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Abstract 

Background The action of mesenchymal stem cells (MSCs) is the subject of intense research in the field of regen‑
erative medicine, including their potential use in companion animals, such as dogs. To ensure the safety of canine 
MSC batches for their application in regenerative medicine, a quality control test must be conducted in accordance 
with Good Manufacturing Practices (GMP). Based on guidance provided by the European Medicines Agency, this 
study aimed to develop and validate a highly sensitive and robust, nucleic acid‑based test panel for the detection 
of various canine pathogens. Analytical sensitivity, specificity, amplification efficiency, and linearity were evaluated 
to ensure robust assessment. Additionally, viable spike‑in controls were used to control for optimal nucleic acid 
extraction. The conventional PCR‑based and real‑time PCR‑based pathogen assays were evaluated in a real‑life setting, 
by direct testing MSC batches.

Results The established nucleic acid‑based assays displayed remarkable sensitivity, detecting 100–1 copies/reaction 
of template DNA. They also exhibited high specificity and efficiency. Moreover, highly effective nucleic acid isolation 
was confirmed by the sensitive detection of spike‑in controls. The detection capacity of our optimized and validated 
methods was determined by direct pathogen testing of nine MSC batches that displayed unusual phenotypes, such 
as reduced cell division or other deviating characteristics. Among these MCS batches of uncertain purity, only one 
tested negative for all pathogens. The direct testing of these samples yielded positive results for important canine 
pathogens, including tick‑borne disease‑associated species and viral members of the canine infectious respiratory 
disease complex (CIRDC). Notably, samples positive for the etiological agents responsible for enteritis (CPV), leptospi‑
rosis (Leptospira interrogans), and neosporosis (Neospora caninum) were also identified. Furthermore, we conducted 
biosafety evaluation of 12 MSC batches intended for therapeutic application. Eleven MSC batches were found to be 
free of extraneous agents, and only one tested positive for a specific pathogen, namely, canine parvovirus.

Conclusion In this study, we established and validated reliable, highly sensitive, and accurate nucleic acid‑based test‑
ing methods for a broad spectrum of canine pathogens.
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Background
Increasing evidence suggests that mesenchymal stem cells 
(MSC) offer a promising option for tissue regeneration and 
cell therapy [1]. MSCs have attracted extensive research 
attention in recent years due to their paracrine [2] and 
immunosuppressive [3, 4] properties as well as their multi-
lineage differentiation potential [5]. MSC-based therapy in 
veterinary medicine targets a wide spectrum of diseases, 
with the majority focusing on musculoskeletal conditions. 
Their effectiveness in reducing pain and inflammation 
makes them an excellent candidate for cell-based therapies 
for veterinary regenerative medicine [6].

To comply with Good Manufacturing Practices (GMP) 
and ensure patient safety, clinical batches of MSC undergo 
mandatory quality control tests to ensure their purity and 
sterility [7]. To prevent potential introduction of infective 
agents into the manufacturing process and downstream 
application in regenerative medicine, it is necessary to 
subject all clinical batches of MSC donations to screening 
procedures for extraneous agents. Guidelines provided by 
the European Medicines Agency’s (EMA) Committee for 
Medicinal Products for Veterinary Use (CMPV) facilitate 
quality and security improvement of cell preparations [8, 
9]. These guidance documents are indispensable resources, 
covering critical biosafety aspects that must be taken into 
consideration in the case of allogeneic stem cell-based 
therapies. In addition to the starting material, extraneous 
agents introduced unintentionally during the manufactur-
ing process should also be considered. During the produc-
tion process, it is crucial to distinguish between exogenous 
agents (viruses, bacteria, and protozoa) that originate from 
the raw material and microbiological contamination, which 
is unrelated to donor tissue [10].

Diagnostic methods traditionally used for canine patho-
gens, such as viral cultures, microscopic examinations, and 
serologic tests, as well as traditional microbiological meth-
ods, may not be sufficiently sensitive, are often laborious, and 
time-consuming [11, 12]. Nucleic acid amplification tests 
(NAATs) provide more accurate and specific approaches, 
offering faster, more accurate and more cost-effective detec-
tion methods than traditional techniques [13].

To date, there are a limited number of optimized and 
validated in-house-developed nucleic acid-based diag-
nostic methods for the biosafety evaluation of canine 
MSCs. Moreover, currently, there are no available nucleic 
acid-based testing methods for the safety evaluation of a 
wide range of canine pathogens. Therefore, we proposed 
the development and validation of different NAATs for 
the rapid and reliable identification of a broad spectrum 
of potential extraneous agents in canine MSC batches, 
obtained from donated tissue, prior to their use in sub-
sequent veterinary therapeutic applications. Our study 
aimed to establish a reliable, highly sensitive and efficient 

nucleic acid-based testing panel for convenient, rapid, 
and cost-effective detection of extraneous agents in MSC 
batches intended for veterinary use.

Based on the epidemiological considerations for the 
Carpathian Basin region, a risk assessment was conducted, 
taking into account the published guidelines for the detec-
tion of potential extraneous agents in veterinary medical 
products. The pathogens to be investigated were selected 
following the guidelines published by the Committee for 
Medicinal Products for Veterinary Use (CVMP) [8]. These 
include bacterial species such as Leptospira interrogans, 
Brucella canis, Neorickettsia spp., Rickettsia spp., Borre-
lia spp., Ehrlichia spp., Bartonella spp., Anaplasma spp.; 
viruses such as canine adenovirus 1 (CAV-1), canine her-
pesvirus 1 (CaHV-1), canine parvovirus (CPV), suid her-
pesvirus 1 (SuHV-1), canine influenza virus (CIV), canine 
parainfluenza virus (CPIV), canine distemper virus (CDV), 
canine coronavirus (CCoV), rabies virus, and parasitic spe-
cies, e.g., Leishmania spp., Neospora caninum, and Babe-
sia spp. To assess the potential presence of microbiological 
contamination during culturing of the cells, Mycoplasma 
spp. were also incorporated in the investigation [14].

Results
Spike‑in Controls
Optimal nucleic acid extraction was evaluated using 
exogenous internal controls (IC). The implemented 
spike-in controls provided evidence of both the amplifi-
ability of DNA and the lack of inhibitors in the samples. 
Real-time PCR-based assays were used to detect spike-in 
controls in MSC samples. The real-time PCR assays were 
able to detect 15 PFU/ml at  10−8 dilution of T7 bacterio-
phage (Fig. 1), the most diluted sample of Escherichia coli 
DH5-alpha (1 CFU/ml; Supplemental Figs.  1 and 2) and 
MS2 bacteriophage (180 PFU/ml at  10−8 dilution; Sup-
plemental Figs.  3 and 4), confirming sensitive detection 
and ideal nucleic acid extraction. The specific PCR prod-
ucts could be differentiated easily from other products 
exhibiting distinct melting temperatures. No cross-reac-
tivity, which might hinder interpretation, was observed 
using the specific primer pairs for the spike-in controls.

The specific PCR products could be differentiated 
easily from other products exhibiting distinct melting 
temperatures. No cross-reactivity, which might hinder 
interpretation, was observed using the specific primer 
pairs for the spike-in controls.

Analytical Sensitivity
The limit of detection (LOD) — the lowest copy number 
of the target at which at least 95% of the samples were 
considered positive — was assessed using a series of 
10-fold dilutions of plasmid DNA containing the target 
sequence for each pathogen. PCR assays were carried out 
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using a total of 20 replicates of each template DNA con-
centration. The presence of additional canine DNA had 
no effect on any of the PCR assays. The LOD for both the 
conventional PCR-based and the real-time PCR-based 
assays revealed high analytical sensitivity. The detection 
limit for DNA and RNA viruses was 10 copies/reaction, 
except for SuHV-1 and CDV, where the detection limit 
was 100 copies/reaction, which indicates a sensitive 
detection of these pathogens using conventional PCR. 
Protozoa can be also detected with high sensitivity uti-
lizing conventional PCR methods. For Babesia spp., the 
LOD was determined as 100 copies/reaction, whereas 
the Neospora spp. assay showed a detection limit of 10 
copies/reaction. Real-time PCR-based assays also dis-
played high sensitivity. The real-time PCR-based meth-
ods employed in this study demonstrated their ability 
to detect 10 copies/reaction of the selected pathogen, 
except for Borrelia spp., which exhibited a detection limit 
of 100 copies/reaction. The single-tube real-time TaqMan 
probe-based Mycoplasma assay showed even higher sen-
sitivity, detecting even 1 copy of the Mycoplasma sp. 
DNA target sequence; see details in Table 1.

Specificity
To determine the specificity of each assay, additional 
canine DNA from three different MSC batches was used 
in all PCR reactions. For each assay, a serial dilution 
 (104–100 copies/μl) of the pathogen’s positive control 
plasmid was used as standard along with the additional 
canine DNA. As shown in Fig. 2, there was no evidence of 
a false-positive reaction or off-target PCR product with 
the same melting temperature or size as the expected 
PCR product. In the Rickettsia assay, canine DNA sam-
ples showed no amplification.

Amplification Efficiency and Linearity
To determine the amplification efficiency of our real-
time PCR-based assays, a serial dilution of the posi-
tive control of the relevant pathogen  (104–100 copies/
μl) was prepared, and each concentration was analyzed 
in triplicates. In the linear regression analysis, the aver-
age Ct values were plotted against the log10 DNA copy 
number. As shown in Fig.  3, the standard curves of the 
Anaplasma spp., Borrelia spp., Bartonella spp., Ehrlichia 

Fig. 1 Real‑time PCR‑based evaluation of T7 bacteriophage spike‑in control. A Positive amplification of the T7 bacteriophage target sequence 
using dilution series, B HRM results showing specific melting peaks for the target sequences, which are easily distinguishable from the no template 
control (NTC) and the dilution that does not show a specific signal  (10−9 dilution of T7 phage)
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spp., Rickettsia spp., Neorickettsia spp., Mycoplasma 
arginini and Leishmania spp. assays revealed that the 
mean standard curve slopes range from − 3.7 to − 2.9, 
corresponding to efficiencies between 86.32 and 121.22% 
(Table 2). Linearity was evaluated for each real-time PCR 
assay using linear regression analysis by calculating the 
coefficient of determination  (R2). The linear regression 
analysis for the real-time PCR-based assays revealed that 
 R2 varied between 0.98 and 1 (Fig. 3).

Direct Pathogen Testing of the MSC Batches
The diagnostic efficiency of our nucleic acid-based test-
ing panel for extraneous agents was evaluated by testing 
different MSC batches. Before nucleic acid extraction, all 
samples were spiked with our natural spike-in controls: 
E. coli DH5-alpha, MS2 phage, and T7 phage for the 
extraction of bacterial/protozoan DNA, viral RNA, and 
viral DNA, respectively. For each sample,  104 copies/μl of 
spike-in control was used. The concentrations of isolated 
bacterial/protozoan DNA were between 3.36 ng/μl and 
9.63 ng/μl, while the isolated viral RNA and viral DNA 
concentrations ranged from 4.29 ng/μl to 12.5 ng/μl and 
5.53 ng/μl to 21.9 ng/μl, respectively. All spike-in controls 
were detected at a Ct value< 35 in all MSC samples.

The effectiveness of our nucleic acid-based pathogen 
testing methods in detecting a broad range of pathogens 

was confirmed by direct testing of the nine previously 
selected samples that were of uncertain purity. Among 
these MSC samples, only one sample was negative for 
all the extraneous agents. According to the test results, 
Borrelia spp., Neospora spp., and CaHV-1 were the most 
frequently identified pathogens, which were detected in 
five positive samples. Four samples were positive for CIV, 
three for L. interrogans, two cases were identified posi-
tive for Anaplasma spp. and CPV, while only one sample 
was identified positive for Rickettsia spp., Ehrlichia spp., 
Babesia spp., and CPIV (Fig. 4). The test results for each 
extraneous agent are displayed in Table 3.

Among the positive MSC batches, all presented co-
infections, testing positive for more than one extraneous 
agent. We identified a co-infection involving the proto-
zoan parasites Neospora spp. and Babesia spp. The other 
dual infection was represented by Anaplasma spp. and 
Borrelia spp. We also identified co-infections with mul-
tiple extraneous agents. The most common pathogen 
among the co-infections was CaHV-1, which accounted 
for 62.5% of the cases (5/8). It was identified in all co-
infections involving four or more pathogens (details are 
shown in Fig. 5).

There were no positive results for Mycoplasma spp., 
Bartonella spp., Neorickettsia spp., B. canis, Leishmania 
spp., CAV-1, SuHV-1, CDV, CCoV or Rabies virus in any 
of the nine MSC samples (Table 3).

Finally, using the above developed and validated patho-
gen testing system, we carried out a biosafety evaluation 
of 12 MSC batches that showed expected proliferative 
potential and morphology, intended for therapeutic pur-
poses. The analysis of these indicated that only a single 
sample tested positive for a pathogen, namely, CPV.

Discussion
Due to their multi-lineage differentiation and immu-
nomodulatory potential, MSCs are outstanding candi-
dates for cell-based therapies in regenerative medicine 
[15–17]. Recent studies also demonstrated the efficacy of 
MSC-based therapy in veterinary applications for dogs 
[18, 19]. The purity and sterility of clinical MSC batches 
are ensured through quality control testing following 
Good Manufacturing Practices (GMP) guidelines.

In the present study, epidemiological perspective was 
employed to select several potential extraneous agents 
for biosafety evaluation of the MSC batches. A substan-
tial number of potential pathogens were chosen, follow-
ing the guidelines provided by the European Medicines 
Agency’s (EMA) Committee for Medicinal Products for 
Veterinary Use (CMPV). Following a comprehensive lit-
erature review, target sequences, primers, and probes for 
each pathogen were adapted from previously described 
methods to develop in-house nucleic acid-based testing 

Table 1 Analytical sensitivity of the assays

Infectious agent Limit of detection 
(copies/reaction)

LOD (%)

Bacteria Mycoplasma spp. 1 (20/20) 100%

Leptospira interrogans 100 (20/20) 100%

Brucella canis 100 (20/20) 100%

Neorickettsia spp. 10 (20/20) 100%

Rickettsia spp. 10 (20/20) 100%

Borrelia spp. 100 (20/20) 100%

Ehrlichia spp. 10 (20/20) 100%

Bartonella spp. 10 (20/20) 100%

Anaplasma spp. 10 (20/20) 100%

Protozoa Leishmania spp. 10 (20/20) 100%

Neospora spp. 10 (20/20) 100%

Babesia spp. 100 (20/20) 100%

DNA viruses CAV‑1 10 (19/20) 95%

CaHV‑1 10 (20/20) 100%

CPV 10 (20/20) 100%

SuHV‑1 100 (20/20) 100%

RNA viruses CIV 10 (20/20) 100%

CPIV 10 (20/20) 100%

CDV 100 (20/20) 100%

CCoV 10 (19/20) 95%

Rabies virus 10 (20/20) 100%
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assays. Optimization of the reaction conditions was per-
formed to achieve a less laborious, highly sensitive, and 
specific detection approach. To this end, certain patho-
gen groups were compiled for the implementation of the 
same run protocol. PCR was performed parallelly with 
the same protocol for L. interrogans and B. canis; for 
Neorickettsia spp., Rickettsia spp., Borrelia spp., Ehrlichia 
spp., Bartonella spp., Anaplasma spp. and Leishmania 
spp.; for DNA viruses (CAV-1, CaHV-1, CPV and SuHV-
1); and for several RNA viruses (CIV, CPIV and CDV). 
This approach allowed for a less laborious and standard-
ized detection of these pathogens.

The real-time PCR-based detection of the three dif-
ferent natural exogenous spike-in controls was highly 
consistent between the previously spiked MSC samples. 
The sensitive detection of the spike-in controls revealed 
highly efficient nucleic acid isolation. Moreover, the 
obtained results confirmed the presence of amplifiable 
DNA at low concentrations and the absence of any PCR 
inhibitors, emphasizing the significance of these assays in 
detecting low-copy-number pathogens in MSC batches.

Our recently designed assays showed high efficiency 
and sensitivity; the LOD for each pathogen ranged from 
100 copies/reaction to 1 copy/reaction. Since canine 
MSC batches may contain low concentrations of extrane-
ous agents, the ability to detect low copy numbers is par-
ticularly important. We were able to detect even lower 
concentrations of the selected pathogens — 10 and 1 cop-
ies — though with a significantly lower positive reaction 

rate, ranging from 25 to 85%, while the 10-fold dilutions 
above the defined detection limit yielded 100% positive 
detection in all cases (Table 4).

Furthermore, utilizing the internal primers for L. 
interrogans, B. canis, N. caninum, and canine corona-
virus (CCoV) in a single PCR reaction also resulted in 
high sensitivity. Accordingly, our results are consistent 
with the previously described detection limit of 100 
copies for L. interrogans and B. canis [20]. In addition, 
due to the potential cross-reaction of primers with the 
canine DNA in the same reaction, which could result 
in false-positive reactions or off-target PCR products, 
specificity assessments were included. No false-positive 
results or off-target products that could have influ-
enced the interpretation of the results were detected in 
any of the specificity assays performed on the three dif-
ferent canine isolates.

In this study, different MSC batches were submitted 
for pathogen testing. While other testing methods may 
require a high concentration of starting material for 
extraneous agent testing, our results showed that the 
use of 5 ×  105 cells and a minimal amount of the cor-
responding supernatant enabled sensitive and specific 
detection of the target pathogen. This aspect is signifi-
cant when applying MSC cells in regenerative medicine, 
where a considerable number of cells is often required.

Our validated nucleic acid-based assays successfully 
identified multiple pathogens, including various tick-
borne ones, in the nine MSC batches of uncertain purity. 

Fig. 2 Evaluation of the specificity of the Rickettsia assay. A Positive amplification of the target sequence and the three different unamplified 
canine isolates, B HRM results showing specific melting peaks for target sequences are easily distinguishable from the canine isolates containing 
non‑target sequences and the no template control (NTC)
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Canine tick-borne disease-associated species belong to 
the genera Anaplasma, Babesia, Bartonella, Ehrlichia, 
and Rickettsia, which show an increasing prevalence in 
different regions of Europe [21–25]. Results of the detec-
tion revealed five samples to be positive for Borrelia spp., 
two for Anaplasma spp., while only a single sample was 
detected positive for Rickettsia spp., Ehrlichia spp. and 
Babesia spp. In contrast, no additional Bartonella spp. 
or hemotropic Mycoplasma haemocanis were detected 
in the specimens. Interestingly, all the positive samples 
presented at least one pathogen associated with tick-
borne diseases. In addition, we identified important viral 

members of the canine infectious respiratory disease 
complex (CIRDC). This endemic syndrome involves vari-
ous viral and bacterial pathogens, which significantly con-
tribute to respiratory illnesses and morbidity in dogs [26, 
27]. Among the identified viral members, 5 positive cases 
were attributed to CaHV-1, 4 positive cases to CIV, and 
only one sample to CPIV. Furthermore, the present study 
identified positive samples of etiological agents responsi-
ble for enteritis (CPV) in 2 cases, leptospirosis (L. interro-
gans) in 3 cases, and neosporosis (N. caninum) in 5 cases. 
These results are consistent with previous studies on 
the distribution of these pathogens in Europe; however, 

Fig. 3 Standard curves showing Ct values plotted against the log10 of the target DNA copy number for A. Anaplasma spp.; B. Borrelia spp.; C. 
Bartonella spp.; D. Ehrlichia spp.; E. Rickettsia spp.; F. Neorickettsia spp.; Mycoplasma spp.; Leishmania spp

Table 2 Efficiency of the real‑time PCR‑based assays

Pathogen Bartonella spp. Borrelia spp. Rickettsia spp. Neorickettsia 
spp.

Anaplasma 
spp.

Ehrlichia spp. Leishmania 
spp.

Mycoplasma 
spp.

Efficiency 93.06% 121.22% 86.32% 96.84% 89.57% 93.06% 105.35% 100.92%
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they highlight the variability of the epidemiological pat-
terns of these agents across this region [28–30]. All the 
positive samples showed co-infections. Among the mul-
tiple pathogens, CaHV-1 was found to be the predomi-
nant agent. None of the nine samples tested positive for 
Mycoplasma spp., Bartonella spp., Neorickettsia spp., B. 
canis, Leishmania spp., CAV-1, SuHV-1, CDV, CCoV, or 
Rabies virus. In addition, our results obtained from direct 
pathogen testing of the 12 pre-selected MSC batches for 
treatment showed that there was only one sample with a 
positive test result — for Canine Parvovirus (CPV). MSC 
batches that test positive for any of the pathogens are to 
be destroyed. One potential limitation of this approach is 
the inability to distinguish between viable and non-viable 
pathogens. However, our validated large-scale pathogen 
testing assays have proved to provide reliable, sensitive, 
and effective diagnostic performance.

Conclusions
Compared to traditional microbiological and serologi-
cal assays, our validated nucleic acid-based detection 
methods provide a less laborious and reliable diagno-
sis of a broad spectrum of canine pathogens, exhibiting 
high sensitivity, specificity, and efficiency. These assays 
were able to quantify several important canine extrane-
ous agents that were present in MSC batches of uncertain 

purity, highlighting the great importance of testing. Ulti-
mately, these nucleic acid-based assays — by providing 
accurate detection of a broad spectrum of canine patho-
gens — can serve as useful tools for a more comprehen-
sive biosafety evaluation of the MSC batches intended for 
veterinary use.

Materials and Methods
Positive Control Preparation
Positive controls — represented by target-sequence-
containing plasmids — were used to optimize and vali-
date each pathogen testing assay. All plasmids contained 
the target sequence for the pathogen of interest with the 
primer and probe-binding sites. These plasmids contain-
ing the artificial DNA fragments for each pathogen were 
synthesized by Twist Bioscience (San Francisco, CA), 
except for the Mycoplasma species, which were all cloned 
in the pBluescript plasmid. All the synthesized plasmids 
were sequenced to confirm the presence of the specific 
target sequence. DNA concentration was quantified using 
Qubit® 3.0 Fluorometer (Invitrogen) and the Qubit® 
dsDNA HS Assay Kit (Life Technologies), and the DNA 
copy number was calculated using the following formula:

Number of copies =
amount of dsDNA in nanograms× 6.022× 1023

length of dsDNA bp × 1 x 109 × 660

Fig. 4 The number of MSC batches that tested positive for Borrelia spp., Neospora spp., CaHV‑1, CIV, Leptospira interrogans, Anaplasma spp., CPV, 
Rickettsia spp., Ehrlichia spp., Babesia spp., and CPIV
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Sample Collection and Direct Pathogen Testing of the MSC 
Batches
MSCs were extracted from visceral adipose tissue 
acquired as surgical waste, donated by the dogs’ owner 
via informed consent, following standard ovariectomy of 
clinically healthy female mixed-breed dogs. The isolated 
cells were cultured and harvested according to the meth-
odology previously described by Kriston-Pál et  al. [31]. 
To assess the efficacy of our nucleic acid-based pathogen 
testing methods in detecting the specified pathogens, we 
separately obtained samples from dog owners and rescue 
centres that may contain extraneous agents. For this pur-
pose, we processed tissues that did not necessarily meet 
the originally established isolation criteria, and — moni-
toring the isolated cells in culture — searched for MSC 
batches that displayed any abnormal phenotypes such 
as reduced cell division or altered cell morphology and 
viability. We collected both supernatants and cell pel-
lets from these samples for further examination. A total 
of nine MSC batches of uncertain purity were chosen. 
Furthermore, biosafety investigation was carried out on 

MSC batches intended for therapeutic utilization. Our 
biosafety study enrolled 12 batches of MSC batches pre-
viously selected for pilot production with the view to use 
in subsequent treatment.

Exogenous, natural spike-in controls were used as indi-
cators of optimal nucleic acid extraction. In this context, 
cells from each sample were previously spiked with via-
ble T7 (single-stranded DNA control) and MS2 (RNA 
control) bacteriophage and E. coli DH5-alpha (double-
stranded DNA control). Following spike-in experiments, 
nucleic acid extraction was carried out for protozoan and 
bacterial DNA and, separately, total nucleic acid extrac-
tion was performed for viruses. Conventional and real-
time PCR assays were conducted using the isolated DNA 
samples, whereas viral RNA was subjected to reverse 
transcription to produce complementary DNA prior to 
its inclusion in the PCR reactions. The PCR reactions 
were performed first to verify the presence and yield 
from the spike-in controls and then to test for the specific 
pathogens. The generalized workflow of the pathogen 
testing procedure is illustrated schematically in Fig. 6.

Spike‑in Controls
As indicators of optimal nucleic acid extraction, exog-
enous IC were used. These IC provide confirmation of the 
presence of amplifiable DNA and the absence of inhibitors 
in the sample. Exogenous heterologous IC were utilized 
with primers and target sequences that were different 
from those used for pathogens (Supplemental Tables  1, 
2 and 3), ensuring non-competitiveness and ease of imple-
mentation. We used natural DNA and RNA as exter-
nal spike-in controls to control nucleic acid extraction: 
viable E. coli DH5-alpha, MS2 phage, and T7 phage were 
used as spike-in controls for bacterial/protozoan DNA, 
viral RNA, and viral DNA extraction, respectively. MS2 
bacteriophage (15597-B1TM), T7 bacteriophage (BAA-
1025-B2), the appropriate hosts, and E. coli DH5-alpha 
were obtained from the American Type Culture Collec-
tion (ATCC). The standardized amount of 5 ×  105 MSC 
samples were spiked with serial dilutions of each spike-in 
control. These spike-in controls were diluted in parallel 
to quantify colony forming units (CFUs) for bacteria and 
plaque forming units (PFUs) for viruses using traditional 
plating and double-agar overlay methods, respectively. 
Following nucleic acid extraction from the spiked sam-
ples, real-time PCR assays were performed to validate the 
presence and efficacy of spike-in controls.

Viral Nucleic Acid Extraction, Quantification, and cDNA 
Synthesis
Total viral nucleic acid from stem cell samples was 
extracted using 5 ×  105 cells/MSC batch and additionally 

Table 3 Detection of infectious agents in the nine selected 
samples of substandard MSC quality

Infectious agent No. of positive 
samples/No. of total 
samples

Bacteria

Mycoplasma spp. 0/9

Leptospira interrogans 3/9

Brucella canis 0/9

Neorickettsia spp. 0/9

Rickettsia spp. 1/9

Borrelia spp. 5/9

Ehrlichia spp. 1/9

Bartonella spp. 0/9

Anaplasma spp. 2/9

Protozoa

Leishmania spp. 0/9

Neospora spp. 5/9

Babesia spp. 1/9

DNA viruses

CAV‑1 0/9

CaHV‑1 5/9

CPV 2/9

SuHV‑1 0/9

RNA viruses

CIV 4/9

CPIV 1/9

CDV 0/9

CCoV 0/9

Rabies virus 0/9
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Fig. 5 Co‑infections detected in the eight positive MSC batches

Table 4 Detection rates for the three concentrations of the target pathogens

The LOD determined for each pathogen is highlighted in bold

Infectious agent Target 
copies/
reaction

Detection rate (%) Target 
copies/
reaction

Detection rate (%) Target 
copies/
reaction

Detection rate (%)

Bacteria Mycoplasma spp. 100 (20/20) 100% 10 (20/20) 100% 1 (20/20) 100%

Leptospira interrogans 100 (20/20) 100% 10 (16/20) 80% 1 (5/20) 25%

Brucella canis 1000 (20/20) 100% 100 (20/20) 100% 10 (11/20) 55%

Neorickettsia spp. 100 (20/20) 100% 10 (20/20) 100% 1 (5/20) 25%

Rickettsia spp. 100 (20/20) 100% 10 (20/20) 100% 1 (16/20) 80%

Borrelia spp. 1000 (20/20) 100% 100 (20/20) 100% 10 (15/20) 75%

Ehrlichia spp. 100 (20/20) 100% 10 (20/20) 100% 10 (14/20) 70%

Bartonella spp. 100 (20/20) 100% 10 (20/20) 100% 1 (7/20) 35%

Anaplasma spp. 100 (20/20) 100% 10 (20/20) 100% 1 (14/20) 70%

Protozoan Leishmania spp. 100 (20/20) 100% 10 (20/20) 100% 1 (9/20) 45%

Neospora spp. 100 (20/20) 100% 10 (20/20) 100% 1 (11/20) 55%

Babesia spp. 1000 (20/20) 100% 100 (20/20) 100% 10 (15/20) 75%

DNA viruses CAV‑1 100 (20/20) 100% 10 (19/20) 95% 1 (5/20) 25%

CaHV‑1 100 (20/20) 100% 10 (20/20) 100% 1 (14/20) 70%

CPV 100 (20/20) 100% 10 (20/20) 100% 1 (7/20) 35%

SuHV‑1 1000 (20/20) 100% 100 (20/20) 100% 10 (13/20) 65%

RNA viruses CIV 100 (20/20) 100% 10 (20/20) 100% 1 (10/20) 50%

CPIV 1000 (20/20) 100% 100 (20/20) 100% 10 (20/20) 100%

CDV 1000 (20/20) 100% 100 (20/20) 100% 10 (17/20) 85%

CCoV 100 (20/20) 100% 10 (19/20) 95% 1 (7/20) 35%

Rabies virus 100 (20/20) 100% 10 (20/20) 100% 1 (10/20) 50%
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100 μl of the corresponding cell supernatant in the case 
of the nine batches of uncertain purity. Isolation was per-
formed using the MagCore® Viral Nucleic Acid Extraction 
Kit (RBC Bioscience, Taiwan) following the manufacturer’s 
recommendation. The final sample was eluted in 100 μl 
elution buffer. RNA concentration was measured using 
the Qubit™ RNA High Sensitivity Assay Kit (Invitrogen by 
Thermo Fisher Scientific), while the concentration of the 
DNA was measured using the Qubit™ dsDNA High Sen-
sitivity Assay Kit (Invitrogen by Thermo Fisher Scientific) 
with a Qubit™ 3.0 fluorometer. Following total nucleic acid 
extraction, High-Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems) was utilized to generate cDNA 
for the detection of RNA viruses. Eluted nucleic acids and 
synthesized cDNA were stored at − 20 °C.

Bacterial and Protozoan DNA Extraction and Quantification
For bacterial and protozoan DNA extraction, we used 
the QIAamp® PowerFecal® Pro DNA Kit (QIAGEN®) 
according to the manufacturer’s protocol. DNA was iso-
lated using 5 ×  105 cells/MSC batch and additionally 
100 μl of the corresponding cell supernatant in the case 
of the nine batches of uncertain purity and for Myco-
plasma detection in all cases. The final sample was eluted 
in 100 μl elution buffer. Following DNA extraction, a 
Qubit™ 3.0 fluorometer was used to measure DNA con-
centration utilizing the associated Qubit™ dsDNA High 
Sensitivity assay kit (Invitrogen by Thermo Fisher Scien-
tific). Eluted DNA was stored at − 20 °C.

Primers, Probes and Target Sequences
All primers, probes, and target sequences used in this 
study were retrieved from previous studies (Table  5). 
NCBI-BLAST (www.ncbi.nlm.nih.gov) was used to com-
pare and retrieve the nucleotide sequences of each target 
pathogen. Primer sequences and specific PCR product 
sizes are described in Table  5. All primer sequences for 
real-time PCR-based assays were utilized in our study as 
previously described [36–40], with slight modifications 
in the application of the primers. Primer sequences for 

conventional PCRs were used as described previously 
[32–35, 41], except for CCoV, where the forward primer 
was combined with the nested reverse primer in a single 
PCR reaction [32]. A single PCR reaction was also per-
formed for L. interrogans [20], B. canis, and N. caninum 
[42], employing the previously described internal primers 
that were initially utilized in the nested PCR, resulting in 
high specificity, while minimizing the laboriousness of 
the second round PCR.

Real‑Time PCR‑Based Assays
Real-time PCR-based assays were carried out using the 
Roche LightCycler® 480 system. The primer concentra-
tion was optimized for each real-time PCR-based assay 
(Supplemental Table  4). Single-tube real-time quantita-
tive PCR (qPCR) was used for Mycoplasma assays. An 
artificial oligonucleotide was employed as IC, which was 
simultaneously amplified in a single tube and detected 
by a specific VIC-labelled TaqMan probe. Eight differ-
ent forward primers, a single FAM-labelled TaqMan 
probe, and a single reverse primer were used to detect 
the strains of interest. A primer mixture of the eight 
forward primers (4 pmol/μl each) and the FAM-labelled 
TaqMan probe (1.6 pmol/μl) was used. Real-time PCR 
reaction was performed in 20 μl reaction volume, con-
taining 10 μl Brilliant III Ultra-Fast qPCR Master Mix 
(Agilent Technologies), the forward primer mixture, 
3.5 pmol/μl reverse primer, and 8 pmol/μl VIC-labelled 
TaqMan probe. For optimization and validation, 1 μl of 
the M. arginini positive control serial dilution was used 
as template DNA. In the case of pathogen testing, 1 μl of 
the DNA template was used for the PCR detection, which 
was run together with the positive control serial dilution. 
Nuclease-free water was used as negative control for each 
PCR run.

Real-time quantitative PCR (qPCR) followed by High 
Resolution Melting Analysis (HRM) was used for Bar-
tonella spp., Neorickettsia spp., Rickettsia spp., Ana-
plasma spp., Ehrlichia spp., Borrelia spp., and Leishmania 
spp. assays. Real-time qPCR amplification reactions were 

Fig. 6 Schematic representation of the pathogen testing workflow. Image created with BioRender.com
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Table 5 Primers and probes used for extraneous agent detection

Infectious agent Detection method Primer name Primer sequence (5′-3′) Product size (bp) Reference

RNA viruses CDV Conventional PCR CDV_N_F768 AAC AGR RAT TGC TGA GGA CYTAT 290 [32]

CDV_N_R1057 TCC ARR RAT AAC CAT GTA YGG TGC 

CPIV Conventional PCR CPIV_N_F428 GCC GTG GAG AGA TCA ATG CCTAT 186 [32]

CPIV_N_R614 GCG CAG TCA TGC ACT TGC AAGT 

CIV Conventional PCR CIV_M_F151 CAT GGA RTG GCT AAA GAC AAG ACC 126 [32]

CIV_M_R276 AGG GCA TTT TGG ACAAAKCGT CTA 

Rabies virus Conventional PCR JW12‑F ATG TAA CAC CYC TAC AAT G 606/582 [33]

JW6 UNI‑R ARTTVGCR CAC ATY TTR TG

JW 10 UNI‑R GTC ATY ARW GTR TGR TGY TC

CCoV Conventional PCR CoV_16053_F GGT TGG GAY TAY CCT AAR TGTGA 452 [32]

CoV_Pan_16510_R TTA TAR CAVACAACNCCA TCA TCA 

DNA viruses CAV‑1 Conventional PCR CadV_E3_F25073 TAT TCC AGA CTC TTA CCA AGAGG 545 [32]

CadV_E3_R25623 ATA GAC AAG GTA GTA RTG YTCAG 

CPV Conventional PCR CPV‑F AAG ACG TGC AAG CGA GTC C 337 [34]

CPV‑R GAG CGA AGA TAA GCA GCG TAA 

CaHV‑1 Conventional PCR CaHV_GBF439 ACA GAG TTG ATT GAT AGA AGA GGT ATG 136 [32]

CaHV_GBR574 CTG GTG TAT TAA ACT TTG AAG GCT TTA 

SuHV1 Conventional PCR gB‑Taq‑F CTC CTG CCG CAC CTG AAG 92 [35]

gB‑Taq‑R GTC TGG AAG CGG TAG AAG CC

Bacteria Leptospira interrogans Conventional PCR LepN‑1 CTG GCC TAA AAC TGA CGC TGA 171 [20]

LepN‑2 CTT TCA CTC TTG CGA GCA TAG 

Borrelia Real‑time PCR BorP66F GCA ATT TTA GCA TCT TTT GGAG 106 [36]

BorP66R GAT CTA TTC CAA AAT CRG TWCC 

Brucella canis Conventional PCR B2N‑1 GTC GCG GAT TCT ACC TCA CCT 281 [20]

B2N‑2 TAA GCA GGT AAG AGG CAA TTT 

Ehrlichia spp. Real‑time PCR Ehr16SF GGC ACG TAG GTG GACTA 101 [36]

Ehr16SR TTC CGC TAT CCT CTT TCG AC

Anaplasma Real‑time PCR Ana/Ehr16SF ACA CAT GCA AGT CGA ACG 145 [36]

Ana/Ehr16SR CCC CCG CAG GGA TTA TAC A

Neorickettsia Real‑time PCR groel‑1500F ATA GAT CCAGCKAAG GTA GTG CGT GT 148 [37]

groel‑1620R TTC CAC CCA TGC CAC CAC CAG GCA 
TCA TTG 

Rickettsia Real‑time PCR Ric16SF TCC TAG TGT AGA GGT GAA ATT CTT A 178 [36]

Ric16SR GAA ACC GAA AGA GAA TCT TCC GAT 

Bartonella Real‑time PCR ssrA‑F GCT ATG GTA ATA AAT GGA CAA TGA 
AATAA 

298 [38]

ssrA‑R GCT TCT GTT GCC AGGTG 

Mycoplasma Real‑time PCR Myco16sQF1 GCA AAG CTA TAG AGA TAT AGT AGA GGT 106/107 
and 100 bp 
for internal control

[39]

Myco16sQF2 GCR AAG CTA TAG ARA TAT AGT GGA GGT 

Myco16sQF3 GCA ATG CTA TAG AGA TAT AGC GGA GGT 

Myco16sQF4 GCA AAG CTA TGG AGA CAT AGT GGA GGT 

Myco16sQF5 GCA AAG TTA TGG AAA CAT AAT GGA GGT 

Myco16sQF6 GCG ACG CTA TAG AAA TAT AGT TGA GGT 

Myco16sQF7 GCA AAG GCT TAG AAA TAA GTT CGG 
AGGC 

Myco16sQF8 GCA AAG CTA TAG AAA TAT AGT AGA GGT 

Myco16sQR GTT GCG YTC GTT GCR GGA C

Myco16sQProbe FAM‑TGG TGC ATG GTT GTC‑MGB

Myco16sQICProbe VIC‑CAC GCC GTA AAC GA‑MGB
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performed in 20 μl reaction volumes containing 10 μl 2x 
Luna® Universal qPCR Master Mix (NEB), 0.8 μl  MgCl2 
(25 mM, Promega), and 0.4–2.5 μl primers (Supplemental 
Table 4). For optimization and validation, 1 μl of the posi-
tive control serial dilution was used as template DNA. In 
the case of pathogen testing, 1 μl of the DNA template for 
the PCR detection, which was run together with the posi-
tive control serial dilution. Nuclease-free water was used 
as negative control for each PCR run. Primers and target 
sequences for real-time PCR-based assays are available in 
supplemental Tables 5 and 6.

Conventional PCR‑Based Assays
Conventional PCR-based assays were carried out using a 
Biometra TAdvanced thermocycler (Analytic Jena). Con-
ventional PCR amplification reactions were performed 
in 25 μl reaction volumes containing 5 μl 5x colourless 
GoTaq® Flexi buffer (Promega), 2–3 μl  MgCl2 (25 mM, 
Promega), 2 μl of 2.5 mM dNTPs (100 mM, Thermo 
Fisher Scientific), and 0.125 μl of GoTaq® G2 Hot Start 
Polymerase (Promega, 5 U/μl). The primer concentration 
was optimized for each assay (Supplemental Table 7). For 
optimization and validation, 1 μl of the positive control 
serial dilution was used as template DNA. In the case of 
direct pathogen testing, 1 μl of the DNA or 1 μl synthe-
sized cDNA was used as template for the PCR detection, 
which was run together with the positive control serial 
dilution. Nuclease-free water was used as negative con-
trol for each PCR run. Primers and target sequences for 
conventional PCR-based assays are described separately 
in Supplemental Tables 8, 9, 10, 11, 12, 13 and 14.

Analytical Sensitivity
The analytical sensitivity of each assay was evaluated 
through experimental determination of the LOD, rep-
resenting the lowest copy number of the target at which 
at least 95% of the samples give positive signal. LOD was 
determined by performing a dilution series of the positive 

control within the anticipated range of detection limits, 
which was determined during the optimization phase. 
Three concentrations (1 μl/reaction) of the positive con-
trols were used as follows: expected LOD, 10-fold dilu-
tion above the expected LOD, and 10-fold dilution below 
the expected LOD. Ten replicates were subjected to PCR 
analysis in two test runs for the three concentrations of 
the positive control for each pathogen of interest, result-
ing in 20 independent replicates. A known and standard-
ized concentration of canine DNA (1 ng/μl) isolated from 
three independent MSC batches, which may potentially 
influence the detection limit of the assays, was added to 
each PCR reaction during the sensitivity assessments.

Specificity
Specificity was evaluated for each pathogen assay by 
analyzing three different and independent canine DNA 
isolates within a range of 1–30 ng/μl concentrations. 
Nuclease-free water was included as negative control in 
all specificity assays.

Amplification Efficiency and Linearity
To assess the efficiency of the real-time PCR assays, 
serial dilutions of the positive control DNA of the rel-
evant pathogen  (104–100 copies/μl) were prepared. 
Each concentration was analysed in triplicate. A linear 
regression analysis was performed by plotting the aver-
age of cycle threshold (Ct) values against the average 
of the log10 of the corresponding DNA copy number. 
For each real-time PCR assay, the slope of the regres-
sion curve indicates PCR efficiency, which should be 
between − 3.9 and − 2.9, corresponding to PCR efficien-
cies ranging from 80% up to 120%. The amplification 
efficiency was calculated using the following formula: 
E =  [10(−1/slope) − 1] × 100%. Linear regression analysis 
also allows for the determination of the linearity of our 
real-time PCR-based assays by the calculation of the 
coefficient of determination  (R2).

Table 5 (continued)

Infectious agent Detection method Primer name Primer sequence (5′-3′) Product size (bp) Reference

Protozoa Leishmania Real‑time PCR LEISH‑2 ACC CCC AGT TTC CCGCC 119 [40]

LEISH‑1 AAC TTT TCT GGT CCT CCG GGTAG 

Babesia Conventional PCR B‑BM GAA TCT AAA CCC TTC CCA GAG TAT C 381/408 [41]

B‑BDV TGA CCT AAA CCC TCA CCA GAG TAA C

B‑BDV2 TGA CCC AAA CCC TCA CCA GAG TAR C

B‑rev GCT TTC GCA GTA GTT CGT CTTTA 

Neospora caninum Conventional PCR NS2 CAT GTG GAT ATT TTGCA 146 [42]

NR1 AAA CTC CTG GAA GTT AAA G
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