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ABSTRACT
Stress erythropoiesis is a pathway distinct from normal erythropoiesis that is
induced during periods of acute anemia in order to increase the production of red blood
cells. A distinct population of erythroid progenitor cells in the spleen rapidly expands and
differentiates, utilizing this pathway during the survival and recovery from blood loss,
anemia, and therapeutic procedures1. Friend virus infects the progenitor cells of the stress
erythropoiesis pathway, resulting in erythroleukemia, and so it is commonly used to study
stress erythropoiesis2,3.
Two progenitor cells may be infected: one is more immature and induces the
formation of leukemia stem cells (LCSs: m34+Kit+Sca1+), and the other is more mature
and leads to the production of stress burst forming units-erythroid (BFU-Es:
m34+Kit+Sca1-). This study was interested in the relative percentages of LSCs and BFUEs in order to determine a distinct difference between two strains of mice, CBA/J and
DBA2/J, that carry different alleles of Friend virus susceptibility gene 5: Fv5-a (CBA/J)
and Fv5-p (DBA2/J) 3. Fv5 regulates the production of erythrocytes following Friend
virus infection. Fv5-p mice develop polycythemia while FV5-a mice develop anemia.
The spleen cell populations of CBA/J and DBA2/J mice were not distinct at day 7
after Friend virus infection, but it was determined that CBA/J have more LSCs and
DBA2/J spleen cells have more BFU-Es at day 14 after infection. This is also evident in
cultured spleen cells from infected mice. An F1 generation (CBA/J x DBA2/J) was shown
to more closely resemble DBA2/J data at day 14 after infection, indicating the dominance
of the Fv5-p allele. This information will be used to genotype F2 mice (CBA/J x F1)
before sending their DNA for analysis in order to map Fv5 to a chromosome.
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INTRODUCTION
Hematopoiesis and Erythropoiesis
The process by which all the cells that comprise blood are produced is called
hematopoiesis. Because there are various cellular morphologies and blood lineages,
hematopoiesis is organized as a hierarchy in which differentiated cells can trace their
lineage back to a common precursor, the hematopoietic stem cell (HSC). HSCs are
multipotent and have two duties: to generate daughter stem cells and give rise to further
differentiating cells.
The differentiating cells are progenitors for each blood cell lineage, and they
experience a “gradual fate restriction” along the path to becoming mature blood cells4.
This fate restriction involves cells becoming more specialized and less capable of
forming a wide range of blood cell types. Differences in gene expression associated with
transcription factors and epigenetic changes in regulatory regions often lead to stem cell
differentiation5. HSCs differentiate into multipotent progenitors (MPPs), which are still
capable of differentiating into any of the mature blood cells but have lost the ability to
form stem cells.
In the classic model of hematopoiesis, two postulates govern the progression from
stem cells to mature blood cells: 1) During differentiation, stem cells must lose their selfrenewing capacity before becoming lineage-committed progenitors, and 2) the committed
progenitors immediately downstream of MPPs segregate the lymphoid and myeloid
lineages6. The lymphoid lineage, beginning with the immature lymphoid-primed

2

multipotent progenitor (LMPP), gives rise to T, B, and natural killer (NK) cells, which
are responsible for adaptive immune responses. The myeloid lineage includes
granulocytes, monocytes, erythrocytes, and megakaryocytes and begins with the common
myeloid progenitor (CMP). These two progenitors’ expression of specific cell markers
evolves as each gives rise to the more mature blood cells, as seen in figure 1, which was
produced by Sergei Doulatov et al4.

Figure 1. “Gradual Fate Restriction” in Mouse Hematopoiesis. The major classes of stem and
progenitor cells described in the text are defined by cell surface phenotypes, which are listed next to each
population and in the gray bars below each schematic. Terminally differentiated cells are shown on the
right, and inferred lineage relationships are depicted with arrows. In mice, HSCs can be separated into
long-term (LT), intermediate-term (IT), and short-term (ST) classes based on the duration of repopulation.
In mice, differentiation of HSCs gives rise to transiently engrafting multipotent progenitors (MPPs), and a
series of immature lymphoid-biased progenitors (such as LMPPs) that undergo gradual lymphoid
specification. Both mice and humans have well-defined populations of myelo-erythroid progenitors: CMPs,
GMPs, and MEPs. Lin: cocktail containing cell surface markers for all terminally differentiated populations
(B cell; T cell; NK; dendritic cell, monocyte, granulocyte, megakaryocyte, and erythrocyte).
*Figure produced by Sergei Doulatov et al4

Erythropoiesis is part of hematopoiesis, specifically the progression of HSCs to
enucleated red blood cells. In adults, the process takes place in the bone marrow. CMPs
differentiate into megakaryocytic/erythroid progenitors (MEPs), which further mature
into erythropoietin (Epo)-responsive erythroid burst forming unit-erythroid (BFU-Es),
then colony forming unit-erythroid (CFU-Es). CFU-Es differentiate into an intermediate
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form, proerythroblasts (ProEBs), which in turn form orthochromatic normablasts (ONs)
that are then enucleated to yield reticulocytes and finally mature red blood cells (RBCs).
Within the bone marrow, “erythroblastic islands” exist where this progression occurs.
Erythroblasts surround a central macrophage, which phagocytoses nuclei from ONs and
provides iron and other signals to the developing erythroblast7.
Erythrocytosis is regulated by a number of positive and negative feedback
mechanisms. One of these is the interactions of the erythroblasts with the surrounding the
central macrophage. In addition, factors in the microenvironment also play an important
role. Stem cell factor (SCF), the ligand for the SCF receptor (Kit), erythropoietin (Epo),
and vascular endothelial growth factor (VEGF) are part of positive feedback mechanisms
that activate erythropoiesis. Epo, a cytokine regulated by the hypoxia-inducible factor
(HIF) family, and SCF are necessary for erythropoiesis through their receptors EpoR and
Kit. EpoR exerts its effect through the EpoR/Jak2/Stat5 signaling axis, indicative of the
many factors and relationships necessary for normal, steady-state erythropoiesis.
Negative feedback factors include IL-6, TGF-β, TNFα, and INFγ. Iron metabolism and
cellular heme levels also affect erythropoiesis7.
Human erythrocytes have a 120-day lifespan in which they transport oxygen,
which causes high oxidative stress. Therefore, the regulation of oxidative stress plays a
key role in the production and particularly rate of production of new erythrocytes7. This
role of oxygen leads to the study of erythropoiesis under oxidative stress, in particular
how the signaling pathways and progenitors respond when the cellular environment is not
under normal, homeostatic conditions.

4

Stress Erythropoiesis
During acute anemia, a systemic response is induced with the purpose of
increasing the amount of oxygen being transported to hypoxic tissues. One response is to
increase the production of erythrocytes. This is very similar to the fetal state and was
termed stress erythropoiesis. During periods of stress, there is a rapid expansion and
differentiation of a distinct population of erythroid progenitor cells which takes place in
the spleen of adult mice and in the fetal liver1. This differentiation is tightly regulated,
and the study of stress erythroipoiesis is relevant to the survival and recovery from blood
loss, anemia, and therapeutic procedures such as chemotherapy and stem cell
transplantation. Further understanding of the molecular mechanisms will lead to
discoveries of treatment improvements8.
Much of what we know about stress erythropoiesis comes from the study of
mutant mice. Flexed-tail (f) mutant mice experience severe anemia during development
which resolves upon birth; however, adult f/f mice also exhibit a defect in stress
erythropoiesis2. Therefore, f/f mutants have been used to study and elucidate the stress
erythropoiesis pathway. Steady state erythropoiesis takes place in the bone marrow, but,
when challenged with phenylhydrazine (PHZ)-induced anemia, BFU-E levels in the bone
marrow are not elevated. BFU-Es are elevated in the spleen, however, and are not found
in peripheral blood, indicating that stress erythropoiesis progenitors are resident in the
spleen9. In contrast, f/f mice exhibit a delayed expansion of splenic BFU-Es, which leads
to a delayed recovery from PHZ-induced anemia.
These splenic BFU-E colonies exhibit key differences as compared to steady state
BFU-E colonies. They are larger, have more satellite colonies, and grow faster than
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steady-state colonies. Steady-state BFU-E colonies require both erythropoietin (Epo) and
burst-promoting activity (BPA) to grow. In contrast, stress BFU-Es require only Epo9.
Such differences point to a distinct pathway for differentiation under stress, utilizing
different progenitors. Flexed-tail mice were essential in piecing together the signals
required for stress erythropoiesis. The f locus encodes Madh5 (also known as Smad5), a
receptor-activated Smad that acts downstream of receptors for bone morphogenetic
proteins (BMP) 2, 4, and 710,11. The development of erythrocytes has been shown to be
linked to BMP4/Madh5-dependent signals12,13, which implicates BMP4 expression.
BMP4 is not expressed in the spleens of untreated mice but peaks 24 hours after
anemia is induced, the time point just before stress BFU-Es rapidly expand in the spleen.
As further evidence for its role, BMP4 is significantly expressed during periods of low
oxygen9,14. Exposure to BMP4 promotes the differentiation of an immature BMP4responsive (BMP4R) cell into an Epo-responsive stress BFU-E. In comparing this BMP4R
cell to the known erythrocyte progenitors, Lenox et al9 discovered that BMP4R cells are
Lin-Kit+ CD34-.
The expansion and differentiation of stress erythroid progenitors is largely due to
three signals: BMP4, SCF, and hypoxia1. BMP4 alone is not sufficient to produce the 45fold increase in stress BFU-Es observed in vivo during the recovery from acute anemia.
However, when spleen cells are plated in media containing Epo, BMP4, and SCF at 1%
O2, a more similar expansion of BFU-Es is seen (41-fold increase). As further evidence,
Dominant white spotting (W) and Steel (Sl) mutant mice have been tested for their
responses to acute anemia. W encodes Kit receptor tyrosine kinase and Sl encodes its
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ligand, SCF. Mutation of either locus results in severe macrocytic anemia, and W/Wv
mutant mice lack BMP4R and stress BFU-Es in the spleen15.
One other aspect of stress erythropoiesis is that the response to anemia is
absolute; essentially all of the stress progenitors are mobilized during the recovery from
anemia. Following recovery, new progenitors migrate from the bone marrow. These cells
are not stress erythroid progenitors, but once they enter the spleen, they acquire the stress
erythroid fate.
Hedgehog is a key signal in promoting the development of new stress progenitors.
Perry et al15 showed that Hedgehog induces the expression of BMP4 and autocrine
BMP4, and autocrine BMP4 coupled with Hedgehog signal drives the development of
BMP4R progenitors. Blocking Hedgehog signaling inhibits the ability to respond to
subsequent anemic challenges, and therefore Hedgehog is an important factor in both the
induction of and recovery from stress erythropoiesis.
Friend Virus Induced Erythroleukemia
In 1957, Charlotte Friend described a murine retrovirus that induces acute
erythroleukemia and called it Friend virus. Friend virus is a complex of two viruses: a
replication-competent virus that drives viral passage and a replication-defective spleen
focus-forming virus (SFFV) that is responsible for erythroblastosis16. Although SFFV
infects many cell types, the pathogenic action of the SFFV envelope protein, gp55, is
specific for stress erythroid progenitors. It binds and stimulates Epo receptors and causes
increased replication of BFU-Es and CFU-Es. In the early stages of Friend virus
infection, these infected cells differentiate, leading to polycythemia17. Later, Friend virus
infection leads to a rapid onset leukemia because it infects cells of the stress
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erythropoiesis pathway that are capable of self-renewal. This results in the development
of leukemia.
Erythroleukemia is a form of acute myeloid leukemia (AML) in which the body
produces many abnormal, immature red blood cells. Friend virus is characterized by
enlarged spleen, erythroleukemia, and death. Historically, infection with Friend virus was
thought to proceed through a two-stage progression. In the first stage, there is a
polyclonal expansion of infected cells in the spleen, and in the second stage, clonal
erythroleukemia arises due to mutations2,3. Because Friend virus infects cells of the stress
erythropoiesis lineage, any genes that affect the progression of Friend erythroleukemia
are potential genes of importance in stress erythropoiesis. This makes Friend virus an
important model for studying stress erythropoiesis and the effects of host genotype on
progression of the disease.
The polyclonal expansion requires BMP4 and SCF to promote the expansion of
stress erythroid progenitors, which are the targets of the virus. These self-renewing
progenitor cells act as leukemia stem cells (LSCs) during disease progression. Analysis
of human AML has shown that transformation of LSCs is necessary to maintain
leukemia. Although initially proviral insertional activation of Spi1/Pu.1 expression was
thought to be required to inhibit erythroid differentiation and allow for polyclonal
expansion of infected cell in the first stage of disease, it is now thought to play a role in
promoting self renewal of LSCs3.
This work on LSCs gave rise to a new model of Friend virus in which two
populations of cells are infected and result in two different effects. Infection of a mature
stress erythroid progenitor (characterized as Kit+Sca1-) results in terminal differentiation
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and erythrocytosis, an increase in red cells. In contrast, infection of a more immature
population (characterized as Kit+Sca1+) results in the development of LSCs and
erythroleukemia3. This new model of the progression of Friend virus erythroleukemia can
be seen in figure 2, which was created by the Paulson lab3.

Figure 2. Model for Friend virus erythroleukemia. In the initial stage of disease,
m34+Kit+Sca1- cells, which lack proviral insertion of Spi1/Pu.1, expand and differentiate, resulting in
erythrocytosis (red cells). Later during this initial stage, m34+Kit+Sca1+ cells are infected. Infected cells in
this population that do not have proviral insertion of Spi1/Pu.1 fail to progress (blue cells), while those
clones that have an insertion of Spi1/Pu.1 develop into LSCs (black cells). In the late stage of disease, the
LSCs self-renew and expand leading to acute erythroleukemia and anemia. During this stage, a population
of LSCs that acquire p53 mutations develops. These cells give rise to CFU-FV (gray cells) but do not
function as LSCs. Abbreviations: CFU-FV, colony forming utis-Friend virus; LSC, leukemia stem cell.
*This figure was produced by Hegde et al.3

There are two distinct strains of Friend virus, FV-A and FV-P. After infection
with FV-A, mice rapid develop anemia, but after infection with FV-P, mice develop
severe polycythemia. The opposite responses to infection are due to the replicationdefective SFFV components, SFFVA and SFFVP16. In addition to the difference in
hematocrit caused by the two viral strains, the erythroid progenitors also have distinct
responses to Epo after infection by FV-A or FV-P. The progenitor cells in FV-A-infected
mice require Epo whereas those infected with FV-P do not16, and progenitor cells are thus
termed Epo-independent BFU-Es (Epoind BFU-Es). In the experiments that will be
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presented, FV-P was utilized to study the responses of mice with different genetic
variants.
Genetic Regulation of Friend Virus Susceptibility and Progression of Disease
As stated previously, Friend virus is an important model for studying the
effects of host genotype on the progression of erythroleukemia and stress erythropoiesis.
In particular, several susceptibility genes have been identified and characterized included
Fv1, Fv2, Fv3, and Fv4. Fv1 encodes an endogenous viral Gag protein, and Fv4 encodes
an endogenous viral envelope protein. These genes affect the ability of Friend virus to
infect target cells and replicate2, are important in viral replication, but do not play a role
in either the initiation or progression of erythroleukemia17. Fv3 affects susceptibility to
immunosuppression by the replication competent component of Friend virus. Fv2,
however, directly influences the response of cells to Friend virus infection.
Fv2 encodes a naturally occurring truncated form of the Stem Cell Kinase (Sfstk). It interacts with the retroviral envelope protein gp55 and the Epo receptor (EpoR),
which drives the expansion of Friend virus-infected erythroblasts. Two alleles for the
gene, Fv2, exist: Fv2r and Fv2s. Fv2r is associated with decreased expression of Sf-stk, so
mice that are Fv2rr are not susceptible to Friend virus-induced erythroleukemia, and mice
that are Fv2ss are fully sensitive to infection and exhibit enlarged spleens after infection
with FV-P18.
Another loci, Fv5, also has been shown to affect the progression of Friend virusinduced disease. However, unlike Fv2, it’s method of interaction with progenitor cells
has not been fully characterized nor has the gene been mapped to a chromosome. The
characterization of this gene is the subject of the experiments that will follow.
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Friend Virus Susceptibility Gene 5 (Fv5)	
  
Fv5 was first characterized by Tsunefumi Shibuya and Tak W. Mak16 in two
strains of mice, DBA2/J and CBA/J, which appeared to have two different responses to
FV-P. Two weeks after infection, the hematocrit for DBA2/J mice increased to over 70%
from a normal value of about 50%. In contrast, the hematocrit for CBA/J mice decreased
to about 35% in the same time period19. The study looked to determine whether the
contrasting effects were due to a single locus gene, and, in order to examine this
possibility, they created (CBA/J x DBA2/J) F1 hybrid mice and mice from backcrosses of
DBA2/J x (CBA/J x DBA2/J) F1 and CBA/J x (CBA x DBA2/J) F1. They measured
hematocrit two weeks after infection with FV-P, and they found three “levels:” the
DBA2/J mice had values of 65-70%, the CBA/J mice had values of 35-40%, and the F1
hybrids developed hematocrit values between that of CBA/J and DBA2/J mice of 5560%, suggesting a co-dominant effect. The DBA2/J x (CBA/J x DBA2/J) F1 mice
displayed two groups of hematocrit, one with 65-70% and another with 55-60%. The
CBA/J x (CBA/J x DBA2/J) F1 mice also displayed two groups of hematocrit, one with
55-60% and another with 35-40%19. This sets up the two alleles of Fv5, Fv5-anemia
(Fv5-a) and Fv5-polycythemia (Fv5-p) in which Fv5-p. CBA/J mice are Fv5aa and
DBA2/J mice are Fv5p/p.
The populations of erythrocyte progenitors were next studied in these two strains
of mice. Two weeks after infection with FV-P, DBA2/J mice were found to have more
reticulocytes (~50%) than infected CBA/J mice (~20%), but the proportions of Epoind
CFU-Es in DBA2/J and CBA/J mice infected with FV-P were similar for both strains16.
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It is still unclear as to how Fv5 controls the proliferation of erythroid cells and at
what level it acts. In order to characterize Fv5, we set out to characterize the difference in
response to FV-P infection in CBA/J and DBA2/J mice by analyzing the populations of
progenitor cells present in the spleens following infection. These populations of cells
were characterized according to certain markers: m34, Kit, and Sca1. m34 is a marker for
cells that have been infected with Friend virus, so that m34+ cells have been successfully
infected. Kit is the ligand for SCF, and Sca1 (stem cell antigen 1) is a marker for HSCs.
Cells that are m34+Kit+Sca1- are the more mature stress erythroid progenitors (Epoind
stress BFU-Es), and cells that are m34+Kit+Sca1+ are the more immature LSCs. CBA/J
and DBA2/J mice were tested in vivo for the presence of these populations of cells with
flow cytometry, and in vitro analysis was performed, including staining infected spleen
cells of each mouse strain with PKH26 dye in order to compare replication rate.
On day 7 after infection, the differences in LSCs and BFU-Es between CBA/J and
DBA2/J mice were variable, but on day 14 after infection, early data shows that DBA2/J
mice have more BFU-Es than LSCs, and CBA/J mice have more LSCs than BFU-Es.
LSCs are the more immature cell population that expand rapidly, and BFU-Es
differentiate into mature red blood cells. The hematocrit data supports this with higher
values for DBA2/J mice than CBA/J. Cultured spleen cells from CBA/J mice also exhibit
a higher ratio of LSCs:BFU-Es than cultured DBA2/J spleen cells.
Populations of FV-P-infected spleen cells of CBA/J and DBA2/J mice were
compared to the populations present in (CBA x DBA2/J) F1 hybrids through in vivo
analysis by flow cytometry. On day 7 after infection, the F1 hybrids had percentages of
m34+Kit+Sca1+ cells that more closely resembled DBA2/J spleen cells than CBA/J spleen
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cells. Mice from a backcross of CBA x (CBA x DBA2/J) F1 mice will next be analyzed
through further flow cytometry studies to determine genotype (Fv5a/a or Fv5a/p), and the
DNA will be analyzed by linkage mapping to identify the interval at which the Fv5 gene
is located.
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MATERIALS AND METHODS
Mice
CBA/J and DBA2/J mice were bred and maintained in our colony. CBA/J mice were crossed to
DBA2/J mice to generate the F1 generation. F1 mice (CBA/J x DBA2/J) were backcrossed to
CBA/J mice to generate the F2 generation. All research involving the use of mice was performed
in strict accordance with protocols approved by the Institutional Animal Care and Use Committee
of the Pennsylvania State University.
	
  	
  

Friend Virus Infection
CBA/J, DBA2/J, F1 (CBA/J x DBA2/J), and F2 (F1 x CBA/J) mice were infected with the
polycythemia inducing strain of Friend virus as previously described2.
Hematocrit
In order to measure hematocrit, blood samples were taken retro-orbitally. Heparin-coated
capillary tubes were used for collection and centrifuged for 5 minutes. The separated layers were
measured and hematocrit was expressed as the percentage of red blood cells over total blood
sample volume.
Spleen Cell Sample Preparation and Flow Cytometry
Spleen cells were harvested from CBA/J, DBA2/J, F1, and F2 mice that had been infected 7 days
previously, and mature erythrocytes removed by red cell lysis buffer. The resulting cells were
counted by staining a sample with Trypan blue. Blocking buffer was applied and the cells were
stained with fluorescent antibodies. Alexa Fluor 647 was used for m34, PE was used for c-Kit,
and PE-Cy7 was used for Sca1. Stained cells were analyzed with Beckman Coulter’s Cytomics
FC 500 Series. The resulting data was analyzed with FlowJo software for percentages of LSCs
and BFU-Es in each cell sample population.
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LSC Colony Cultures
The assay for LSCs was performed by isolating spleen cells as described above from CBA/J and
DBA2/J mice that had been infected 14 days previously and plating the cells in a culture media
that contained Iscove's Modified Dulbecco's Media (IMDM; 27 mL/30 mL media), fetal bovine
serum (FBS; 10%), transferin (1%), L-Glu (1%), insulin (0.1%), BMP4 (0.15%), stem cell factor
(SCF; 0.003%), interleukin-3 (IL-3; 0.5%), GDF15 (0.015%), and Sonic Hedgehog (Shh; 0.1%).
Cells were grown for 7 days at 37 °C with 5% CO2, and flow cytometry analysis was performed
as described above with m34, c-Kit, Sca1, CD34, and CD133.	
  
.

PKH26 Staining
Cultured cells from the LSC colony cultures (CBA/J and DBA2/J) were stained with PKH26 dye
using the Sigma-Aldrich PKH26 Red Fluorescent Cell Linker Kit for General Cell Membrane
Labeling and provided protocol. The dyed cells were cultured for an additional 7 days before flow
cytometry analysis was performed as described above to determine the cell populations with high
and low amounts of dye persisting in their cell walls, indicating low and high replication rate,
respectively.
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RESULTS
Leukemia stem cells (LSCs) in Friend virus infected DBA2/J mice expand more rapidly in
the first 7 days after infection when compared with Friend virus infected CBA/J mice.
Friend virus infection results in the rapid expansion of infected erythroid
progenitors. The fate of these infected cells depends on the maturity of the target cells at
the time of infection. Late stage cells (Kit+Sca1-) terminally differentiate as Epo –
independent progenitors, while early progenitor (Kit+Sca1+) cells generate leukemia stem
cells (LSCs). LSCs isolated from mice and directly plated in colony assays are unable to
differentiate and form BFU-E colonies; however, once in culture they give rise to LSC
progeny and progenitor cells that are able to differentiate. We hypothesized that the
difference between Fv5-p and Fv5-a in regulating the differentiation of infected cells may
lie in the difference in the expansion of early or late stage infected cells. We tested this
hypothesis by infecting DBA2/J (Fv5-p) and CBA/J (Fv5-a) mice with Friend virus, and
on day 7, spleen cells were harvested and analyzed by flow cytometry for the expression
of m34, an antigen that marks Friend virus infected cells, Kit, and Sca1. The data in
Figure 3A show that the percentage of m34+ cells that are Kit+Sca1+ is greater in DBA2/J
mice (average 43.7% LSCs) than in CBA/J mice (26.3% LSCs). In contrast, the
percentages of m34+Kit+Sca1- cells were greater in CBA/J (average 25.3%) when
compared to DBA2/J (12.4%). These data suggest that the Fv5-p allele may promote the
expansion of LSCs which have the potential to generate more progeny capable of
differentiation.
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Figure 3A. Flow cytometry analysis of day 7 Friend virus infected mice. CBA/J and DBA2/J mice
spleens on day 7 after infection.

Figure 3A displays the flow cytometry data for two CBA/J and two DBA2/J
spleens. Seven days after being infected with Friend virus, the spleens were harvested
and stained. The flow cytometry data shows both replicates of infected CBA/J spleens
having lower percentages of m34+Kit+Sca1+ cells than the infected DBA2/J spleens.
When we examined the hematocrit of the infected mice, we observed that DBA2/J
mice at 7 days post infection already had a higher hematocrit than CBA/J (49% v. 45%)
(Figure 3B).

Hematocrit
50.0%
48.0%
46.0%
44.0%
42.0%

CBA

DBA

Figure 3B. Hematocrit values for infected CBA/J and DBA2/J mice. Mice were infected with Friend virus
and the hematocrit measured seven days later.
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Unfortunately, when I repeated this analysis, the flow data shown in figure 3C
does not show a significant difference between CBA/J and DBA2/J spleen cells 7 days
post-infection.

Figure 3C. Repeated Flow cytometry analysis of day 7 Friend virus infected mice. CBA/J and DBA2/J
mice spleens on day 7 after infection.

When analyzed on day 7, CBA/J spleen cells were 7.06% m34+Kit+Sca1+ and
DBA2/J spleen cells were 7.90% m34+Kit+Sca1+. Because of the variability in the flow
cytometry data from day 7 post-infection, we examined the infected cell populations at
day 14 post-infection.
LSCs from DBA2/J mice expanded in vitro faster than CBA/J mice
LSCs can be cultured in vitro where they self renew and generate progeny capable
of differentiating. We next compared LSCs cultured from Friend virus infected DBA2/J
with LSCs cultured from Friend virus infected CBA/J mice for their ability to expand in
culture. The mice were infected and spleens harvested 14 days later. They were cultured
in LSC media for 9 days and analyzed by flow cytometry. The results are shown in
figure 4A below.

18

Sca1

CD34

DBA

m34+

m34+

m34+

Kit+Sca1+

Kit

CD133

Sca1

CD34

CBA

m34+

m34+

m34+

Kit

Kit+Sca1+

CD133

Figure 4A. LSC cultures for infected CBA/J and DBA2/J spleen cells. Mice were infected with Friend
virus and the spleen cells cultured after 14 days in LSC media. The resulting cells were analyzed by flow
cytometry for m34, Kit, Sca1, CD34, and CD133. The red box indicates LSCs.

The LSCs are characterized by m34+Kit+Sca1+CD34+CD133+ cells. The infected
and cultured DBA2/J spleen cells had a higher percentage of LSCs at 65.3% than the
infected and cultured CBA/J spleen cells (34.9%). In addition, the DBA2/J cultures
exhibited increased percentages of m34+Kit+Sca1- cells that correspond to Epoind BFU-Es.
In order to examine the LSC population in the cultures in more detail, we also
used PKH26 staining. The cultured cells were also stained with PKH26, a membrane dye
that diminishes with each successive replication and splitting of cells. High PKH26 is
indicative of low-rate replication (LSCs), and low PKH26 is indicative of populations of
cells that divide rapidly (BFU-Es). It was hypothesized that the DBA2/J spleen cells
would exhibit high PKH26 because infected DBA2/J spleens have a higher percentage of
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LSCs (m34+Kit+Sca1+). Similarly, CBA/J spleen cells were expected to exhibit low
PKH26 because infected CBA/J spleens have a higher percentage of BFU-Es
(m34+Kit+Sca1-). The stained cells were analyzed by flow cytometry for expression of
CD34 and PKH26, and the results are given in figure 4B.

CBA

CD34

CD34

DBA

PKH26

PKH26

Figure 4B. PKH26 staining for cultured CBA/J and DBA2/J spleen cells. Infected spleen cells that had
been cultured in LSC media for 7 days were stained with PKH26 and cultured for an additional 7 days before
analyzing by flow cytometry.

The cells that are CD34+ and display more PKH26 are LSCs, and 85.1% of the
DBA2/J cells displayed this characteristic, compared to only 16.5% of the CBA/J spleen
cells. A greater percentage of the CBA/J cells fell in the low PKH26 category, indicating
they had divided more in the same period of time. These data suggest that DBA2/J mice
infected with Friend virus generate more LSCs in culture, which may indicate that the
polycythemia observed in these mice might be due to the increased capacity of DBA2/J
infected cells to expand and generate differentiating progenitors.
Friend virus-infected F1 spleen cells more closely resemble Friend virus-infected DBA2/J
cells on Day 7 post-infection
CBA/J and DBA2/J mice were crossed to produce a heterozygous F1 generation.
The F1 generation mice (Fv5p/Fv5a) were expected to exhibit the polycythemia
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phenotype of DBA2/J mice following infection with Friend virus. We hypothesized that
the hematocrit for the F1 and DBA2/J mice would be higher than that of the CBA/J mice.
We also hypothesized that there would be a difference in the expansion of early- or latestage infected cells, with infected CBA/J spleens exhibiting more LSCs (Kit+Sca1+) than
infected F1 and DBA2/J spleens. Each mouse (CBA/J, DBA2/J, and F1) was infected with
Friend virus and the spleens harvested after 14 days to determine if a more significant
difference would be observed than was observed on day 7. The cells were analyzed by
flow cytometry for the expression of m34, Kit, and Sca1, and the flow cytometry data is
given in figure 5 below.

Figure 5. Flow cytometry analysis of CBA/J, DBA2/J, and F1 spleens on day 14 after infection. CBA/J,
DBA2/J, and F1 mice were infected with Friend virus and their spleens analyzed for expression of m34, Kit,
and Sca1 on day 14.

The infected spleens of the F1 generation exhibited percentages of LSCs
(m34+Kit+Sca1+) that more closely resemble the percentage of LSCs of DBA2/J spleen
than CBA/J spleens. The F1 spleens were 7.26% LSCs and the DBA2/J spleens were
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4.72% LSCs, whereas the spleens of the infected CBA/J mice had 19.9% LSCs. Unlike
the day 7 data (figure 3), this day 14 data shows a definitive difference between CBA/J
and DBA2/J as well as a clear positive relationship between DBA2/J and F1.
Through in vivo and in vitro analysis, the spleen cells of CBA/J and DBA2/J mice
infected with Friend virus were found to be significantly different. The infected spleen
cells of the F1 generation more closely resembled those of DBA2/J spleen cells,
indicating the allele for Fv5 that DBA2/J mice possess, Fv5p, is dominant to Fv5a. This
information could then be applied to an F2 generation (backcross between CBA/J and F1)
in order to genotype the mice based on their relative percentages of LSCs, as measured
through flow cytometry. The next step will be to use the DNA of the F2 mice to map Fv5
to a chromosome, and because Friend virus infects the progenitor cells of the stress
erythropoiesis pathway, these results can be used to study stress erythropoiesis.
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DISCUSSION
Stress erythropoiesis can be studied using Friend virus because Friend virus
infects the progenitor cells of the stress erythropoiesis pathway. Depending on the
maturity of the infected cells, different phenotypic outcomes are observed. LSCs are
generated from the infection of immature progenitors (Kit+Sca1+), and these cells rapidly
expand, resulting in erythroleukemia, but do not form mature red blood cells. Although
LSCs do not generate erythrocytes directly, they do generate progenitors capable of
differentiating. In contrast, BFU-Es form from more mature progenitors (Kit+Sca1-) and
the differentiation of these progenitors results in high numbers of mature red blood cells
(erythrocytosis). Greater BFU-Es compared to LSCs can be detected by higher
hematocrit (polycythemia) or by flow cytometry analysis of the population of cells in the
spleen after infection with Friend virus, as was shown here.
There are a number of genes that have been found (through their effects on the
progression of Friend virus induced erythroleukemia) to have a role in stress
erythropoiesis2,3. One of these susceptibility genes is possibly Fv5. Two strains of mice,
CBA/J and DBA2/J, possess the two alleles (Fv5-a and Fv5-p, respectively) and were
used to study the effects of each allele for the purpose of mapping Fv5 to a chromosome.
CBA/J mice are known to develop anemia after Friend virus infection, and therefore
possess the Fv5-a allele. DBA2/J mice are known to develop polycythemia after Friend
virus infection, and therefore possess the Fv5-p allele. In early flow cytometry analysis of
the spleen cells 7 days after infection with Friend virus, DBA2/J mice had greater
percentages of LSCs than CBA/J mice (figure 3A). However, in a repeated experiment
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with CBA/J and DBA2/J mice, the percentages of LSCs were nearly identical between
the two strains (figure 3C).
In contrast, flow cytometry analysis of day 14 infected spleen cells (figure 5)
showed a distinct difference. CBA/J infected spleen cells had greater LSCs than DBA2/J
infected spleen cells (19.9% vs. 4.7%). Analysis of cultured infected spleen cells (figure
4A) was also used to show the relationship between LSCs and BFU-Es in CBA/J and
DBA2/J mice. Just looking at the markers m34, Kit, and Sca1, CBA/J infected spleens
had slightly more LSCs (69.5%) than DBA2/J infected spleens (62.4%), while DBA2/J
infected spleens had more BFU-Es (Kit+Sca1+) than CBA/J infected spleens (14.3% vs.
5.1%). Furthermore, labeling of LSC cultures with the membrane dye PKH26 to examine
division frequency showed that DBA2/J cultures contained more PKH26hi cells, which
correspond to LSCs. These results support the hypothesis that the Fv5-p allele (found in
DBA2/J mice) is responsible for a greater increase in mature red blood cells due to a
proliferation of both LSCs and BFU-Es during Friend virus induced erythroleukemia.
This scenario also fits with the higher hematocrit seen during infection. Consequently, the
Fv5-a allele (found in CBA/J mice), is responsible for a less robust expansion of FRU-Es
from LSCs, which leads to less differentiation into mature red blood cells.
Crossing DBA2/J mice with CBA/J mice produced a heterozygous F1 generation,
Fv5p/a. Flow cytometry analysis of infected spleen cells on day 14 indicates that F1 mice
are more similar to DBA2/J than to CBA/J mice in terms of relative percentages LSCs
and BFU-Es. DBA2/J and F1 infected spleen cells had low LSCs (4.7% and 7.3%,
respectively) and high BFU-Es (1.9% and 3.1%, respectively) compared to the CBA/J
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data (LSCs: 19.9%, BFU-Es: 0.2%). This distinction indicates that Fv5-p is dominant to
Fv5-a. This result will be used in future experiments to map Fv5 to a chromosome.
An F2 generation was bred by crossing CBA/J mice to F1 mice. These mice
therefore have a genotype of either Fv5p/a or Fv5a/a. The data presented indicates that the
heterozygous and homozygous mice will be clearly distinguishable by flow cytometry
analysis on day 14 after infecting with Friend virus. F2 mice will continue to be bred, and
they will be compared to control DBA2/J and CBA/J mouse spleens. Those that have cell
populations more closely resembling the DBA2/J control will be indicated as Fv5p/a, and
the populations more closely resembling the CBA/J control will be indicated as Fv5a/a.
The Paulson lab will continue infecting and analyzing F2 mice and will send the DNA for
marker analysis and linkage mapping, which will allow for the region of a chromosome
on which Fv5 resides to be narrowed for a more accurate description of the location of
Fv5.
The determination of the location of Fv5 will aid in further discoveries of the
stress erythropoiesis pathway. Although much has been ascertained, much more remains
to be discovered. CBA/J and DBA2/J mice have clearly different reactions to the same
drug: Friend virus. These opposite reactions of anemia and polycythemia may be
indicative of a different method of responding to stress erythropoiesis as well. By
characterizing Fv5, it can be further studied and the stress erythropoiesis pathway further
illuminated.
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