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Jessica B. Graham," Jessica L. Swarts," Sarah R. Leist,” Alexandra Schéafer,” Timothy A. Bell,® Pablo Hock,?
Joe Farrington,® Ginger D. Shaw,® Martin T. Ferris,® Fernando Pardo-Manuel de Villena,** Ralph S. Baric,*
and Jennifer M. Lund'->:¢.*

SUMMARY

The response to infection is generally heterogeneous and diverse, with some individuals remaining asymp-
tomatic while others present with severe disease or a diverse range of symptoms. Here, we address the
role of host genetics on immune phenotypes and clinical outcomes following viral infection by studying
genetically diverse mice from the Collaborative Cross (CC), allowing for use of a small animal model
with controlled genetic diversity while maintaining genetic replicates. We demonstrate variation by
deeply profiling a broad range of innate and adaptive immune cell phenotypes at steady-state in 63 genet-
ically distinct CC mouse strains and link baseline immune signatures with virologic and clinical disease
outcomes following infection of mice with herpes simplex virus 2 (HSV-2) or severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). This work serves as a resource for CC strain selection based on
steady-state immune phenotypes or disease presentation upon viral infection, and further, points to
possible pre-infection immune correlates of survival and early viral clearance upon infection.

INTRODUCTION

The past century has seen a dramatic advancement in our understanding of the immune system, in large part aided by study of immunity in
mouse models. Mouse model systems are controllable and tunable, as laboratory mice can be selected based on age and sex and are
exposed to a standardized environment including diet, antibiotics and other drugs, microbiome, and potential pathogens. Furthermore,
mice are highly tractable; for example, genes can be knocked out or transgenes inserted, mice can be infected with pathogens in a highly
controlled manner with longitudinal sampling, mice can be treated with investigational compounds or injected with tumors, and all types
of tissues can be removed upon euthanasia so that immune cells in distinct tissue compartments can be assessed. Finally, the use of standard
laboratory inbred strains of mice has allowed us to reduce variability within experiments by using genetically constrained, virtually identical
mice. While this makes experiments more reproducible and lessens variability between research subjects, it minimizes the ability to examine
host genetic contributions to immunity, and further, it potentially limits the applicability of the findings from such studies to improving health
within the human population, the ultimate goal of biomedical research. Itis widely recognized that the human immune system is characterized
by massive inter-individual variation, which is likely to be due to a combination of differences between individuals in environmental factors,
sex, and age, as well as host genetic differences, the latter heavily influenced by microbial infections.’?

To improve modeling of the human immune system, we and others have made use of the Collaborative Cross (CC), first conceived of over
20 years ago. The CC is a panel of recombinant inbred (RI) mouse strains that are derived from eight founder strains (C57BL/&J, A/J, 12951/
SvimJ, NOD/ShilLtJ, NZO/HILtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ) representing the three major Mus musculus subspecies. Through funnel
breeding of these founder strains, genetic aspects of all eight founder strains are incorporated within each CC strain, followed by at least 20
generations of inbreeding,” which has yielded over 60 inbred strains of CC mice that can be purchased. Thus, the CC provides a reproducible
model of genetic variation more akin to humans, while still retaining the benefits of a small animal model system, including a controllable
environment, replicate research subjects that are genetically identical, and a tractable model system.

Studies of the CC have already proved useful forimmunology and infectious disease research; we and others have demonstrated immense
diversity in immune phenotypes across F1 crosses of CC strains or among limited sets of CC strains.”” Further, differences in clinical disease
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Table 1. CC strains used for baseline immunophenotyping

CC001/Unc CC018/Unc CC037/TaulUnc CC060/Unc
CC002/Unc CCO019/TauUnc” CC038/GeniUnc® CC061/GeniUnc
CC003/Unc’ CC021/Unc CC039/Unc? CC062/Unc
CC004/TauUnc® CC023/GeniUnc” CC040/Taulnc CC065/Unc
CC005/TauUnc® CC024/GeniUnc CC041/TauUnc® CC068/TauUnc
CC006/TauUnc® CC025/GeniUnc” CC042/GeniUnc CC071/TauUnc®
CC007/Unc” CC026/GeniUnc CC043/GeniUnc CC072/TaulUnc
CC008/GeniUnc?® CC027/GeniUnc” CC044/Unc” CC074/Unc
CC009/Unc?” CC028/GeniUnc CC045/GeniUnc CCO075/Unc®
CC010/GeniUnc® CC029/Unc CC046/Unc CC078/Unc®
CCO011/Unc” CC030/GeniUnc” CC049/TauUnc® CC079/TauUnc®
CC012/GeniUnc CC031/GeniUnc CC051/TauUnc CC080/Taulnc
CC013/GeniUnc CC032/GeniUnc” CC053/Unc CC081/Unc
CC015/Unc” CC033/GeniUnc CC057/Unc” CC083/Unc
CC016/GeniUnc CC035/Unc” CC058/Unc CC084/TaudUnc”
CC017/Unc CC036/Unc” CC059/Taulnc

Italicized strains were used in the HSV-2 infection screen.
Strains used in the MA SARS-CoV-2 infection screen.

symptoms following various infections have been noted across CC strains, including influenza A virus, Ebola, SARS-CoV, West Nile virus
(WNV), Rift Valley fever virus, Mycobacterium tuberculosis, and Pseudomonas aeruginosa.®*° This highlights that host genetics certainly
play arole in host responses to infection, and yet studies involving only a single strain of inbred mice, such as C57BL/é mice, restricts our ability
to learn about immunity and disease in diverse genetic backgrounds, and is more akin to studying immunity and the host response to infection
in a single individual. Expanding these studies to a larger reference population can allow for discovery of improved mouse models that better
mimic human disease responses, and identification of mouse strains that can be used by the research community at large as improved disease
models. For example, we previously used the CC to identify a new mouse model of chronic WNV infection that can be used to elucidate the
immunological mechanisms underlying chronic flaviviral infection and disease in humans."

It is clear that the CC is a useful resource for studying immunology and host-pathogen interactions,” and yet without considerable re-
sources available to perform a screen, it remains difficult to select strains of interest depending on the research question. Here, we demon-
strate wide variation within innate and adaptive immune cell phenotypes at steady-state across 63 CC strains, as well as virologic and survival
outcomes following infection of mice from these strains with herpes simplex virus 2 (HSV-2) or mouse-adapted severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). We provide data on these immune cell populations and clinical outcomes following virus infection as a
resource to aid in CC strain selection for futures studies using this model. Additionally, we demonstrate the utility of these data and use of the
CC in identifying immune correlates of survival and early viral clearance upon infection.

21

RESULTS

Collaborative Cross recombinant inbred (CC-RI) mouse strains exhibit diversity in lymphocyte splenic abundance and
phenotypes at steady-state

We performed a screen of genetically diverse mice from the CC for immune phenotypes within the spleen from 63 recombinant inbred CC
strains (Table 1). Whole spleens from 2 male and 2 female mice from each of these strains were shipped on ice overnight from the University of
North Carolina at Chapel Hill to the Fred Hutchinson Cancer Center in Seattle, and spleens were prepared for flow cytometric analysis of im-
mune cells using three distinct panels to examine T cells, B cells, and various innate immune cells (Tables 2, 3, and 4; Figures S1-S3). Addi-
tionally, spleens from C57BL/6J and BALB/cJ mice were included in the analysis as a reference population, as these strains are commonly used
as models in immunology research. As shown in Figure 1, and as we have previously shown for T cells using F1 crosses of CC strains,” there is
great diversity among the recombinantinbred CC (CC-RI) strains in any lymphocyte population examined. Further, this diversity encompasses
a much greater range than the differences between C57BL6/J and BALB/cJ mice alone, with CC strains presenting with extreme phenotypes
at both the low and high ends of the spectrum. In particular, the number of CD8 T cells, CD4 conventional T cells (Foxp3—; Tconv), or Foxp3+
regulatory T cells (Treg) vary by approximately 10-fold across the 63 CC strains examined (Figures 1A and 1B). There is also a range within the
number of splenic B cells across CC strains, although C57BL/&J is at the high end of this range (Figure 1C). Similarly, when the frequency of
each of these subsets of cells in the spleen was enumerated, we found a wide range across CC-Rl strains, as expected for a genetically diverse
population more similar to studying humans: the frequency of CD8 T cells among live lymphocytes varied from 1.4% to 19% across CC-RI
strains, with C57BL/6J at 5.9% and BALB/cJ at 5.6%,; the frequency of CD4 Tconv cells among live lymphocytes varied from 3.7% to 23.7%
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Table 2. T cell panel used for baseline immunophenotyping

Channel Fluorochrome Antibody Clone Dilution Company Catalog #
B515 FITC Foxp3 FJK-16s 1:800 Invitrogen 11-5773-80
B710 PerCP-Cy5.5 Neuropilin-1 3E12 1:40 Biolegend 145207
R660 APC CTLA-4 UC10-4B9 1:100 Biolegend 106310
R780 APC-eFluor780 CD25 PC61.5 1:100 Invitrogen 47-0251-82
G575 PE CD122 5H4 1:400 Invitrogen 12-1221-82
G610 PE-CF594 CD49d R1-2 1:800 BD 564395
G660 PE-Cy5 ICOS 7E.17G9 1:250 Invitrogen 15-9942-82
G780 PE-Cy7 GITR DTA-1 1:500 Invitrogen 25-5874-82
V450 Pacific Blue Granzyme B GB11 1:100 Biolegend 515408
V510 Aqua Live/dead 1:1000 Invitrogen 134966
V610 BV605 CD4 RM4-5 1:400 Biolegend 100548
V655 BV650 CD8ua. 53-6.7 1:800 Biolegend 100742
V710 BV711 CD44 M7 1:400 Biolegend 103057
V780 SB780 PD-1 J43 1:80 Invitrogen 78-9985-82
U395 BUV395 CD3 145-2C11 1:1600 BD 563565
U730 BUV737 CDé2L MEL-14 1:200 BD 612833

across CC-Rl strains, with C57BL/6J at 10% and BALB/cJ at 15.4%; and the frequency of Treg among total CD4 T cells varied from 5.9% to
33.2% across CC-Rl strains, with C57BL/6J at 9.3% and BALB/cJ at 11.7% (Figure 1D). The frequency of splenic B cells among live lymphocytes
varied from 39.7% to 78.6% across CC-RI strains, with C57BL/6J at 60.9% and BALB/cJ at 50.7% (Figure 1D). Data from each of the mice
analyzed from each CC-Rl strain can be found in Tables ST and S2 and serve as a resource for immunologists looking to select CC-Rl strains
off the shelf based on baseline adaptive immune cell phenotypic characteristics.

In addition to examining baseline splenic T and B cell numbers and frequencies, we more deeply characterized these cell subsets using
many phenotypic and activation markers (Tables 2, 3, S1, and S2; Figure S4). While there is heterogeneity across the CC-Rl strains for any im-
mune phenotype measured, we herein display a limited set of immune cell phenotypes to demonstrate the extensive heterogeneity seen
across the CC-Rl strains (Figures 2 and S4). For example, the frequency of CD8 T cells expressing CD44 ranged from 11.5% to 79.7% across
CC strains, and the frequency of CD8 T cells with a CD49d'°CD122+CD44* virtual memory T cell (Typm) phenotype ranged from 1.7% to 39.1%,
whereas for common inbred lab strains of C57BL/6J and BALB/c, the frequency is less than 10% (Figure 2A). Thus, study of unconventional
memory CD8 T cells could benefit from use of CC strains with extreme phenotypes of either very high or very low abundance Ty, for example
to better understand the signals that govern or restrict their development. Furthermore, the frequency of CD8 T cells with a central memory
(Tcwm) or effector memory (Tenm) phenotype also varies dramatically across the CC (8.7%-73.1% for Tcy and 2.0%-21.7% for Tew; Figure 2A).
There is also a wide range of phenotypes in conventional, Foxp3— CD4 T cells, with 8.0%-56.5% expressing CD44 across CC strains, and 0.9%—
11.2% for CD25 (Figure 2B). For Foxp3+ Treg, there is similarly a high degree of heterogeneity in the frequency of Tregs expressing activation
or suppression markers CTLA-4, ICOS, PD-1, and Nrp1 across CC strains (Figure 2C), thereby suggesting that not only the abundance but also
the potential functional and phenotypic properties vary across genetically distinct strains of mice. Thus, CC strains could be utilized as models
to investigate Treg biology and mechanisms of immunosuppression. Finally, we also assessed various B cell populations, including mature B

Table 3. B cell panel used for baseline immunophenotyping

Channel Fluorochrome Antibody Clone Dilution Company Catalog #
B515 FITC CD23 B3B4 1:50 BD 553138
R660 APC CD40 HM40-3 1:160 Invitrogen 17-0402-82
G575 PE CD21/CD35 7E9 1:320 Biolegend 123409
G780 PE-Cy7 IgM R6-60.2 1:20 BD 552867
V450 Pacific Blue IgD 11-26c.2a 1:100 Biolegend 405712
V510 Aqua Live/dead 1:1000 Invitrogen L34966
V780 BV786 CD45R/B220 RA3-6B2 1:400 BD 563894
u39s BUV395 CD3 145-2C11 1:1600 BD 563565
U660 BUV661 CD19 1D3 1:50 BD 612971
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Table 4. Innate immune cell panel used for baseline immunophenotyping

Channel Fluorochrome Antibody Clone Dilution Company Catalog #
B515 BB515 CD11b M1/70 1:200 BD 564455
B710 PerCP-Cy5.5 Ly-6C HK1.4 1:150 Invitrogen 45-5932-80
R660 APC CD40 HM40-3 1:160 Invitrogen 17-0402-82
R780 APC-eFluor780 CD8a 53-6.7 1:100 Invitrogen 47-0081-80
G575 PE CD86 PO3.1 1:160 Invitrogen 12-0861-81
G610 PE/Dazzle594 F4/80 BM8 1:200 Biolegend 123145
G660 PE-Cy5 CD80 16-10A1 1:200 Invitrogen 15-0801-81
V450 eFluord50 MHC Class Il M5/114.15.2 1:800 Invitrogen 48-5321-80
V510 Aqua Live/dead 1:1000 Invitrogen 134966
V610 BV605 CD4 RM4-5 1:400 Biolegend 100548
V710 BV711 NKp4é 29A1.4 1:100 Biolegend 137621
U396 BUV395 Ly-6G 1A8 1:50 BD 563978
U500 BUV496 CD11c N418 1:133 BD 750450
Us70 BUV563 CD3 145-2C11 1:200 BD 749277
U660 BUV661 CD19 1D3 1:50 BD 612971

cells, follicular B cells, marginal zone B cells, and transitional B cells, and identified a wide range of abundance of each of these cell types
across CC strains that far exceeds the differences seen in the two common laboratory inbred strains examined (C57BL/6J and BALB/cJ;
Figures 2D and S4D). In sum, we demonstrate that use of the Collaborative Cross mouse population models the diversity in lymphocyte pop-
ulations and phenotypes observed across humans, and our data provides a resource for those seeking mouse models with specific immuno-
logic signatures or characteristics beyond what can be achieved by examination of a single common inbred laboratory strain of mice.

Baseline abundance and phenotype of innate immune cells varies within CC-RI strains

In addition to characterizing lymphocytes, we also profiled innate immune cells within the spleen of 63 CC mouse strains (Table 1) at steady
state using a flow cytometry panel with markers for neutrophils, natural killer (NK) cells, monocytes, macrophages, and dendritic cells (DC;
Tables 4 and S3; Figure S3). We first examined the number and frequency of each of these categories of cells across the CC strains as well
as in C57BL/6J and BALB/cJ mice (Figure 3). Like our findings with lymphocytes (Figure 1), there is a great deal of diversity in abundance
of each of these types of innate immune cells across the CC, with generally a 10-fold or more difference in the cell number and a wide range
of frequency as well (Figure 3). When we characterize activation or phenotypic markers within these innate immune cell subsets, we identified
additional heterogeneity (Figure 4). For example, for NK cells, we found that the fraction of cells expressing maturation marker CD11b ranged
from 21.8 to 89.6% at steady state (Figure 4A). For splenic DC, we observed a very large difference in the frequency of CD8a+ and CD11b+
DCs across CC strains of 4.9%-45.7% and 38.3%-79.9%, respectively (Figures 4B and 4C). There are also sizable differences in the fraction of
activated DC and macrophages in the spleen, as detected by percent of cells expressing CD40, CD80, or CD86 at baseline (Figures 4D and
4E). Thus, it is possible that antigen presentation varies significantly across these genetically distinct mouse strains, and thus the CC could be
useful for studying innate immune signaling and consequences.

Use of CC-RI strains to model vaginal HSV-2 infection outcomes

Asecond cohort of mice from 22 CC strains (Table 1) was infected vaginally with wild-type (WT) HSV-2. Whereas WT HSV-2 is generally lethal in
naive, SPF C57BL/6 mice,”” our screen of 22 strains led to identification of 6 strains that had a degree of survival following infection (CC001,
CC003, CC013, CC018, CCO30, and CCO65, from 20 to 60% survival; Figure 5A). Thus, these inbred mouse strains could prove useful for immu-
nologic studies, including those of memory responses to WT HSV-2 infection, since lethality in the C57BL/6 model precludes such efforts.

Baseline immunophenotype signatures predict survival following HSV-2 infection in CC-RI strains

In addition to identification of improved mouse models, our discovery of CC mouse strains that survive HSV-2 infection affords us the ability to
study baseline immune correlates of survival upon infection to identify elements of a successful anti-HSV-2 immune response. To this end, we
looked for baseline splenicimmune signatures that correlated with survival upon WT vaginal HSV-2 infection. We first looked for evidence that
abundance of splenic T or B cells at baseline prior to infection could predict HSV-2 survival outcome and found no statistically significant dif-
ference in number of CD8 T cells, CD4 Tconv, or B cells, though an increased number of splenic Tregs at baseline was associated with survival
upon infection with WT HSV-2 (Figure S5A). In addition, we looked at numbers of 18 different CD8 T cell types in the spleen (Figure S5B) and
found that increased numbers of granzyme B+ CD8" Ty, granzyme B+ CD8 T cells, and granzyme B+ T in the spleen at baseline correlated
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Figure 1. Heterogeneity in abundance of T and B lymphocytes in the spleen of Collaborative Cross mouse strains

The spleens from 2 male and 2 female 10-week-old mice from each of 63 CC recombinant inbred mouse strains, as well as C57BL/6J and BALB/cJ mice were
prepared for flow cytometric analysis of T and B cell populations using antibodies as described in Tables 2 and 3, respectively.

(A) The number of CD8" T cells, CD4+Foxp3— conventional T cells, or Foxp3+ Treg are quantified and rank-ordered, with each black histogram bar representing
the number from an individual CC strain.

(B) Heatmaps showing the mean number of CD8 T cells, CD4 Foxp3— conventional T cells (Tconv) or Foxp3+ Treg across the strains examined.

C) The number of CD37CD19" B cells are quantified and rank-ordered.

D) The fraction of CD8 T cells (as a % of live lymphocytes), CD4 conventional T cells (T conv; as a % of live lymphocytes), Treg (as a % of total CD4 T cells), or B cells
as a % of live lymphocytes) is depicted.
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Figure 2. The frequency of T and B cell subsets and activation states varies within different recombinant inbred strains of the Collaborative Cross
Spleens from 2 male and 2 female mice from each of 63 CC recombinant inbred mouse strains, as well as C57BL/6J and BALB/cJ mice were prepared for flow
cytometric analysis of T and B cell subsets using antibodies described in Tables 2 and 3, respectively. The percent CD44" of CD8 T cells, %
CD49d'°CD44+CD122+ virtual memory (Tym) of CD8 T cells, % CD44*CD62L + central memory (Tcwm) of CD8 T cells, % CD44"CD62L- (Tgp) of CD8 T cells,
and % CD25" of CD8 T cells is shown in (A). The percent CD44" of CD4 Tconv cells or % CD25" of CD4 Tconv cells is shown in (B). The percent of Foxp3+
Treg that are CTLA-4+, ICOS+, PD-1+, or Nrp1+ are shown in (C). The percent of mature, IgD+ B cells, the % of IgD+CD23" follicular B cells, the % of
IgD+CD23~CD21/35hi marginal zone (MZ) B cells, and the % of IgD— transitional B cells as a fraction of live lymphocytes is shown in (D).

with survival upon subsequent HSV-2 infection (Figures 5B and S5B). Given that we have recently demonstrated that CD8 T cells can act in an
innate-like fashion to provide local protection upon vaginal HSV-2 infection,?” we hypothesize that having an increased number of CD8 T cells
armed with granzyme B at steady state could contribute to improved protection from and survival upon HSV-2 infection. We also compared
the numbers of 8 different phenotypes of CD4 Tconv, none of which were statistically significantly different in strains that survived HSV-2 infec-
tion compared to those that did not (Figure S5C). Given that we observed a difference in baseline Treg numbers, we more deeply profiled
Treg phenotypes through examination of 26 different Treg phenotypes (Figure 5C) and found 16 of these phenotypes associated with survival
from HSV-2 infection (Figures 5C and Sé), thereby suggesting that Tregs may play a protective role following vaginal HSV-2 infection. As an
example, Treg-mediated regulation of an innate like Typm-driven response could be beneficial to restrict excess immunopathology from a
rapid and exuberant response. Indeed, we and others have previously demonstrated that Tregs are essential to coordinate and restrict robust
anti-pathogen immune responses in order to limit damage to host tissue,”* "
infection.

and so this could be at play as well with survival upon HSV-2
In addition to T cells, we also more deeply profiled the numbers of different B cell types in the spleen at baseline, including mature B cells,

follicular B cells, marginal zone B cells, transitional B cells, and T1, T2, and T3 B cells (Figure S5D). Notably, the only significant association we
found that correlated with survival upon vaginal HSV-2 infection was an increased number of T1 cells (Figures 5D and S5D). Finally, we also
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Figure 3. The number and frequency of neutrophils, NK cells, and antigen-presenting cell subsets in the spleen varies with host genetics

The spleens from 2 male and 2 female mice from each of 63 CC recombinant inbred mouse strains, as well as C57BL/6J and BALB/cJ mice were prepared for flow
cytometric analysis of innate immune cell populations using antibodies as described in Table 4.

(A) Number of splenic neutrophils (CD3~CD19-Ly-6G + CD11b+) or % neutrophils of total live lymphocytes are shown rank ordered by mouse strain, with each
black histogram bar representing the number from an individual CC strain.

(B) Number of splenic NK cells (CD3~CD19-Ly-6G-NKp46+) or % NK cells of total live lymphocytes are shown rank ordered by mouse strain, with each black
histogram bar representing the number from an individual CC strain.
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Figure 3. Continued

(C) Number of splenic monocytes (CD3~CD19-Ly-6G-Ly-6C-hiCD11b+) or % monocytes of total live lymphocytes are shown rank ordered by mouse strain, with
each black histogram bar representing the number from an individual CC strain.

(D) Number of splenic macrophages (CD3~CD19-Ly-6G-F4/80+) or % macrophages of total live lymphocytes are shown rank ordered by mouse strain, with each
black histogram bar representing the number from an individual CC strain.

(E) Number of splenic dendritic cells (DC; CD3~CD19-Ly-6G-F4/80-CD11c+) or % DC of total live lymphocytes are shown rank ordered by mouse strain, with each
black histogram bar representing the number from an individual CC strain.

(F) Heatmap showing the mean frequency of indicated populations of innate immune cells of total live lymphocytes in the spleen of CC strains.

investigated abundance of 25 different categories of innate immune cells to probe for baseline splenic immunophenotypes that predicted
survival upon HSV-2 infection (Figure S5E). We found that an increased number of CD86" DC and CD86" CD11b+ DC in the baseline spleen
were each associated with survival upon HSV-2 infection (Figures 5E and S5E). In summary, we report that use of the CC as a genetic reference
population is useful to describe and model the heterogeneity within the host immune system that is reported to be present in the more genet-
ically diverse human population, as well as to model the different survival outcomes upon vaginal HSV-2 infection.

Steady-state immune correlates of early viral clearance upon SARS-CoV-2 MA10 infection

A third cohort of mice from 32 CC strains (Table 1) was used for infection studies using the mouse-adapted SARS-CoV-2 MA10 strain.>>** Male
and female mice from these 32 strains were infected intranasally with SARS-CoV-2 MA10, and cohorts of mice were euthanized at day 7 post-
infection. At the time of euthanasia, lung viral loads were determined by viral plague assay. We identified 18 strains that had early viral clear-
ance by day 7 post-infection, while 14 strains had some degree of viral persistence (Figure 4A). To determine if baseline immune signatures
could predict which mice would go on to have persistent virus present in lung tissue, we looked for differences in steady-state baseline splenic
immune cell abundance as well as differences in phenotypic or functional aspects of different immune cell populations (immunophenotype
categories as for the HSV-2 analysis shown in Figures S5 and 5C) in strains from these two groups—viral persistence or early viral clearance.
Notably, we found a statistically significant difference in the number of granzyme B+ virtual memory CD8 T cells (Tyw), with elevated numbers
found prior to infection in the group that would go on to clear SARS-CoV-2 from the lung by day 7 post-infection (Figure 6B). Tym are uncon-
ventional memory-like CD8 T cells that are CD49d' but express CD44 and CD122 and develop without exposure to foreign antigens. Tyy are
poised to rapidly produce effector molecules including IFNy following exposure to proinflammatory cytokines,”*® and indeed confer
bystander-mediated protection against pathogens including Listeria monocytogenes and influenza virus.*”~" Thus, our data point to an addi-
tional role for Typ in contributing to timely viral clearance of SARS-CoV-2 from the lung.

In addition to a difference in Ty, we also identified a difference in the number of splenic transitional-3 (T3) B cells based on day 7 post-
infection viral clearance. Transitional B cells in mice are immature and IgD—, and can be further divided into T1, T2, and T3 cells based on
expression of CD23 and IgM, with T3 cells being CD23* and IgM—.*” We found a statistically significant increase in the number of splenic
T3 B cells in mice that went on to clear virus by day 7 post-infection upon SARS-CoV-2 infection (Figure 6C). As opposed to T1 and T2 B cells,
T3 B cells do not give rise to mature B cells and in fact are hyporesponsive upon stimulation through the B cell receptor,” and so their function
in anti-pathogen immunity is unclear.

Finally, we found a statistically significant increased number of CD11b+ NK cells in the spleen of CC strains that will successfully clear virus by
day 7 post-SARS-CoV-2 infection (Figure 6D). CD11b has been used as a marker to define maturation states of NK cells, with CD11b+ NK cells
having a stronger cytotoxic potential compared to CD11b— NK cells.***® Thus, it is possible that having a larger baseline population of these
more mature and potentially cytotoxic NK cells prior to infection sets up the host for enhanced and rapid viral control during the innate immune
response. In sum, we show an example whereby the CC is useful to more successfully model the variety of virologic outcomes following a viral
infection in the human population. Further, use of improved mouse models of human disease may assist in identification of immune correlates of
protection from severe and/or prolonged disease. Finally, we also use our data as a model for how the CC can be used for immunology and
infectious disease research, and here demonstrate, without the need for prospectively collected longitudinal human samples, that pre-infection
innate and adaptive immune signatures associate with survival or viral pathogenesis upon HSV-2 and SARS-CoV-2 infection.

DISCUSSION

We and others have previously investigated immunological phenotypes within different cohorts of CC mice with the goal to better model the
genetic diversity found in the human population. Rather than using knockout mice, in which a phenotype is either present or absent, the use of
the CC allows for a range of immune phenotypes, more similar to what is observed in the human population. Collin et al. investigated 18
immunological traits in CC mice, focusing on subsets of NK cells, DCs, and T cells, which led to identification of genetic loci linked to
some of these immune traits.® In our study, we expand upon these 18 immunological traits to now profile hundreds of different immunophe-
notypes at steady state within the CC (Tables S1, S2, and, S3). Additionally, other groups have also explored post-infection immune responses
using CC mice. Martin et al. used an LCMV model to characterize subsets of effector and memory T cells in 47 strains of CC mice, observing
that the size of the memory CD8 T cell pool correlated with the size of the effector CD8 T cell pool formed after this systemic infection, with
these subsets varying greatly between different strains.” Jensen et al. used the CC mice to further test and identify a specific strain that would
be useful for examining adaptive NK cells in a model of cytomegalovirus infection, identifying a novel mouse model.*® In our previous studies,
we used F1 crosses of CC-Rl strains to investigate immunity in the context of WNV infection.'? These RIX lines were heterozygous for the H-2°
MHC haplotype, allowing for the use of WNV-specific T cells by using major histocompatibility complex (MHC) class | tetramer. While this
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Figure 4. Variability in activation status of splenic innate immune cells across mouse strains within the Collaborative Cross

o

The spleens from 2 male and 2 female mice from each of 63 CC recombinant inbred mouse strains, as well as C57BL/6J and BALB/cJ mice were prepared for flow
cytometric analysis of innate immune cell populations using antibodies as described in Table 4.

(A) The percent of NK cells that are CD11b+ are rank ordered by mouse strain, with each black histogram bar representing the number from an individual CC
strain.

(B) The % of DC that are CD8" are rank ordered by mouse strain, with each black histogram bar representing the number from an individual CC strain.

(C) The % of DC that are CD11b+ are rank ordered by mouse strain, with each black histogram bar representing the number from an individual CC strain.

(D) The % of DC that are CD40", CD80", or CD86" are rank ordered by mouse strain, with each black histogram bar representing the number from an individual
CC strain.

(E) The % of macrophages that are CD40*, CD80*, or CD86™ are rank ordered by mouse strain, with each black histogram bar representing the number from an
individual CC strain.

provided additional antigen-specific phenotypic data, these crosses were individually bred for that screening project. Using the knowledge
and experience gained from these previously mentioned studies, we were able to conduct our current study using CC-Rl strains that are avail-
able for purchase, and we opted to use three distinct cohorts so that both pre- and post-infection data could be collected using two different
virus infection models. Unlike previous studies, we used three high-parameter flow cytometry panels to enable a deep profiling of not only
T cells, but also B cells, NK cells and other innate immune cells, and antigen-presenting cells. Thus, our data builds on previous resources to
now profile even more cell types and markers in the near full panel of CC mice that are commercially available from the Systems Genetics Core
Facility at UNC-Chapel Hill.

It is clear that the CC is a useful resource for studying immunology and host-pathogen interactions, yet without considerable resources avail-
able to perform a screen, it remains difficult to select strains of interest depending on the research question. We provide data on these immune
cell populations and outcomes following mucosal HSV-2 and SARS-CoV-2 infection as a resource to aid in CC strain selection for futures studies
using this model. Using extensive immunophenotyping panels in this population, we demonstrate wide variation within innate and adaptive im-
mune cell phenotypes at steady-state across 63 CC strains, as well as virologic and survival outcomes following infection of mice from these
strains with HSV-2 or mouse-adapted SARS-CoV-2. We demonstrate the utility of these data and use of the CC in identifying immune correlates
of protection from death upon HSV-2 infection or from viral persistence following SARS-CoV-2. Future studies could involve smaller cohorts of CC
strains selected to study specific outcomes that were observed in the screen, for example, an investigation of post-acute sequelae of SARS-CoV-2
(PASC) could be conducted using strains that were found to show viral persistence in this study. Finally, identification of pre-infection immune
correlates of protection from viral persistence upon SARS-CoV-2 infection has the potential to identify individuals that may need additional risk
mitigation and/or supportive care upon infection, and importantly, use of the CC mouse model enabled this discovery, whereas a very large and
prospectively collected human cohort would have been required to perform a similar study in humans.
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Figure 5. Distinct baseline splenic immune phenotypes correlate with survival upon vaginal HSV-2 infection in CC mouse strains

Five mice from each of 22 CC strains (as identified in Table 1) were infected intravaginally with HSV-2 and survival to day 30 was assessed.

(A) The percent survival is shown for the survival and no survival strains. The survival strains are CC001, CC003, CC013, CC018, CC030, and CC065. The no survival
strains are CC012, CC015, CC016, CC019, CC023, CC025, CC029, CCO35, CCO040, CCO41, CC043, CCO59, CC061, CCO74, CCO75, and CCO78.

Another cohort of these CC strains were used to evaluate baseline splenic T cell, B cell, and innate immune cell phenotypes by flow cytometry using the markers
shown in Tables 2, 3, and 4. Pre-infection splenic immune phenotypes were examined for each of the 22 strains in these two groups and the statistically significant
associations are shown for T cells are shown in (B). All associations tested for Treg are shown in the heatmap in (C), with an asterix indicating statistical significance.
Statistically significant associations for B cells are shown in (D), and for innate immune cells in (E). Statistical significance was determined by two-tailed unpaired
t test, with * indicating p < 0.05, ** indicating p < 0.01, and *** indicating p < 0.001.

In summary, we hereby present a comprehensive characterization of different types of immune cells in the spleen of mice from 63 CC-RI
strains. Further, we profile viral pathogenesis and survival outcomes following mouse-adapted SARS-CoV-2 or vaginal HSV-2 infection,
respectively, in these CC-Rl strains. This allowed us to demonstrate the utility of the CC in modeling different disease states observed in hu-
mans during the COVID-19 pandemic. Our study also serves to point to the utility of the CC in identification of baseline immune correlates of
survival or protection from viral persistence upon virus infection.

Limitations of the study

While our data provide a powerful resource for the research community studying immunology and infectious disease, there are limitations to
note from our study. First, having three cohorts of mice for each strain, one pre-infection, and two post-infection, afforded us the ability to
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Figure 6. Lung viral persistence following SARS-CoV-2 infection correlates with reduced abundance of potentially cytolytic T cells and NK cells in the
spleen

Viral loads at day 7 post intranasal SARS-CoV-2 MA10 infection were measured from 32 CC strains (shown in Table 1). Strains with virus in the lungs at day 7 post-
infection were considered to have delayed viral clearance (CC010, CC011J, CC025, CC026, CC035J, CC036, CC037, CC0O38, CCO39, CCO41, CC044J, CC049,
CC071, and CCO079J), whereas strains with no measurable virus in the lungs at day 7 p.i. were considered to have viral clearance (CC001, CC003, CC004,
CC005, CC006, CCO07, CLCO08, CCO0Y, CCO15, CCO18, CCO19, CCO23, CCO30J, CCO32J, CCO57, CCO75J, CCO78, and CCO84J). The day 7 viral loads from
these 32 CC strains categorized into delayed and clearance groups are depicted in (A). A second cohort of these CC strains were used to evaluate baseline
splenic T cell, B cell, and innate immune cell phenotypes by flow cytometry using the markers shown in Tables 2, 3, and 4. Pre-infection splenic immune
phenotypes were examined for each of the 32 strains in these two groups and the statistically significant associations are shown in (B-D). Statistical
significance was determined by two-tailed unpaired t test, with * indicating p < 0.05.

correlate baseline phenotypes to infection outcomes such as survival or viral persistence. However, we do not have corresponding post-infection
flow cytometry data to compare to baseline immunophenotypes in these cohorts. Such studies will be useful, for example to further elucidate
elements of a successful immune response to HSV-2 and SARS-CoV-2, as well as other infections, across CC strains using a larger sample size. In
addition, we utilize our post-infection outcome data to demonstrate the potential utility of the CC to define host immune factors that are linked to
susceptibility or resistance to infection, but our data are thus far only correlative. Future studies will be required to mechanistically define immune
parameters, either pre-infection or post-infection, that are required for resistance or susceptibility to particular clinical outcomes following infec-
tions. Furthermore, in our study of SARS-CoV-2-infected mice, the latest endpoint post-infection was day 7, but we found that not all mice had
cleared virus by this time point. Future studies of CC strains presenting with viral persistence at later time points would be particularly useful in
understanding the types of immune responses that lead to viral clearance without immune-mediated pathology and limited clinical symptoms
and could possibly be useful in elucidating immune correlates of protection from PASC. Finally, while our studies using the CC allowed for ex-
amination of effects of host genetics on immunity and infection outcomes, there are other environmental factors that we did not account for or
examine and yet that are known to impact immunity, including age, season, and microbiota or previous infection history.*’~*?

In addition to these technical limitations to our study, several limitations to the use of the CC model exist, many of which are related to the
many genetic differences between the individual strains. For example, we have evaluated differences in survival to WT HSV-2 infection in mice,
and identified six lines of the 22 screened that survive infection, unlike B6 mice. However, further studies must be performed to evaluate the
immune mechanisms behind this survival, and we hypothesize that this may be due to several different factors based on distinct genetic dif-
ferences in those six individual mouse strains. At this point, we cannot identify if survival comes from limiting initial viral replication, clearing
the virus more rapidly, limiting tissue damage or disease dissemination—or likely, a complex combination of these factors. For these reasons,
investigators may need to perform a “mini screen” of strains of interest in order to better select phenotypes for modeling and narrow down
the strains for further studies. Finally, cost is also a limiting factor, as the purchase price of one CC mouse is approximately an order of magni-
tude higher than a standard inbred laboratory strain such as C57BL/6. Due to this high cost associated with use of CC mice, we hope that the
dataset presented herein will be useful to focus in on particular CC strains when designing future studies.
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jennifer Lund
(jlund@fredhutch.org).

Materials availability
Any material generated in this paper may be available upon request to lead contact.

Collaborative cross mice are available to order through the Mutant Mouse Resource and Research Center (MMRRC), a NIH repository
operated by the Systems Genetics Core Facility at UNC. More information on specific strain availability, lead times, and usage considerations
can be found on the MMRRC website: https://www.mmrrc.org/news.php?post_id=%94. The website maintains a list of all the Collaborative
Cross strains, their corresponding RRIDs, and any strain-specific information. Ordering inquiries may be directed to MMRRC_CC@unc.edu.

Data and code availability
e All data reported in this paper are shared within Tables S1, 52, and S3 and/or will be shared by the lead contact upon request.
e This paper does not report any original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice and infections

10 week old Male and female Collaborative Cross (CC) mice™ were obtained from the Systems Genetics Core Facility at the University of North

Carolina at Chapel Hill. One cohort of 22 strains of CC mice (Table 1, obtained 2020-2021) was injected with depo provera 7 days prior to infec-
tion to synchronize mice in the diestrous phase of the estrous cycle for consistent infection, then inoculated vaginally with 10 PFU WT HSV-2
using a pipette. Mice were monitored for survival daily using a clinical scoring rubric as previously described.”” WT HSV-2 was grown and tittered
on Vero cells. A second cohort of mice from 32 CC strains was infected with SARS-CoV-2 MA10. The mouse-adapted (MA) SARS-CoV-2 virus was
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used for in vivo infection of mice.*>* Male and female CC mice were anesthetized using ketamine and xylazine prior to intranasal infection with
SARS-CoV-2 MA10 (10" PFU). Weight loss, clinical signs of disease, and morbidity were monitored daily. At day 7 post-infection, randomly as-
signed animals were euthanized by an overdose of isoflurane and lung tissues were collected for assessment of viral loads. Lung viral titers were
measured by viral plague assay on Vero cells. A third cohort of mice (obtained 2021) were euthanized in the laboratory of M. Ferris at 6-8 weeks of
age, with spleens in complete RPMI placed on wet ice, then shipped overnight to the Lund laboratory for baseline immunophenotyping studies.
All animal experiments were approved by the University of North Carolina (UNC) and the Fred Hutchinson Cancer Center (FHCC) Institutional
Animal Care and Use Committee. The Office of Laboratory Animal Welfare of the NIH Approved UNC and the FHCC, and this study was carried
out in strict compliance with the Public Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals.

METHOD DETAILS

Flow cytometry

Mouse spleens were minced with scissors in 0.5 mg/mL collagenase complete media, and then incubated at 37° on a nutating mixer for
45 min. The spleen tissues were then homogenized through a 70 um cell strainer and treated with ammonium chloride potassium (ACK) lysis
buffer to remove red blood cells. The splenocytes were then washed and counted in trypan blue and resuspended in fluorescence-activated
cell sorting (FACS) buffer (0.5% fetal bovine serum in PBS). Cells were plated at 1 x 10° cells/well, and AmCyan live/dead stain (Invitrogen) was
used to identify live cells. Cells were then stained for surface markers for 15 min on ice, fixed and permeabilized (Foxp3 fixation/permeabi-
lization kit, Ebioscience), and then stained intracellularly with antibodies for 30 min on ice. Flow cytometry was performed on a BD Fortessa
machine using BD FACSDiva software. Analysis was performed using FlowJo software.

Directly conjugated antibodies were used in three separate staining panels. Antibodies were tested using cells from the 8 CC founder
strains to confirm that antibody clones were compatible with the CC mice prior to being used for testing (with the exception of MHC Class
11, which works only on strains with the correct haplotype). Tables 2, 3, and 4 contain antibody names, fluorochromes, and clones for each of the
antibodies used.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistics were performed using Prism software (Graphpad). Unpaired t tests were used to compare the means between two groups. For
comparison of more than 2 groups, one-way ANOVAs with Tukey’s multiple comparison test were used. Two-way ANOVAs were used for
clinical scoring data analysis. Log rank tests were used to analyze survival curves. The error bars represent standard deviation SD and
significance was defined if p < 0.05.
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