unp | [m][r2][m-uko] groups (M-UHD, R4, R5, R6/R8). Each
Fig. 2.6
M | R2 | M-UHD
Exp. 2 7| LM-UHD experimental group was paired with the
Exo.3 MRzl controls from the same experiment (color
Xp. M R2 R4
Exp.4 CHENETI matching), and pooled with other
[m][R2][re]
Exp. 5 M][R2] R4 experiments of the same kind (figures,
[m][r2][Rs] right column) to assess differences
Exp. 6 M |R2 | RS :’;35-]3'3
[m][r2][rs] between the control and experimental
Exp. 7 vz lwe |l ne groups. This approach enables
L comparative  analysis  of  distinct
Exp. 8 m || r2 |[ re || r8

Figure 5.2. Analysis and Presentation of Pooled Cmv5&| experimental and control groups (ie. M/R2
Recombinant Data.

vs R4), but does not allow cross-figure statistical comparisons (ie. R4 vs R5), as these two

strains were not run together each time.

Immunofluorescent Staining. Spleen tissues were snap frozen using Isopentane and
Liquid Nitrogen prior to being cryosectioned by the UVA Research Histology Core. Slides
were stored at -80°C or -70°C until fixation in ice cold Methanol at -20°C and blocked using
2% Normal Mouse Serum, 3% BSA, and anti-CD16/32 Fc Block reagent (24G2, produced
from hybridoma in-house). When using Biotin/Streptavidin for staining, slides were
additionally blocked using Vector Streptavidin/Biotin Blocking Kit (Cat. SP-2002). Primary
antibody incubations were done overnight at 4°C, secondary antibody or streptavidin
incubations were done for 1 hour at room temperature. After staining and washing, slides
were mounted with Invitrogen ProLong™ Gold Antifade Mountant (Cat. P36930) and

imaged on a Zeiss Axio Imager M2 widefield fluorescent microscope. Antibodies and
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Reagents: Ly6G (1A8), CD3 (17A2), B220 (RA3-6B2), CD169 (3D6.112), F480 (BM8),
CD68 (FA-11), Goat anti-Armenian Hamster (Poly4055), Donkey anti-Rabbit (Poly 4064),
and conjugated streptavidin were purchased from Biolegend. SIGNR1 (eBio22D1), GFP
(Cat. G10362), Goat anti-Armenian Hamster (Cat. A78964), Goat anti-Rabbit (Cat.
A21428), and conjugated streptavidin were purchased from Invitrogen. MAdCAM-1
(MECA-367) was purchased from eBioscience, anti-fibroblast (ERTR7) was purchased
from Novus Biologicals, 4HNE (Cat. BS-6313R) was purchased from Bioss, and Cleaved
Caspase 3 (Asp175, Cat. 9661) was purchased from Cell Signaling Technologies.
Imaging Analysis and Presentation: Images were analyzed using (Fiji Is Just) ImageJ
version 2.14.0/1.54f. Scale bars were added to images and adjustments made to
brightness and contrast using Zen 2.3.0 (blue edition). Adjustments to brightness and

contrast were made uniformly over the entire image.

TUNEL Assay. Formaldehyde fixed and paraffin embedded spleen sections were
hydrated and assayed for cell death using the Click-iT™ Plus TUNEL (terminal
deoxynucleotidyl transferase dUTP nick end labeling) Assay Kit from Invitrogen (Cat.
C10619). After the TUNEL assay, slides were stained for Ly6G (1A8) and imaged as

described above.

Multiplex ELISA from Spleen Supernatants. To prepare spleen supernatants, a piece
of spleen was weighed, finely minced into a small volume of PBS, and kept on ice until all
spleens had been harvested. Once all samples were collected, tubes were spun at 300xg
for 10min and supernatant was stored at -80°C or -70°C prior to running the ELISA.
Multiplex LEGENDPlex™ ELISAs were purchased from Biolegend either as the pre-

defined Mouse Inflammation Panel (Cat. 740446) or mix and match kits for specific
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cytokines of interest. Samples were run on an Invitrogen Attune™ NxT flow cytometer and
analyzed using FlowJo software. Experiment-to-experiment analyte raw values varied
while relative differences between strains were maintained. Pooled data normalized to the

MA/My control group for each experiment has been presented.

Neutrophil Depletion. All injections were given intraperitoneally and all in vivo antibodies
were purchased from BioXCell. The day prior to MCMYV infection (day -1), mice were given
100 pg Rat anti-Ly6G (1A8) or Rat IgG2a, k Isotype (2A3). On day 0, all mice were given
100 pg Mouse anti-Rat (MAR 18.5) and infected with MCMV. The next day (day 1), mice
were given an additional 100 pg anti-Ly6G or isotype injection. Mice were sacrificed and
tissue harvested for analysis on day 2, or given an additional 100 ug anti-Ly6G or isotype
injection on day 3 prior to harvest on day 4. Regimen adapted for use with our MCMV
infection model'”®. Neutrophil depletion was verified by flow cytometry using intracellular

Ly6G staining'”®, and immunofluorescent imaging of spleen sections.

Macrophage Depletion. Mice were injected with 140 ul clodronate-containing or control
liposomes (Encapsula Nanosciences, Cat. CLD-8901) intravenously 1 day prior to MCMV
infection. Macrophage depletion was assessed by flow cytometry and immunofluorescent

imaging of spleen sections.

Statistical Analysis. Tests used to make statistical comparisons are noted in the figure
legends. All statistical analysis was performed using GraphPad Prism software version
10.0.0-10.0.3. Statistical significance is noted in graphs using asterisks * p < 0.05, ** p <

0.01, *** p < 0.001, **** p < 0.0001.
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Cmv5-Recombinant Interval Genes and RNA Species.

Table IV. Cmv5-Recombinant C57L-Derived Region Protein-Coding Genes'® 48

Cmv5-
Recombinant

Protein Coding Genes

Coding Polymorphisms

No Coding Polymorphisms

M.R2K®
(R2 Interval)

Dnah8, Rrp1b, Notch3, Ephx3, Brd4, Wiz,
Cyp4f15, Zfp811, Zfp799, Cyp4f13, Kifc1,
Daxx, Rgl2, Wdr46, Rps18, Vps52, H2-K1,
Ring1, H2-Ke6, Sic39a7, Col11a2, H2-Oa, H2-
DMa, H2-DMb2, H2-DMb1, Psmb9, Tap1,
Psmb8, Tap2, H2-Ob, H2-Ab1, H2-Aa, H2-Eb1,
H2-Eb2, Btnl2, Btnl1, BC051142, Btnl4, Btnl6,
Notch4, Ager, Fkbpl, Atféb, Tnxb, C4b,
Cyp21a1, Stk19, Nelfe, Cfb, Sapcd1, Msh5,
Ly6g6d, Ly6g6e, Ly6g5c, Csnk2b, Gpank1,
Apom, Bag6, Prrc2a, Lst1, Ltb, Nfkbil1, H2-D1,
H2-Q1, H2-Q2, H2-Q4, H2-Q5, H2-Q6, H2-Q7,
Pou5f1, Ccher1, Cdsn, Emprin, Mucl3, Vars2,
Gtf2h4, Ddr1, Mdc1, Ppp1r18, 2310061104Rik,
Atat1, H2-T23, H2-T22, Gm11127, Gm7030,
Gm8909.

Glp1r, Umodl1, Abcg1, Tff3, Tff2, Tff1,
Tmprss3, Ubash3a, Rsph1, SIc37a1, Pde9a,
Wdr4, Ndufv3, Pknox1, Cbs, U2af1, Cryaa,

Sik1, Hsf2bp, Akap8, Akap8l, Rasal3, Pglyrp2,

Cyp4f39, Cyp4f17, Cypaf16, Cyp4f37,

Cyp4fa0, Zfp871, Zfp870, Cyp4f14, Zfpa72,
Zfp952, Zfp763, Zfp563, Morc2b, Olfr55,
OIfr239, Olfr1564, Zfp955a, Olfr63, Zfp955b,
Zfp81, Zfp101, Actl9, Gm4125, Adamts10,
Myo1f, Zfp414, Pram1, Hnrnpm, Rab11b,
Angptl4, Kank3, Rps28, Ndufa7, Cd320,
Smim40, Tapbp, Zbtb22, Pfdn6, B3galt4, Rxrb,
Brd2, Gpsm3, Pbx2, Rnf5, Agpat1, Egfl8, Ppt2,
Prrt1, Dxo, Skiv2l, Gm20547, C2, Zbtb12,
Ehmt2, Sic44a4, Neu1, Hspa1lb, Hspa1a,
Gm20481, Hspa1l, Lsm2, Vars, Vwa7, Clic1,
Ddah2, Mpig6b, Ly6g6c, Ly6g6f, Abhd16a,
Ly6g5b, D17H6S53E, Aif1, Tnf, Lta, Gm16181,
Atp6v1g2, Ddx39b, H2-Q10, Tcf19, Psors1c2,
Sfta2, Muc21, ler3, Flot1, Tubb5, Nrm, Dhx16,
Mrps18b, Ppp1r10, Abcf1, Prr3, Gnl1, H2-T24,
Gm6034, H2-Bl, H2-T10, Gm19684.

M.R8K®
(R8 Interval)

Cyp4f15, Zfp811, Zfp799, Cyp4f13, Kifc1,
Daxx, Rgl2, Wdr46, Rps18, Vps52, H2-K1,
Ring1, H2-Ke6, SIc39a7, Col11a2, H2-Oa, H2-
DMa, H2-DMb2, H2-DMb1, Psmb9, Tap1,
Psmb8, Tap2, H2-Ob, H2-Ab1, H2-Aa, H2-Eb1,
H2-Eb2, Btnl2, Btnl1, BC051142, Btnl4, Btnl6,
Notch4, Ager, Fkbpl, Atf6b, Tnxb, C4b,
Cyp21a1, Stk19, Nelfe, Cfb, Sapcd1, Msh5,
Ly6g6d, Ly6g6e, Ly6g5c, Csnk2b, Gpank1,
Apom, Bag6, Prrc2a, Lst1, Ltb, Nfkbil1, H2-D1,
H2-Q1, H2-Q2, H2-Q4, H2-Q5, H2-Q6, H2-Q7,
Pou5f1, Ccher1, Cdsn, Emprin, Mucl3, Vars2,
Gtf2h4, Ddr1, Mdc1, Ppp1r18, 2310061104Rik,
Atat1, H2-T23, H2-T22, Gm11127, Gm7030,
Gm8909.

Rasal3, Pglyrp2, Cyp4f39, Cyp4f17, Cyp4f16,
Cyp4f37, Cyp4fd0, Zfp871, Zfp870, Cyp4f14,
Zfpa72, Zfp952, Zfp763, Zfp563, Morc2b,
OIfr55, OIfr239, Olfr1564, Zfp955a, OIlfr63,
Zfp955b, Zfp81, Zfp101, Actl9, Gm4125,
Adamts10, Myo1f, Zfp414, Pram1, Hnrnpm,
Rab11b, Angptl4, Kank3, Rps28, Ndufa7,
Cd320, Smim40, Tapbp, Zbtb22, Pfdn6,
B3galt4, Rxrb, Brd2, Gpsm3, Pbx2, Rnf5,
Agpat1, Egfl8, Ppt2, Prrt1, Dxo, Skiv2l,
Gm20547, C2, Zbtb12, Ehmt2, Sic44a4, Neu1,
Hspa1b, Hspala, Gm20481, Hspa1l, Lsm2,
Vars, Vwa?, Clic1, Ddah2, Mpig6b, Ly6g6c,
Ly6g6f, Abhd16a, Ly6g5b, D17H6S53E, Aif1,
Tnf, Lta, Gm16181, Atp6v1g2, Ddx39b, H2-
Q10, Tcf19, Psors1c2, Sfta2, Muc21, ler3,
Flot1, Tubb5, Nrm, Dhx16, Mrps18b, Ppp1r10,
Abcf1, Prr3, Gnl1, H2-T24, Gm6034, H2-BI,
H2-T10, Gm19684.

M.R5K"®
(R5 Interval)

Kifc1, Daxx, Rgl2, Wdr46, Rps18, Vps52, H2-

K1, Ring1, H2-Ke6, Slc39a7, Col11a2, H2-Oa,

H2-DMa, H2-DMb2, H2-DMb1, Psmb9, Tap1,

Psmb8, Tap2, H2-Ob, H2-Ab1, H2-Aa, H2-Eb1,
H2-Eb2, Btnl2.

Zfpd72, Zfp952, Zfp763, Zfp563, Morc2b,
OIfr55, OIfr239, Olfr1564, Zfp955a, OIfr63,
Zfp955b, Zfp81, Zfp101, Actl9, Gm4125,
Adamts10, Myo1f, Zfp414, Pram1, Hnrnpm,
Rab11b, Angptl4, Kank3, Rps28, Ndufa7,
Cd320, Smim40, Tapbp, Zbtb22, Pfdn6,
B3galt4, Rxrb, Brd2.

M.Rﬁk/b
(R6 Interval)

Ly6g5c, Csnk2b, Gpank1, Apom, Bag6,
Prrc2a, Lst1, Ltb, Nfkbil1, H2-D1, H2-Q1, H2-
Q2, H2-Q4, H2-Q5, H2-Q6, H2-Q7, Pou5f1,
Ccher1, Cdsn, Emprin, Mucl3, Vars2, Gtf2h4,
Ddr1, Mdc1, Ppp1r18, 2310061104Rik, Atat1,

H2-T23, H2-T22, Gm11127, Gm7030,

Gm8909.

Ly6g6f, Abhd16a, Ly6g5b, D17H6S53E, Aif1,
Tnf, Lta, Gm16181, Atp6v1g2, Ddx39b, H2-
Q10, Tcf19, Psors1c2, Sfta2, Muc21, ler3,
Flot1, Tubb5, Nrm, Dhx16, Mrps18b, Ppp1r10,
Abcf1, Prr3, Gnl1, H2-T24, Gm6034, H2-BI,
H2-T10, Gm19684.
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Table V. Cmv5-Recombinant C57L-Derived Region RNA Mediators'® 48

Cmv5- a . Other
Recombinant IncRNA Genes miRNAs RNAs
M.R2P Gmb50252, Glo1, 1700097NO2Rik, Dnah8, Dnah8, Dnah8, Gm41561, Gm24026, | Gm24661,
(R2 Interval) Dnah8, Gm9937, Gm50242, Gm10503, Gm41562, Gm50249, Gm24970, | Gm25447,
Gm15318, Gm15318, Gm15318, Gm15318, Gm15318, Gm15318, Gm22201, | Gm23294,
Ubash3a, Ubash3a, Gm50218, Gm50218, Gm50218, Slc37a1, Gm27740, Gm25555,
SlIc37a1, Slc37a1, Slc37a1, Slc37a1, Gm9902, Gm50138, Pde9a, Mir219a-1, | Gm22943,
Gm50138, Pde9a, Wdr4, Wdr4, Wdr4, Gm50103, Wdr4, Ndufv3, Mir219c, Gm23111,
Ndufv3, Gm50105, 4833413E03Rik, 4833413E03Rik, 4833413E03Rik, | Gm27471, | Gm24389,
AC166172.1, Gm50107, Cbs, U2af1, Gm50222, Gm50222, Gm50225, Mir6971, Snord52,
Gm49999, Gm49999, Sik1, Gm50000, 2310015A16Rik, Hsf2bp, Mir6970, Gm25744,
Hsf2bp, Hsf2bp, Rrp1b, Rrp1b, Gm17276, Gm17276, Gm17276, Brd4, Mir6972, Gm23421,
Gm26549, Akap8, Akap8, Akap8l, Akap8l, Wiz, Wiz, A530088E08RIik, Mir6973a, Gm23442,
A530088E08Rik, A530088E08Rik, A530088E08Rik, A530088E08RIk, Mir6974, Gm22589,
Cyp4f39, Cyp4f17, Cypaf16, Cypdf15, Gm50046, Zfp871, Gm17115, Mir6975, Gm25128,
Gm26693, Gm50050, Gm50051, Zfp870, Cyp4f13, Zfp952, Zfp763, Mir8094, Gm23864.
Morc2b, OIfr63, Zfp955b, Zfp101, Zfp101, Adamts10, Zfp414, Gm28033,
Gm20507, Hnrnpm, Hnrnpm, Hnrnpm, Rab11b, Rab11b, Gm17251, Mir1894,
Angptl4, 4931413107Rik, Kank3, Rps28, Ndufa7, Ndufa7, Ndufa7, Mir877.
Ndufa7, Ndufa7, BC051226, BC051226, BC051226, Daxx, Daxx, Daxx,
Gm19412, Gm19412, Tapbp, Tapbp, Gm50037, Rps18, Rps18, Rps18,
Vps52, AA388235, H2-K1, Gm26940, Sic39a7, Col11a2, Col11a2,
BC051537, BC051537, Gm50333, Brd2, Brd2, H2-DMa, Brd2, H2-
DMa, Brd2, Gm50336, H2-DMa, H2-DMa, Gm50335, H2-DMb1,
Gm20496, Gm20496, Tap2, Gm15821, H2-Ob, H2-Ob, H2-Ab1, H2-Aa,
Gm20513, Gm20513, BC051142, BC051142, Btnl4, Notch4, Notch4,
Notch4, Notch4, Ager, Gm20463, Gm20460, Gm20461, Cyp21a1, C4a,
C4a, C4a, C4a, C4a, C4a, Stk19, C2, C2, C2, Ehmt2, Ehmt2,
1110038B12Rik, 1110038B12Rik, 1110038B12Rik, Gm10501, Lsm2,
Lsm2, Lsm2, Lsm2, Msh5, Ly6g6d, Ly6g6d, Abhd16a, Gpank1,
Gm20522, Prrc2a, Gm17705, Aif1, Nfkbil1, Ddx39b, Gm11131, H2-Q5,
Gm19553, Ccher1, Sfta2, Gm9573, Gm20483, Gtf2h4, Gm4577,
Gm20443, Gm20442, 4833427F10Rik, Ppp1r18os, 2310061104Rik,
2310061104Rik, Gm16279, Atat1, Atat1, Mrps18b, Ppp1r10, Gm20508,
A930015D03Rik, BC023719, 2410017117Rik, 2410017117RIik,
2410017117Rik, Gm8909, Gm8909, Gm20478.
M.R8kP Wiz, Wiz, A530088E08Rik, A530088E08Rik, A530088E08RIik, Gm22201, | Gm23294,
(R8 Interval) A530088E08Rik, A530088E08Rik, Cyp4f39, Cyp4f17, Cyp4f16, Gm27740, | Gm25555,
Cyp4f15, Gm50046, Zfp871, Gm17115, Gm26693, Gm50050, Mir219a-1, | Gm22943,
Gm50051, Zfp870, Cyp4f13, Zfp952, Zfp763, Morc2b, OIfr63, Zfp955b, Mir219c, Gm23111,
Zfp101, Zfp101, Adamts10, Zfp414, Gm20507, Hnrnpm, Hnrnpm, Gm27471, | Gm24389,
Hnrnpm, Rab11b, Rab11b, Gm17251, Angptl4, 4931413107Rik, Kank3, Mir6971, Snord52,
Rps28, Ndufa7, Ndufa7, Ndufa7, Ndufa7, Ndufa7, BC051226, Mir6970, Gm25744,
BC051226, BC051226, Daxx, Daxx, Daxx, Gm19412, Gm19412, Mir6972, Gm23421,
Tapbp, Tapbp, Gm50037, Rps18, Rps18, Rps18, Vps52, AA388235, Mir6973a, Gm23442,
H2-K1, Gm26940, SIc39a7, Col11a2, Col11a2, BC051537, BC051537, Mir6974, Gm22589,
Gm50333, Brd2, Brd2, H2-DMa, Brd2, H2-DMa, Brd2, Gm50336, H2- Mir6975, Gm25128,
DMa, H2-DMa, Gm50335, H2-DMb1, Gm20496, Gm20496, Tap2, Mir8094, Gm23864.
Gm15821, H2-Ob, H2-Ob, H2-Ab1, H2-Aa, Gm20513, Gm20513, Gm28033,
BC051142, BC051142, Btnl4, Notch4, Notch4, Notch4, Notch4, Ager, Mir1894,
Gm20463, Gm20460, Gm20461, Cyp21a1, C4a, C4a, C4a, C4a, C4a, Mir877.

C4a, Stk19, C2, C2, C2, Ehmt2, Ehmt2, 1110038B12Rik,
1110038B12Rik, 1110038B12Rik, Gm10501, Lsm2, Lsm2, Lsm2,
Lsm2, Msh5, Ly6g6d, Ly6g6d, Abhd16a, Gpank1, Gm20522, Prrc2a,
Gm17705, Aif1, Nfkbil1, Ddx39b, Gm11131, H2-Q5, Gm19553, Cchcr1,
Sfta2, Gm9573, Gm20483, Gtf2h4, Gm4577, Gm20443, Gm20442,
4833427F10Rik, Ppp1r18os, 2310061104Rik, 2310061104Rik,
Gm16279, Atat1, Atat1, Mrps18b, Ppp1r10, Gm20508,
A930015D03Rik, BC023719, 2410017117Rik, 2410017117RIik,
2410017117Rik, Gm8909, Gm8909, Gm20478.
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M.R5kP Cyp4f13, Zfp952, Zfp763, Morc2b, OIfr63, Zfp955b, Zfp101, Zfp101, Gm27740, Gm25555,
(R5 Interval) Adamts10, Zfp414, Gm20507, Hnrnpm, Hnrnpm, Hnrnpm, Rab11b, Mir219a-1, Gm22943,
Rab11b, Gm17251, Angptl4, 4931413107Rik, Kank3, Rps28, Ndufa7, Mir219c. Gm23111.

Ndufa7, Ndufa7, Ndufa7, Ndufa7, BC051226, BC051226, BC051226,
Daxx, Daxx, Daxx, Gm19412, Gm19412, Tapbp, Tapbp, Gm50037,
Rps18, Rps18, Rps18, Vps52, AA388235, H2-K1, Gm26940, Sic39a7,
Col11a2, Col11a2, BC051537, BC051537, Gm50333, Brd2, Brd2, H2-
DMa, Brd2, H2-DMa, Brd2, Gm50336, H2-DMa, H2-DMa, Gm50335,
H2-DMb1, Gm20496, Gm20496, Tap2, Gm15821, H2-Ob, H2-Ob, H2-
Ab1, H2-Aa, Gm20513, Gm20513.

M.R6X"® Abhd16a, Gpank1, Gm20522, Prrc2a, Gm17705, Aif1, Nfkbil1, Ddx39b, | Mir6973a, Gm23442,
(R6 Interval) Gm11131, H2-Q5, Gm19553, Cchcr1, Sfta2, Gm9573, Gm20483, Mir6974, Gm22589,
Gtf2h4, Gm4577, Gm20443, Gm20442, 4833427F10Rik, Ppp1r18os, Mir6975, Gm25128,
2310061104Rik, 2310061104Rik, Gm16279, Atat1, Atat1, Mrps18b, Mir8094, Gm23864.
Ppp1r10, Gm20508, A930015D03Rik, BC023719, 2410017117Rik, Gm28033,
2410017117Rik, 2410017117Rik, Gm8909, Gm8909, Gm20478. Mir1894,
Mir877.

2Genes listed more than once have multiple IncRNAs noted within the gene, each counting as a

separate IncRNA species.
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