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The international distribution of Corynebacterium bovis within 
academic and industry research facilities is a testament to the 
bacteria’s efficient transmission among susceptible mouse 
populations.3,5,6,12,20,22 In one report, infection spread rapidly 
among nude mice colonies housed in static caging, reaching 
80% morbidity in a few days.20 The use of IVC systems, which 
supply cage-specific HEPA-filtered air, has been reported to 
prevent the spread of infection while mice remain in their 
cage.4 However, ample opportunity still exists for horizontal 
transmission of C. bovis through animal manipulations by both 
research and animal care staff.4 After infection, nude mice do not 
consistently present or fail to sustain clinical hyperkeratosis to 
alert researchers and staff to infection.3,5,8,17 Without the use of 
a surveillance program for C. bovis, asymptomatic mice remain 
as reservoirs for the transmission of infection.4,5

Environmental sampling for the detection of rodent patho-
gens is evolving to be a valuable adjunct to traditional sentinel 
monitoring programs.2,9,13,25 We have recently shown that qPCR 
evaluation of exhaust air dust (EAD) from an IVC system is a 
sensitive method for the detection of C. bovis.17 The objective of 
the current project was to demonstrate the utility of a C. bovis 
surveillance program based on EAD testing. Herein, we provide 
data regarding a refinement to EAD testing which, based on rack 

design, aids in identifying infected cage(s) through row-specific 
sampling followed by individual cage testing. Rapid detec-
tion followed by the identification of infected cages allowed 
for epidemiologic investigations into the route of entry. This 
investigation led to the discovery of a novel source of C. bovis 
contamination and infection transmission. We concluded that 
C. bovis was introduced through contaminated, cryopreserved, 
patient-derived xenograft (PDX) tumor tissue. Ultimately, our 
ability to rapidly detect and cull infected mouse cages, followed 
by local decontamination of research equipment and husbandry 
materials, prevented the spread of C. bovis within 2 colonies of 
nude mice carrying valuable and unique PDX tumors.

Materials and Methods
Routine husbandry and management of facilities. The 2 pri-

mary rodent facilities at the University of Colorado Denver 
Anschutz Medical Campus opened in 2004 and 2008. A detailed 
description of the health status of each facility prior to July 
2010 has been published previously.15 Both vivaria contain ap-
proximately 10,000 mouse cages each and are maintained by 
using the same standard operating procedures. To enter either 
facility, a hair bonnet, disposable gown, and shoe covers over 
personal clothing are required. Donning nitrile gloves and a 
surgical mask are required prior to opening cages. The majority 
of mice and all identified immunodeficient strains of mice are 
housed in JAG 75 cages on individually ventilated MicroVent 
racks (Allentown, Allentown, NJ), providing approximately 40 
air changes hourly. All mouse cages are autoclaved with aspen-
chip bedding (Teklad Aspen Sani-Chips, Envigo, Indianapolis, 
IN), a compressed cotton square, and a box or wire bar feeder. 
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The method for sampling the HEM for EAD testing has been 
described previously.9,13,17 Swabs were stored at ambient tem-
perature for 24 to 48 h prior submission to the University of 
Colorado Denver Quantitative PCR Core for DNA isolation. 
Samples are collected on the first day of the standard work 
week, and results are typically obtained within 48 h.

After the identification of a C. bovis-positive rack by EAD 
testing, we developed a standardized procedure to prevent the 
spread of C. bovis within the housing room and to identify indi-
vidual positive cages (Figure 1). For each positive surveillance 
sample in the cases described following, several variations in 
the procedure occurred. In general, once a rack was identified 
as C. bovis-positive, results were confirmed, and the rack was 
moved to a housing room without immunodeficient mice within 
72 h of the initial positive result. All husbandry and research 
equipment, including the ATS, were replaced or surface-cleaned 
by facility staff as described earlier. All consumables in the room 
such as nitrile gloves, rodent feed, facility forms, notepads and 
ink pens were discarded. By using the previously described 
mop system, Quatricide PV (Pharmacal) was applied to the 
walls, floor, ceiling, and door. In addition, any procedure room 
used by the investigator who had mice on the positive rack was 
decontaminated, including the contents of any storage cabinets. 
To identify the infected cages on the C. bovis-positive rack, all 
cages were moved to a newly autoclaved rack. After 24 h on the 
new rack, the 10 HEM of the rack were swabbed individually 
and submitted for C. bovis qPCR analysis. Once the positive 
row was determined, each cage on the positive row was tested 
by swabbing the inside of each cage lid (Figure 2). The inner 
cage lid was selected for swabbing in light of the design of the 
Allentown cage and rack system, in which intracage air escapes 
between the cage wall and lid at this location. Exhaust air is 
actively scavenged into the rack exhaust system at the rear of 
each cage slot (Figure 3). Positive cages were moved to known C. 
bovis-positive housing rooms. After C. bovis-positive cages had 
been removed from the rack, all remaining cages on the rack 
were again moved to a newly autoclaved rack. After 7 to 10 d, 
all HEM of the rack were retested for C. bovis DNA by using a 
single HEM swab. After confirmation that all rows had remained 
negative, all cages were changed in a HEPA-filtered ATS within 
the housing room without immunodeficient mice. Cages were 
then returned to the C. bovis-free barrier room and placed on 
a newly autoclaved rack. Routine weekly monitoring by HEM 
swabs was resumed. DNA was extracted from dry swabs (BBL 
Culture Swab EZ) and PDX tumor tissue (0.015 to 1 g) and the 
C. bovis qPCR assay was performed as described previously.16,17

Experimental design for the detection of HEM cross-contam-
ination. Male, nude mice (age, 8 to 24 wk) were housed in 2 
cages with 4 mice per cage (n = 8). Mice were experimentally 
infected with C. bovis as described previously.17 Both cages 
of exposed mice were individually confirmed to be C. bovis-
positive after exposure through qPCR analysis of a skin and 
oral swab. Each cage of C. bovis-infected mice was placed on a 
separate IVC rack at cage position A10, because it is closest to 
the HEM of row 10 and has been demonstrated to distribute 
C. bovis DNA into the rack exhaust plenum at a faster rate 
and higher copy number than the cage position most distant 
from the HEM.17 All other cage positions on the rack remained 
empty. At 24 h after placement of the infected cage and repeated 
weekly for 8 wk, a single swab was used to sample the HEM 
of rows 1 through 9, and a second swab used to sample the 
HEM of row 10. A rack with no cages was used as a control for 
environmental C. bovis contamination. For the control rack, a 
single swab was used to sample HEM 1 through 10 at the same 

Reverse-osmosis–purified, hyperchlorinated water is provided 
from an automated watering system (Edstrom Industries, 
Waterford, WI) attached to the rack. Mice are fed irradiated 
rodent Teklad diets 2920X or 2919 (Envigo). Enrichment such 
as a Mouse Igloo (Bio-Serv, Frenchtown, NJ) or paper roles are 
autoclaved separately and added to cages in housing rooms. 
Rodent housing rooms are maintained at 22.0 ± 1 °C (72 °F), 
30% to 40% humidity, with at least 12 fresh-air changes per 
hour and a 14:10-h light:dark cycle. All husbandry procedures 
are performed in a HEPA-filtered workbench (ATS or ATS2, 
Allentown) within animal housing rooms. During cage or ro-
dent manipulation, all work surfaces and nitrile gloved hands 
are maintained moist with Clidox-S (Pharmacal, Naugatuck, 
CT) mixed at 1:18:1 (approximately 50 ppm ClO2) as a general 
disinfectant. Cage changes are performed on a standard 2-wk 
cycle. Rack and cage sanitation were performed as described 
previously.17

Animal housing rooms, dedicated procedure rooms, common 
areas, and corridor floors walls, and ceilings are disinfected on a 
set schedule by using a microfiber mop system (TAB Mops, CPI, 
Holland MI) to distribute disinfectant (Quatricide-PV, Pharma-
cal).23 Incoming supplies to the facilities are either disinfected 
by hand wiping with a germicidal detergent (Sani-Plex, Quip 
Laboratories, Wilmington, DE) or passed through a disinfectant 
tunnel that uses UV light (RGF Environmental Group, Riviera 
Beach, FL) or a mist tunnel (FPEC, Santa Fe Springs, CA) of 
ClO2-based disinfectant (100 ppm, MB10, Quip Laboratories).

A mouse health-surveillance program is uniformly performed 
across both facilities. A single cage of 2 female sentinel mice 
(Hsd:ICR, 5 to 6 wk) are housed on each single side of an IVC 
rack. At the time of cage change, sentinel mice are exposed to 
approximately 5 mL of soiled bedding from each cage on the 
rack and are screened quarterly. Sentinels are screened for pin-
worms and fur mites through inhouse microscopy of perianal 
tape impressions, fecal flotation, and fur plucks. Sentinel serum 
samples are evaluated by an independent laboratory (IDEXX 
Bioresearch, Columbia, MO) using multiplexed fluorometric 
immunoassays. Pathogens and pest targeted by the health 
surveillance program include mouse hepatitis virus, mouse par-
vovirus, minute virus of mice, mouse rotavirus, Theiler mouse 
encephalomyelitis virus, Ectromelia virus, lymphocytic chori-
omeningitis virus, mouse polyoma virus, mouse adenovirus 
type 1 and 2, Sendai virus, reovirus virus, Mycoplasma pulmonis, 
fur mites (Radfordia, Myocoptes), and pinworms (Aspiculuris, 
Syphacia). The rodent health-surveillance program that uses 
soiled bedding sentinels is not used for C. bovis surveillance.

C. bovis surveillance and remediation program. Mouse barrier 
rooms and adjacent procedural space that contain C. bovis-free 
colonies are considered C. bovis-free space. All experimental 
equipment used in C. bovis-free spaces are decontaminated by 
facility staff prior to use. Experimental equipment was disin-
fected by hand wiping with a germicidal detergent (Sani-Plex, 
Quip Laboratories) followed by a 1:18:1 mixed ClO2 solution 
(Clidox-S, Pharmacal). The disinfection procedure is performed 
for all large and small equipment including animal transfer sta-
tions (ATS), gas anesthesia machines, circulating warm-water 
heating pads, computers, calipers, scales, and mouse restraint 
devices, to name a few examples. Autoclaving is used for all 
other materials that can be sterilized in that manner.

According to our recent publication, EAD sampling of the  
horizontal exhaust manifold (HEM) of IVC racks was imple-
mented weekly for C. bovis surveillance of C. bovis-free nude 
mouse colonies.17 Racks monitored for C. bovis hold immu-
nodeficient strains which are also susceptible to infection.14,21 
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10 mo. All 61 cages on the rack belonged to investigator A and 
contained nude mice carrying more than 40 unique PDX models. 
Four months prior to the positive sample, all PDX lines on the 
rack had been successfully transferred out of an enzootically 
infected in vivo tumor bank to establish a C. bovis-free in vivo 
tumor bank.16 To confirm the positive rack sample, a second 
swab was collected within 3 d of the initial sample and showed 
an 8-fold increase in C. bovis DNA copy number (Table 1). The 
rack was immediately moved into a housing room without 
immunodeficient mice. In contrast to the procedure outlined 
earlier in the Material and Methods section, a newly sanitized 
rack was not available to move all cages onto. As a result, the 
horizontal exhaust ports positioned at the rear of each cage slot 
were swabbed. All ports on the row were sampled by using a 
single swab (Figure 3). Rows 6 and 7 were both positive for C. 
bovis DNA, with copy number values of 16,599 and 370, respec-
tively. According to the copy numbers, we suspected that row 
6 contained the infected cage(s) and that the row 7 result was 
a false positive due to cross-contamination of fine particulate 
material falling from the row 6 sampling site. Individual swabs 
were collected from the inner lid margins of the 6 cages on row 
6. These results confirmed the presence of a single C. bovis-
positive cage at rack position A6. The cage of infected mice was 
removed and placed in a C. bovis-positive housing room. All 60 
remaining cages on the positive rack were then transferred to a 

interval as the 2 experimental racks. Due to the rack design, C. 
bovis-contaminated exhaust air entering the vertical exhaust 
plenum at HEM 10 must ascend the vertical exhaust plenum 
and pass by all other HEM prior to exiting the rack and entering 
the building exhaust system. Thus, the use of a common swab 
from HEM 1 through 9 will allow the detection of any cross-
contamination that might occur between HEM that originated 
from HEM 10 only. To ensure optimal rack ventilation, both 
supply and exhaust air currents were tested every other week 
to confirm the rate of approximately 40 air changes hourly at the 
cage level. All animal studies were approved by the University 
of Colorado Denver IACUC.

Case Study
Surveillance detection of C. bovis. The most extensive use 

of PDX models was performed by 2 research groups (A and 
B), whose laboratories have different nude mouse colonies in 
separate facilities. Shared use of PDX tumor models between 
labs does not occur.

Case 1. In July 2013, 1 of 5 racks in a C. bovis-free barrier room 
tested positive for C. bovis by weekly rack surveillance. This 
rack was the first positive rack detected since the initiation of 
the rack-level C. bovis surveillance program in the fall of 2012. 
The barrier room, which contained only nude mice, and its 
associated procedural area had been C. bovis-free for the prior 

Figure 1. Illustration of the standard operating procedure to address a C. bovis-positive rack during routine EAD surveillance. Differential swab-
bing of the HEM of each row allows for diagnostic testing to localize the infected cage(s) on the rack. Autoclaving of racks removes C. bovis DNA 
to prevent false-positive results.
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rack swab. Due to the length of the C. bovis negative history 
of the room, dedicated traffic patterns, and experience of the 
animal care technician, the likelihood of C. bovis contamination 
of a single positive cage during a routine 2-wk cage change was 
unlikely. However, 27 d prior to the date of C. bovis detection, 
cryopreserved PDX tumor tissue, which had been harvested 
prior to the efforts to eliminate C. bovis from the colony, was 
inoculated into all the mice in the cage. Because we suspected 
that infection might have been transmitted through contami-
nated PDX tumor tissue, qPCR analysis was performed on a 
paired, cryopreserved, tumor sample of the same PDX model 
that was harvested and identically cryopreserved on the same 
day as the suspect tumor sample. The tumor tissue was posi-
tive for C. bovis DNA (Table 2). However, we were unable to 
diagnostically rule out the potential for C. bovis contamination 
through laboratory-owned experimental equipment, because 
it had all been decontaminated once the rack was confirmed to 
be C. bovis positive. Yet, prior to this positive result and for the 
27 d after PDX tumor inoculation of the single infected cage, 
hundreds of other nude mice in the same C. bovis-free barrier 
room had been manipulated in the same procedural space, 
within the same biosafety cabinet, and by using the same gas 
anesthesia equipment for tumor measurements and experi-
mental therapeutic administration. If experimental equipment 
had been the source of infection, other mice likely would have 
been infected during this time. Further communication with the 
lab revealed that 5 other cryopreserved PDX models had been 
implanted into nude mice in this room. These tissues were also 
harvested prior to efforts to eliminate C. bovis from the colony.
Unfortunately, paired tumor samples from the previous 5 PDX 
models implanted were not available to be tested for C. bovis 
DNA by qPCR assay.

Case 2. In July 2014, 1 of 5 racks in a C. bovis-free barrier room 
containing only nude mice belonging to investigator B tested 
positive for C. bovis. The room had been considered C. bovis-free 
for the prior 11 mo. Due to a delay in initial results, the con-
firmation swab was collected 7 d later and showed a doubling 

newly sanitized rack, and the rack was tested after 4 d. All rows 
tested negative, and all cages were returned to the C. bovis-free 
barrier room. Concurrently, the other 4 racks in the C. bovis-free 
room were retested and remained negative.

To determine the source of infection, we traced the manipula-
tion history of the positive cage. Husbandry logs showed that 
all cages on the rack had been changed 9 d prior to the positive 

Figure 2. Diagnostic samples from individual cages were collected 
from the inner cage lid at the rear of the cage. Individual cages on 
the row are sampled in sequence. The inner lid was sampled in an 
attempt to minimize the disturbance of C. bovis-contaminated particu-
lates within the cage and thus decrease the potential for cross-contam-
ination between cages.

Table 1. Case metrics regarding C. bovis infections and room census 
summary

Case

1 2 3

Duration (mo) C. bovis-free before  
 infection 

10 11 10

DNA copy number from initial  
 positive rack swab

2007 2225 3040

DNA copy number from  
 confirmation rack swab

17,299 4,726 2,531

Time (d) from initial to confirmation  
 swab

3 7 3

DNA copy number on new  
 rack after 24 h

16,599 167 1,252

DNA copy number from infected  
 cage(s)

542,297 23,076 97,880 & 
2093

Number of C. bovis-positive cages  
 identified

1 1 2

Number of cages on positive rack 61 37 55
Immunodeficient mouse cage  
 census in room

266 45 158

Number of qPCR swabs to isolate or  
 resolve infection

43 40 26

Duration (d) room veterinary  
 quarantine

15 19 12

Figure 3. Horizontal exhaust air ports located at the rear of the cage 
slot (arrows) draw the cage-exhausted air into the horizontal exhaust 
plenum on an IVC rack (Allentown, Allentown, NJ).
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after 7 d. All rows tested negative, and cages were returned to 
the C. bovis-free barrier room.

The manipulation history of both positive cages was evalu-
ated. Husbandry records indicated that all cages on the rack 
were changed on the same day as the collection of the initial 
positive rack swab. This finding indicates that the C. bovis-
positive cage(s) on the rack was actively shedding C. bovis into 
the intracage environment, thus increasing the risk of cage-to-
cage transmission.4 During cage changing, the cage at F6 was 
changed and then immediately followed by the cage at G6.The 
copy numbers and order of cage change suggested that cage 
F6 was the initial positive cage (index cage), and the infection 
most likely spread during the routine cage change to cage G6. 
Researchers stated that cage F6 received cryopreserved PDX 
tissue 25 d prior to the initial positive rack swab. Because of our 
continued suspicion that C. bovis infection could be transmitted 
by contaminated cryopreserved PDX tissue, qPCR analysis was 
performed on a paired tumor sample of the same PDX model 
and identically cryopreserved on the same day as the suspect 
tumor sample. As anticipated, the tumor tissue was positive for 
C. bovis DNA (Table 2). Decreasing the likelihood of contami-
nated instruments or equipment as the source of infection, 3 
other cages of nude mice were inoculated with PDX tissue from 
different cryopreserved vials during the same session as the 
index cage. None of these cages developed C. bovis infections 
according to routine rack sampling.

Results
HEM cross-contamination experiment. Swabs collected from 

HEM 10 on both racks were C. bovis-positive at 24 h after in-
fected cage placement and for the duration of the study (n = 
2). In contrast, the weekly swab collected from HEM 1 through 
9 and from all HEM on the control rack remained negative for 
C. bovis DNA at each time point during the 8-wk study (data 
not shown).

Identification of C. bovis-positive cage and epidemiology 
investigation. IVC EAD testing as described previously,17 in 
combination with differential HEM swabbing and individual 
cage sampling, effectively identified C. bovis-infected cages 
in each case reported. Individual cages containing infected 
mice were identified, with an average of 51.0 ± 12.5 uninfected 
cages cohoused on the rack. When C. bovis-positive cages were 
identified, rapid quarantine and removal of the infected cage(s) 
prevented the potential spread of infection to 469 other cages of 
susceptible mice in the same barrier rooms. An average of 36.3 
± 9.1 swabs was used to identify infected cages and confirm 
negative cages prior to the resolution of each event. The average 
length of time for the associated veterinary quarantine of the C. 
bovis-free barrier room after identification of a positive rack was 
15.3 ± 3.5 d (Table 1). In all cases presented, cryopreserved PDX 
tumor tissues harvested prior to efforts and training to prevent 

in C. bovis DNA copy number (Table 1). After confirmation, 
the procedure established to address a positive rack test was 
followed without incident. The positive rack held 37 cages of 
nude mice. Rows 3 and 10 were determined to be positive, with 
copy number values of 167 and 104, respectively. Seven cages of 
nude mice were present on row 3. Only the immunocompetent 
sentinel cage was present on row 10. The sentinel mice were 
euthanized, and individual swabs were collected from the inner 
lid margin of cages on row 3. Results confirmed the presence 
of a single C. bovis-positive cage on row 3 at cage position D4, 
which was removed and placed in a C. bovis-positive room. 
All 36 remaining cages on the positive rack were transferred 
to a newly sanitized rack and tested after 7 d. All rows tested 
negative, and all cages were returned to the C. bovis-free bar-
rier room. Concurrently, all remaining racks within the C. 
bovis-free barrier room were retested and remained negative. 
All subsequent weekly rack surveillance samples remained 
negative within this barrier room until the presentation of case 
3 (described following).

A retrospective evaluation of all the manipulations of the posi-
tive cage was performed. Husbandry records indicated that all 
cages were changed on the rack during the 7-d delay in results 
from the initial swab. This discovery helped to explain the C. 
bovis-positive status of the sentinel cage that had received soiled 
bedding from the infected cage. This finding also alerted us to 
the increased potential for cage-to-cage transmission, which 
was not observed with follow-up testing. We determined that 
cryopreserved PDX tumor tissue, harvested prior to efforts 
to eliminate C. bovis, was inoculated into all mice in the posi-
tive cage 11 d prior to the date of initial detection by routine 
rack surveillance. qPCR analysis was performed on a paired, 
cryopreserved, tumor sample of the same PDX model that was 
harvested and identically cryopreserved on the same day as 
the suspect tumor sample. The tumor tissue was positive for 
C. bovis DNA (Table 2). Although the researchers were unable 
to provide the number of (likely contaminated) cryopreserved 
PDX models implanted prior to this infection, no other cages of 
mice inoculated with PDX tumor tissue using the same equip-
ment had tested positive before that point.

Case 3. At 10 mo after case 2 (May 2015), 1 of 4 racks belonging 
to investigator B tested positive in the same C. bovis-free barrier 
room but on a different rack. A swab collected from the positive 
rack within 3 d of the initial sample showed a small decrease in 
C. bovis DNA copy number (from 3040 to 2531). After confirma-
tion of these results, the procedure to address a C. bovis positive 
rack was followed. The positive rack held 55 cages of nude mice. 
Row 6 was determined to be C. bovis-positive, and individual 
cage swabs confirmed the presence of 2 C. bovis-positive cages 
at positions F6 and G6, with DNA copies of 97,880 and 2093, 
respectively. The cages of infected mice were removed and 
placed in a C. bovis-positive housing room. All 53 remaining 
cages were transferred to a newly sanitized rack and retested 

Table 2. Epidemiology results of C. bovis-contaminated cryopreserved PDX tissue as the source of infection

Case Lab

Time (d) between  
Cryo-PDX and C. bovis 

detectiona
No. of C. bovis DNA copies (qPCR 

assay) in replicate Cryo-PDX 
C. bovis incidence in surveyed 

Cryo-PDXb

No. of Cryo-PDX lines 
causing infection after 

implantationc

1 A 27 370 60% 1 of 6 (16%)
2 B 11 568 100% Unknown
3 B 25 382 100% 1 of 4 (25%)
aDetected by EAD testing after PDX implantation
bResults previously reported in reference 16
cTotal represents only cryopreserved PDX tissues that were harvested prior to C. bovis elimination efforts
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In light of our epidemiologic investigation into the source 
of C. bovis entry into these barrier rooms, a key proce-
dural change was implemented to prevent contaminated 
cryopreserved tissues from causing infection in the future. 
After the first infection experienced by lab A (case 1), all 
cryopreserved tissues harvested prior to efforts to eliminate 
the infection were inoculated into mice housed in C. bovis-
positive rooms. Although this measure practically ensured 
C. bovis infection of recipient mice, it eliminated a source 
of infection for the barrier rooms. Once tumors grew suffi-
ciently large for horizontal transfer, they were harvested by 
using the enhanced aseptic technique procedure described 
previously.16 After the first infection experience by lab B 
(case 2), the lab forgot to implement this procedural change 
10 mo later when presumed-contaminated cryopreserved 
stocks were used to reestablish several PDX models. Four 
presumed contaminated, cryopreserved PDX tumor models 
were inoculated into mice, with one resulting in infection. 
It is worth noting that for the prior 10 mo, the barrier room 
had been maintained C. bovis-free without the introduction 
of contaminated, cryopreserved PDX tumor material. After 
lab B’s second infection (case 3) and the implementation of 
the described precautions, no C. bovis infections associated 
with PDX tumor tissues have occurred to date.

We have reported recently on the intracage infection kinet-
ics and anticipated time-to-detection of C. bovis by using EAD 
surveillance. Mice with newly acquired infections were first 
detected by EAD testing in 7.3 ± 1.2 d (range, 7 to 10 d).17 As 
presented in the current case study, the time to infection detec-
tion by EAD testing averaged 21.0 ± 8.7 d (range, 11 to 27 d) 
after PDX inoculation. Our explanation for this difference is 
based on the dose of C. bovis exposure. Although the number of 
bacteria from the skin of infected mice has not been quantified, 
qPCR data collected from skin swabs by our group and others 
has shown that mice with established infections can yield 105 
to 106 copies of C. bovis DNA per skin swab.8,17 According to 
the qPCR data obtained from the replicate cryopreserved PDX 
tissues, contaminated PDX tumor tissue showed a 3 to 4 log10 
decrease in the copy number. Time-to-detection by EAD test-
ing is central to establish a timeline for retesting racks holding 
presumed negative cages. In case 1, we waited only 4 d to retest. 
This decision was made prior to our discovery of the delay in 
time-to-detection with newly acquired infections.17 In cases 2 
and 3, we elected to retest in 7 d rather than 10 d because of the 
amount of food remaining within each cage. Although waiting 
10 d to retest presumed-negative cages would have been ideal, 
the requirement to open cages to replenish food to reach that 
point might compromise cages. All presumed-negative cages 
must remain closed until retesting, to eliminate the potential 
for cross-contamination.

The clinical presentation of hyperkeratotic dermatitis on 
infected nude mice is variable.5,8,17,20 From our observations 
obtained a year prior to the implementation of our C. bovis 
remediation program, only 38% of 1388 cages of nude mice 
presented with scaly skin in an enzootically infected housing 
room. Therefore, clinical signs are not a sensitive method for 
detecting C. bovis infections. In research institutions undergo-
ing a transition to C. bovis-free mouse colonies, a surveillance 
program that supports rapid detection is crucial to prevent 
outbreaks. At our institution, EAD testing has been a tremen-
dous advancement in establishing a reliable C. bovis surveillance 
program. As presented in this case study, our weekly C. bovis 
surveillance program identified the infection early and pre-
vented widespread outbreaks.

C. bovis contamination during tumor harvest were involved. 
A summary of these investigations, including the qPCR assay 
results of replicate vials of the paired, cryopreserved PDX tumor 
used and the incidence of C. bovis contamination of the cryo-
preserved tumor stocks from each lab, is presented in Table 2.

Discussion
In the fall of 2012, C. bovis-free barrier rooms were established 

for 2 active research laboratories maintaining in vivo PDX tumor 
banks. All mice that entered these rooms were new arrivals from 
approved vendors and were confirmed to be C. bovis-negative ac-
cording to qPCR analysis on arrival. Many procedural and physical 
barriers were implemented to prevent C. bovis entry. To provide 
rapid detection, we implemented a weekly C. bovis surveillance 
program that used EAD testing exclusively.17 For laboratories A 
and B, the prevalence of C. bovis DNA contamination of cryopre-
served vials of PDX tissues harvested by using inadequate aseptic 
technique was 60% and 100%, respectively.16 The sources of the 
C. bovis infections presented in this case study were likely due to 
the implantation of contaminated cryopreserved PDX tissues, in 
light of qPCR tests of paired samples. However, we are unable to 
prove this hypothesis definitively, because the original tumor tis-
sue and vials were not available for follow-up testing. To confirm 
the source of C. bovis entry into the barrier rooms, replicate vials of 
the same PDX models that were cryopreserved at the same time as 
the suspect tissues were obtained from each laboratory and tested 
for C. bovis DNA by qPCR assay. All replicate vials were positive 
for C. bovis (Table 2), but bacterial cultures of these replicate vials 
were not attempted. We acknowledge that culturing the organism 
would have further strengthened the link between contaminated 
PDX tissues and infected recipient mice.

Despite the high prevalence of C. bovis contamination among 
the cryopreserved tissue samples harvested by using inadequate 
technique, only 16% and 25% of these PDX tumor tissues re-
sulted in infection. These findings are paradoxical, given that 
C. bovis is known to be efficiently transmitted by fomites,4,5 but 
there has been no investigation into transmission by biologic 
material. C. bovis is characterized as being exclusively a dermal 
infection in nude mice,3,5 and we hypothesize that skin inocula-
tion with C. bovis occurs at the time of skin penetration by the 
trocar–needle system or forceps used to place tumor tissue. For 
this procedure, one barrier to infection is the method of skin 
disinfection. Our laboratories use 70% isopropyl alcohol with or 
without povidone–iodine for disinfection, combined with proto-
cols that have been published on performing horizontal transfer 
of PDX tumors.7,10,11,16,18,24 However, alcohol is ineffective after 
evaporation, and povidone–iodine is rapidly inactivated by 
biologic fluids.19 In combination, these attributes may create an 
insufficiently persistent and residual barrier to C. bovis infection 
after initial skin preparation. A modification to these commonly 
used protocols may be the use of a chlorhexidine gluconate 
solution. Incorporation of chlorhexidine gluconate may further 
reduce C. bovis infections associated with contaminated tumor 
tissue, due to the agent’s excellent persistent and residual an-
tibacterial activity on skin.1 In addition, infection transmission 
may be diminished due to the relatively small amount of C. bovis 
that contaminates the cryopreserved tissues, as suggested by the 
low copy numbers per vial. In addition, we have demonstrated 
that C. bovis is not evenly distributed throughout the tumor 
sample.16 Thus, the piece of tumor selected for inoculation may 
not contain C. bovis. Nevertheless, even with a low incidence of 
infection from contaminated tissues, our findings underscore 
the necessity of preventing bacterial contamination during the 
tumor harvest procedure.
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Knowing exactly where an infectious agent exists on a 70-cage 
rack is still a diagnostic challenge. Because of the rack design, 
the ability to accurately isolate the infection to a single row (or 
column) decreased the cost of infected cage identification. In-
dividual HEM swabbing has been proposed to aid in infection 
localization on a particular row of a rack.9,17

Our results demonstrate the lack of cross-contamination 
between HEM within the vertical exhaust plenum of the rack 
system for 8 wk with a single C. bovis-infected cage located on 
the rack. These data support the use of multiple HEM swabs to 
identify rack rows containing a C. bovis-infected cage. Without 
this ability, individually testing each cage on the rack would 
be much more costly and provide additional opportunity for 
cross-contamination between cages.

In November 2015, 29 mo after case 1, a break in the C. bovis-
free barrier room of laboratory A occurred. While we addressed 
this event by using the same method as described earlier, we 
also performed a time-and-cost analysis. The duration of the 
veterinary quarantine placed on the room was 15 d. The infected 
cages of nude mice identified had not yet been inoculated with 
PDX tumor tissue. By using the cage manipulation history, the 
source of the infection was traced to contaminated tattooing 
equipment that was not decontaminated prior to entry. To 
eliminate C. bovis and its environmental contamination in the 
barrier room and dedicated procedure space, a total of 29.3 h 
was invested by researchers and vivarium staff. The total cost 
in personnel and research staff time and 26 diagnostic samples 
for C. bovis detection by qPCR analysis equaled approximately 
US$3600. For the cases presented in the current study, we did not 
perform a cost analysis but feel that the labor investment from 
this most recent event is similar to those in these other cases.

The reservoirs that cause the perpetuation of C. bovis infec-
tion within rodent housing facilities have been investigated 
previously. In one study, the infection was often sustained by 
subpopulations of immunodeficient mice that were housed in 
the same room and shed bacteria into the environment.4 Accord-
ing to our own experiences, we know that gram scales, digital 
calipers, tattooing equipment, biosafety cabinets, isoflurane 
vaporizers, and other research equipment can all be contami-
nated and result in the transmission of C. bovis. However, given 
the stringent procedural and physical barriers used to maintain 
these C. bovis-free barrier rooms, high frequency of C. bovis 
surveillance testing, rapid identification of infected cages, and 
confirmed presence of C. bovis DNA within paired tumor sam-
ples, our epidemiologic investigation indicated that the source 
of C. bovis infection was contaminated, cryopreserved PDX 
tumor tissue. As a result, we were able to identify a previously 
unknown source of C. bovis contamination that may result in 
infection. We continue to expand our surveillance program to 
include investigators that are transitioning to a C. bovis-free 
status yet are still maintaining C. bovis infected colonies. Simi-
larly, we will continue to monitor well-established C. bovis-free 
colonies until this program systematically excludes C. bovis 
from our facilities.
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