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ABSTRACT

Anaplasma phagocytophilum infects neutrophils to cause granulocytic anaplasmosis. It poorly infects mice deficient in acid
sphingomyelinase (ASM), a lysosomal enzyme critical for cholesterol efflux, and wild-type mice treated with desipramine
that functionally inhibits ASM. Whether inhibition or genetic deletion of ASM is bacteriostatic or bactericidal for A.
phagocytophilum and desipramine’s ability to lower pathogen burden requires a competent immune system were unknown.
Anaplasma phagocytophilum-infected severe combined immunodeficiency disorder (SCID) mice were administered
desipramine or PBS, followed by the transfer of blood to naı̈ve wild-type mice. Next, infected wild-type mice were given
desipramine or PBS followed by transfer of blood to naı̈ve SCID mice. Finally, wild-type or ASM-deficient mice were infected
and blood transferred to naı̈ve SCID mice. The percentage of infected neutrophils was significantly reduced in all
desipramine-treated or ASM-deficient mice and in all recipients of blood from these mice. Infection was markedly lower in
ASM-deficient and desipramine-treated wild-type mice versus desipramine-treated SCID mice. Yet, infection was never
ablated. Thus, ASM activity contributes to optimal A. phagocytophilum infection in vivo, pharmacologic inhibition or genetic
deletion of ASM impairs infection in a bacteriostatic and reversible manner and A. phagocytophilum is capable of co-opting
ASM-independent lipid sources.
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INTRODUCTION

Anaplasma phagocytophilum is a granulocytotropic obligate intra-
cellular bacterium in the family Anaplasmataceae that zoonoti-
cally cycles between Ixodes spp. ticks and small animal reser-
voirs. When transmitted via the tick bloodmeal to humans or
other accidental mammalian hosts, including horses, sheep
and dogs, A. phagocytophilum causes granulocytic anaplasmo-
sis, an acute non-specific febrile illness that can progress to
severe sequelae, such as rhabdomyolysis, acute respiratory dis-
tress syndrome, increased susceptibility to secondary infec-
tions, shock and death particularly in the elderly and immuno-
compromised (Bakken and Dumler 2015; Ismail and McBride
2017; Eisen and Eisen 2018). First confirmed as a human dis-
ease in 1994 (Chen et al. 1994), granulocytic anaplasmosis is the
second most common tick-transmitted infection in the United
States with >5700 cases reported to the Centers for Disease Con-
trol and Prevention in 2017 (https://www.cdc.gov/anaplasmos
is/stats/index.html). Seroprevalence data suggest that its true
incidence in certain endemic areas of the United States is under-
represented potentially by as much as an order of magnitude
(Bakken et al. 1996, 1998; Belongia et al. 2001; Aguero-Rosenfeld
et al. 2002; Leiby et al. 2002; Dahlgren et al. 2011, 2015). The dis-
ease is also present in numerous European countries, Scandi-
navia and eastern Asia (Bakken and Dumler 2015). Anaplasma
phagocytophilum invades neutrophils, myeloid progenitors and
susceptible immortalized cell lines via receptor-mediated endo-
cytosis to reside in a host cell-derived vacuole (Ismail and
McBride 2017).

C57BL/6 mice are useful models for studying granulocytic
anaplasmosis (Hodzic et al. 1998). Following syringe inoculation
of host cell-free A. phagocytophilum bacteria, neutrophils harbor-
ing A. phagocytophilum-occupied vacuoles (ApVs) or A. phagocy-
tophilum DNA can be detected in peripheral blood smears begin-
ning around day 4 with infection peaking between days 8 and 16
and subsequently declining to near or completely undetectable
levels by day 28 (Carlyon et al. 2003; Naimi et al. 2018; Cock-
burn et al. 2019; Green et al. 2020). Male C57BL/6 mice exhibit
significantly higher A. phagocytophilum peripheral blood burdens
than females, reflecting epidemiological trends for the incidence
of granulocytic anaplasmosis in humans (Bakken and Dumler
2006; Dumler et al. 2007; Naimi et al. 2018). In contrast to being
cleared from immunocompetent mice, A. phagocytophilum estab-
lishes a persistent infection in severe combined immunodefi-
ciency disorder (SCID) mice (Telford et al. 1996; Hodzic 1998).

As an obligate intracellular bacterium having a reduced
genome and limited metabolic capacity (Dunning Hotopp et al.
2006), A. phagocytophilum parasitizes host cell nutrients in
order to establish a productive infection, a key one of which
is cholesterol. The pathogen incorporates the sterol into its
peptidoglycan-deficient cell wall, is halted in its intracellular
growth and rendered less infectious when it takes up the choles-
terol analog methyl-β-cyclodextrin, and more efficiently infects
hypercholesterolemic mice versus mice having lower choles-
terol levels (Lin and Rikihisa 2003; Xiong, Wang and Rikihisa
2007). Evidence to date indicates that A. phagocytophilum exclu-
sively obtains cholesterol from its host cell by hijacking the
Niemann–Pick type C protein 1 (NPC1) pathway that mediates
lysosomal efflux of cholesterol exogenously acquired by the
low-density lipoprotein (LDL) receptor (Xiong, Lin and Rikihisa

2009; Xiong and Rikihisa 2012). Acid sphingomyelinase (ASM) is
a lysosomal enzyme that hydrolyzes sphingomyelin to gener-
ate phosphorylcholine and ceramide (Vanier 2013). ASM genetic
deficiency or pharmacologic inhibition leads to sphingomyelin
accumulation in lysosomes, which blocks LDL-derived choles-
terol efflux (Brady et al. 1966; Schuchman and Miranda 1997;
Lloyd-Evans et al. 2008; Vanier 2013). Functional inhibitors of acid
sphingomyelinase (FIASMAs) are lysosomotropic compounds
that indirectly inactivate ASM by promoting detachment of the
enzyme from the lysosomal inner membrane, which renders
it susceptible to proteolytic degradation (Hurwitz, Ferlinz and
Sandhoff 1994; Kolzer, Werth and Sandhoff 2004; Kornhuber et al.
2010). FIASMAs have broad therapeutic potential and many are
approved for human use (Kornhuber et al. 2010; Kuzu et al. 2017).
Treatment of A. phagocytophilum-infected promyelocytic HL-60
cells or human neutrophils with the FIASMA, desipramine,
blocks NPC1-mediated delivery of cholesterol to the ApV and
bacteriostatically halts the organism’s replication, ApV expan-
sion and production of infectious progeny. Anaplasma phagocy-
tophilum poorly infects ASM-deficient mice, and administration
of desipramine to infected wild-type mice reduces the bacte-
rial burden severalfold (Cockburn et al. 2019). Yet, it remains
unclear whether pharmacologic inhibition or genetic deletion
of ASM exerts a bacteriostatic or bactericidal effect against A.
phagocytophilum in vivo, whether the ability of desipramine to
reduce pathogen burden in mice requires functional B and T
cells and whether A. phagocytophilum potentially co-opts NPC1-
independent cholesterol sources.

METHODS

Cultivation of uninfected and A.
phagocytophilum-infected cells

Uninfected and A. phagocytophilum str. NCH-1-infected human
promyelocytic HL-60 cells (ATCC CCL-240; American Type Cul-
ture Collection [ATCC], Manassas, VA) were cultivated as
described (Green et al. 2020).

Mouse studies

All mouse research was conducted under the approval of the
Institutional Animal Care and Use Committee at Virginia Com-
monwealth University (Protocol Number AM10220). C57BL/6 and
C57BL/6 SCID mice were purchased from Jackson Laboratories
(Bar Harbor, ME). ASM-deficient mice (sphingomyelin phospho-
diesterase 1 knockout; Smpd1−/−) on a C57BL/6 genetic back-
ground have been described (Horinouchi et al. 1995; Paris et al.
2001; Gupta et al. 2004). Because A. phagocytophilum multiplies
intracellularly as microcolonies, a formula for estimating the
number of host cell-free bacteria recovered from host cells fol-
lowing mechanical disruption was previously devised by Kim
and Rikihisa (2000, 2002). We employed this formula to esti-
mate the number of dense-cored organisms following isola-
tion from infected HL-60 cells by sonication and differential
centrifugation as described (Troese and Carlyon 2009; Huang
et al. 2010). All mice were intraperitoneally inoculated by syringe
injection of a phosphate-buffered saline (PBS) suspension con-
taining 1 × 108 A. phagocytophilum dense-cored organisms. Mice
were age-matched and male due to the higher susceptibility of
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male C57BL/6 mice to A. phagocytophilum infection versus female
mice (Naimi et al. 2018). Unless otherwise stated, 10 mice were
used per group. On specified days, blood was collected from
the tails followed by the addition of heparin (Sigma-Aldrich, St
Louis, MO) at 100 U mL−1. The percentage of peripheral blood
neutrophils containing ApVs was determined via microscopic
examination of triplicate blood smears for a total of at least 100
neutrophils per time point per mouse as described (Naimi et al.
2018). In some instances, A. phagocytophilum-infected mice were
intraperitoneally injected for a specified number of days with
10 mg kg−1 desipramine (Millipore Sigma, Burlington, MA), a
dosage that was selected because it is within the range approved
for administration to humans (Teichgraber et al. 2008; Hayasaka
et al. 2015), or PBS as a negative control.

For the experiment in which blood was transferred
from infected C57BL/6 SCID mice that had received either
desipramine or PBS on days 16 through 39 to naı̈ve C57BL/6
mice, the infected C57BL/6 SCID mice were euthanized on day
40 and blood collected by cardiac puncture. Heparin-treated
blood from the four C57BL/6 SCID mice that had been injected
with PBS and exhibited the highest bacterial loads or from
the four infected C57BL/6 SCID mice that had been treated
with desipramine and had the lowest bacterial loads was,
respectively, pooled. One hundred microliters of either pooled
sample was intraperitoneally injected into each of five C57BL/6
mice and infection was monitored as described above. Mice in
this experiment were 5–8 weeks old at the time of inoculation.

For the experiment in which blood was transferred from
infected C57BL/6 mice that had received desipramine or PBS
on days 7 through 12 to naı̈ve C57BL/6 SCID mice, the infected
C57BL/6 mice were euthanized on day 12 and blood collected
via cardiac puncture. Heparin-treated blood from all 10 mice
from each of the two respective groups was pooled. One hundred
microliters of pooled blood from each condition was intraperi-
toneally injected into each of 10 C57BL/6 SCID mice and infection
was monitored as described above. Mice in this experiment were
5–8 weeks old at the time of inoculation.

For the experiment assessing whether ASM deficiency is
bacteriostatic or bactericidal against A. phagocytophilum, 16–
18-week-old ASM-deficient or age-matched C57BL/6 mice were
injected intraperitoneally with A. phagocytophilum bacteria and
monitored for infection. Mice were euthanized on day 12 and
blood was recovered by cardiac puncture. One hundred micro-
liters of pooled heparin-treated blood from either group was
intraperitoneally injected into each of 10 C57BL/6 SCID mice fol-
lowed by monitoring of infection as described above.

Statistical analyses

Statistical analyses were performed using the Prism 7.0 software
package (GraphPad, San Diego, CA). Two-way analysis of vari-
ance with Tukey’s post-hoc test was used to test for significant
differences among the groups. P-values <0.05 were considered
statistically significant.

RESULTS

Desipramine temporally reduces the A. phagocytophilum
load in a bacteriostatic manner in SCID mice

Administration of desipramine to A. phagocytophilum-infected
wild-type C57BL/6 mice on days 7 through 12 post-infection sup-
presses the peripheral blood bacterial load severalfold (Cock-
burn et al. 2019). Whether the compound’s effect is bacterio-
static or bactericidal and requires B and/or T cell responses to

Figure 1. Desipramine temporally reduces the A. phagocytophilum load in SCID
mice in a bacteriostatic manner. (A, B) Twenty C57BL/6 SCID mice were intraperi-
toneally injected with 1 × 108 A. phagocytophilum bacteria. Desipramine or PBS

was administered on days 16 through 39 to 10 mice per group. All mice were tail
bled on days 0 (pre-challenge), 4, 8, 12, 16, 20, 24, 28, 32 and 36, sacrificed on day
40 and blood collected via cardiac puncture. Peripheral blood smears were micro-
scopically examined for neutrophils containing ApVs. (A, C) Heparin-treated

blood from the four C57BL/6 SCID mice in (B) that had been injected with PBS
and exhibited the highest bacterial loads or from the four infected C57BL/6 SCID
mice in (B) that had been treated with desipramine and had the lowest bacterial
loads was, respectively, pooled. One hundred microliters of either pooled sam-

ple was intraperitoneally injected into each of five C57BL/6 mice (wild-type, Wt)
and infection was monitored by examination of smears from peripheral blood
obtained on days 0, 4, 8, 12, 16, 21 and 28 post-injection. Each symbol corresponds
to the percentage of A. phagocytophilum-infected neutrophils as determined by

examining at least 100 neutrophils per mouse. Data are the mean ± standard
deviation (SD) of the percentages determined for 10 C57BL/6 SCID mice per group
(B) and 5 C57BL/6 mice per group (C). Error bars indicate SD among the sam-

ples per time point. Statistically significant values are indicated. ∗∗P < 0.01; ∗∗∗P

< 0.001; ∗∗∗∗P < 0.0001.

reduce pathogen burden was unclear. As a first step in address-
ing these knowledge gaps, 20 C57BL/6 SCID mice were inocu-
lated with A. phagocytophilum, and the infection was allowed to
proceed unhindered for 15 days (Fig. 1A). Beginning on day 16
and continuing through day 39, 10 of the mice were treated daily
with desipramine while the other 10 received PBS. The mice
were euthanized on day 40. The bacterial load was determined
via light microscopic examination of peripheral blood smears
obtained every four days for the presence of neutrophils con-
taining ApVs. On days 20, 24, 28 and 32, the percentage of A.
phagocytophilum-infected peripheral blood neutrophils was sig-
nificantly reduced by as much as 2.8-fold in desipramine-treated
mice (Fig. 1B). However, by day 36, the bacterial load had recov-
ered to comparable levels in control mice. To determine the com-
petency of A. phagocytophilum organisms from both treatment
groups for establishing productive infections, 100 μL of blood
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pooled from the four SCID mice that had been administered PBS
and exhibited the highest bacterial burdens or from the four
desipramine-treated SCID mice that had the lowest pathogen
loads was transferred to each of five naı̈ve C57BL/6 wild-type
mice per group. There was a 1.4-fold difference in the mean
A. phagocytophilum load between the pooled inocula from con-
trol and desipramine-treated mice. Infection was permitted to
progress for 28 days (Fig. 1A). On days 4, 8, 12 and 16, the per-
centage of infected neutrophils in wild-type mice that had been
inoculated with blood from infected desipramine-treated SCID
mice was 1.4-, 1.4-, 1.5- and 2.1-fold lower, respectively, than in
wild-type mice that received blood from infected control mice
(Fig. 1C). Thus, A. phagocytophilum bacteria from both treatment
groups were capable of establishing infection and the initial
difference in bacterial load between the inocula was relatively
maintained throughout the course. These results indicate that
in mice lacking functional B and T cell responses, desipramine
is not bactericidal, but rather is bacteriostatic and/or compro-
mises bacterial fitness. Notably, this inhibition is temporal as the
A. phagocytophilum peripheral blood burden eventually recovers.

Desipramine bacteriostatically limits A.
phagocytophilum infection in immunocompetent mice

It was next examined whether desipramine administration to
wild-type mice is bacteriostatic or bactericidal. Twenty C57BL/6
mice were inoculated with A. phagocytophilum, 10 of which
received desipramine and 10 were given PBS on days 7 through
12 (Fig. 2A). Consistent with prior observations in wild-type
(Cockburn et al. 2019) and SCID mice (Fig. 1), desipramine sig-
nificantly reduced infection on days 8 and 12 (Fig. 2B). The peak
difference in bacterial load of 4.3-fold was observed on day 12.
Blood recovered from all mice per respective group on day 12
was pooled, inoculated into 10 naı̈ve C57BL/6 mice each and
infection was monitored for 28 days (Fig. 2A). All mice became
infected (Fig. 2C). However, the percentage of infected neu-
trophils was reduced by 2.1–3.0-fold on days 8, 12, 16, 21 and 28 in
mice that received blood from the desipramine-treated cohort.
Thus, desipramine had bacteriostatically limited the growth of
A. phagocytophilum in the wild-type mice. The mean bacterial
burden in recipient SCID mice infected with A. phagocytophilum
that had been exposed to desipramine versus PBS was not as
reduced as in the respective donor wild-type mice. This observa-
tion suggests that A. phagocytophilum infection proceeded more
efficiently when no longer hindered by both desipramine and
the host response, which enabled the bacterial population to
partially recover. Collectively, data from this and the previous
experiment confirm that desipramine exerts a bacteriostatic
effect on A. phagocytophilum in vivo whether in the absence or
presence of a competent immune response and that the infec-
tion resumes upon removal of the drug.

Genetic deficiency in ASM severely reduces the A.
phagocytophilum burden, but does not ablate infection

FIASMAs do not induce complete degradation of ASM in vitro
or in vivo, leaving residual basal ASM activity (Kornhuber et al.
2005; Becker et al. 2010; Kornhuber et al. 2010). Accordingly, the
hypothesis that such residual ASM activity accounts for the abil-
ity of A. phagocytophilum to survive in desipramine-treated mice,
albeit at reduced fitness, was evaluated. C57BL/6 mice genet-
ically deficient for ASM or wild-type controls (10 mice each)
were infected with A. phagocytophilum followed by transfer of

Figure 2. Desipramine bacteriostatically limits A. phagocytophilum infection in
immunocompetent mice. (A, B) Twenty C57BL/6 (Wt) mice were intraperitoneally
injected with 1 × 108 A. phagocytophilum bacteria followed by the administra-

tion of desipramine or PBS on days 7 through 12 to 10 mice per group. Mice
were tail bled on days 0 (pre-challenge), 4 and 8. The mice were euthanized
and blood collected on day 12 via cardiac puncture. Peripheral blood smears
were microscopically examined for neutrophils containing ApVs. (A, C) Heparin-

treated blood from all desipramine- or PBS-treated mice was pooled. One hun-
dred microliters of pooled blood was transferred to naı̈ve C57BL/6 SCID mice such
that 10 received blood from infected desipramine-treated mice and 10 received
blood from infected PBS-treated mice. Infection was monitored by examination

of smears from peripheral blood obtained from the SCID mice on days 0, 4, 8, 12,
16, 21 and 28 post-injection. Each symbol corresponds to the percentage of A.

phagocytophilum-infected neutrophils as determined by examining at least 100
neutrophils per mouse. Data are the mean ± SD of the percentages determined

for 10 mice per group. Error bars indicate SD among the samples per time point.
Statistically significant values are indicated. ∗∗∗∗P < 0.0001.

pooled blood obtained from all mice per group on day 12 to
cohorts of 10 C57BL/6 SCID mice (Fig. 3A). The percentage of
infected peripheral blood neutrophils was monitored through
day 12 for the ASM-deficient and wild-type mice and through
day 28 for the recipient SCID mice. Consistent with our prior
report (Cockburn et al. 2019), A. phagocytophilum poorly infected
ASM-deficient mice, exhibiting a 6.1-fold reduction in infected
neutrophils relative to that for wild-type mice on day 12 (Fig. 3B).
Following transfer of blood from both groups to naı̈ve SCID mice,
the difference in bacterial load was maintained through day 4, as
there were 6.6-fold fewer neutrophils containing ApVs in SCID
mice that had been inoculated with blood from infected ASM-
deficient mice than in those that had been injected with blood
from wild-type infected mice (Fig. 3C). However, the difference
was reduced to 2.3-fold by day 8 and to 1.8- to 1.5-fold on days
12, 16, 21 and 28. Thus, once the bottleneck imposed on infec-
tion by both the lack of ASM activity and a competent immune
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Figure 3. Genetic deficiency in ASM severely reduces the A. phagocytophilum bur-

den, but does not ablate infection. (A, B) Ten C57BL/6 (Wt) or 10 ASM-deficient
(ASM−/−) mice were intraperitoneally inoculated with 1 × 108 A. phagocytophilum

organisms. Mice were tail bled on days 0 (pre-challenge), 4 and 8. The mice

were euthanized and blood collected on day 12 via cardiac puncture. Peripheral
blood smears were microscopically examined for neutrophils containing ApVs.
(A, C) Heparin-treated blood from all Wt or ASM−/− mice was pooled. One hun-
dred microliters of pooled blood was transferred to naı̈ve C57BL/6 SCID mice

such that 10 received blood from infected Wt mice and 10 received blood from
infected ASM−/− mice. Infection was monitored by examination of smears from
peripheral blood obtained from the SCID mice on days 0, 4, 8, 12, 16, 21 and 28.
Each symbol corresponds to the percentage of A. phagocytophilum-infected neu-

trophils as determined by examining at least 100 neutrophils per mouse. Data
are the mean ± SD of the percentages determined for 10 mice per group. Error
bars indicate SD among the samples per time point. Statistically significant val-
ues are indicated. ∗P < 0.05; ∗∗∗∗P < 0.0001.

system was released, the A. phagocytophilum population rapidly
recovered. Moreover, whereas the ability of A. phagocytophilum
to infect neutrophils in mice genetically deficient in ASM is pro-
nouncedly compromised, the impairment occurs at the level of
bacterial fitness rather than being bactericidal.

DISCUSSION

This study establishes that pharmacologic inhibition of ASM
in immunocompetent and immunodeficient mice as well as
genetic deficiency in the enzyme bacteriostatically limits A.
phagocytophilum infection. The ability of A. phagocytophilum
to initially infect mice was not impaired under any con-
dition evaluated, suggesting that the low pathogen burden

results from inhibition of one or more stages of the bacte-
rial infection cycle as has been demonstrated for FIASMA-
treated A. phagocytophilum-infected mammalian cells in vitro
(Cockburn et al. 2019). These findings are important when con-
sidered in the context of desipramine’s inhibitory effect on
NPC1-dependent delivery of exogenously acquired cholesterol
from lysosomes to the ApV (Xiong and Rikihisa 2012; Cock-
burn et al. 2019) because it indicates that the bacterium also
potentially obtains cholesterol from ASM-independent/NPC1-
independent/FIASMA-insensitive mechanisms that permit its
survival.

Prior reports of interfaces between the ApV and multi-
ple membrane trafficking pathways offer support for NPC1-
independent routes facilitating A. phagocytophilum cholesterol
acquisition that, in turn, could allow for bacterial survival in the
absence of functional ASM. Membrane contact sites are conduits
of bidirectional sterol exchange between endosomes/lysosomes
and other organelles, including the endoplasmic reticulum,
which, in addition to receiving exogenous cholesterol in an
NPC1-dependent manner, is a site of endogenous cholesterol
synthesis (Meng et al. 2020). The documented membrane con-
tact sites that form between the ApV and endoplasmic reticu-
lum (Truchan et al. 2016a) could enable flux of endogenously syn-
thesized cholesterol to the ApV in desipramine-treated or ASM-
deficient cells. The effector, Anaplasma translocated substrate-
1 (Ats-1), promotes ApV–autophagosome fusion, which releases
inner membrane-enveloped autophagic bodies, another source
of endogenous cholesterol (Meng et al. 2020), into the ApV lumen
(Niu et al. 2012). Additionally, it was recently discovered that
lysosomal integral membrane protein 2 functions independent
of the NPC1 pathway to export cholesterol, but at a reduced rate
(Heybrock et al. 2019). Whether A. phagocytophilum targets this
cholesterol transport route is unknown.

Incorporation of other host cell lipids into the A. phago-
cytophilum cell wall could complement cholesterol uptake or,
in the face of ASM functional inhibition or genetic defi-
ciency, compensate for a lack thereof. Indeed, the ApV inter-
cepts sphingolipid trans-Golgi-derived vesicles that are deliv-
ered into the ApV lumen to label the membranes of intravac-
uolar A. phagocytophilum organisms. Ultra-performance liquid
chromatography–electrospray ionization–tandem mass spec-
trometry performed on A. phagocytophilum bacteria that had
naturally egressed from infected myeloid cells confirmed that
they were heavily enriched in numerous sphingomyelin and
ceramide species (Truchan et al. 2016b). Analogously, 3,3-
dioctadecylindocarbocyanine-prelabeled host cell membranes
are unidirectionally trafficked into the bacterial membranes of
Ehrlichia chaffeensis, another Anaplasmataceae member that par-
asitizes cholesterol and other host lipids (Lin et al. 2020). The
numerous intraluminal membrane-rich vesicles delivered into
the ApV are opportune sources of ready-to-use esterified choles-
terol, sphingomyelin and ceramide for A. phagocytophilum.

Anaplasma phagocytophilum population growth in the periph-
eral blood of infected FIASMA-treated or ASM-deficient mice
resumes following transfer to naı̈ve untreated mice that express
ASM. The reduction in the bacterial load of desipramine-treated
and ASM-deficient mice could be due to an actual halt in bac-
terial replication that would most likely stem from the drug’s
inhibition of A. phagocytophilum cholesterol parasitism. However,
it cannot be ruled out that either condition could impair bacte-
rial fitness such that a portion of the population is killed by the
host immune response. Support for this possibility comes from
the observation that the percentage of infected neutrophils is
markedly lower in ASM-deficient mice and desipramine-treated
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wild-type mice compared with desipramine-treated SCID mice.
Even in this scenario, however, a sub-population survives. Such
a sub-population, which could be better adapted at utilizing any
of the aforementioned ASM/NPC1-independent lipid sources, is
enriched for in desipramine-treated SCID mice, as the bacterial
load fully recovers to comparable levels observed in PBS-treated
SCID mice by days 38–40. Precedent for selective pressure pro-
moting the emergence of sub-populations of A. phagocytophilum
variants comes from the prior report that, although the bac-
terium primarily uses sialyl Lewis x-capped P-selectin glycopro-
tein ligand 1 as a receptor for entry, bacteria capable of infecting
cells independent of this ligand be enriched for by cultivation
in cell lines that are unable to construct sialyl Lewis x (Sarkar,
Reneer and Carlyon 2007; Reneer et al. 2008).

In closing, this study demonstrates that ASM activity is criti-
cal for optimal A. phagocytophilum infection in vivo and that its
functional inhibition or genetic deficiency reversibly impairs,
but does not eliminate infection. It also suggests that A. phago-
cytophilum intracellular survival and replication benefits from
ASM/NPC1-dependent and -independent lipid trafficking path-
ways.
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