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Immunodeficient mice are used for a wide variety of biomedi-
cal research spanning the fields of immunology, transplantation, 
infectious disease, and cancer. The lack of specific anatomic or 
cellular components of the innate and adaptive immune systems 
makes these mice invaluable for research. However, these same 
inherent features also make these mouse strains susceptible to 
opportunistic infections. For example, Corynebacterium bovis 
infects the skin of a variety of immunodeficient strains8,54 and 
mice with uncharacterized immune systems.28,29,43 Although 
the clinical signs and progression of skin disease varies among 
strains, C. bovis infection of immunodeficient mice can alter 
experimental outcomes in cancer research.63

Prophylactic antibiotics reportedly will not protect im-
munodeficient mice from C. bovis infection.5 However, this 
conclusion conflicts with work showing that C. bovis is sensitive 
to antibiotics commonly used in mice.17,64 These data indicate 
that the administration of amoxicillin in drinking water leads 

to plasma concentrations in mice that exceed the organism’s 
minimum inhibitory concentration to inhibit growth of 90% of 
the isolates evaluated in vitro.17,40 Given the known difficulty 
in eliminating this pathogen from immunodeficient mouse 
colonies, leveraging the antimicrobial susceptibility of C. bovis 
with antibiotics that are commonly used in rodents may allow 
prophylactic protection of immunodeficient mice in the event 
of C. bovis outbreak.

Antibiotics have been used in veterinary and human medicine 
for well over half a century. However, the growing recognition 
of the beneficial effects of host-associated microbiota on nu-
merous aspects of host physiology and immunology demands 
that antibiotics be used cautiously. Therefore, investigators and 
veterinarians should be aware of treatment efficacy and the 
potential effect of an infectious agent and antimicrobial treat-
ment on the commensal flora of the mouse strain.30 To date, the 
effects of C. bovis and oral antibiotics on the skin microbiome 
(SM) have not been investigated in common immune-impaired 
mouse strains.28,29 In addition, interest is growing in the in-
fluences of opportunistic and infectious agents on the skin 
microbiome during both health and disease.18 Consequently, the 
goals of this project were to investigate the use of prophylactic 
antibiotic therapy to prevent C. bovis infection in Hsd:Athymic 
Nude (nude) and NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice 
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after acute inoculation. In addition, the response of the SM to 
C. bovis infection and antibiotic administration were evaluated 
in parallel.

Materials and Methods
Mice, housing, and husbandry. Female nude mice (n = 15; age, 

7 wk; strain no. 069, Envigo, Indianapolis, IN) and female NSG 
mice (n = 14; age, 7 wk; strain no. 005557, Jackson Laboratories, 
Bar Harbor, ME) were obtained and documented by each vendor 
to be free of ectoparasites, endoparasites and excluded viral 
and bacterial pathogens, including C. bovis. Mice were group-
housed (5 mice/cage) and allowed to acclimate for 7 d prior 
to being individually housed for experimental manipulations. 
Mice were maintained under barrier conditions in autoclaved 
IVC (Allentown Caging, Allentown, NJ) containing aspen 
chip bedding (Envigo), a cotton square (Ancare, Bellmore, 
NY), and a rodent enrichment device (Mouse Igloo, BioServ, 
Flemmington, NJ) with 40 air changes per hour. Mice received 
irradiated rodent diet (2920X, Teklad Diet, Envigo) ad libitum 
and autoclaved, reverse-osmosis-purified water in an intracage 
375-mL water bottle. The macroenvironment is electronically 
controlled to provide 22.2 ± 1 °C, a 14:10 light:dark cycle, and 
30% to 40% humidity with at least 12 air changes per hour. All 
studies were approved by the University of Colorado Denver 
Anschutz Medical Campus IACUC.

C. bovis inoculum and inoculation. C. bovis isolate CUAMC1 
was cultured from athymic nude mice at the University of 
Colorado Anschutz Medical Campus in 2014.17 Culture condi-
tions of isolates for mouse inoculation were recently described 
in detail.47 Briefly, CUMAC1 was cryopreserved in media made 
from 10% nonfat milk (w/v) in water and stored at −80 °C. Chips 
of frozen media were cultured on trypticase soy agar contain-
ing 5% sheep blood (catalog no. B21261X, Becton Dickinson, 
Sparks, MD) for 48 to 72 h at 37 °C and ambient atmosphere. 
Individual colonies were collected and resuspended in heart 
infusion broth (catalog no. 238400, Becton Dickinson) containing 
1% Tween 80 in an incubator with an elliptical shaker for 24 h  
at 32 °C with 250 rotations per minute. After 24 h, the OD600 
was compared with a previously generated standard curve to 
estimate the concentration (in cfu/mL) of the inoculum. After 
inoculation, serial dilutions of the inoculum in sterile PBS and 
colony plate counts on trypticase soy agar with 5% sheep blood 
were performed to confirm the final inoculation dose that mice 
received. Based on pilot studies, NSG mice required a higher 
inoculation dose than did nude mice to ensure all mice became 
infected (data not shown). Nude and NSG mice were anesthe-
tized with isoflurane and then inoculated with doses of 2 × 106 
cfu and 2 × 107 cfu, respectively. The inoculum was delivered 
in 50 µL of sterile PBS and distributed by using a sterile cotton 
swab. For nude mice, the distribution of inoculum focused on 
the scalp, ear pinnae, and dorsal back. Except for the dorsal 
back, these sites are difficult for a singly housed mouse to groom 
effectively, thus increasing inoculum contact time. For NSG 
mice, inoculation was distributed over the scalp, ear pinnae, 
periocular conjunctiva, muzzle, and commissures of the mouth. 
These locations were selected because most of these sites are not 
densely haired, and they are difficult for a singly house mouse 
to groom effectively.

Experimental design, inoculation, and antibiotic prophylaxis. 
Athymic nude and NSG mice were each randomly divided into 
3 treatment groups: no C. bovis inoculation and no antibiotics 
(Cb−Abx−, negative control, n = 5 nude and 4 NSG); C. bovis inocu-
lation but no antibiotics (Cb+Abx−, positive control, n = 5/strain); 
and C. bovis inoculation with prophylactic antibiotics (Cb+Abx+, 

treatment, n = 5/strain, Figure 1). After C. bovis inoculation, mice 
in the Cb+Abx+ groups were given 0.375 mg/mL of amoxicillin-
clavulanic acid (amoxicillin trihydrate-clavulanate potassium, 
Zoetis, Florham Park, NJ) in a nonacidified, autoclaved water 
bottle.17,47 With this formulation of amoxicillin-clavulanic acid, 
the water bottle contained 0.3 mg/mL of amoxicillin, result-
ing in a daily dose of 48 to 60 mg/kg of amoxicillin for a 25-g 
mouse drinking 4 to 5 mL of medicated water daily. The dose of 
amoxicillin-clavulanic acid was based on the demonstrated blood 
plasma concentration of amoxicillin achieved by using an oral 
amoxicillin concentration of 0.25 mg/mL in water.40 According 
to the cited report,40 the blood concentration exceeds the ampi-
cillin susceptibility of C. bovis isolates obtained from cows and 
immunodeficient rodents.17,64 Ampicillin susceptibility can be 
correlated directly to amoxicillin because both antibiotics work 
very similarly in vitro.22

The prophylactic antibiotic group received antibiotic water 
for 14 d after C. bovis inoculation. This duration of treatment 
has been used previously to prevent C. bovis infection,5 and 
was demonstrated to be an adequate duration for the elimina-
tion of Rodentibacter pneumotropicus with antibiotic treatment.60 
Antibiotic-containing water was not shaken after placement in 
the cage but was replaced after 7 d.40,41 The C. bovis status of 
each mouse was tested by using combined oral and skin swabs 
(BBL Culture Swab EZ, Becton Dickinson, Franklin Lakes, NJ) 
for C. bovis DNA and quantitative real-time PCR (qPCR) assay 
on days 0 (before inoculation), 7 (during treatment), 15 (the day 
after antibiotic discontinuation), 42, and 70 after inoculation. For 
SM analysis, skin swabs (PurFlock Ultra, Puritan, Guilford, ME) 
were collected from the lateral aspect of the mouse including 
the ear, neck, and axilla encompassing approximately 2 cm2 of 
surface area. In total, 40 strokes of the swab were made, includ-
ing 10 from the ears, 10 from the neck, and 20 from the axilla, 
with the swab rotated constantly and under sufficient pressure 
to cause mild skin hyperemia but not abrasion. SM samples 
were collected on days −7, 14 (last day of antibiotics), and 70 
after inoculation (Figure 1). All skin swabs were collected an-
temortem. When SM and C. bovis qPCR samples were collected 
on the same day, the SM sample was collected first to prevent 
contamination of the skin with oral bacterial flora.

Mouse cages were changed every 7 d for the first 14 d after  
C. bovis inoculation and then every 14 d until the end of the 
study. Weekly cage changes for the first 14 d minimized intra-
cage C. bovis contamination after the initial skin inoculation.47 At 
the time of cage caging, mice were placed into new cages with-
out transfer of any bedding, nesting material, or cage furniture. 
All cage manipulations were performed under a downdraft, 
HEPA-filtered animal transfer station (ATS2, Allentown Cag-
ing). All work surfaces were disinfected between cages and 
remained moist with Clidox-S (Pharmacal, Naugatuck, CT) at 
a dilution of 1:18:1. A glove-change technique for working with  
C. bovis–infected and -uninfected mice under experimental 
conditions has recently been described in detail.47 Briefly, gloves 
were changed between cages, prior to touching the mice or 
anything in the intracage environment.

Mice were euthanized by CO2 asphyxiation, followed by cer-
vical dislocation at 70 d after inoculation with C. bovis, which is 
equivalent to 56 d after antibiotic discontinuation for that group. 
This time point was selected based on a previous study5 in which 
nude mice with previously established C. bovis infections and 
treatment with 4 wk of amoxicillin-medicated chow returned 
to C. bovis–positive culture status within 0 to 46 d (mean, 17 d).  
Another experiment in the same report5 placed naïve nude 
mice on amoxicillin-medicated chow for 2 wk, beginning at 
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the same time as mice were housed in an enzootically C. bovis–
infected room. After 2 wk of antibiotics, the time to infection 
after housing in the room was 20 to 55 d (mean, 34.5 d).5 Our 
endpoint was selected to exceed the previously demonstrated 
maximal duration for mice to become infected after completing 
therapeutic or prophylactic antibiotics.

At the time of euthanasia, skin from the dorsal head, including 
the ears and dorsal neck, was collected from a subset of mice of 
each strain in each treatment group and fixed in 10% buffered 
formalin. Hematoxylin and eosin staining was performed on 
transverse sections of the pinnae and dorsal neck skin. Sections 
were evaluated for histologic changes commonly associated 
with C. bovis infection, including hyperkeratosis and acanthosis.

SM and C. bovis qPCR analyses. Skin-associated bacterial 
profiles were determined by broad-range amplification and 
sequence analysis of 16S rRNA genes using our previously de-
scribed methods.20,46,65 In brief, DNA was extracted from swabs 
by using a QIAamp PowerFecal DNA extraction kit (Qiagen, 
Carlsbad, CA) according to the manufacturer’s protocol; cells 
were lysed by bead beating for 30 s at 6000 rpm by using a 
MagnaLyser (Roche Sequencing and Life Science, Indianapolis, 
IN). PCR amplicons were generated through 35 cycles using 
dual-indexed primers19 (27F-YM: 5′ AGA GTT TGA TYM TGG 
CTC AG 3′; 338R: 5′ TGC CTC CCG TAG GAG T 3′) that target  

approximately 300 base pairs of the 16S rRNA gene V1V2.21,34 
PCR products were normalized by using a SequalPrep kit 
(Invitrogen, Carlsbad, CA), pooled, lyophilized, purified, and 
concentrated by using a DNA Clean and Concentrator Kit 
(Zymo, Irvine, CA). Pooled amplicons were quantified by using 
a Qubit Fluorometer 2.0 (Invitrogen). The pool was diluted to 4 
nM and denatured with 0.2 N NaOH at room temperature. The 
denatured DNA was diluted to 15 pM and spiked with 25% of 
the Illumina PhiX control DNA prior to loading of the sequencer. 
Paired-end sequencing using a 600-cycle version 3 reagent kit 
was performed on the Illumina MiSeq platform via MiSeq 
Control Software and MiSeq Reporter (version 2.4 for both).

Paired-end sequences were sorted by sample via barcodes 
in the paired reads by using a Python script.20,46,65 Sorted 
paired-end sequence data and accompanying metadata were 
deposited in the NCBI Sequence Read Archive under BioProject 
ID PRJNA663095. The paired reads were assembled by using 
phrap,15,16 and pairs that did not assemble were discarded.  
Assembled sequence ends were trimmed over a moving window 
of 5 nucleotides until the average quality met or exceeded 20.  
Trimmed sequences with more than 1 ambiguity or shorter than 
250 nucleotides were discarded. Potential chimeras identified 
via Uchime (usearch6.0.203_i86linux32)12 using the Schloss55 
Silva reference sequences were removed from subsequent 

Figure 1. Illustration of the experimental design, allocation of each mouse strain into experimental groups, and the interval of sample collection 
for C. bovis–specific qPCR and skin microbiome (SM) analyses.
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analyses. Assembled sequences were aligned and classified by 
using SINA (1.3.0-r23838)49 with the 418,497 bacterial sequences 
in Silva 115NR9950 as references configured to yield the Silva 
taxonomy; taxonomic assignments used the lowest-common-
ancestor approach with default SINA settings. Closed-reference, 
operational taxonomic units were produced by binning se-
quences with identical Silva/SINA lowest-common-ancestor 
assignments. This process generated 6,727,469 quality-filtered 
16S rRNA gene sequences for 88 samples (median, 63,154 
sequences per sample; interquartile range, 20,029 to 119,267 
sequences). All sequence libraries had a Good coverage score 
greater than 98.5%, indicating excellent depth of sequence 
coverage. For C. bovis–specific qPCR analysis, skin swabs were 
submitted to the University of Colorado Anschutz Medical 
Campus Quantitative PCR Core as previously described.38 DNA 
was prepared from these specimens by using the QIAamp DNA 
Mini extraction kit (Qiagen).

Statistics. Mann–Whitney rank sum testing was performed on 
C. bovis DNA copies between C. bovis positive controls of each 
strain at time points on days 15, 42, and 70 after inoculation. 
A contingency table was created and the Fisher Exact test was 
performed on the number of C. bovis–positive mice after prophy-
lactic antibiotic treatment as compared with C. bovis–positive 
controls for each strain.

R (version 3.6.3) and Explicet (version 2.10.552) software 
packages were used to visualize and analyze microbiome 
data. Differences in overall microbiota composition (that is, 
β-diversity) between groups were assessed by a permutation-
based multiple analysis of the variance test, as implemented via 
the adonis2 function of the vegan R package.45 Dissimilarities 
were measured by using the Morisita–Horn index; P values 
were inferred through 106 label permutations. Shannon diver-
sity indices (that is, assessment of α-diversity) were calculated 
for each sequence library through 1000 replicate samples at a 
rarefaction point of 5000 sequences. Between-group differences 
were assessed by ANOVA (across 3 or more groups) followed 
by Tukey Honest Significant Difference tests (for pairwise 
comparisons). Principal coordinates analysis used the weighted 
classic multidimensional scaling function of the vegan R pack-
age,45 with dissimilarities measured using the Morisita–Horn 
index. Ordination plots were drawn by using the ordiplot and 
ordiellipse commands of the vegan R package.45

Results
We assessed the use of prophylactic antibiotics for the pre-

vention of C. bovis skin infections in immunodeficient nude 
and NSG mice. Both nude and NSG Cb−Abx− mice remained 
C. bovis–negative for the duration of the study despite being 
housed in the same room and manipulated in the same animal 
transfer station as C. bovis–inoculated mice. During the experi-
ment, no clinical signs of C. bovis infection were seen in any 
mice of either strain or any experimental group.

Effect of prophylactic antibiotics on C. bovis infections. 
Cb+Abx− nude mice were C. bovis–positive from day 7 after in-
oculation until the end of the study. As anticipated, no C. bovis was 
detectable on Cb−Abx− nude mice (Figure 2 A). With prophylactic 
antibiotics, all 5 Cb+Abx+ nude mice remained C. bovis–negative 
for the duration of the study (P ≤ 0.05; Figure 2 A).

For Cb+Abx− NSG mice, 4 of 5 (80%) were infected by day 
15 after inoculation. However, by the end of the study, all 
Cb+Abx− NSG mice were C. bovis–positive. During prophylac-
tic antibiotic treatment, 1 of 5 (20%) Cb+Abx+ NSG mice was  
C. bovis–positive at 7 d after inoculation; the single positive 
mouse was then negative by 15 d after inoculation. At 15 d after 

inoculation, 4 of 5 (80%) Cb+Abx+ NSG mice were C. bovis–
positive. However, at both 42 and 70 d after inoculation, all 5 
Cb+Abx+ NSG mice were C. bovis–negative (P ≤ 0.05; Figure 2 B).

Higher numbers of C. bovis DNA were detected on the skin of 
nude mice as compared with NSG mice at 15, 42, and 70 d after 
inoculation (P ≤ 0.03; Figure 2 A compared with Figure 2 B). This 
outcome occurred despite the 10-fold higher inoculation dose 
used to infect NSG mice as compared with nude mice. For both 
strains, the copy number remained consistent between 42 and 
70 d after inoculation. The C. bovis copy number (mean ± 1 SD) 
at 70 d after inoculation was 358,608 ± 209,540 copies for nude 
mice and 65,076 ± 47,693 copies for NSG mice (P = 0.03; Figure 2).

The SM of immunodeficient strains. To investigate the extent 
to which C. bovis and oral amoxicillin alter the SM, we used 
16S rRNA gene sequencing to assess skin microbiota at days 
−7, 14, and 70 (88 total samples). From these data, stacked bar 
charts were generated to visualize the data according to mouse 
strain, treatment group, and time point (Figure 3). SM profil-
ing revealed Corynebacterium spp. on the skin of both mouse 
strains at the time of their arrival to our facility, but C. bovis 
in particular was not detected by using species-specific qPCR 
primers. Samples collected from the skin prominently included 
taxa that are most commonly associated with gut microbiota 
(GM; for example, Bifidobacterium, Bacteroides, Lactobacillus, 
Clostridia, Enterobacteriaceae); this was likely due to exposure to 
feces in the animal’s cage. The SM differed significantly (P < 1 
× 10-6) in overall composition (β-diversity) between the 2 mouse 
strains (Figure 3).13 Nude mice exhibited a more even distri-
bution of typical skin and gut taxa, whereas NSG mice were 
dominated by staphylococci. In addition, the SM of nude mice 
was significantly (P < 1 × 10-6) more α-diverse than that of NSG 
mice (Figure 4). The microbiota of Cb−Abx− nude mice shifted 
in overall composition from the time of arrival to the study’s 
end (P = 0.0078 and P = 0.0077 for day −7 compared with day 
14 and day −7 compared with day 70, respectively; Figure 3).  
Likewise, Shannon diversity decreased in Cb−Abx− nude mice 
over the course of the study (day −7 compared with day 14,  
P = 0.032; day −7 compared with day 70, P < 1 × 10-6; Figure 4). 
In contrast, NSG mice did not exhibit such longitudinal shifts in 
overall composition or Shannon diversity from days −7 through 
70 (P > 0.05 for all pairwise tests of α- and β-diversity). Finally, 
baseline overall composition and Shannon diversity were not 
different among mice that were subsequently randomized to 
the 3 treatment groups (P > 0.05 for all pairwise comparisons; 
Figures 3 and 4).

Effect of C. bovis on resident skin bacteria. For Cb+Abx− nude 
mice, the composition of skin microbiota differed significantly  
(P < 0.01) from both the Cb−Abx− and Cb+Abx+ groups at both 
14 and 70 d after inoculation (Figure 3). After C. bovis inoculation, 
Corynebacterium spp. were the most prominent population among 
Cb+Abx− mice, accounting for 90% of the bacteria on the skin at 
14 d and 60% on 70 d (P < 0.001 as compared with Cb−Abx− mice 
at both time points). This dramatic increase in Corynebacterium 
spp. in the Cb+Abx− group at 14 d after inoculation resulted in a 
significant (P < 0.001) reduction in α-diversity as compared with 
Cb−Abx− (Figure 4), with less significant (P < 0.05) differences as 
compared with Cb−Abx− mice at 70 d (Figure 4).

Among the Cb+Abx− NSG mice, only approximately 10% of 
the SM was composed of Corynebacterium spp. at 14 d, with no 
significant difference compared with Cb−Abx− mice at that time 
(P = 0.099, Figure 3). The abundance of Corynebacterium spp. 
increased to 45% by 70 d after inoculation (P = 0.0028 as com-
pared with Cb−Abx−). Due to this increase in Corynebacterium 
spp., the composition of the SM at 70 d approached statistical 
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Figure 2. The upper portion of each graph depicts the absolute copy number of C. bovis DNA (1 log10 ± 1 SD) collected from the skin of (A) nude 
and (B) NSG mice. The limit of detection is 30 copies. The lower table of each figure shows the number of C. bovis qPCR-positive mice among the 
total number of mice per group (n = 4 or 5).
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significance (P < 0.1) as compared with the negative control 
group. For both nude and NSG mice, visualization of differences 
in microbiota by principal coordinates analysis confirmed the 
distinct segregation of C. bovis–positive control group at 14 and 
70 d after inoculation (Figure 5).

Effects of systemic antibiotics and C. bovis on resident skin 
bacteria. The administration of oral amoxicillin-clavulanic  
acid beginning immediately after C. bovis inoculation and 
continuing for 14 d prevented colonization and expansion of 
Corynebacterium spp. on nude mice. At 14 d after inoculation, the 
Cb+Abx+ group did not differ significantly from the Cb−Abx− 
group in either SM composition (P < 0.1; Figure 3) or diversity 
(P = 0.98; Figure 4). At 14 d after inoculation, the Cb+Abx+  

differed significantly in both composition (P < 0.01; Figure 3) and 
α-diversity (P < 0.001; Figure 4) from the Cb+Abx− group. At 
70 d after inoculation, the Cb+Abx+ did not differ significantly 
from the Cb−Abx− group in either composition or α-diversity.

In contrast to the situation in nude mice, oral amoxicil-
lin-clavulanic acid did not prevent an initial increase in 
Corynebacterium spp. on the skin of NSG after 14 d of treatment 
as compared with Cb+Abx− mice (Figure 3). At 14 d after inocu-
lation, Corynebacterium spp. growth and amoxicillin-clavulanic 
acid treatment significantly (P = 0.0079) altered the composition 
of the SM between Cb−Abx− and Cb+Abx+ mice. This difference 
was characterized by a marked increase in Staphylococcus spp. 
and marked decreases in Lactobacillus spp., Clostridium spp., 

Figure 3. Bacterial profiles of skin microbiota. Bar charts summarize mean relative abundances (RA) of prominent genus-level bacterial taxa, 
stratified by mouse strain (panel A, nude; panel B, NSG), treatment group, and time point. Taxa with RA < 0.05% are collapsed into the Other 
category but were included in statistical tests. Significance was assessed through PERMANOVA tests at each time point. These tests were per-
formed only among treatment arms within each time point (that is, comparisons were not made between time points). Each bar represents 5 mice 
for all groups, except NSG Cb−Abx− (n = 4).
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Methylobacterium spp., Bacteroidales S24-7, and nonclostridial 
Lachnospiraceae, all of which contributed to the decrease in 
microbial α-diversity (P = 0.040; Figure 4). At 70 d after inocu-
lation, the genus Corynebacterium was still present in the SM of 
the Cb+Abx+ group, albeit at significantly (P = 0.0054) lower 
relative abundance as compared with the Cb+Abx− group and 
with little difference relative to the Cb−Abx− group (P = 0.25, 
Figure 3). When the overall SM composition of the Cb+Abx+ 
group was compared with that of the Cb+Abx− group, the 
marked reduction in Corynebacterium spp. and elimination of 
C. bovis due to prophylactic antibiotics easily achieved statisti-
cal significance (P < 0.01, Figure 3). The SM composition of the 
Cb+Abx+ group was not significantly different from that of the 
Cb−Abx− group (P = 0.45) at 70 d after inoculation, but a de-
crease in Shannon diversity between these groups approached 
statistical significance (P = 0.1, Figure 4). For both strains of 

mice, principal coordinate analysis suggested clustering of the 
Cb+Abx+ groups with their respective Cb−Abx− groups by 70 
d after inoculation (Figure 5).

Histopathology assessment of skin. Antemortem clinical signs 
of C. bovis infection were not observed in any experimental 
group of either strain during the study. Cross-sections of the 
ear pinnae and skin of the dorsal head and neck were reviewed 
histologically for hyperkeratosis, acanthosis, and inflammatory 
infiltrate of the dermis. In all groups of nude mice, multifocal 
areas of mild hyperkeratosis with occasional keratohyaline gran-
ules and neutrophils and lymphocytes surrounding hair follicles 
were present (data not shown). For NSG mice, mild acanthosis 
and focal areas of hyperkeratosis were observed in the Cb+Abx− 
group but were not apparent in either the Cb−Abx− or Cb+Abx+ 
groups. No marked increase in inflammatory infiltrate was 
observed in any treatment group or strain (data not shown).  

Figure 4. Microbial α-diversity of skin microbiota. Boxplots summarize Shannon Diversity (H) scores, stratified according to mouse strain (nude, 
upper panel; NSG, lower panel), treatment group, and time point. Significance was tested across all 3 treatment arms for each time point by 
using ANOVA followed by Tukey Honest Significant Difference tests of pairwise comparisons. Each bar represents 5 mice for all groups, except 
for NSG Cb−Abx− (n = 4).
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Given the lack of clinical signs and the minimal pathology 
associated with the NSG Cb+Abx− group only, histologic char-
acterization of the skin sections was not pursued further.

Discussion
We recently demonstrated that metaphylactic antibiotics can 

be used to prevent the transmission of C. bovis from infected 
NSG mouse breeding pairs to their neonatal offspring.47 In the 
current study, prophylactic antibiotics prevented the establish-
ment of a perpetuating C. bovis infection in both nude and NSG 
mice. This benefit was most evident for nude mice, in which 
the skin was free of C. bovis DNA at 7 d after inoculation and 
all subsequent time points based on qPCR analysis. Although 
prophylactic antibiotics successfully prevented infection of 
NSG mice by the end of the study, qPCR data did not clearly 
characterize their infection status at earlier time points. At 7 d 
after inoculation, only 1 of 10 (10%) NSG mice inoculated with 
C. bovis had detectable C. bovis DNA on their hair coat. This 
finding suggests that at a minimum, residual DNA from the 
bacterial inoculum had been groomed off of the majority of 
NSG mice within 7 d. However, by 15 d after inoculation, 8 of 

10 (80%) inoculated NSG mice had C. bovis DNA on their hair 
coat, independent of prophylactic treatment. In addition, the  
C. bovis DNA copy number detected on the skin of Cb+Abx+ 
mice approximated the copy number obtained from the skin of 
the Cb+Abx− mice on the day after antibiotic discontinuation 
(15 d after inoculation). This finding suggests equivalent dermal 
colonization despite prophylactic antibiotics treatment between 
7 and 15 d after inoculation. Nevertheless, prophylactic antibiot-
ics prevented the establishment of a perpetuating infection on 
NSG mice by 42 d after inoculation. These data suggest that NSG 
mice require at least 14 d of prophylactic antibiotic to prevent 
the establishment of an infection. However, additional studies 
are needed to investigate the early kinetics of C. bovis infection 
in NSG mice, with and without the presence of prophylactic 
antibiotics, before the duration of treatment can be titrated 
further for infection prevention.

The SM is resilient and does not shift significantly after 
treatment with oral antibiotics commonly used to disrupt the 
gut microbiome (GM).44,62,67 Ampicillin is commonly used in 
antibiotic cocktails to disrupt or deplete the GM of mice.59 
With prolonged administration of oral ampicillin to mice, skin 

Figure 5. Principal coordinates analysis of skin microbiota. Panels display plots of individual samples from either nude (upper panels) or NSG 
(lower panels) mice. Left panels show individual samples (open symbols), whereas right panels use ellipses to define a 1 SD spread in each group 
about the within-group centroids (filled symbols). Treatment groups and time points are indicated by different symbols and color-coding, as 
summarized in the key. Significance was assessed by between-group PERMANOVA tests and reflect the same statistical findings as in Figure 3.  
These tests were performed only among treatment arms within each time point (that is, comparisons were not made between time points).
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dysbiosis was not observed.10 Similarly in our current experi-
ments, 14 d of oral amoxicillin-clavulanic acid did not lead to 
any significant difference in bacterial abundance or α-diversity 
at either 15 or 70 d after inoculation of Cb+Abx+ nude mice. In 
contrast, the SM for Cb+Abx+ NSG mice significantly shifted 
in both bacterial abundance and α-diversity by the final day of 
treatment. However, drawing a direct correlation between oral 
antibiotics and these significant changes in the SM for NSG mice 
is difficult because an antibiotic-only treatment group was not 
part of the study design. In addition, C. bovis was detected on 
the skin at 15 d after inoculation and may have contributed to 
these significant changes. Nevertheless, by 70 d after inoculation 
(56 d after antibiotic discontinuation), our data demonstrate a 
complete elimination of C. bovis and recovery of the composi-
tion of the SM for NSG mice as determined by qPCR and 16S 
microbiome analysis.

In the absence of prophylactic antibiotics after inoculation, 
C. bovis became highly abundant on the skin of both nude and 
NSG mice but at very different rates (Figure 2). At 15 d after 
inoculation, Corynebacterium spp. accounted for 90% and 10% 
of the skin bacteria of nude and NSG mice, respectively. By 70 
d after inoculation, the abundance rates in nude and NSG mice 
(60% and 45%, respectively) more closely approximated each 
other (Figure 3). But on 70 d after inoculation, infected nude 
mice had 5.5-fold more C. bovis DNA on their skin than did NSG 
mice (Figure 2). These results demonstrate that C. bovis grew 
more rapidly and in greater numbers on the skin of nude mice 
as compared with NSG mice. The mechanism or inherent physi-
ology that contributes to this difference is currently unknown.

The use of prophylactic antibiotics to prevent C. bovis infec-
tion has been attempted previously, without success.5 In that 
study, 2 groups of naïve nude mice were housed in a room 
with enzootically C. bovis–infected nude mice. For the first 14 
d, one group received amoxicillin-impregnated chow (200 mg/
kg), whereas the other group received no treatment. After 14 d 
of prophylaxis, antibiotics were discontinued, but the housing 
conditions remained the same. According to that study, the time 
to C. bovis infection and clinical disease were not significantly 
different between groups.5 However, the time of exposure to an 
infectious dose was not defined.5 In the current study, mice were 
inoculated acutely with a known infectious dose of C. bovis and 
then were strictly maintained to prevent further C. bovis expo-
sure during and after antibiotic treatment. Because the time of 
inoculation and environmental contamination were controlled 
in our experiment, our design gives credence to the conclusion 
that prophylactic antibiotics prevent C. bovis infection only when 
mice are maintained in a C. bovis–free environment during and 
after antibiotic withdrawal.

As a tool for the management of C. bovis–free colonies, pro-
phylactic antibiotics may be practical only in situations where 
C. bovis exposure is identified quickly or is imminent. C. bovis 
exposure can be anticipated during the implantation of poten-
tially or known C. bovis–contaminated tumor tissue. Recently 
we demonstrated that contaminated patient-derived xenograft 
(PDX) tumor tissue could transmit C. bovis infection to immuno-
deficient recipient mice.37 In addition, 2 independent diagnostic 
laboratories have reported that C. bovis is a common contami-
nant of eukaryotic cell lines and tumor tissues submitted for 
diagnostic analysis.37 At our institution, we have addressed this 
concern by providing prophylactic antibiotics to naïve recipient 
mice scheduled to receive PDX tumor tissue that is suspected of 
being contaminated, received from another institution at which 
the C. bovis status is unknown, or had questionable aseptic 
harvest of the donor tumor tissue.37 The extrapolation of our 

data for the use of prophylactic antibiotics to prevent C. bovis 
transmission from ‘high-risk’ PDX tissue has been successful 
in our hands. Since we initiated this practice 9 y ago, C. bovis 
infection after PDX implantation has not occurred.

A variety of clinically relevant antibiotics, including doxycy-
cline, macrolides such as erythromycin, and the fluoroquinolone 
ciprofloxacin have shown detrimental effects on cancer cell 
growth either in vitro or in vivo.11,25,33,48,66 In addition, sev-
eral other less clinically relevant antibiotics and antifungal 
compounds have shown similar effects when their specific 
mechanism of action interferes with a eukaryotic cellular func-
tion.1,51,57 Amoxicillin is in the aminopenicillin class of bicyclic 
β-lactam antibiotics. Bicyclic β-lactams are specific to and inhibit 
peptidoglycan crosslinking during bacterial cell wall remod-
eling or division. The failure of this peptidoglycan matrix, not 
present in eukaryotic cell walls, results in bacterial cytolysis. Be-
cause of its specific mechanism of action, the β-lactam antibiotic 
penicillin has been used for decades to prevent bacterial growth 
in eukaryotic cell cultures and is recommended by American 
Type Tissue Collection when antibiotics are used.2 Although 
modification of the β-lactam structure into a monocyclic form 
has been investigated for tumor cell-killing ability, bicyclic 
β-lactams are not known to be a viable anticancer candidate.31

Antibiotics have been shown to significantly alter the GM of 
rodents.14 When amoxicillin is administered orally to mice at a 
dose and for a duration that approximates those in our study, di-
versity in the GM decreased. The GM that remains demonstrated 
a decrease in the genus Bifidobacterium and was highly enriched 
in the Proteobacteria phylum (mainly Escherichia-Shigella and 
Klebsiella), which is a microbial signature of dysbiosis.35 In ad-
dition, oral amoxicillin increases the abundance and diversity 
of antibiotic-resistance genes, β-lactam ring resistance genes, in 
surviving bacteria.35 Similarly, mice treated with the combina-
tion of amoxicillin and clavulanic acid show a decrease in the 
relative abundance of the phylum Firmicutes (mainly Clostridi-
ales) and a concurrent expansion of the phylum Proteobacteria.3 
Rats treated with oral amoxicillin likewise show a reduction in 
GM diversity, a decrease in Firmicutes, and an increase in the 
relative abundance of Bacteroidetes and Proteobacteria.24,61 
Due to the consistent findings of these previous reports on 
the impact of oral amoxicillin on the GM of rodents, with and 
without clavulanic acid, we elected not to assess the GM in the 
current study.

The direct influence of antibiotics on the GM can indirectly 
affect the innate and adaptive immune systems of mice. Through 
a sequence of direct and indirect actions, antibiotics can in-
crease or decrease tumor growth and metastasis in syngeneic 
or allograft tumors in immunocompetent mice.26,56 The exact 
mechanism remains elusive to date, but what is known has been 
reviewed elsewhere.26,27,36 The vast majority of this literature 
involves immunocompetent mice, and data on the gut-immune-
cancer axis in immunocompromised mice is minimal. However, 
several studies have shown that antibiotics administered to 
immunodeficient mice can promote growth and metastasis,7 
inhibit or delay growth,58 or have negligible effects in a variety 
of xenograft tumor models.56 Independent of immune status of 
the mouse model used, some evidence also indicates a direct 
interplay between tumor cells and the GM. For colorectal and 
pancreatic cancers specifically, the presence of bacteria either 
in the tumor23,32 or in direct contact with tumors cells9,53 can 
increase xenograft tumor growth. In turn, the elimination of 
the intratumor bacteria by antibiotic therapy potentially can 
alter tumor sensitivity to chemotherapeutics.23 Similarly, an 
antibiotic-induced decrease in the amount and complexity of 
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the GM likewise can alter tumor cytokine expression pheno-
type9 or even reduce xenograft tumor growth.4 Thus moving 
forward, reluctance to use prophylactic antibiotics to prevent 
C. bovis–infection by contaminated tumor tissue should not be 
based on the mechanism of action of the antibiotic on tumor 
cells, but rather on the off-target effects antibiotics can have on 
intratumor bacteria or the GM. Nevertheless, this risk must be 
weighed against the complications induced by C. bovis infec-
tion,37 the negative effect of C. bovis on cancer models,63 the high 
likelihood of spread of the infection within immunodeficient 
mouse colonies,6 and proven difficulty in eliminating this agent 
from research institutions.5,39,42

Motivated by our institution’s goal to eliminate endemic op-
portunistic pathogen C. bovis from our immunodeficient mouse 
colonies, this project investigated the potential use of prophy-
lactic antibiotics to prevent C. bovis infection. A 14 d course of 
oral amoxicillin-clavulanic acid in nude and NSG mice rendered  
C. bovis unable to establish a perpetuating infection and pre-
vented concurrent infection from further exposure. This study 
also allowed us to determine the composition of the SM of these 
strains of mice and the influence of C. bovis on skin microbial 
communities. Our findings also show the significant effect of 
C. bovis and the antimicrobial treatment on skin commensals 
and document the potential benefit of prophylactic antibiotics 
to prevent C. bovis infection.
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