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Background. This article describes multiple transmissions of rabies via transplanted solid organ from a single
infected donor. The empirical Milwaukee treatment regimen was used in the recipients.

Methods. Symptomatic patients were treated by deep sedation (ketamine, midazolam, and phenobarbital),
ribavirin, interferon, and active and passive vaccination. Viral loads and antibodies were continuously monitored.

Results. Recipients of both cornea and liver transplants developed no symptoms. The recipient of the liver
transplant had been vaccinated ∼20 years before transplantation. Two recipients of kidney and lung transplants
developed rabies and died within days of symptomatic disease. Another kidney recipient was treated 7 weeks before
he died. The cerebrospinal fluid viral load remained at constant low levels (!10,000 copies/mL) for ∼5 weeks; it
increased suddenly by almost 5 orders of magnitude thereafter. After death, no virus was found in peripheral
compartments (nerve tissue, heart, liver, or the small intestine) in this patient, in contrast to in patients in the
same cohort who died early.

Conclusions. Our report includes, to our knowledge, the longest documented treatment course of symptomatic
rabies and the first time that the virus concentration was measured over time and in different body compartments.
The postmortem virus concentration in the periphery was low, but there was no evidence of a reduction of virus
in the brain.

Rabies is an acute and invariably fatal form of viral

encephalitis. Rabies virus, 1 of at least 7 species in the

genus Lyssavirus, Family Rhabdoviridae, is acquired

from infected animals by bites, scratches, and mucous

membrane exposure [1]. If a history of bites does not
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exist, the disease is easily mistaken for other neurolog-

ical or psychiatric conditions.

Transmission of rabies through corneal transplants

has been described at least 8 times [2–4]. To our knowl-

edge, transmission through solid-organ transplantation

has been reported only once, when in 2004, four Amer-

ican patients received solid-organ transplants and vas-

cular grafts from a donor whose rabies infection went

undetected [5, 6]. We report a second similar event that

occurred 9 months later in Germany, when 3 of 6 re-

cipients of corneas or solid organs developed rabies.

These patients underwent treatment using a neuropro-

tective and, hypothetically, antiviral regimen applied in

a surviving patient with rabies in Milwaukee, Wisconsin

[7]. Because no experiences with the regimen in other
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patients were then available, 1 patient was treated over an un-

usually long course of 7 weeks with continuous monitoring of

viral load in the cerebrospinal fluid (CSF).

PATIENTS, MATERIALS, AND METHODS

Patients. The organ donor was a 26-year-old woman who had

been hospitalized for evaluation of an altered mental status with

episodes of lethargy and aggressiveness. She had been seen 2 days

earlier by a neurologist because of headaches and had report-

edly consumed cocaine, amphetamines, and MDMA (3,4-meth-

ylendioxy-N-methylamphetamine) shortly before hospitaliza-

tion. Neurological examination, cerebral magnetic resonance

imaging (MRI), and CSF analysis showed no abnormalities.

Within 1 day, she developed respiratory distress and fever. She

received antibiotic therapy, catecholamines, and ventilator ther-

apy after sudden cardiac arrest, which occurred during the same

day. Computer tomography revealed massive cerebral edema.

Examination of a CSF specimen obtained 5 days after the first

sample revealed 700 cells/mL, protein concentration of 1.3 g/L,

a glucose level of 0.7 g/L, and lactate concentration of 7 mmol/

L. Culture of CSF and blood samples yielded no bacteria or

fungi. The results of polymerase chain reaction (PCR) of CSF

samples were negative for herpes simplex viruses 1 and 2, var-

icella zoster virus, cytomegalovirus, enteroviruses, flaviviruses,

and alphaviruses. Brain death was confirmed in a subsequent

neurological examination. The donor’s family consented to a

multiorgan extraction. Histories of all organ recipients are sum-

marized in Table 1.

Laboratory procedures. Histological examination followed

standard procedures. Antibodies were tested by enzyme im-

munoassay (Platelia Rabies II Kit; Bio-Rad). Virus-neutralizing

antibodies were determined by the rapid fluorescent focus in-

hibition test [8]. Heminested reverse-transcription (RT) PCR

used primers adapted from a published protocol [9]. The full

genome sequence of rabies virus was determined directly from

sputum of recipient 4 (GenBank AY956319).

Empirical treatment. Details on treatment of a patient who

survived rabies were made available prior to publication by Dr

Willoughby (University of Wisconsin; Milwaukee) [7]. Relatives

and patients were informed that treatment was highly likely to

fail and that severe disability had to be expected even in the

case of recovery. Treatment was preferred over palliative care

in all cases.

RESULTS

Laboratory Confirmation and Chains of Transmission

In the course of a routine look-back procedure on day 45 after

transplantation, similarity of symptoms of recipient 4 with

those of the donor was notified. Similar findings were also

confirmed in recipients 5 and 6. Archived paraffin-embedded

samples of the donor’s brain stem were reexamined by he-

matoxilin-eosin staining. In addition to massive perivascular

infiltrations, which had already been noticed upon initial ex-

amination, eosin-dense Negri bodies were seen in ganglion cells

(Figure 1). Electron microscopy of sections from various brain

regions showed virus particles with typical bullet-shaped rhab-

dovirus morphology. To confirm the suspicion of rabies spe-

cifically, monoclonal antibodies were used for staining of virus

antigen (Figure 1). No positive RT-PCR results were seen for

saliva and skin biopsy specimens obtained from recipients 1

and 2, as well as with saliva and corneal swab samples obtained

from recipient 3. Clear amplification was achieved in bron-

choalveolar lavage, sputum, and bronchial secretion samples

obtained from recipient 4; in saliva samples from recipient 5;

and in sputum and corneal swab specimens obtained from

recipient 6. Virus RNA was also detected in formalin-fixed brain

of the donor by adapted nested RT-PCR. All PCR product

sequences were 100% identical, proving transmission. Virus was

isolated in cell cultures for recipients 4 and 6. Phylogenetic

comparison with the archival database at the Centers for Dis-

ease Control and Prevention revealed closest homology (93%

nucleocapsid nucleotide identity) with a rabies virus from an

American patient bitten by a dog in India [11]. Meanwhile,

the travel history of the donor had been reconstructed more

precisely and matched this observation: a fellow traveler who

had not been available for interviews before remembered the

donor had been bitten by a stray dog in India.

Clinical Courses after Diagnosis

All recipients were contacted immediately when findings in the

donor were communicated on day 46 after transplantation.

Postexposure prophylaxis (PEP) was started immediately for

all recipients, comprising a single 20-IU/kg dose of human anti-

rabies hyper-immunoglobulin (HRIG; Berirab; Behring) and

2.5 IU of purified chicken embryo cell vaccine (PCECV; Ra-

bipur, Behring) intramuscularly after 0, 3, 7, 14, and 28 days.

After completion of PEP, recipients 1 and 2 showed titers of

rabies virus–specific antibodies of 1.0 and 6.0 IU/mL, respec-

tively. Corneal grafts were removed and replaced in both re-

cipients. Rabies virus RT-PCR repeatedly yielded negative re-

sults for the removed corneas. Both patients had not developed

symptoms to date.

Recipient 3. Recipient 3 was asymptomatic when he re-

ceived PEP. Surprisingly, virus-neutralizing antibodies were al-

ready detectable at 0.4 IU/mL in an archived pretransplanta-

tion blood sample. Neutralization titers increased to 29.5, 30.4,

and 160 IU/mL on days 46, 53, and 61, respectively. His moth-

er recalled that he had been vaccinated against rabies during

childhood, ∼20 years ago. Ribavirin (800 mg/day) and pegyl-

ated interferon-a-2b (100 mg per week) was administered in

spite of these findings because of the artificial route of rabies

virus exposure. Liver enzyme levels increased after 3 weeks, and
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Figure 1. Pathology and radiology findings. A–C, Findings in brain stem sections of the organ donor. A, Negri bodies (red) in paraffinized, formalin-

fixed tissue stained with hematoxilin and eosin. B, Budding rabies virions, as seen in electron microscopy on deparaffinized brain sections treated

with phosphotungstic acid; C, Direct fluorescent staining of rabies virus antigen in deparaffinized, acetone-fixed brain by fluorescein isothiocyanate-

labeled monoclonal antibodies against rabies virus nucleoprotein. D and E, Findings in T2-weighted magnetic resonance imaging in recipient 6 one

week after laboratory confirmation of rabies (D; no significant findings and weeks after confirmed rabies diagnosis (E; hyperintensity of grey substance,

signal change of basal ganglia and subthalamic nuclei, and general swelling of cortex).

biopsy demonstrated rejection. Ribavirin and interferon were

stopped, and short-term, high-dosage immunosuppressive ther-

apy was initiated. Liver enzyme levels reverted to normal within

18 days. The patient is healthy to date.

Recipient 4. Recipient 4 had already received PEP on day

45 on the basis of clinical suspicion of rabies, and an additional

20-IU/kg dose HRIG was given on day 47. Deep sedation was

induced with ketamine (100–125 mg/h) and midazolam (15–

20 mg/h). Antiviral therapy was initiated with interferon-a at

1.5Mio IE subcutaneously and intravenous ribavirin (loading

dose, 200 mg). On day 47 after transplantation, the patient

developed atrioventricular block and received an intravenous

pacemaker. She died of cardiac arrest 2 days later without ever

developing virus neutralizing antibodies detectable by enzyme

immunoassay or neutralization test.

Recipient 5. Recipient 5 started PEP on the basis clinically

suspected rabies on day 45 after transplantation After labora-

tory confirmation, additional passive vaccination was admin-

istered at 25 IU/kg of HRIG per day until day 51. Ribavirin

was administered at 4–8 mg/kg every 6 h after an initial loading

dose of 20 mg/kg. Interferon-a (3,000,000 IU) was given sub-

cutaneously every second day. Amantadine (200 mg per day)

was added on day 50. The patient died of sudden cardiac arrest

on day 52 after transplantation. Antibodies against rabies virus

were not detectable by enzyme immunoassay in serum samples

obtained on days 45, 47, and 51 after transplantation.

Recipient 6. Recipient 6 worsened with panic attacks,

hypersalivation, and respiratory distress from day 45 after trans-

plantation, requiring intensive care. MRI revealed no patho-

logical lesions (Figure 1). Anti-thymocyte globulin and myco-

phenolatmofetil were stopped, and the cyclosporin A dose was

reduced stepwise over 4 days. Deep sedation was induced with

midazolam (4–8 mg per hour) starting on day 47. Ketamine

and phenobarbital were added at 25–100 mg per hour and 8–

16 mg per hour, respectively, yielding complete burst suppres-

sion in episodes of 10–25 s on an electroencephalograph (EEG).

In addition to conventional PEP, HRIG was continued after

the first dose at 27 IU/kg per day. Antiviral treatment was

started on day 47 with ribavirin (22 mg/kg 4 times per day

over 3 days and then 11 mg/kg every 8 h). Interferon-a was

given subcutaneously at 180 mg (Pegasys; Chiron) on day 46

after transplantation, 5,000,000 IU (Roferon; Roche) was given

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
id

/a
rtic

le
/5

0
/8

/1
1
1
2
/4

4
9
4
4
2
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



1116 • CID 2010:50 (15 April) • Maier et al

Figure 2. Clinical courses and overview of therapy for recipients 4 (kidney transplant recipient), 5 (heart and lung transplant recipient), and 6 (spleen

and kidney transplant recipient), who died of rabies. Bottom, Virus RNA concentration over time as determined by real-time reverse-transcription

polymerase chain reaction of a cerebrospinal fluid (CSF) specimen obtained from recipient 6. The assay employed oligonucleotides AGAAGGGAATTGGGCT-

TTGAC, AGATGCATGCTCGGGAACA, and FAM-ATGGGGTCCCTCGTCAGTTCCATT-TAMRA in the AY956319 nucleocapsid gene. The limit of detection was

characterized by probit analysis on in vitro transcribed cRNA, with 185 copies of RNA/mL of CSF being detectable at 195% probability. HRIG, human

anti-rabies hyper-immunoglobulin.

on day 53, and 3,000,000 IU was given every 3 days starting

from day 56. Amantadine (4–16 mg per hour) was added on

day 53.

Virus RNA concentration in CSF on day 52 was 521 copies/

mL. Virus was undetectable in a retrospective CSF sample

drawn 1 week earlier. Because comparable data from other

patients were not available in the literature, viral loads were

determined in stored CSF samples from recipients 4 and 5 from

days 45 and 46 after transplantation, respectively, a few days

before each respective patient’s death. CSF viral loads were

13,000 and 89,125 copies/mL, respectively. A prognostic ad-

vantage was therefore assumed for recipient 6, supporting de-

cisions to continue treatment. The T lymphocyte count at this

time was 191 cells/mL, with a CD4+ cell count of 38 cells/mL.

The virus-neutralizing antibody titer level on day 50 was 0.25

IU/mL, increasing to 0.56 IU/mL 2 days later. To probe a pos-

sible natural immune response, HRIG was discontinued. How-

ever, on days 54 and 58, no further increase in neutralization
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Table 2. Virus Concentration in Selected Organs

Sample

Transplant recipient,

RNA copies/mg of tissue

4 5 6

Central nervous system 1.2 � 109 6.1 � 109 2.3 � 109

Peripheral nerve 3.8 � 106 1.3 � 106 0

Small intestine 2.8 � 105 NA 0

Liver 9.2 � 103 NA 0

Heart 4.2 � 103 NA 0

NOTE. NA, material not available.

titer was seen (0.56 and 0.54 IU/mL, respectively) (Figure 2),

and passive immunization was reinitiated on day 60 with HRIG

(27 IU/kg every 2 days).

Because of described low penetration of ribavirin into the

central nervous system [10], ribavirin was administered intra-

thecally at 40 mg per day on days 52–58 and at 20 mg per day

on days 63, 65, 67, 70, and 77. To provide potential protection

against the grave adverse effects of ribavirin during high-dosage

therapy [7], coenzyme Q10, N-acetylcysteine (0.6 g per day),

ascorbic acid (1 g per day), and tocopherol (0.1 g per day)

were added. Interferon-a was also administered intrathecally

at 1.5 � 106 IU on days 54 and 65. Cardiac arrest and severe

arrhythmia on day 52 were managed with catecholamines and

a temporary pacemaker device. Midazolam and phenobarbital

were discontinued because of prolonged suppression episodes

noted by EEG on days 55 and 56, respectively. Ribavirin was

discontinued on days 59–64 and after day 69 because of an

elevation in liver enzyme levels. The T lymphocyte count on

day 62 was only marginally improved, at 245 cells/mL (CD4+

cell count, 42 cells/mL). Virus-neutralization titer levels stayed

constant at 0.54–0.6 IU/mL in 5 subsequent determinations

conducted during days 61–73.

After 3 weeks of therapy, the patient developed severe dia-

betes insipidus. Pituitary, thyroid, and adrenal function were

perturbed from day 61 onward, requiring desmopressin at 0.5

mg per day on average, until the end of the course. Hypothermia

was observed during the fourth week. Up to the fifth week (day

76 after transplantation), when ketamine had to be discontin-

ued because of excessive burst suppression in EEG, only a very

slow increase in the CSF viral load was seen. A value of 4300

copies/mL was never exceeded up to this point (Figure 2). MRI

revealed only very mild enhancement in basal ganglia and pu-

tamen. No abnormal findings were observed in CSF cytology

and microscopy up to this point.

At the beginning of the sixth week of therapy (day 80 after

transplantation), MRI revealed hyperintensity in the gray sub-

stance and a signal change in the basal ganglia and subthalamic

nuclei. General swelling of the cortex was also evident (Figure

1). MRI performed 2 days later showed aggravation of lesions

with increasing edema and swelling. Abruptly on day 83 after

transplantation, CSF showed strong pleocytosis, with macro-

phage-like cells containing pycnotic nuclei. The viral load in-

creased by 14 log10 intervals, reaching a peak value of 9.96 �

108 copies/mL of CSF (Figure 2). The blood lymphocyte count

had increased to 811 cells/mL in a determination on day 90,

with a CD4+ cell count of 203 cells/mL. EEG did not recover

when sedation was discontinued on day 93. A Tc-hexamethyl-

propyleneamine oxmie (HMPAO)–Te99-scan suggested stall of

brain metabolism. EEG and apnea test were indicative of brain

death on day 95 after transplantation, 64 days after the onset of

hydrophobia as the first recorded symptom of infection. All ther-

apeutic and supportive measures were discontinued. Cardiac ar-

rest occurred on the same day. Table 2 provides virus concen-

trations in selected postmortem organs of transplant recipients

4–6.

DISCUSSION

This second report on transmission of rabies by solid-organ

transplantation emphasizes the role of travel histories in donor

eligibility screening. Due to associated delays and poor predic-

tive value in a setting of nonendemicity, screening for rare

agents (eg, arboviruses) is not mandatory in organ donors in

Germany. Even in the case of rabies, where testing could be

done after transplantation due to the option of PEP, the low

incidence of disease has thus far prevented mandatory testing

of donors. This may have to be changed specifically for donors

with altered mental state.

Interesting implications can be made from the cases of our

surviving recipients. The fortunate case of our liver recipient

provides proof of protection against transplantation-associated

rabies even after a long interval since vaccination. Vaccination

dated back ∼20 years, and the inoculum received from the

transplant organ was probably high. For comparison, the post-

mortem virus concentration in the liver of recipient 4 was

9,200,000 copies/g of tissue. It is highly important in this con-

text that an alternative way of introduction of rabies virus into

the central nervous system via the blood has recently been

demonstrated [12]. Because transplanted tissue is deprived of

direct nerval input for many months [13], it is not unlikely

that virus in our cases had to use a hematogenous route to

enter the central nervous system [12]. Protection by neutral-

izing antibodies might therefore be particularly effective in

transplant recipients.

Fortunate courses were also seen in the two recipients of

corneas. Since both of them were not vaccinated before trans-

plantation, their virus inoculum must have been below an in-

fectious dose. It is very likely that corneas contained rabies

virus immediately after donation because virus is secreted in

lacrimal glands. Its concentration may have been reduced dur-

ing subsequent organ culture in which tissues were kept for
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more than 24 h, as usual in Germany. This would be in con-

cordance with studies on hepatitis B and C viruses, which were

also found at low or undetectable levels in precultured corneas

form viremic donors [14].

Three of our organ recipients died in spite of maximal efforts.

One patient underwent the longest documented course of treat-

ment of rabies. The essential treatment protocol was provided

to us by colleagues from the University of Wisconsin prior to

publication [7]. It involved ketamin due to its hypothetical

inhibitory effect on RNA transcription and N-methyl D-as-

partate (NMDA)–antagonistic function that might limit viral

spreading in tissue [10, 15]. Similar hypothetical functions were

ascribed to amantadine and ribavirin [7]. Early availability of

this protocol was an important factor in clinical decision mak-

ing, as was the initial finding in patient 6 of undetectable virus

RNA in CSF and its continued low concentration over the en-

suing course. On the other hand, our patients lacked significant

factors promoting good outcome that were present in the case

treated in Wisconsin [7]. This patient was a young and otherwise

healthy girl diagnosed at a very early stage of symptoms. Anti-

bodies were present already at the initial diagnosis, in contrast

to our patients with underlying disease and strong therapeutic

immunosuppression. Moreover, the pathogenesis of silver haired

bat rabies virus, which the patient would probably have con-

tracted might differ from that of street rabies viruses [16–18].

Some bat viruses appear to replicate in vitro at a certain efficiency

in cells outside the central nervous system such as fibroblasts

[17], which could promote in vivo a more efficient natural im-

mune response through antigen presentation. The potential in-

volvement of blood passage in the pathogenesis of silver haired

bat rabies virus infection [12] might add to the effectiveness of

immune response. The Wisconsin case might thus have been in

an extraordinary favorable condition for success of invasive in-

tensive care treatment.

Because we did not expect efficient natural immune response

in our patients, post exposure vaccination was included in our

modified treatment regimen. Extended treatment also involved

the provision of interferon alpha and substances with hypo-

thetical antiviral activity in CSF. It should be noted that real-

time PCR showed no increase of virus concentration in CSF

over 15 weeks. The viral load appeared to increase only after

ketamine was discontinued. However, caution is necessary in

interpreting this finding. More recent experimental data could

not confirm any protective effect of ketamine on mouse neural

cells infected with rabies virus [19]. Our actual reason for stop-

ping ketamine was an extension of suppression episodes in

EEG, which in turn may have been caused by viral neurotox-

icity or by immune-mediated phenomena. Changes in MRI,

the sudden appearance of turbid CSF, and the fact the terminal

CSF viral load corresponded to brain virus concentration to-

gether suggest an immune-mediated lysis of brain tissue along

with a breakdown of the brain-CSF barrier. Antibody response

was weak and did not seem to correlate with clinical changes,

and it was thus not likely to have caused lysis. On the contrary,

the terminal increase in viral load went along with a clear re-

constitution of lymphocyte counts, and macrophage-like cells

appeared in CSF. A late cellular immune response may thus have

led to destruction of central nervous tissue rather than elimi-

nation of the virus. Indeed, experimental data suggest that pri-

mary neuronal degeneration is caused by the virus, but T cells

are then recruited to neural tissue and cause strong secondary

degeneration [20]. In the mouse model, virus clearance and sur-

vival depend on the presence of both a sufficient level of virus

neutralizing antibodies and a cellular inflammatory reaction

early enough during infection [20, 21].

It is interesting to note that, in recipient 6, no virus RNA

could be detected in postmortem peripheral nerve and intes-

tinal tissue specimens. This was contrary to findings in recip-

ients 4 and 5, in whom virus was detected at high concentra-

tions in peripheral nerve and organ specimens, compatible with

centrifugal spread in the symptomatic phase. It appears possible

that immune response—or, less likely, treatment—might have

influenced the virus in the periphery, whereas the central ner-

vous compartment could not be reached. However, we have

no means to verify this assumption. Another possible expla-

nation would be stagnation of centrifugal virus spread after a

long course of disease.

This report, as well as more recent observations in other

patients, attenuate expectations regarding therapeutic interven-

tion in human rabies [22–24]. More basic research leading to

novel immunotherapies or antiviral drugs are urgently needed

[25, 26].
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