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Table 1. Genotype of the Transgenic and Heterozygous Mice and
Corresponding Percentage of CD45 Expression

Genotype % CD45 Expression® Text Designation
KO/~ 0 CD45°%

B*/~ 11 CD45"%

B 22 CD45%2%

F*/= 36 CD45°%6%

het*/~ 62 CD45%2%

F*/= E*~ 77 CD4577%

WT** 100 CD45100%
csvi0*/-2 62 CSV10*/~
csvi0*/+e 100 CSV10*+

E indicates the endogenous allele of normal mice.

& Cysteine-to-serine point mutation (C817S) in founder mouse V10 inac-
tivating the CD45 phosphatase activity.

P All expression levels represent means with variation of + 3%.

modulating CD45 levels in other disease models and to investi-
gate whether evolutionarily distinct pathogens share a conver-
gent host pathway that could serve as a common therapeutic
target, mice expressing differential levels of CD45 were chal-
lenged with EBOV. In this study, we show that reduced CD45
expression levels protect mice from the lethal effects of EBOV
infection. Mechanistic studies of mice challenged with EBOV
revealed that reduced CD45 expression levels retained the
ability to properly regulate early gene expression and inflamma-
tion, as well as generated a robust protective immunity response.
All of these concerted changes contributed to reduced apo-
ptosis and rapid viral clearance, leading to the survival of the
mice.

RESULTS

Mice Expressing Reduced CD45 Levels Survive Ebola
Challenge

The pathogenesis of the mouse-adapted EBOV-Zaire infections
in mice largely resembles that in guinea pigs and nonhuman
primates (Bradfute et al., 2007, 2008; Bray et al., 1998), although
subtle differences in coagulopathy have also been observed
(Gibb et al., 2001). Therefore, to explore the role of reduced
CD45 expression in EBOV pathogenesis, we utilized mice engi-
neered to express a range of CD45 levels (11%, 22%, 36%,
62%, and 77 % of the wild-type level) and mice with a point muta-
tion C817S, inactivating CD45 phosphatase activity but express-
ing 62% (CSV10*/7) or 100% (CSV10**) of the wild-type CD45
protein, were utilized (Table 1). These cell-surface CD45 expres-
sion levels were determined by flow cytometry using erythro-
cyte-depleted blood cells (Figure 1A) and based on comparison
of mean fluorescence intensity with wild-type controls. The dif-
ferent mice groups were challenged with > 3000 LDBspg of
mouse-adapted EBOV. Mice expressing 11%-77% CDA45 levels
were protected from lethal EBOV challenge, with a survival rate
of 90%-100%. In contrast, the CD45'°°%, CD45°%, CSV10*~,
and CSV10** mice did not survive EBOV challenge (Figure 1B).
However, a delay in the mean time to death was observed in
CD45°% and CSV10 (+/— and +/+) mice.
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Functional Consequences of Reduced CD45 Expression
To investigate whether reduced CD45 expression affects the
entry, replication, or budding of the virus, splenocytes harvested
from CD45'%°%  CD45%2% and CD45P°” mice were infected
exvivowith EBOV, and viral titers were measured by plaque assay.
As shown in Figure 1C, similar viral titers were obtained from
splenocytes expressing different levels of CD45. Thus, changes
in CD45 expression levels had no effect on viral replication.

The control and clearance of EBOV infection has been shown
to correlate with effective humoral and T-cell-mediated
responses, as mice vaccinated with Ebola virus-like particles
(VLPs) require both B cells and CD** T cells for protection against
mouse-adapted EBOV infection (Warfield et al., 2005). Accord-
ingly, mice that survived EBOV challenge developed EBOV-
specific antibodies (Figure 1D), and upon rechallenge with
EBOV, a 100% survival rate (20/20) was observed for mice
expressing a range of reduced CD45 levels (data not shown).
Furthermore, CD8" T cell responses against defined EBOV,
GP, NP, and VP40 epitopes were observed by day 7 post-
EBOV infection (data not shown).

Protective Immunity in EBOV-Infected CD45°%% Mice
To understand the role of reduced CD45 expression during EBOV
infection, we performed a time course study to monitor functional
and cellular changes at both the transcript and protein levels
(Figure 2A). Chemo/cytokine analysis of blood plasma indicated
that MCP-1, FGF, IFN-vy, IL-4, IL-10, and IL-12 were induced
upon viral infection (day 3 and/or 5) in both the CD45%2% and
CD45'%°% mijce (Figure 2B). A significant decrease (p < 0.05) in
IL-4 levels was observed 3 days after infection in CD452% mice
versus CD45'°°% mice, and the levels of this cytokine were abol-
ished by day 5 in both groups of mice. The levels of the regulatory
cytokine IL-10 at day 3 were higher in CD45'%°% compared to
CD45%% and completely abrogated by day 5 postinfection in
CD45'%°% mice. Thus, these data suggested that the initiation
of optimal immunity in CD45%2% mice was achieved by regulated
expression of IL-10 upon EBOV infection, which otherwise can
suppress ongoing antiviral immunity (Couper et al., 2008).
Moreover, staining of splenocytes showed a significant
increase (p < 0.05) in the percentage of CD11b* CD11¢c™ macro-
phages and Ly6G™* granulocytes at 5 days after EBOV challenge
in CD45%2% versus CD45'%°% mice (Figure 2C). In blood, the per-
centage of activated CD8* CD44"9" T cells increased dramati-
cally (p < 0.05) at 5 days after challenge in CD45%2% mice when
compared to CD45'°°% mice (Figure 2D). The CD45%2% mice
had constitutively elevated percentages of activated T cells,
and these increased levels were maintained through day 5 in
both spleen and blood. The time course study suggested that
the immune responses in CD45%2% mice were altered following
EBOV infection, resulting in an increased percentage of macro-
phages and granulocytes. Collectively, these data suggested
that reduced CD45 levels might heighten the homeostasis of
immune cells in favor of protective immunity during filoviral
infection.

Viral Clearance and Reduced Apoptosis

in EBOV-Infected CD45°%* Mice

EBOV clearance is controlled by functional innate and adaptive
immune responses (Mohamadzadeh et al., 2007). Accordingly,
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Figure 1. Reduced CD45 Expression Protects EBOV-Infected Mice but Does Not Affect Viral Replication Ex Vivo
A) CD45 expression levels of transgenic and heterozygous mice. Peritoneal macrophages and cells isolated from spleen or lymph node from the wild-type
CD45"%°%) and mice with reduced CD45 expression levels were stained with FITC-conjugated anti-CD45 antibody and were analyzed by flow cytometry.

+/+, 100%) or CSV10 (+/—, 62%) mice having inactivated CD45 phosphatase activity did not survive EBOV infection.

¢
(
(B) Mice expressing reduced levels of CD45 (11%-77% CDA45 expression) were protected following infection with EBOV. The CD45'°°%, CD45°%, or CSV10
(
(

C) Splenocytes harvested from 100%, 62%), and 0% CD45-expressing mice were infected (MOI = 1) ex vivo with mouse-adapted EBOV. At times 6, 24, 48, and
72 hr, supernatant was harvested and viral titers were determined by traditional plaque assays (Moe et al., 1981).
(D) Mice with reduced CD45 expression that survived EBOV challenge generated serum-EBOV-specific antibody responses.

atime course study showed that, at 7 days following EBOV chal-
lenge, the CD45%2% mice had reduced viral titers in the kidney,
liver, spleen, and serum (Figure 3A). By day 10, no EBOV was
detected in the different tissues of the CD4552% mice, suggest-
ing that a robust immune response was elicited in these mice
(Figure 3A). Similarly, immunohistochemical staining of liver,
spleen, and lymph nodes showed reduced EBOV antigen and
increased cellularity of lymphocytes in the CD45%2% mice at
7 days following EBOV challenge (Figure 3B). No EBOV antigen
was detected at 10 days (Figure 3C) or 30 days (Figure 3D)
following EBOV challenge. Viral clearance was likewise observed
in all other reduced-CD45-expressing mice that survived EBOV
challenge (data not shown). In contrast, the CD45'°°% mice
failed to clear the virus and succumbed to the pathogen between
7 and 8 days following EBOV challenge. These studies indicated
that the cellular integrity and observed active cellular homeo-
stasis might have resulted in the viral clearance in CD45%2% mice.

EBOV infection is also associated with induced apoptosis of
lymphocytes (Mohamadzadeh et al., 2007). To detect apoptosis,
we stained tissues from the time course study using the TUNEL
technique. TUNEL staining of spleen samples from CD45'00%
and CD45%2% mice on day 5 (Figure 3E) following EBOV chal-
lenge revealed apoptotic cells in red pulp areas where extrame-
dullary hematopoiesis (EMH) normally occurs. In the EMH
regions, significant cell depletion was observed on day 5

following infection in both groups of mice, suggesting prior
loss or migration of cells. In the liver at day 5, there was no signif-
icant apoptosis observed in either group of mice (Figure 3F).
However, by day 7, markedly increased (38-fold change com-
pared to day 5) apoptosis was seen in the liver of CD45'%0%
mice. In contrast, there was much less apoptosis in the
CD45%2% at day 7 in both the liver and spleen. These findings
were confirmed by analyzing apoptosis characterized by the
presence of pyknotic nuclei using H&E staining (data not shown)
and by quantitation of the TUNEL-positive cells from the immu-
nohistochemical images (Figure 3G). These data suggested
that reduced CD45 expression levels may regulate EBOV-
induced apoptosis of these cells.

Critical Role of CD8* T Cells in Protecting CD45%2% Mice
against EBOV Challenge

Two independent approaches were taken to identify the critical
cellular players responsible for the protective response in the
CD45%2% mice. In one approach, Rag knockout mice expressing
62% or 100% CD45 levels were challenged with EBOV. Neither
group of mice survived EBOV challenge, suggesting that B and/
or T cells are required for the mice to survive EBOV infection
(Figure 4A). In the second approach, lymphocyte subsets were
depleted in vivo using cell-type-specific antibodies prior to
EBOV infection. As shown in Figure 4B, depletion of all T cells
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Figure 2. Timeline of Cell-Profiling Studies

(A) Schematic diagram of a timeline study wherein CD45'%°% and CD45%2% mice were either not infected or infected with 1000 pfu of mouse-adapted EBOV. At
days 0, 1, 3, and 5, four mice per group were euthanized, various tissues were harvested, and blood was collected.

(B) Cytokine and chemokine levels from the plasma of CD45'%°% and CD45%2% mice euthanized at days 0, 1, 3, and 5 post-EBOV infection were measured using
the cytokine 20-plex luminex kit. Only those samples that showed any detectable levels of cytokines were included. The data represent the averages of four mice

per group per time point + SD.

(C) Splenocytes isolated from mice euthanized at days 0, 1, 3, and 5 following EBOV infection were stained for cell-surface and activation markers and were
analyzed by flow cytometry. The data represent the averages of four mice per group per time point + SE.

(D) Blood cells collected from mice euthanized at days 0, 1, 3, and 5 post-EBOV infection were stained for cell-surface and activation markers and were analyzed
by flow cytometry. The data represent the averages of four mice per group per time point + SE.

using CD90.2 (a Thy1.2 antibody) or depletion of CD8+ T cells
resulted in increased mortality of the CD45%2% mice to EBOV
challenge. In contrast, minimal susceptibility was observed
following CD4+ T cell depletion, whereas depletion of NK
subsets with NK1.1 antibody or treatment with 1gG,b control
antibody had no effect on mice survival.

Activated CD8" T cells secrete interferon y (IFN-y) to modulate
immune function. To determine whether IFN-y played a role in
protection of CD45%2% mice from EBOV infection, a neutralizing
IFN-y antibody was used. Depletion of IFN-vy resulted in suscep-
tibility of CD45%2% mice to EBOV infection (Figure 4C), suggest-
ing that this cytokine played a critical role in induced T cell
immune responses against EBOV in CD45%2% mice. Together,
these studies suggested that CD8* T cells and IFN-y play
a pivotal role in controlling infection in the CD45%2% mice.

Early Control of Gene Regulation in EBOV-Infected
CD45%2" Mice

To gain insight into the changes in gene regulation elicited upon
EBOV infection, we used Affymetrix gene chip arrays to compare
gene expression in splenocytes from CD45'%°% and CD45%2%
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mice. Based on gene expression patterns, the variable genes
were grouped into 16 clusters (Figure 5A). The clusters contained
genes associated with cellular immune processes, signaling,
cell-cycle, complement coagulation cascade, biosynthesis/
metabolism, ubiquitous genes involved in several cascades,
and genes of unknown function (Table S1 available online). Inter-
estingly, gene expression at day 1 following EBOV challenge in
CD45'%%% mice was more similar to day 3 postinfection than
preinfection. In contrast, at day 1 following EBOV infection, the
CD45%% mice maintained gene expression patterns similar to
day 0. The differences in gene expression patterns between
the CD45'%°% and CD45%2% splenocytes were less apparent at
day 3 following infection, and by days 5 and 7, they became
very similar. At day 9, when wild-type mice had succumbed to
the disease, the pattern in CD45%2% mice remained similar to
the day 7 patterns of CD45'%°% and CD45%% mice. The pattern
at days 11 and 13 in the CD45%2% mice became similar to that
of day 0 CD45'%°% or CD45°%2% mice. These results suggested
that, in CD45'°°% mice, subversion of the cell transcriptional
machinery during the early stages of EBOV infection (day 1)
might represent a major factor leading to death of the mice. In
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Figure 3. Viral Clearance and Reduced Apoptosis in EBOV-Infected CD45%2”% Mice

(A) Single cells were derived from kidney, liver, spleen, and serum of the EBOV-infected CD45'°°% and CD45%2% mice ondays 1,3, 5, 7, 10, 16, and 21. Viral titers
were measured using plaque assays (Moe et al., 1981). The data represent averages of four mice per group per time point + SD.

(B) Immunohistochemical images of liver, spleen, and mesenteric lymph node from CD45'%°% and CD45%2% mice euthanized at 7 days after EBOV infection and

stained with anti-EBOV antibody. Scale bar, 100 um; 20x magnification.

C) CD45%2% mice euthanized at 10 days after EBOV infection and stained with anti-EBOV antibody. Scale bar, 100 um; 20x magnification.

E) TUNEL staining of spleen from CD45'%°% and CD45%2% mice euthanized at 5 and 7 days after EBOV challenge. Scale bar, 100 pm; 20x magnification.

F) TUNEL staining of liver from CD45'%°% and CD45%% mice euthanized at 5 and 7 days after EBOV challenge. Scale bar, 100 um; 20x magnification.

(G) For quantitation of TUNEL staining, we acquired histology images as three separate black and white photos taken successively with a blue, green, and red
filter on a Nikon E800 microscope with a SPOT RT camera. The color overlay function of MetaMorph imaging software (Molecular Devices Corporation, Down-
ingtown, PA) was used to recombine the separate black and white images into a color image. To quantitate the number of apoptotic cells, black and white images
taken with a green filter were each adjusted to an identical threshold value. The MetaMorph software “count cells” application was used to enumerate TUNEL-

(
(D) CD45%2% mice euthanized at 30 days after EBOV infection and stained with anti-EBOV antibody. Scale bar, 100 um; 20x magnification.
(
(

positive cells.

CD45%2% mice, early control of gene regulation likely provided
the appropriate antiviral responses leading to regulated inflam-
mation, immune costimulation, and survival.

Functional and Canonical Pathways Modulated

by EBOV-Infected CD45%%% Mice

To gain further insight into the changes in gene regulation upon
EBOV infection, we examined Gene Ontology (GO) Biological
Process annotations for genes that were significantly different

between CD45'°% and CD45%2% mice at each time point
(posterior probability of no change, p < 1E — 10 using the empir-
ical Bayes; Kendziorski et al., 2003). The primary biological
functions that were significantly enriched (p < 0.05 by Fisher’s
exact test) among genes differentially expressed between the
CD45'9%% and CD45%2% (p < 1E — 10) over the course of
EBOV infection included immune and inflammatory responses,
chemotaxis, cell cycle, apoptosis, and antiapoptosis (Table 2).
In particular, the number of differentially expressed genes
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