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Coxsackievirus B3 Infects the Bone Marrow and Diminishes the
Restorative Capacity of Erythroid and Lymphoid Progenitors

Nadine Althof, J. Lindsay Whitton

Department of Immunology and Microbial Science, The Scripps Research Institute, La Jolla, California, USA

Coxsackievirus B3 (CVB3) is known to infect stem cells in the neonatal central nervous system. Here, we evaluated the effects of
CVB3 infection on the major source and repository of stem cells, the bone marrow (BM). Viral genome was detectable in BM
within 24 h of infection, and productive infection of BM cells was evident, peaking at 48 h postinfection (p.i.), when ~1 to 2% of
BM cells produced infectious virus particles. Beginning at 2 to 3 days p.i., a dramatic and persistent loss of immature erythroid
cells, B and T lymphocytes, and neutrophils was observed in BM and, by day 3 to 4 p.i., the femoral BM stroma was largely de-
stroyed. Analysis of peripheral blood revealed a modest neutrophilia, a loss of reticulocytes, and a massive lymphopenia. The
abundance of multipotent progenitor cells (Lin~/c-kit*/FIt3") in BM declined ~10-fold during CVB3 infection and, consistent
with a deficiency of primitive hematopoietic progenitors, serum levels of the hematopoietic growth factor Flt3 ligand were dra-
matically elevated. Therefore, we analyzed the regenerative capacity of BM from CVB3-infected mice. Granulocyte/macrophage
progenitors displayed a relatively normal proliferative ability, consistent with the fact that the peripheral blood level of neutro-
phils—which are very short-lived cells—remained high throughout infection. However, erythroid and lymphoid hematopoietic
progenitors in BM from CVB3-infected mice showed a markedly reduced colony-forming capacity, consonant with the observed
loss of both lymphocytes and immature erythroid cells/reticulocytes from the BM and peripheral blood. In summary, CVB3 in-

fects the BM and exerts differential effects on the various hematopoietic progenitor populations.

ype B coxsackieviruses (CVB) are nonenveloped positive-

strand RNA viruses of the Picornaviridae within the Enterovi-
rus genus. The six viral serotypes (CVB1 to CVB6) cause acute
infections in humans and also in mice, the most commonly used
animal model, and long-term persistence of viral RNA and/or
protein has frequently been reported. Frequently, an acute infec-
tion is subclinical or causes only mild disease, but in some cases
the outcome may be severe or even lethal. CVB3 is among the
most common causes of infectious myocarditis, a disease that can
lead to dilated cardiomyopathy, a progressive ventricular dilata-
tion (1-4); this outcome may be related to the persistence of viral
RNA in the myocardium (5-7). CVB3 and CVB4 also infect acinar
cells of the pancreas and can trigger profound pancreatitis (8, 9).
CVB has long been known to infect the central nervous system
(CNS), causing aseptic meningitis, and in immunocompromised
patients, a persistent CNS infection may be established (10-12).
CVB3 infects stem cells in the neonatal mouse CNS (13). These
cells, which are located in the subventricular zone (SVZ), nor-
mally migrate into the olfactory bulb and cerebral cortex, prolif-
erating as they travel, and differentiate into mature neurons at
their final destination (14); CVB3 infection prevents proliferation,
but some degree of migration and differentiation is maintained,
perhaps contributing to viral spread within the CNS (15). In
adults, the vast majority of stem cells originates in, and resides in,
the bone marrow (BM). Therefore, we considered it important to
extend our analyses to this tissue, by investigating the effects of
CVB infection on the BM of adult animals.

The BM, a highly vascular and cellular tissue, is the primary site
of hematopoiesis, a process that relies on hematopoietic stem cells
(HSCs) which ultimately give rise to erythrocytes, leukocytes, and
megakaryocytes. A second population of stem cells, mesenchymal
stem cells, is located in the BM stroma and can differentiate to
form various types of connective tissue. In addition to stem cells,
the BM contains a variety of mature and immature immune cells,
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including T and B lymphocytes, dendritic cells, and natural killer
T cells, and there is a growing appreciation that the BM lies at the
intersection of hematopoiesis and immune function (16, 17);
thus, the BM is both a primary hematopoietic and a primary lym-
phoid tissue. The importance of the BM to the host immune re-
sponse may explain why several viruses have evolved to disrupt
BM function; the most prominent human pathogens to do so are
Epstein-Barr virus (18, 19), human cytomegalovirus (20, 21), hu-
man immunodeficiency virus (HIV) (22), parvovirus B19 (23),
and the flaviviruses hepatitis C virus and dengue virus (24, 25).
Here, we have investigated CVB3 infection of the BM and its con-
sequences. We report that CVB3 productively infects ~1 to 2% of
BM cells and causes dramatic changes in BM morphology. The
infection profoundly alters the relative proportions of different
cell populations in the BM, depletes hematopoietic progenitor
cells, and markedly reduces the restorative capacity of specific sub-
sets of progenitor cells in the BM.

MATERIALS AND METHODS

Ethics statement. All animal experiments were approved by the The
Scripps Research Institute (TSRI) Institutional Animal Care and Use
Committee and were carried out in accordance with the NIH Guide for
the Care and Use of Laboratory Animals.

Mice, virus, and infections. Adult (7- to 9-week-old) male C57BL/6
mice and mice lacking the type I interferon receptor (TIIFNRKO mice)
(26) were obtained from TSRI breeding facility. C57BL/6 mice were used
for three reasons. First, compared to most other mouse strains, they are
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relatively resistant to CVB-induced diseases and, therefore, provide a ro-
bust challenge model. Second, knockout mouse lines are most commonly
available on the C57BL/6 (or other H2b) background. Third, our labora-
tory has a large repository of immunological regents that are on this back-
ground and that have been extensively used in prior published analyses.
Naive animals were inoculated intraperitoneally with 10* PFU of wild-
type (wt) CVB3, which is a plaque-purified isolate of the myocarditic
Woodruff variant of CVB3 (designated H3), known to be virulent in this
murine model (27). Infectious virus stocks were generated from a cDNA
clone (plasmid pH 3) (28), provided by Kirk Knowlton (University of
California, San Diego).

Preparation of primary bone marrow cells. Long bones (tibiae and
femora) of infected and naive C57BL/6 mice were isolated, and connective
tissues were removed. After clipping off the ends of the bones, the BM was
flushed out using a Dulbecco’s modified Eagle’s medium (DMEM)-filled
syringe with a 26-gauge needle. Subsequently, cell clumps were carefully
dispersed by resuspension, and the resulting cell suspension was passed
through a 70-pm-pore-size nylon cell strainer (BD Bioscience). Unless
otherwise stated, red blood cell (RBC) lysis was performed by incubation
with 0.83% ammonium chloride (NH,CI) for 5 min at room temperature.
BM cells were recovered by centrifugation (1,400 rpm for 8 min).

Isolation of PBMC. Peripheral blood was obtained by heart puncture
of anesthetized mice, which were subsequently euthanized. The blood was
first diluted with RPMI (1% fetal bovine serum [FBS]) and subsequently
underlaid with a Ficoll-Paque Plus solution (GE Healthcare; ratio of 1:1).
Centrifugation (2,000 rpm for 25 min at room temperature; without
brake) separated primary peripheral blood mononuclear cells (PBMC)
from dead cells and erythrocytes as well as the serum. The PBMC were
harvested using a pipette, and any remaining red blood cells were lysed
with 0.83% NH,CI (5 min at room temperature), after which PBMC were
washed twice with RPMI (1% FBS).

Infectious center assays (ICA). To determine the numbers of BM cells
or PBMC that were productively infected in vivo, isolated cells (after RBC
lysis) were incubated with 0.05% trypsin-EDTA (Gibco) for 5 min at
37°C, to remove any infectious virus particles that were bound to the
surface of the cells. After cells were washed with FBS-containing DMEM,
cell numbers were assessed and serial 10-fold dilutions were prepared. A
total of 100 pl of each dilution was added to HeLa cell monolayers, al-
lowed to settle, and overlaid with 0.6% agar containing DMEM (10%
FBS). After 48 h, cell cultures were stained with crystal violet and plaques
were counted. Each plaque indicates a single productively infected BM
cell.

Complete blood counts and reticulocyte counts (CBC/RC). Whole
peripheral blood was isolated from the hearts of anesthetized mice, which
were subsequently euthanized. To maintain the single-cell suspension sta-
tus, blood was transferred to an EDTA-coated collection tube (BD Vacu-
tainer K, EDTA, 3 ml). Complete blood counts and reticulocyte counts
were carried out by a certified external laboratory.

Flow cytometry. Equal numbers of isolated BM cells (either with or
without RBC, as indicated in the text) were incubated (20 min at 4°C) in
FACS buffer (phosphate-buffered saline, 2% FBS, 0.1% sodium azide)
containing an anti-mouse CD16/CD32 antibody (1:100; BD Bioscience).
Subsequently, fluorochrome-conjugated antibodies against various sur-
face markers were added and incubated for 30 min on ice protected from
light. The following antibodies were purchased from BioLegend: TER-119
(clone TER-119), CD71 (clone RI7217), CD19 (clone 6D5), CD8 (clone
53-6.7), CD4 (clone RM4-5), Ly6G (clone 1A8), CD11b (clone M1/70),
c-kit/CD117 (clone 2B8), and CD3 (clone 145-2C11). FIt3/CD135 (clone
A2F10) and B220 (clone RA3-6B2) antibodies were purchased from eBio-
science. Appropriate fluorochrome-conjugated isotype controls were
used for each antibody. After several wash steps with FACS buffer, cells
were resuspended in 200 pl of viability dye eFluor 780 (eBioscience) di-
luted 1:1,000 in 1 X phosphate-buffered saline (PBS) and incubated for 30
min on ice protected from light. After serial wash steps with 1X PBS
following FACS buffer and fixation in FACS fix (PBS, 2% neutral buffered
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formalin), cells were acquired on an LSRII (BD Biosciences) and data were
analyzed with Flow]Jo software (Tree Star). Cell doublets were excluded,
and live cells were gated.

Plaque assay. Whole blood from CVB3-infected mice was isolated by
heart puncture, transferred to yellow-capped MiniCollect serum tubes
(Greiner Bio One), and centrifuged for 30 min at 3,000 rpm (4°C). Col-
lected serum was subsequently used for virus titration. Plaque assays were
performed on subconfluent HeLa cell monolayers as described in refer-
ence 29, and virus titers were calculated for each sample.

ELISA. Erythropoietin (Epo), FIt3 ligand, CXCL12/stromal cell-de-
rived factor lae (SDF-1a), CXCL2/macrophage inflammatory protein 2
(MIP-2), granulocyte colony-stimulating factor (G-CSF), and alpha in-
terferon (IFN-a) levels of serum were measured using enzyme-linked
immunosorbent assay (ELISA) kits purchased from R&D Systems (Quan-
tikine ELISA immunoassays: mouse erythropoietin MEP0OB, mouse Flt3
ligand MFK00, mouse CXCL12/SDF-1ae MCX120, mouse CXCL2/MIP-2
MM200, or mouse G-CSF MCS00) or from eBioscience (Mouse IFN-«
Platinum ELISA, BMS 6027) and used according to the manufacturer’s
instructions. For serum collection, whole blood from CVB3-infected and
naive mice was isolated by heart puncture, transferred to yellow-capped
MiniCollect serum tubes (Greiner Bio One), and centrifuged for 30 min at
3,000 rpm (4°C). The clear supernatant serum was used for ELISA.

Mouse CFU assays. Primary BM cells of uninfected and CVB3-inoc-
ulated mice were isolated as described above and subsequently resus-
pended in Iscove’s MDM containing 2% FBS (Stemcell Technologies).
CFU assays were then performed according to the manufacturer’s instruc-
tions by mixing a known number of either NH,Cl-treated or untreated
BM cells with methylcellulose-containing complete medium (MethoCult,
Stemcell Technologies). Three types of supplemented media were used,
appropriate for the development of (i) CFU-erythrocytes (CFU-E; sup-
plemented with recombinant human [rh] Epo [03334]); (ii) CFU-pre B
lymphocytes (CFU-preB; supplemented with rh IL-7 [03630]); or (iii)
CFU-granulocyte-macrophage (CFU-GM; supplemented with recombi-
nant murine [rm| SCF, rm interleukin 3 [IL-3], and rh IL-6 [03534]). Cell
suspensions were dispensed into 35-mm culture dishes (Stemcell Tech-
nologies), which were pretested for optimal colony growth without sup-
porting anchorage-dependent cells in methylcellulose-based assays by the
manufacturer. Cultures were incubated at 37°C/5% CO, for the time pe-
riods defined in the manufacturer’s instructions (CFU-E, 2 days; CFU-
preB, 7 days; CFU-GM, 14 days).

Quantitative real-time PCR to detect positive-sense (genomic)
CVB3 RNA. BM cells from uninfected control mice and infected animals
were isolated as described above, with RBC lysis. RNA was isolated from
the same number of cells per sample using the RNeasy minikit (Qiagen)
according to the manufacturer’s instructions. A total of 0.45 g total RNA
per sample was reverse transcribed using SuperScript IIl reverse transcrip-
tase (Invitrogen) according to the manufacturer’s protocol: an
oligo(dT), primer was used for the reverse transcriptase (RT) reaction.
The RT reactions were carried out in a thermocycler as follows: 65°C for 5
min, 50°C for 45 min, 70°C for 15 min. Samples were then treated with 1
pl RNase H (Invitrogen) for 20 min at 37°C to remove RNA complemen-
tary to the cDNA. Subsequently, TagMan quantitative real-time PCR was
performed using CVB3-specific primers (forward primer, 5'CACACTCC
GATCAACAGTCA3'; reverse primer, 5’ GAACGCTTTCTCCTTCAACC
3’) and a 6-carboxyfluorescein (FAM)/ 6-carboxytetramethylrhodamine
(TAMRA)-labeled probe (5" CGTGGCACACCAGCCATGTTT3') as pre-
viously described (30). PCR amplification was done using Platinum quan-
titative PCR SuperMix-UDG ready-to-use cocktail (Invitrogen) as de-
scribed by the manufacturer. Quantitative analysis of viral RNA was
carried out using a Bio-Rad iQ5 real-time PCR system in 96-well optical
reaction plates heated to 50°C for 2 min to digest dUTP-containing con-
taminants, 95°C for 2 min to deactivate uracyl-N-glycosylase and activate
Platinum Taq DNA polymerase, followed by 40 cycles of denaturation at
95°C for 15 s and annealing and extension at 60°C for 30 s. All samples
were evaluated in 4 parallel amplification reactions. In order to assign a
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genome copy number to the cycle threshold value, a standard curve was
generated: a known quantity of in vitro-transcribed CVB genomic RNA
was serially diluted, and all dilutions were subjected to the above-de-
scribed reverse transcriptase and quantitative PCRs. Values are expressed
as the average numbers of CVB genome copies per g RNA.

Adoptive transfer experiments. To evaluate the involvement of type
interferon signaling in CVB3-induced lymphopenia, an adoptive transfer
experiment was carried out. Splenocytes from either naive C57BL/6 mice
(wild type [wt]) or from mice lacking the type I interferon receptor
(T1IENRKO) were isolated by mechanical disruption of the spleen over a
70-pm-pore-size nylon cell strainer (BD). RBC lysis was performed using
0.83% NH,CI (5 min at room temperature). Immediately after, cells were
stained with different concentrations of 5- and 6-carboxyfluorescein di-
acetate succinimidyl ester (CFSE; Invitrogen): wt splenocytes were stained
with 5 wM CFSE, and T1IFNRKO cells were stained with a lower dose (1
wM). The splenocytes were washed with, and resuspended in, RPMI lack-
ing FBS and then counted and mixed at a ratio of 1:1. A total of 2.6 X 107
cells were transferred into naive C57BL/6 recipient mice via the intrave-
nous (i.v.) route; this large number of cells was used to maximize the
sensitivity of the experiment, because we anticipated dramatic lymphope-
nia would occur in infected mice. Twenty-four hours posttransfer, ani-
mals were inoculated intraperitoneally (i.p.) with 10* PFU wt CVB3 or
remained uninfected. Three days p.i., PBMC were isolated as described
above. Additionally, cells of different lymph nodes (axillary, pancreatic,
and inguinal) and of the spleen were isolated by mechanical homogeniza-
tion over a 70-pm cell strainer and a following RBC lysis. All obtained cells
were subsequently prepared for flow cytometry and as part of this labeled
with different fluorochrome-conjugated antibodies against common
lymphocyte surface markers as described above.

Histological images. Femora of infected and naive C57BL/6 mice
were isolated, connective tissues were removed, and the bones were fixed
in buffered zinc formalin (Z-FIX; Anatech) at room temperature over-
night. Bones were subsequently decalcified (Cal-Ex* II Fixative/Decalci-
fier; Fisher) for 4 to 6 h and paraffin embedded. Sections (3 pm) were
prepared and stained using hematoxylin and eosin (H&E). Images were
taken at a X 10 magnification with an Axiovert 200 inverted microscope
(Carl Zeiss) using AxioVision (version 4.8.1) software (Carl Zeiss).

Statistics and analysis. Statistical significance was determined by one-
way analysis of variance (ANOVA) (GraphPad Prism 6). P values less than
0.05 were considered significant and are indicated in figures as follows: *,
0.05=P>0.01;**,0.01 = P> 0.001; ***,0.001 = P > 0.0001; ****, P =
0.0001.

RESULTS

The overall goal of the present study was to investigate the impact
of CVB3 infection on the BM, and to this end, C57BL/6 mice were
infected intraperitoneally (i.p.) with wt CVB3 ata dose of 10* PFU.
Visible signs of disease (e.g., hunched posture, lack of grooming,
decreased locomotor activity) were first observed 3 days postin-
fection (p.i.) and were accompanied by weight loss and dehydra-
tion. Between days 3 to 5 p.i,, ~1/3 of all infected mice died;
consequently, the experiments reported herein were extended
only until day 5 p.i.

CVB3 productively infects BM resident cells. We first deter-
mined whether or not CVB3 productively infects BM cells by car-
rying out infectious center assays (ICA; see Materials and Meth-
ods). In brief, BM cells were harvested from infected mice (and
from uninfected controls), reduced to a single-cell suspension,
and cleared of erythrocytes. The cells were treated with trypsin to
remove adherent virus and then were plated, at various dilutions,
on a HeLa cell monolayer which was immediately overlaid with a
semisolid matrix. Forty-eight hours later, plaques were counted;
each plaque represents a single productively infected BM cell. As
shown in Fig. 1A, infected BM cells were not detected on day 1 p.i.,
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FIG 1 CVB3 productively infects bone marrow cells. C57BL/6 mice were
infected i.p. with 10* PFU wt CVB3. (A and C) At the indicated times p.i., mice
were sacrificed and BM cells and PBMC were isolated and analyzed by infec-
tious center assay (ICA). (B) In addition, viral genome copy numbers in BM
cells were quantified by real-time PCR (red dashed line = limit of detection).
(D) Finally, viral titers in the sera were determined by plaque assay. Data are
combined from the following numbers of experiments: 10 (A), 1 (B), 2 (C), 4
(D). Means + standard errors are shown, and significant differences are indi-
cated (*,0.05=P > 0.01;**%,0.01 = P> 0.001; ***,0.001 = P > 0.0001; ****,
P = 0.0001).

but on day 2 p.i., ~1 to 2% of BM cells produced infectious virus
particles. After this peak, the proportion of infected cells decreased
gradually between days 3 to 5 p.i. Real-time PCR analyses (Fig. 1B)
showed that the CVB3 genome was present in the BM at 24 h p.i.,
4-fold above the limit of detection (red dashed line). As the infec-
tion progressed, CVB3 genome copy numbers increased by ~3
logs, peaking at day 2 p.i. (Fig. 1B), concurrent with the peak of
productively infected BM cells (Fig. 1A). The genome copy num-
ber fell on day 3, but the level of viral RNA then was maintained
until day 5 (Fig. 1B); this contrasts with the continued decline in
infected BM cells over the same time period (Fig. 1A). The BM is
highly vascular, and, therefore, we considered the possibility that
the productively infected cells in BM might represent infected
peripheral blood mononuclear cells (PBMC) that were in transit
through the BM, rather than BM resident cells. We reasoned that,
if this were the case, the kinetics of productive infection of PBMC
would be similar to the kinetics observed in BM. Infectious center
assays showed that productively infected PBMC were first de-
tected on day 2 p.1., increased significantly on day 3 p.i. (P < 0.01),
and fell thereafter (Fig. 1C). The different ICA kinetics in cells
isolated from BM and PBMC suggest that the infected cells in BM
(Fig. 1A) were predominantly BM-resident cells. As expected, in-
fectious virus was detected in serum at day 1 p.i., peaking at day 2
and remaining readily detectable over the course of the experi-
ment (Fig. 1D). The BM is extremely well perfused, so the fact that
virus was not detected by ICA on day 1 (Fig. 1A) provides further
confirmation that any plaques formed during the BM ICA assay
are derived from BM resident cells that are productively infected.
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CVB3 infection leads to marked histological changes in BM.
We next evaluated the effect of CVB3 infection on BM morphol-
ogy. Virus-infected mice were sacrificed daily on days 1 to 5 p.i.;
their femora were harvested, decalcified, and paraffin embedded;
and thin sections were stained with H&E. Representative images
are shown in Fig. 2. The BM was histologically normal at 24 h p.i.;
the medullary cavity was densely packed with nucleated cells and
interspersed with venous sinusoids, and megakaryocytes were nu-
merous. However, at day 2 p.i., the time point at which productive
BM infection peaks (see Fig. 1A), enlargement/engorgement of
the central venous sinus was observed in all mice analyzed, and
morphological changes progressed rapidly thereafter; by day 3 p.i.,
BM architecture was severely compromised and megakaryocytes
were difficult to detect. Ultimately, nucleated cells no longer pre-
dominated, having been replaced by loosely packed erythrocytes.
We therefore analyzed, in more detail, the impact of CVB3 infec-
tion on (i) cells in the erythroid lineage and (ii) nucleated BM
cells, focusing on lymphocytes and neutrophils.

CVB3 affects cells of the erythroid lineage in both BM and
blood. Single-cell suspensions (without RBC lysis) were prepared
from BM at the various p.i. time points and were stained with the
TER-119 antibody (31) which is specific for glycophorin A-asso-
ciated antigen, an erythroid-lineage antigen that is first expressed
on early proerythroblasts and is thereafter maintained throughout
their development into mature erythrocytes (32). Confirming the
impression obtained by histological analysis (Fig. 2), CVB3 infec-
tion led to an increase in both frequency (Fig. 3A) and number
(Fig. 3B) of TER-119™ cells, beginning with a slight elevation on
day 2 p.i. and gradually rising through day 5 p.i., at which time
erythroid cell numbers in BM were ~40 to 60% higher than in an
uninfected animal. Next, we assessed the maturation status of
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FIG 2 Marked disruption of BM following CVB3 infection. C57BL/6 mice were inoculated i.p. with 10* PFU wt CVB3. At the indicated times p.i., femora were
removed, fixed, decalcified, and paraffin embedded. Sections were prepared and stained using hematoxylin and eosin. A representative image for each time point
is shown.

o

these TER-119% BM cells by examining the expression of the
transferrin receptor CD71, which is critical for iron uptake and
cell proliferation processes (33); all immature erythroid cells, in-
cluding early precursors, proerythroblasts, and reticulocytes, ex-
press this surface protein. As shown in Fig. 3C, in uninfected
C57BL/6 mice, the ratio between TER-119" CD71" (immature,
black) and TER-119* CD71~ (mature, white) erythroid cells was
roughly 1:1. This ratio was maintained until day 2 p.i., after which
the proportions changed dramatically, and, by day 5 p.i., almost all
erythroid cells in the BM were mature erythrocytes. Parallel anal-
ysis of the peripheral blood revealed a rapid rise in reticulocytes at
day 1 p.i. (Fig. 3D, retics, blue), but this was not maintained and
the reticulocyte count fell to almost undetectable levels by day 5
p.i. However, there was no anemia, with mature erythrocyte
counts being stable over the course of the study (Fig. 3D, rbc, red).
Consistent with the latter observation, there was no statistically
significant change in the level of serum erythropoietin (EPO; Fig.
3E), suggesting that peripheral hypoxia did not occur. In sum-
mary, the paucity of CD717 cells in BM at days 4 and 5 p.i., to-
gether with the absence of peripheral blood reticulocytes at the
same time points, suggests that CVB3 infection may have compro-
mised the restorative capacity in the erythroid lineage.

CVB3 infection affects white blood cell counts in BM and
peripheral blood. We then assessed the effects of CVB3 infection
on cells of lymphoid and myeloid origin in BM and blood. In BM,
there was a marked reduction in numbers of B cells (CD19™ cells;
Fig. 4A) and of CD4" and CD8™ T cells (Fig. 4B and C, respec-
tively) beginning on day 3 p.i. On day 5 p.i., compared to unin-
fected control animals, all three classes of lymphocyte (B, CD4 " T,
and CD8™ T) were reduced by ~90% in BM. Neutrophils (Ly6G *
CD11b"), too, were depleted from BM, dropping to ~15% of
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FIG 3 CVB3 infection affects the erythroid lineage in BM and blood. Primary
BM cells were isolated at the indicated times after an i.p. wt CVB3 infection
with 10* PFU. No RBC lysis was carried out. Flow cytometry analysis was
performed to determine the frequency (A) and number (B) of TER-1197 cells.
(C) After gating on this specific population, cells were analyzed to enumerate
immature (CD71") and mature (CD71~) BM cells. (D) Blood was collected
from infected and uninfected C57BL/6 mice, and RBC and reticulocyte counts
were carried out. (E) Serum levels of erythropoietin were determined by
ELISA. Means + standard errors are shown.
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normal by day 2 p.i. and remaining low thereafter (Fig. 4D). In the
peripheral blood, there was a pronounced lymphopenia; B
cells, CD4" T cells, and CD8" T cells all were dramatically
reduced (Fig. 4E to G) to <5% of normal. In contrast, periph-
eral blood neutrophils were largely spared (Fig. 4H). Finally,
consistent with the observed loss of megakaryocytes from BM
(Fig. 2), a substantial thrombocytopenia was present from day
3 onward (not shown).

Type Iinterferons play a role in CVB3-driven lymphopenia.
Type I interferons (T1IFNs) are generally considered immuno-
stimulatory and proinflammatory, but several studies have indi-
cated that at least some of the several cytokines in this class can
suppress the immune response (34-38), and they also have been
implicated in lymphopenia induced by other viruses (39). There-
fore, we investigated the involvement of T1IFNs during CVB3
infection. As shown in Fig. 5A, serum IFN-a levels rose dramati-
cally on day 2 p.i., coinciding with the onset of the marked lym-
phopenia (Fig. 5B). To determine if this association was causal,
splenocytes were obtained from congenic mice lacking the T1IFN
receptor and from wt mice. Each population was labeled with a
different concentration of CFSE, and then the cells were washed,
mixed at a 1:1 ratio, and injected into nonirradiated naive
C57BL/6 mice. Twenty-four hours later, some of the mice were
infected with wt CVB3, and 3 days p.i—a time point at which
CVB-induced lymphopenia is profound (Fig. 5B)—all mice were
sacrificed, and their peripheral blood was analyzed by flow cytom-
etry. The absolute numbers of both CFSE™ transferred popula-
tions were markedly reduced in the blood of CVB3-infected mice,
although, as shown in Fig. 5C, lymphocytes lacking the TITFNR
(red bars) were at an advantage. The extent of the effect varied
depending on the type of lymphocyte: for B cellsand CD8™ T cells,
there was a 24- to 37-fold loss of wt cells (blue) and an ~8- to
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FIG4 CVB3 infection affects white blood cell counts in BM and peripheral blood. C57BL/6 mice were infected i.p. with 10* PFU wt CVB3. At the indicated times

p.i., BM cells (A to D) and PBMC (E to H) were isolated and treated to lyse RBC. The numbers of lymphocytes (B [CD19"], CD4" T, and CD8™"

T) and

neutrophils (Ly6G*/CD11b™) were determined by flow cytometry. Means + standard errors are shown, and significant differences are indicated (*, 0.05 = P >

0.01;**,0.01 = P > 0.001; ***,0.001 = P > 0.0001; ****, P < 0.0001).
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FIG 5 Type I interferons play a role in CVB3-driven lymphopenia. Blood was
isolated at each time point after wt CVB3 infection, and serum IFN-« levels
were measured by ELISA (A) or total lymphocyte counts were determined (B).
Means + standard errors are shown, and significant differences are indicated
(*,0.05=P>0.01;**,0.01 = P> 0.001; ***,0.001 = P > 0.0001; ****, P =
0.0001). To determine the involvement of type I interferon signaling in CVB-
driven lymphopenia, wt and TIIFNRKO RBC-lysed splenocytes were labeled
with different concentrations of CFSE, mixed 1:1, and adoptively transferred
into wt mice. The following day, some of the mice were infected with 10* PFU
wt CVB3, and 3 days later, all mice were sacrificed. CFSE* wt and receptor-
deficient cells were enumerated in spleen and lymph nodes (not shown) and in
blood (C) by flow cytometry. Columns show the ratio, in peripheral blood, of
wt cells (blue) to TIIENRKO cells (red) at day 3 p.i. The white numerals show
the fold reduction in abundance of each of the six populations compared to
their levels in uninfected mice; e.g., in this experiment, wt CD4™" T cells (right
column, blue) were 200-fold less abundant in the virus-infected mice than the
uninfected animals.

15-fold reduction in T1IIFNRKO cells (red), resulting in a final
ratio (wt/TIIFNRKO) of ~1:3 in both cases. Wild-type CD4" T
cells were depleted ~200-fold by infection, while their receptor-
deficient counterparts were reduced by ~25-fold; the ratio was
~1:8 in favor of the receptor knockout cells. We also enumerated
the transferred cells in spleen and lymph nodes at 3 days p.i.; for all
three lymphocyte populations, infection caused an ~2- to 4-fold
reduction in numbers, but there was minimal difference between
wt and T1IFNRKO populations (not shown). Thus, T1IFN signal-
ing contributes to CVB3-induced lymphopenia but does not ab-
solutely control it, because the receptor-negative populations
were by no means immune to the effects of infection, and the
dramatic loss of transferred lymphocytes from the blood is not
paralleled by similar reductions in spleen and lymph nodes.
Virus-triggered changes in cytokine levels accompany the
depletion of neutrophils from the BM and the related neutro-
philia. Next, we sought an explanation for CVB3-driven loss of
neutrophils from the BM. We found no evidence for increased
apoptosis of BM resident cells during CVB3 infection (data not
shown), suggesting that the reduction in cell numbers might result
from their egress as a response to the infection. Neutrophil exit
from the BM is controlled by at least two related mechanisms.
First, egress is actively promoted by chemoattractants, such as
macrophage inflammatory protein 2 (MIP-2; also known as
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FIG 6 Changes to serum levels of three key cytokines occur during CVB3
infection. At the indicated time points after wt CVB3 infection, the serum
levels of MIP-2, G-CSF, and CXCL-12 were measured by ELISA. Means +
standard errors are indicated.

CXCL2), that act both on the BM to mobilize neutrophils and
locally to recruit the mobilized neutrophils to the site of infection
and chemokine production (40); MIP-2 has been shown to be
important in other virus infections (41). Granulocyte colony-
stimulating factor (G-CSF) also mobilizes BM neutrophils, al-
though it appears not to subsequently recruit the cells to the pro-
duction site (40). Second, interactions that normally retain
neutrophils within the BM can be downregulated during infec-
tion. Neutrophils express the chemokine receptor CXCR4, which,
when bound by its agonist, the chemokine CXCL12 (also known
as stromal cell-derived factor 1a [SDF-1at]), activates a signaling
pathway that retains the cells in the BM. A reduction in CXCL12/
CXCR4 signaling may contribute to the efflux of these cells into
peripheral blood (40). Thus, we measured the concentration of
MIP-2, G-CSF, and CXCLI12 in the serum at days 1 to 5 p.i.; the
results are shown in Fig. 6. There is a dramatic, and temporary,
increase in both MIP-2 and G-CSF at day 2 p.i., correlating rea-
sonably well with the reduction in BM neutrophils shown in Fig.
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4D. There is no detectable decrease in CXCL12; indeed, a modest
increase is observed on days 3 and 4 p.i., consistent with the sta-
bilization in neutrophil abundance in BM (Fig. 4D) and parallel
decrease in blood (Fig. 4H).

BM hematopoietic progenitor cells are depleted during
CVB3 infection. The loss of immature erythroid cells (Fig. 3C)
and of lymphocytes and neutrophils (Fig. 4A to D) from the BM,
coupled with the paucity of reticulocytes in the peripheral blood
(Fig. 3D) and the profound lymphopenia (Fig. 4E to G), suggested
that there might be a CVB3-induced defect in the restorative ca-
pacity of the BM. Therefore, we sought to determine the impact of
CVB3 infection on early hematopoietic progenitor cells. All blood
cells ultimately arise from hematopoietic stem cells (HSCs), and,
in the adult, these multipotent and self-renewing cells are located
mainly in the BM. Several cytokines regulate normal hematopoi-
esis (42). Two of the most important are stem cell factor (SCF) and
Flt3 ligand (FIt3L), which induce the growth/differentiation of
early hematopoietic progenitors that bear the appropriate recep-
tors. The SCF receptor, c-kit, is a type III tyrosine kinase that is
expressed on several cell types, including HSCs, and is central to
their regulation (43). In contrast, the FIt3L receptor (FIt3/CD135)
is absent from HSCs, but it is expressed by their immediate de-
scendants, multipotent progenitor cells (MPPs), and is main-
tained during early maturation stages of some cells, especially of
the lymphoid lineage; this appears to be true in both mouse (44)
and humans (45, 46). Hence, we investigated the effect of CVB3
infection on BM MPPs, which are c-kit*/Flt3". However, as
stated above, the c-kit and Flt3 proteins also are expressed on
some relatively mature cell types, so it was necessary to first iden-
tify these additional cells and exclude them from our analyses. To
do so, BM cells were stained with an antibody cocktail to detect
CD11b, Ly6G, B220, CD3, and TER-119. Positive cells (maturing/
mature) were gated out, allowing us to focus on the remaining
cells, which are termed “lineage negative” (Lin™ ); a large propor-
tion of these Lin~/c-kit"/Flt3" cells are MPPs. Representative
flow cytometry dotplots, gated on Lin~ cells, are shown in Fig. 7A.
The frequency of MPPs (top right quadrant) drops substantially
on day 2 p.i. but rises again and exceeds normal levels on day 4.
MPP frequency is determined by both numerator (MPPs) and
denominator (MPPs and other cell types) and can, therefore,
change independently of changes in MPP abundance, so we next
directly evaluated MPP numbers. MPP abundance fell by ~50%
on day 2 p.i.,, and by ~90% on day 3, after which numbers rose
somewhat, although not to normal levels (Fig. 7B). Thus, BM
MPPs are depleted during CVB3 infection.

As noted above, FIt3L is a key growth factor that induces
growth and differentiation of early hematopoietic progenitors
that express the receptor, Flt3/CD135 (47). FIt3L is produced
largely by peripheral T cells and BM stromal cells, which store it as
preformed protein. In response to lymphopenia, a soluble isoform
of this protein is rapidly released (48), causing the Flt3* progen-
itor cells in the BM to increase in numbers; and when the periph-
eral blood has been repopulated, Flt3L levels fall. Thus, there
should be an inverse relationship between the number of Flt3™
progenitor cells in BM and the level of serum Flt3L. Therefore, we
determined the serum levels of FIt3L during CVB3 infection (Fig.
7C), and the inverse relationship is clear. On day 2 p.i.,, CVB3
infection causes a reduction in Flt3* progenitor cells (Fig. 7B) and
a marked lymphopenia (Fig. 4E to G), and this was accompanied
by a rise in serum FIt3L at this time point. Conversely, Flt3™ cell
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FIG 7 CVB3 infection depletes BM hematopoietic progenitors and causes a
rise in serum FIt3L. BM cells were isolated at the indicated times after an i.p. wt
CVB3 infection, and RBC lysis was performed. Total numbers and frequencies
of Lin~ cells coexpressing the receptors Flt3 and c-kit were determined by flow
cytometry. Dotplots shown in panel A are representative examples of each day
of infection, and group data are shown (B). (C) Serum FIt3L levels were mea-
sured by ELISA. Data presented are from 2 (A and B) or 5 (C) experiments. (B
and C) Means + standard errors are shown (*,0.05 = P > 0.01; **,0.01 = P >
0.001; ***,0.001 = P > 0.0001; ****, P =< 0.0001).

numbers began to rise on days 4 and 5 (Fig. 7B), and there was a
corresponding fall in FIt3L (Fig. 7C). Because there is no corre-
sponding rise in lymphocytes in the peripheral blood (Fig. 5B), we
considered it possible that the observed increase in MPPs did not
include lymphocyte progenitors.

CVB3 infection is accompanied by a loss of colony-forming
activity for certain hematopoietic lineages. The reduced abun-
dance of Lin /Flt3™/c-kit™" cells in BM between days 1 to 3 p.i.
(Fig. 7) led us to investigate the effects of CVB3 infection on prim-
itive hematopoietic progenitors. Briefly, BM cells were harvested
from CVB3-infected mice at days 1 to 5 p.i. and were mixed with
each of three semiliquid matrices consisting of a rich cell medium
and methylcellulose, supplemented by cytokines that promote
growth of cells of either erythroid, myeloid, or B cell lineages. As
shown in Fig. 8A, infection had only a marginal effect on myeloid
progenitors (CFU-GM), but from day 3 p.i., there was a substan-
tial reduction in the numbers of both lymphoid (CFU-preB) and
erythroid (CFU-E) progenitors (for each, P values of <0.05 com-
pared to CFU-GM). CFU-E counts were diminished by 10-fold,
and CFU-preB counts diminished by between 30- and 130-fold.
To determine if the observed CVB3-driven depletion of CFU-E
and CFU-preB might be mediated directly, i.e., by virus infection
of the progenitor cells, BM cells were harvested from uninfected
mice and were exposed in vitro to CVB3 (multiplicity of infection
[MOI] of 20). Control BMCs were mock infected. After a 1-h
incubation, the BM cells were washed and analyzed using the same
three CFU assays. The number of CFU-E was reduced by ~40% in
cultures infected with CVB3, consistent with their being directly
infected by the virus (Fig. 8B). In contrast, the CFU-GM and CFU-
preB lineages were not significantly affected by incubation with
CVB3, suggesting that the dramatic loss of B cell progenitors (Fig.
8A) may be mediated indirectly.

DISCUSSION

CVB3 is known to infect several solid tissues, such as heart, pan-
creas, and liver, and numerous publications have documented the
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FIG 8 CVB3 infection has differing effects on lineage-specific hematopoietic
progenitor cells. (A) C57BL/6 mice were inoculated i.p. with 10* PFU wt
CVB3. At the indicated times p.i., BM cells were isolated and, if necessary for
the desired cell population, RBC lysis was performed. Thereafter, CFU assays
were carried out for each sample, as described in Materials and Methods.
CFU-erythrocytes, CFU-E; CFU-pre B lymphocytes, CFU-preB; and CFU-
granulocyte-macrophage, CFU-GM. The fold difference in colony number,
compared to the number of colonies generated from uninfected BM, is shown
for each day p.i. (B) BM cells were isolated from uninfected C57BL/6 mice,
and, if necessary for the desired cell population, RBC lysis was performed. A
defined number of BM cells was then incubated in the presence of wt CVB3
(MOI of20) for 1 hat 37°C. Control BM cells suspensions were mock infected.
Subsequently, different CFU assays were carried out for each sample. The data
are presented as the percentage of CFU compared to the appropriate unin-
fected controls (i.e., uninfected controls were set at 100%). Means * standard
errors are shown.

resulting pathogenic effects. Herein, we report the effects of CVB3
on the BM. We focused on this tissue for two reasons. First, CVB3
infects stem cells in the CNS of neonatal mice (13, 15, 49, 50). The
BM is the primary repository, and source, of stem cells in the adult
animal, so we considered it interesting to determine the effects of
the virus on these cells and their immediate progeny. Second,
CVB3 is known to infect a small proportion of B and T lympho-
cytes in the peripheral blood and spleen (51-54). In adults, essen-
tially all lymphocytic progenitors come from the BM, which is an
important primary immune organ that also harbors CD8 " effec-
tor and memory T cells (55); thus, we sought to characterize the
impact of CVB3 infection on BM lymphocytes and their progen-
itors.

We first determined whether or not BM cells could be infected
by CVB3. Productively infected BM cells were not detected at 24 h
p.i. (Fig. 1A), indicating that fewer than ~1 in 10° to 10° BM cells
(the approximate limit of detection for our ICA) was productively
infected at this time point. This cannot be attributed to the failure
of virus to reach the BM, because (i) the serum titer at 24 h p.i. was
~10°PFU/ml (Fig. 1D) and (ii) the CVB genome was detectable in
BM cells (Fig. 1B). The BM cells had been trypsinized and washed
prior to RNA extraction; thus, it is unlikely that these CVB3 ge-
nomes came from cell-bound virus, and we propose that, by 24 h
p.i., some of the BM cells may have internalized the virus. Never-
theless, the cells did not generate plaques by ICA, but only 24 h
later, there was an at least ~10,000-fold increase in productively
infected BM cells as measured by ICA (~1 to 2% of BM cells
scored positive at 48 h p.i.; Fig. 1A). We speculate that, between 24
to 48 h p.i., the activation status of infected BM cells changes in
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vivo, facilitating the completion of a productive CVB3 infection,
and that this fails to occur in vitro, when the cells have been re-
moved from their normal anatomical microenvironment. This
proposal is consistent with prior observations from our group,
showing that CVB3 protein synthesis and productive infection are
profoundly affected by the cell cycle status and that CVB3 may lie
quiescent within cells, beginning to replicate only when the cell
status is changed (15, 56-59); for example, neural stem cells in the
SVZ are infected by CVB3 but still can migrate, and we have pro-
posed that productive infection ensues only when the cells reach
their final destination and complete their differentiation into ma-
ture neurons (13, 15). Interestingly, hematopoietic progenitor
cells in the BM are usually in a quiescent state and are roused from
their dormancy by type I interferon (60), a cytokine that is pro-
duced early in response to CVB3 infections (Fig. 5A) (61). There-
fore, day 1 after infection may represent an eclipse state of the
virus infection of BM cells, which transitions to productive infec-
tion only when the BM cells receive the appropriate external stim-
uli. In agreement with previous studies (54, 62, 63), we also iden-
tified productively infected PBMC, the frequency of which peaked
onday 3 p.i., 24 h later than in the BM (Fig. 1C). We speculate that
at least some of the infected PBMC might represent cells that had
been infected while in the BM and were subsequently released into
the peripheral circulation. This would, potentially, accelerate viral
dissemination throughout the infected host, in the form of in-
fected cells that, as we have previously proposed, may act as “Tro-
jan horses” (63). At later times p.i., the number of productively
infected cells in BM fell sharply, although viral RNA levels were
maintained (Fig. 1A and B). This is consistent with the hypothesis
that the virus establishes a persistent (nonproductive) infection in
some cells, depending on cell status. This also may explain earlier
observations from in vitro infections of primary human PBMC
and BM cells, in which viral protein was detected but infectious
particles were not produced (64).

The productive CVB3 infection of BM cells, described above,
was accompanied by a dramatic disruption of BM tissue. Begin-
ning at 2 days p.i., the normally densely packed tissue structure
became less compact, and nucleated hematopoietic cells were pro-
gressively replaced by RBC (Fig. 2); by day 5 p.i., ~80 to 90% of all
BM cells were positive for the cell surface marker TER-1197,
which characterizes mostly all cells of the erythroid lineage (Fig.
3A). Interestingly, the developmental stage of cells within this
population was also affected during CVB3 infection. The ratio
between immature TER-1197 cells (CD71", capable of dividing)
and mature TER-1197 cells (CD717, nondividing) was ~1:1 in
naive mice and remained thus until day 3 p.i., after which almost
all BM TER-1197 cells were mature (Fig. 3C). Several nonmutu-
ally exclusive mechanisms may contribute to this shift toward ma-
ture erythroid cells. (i) CD717 erythroid precursors are released
from BM during the infection, as demonstrated by the rise in the
reticulocyte count early in infection (Fig. 3D), which reflects
the transfer of a substantial number of immature cells from BM to
the peripheral blood. (ii) There may be accelerated maturation of
CD717 cells within the infected BM. This would alter the ratio of
immature to mature erythroid cells in the BM but would not alter
the total number of erythroid (TER-119") cells. However, this
number does rise over the course of infection (Fig. 3B), so we
postulate that (iii) there is accumulation of peripheral blood
erythrocytes in the damaged BM—in effect, a virus-induced BM
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hemorrhage; this is consistent with the venous distension ob-
served histologically on day 2 p.i. (Fig. 2).

Consistent with the loss of nucleated cells observed by histol-
ogy, B and T lymphocyte numbers in BM also fell markedly, be-
ginning on days 2 to 3 p.i. (Fig. 4A to C). The loss of lymphocytes
from BM coincided with an even larger reduction in peripheral
blood; CVB3-infected mice suffered a massive and persistent lym-
phopenia starting at day 2 p.i. and affecting both B and T lympho-
cytes (Fig. 4E to G). Several viruses induce lymphopenia, by a
variety of mechanisms. In some virus infections—for example, in
HIV and measles virus—lymphocytes are directly infected, and
this contributes to their ultimate demise (65—67). In other cases—
for example, vesicular stomatitis virus (39, 68) and lymphocytic
choriomeningitis virus (LCMV) (69)—lymphopenia appears to
be mediated indirectly, by cytokines such as type I interferon.
However, the effects of type I IFNs on immune cells are not readily
predictable. These cytokines, which are produced early and in
abundance in response to many virus infections, are thought to
drive the rapid and transient attrition of lymphocytes that occurs
in the first 1 to 3 days following many viral infections (34-38).
Furthermore, they are instrumental in the depletion of plasmacy-
toid dendritic cells that occurs concurrently with the above-de-
scribed lymphocyte attrition (70). In contrast, they are thought to
exert positive effects on BM HSCs (60) and to confer protection
upon virus-specific T cells in the BM, rendering them resistant to
virus infection and, thereby, more capable of fulfilling their in vivo
role in combatting infection (71). Furthermore, both CD4™ and
CD8™ T cell responses are dramatically reduced if the cells cannot
receive T1IFN signals (72, 73). We found that the lymphopenia
during CVB3 infection was concurrent with an abrupt rise in se-
rum IFN-a levels (Fig. 5A and B) and that, compared to wt cells,
receptor-negative cells (B, CD4", and CD8™ lymphocytes) were
better represented in the peripheral blood; however, the effect was
far from absolute, because even the TIIFNRKO cells were mark-
edly reduced by CVB3 infection (Fig. 5C). We do not know if the
selective loss of wt lymphocytes from the blood reflects their death
or merely their redistribution to other organs; we favor the latter
explanation, because no selective reduction of wt cells was evident
in the spleen or lymph nodes. Thus, we speculate that the major
effect of T1IFNs on blood lymphocytes during CVB infection is to
regulate their distribution to solid tissues, as has previously been
proposed for another virus (39).

CVB3 infection causes a loss of Ly6G*/CD11b™ BM neutro-
phils as early as day 2 p.i. (Fig. 4D) and a corresponding modest
rise in the peripheral blood (Fig. 4D and H), suggesting that there
was minimal change in the total number of these cells in the in-
fected mouse, and there are parallel changes in the serum level of
cytokines that are known to regulate these changes (Fig. 6). What
might be the evolutionary reason for this, given that neutrophils
are usually associated with responses to bacterial, rather than viral,
infections? A role for neutrophils in controlling at least some virus
infections has been proposed from studies of individuals with a
congenital neutropenia termed WHIM syndrome (warts, hypo-
gammaglobulinemia, bacterial infections, and myelokathexis)
(74). Many WHIM patients also show a B cell lymphopenia, and
most show a decrease— often quite modest—in blood immuno-
globulin levels; together, these three deficiencies (neutrophils, B
cells, Ig) contribute to an increased susceptibility to bacterial in-
fection (75). WHIM syndrome results from a dominant mutation
in CXCR4 (76) which enhances CXCL12 signaling into neutro-
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phils, causing them to be retained in the BM, although they are
released in relatively normal numbers in response to infection.
The sufferers show normal resistance to most virus infections,
with the exception of papillomaviruses, which cause extensive and
severe cutaneous verrucosis (74, 77). To date, no immunological
explanation for this highly specific viral susceptibility has been
identified, and a likelier mechanism is that skin keratinocytes, an
important target of papillomavirus infection and pathogenesis,
also express CXCR4 (78). Thus, the biological significance of the
very rapid mobilization of neutrophils during CVB3 infection is
unknown. However, it is significant that neutrophil counts in pe-
ripheral blood are not only maintained but are ~2-fold elevated
throughout CVB3 infection (Fig. 4H). Following their release
from the BM into the periphery, neutrophils have a remarkably
short half-life of ~6.5 h and are subsequently destroyed in the
liver, spleen, and bone marrow; the ongoing neutrophilia there-
fore suggests that CVB infection does not markedly affect the ca-
pacity of the BM to constantly replenish the periphery.

In summary, lymphocytes and platelets are markedly depleted
from the peripheral blood during CVB3 infection, while erythro-
cyte and neutrophil numbers are largely maintained. These data
suggest that some degree of bone marrow function is retained,
contrasting with a report that neonatal echoviral infection may
cause pancytopenia and bone marrow failure (79). To directly
assess BM function, we evaluated the effect of CVB3 infection on
hematopoietic progenitor cells in the BM. The number of Lin™ /c-
kit*/Flt3" cells in BM fell on day 2 p.i., reached its nadir on day 3,
and thereafter showed a modest recovery (Fig. 7A and B). This was
mirrored by complementary changes in serum FIt3L (Fig. 7C),
which is released by T cells and BM stromal cells in response to
lymphopenia and stimulates the Lin~/c-kit*/Flt3" progenitor
cells of all hematopoietic lineages (80, 81). FIt3L levels do not
increase in diseases affecting single hematopoietic lineages (82,
83), suggesting that CVB3 might affect several of the lineages in
BM. We next investigated whether or not CVB3 infection has an
impact on the BM’s ability to form new immature hematopoietic
cells. To this end, we performed CFU assays, using methylcellu-
lose-containing medium supplemented with different growth fac-
tors/cytokines that allowed us to assess the impact of infection
upon three hematopoietic lineages. Despite the (presumably pos-
itive) influence of high Flt3L levels between days 2 to 5 p.i., we
found significantly lower numbers of erythroid and lymphoid
progenitor CFU in cultures gathered at or after days 2 to 3 p.i. (Fig.
8A). This may contribute to the shift in the mature/immature
erythroid cell ratio in BM (Fig. 3C), the short-lived reticulocytosis
(Fig. 3D), and the loss of lymphocytes from both BM and blood
(Fig. 4). Interestingly, others have reported transient erythroblas-
topenia in a 3-year-old girl with an echoviral infection (84). The
reduction in erythroid and pre B CFU may result from the tran-
sient depletion of progenitor cells from BM (Fig. 7); however, we
cannot exclude the possibility that the virus infection also reduces
the proliferative activity of the remaining progenitor cells, thus
amplifying the effects on colony formation. In contrast to the
findings with CFU-E and CFU-preB, CFU-GM counts were very
similar in BM harvested from uninfected mice and from mice at
each of the 5 p.i. time points (Fig. 8A), suggesting that the restor-
ative capacity of this population was not dramatically altered by
CVB3 infection. For reasons discussed above, this is consistent
with the ongoing elevation of these short-lived cells in the periph-
eral blood. Thus, the loss of neutrophils from BM (Fig. 4D) prob-
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ably reflects their transfer to the peripheral blood rather than pa-
ralysis of production within the BM, and the retained
functionality of the CFU-GM explains the stabilization of neutro-
phil counts in BM after day 2 p.i. (Fig. 4D). The lack of effect on
CFU-GM following both in vivo and in vitro infection (Fig. 8) is
consonant with our findings that neutrophil levels in vivo are less
markedly impacted by CVB3 infection but contrasts with a previ-
ous report suggesting that CVB3 infects human BM CFU-GM in
vitro (85); this may reflect a species difference, but at present, we
have no evidence to support such a conclusion. To begin to ad-
dress the mechanism(s) by which CVB3 infection constrains the
restorative capacity of CFU-E and CFU-preB, primary BM cells
from naive C57BL/6 mice were incubated with the virus in vitro,
washed, and analyzed using each of the three different CFU assays.
The numbers of CFU-E were ~50% reduced in cultures that were
established using CVB3-infected BM cells, compared with mock-
infected BM cells (Fig. 8B), suggesting that erythroid precursors
may be directly infected with virus. In contrast, neither CFU-GM
nor CFU-preB showed any negative effect of in vitro exposure to
wt CVB3. The apparent discrepancy for CFU-preB—markedly
reduced during in vivo infection but relatively unaffected follow-
ing in vitro exposure—indicates that the in vivo changes may be
driven by something other than direct infection. There is evidence
suggesting a critical role of the host’s immune response in causing
BM suppression in some virus infections (19, 86). Moreover,
Binder et al. reported a predominantly type I IFN-mediated sup-
pressive effect on hematopoietic precursors during acute LCMV
infection (69), although this observation contrasts with a recent
report that IFN-a activates dormant HSCs in vivo (60).

In conclusion, the present study reveals a profound impact of a
CVBS3 infection on morphology, composition, and activity of the
BM of C57BL/6 mice. Future efforts are focused on the underlying
mechanisms of this complex host-virus interaction.
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