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suggests that the HGE infectious agent is closely re-
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Human granulocytic ehrlichiosis (HGE) is an emerg-
ng vector-borne disease caused by an Ehrlichia spe-
ies similar or identical to E. equi and E. phagocyto-
hila. Previous studies have shown that the pathogen
an be cultivated in vitro in permissive cells such as
uman promyelocytic HL-60 leukemia cells. The mech-
nism(s) of its infection and propagation in target
ells, however, is not well understood, due in part to
ack of a method capable of quantitatively determin-
ng the amount of the infectious agent. Although sev-
ral assays currently exist for the HGE agent, they are
ostly qualitative and have a number of limitations.

n this report, size differences between prokaryotic
nd eukaryotic rRNAs are utilized to quantitatively
ssay the HGE agent in HL-60 cells. By comparing the
ntegrated intensity of agarose gel resolved HGE-
pecific rRNA in host cells, with identically prepared
nd analyzed rRNA isolated from known quantities of
. coli (JM 109), it is possible to calculate the E. coli-
quivalence of the HGE agent present in HL-60 cells
ccording to the equation: Y (E. coli, in viable cells 3
08) 5 22.573 1 0.11X (% infection by the HGE agent in
L-60 cells). The method described is reproducible,

ensitive, and is not limited by availability of antisera.
urthermore, since the assay has no designer primer
nd repeated amplification requirements, it can be
asily disseminated to and standardized in other
aboratories. © 1999 Academic Press

Human granulocytic ehrlichiosis (HGE) is a carrier-
ransmitted disease, which was first described in Min-
esota and Wisconsin in 1994, and more recently also

n several other localities across the United States and
n Europe (1–10). HGE is caused by intracellular,
ram-negative Ehrlichia that multiply primarily in
ranulocytes. Sequence analysis of the 16S rRNA gene

1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 914-594-4058. E-mail: Tze-chen_Hsieh@nymc.edu.
7

ated to E. equi and E. phagocytophila (11). Like Bor-
elia burgdorferi, the causative bacterium of Lyme
isease, the HGE agent is transmitted by Ixodes
capularis ticks. Transmission of both infectious
gents by the same reservoir host has been reported in
umans (12, 13). The infection produces a multi-
ymptom illness that usually requires only brief hos-
italization. In rare cases, however, HGE has been
nown to cause fatalities. This is probably due to con-
ounding factors, including delay and/or error in diag-
osis and treatment.
Several assays currently exist for identifying the
GE agent. These include (i) detection of inclusion
odies (morulae) in neutrophils of suspected cases (12,
4), (ii) immunofluorescence assay (IFA) that measures
he reactivity of acute or convalescent sera from pa-
ients against E. equi antigen isolated from HGE
gent-infected horses (12, 14, 15). Alternatively HGE
ntigens derived from infected HL-60 cells can be de-
ected using patient sera by enzymatic immunoassay
EIA) (16, 17), (iii) PCR using primers targeted against
he spacer region of the rRNA gene (11, 12, 14), and (iv)
ulture-positivity in receptive cells such as HL-60 leu-
emia cells (12, 14, 17–23). These assays may intro-
uce false positive results contributing to errors in
iagnosis of the disease. In addition, none of the HGE
etection methods currently used in clinical settings
llow the quantification of bacterial load. This would
learly be advantageous for (i) administering and mon-
toring the early efficacy control of the therapeutic
egimen, (ii) correlative analysis of the clinical presen-
ations of HGE and bacterial burden, and (iii) the study
f the influence of immune surveillance mechanisms on
ropagation and elimination of the HGE agent in ani-
al models. In this communication, size differential

xisting between prokaryotic and eukaryotic rRNA is
xplored to provide a basis for developing a quantita-
ive method to evaluate the presence of the HGE agent
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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n HL-60 cells. Specifically, the intensity of HGE-
pecific rRNA, revealed by ethidium bromide staining
f agarose gel-resolved RNA isolated from control and
nfected HL-60 cells, is compared with intensity of
RNA prepared from known quantities of E. coli, to
alculate the E. coli-equivalence of the HGE agent
resent in HL-60 cells.

ATERIALS AND METHODS

Isolation and culture of New York (NY) HGE isolates. The New
ork HGE isolates 7030 and 7034 were established from suspected

FIG. 1. Presence of the HGE agent based on presence of morulae (
cell 1) and densely populated morulae (cell 2) in HL-60 cells infecte
GE agent. HGE-infected HL-60 cells are incubated with FITC-co

ounter-stained with propidium iodide to reveal nuclei of host HL-60
sing the IFA method.
8

ases, as described previously (12, 19, 20). Infected cells were prop-
gated in HL-60 cells using RPMI-1640 without antibiotics and
upplemented with 10% heat-inactivated fetal bovine serum (FBS).
ulture positivity in HL-60 cells and percent of infection was based
n morulae in slide preparations, as well as by IFA using FITC-
onjugated human sera obtained from the convalescent phase of
atients infected with the HGE agent (12, 20). Routinely cytospin
reparations containing 200 cells were evaluated for the presence of
he HGE agent and determination of percent of infection.

Propagation of bacterial cultures HB101 and JM109. E. coli
trains HB101 and JM109 were purchased from Promega Corp.
Madison, Wisconsin), or provided by Dr. M. Lee (JM 109) of this
epartment. Bacterial cultures were propagated in sterile LB broth

and IFA (B). (A) Photomicrograph of Wright’s stain showing sparsely
the HGE agent. (B) IFA analysis of infection of HL-60 cells by the

gated convalescent sera from patients diagnosed with HGE, and
s. Cells 1 and 2 show respectively intensely and lightly stained areas
A)
d by
nju

cell
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t 37°C in a rotary shaker. Growth was monitored by measuring
D600. The quantity of viable bacterial cells was calculated on the
asis of 1 OD600 5 8 3 108 viable cells.

Isolation and analysis of RNA from cultured bacteria and control/
GE agent-infected HL-60 cells. Total RNA was isolated from E.

oli and HL-60 cells using the RNeasy kit purchased from Qiagen,
nc. (Valencia, California), as follows. E. coli in log-phase growth
1–3 6 109 cells) were pelleted by a 3–5-min centrifugation at 5,000
g. The pellets were resuspended in 100 (l buffer containing ly-
ozyme (stock, 2.8 mg/ml), as detailed in the protocol provided by
iagen. RNA recovery from 5 3 108 cells were 17.8 6 0.2 (n 5 3) for
B101, 15.6 6 1.8 (n 5 3) for JM109 from Promega and 17.0 6 2.2

n 5 9) for JM109 from Dr. M. Lee. The same procedure was used to
solate RNA from control and HGE agent-infected HL-60 cells. Vary-
ng amounts of bacterial and HL-60 RNA were denatured with
lyoxal, separated by electrophoresis on 1 or 1.4% agarose gels,
tained with ethidium bromide, visualized under a UV source,
nd analyzed using a digital imaging system from Alpha Innotech
orporation.

ESULTS AND DISCUSSION

Technical issues and limitations in diagnosis of the
GE agent. Table 1 lists the four methods frequently
sed to detect the presence of the HGE agent. The most
ommon assay (method one) is based on cytoplasmic
nclusions, referred to as morulae, present in granulo-
ytes or neutrophils (12, 15, 22). Limiting features of
his method are its qualitative and subjective nature.
hus, as illustrated in Fig. 1A, sparcely or densely
opulated morulae in a given cell are assigned equal
eights in calculating the percentage of infection,
ased on currently accepted criteria. Also, clusters of
orulae inside HL-60 cells at times could be mistak-

nly identified as granules and vice versa, thereby
iving inaccurate estimation of infection. Another
rawback of method one is that a negative smear result
oes not necessarily eliminate infection by the HGE
gent. In method two, which relies on reactivity of
uman sera with E. equi antigens or with HGE anti-
ens, false positives can result from Rocky mountain
potted fever, Q fever, murine typhus, Lyme disease
24, 25). Another potential deficiency of this method is
hat no standards exist for relating IFA data to differ-
nt load of the HGE agent. Thus, intensely staining
FA spots are scored equally as less intense IFA areas
Fig. 1B). In addition, positive serological testing re-

Comparison of Four Existing Methods to Demonstrate
the Presence of the HGE Agent

Method Assay

One Presence of morulae by Wright’s stain
Two Seroconversion with E. equi antigen or HGE agent

antigen
Three PCR using 16S rRNA specific primers
Four Culture positivity in HL-60 cells
9

ion. In molecular probe-based diagnosis of the HGE
gent (method three), false positives, as well as varia-
ions in the design and selection of primers between
aboratories, underscore some of its intrinsic limita-
ions (11, 14, 26–29). The most reliable method for
nequivocal demonstration of active HGE agent is cul-
ure positivity in permissive cells, e.g., HL-60 cells
method four). This method has drawbacks of cost,
equirement for tissue culture expertise, as well as
nter-isolate variability, uncertainty and ambiguity on
ime required before to culture positivity can be defin-
tively established. Also noteworthy is the fact that
one of the methods described provide a reasonable
nd objective approximation of the HGE agent load at
he time of infection or upon propagation in vitro.

Different propagation patterns of the HGE agent in
L-60 cells. Since 1996, this laboratory has been in-

olved in studies designed to establish HGE isolates
rom suspected cases, testing in total 191 blood speci-

ens (92 in 1996, 53 in 1997 and 46 in 1998). At least
hree propagation patterns have been identified for the

FIG. 2. Comparison of HGE agent propagation characteristics in
L-60 cells. (A) Suspected HGE blood specimens tested in 1996–
998. (B) Variations in propagation pattern of the HGE agents in
L-60 cells. (C) Distribution of various HGE agent propagation
atterns observed in culture-positive isolates in 1996–1998.
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GE agent in HL-60 cells (Fig. 2A). In pattern 1, high
nfection ($50–60% infection) is rapidly established,
ithin 1 week, in host cells. By comparison, pattern 2

solates typically result in 10% host infected in 1 week,
ith evidence for significant infection ($40%) requir-

ng considerably longer periods. In a third category of
solates (pattern 3), infection remains low at 2–5%,
ven after months in culture. Figure 2B compares the
uccess rate in number of HGE isolates confirmed in
onsecutive years, between 1996–98. Figure 2C shows
he distribution of isolates with the three described
ropagation patterns for isolates established in 1996–
8. The bases for these different propagation patterns
bserved have not been elucidated but could relate to
ariations in the bacterial load at clinical presentation,
hich in turn significantly affect pathogen-host inter-

FIG. 3. Appearance of HGE-specific rRNA in HL-60 cells. (A)
ninfected HL-60 and E. coli JM109 cells. The adjoining panel shows
orporation. (B) Photomicrograph showing rRNA isolated from E. co

solated from E. coli JM109 cells; lane 2, rRNA isolated from uninfec
. coli JM109 cells; lane 4, rRNA isolated from HL-60 cells infecte

nfected with HGE isolate NY 7030 combined with E. coli JM109 cell
nnotech Corporation. Results of such an analysis are shown in the
10
ction, and give rise to a gradient of cellular anomaly
hat accounts for the perpetuation behavior of the
athogen in the host. To test such a possibility, a
ethod must be developed that quantifies the HGE

gent. Ideally, for the method to be generally ap-
licable and easily disseminated to other labora-
ories, it should utilize features that relate HGE agent
o a ubiquitous and commercially available reference
tandard.

Appearance of HGE-specific rRNA in RNA isolated
rom HGE infected HL-60 cells. The inception of the
entral dogma concept provides the basis for the long
stablished role of RNAs as a family of molecules serv-
ng as important intermediates in gene expression, by
cting both as a repository and as essential carriers of

otomicrograph of ethidium bromide stains of rRNA isolated from
alysis of rRNA using a digital imaging system from Alpha Innotech
M109 cells and from HGE agent infected HL-60 cells. Lane 1, rRNA
HL-60 cells; lane 3, rRNA isolated from HL-60 cells combined with
ith HGE isolate NY 7030; lane 5, rRNA isolated from HL-60 cells
he gel was also analyzed using a digital imaging system from Alpha
oining panel.
Ph
an

li J
ted
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enetic information. Contrary to mRNAs that are char-
cterized by their rarity, heterogeneity, flexibility and
ersatility, rRNAs are distinct in their abundance, ho-
ogeneity, stability and high levels of conservation

cross species (30). Ribosomes and rRNA are the only
biquitous supramolecular complexes and organelles
hat occur in all organisms. Analysis of rRNA gene
ucleotide sequences has allowed inference to be made
f the evolutionary relationship among primary lin-
ages of life (31, 32). Differences in size, and in the
umber of proteins and RNA molecules have been used
o characterize ribosomes from different biological sys-
ems (33).

Since the sizes of prokaryotic rRNA (16S/23S) differ
ignificantly from their eukaryotic counterparts (18S/
8S), we reasoned that such a molecular feature could
erve as a basis for identifying the presence of the HGE
gent in infected HL-60 cells. Accordingly, total RNA
as isolated from control and HGE agent-infected
L-60 cells using a commercially available kit and
rocedures provided by the manufacturer. For compar-
son, RNA was also isolated from JM109 or HB101
acteria. To optimize reproducibility and recovery of
NA, a number of control experiments were per-

FIG. 4. Correlation of intensity of individual components of HGE
L-60 cells. (A) Intensity of HGE-specific rRNA in relation to magn
L-60 cells; lanes 2–4, HL-60 cells infected to varying degrees wit

orrelation between the magnitude of infection of HL-60 cells by the
f HGE agent 16S and 23S rRNA. (C and D) Correlation between d
ntegrated intensities (D). The RNA was isolated from 60% HGE 70
11
ormed. These included (i) varying the amount of ly-
ozyme used for bacteria lysis; a 3-fold increase in
ysozyme added did not affect recovery of RNA; (ii)

ixing varying quantities of JM109 with fixed number
f HL-60 cells and vice versa, to ensure that extraction
nd recovery of bacterial and host RNA is not adversely
ffected by the presence of the other cell type; (iii)
omparing recovery of RNA using freshly isolated ver-
us frozen cells. The different electrophoretic pattern of
NA isolated from HL-60 cells and from cultured bac-

eria on agarose gels is displayed in Fig. 3A. Figure
B shows appearance of four distinctly separated
thidium bromide stained bands corresponding to the
GE-specific and the host 18S/28S rRNAs. Of interest

s that this doublet (lane 3) appears to be smaller in
ize than the corresponding 16S/23S rRNA doublet
solated from E. coli (lane 4). Figure 4 compares results
f rRNA isolated from HL-60 cells infected to varying
egrees with the HGE agent. The data show that in-
reases in infection by the HGE agent are matched by
orresponding increases in intensity of the ethidium
romide stained bands for the HGE-specific rRNA
oublet (Figs. 4A and 4B). In cases of high infection
.50%), increases in intensity of the ethidium bromide

ecific rRNA doublet with the increase of infection by HGE agent in
e of infection of HL-60 cells by the HGE agent. Lane 1, uninfected
GE isolate NY 7030. (B) A re-plot of the data in A, showing high
E agent, scored on the basis of morulae, and integrated intensities

rent amounts of RNA applied per lane (C) and their corresponding
infected HL-60 cells.
-sp
itud
h H
HG
iffe
30



stained bands corresponding to the HGE-specific rRNA
d
l
s
b
H
a
d
t
o
c
l
l
i
t

b
u
r
c
s
(
w
e
t
e
f
0

H
t
r
c
a
m
m
i
b
b
s
a
p
e
(
a
s
a
t
a
o
r
p
t
i
i
r

c
H
w
d
r
t
r
e
b
a
t
t
g
f
l

t
p

a
i
r
t
l
4
t
s

Vol. 262, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
oublet are directly proportional to the amount of RNA
oaded per lane, with as little as 1 mg total RNA clearly
howing the presence of the HGE-specific rRNA dou-
let (Figs. 4C and 4D). In 5–10% HGE agent infected
L-60 cells, 5–10 mg of total RNA must be loaded and
nalyzed to clearly visualize the HGE-specific rRNA
oublet (data not shown). Figures 4B and 4D show that
he integrated intensity (IU) of individual components
f the doublet are significantly correlated with the in-
rease in infection, as scored by the presence of moru-
ae (Fig. 4B), or with the amount of RNA applied per
ane (Fig. 4D). Multiple analyses with both New York
solates 7030 and 7034 validate the general utility of
his assay.

Several models were considered for the relationship
etween IU of rRNA and the HGE bacterial load. Fig-
re 5 shows that when the respective IU of bacterial
RNAs is presented as a ratio of the summation of IUs
orresponding to bacterial and host rRNAs, the ratio is
ignificantly correlated with both the number of E. coli
by the equation Y 5 3.0916X 1 44.588, r 5 0.89) and
ith the % of infection by the HGE agent (by the
quation Y 5 0.6648X 1 11.764, r 5 0.94). Combining
hese two equations permits the calculation of E. coli
quivalents for infection by the HGE agent, using the
ollowing equation: Y (E. coli in 108 units) 5 22.573 1
.11X (% of infection by the HGE agent).
Compared to assays currently in use to monitor the
GE agent, the method described in this communiac-

ion offers several advantages. First, it is an extremely
apid method, typically requiring 30 min for RNA pro-
essing and an additional 90 min for RNA separation
nd analysis, using inexpensive and common instru-
ents and commercially available kits. Also, the
ethod could be easily adapted for rapid screening and

dentification of bacterial infection in general, and may
e particularly useful in cases where culture of the
acterium proves difficult or impossible. The potential
ignificance of this methodological improvement is that
ccording to current estimation, most microbes (.99%)
resent in biological samples collected from diverse
nvironments are not cultivated by standard methods
34–36). Second, although DNA-based PCR methods
re equally rapid and sensitive, positive results may
imply reflect the presence of primer-hybridizable and
mplifiable nucleic acid pieces and not necessarily in-
act DNA derived from actively infecting pathogenic
gents. By contrast, isolation and analysis of rRNA, as
utlined, demonstrates phenotypic expression of HGE
RNA genes, thereby obviating the need for PCR am-
lification. This in turn implies that at the time when
he host cells are harvested, there is likely to be active
nfection of the host cells by the HGE agent. Such an
nterpretation is supported by the observation that the
elative proportion of HGE-specific rRNA doublet in-
12
reases in proportion to the percentage of infection of
L-60 cells by the pathogen (Fig. 3). Also consistent
ith such a conclusion is previous studies showing that
eath of bacteria such as E. coli is accompanied by a
apid degradation of ribosomes (37). An added advan-
age of the method presented is that the HGE-specific
RNA doublets are easily visualized by staining with
thidium bromide, raising the possibility that these
ands could be recovered from the excised gel pieces
nd subjected to rRNA fingerprinting analysis. Fine
uning of these assays conceivably could be used to
rack spread of infection by the HGE agent as well
eneration of its phenotypic divergence in vitro, and
or isotyping of HGE isolates derived from different
ocalities.

In conclusion, rapid laboratory confirmation of infec-
ion by the HGE agent can help ensure the most ap-
ropriate patient care. The method described in this

FIG. 5. Correlation between ratio of rRNA with number of E. coli
nd with % infection by HGE isolate 7030. Respective integrated
ntensity units (IU) of JM 109 rRNAs (A) and HGE agent-specific
RNA (B) presented as a ratio of the summation of IUs corresponding
o bacterial and host rRNAs. The rRNA ratio is significantly corre-
ated with both the number of E. coli (by the equation Y 5 3.0916X 1
4.588, r 5 0.89) and with the % of infection by the HGE agent (by
he equation Y 5 0.6648X 1 11.764, r 5 0.94). The bars represent
tandard deviations of results derived from 2–4 experiments.
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nd serological methods for surveillance of HGE in
ospitals with heavy workloads since it offers shorter
urnaround time, cost-effectiveness, and decreased
isk of false positive results because of elimination of
eed for repeated amplifications. The assay also allows
or the reliable quantification of HGE bacterial burden,
xpressed as equivalents of E. coli, and is not limited
y availability of antisera stocks. When combined with
nalysis of host rRNA, the data obtained could be stan-
ardized in order to compare the bacterial burdens of
ifferent clinical samples. Since the method relies on
. coli as the reference for standardization, it is easily
isseminated to other laboratories.
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