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Controlling microbial risks in cell therapy products (CTPs) is
important for product safety. Here, we identified the nicotinic
acid (NA) to nicotinamide (NAM) ratio as a biomarker that de-
tects a broad spectrum of microbial contaminants in cell cul-
tures. We separately added six different bacterial species into
mesenchymal stromal cell and T cell culture and found that
NA was uniquely present in these bacteria-contaminated
CTPs due to the conversion from NAM by microbial nicotina-
midases, which mammals lack. In cells inoculated with 1 � 104

CFUs/mL of different microorganisms, including USP <71>
defined organisms, the increase in NA to NAM ratio ranged
from 72 to 15,000 times higher than the uncontaminated con-
trols after 24 h. Importantly, only live microorganisms caused
increases in this ratio. In cells inoculated with 18 CFUs/mL of
Escherichia coli, 20 CFUs/mL of Bacillus subtilis, and 10 CFUs/
mL of Candida albicans, significant increase of NA to NAM ra-
tio was detected using LC-MS after 18.5, 12.5, and 24.5 h,
respectively. In contrast, compendial sterility test required
>24 h to detect the same amount of these three organisms. In
conclusion, the NA to NAM ratio is a useful biomarker for
detection of early-stage microbial contaminations in CTPs.

INTRODUCTION
Advanced therapymedicinal products (ATMPs) are rapidly emerging
as viable alternatives to treat a variety of diseases and conditions that
are not effectively treated using small molecule or biologic therapies.1

Thus, cell therapies and gene-modified cell therapies are a key
advance in treating such conditions. Over the past 30 years, chimeric
antigen receptor T (CAR-T) cells have been developed for treating
cancer of the hematopoietic system.2 Although the Food and Drug
Administration (FDA) still refers to CAR-T therapies as gene thera-
pies, because they involve modifying the genetic material of patients
ex vivo, we will refer to therapies that rely on the delivery of living cells
as cell therapy products (CTPs). Stem cell-based therapies have also
been approved for therapeutic usage due to their proliferative poten-
tial and the ability to repair damaged tissues and treat degenerative
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diseases and cancer.3 Among these stem-cell-based therapies, mesen-
chymal stromal cells (MSCs) are the most clinically studied cell ther-
apy platform worldwide due to their immune regulatory responses
alongside their other stemness properties.4

Cell culture is vulnerable to contamination due to the use of nutrient
media that can support the growth of microorganisms. CTPs hence
present a significantly high risk of possible transmission of infectious
agents from cells to patients.5 Reported rates of microbial contamina-
tion of various types of progenitor cell products or platelets range
from 0.2% to 25%,6,7 and 12% contamination was found in an analysis
of 32 stem cell lines and feeder cell lines.8 The most commonly re-
ported contaminants are Mycoplasma spp., followed by fungal and
bacterial contaminants.5 Coagulase-negative Staphylococcus spp.
was the predominant bacterial species isolated from hematopoietic
stem cell culture while Bacillus spp., Enterococcus spp., and Escheri-
chia coli were also major contaminants of animal cell cultures.5,8–10

Pseudomonas aeruginosa, Klebsiella pneumoniae, and Acinetobacter
baumannii were frequent contaminants in healthcare facilities,
contributing to contamination during storage and handling.11–14 To
ensure the safety of CTPs prior to patient infusion, sterility testing
is required in the manufacturing process and for the release of
CTPs. United States Pharmacopeia (USP) chapter <63> details a
compendialMycoplasma testing method by culturing with an indica-
tor cell line for detection, which has more recently been replaced by
022 ª 2022 The Author(s).
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qPCR testing,15 and these rapid commercial kits are widely used. On
the other hand, the culture-based methods remain the gold standard
for sterility testing of CTPs, as regulated by USP <71>, which consists
of direct inoculation and membrane filtration methods, requiring an
incubation up to 14 days.16 Compared with traditional biotherapeutic
products, it is harder to obtain the final results of sterility testing for
CTPs within the required timeframe because they may have relatively
short shelf lives and the waiting time is limited due to patient health.6

Automated blood culture systems, such as BACTECTM (Becton Dick-
inson) and BacT/ALERT� (bioMérieux), have been widely used as
alternative testing methods.17,18 Although they have the advantages
of shorter incubation period of 7 days, the extremely short shelf lives
of CTPs require approaches that provide results even sooner. Hence,
the industry has focused on developing alternative test methods that
are rapid and that show equivalent performance as compendial refer-
ence methods.

Microorganisms secrete uniquemetabolites that are different fromhu-
man cell metabolites;19 hence, their metabolites are explored as poten-
tial biomarkers of microbial contamination in CTPs. Currently, me-
tabolites in cell cultures can be analyzed with various techniques,
such as nuclear magnetic resonance (NMR), Raman spectroscopy,
and mass spectrometry (MS).20 Among these techniques, MS offers
a good combination of sensitivity and selectivity and it is able to iden-
tify thousands of metabolites at the same time and unknown metabo-
lites in complex biological mixtures, such as urine, plasma, and cell
cultures.21,22 Here, we employed MS-based metabolomics to discover
unique extracellular metabolites in the conditioned culture media of
MSCs and T cells that correlated with microbial contamination. We
identified nicotinic acid (NA) as a metabolite secreted by six bacterial
species that are common contaminants inmammalian cell culture and
found in the clinical environment, and five USP <71> defined organ-
isms. NA production was associated with nicotinamidases encoded in
the genomes of the bacterial species tested here, which converted nico-
tinamide (NAM) in the cell culturemedium intoNA. TheNA toNAM
ratio increased 72 to 15,000 times in the cells inoculated with 104 col-
ony-forming units (CFUs)/mL of different bacterial species, with an
incubation time of 24 h. Genomic database search revealed that nico-
tinamidases were not found in mammals but were distributed in at
least 10,500 different bacterial strains, including USP <71> defined or-
ganisms. Using E. coli as a model, our results showed that a two- to
three-fold increase of the NA to NAM ratio was detected for high
(104 CFUs/mL) and low (18 CFUs/mL) inocula of E.coli-contami-
natedMSCs after 5.5 and 18.5 h, respectively. In addition, our method
was able to detect 20 CFUs/mL of Bacillus subtilis and 10 CFUs/mL of
Candida albicans after 12.5 and 24.5 h, respectively. Our finding sug-
gests the NA to NAM ratio can be used as a general microbial
biomarker for detecting CTP contamination.

RESULTS
Significant morphological and metabolic changes of MSCs

contaminated with six different bacterial species

Six bacterial species from five different genera, A. baumannii, E. coli,
K. pneumoniae, P. aeruginosa, S. aureus, and S. epidermidis, were used
Molecul
in this study for the detection of contamination in MSCs; 1 � 105

MSCs/mL were inoculated with 1 � 104 CFUs/mL of each bacterial
species. After 24 h incubation, >1 � 108 CFUs/mL of bacteria were
recovered in the contaminated MSC culture medium for all of the
bacterial species, as determined by viable counting. Phenol red in
DMEM is usually used as a pH indicator, and microbial contamina-
tion can acidify the medium, resulting in a color change to yellow.
However, it is subjective and mammalian cell waste products will
also slowly decrease the pH. Under our artificial contamination con-
ditions, obvious color changes were only observed in MSCs infected
with P. aeruginosa and A. baumannii (Figure S1). Bright-field micro-
scopy was also used to observe the morphological changes of MSCs
after the 24 h co-culture with the six bacterial species (Figure S2).
Compared with the uncontaminated MSCs, all bacterial species
induced similar morphological changes to MSCs, including loss of
the characteristic spindle-like cell morphology and eventual cell
death. However, at low-level contamination, these visual observa-
tion-based methods might be subjective and are not suitable to indi-
cate the results for a sterility test.23

To explore possible microbial biomarkers for sterility tests, the exo-
metabolomic profiles of uncontaminated MSCs, contaminated
MSCs, and microbial culture supernatants were characterized using
liquid chromatography-MS (LC-MS) and compared. Global exome-
tabolomic profiles from the uncontaminated MSCs group was
compared with the contaminated MSCs and the microbial cultures.
Differences were observed in the chromatograms of contaminated
MSCs and uncontaminated MSCs, while the contaminated MSCs
and the microbial group showed a high degree of similarity, which
suggests that the exometabolomic profiles in the culture supernatant
were largely influenced by the presence of microorganisms. Represen-
tative examples of chromatograms obtained from the three groups of
samples were shown in Figure S3.

Untargeted metabolomics revealed NA as a potential biomarker

of broad-based microbial contamination

Using untargeted metabolomics, a total of 74,241 metabolic features
were observed and 574 differential features were extracted. Partial
least squares-discriminant analysis (PLS-DA) was performed based
on the overall features to compare the exometabolomic profiles be-
tween the three groups. The PLS-DA score plot showed that contam-
inated MSCs were clearly separated from MSCs that were not
contaminated with microorganisms (Figure 1). The metabolites that
were statistically found only in contaminated MSC culture medium
and microbial culture medium, but not uncontaminated MSC culture
medium and blank medium, were selected for further analysis. Statis-
tical analysis showed 39 and 10 possible metabolites that were not
found in MSCs were present in four or five out of the six microbial
cultures, respectively (Tables S1 and S2). However, only one com-
pound (m/z 123.0366) was found in cultures contaminated with all
six different bacterial species and, therefore, was the subject of further
investigation (Figure 2A). By tandem MS/MS and isotope pattern
analysis, this compound was identified as NA, C₆H₅NO₂. The identity
of NA was further confirmed by mixing the representative
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 411
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Figure 1. PLS-DA score plot based on cell culture supernatant in positive

mode

Blue group, bacteria-free MSC culture medium; green group, culture medium of

contaminated MSCs by six bacteria; and red group, bacteria in culture medium. LV,

Latent Variables. All the samples were prepared in triplicate and used in PLS-DA.
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contaminated MSC sample and NA chemical standard and demon-
strating their co-elution (Figure S4) as well as the high matching score
between the acquired MS/MS spectra and the standard MS/MS
spectra in the METLIN Metabolite and Chemical Entity Database
(Figure 2B).

From the comparison of chromatograms of contaminated and un-
contaminated MSCs, we observed a peak m/z 122.0571 of an elution
time 0.2 min later than NA, which was present in all cell culture su-
pernatants. Its peak intensity was much lower in contaminated MSCs
as compared with the uncontaminated MSCs, suggesting that this
compound might be consumed by bacteria. By employing the same
identification procedure, compound m/z 122.0571 was identified as
NAM, C6H6N2O (Figure 2C). The elution time and mass spectrum,
accurate mass, and tandemMS of NA and NAM have been validated,
meeting the minimum reporting requirement for confident, evi-
dence-based metabolite identification.24

Nicotinamidases for NAM metabolism are not present in

mammals

To understand why NA is unique to the cell cultures contaminated
with bacteria, we performed a pathway analysis to investigate the mi-
crobial specificity of NA. The Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway database showed that NA and NAM actively
participated in the biosynthesis of NAM adenine dinucleotide
(NAD+), a coenzyme in the cellular redox reaction that is essential
for the growth of all living organisms. The PubSEED database search
NCBI BLAST revealed that E. coli, K. pneumoniae, P. aeruginosa and
A. baumannii possess all of the genes encoding the entire pathway
starting from aspartate, while S. aureus and S. epidermidis lack the
genes coding for enzymes involved in NAD+ de novo biosynthesis
412 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
(Figure 3A). However, all six bacterial species possess the complete
gene set necessary for the NAD+ salvage pathway, including pncA,
which encodes nicotinamidase ( Enzyme Commission [EC]:
3.5.1.19). Nicotinamidases are amidohydrolases that convert NAM
into NA to maintain NAD+ homeostasis. A majority of nicotinami-
dases (88%) are found in bacteria. The remainder are found in other
prokaryotes (1.5%) and non-mammalian eukaryotes (10%), including
fungi (6.4%).25 In contrast, mammals convert NAM directly into
NAM mononucleotide for NAD+ synthesis.26,27

An important component ofUSP<71> is the definition of six organisms
for test system qualification, which include S. aureus American Type
Culture Collection (ATCC) 6538, P. aeruginosa ATCC 9027, Bacillus
subtilisATCC 6633, Clostridium sporogenes ATCC 19404, Candida al-
bicans ATCC 10231, and Aspergillus brasiliensis ATCC 16404. Hence,
we performed that same pathway analysis on these organisms. Their
whole-genome sequences were obtained from ATCC genome portal.
The Rapid Annotations using Subsystems Technology (RAST) annota-
tion and tBLASTn showed that, except for C. sporogenes, the other five
organisms all possessed putative pncA genes encoding nicotinamidases
(Figure 3B). It is possible that the whole-genome sequencing had some
gaps since another well-studied strain of C. sporogenes (ATCC 15579)
possesses the pncA gene encoding nicotinamidase (accession number:
Uniprot J7TC07). Sequence alignment revealed that these putative nic-
otinamidases included the totally conserved catalytic cysteine (C209),
aspartate (D12), and lysine (K155), which form the catalytic activity
(Figure 3B, highlights) of the enzymes.

A genome database search was also performed for identifying the
presence of the pncA genes, which encodes nicotinamidases inMyco-
plasma. Among the Mycoplasma species that are specified in USP
<63>,28 Mycoplasma fermentans ATCC 19989, Mycoplasma orale
ATCC 23714, and Mycoplasma synoviae ATCC 25204 possess the
pncA genes encoding nicotinamidases. The remaining strains, which
include Acholeoplasma laidlawii ATCC 23206, Mycoplasma gallisep-
ticum ATCC 19610,Mycoplasma hyorhinis ATCC 17981, andMyco-
plasma pneumoniae ATCC 15531, do not appear to possess pncA
gene, hence, will not be detected using our methods. Therefore, our
method is not applicable for mycoplasma testing in a broad range
but is useful for general sterility.

NA to NAM ratio is a non-invasive microbial biomarker for CTP

sterility testing

We investigated the ratio of NA generation to NAM consumption
(NA to NAM ratio) as a quantitative biomarker for detecting micro-
bial contamination in CTPs. The matrix effect was first evaluated in
the blank DMEM inoculated with 1� 104 CFUs/mL of six different
bacterial species but without MSCs. As shown in Figure 4, the NA
to NAM ratio increased significantly, ranging from 30 to 15,621 times
higher than the uncontaminatedmedium, with the order from high to
low of A. baumannii, P. aeruginosa, S. epidermidis, K. pneumoniae,
E. coli, and S. aureus. The results indicated that the blank medium
did not interfere with the metabolite production. MSCs were then
inoculated with same amount of the six bacterial species and a
022



Figure 2. Extracted chromatograms and mass spectra of metabolite m/z 123.0366 and metabolite m/z 122.0571 in all uncontaminated MSCs and MSCs

contaminated with 1 � 104 of each bacterium for 24 h

(A) Representative examples of Extracted Ion Chromatogram (EIC) chromatograms obtained from the uncontaminated MSC culture medium and contaminated MSC culture

medium. (B) MS/MS identification of NA: (i) the product ion spectrum ofmetabolitem/z 123.0366 in positive ionmode and (ii) MS/MS spectrum of NA inMETLIN database; ion

matches are highlighted. (C) MS/MS spectrum of NAM in METLIN database: (i) MS/MS spectrum of metabolite m/z 122.0571 in positive mode and (ii) MS/MS spectrum of

NAM in METLIN database; ion matches are highlighted.
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significant increase of the NA to NAM ratio was observed. For
A. baumannii, K. pneumoniae, P. aeruginosa and E. coli, the bacte-
ria-contaminated medium showed a higher NA to NAM ratio than
bacteria-contaminated MSCs, while S. epidermidis and S. aureus
had lower NA to NAM ratios in their respective bacteria-contami-
nated medium. These differences in ratio increase might be due to
the different proliferating rates, the distinctive consumption rates of
NA and NAM by different bacterial species. Figure 4 showed that
MSCs contaminated with 1� 104 CFUs/mL of A. baumannii gener-
ated the highest amount of NA, with an NA to NAM ratio approxi-
mately 11,590 times higher than the uncontaminated MSCs. The
Molecul
second highest NA to NAM ratio was detected inMSCs contaminated
with S. epidermidis (10,153-fold increase), followed by P. aeruginosa
(7,212-fold increase), K. pneumoniae (6,054-fold increase) and E. coli
(5,373-fold increase) compared with uncontaminated MSCs. MSCs
contaminated with S. aureus showed the lowest increase in the NA
to NAM ratio but was still 72 times higher than uncontaminated
MSCs. However, Figure 4 also showed when the MSCs were inocu-
lated with dead bacteria under the same conditions, no significant in-
crease was observed for any of the six bacterial species, suggesting that
NA to NAM ratio is specific for detecting viable microbial contami-
nants, which pose the risk to CTPs.
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 413

http://www.moleculartherapy.org


Figure 3. Analysis of pathway and related enzymes involved in NA production

(A) Mechanism of NA production. Bacteria and fungi possess the pncA gene. which encodes for nicotinamidase that converts NAM to NA as illustrated by the tested six

organisms, while mammals do not possess this gene. (B) Multiple sequence alignment between putative nicotinamidase from the USP <71> defined five organisms,

C. sporogenes ATCC 15579 and reported nicotinamidase. Residues involved in cis-peptide bond (d) and in the metal ion binding (-) are shown. The residues forming the

active site are indicated by stars (+). Reported nicotinamidase are PNCA_ECOLI for E. coli (Uniprot: P21369), PNCA_MYCTU for Mycobacterium tuberculosis (Uniprot:

I6XD65), and PNC1_YEAST for Saccharomyces cerevisiae (Uniprot: P53184). QA, quinolinate; NaMN, nicotinate mononucleotide; NMN, nicotinamide mononucleotide.
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To further demonstrate the utility of the NA to NAM ratio as a mi-
crobial biomarker for CTP sterility testing, we carried out this exper-
iment using five of the six organisms specified in USP <71>. Technical
limitations prevented us from carrying out this study on one of the
USP strains. Four of the strains, S. aureus ATCC 6538,
P. aeruginosa ATCC 9027, B. subtilis ATCC 6633, and C. albicans
414 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
ATCC 10231, showed 100 to 8,600 times increase of NA to NAM ra-
tio in contaminatedMSCs (Figure 5). ForA. brasiliensisATCC 16404,
which is a common saprophytic mold that spreads fungal spores
widely, we do not have a suitable biosafety cabinet for its culture,
which prevented us from performing microbial dilutions and CFU
counting. Due to this limited condition, we were able to carry out a
022



Figure 4. NA to NAM ratio for uncontaminated and

contaminated MSC culture medium with six

different bacteria

With an inoculation condition of 104 CFUs/mL for 24 h, the

ratio of NA to NAM in contaminated MSC culture medium

was 72 to 11,590 times higher than the uncontaminated

MSC culture medium. Dead bacteria caused no signifi-

cant increase of NA to NAM ratio in cell culture medium.

Blank DMEMwas used as negative control. *p% 0.05, **p

% 0.01, ***p % 0.001, **** p % 0.0001 compared with

blank medium group using one-way ANOVA.
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limited spiking study by obtaining the commercial stocks of A. brasi-
liensis ATCC 16404. Only 10 CFUs/mL of the A. brasiliensis were
inoculated with 105 MSCs, and the sample was collected after 24
and 72 h. Due to the slow growth rate of A. brasiliensis, no significant
increase of NA to NAM ratio was observed at 24 h, but an increase of
Molecular Therapy: Methods &
200-fold in NA to NAM ratio was detected after
72 h (Figure S5). The sixth strain, C. sporogenes
ATCC 19404, was not tested because it is anaer-
obic and difficult to grow under normal MSC
culture conditions and, therefore, would not be
expected to be metabolizing NA to NAM.

The same contamination experiments using
activated T cells were performed to evaluate
whether the NA to NAM ratio can be used as
a biomarker for monitoring microbial contami-
nation in other types of CTPs, which are
cultured in media other than DMEM. These
activated T cells were cultured in RPMImedium
with an NAM concentration of 1 mg/L, which is
lower than the NAM concentration of 4 mg/L in
DMEM. Our results showed that with an inoc-
ulum of 104 CFUs/mL and incubation time of
24 h, the ratio of NA to NAM in contaminated
T cell culture medium was approximately
4,500 to 15,000 times higher than the uncon-
taminated T cell culture medium (Figure 6).
This is consistent with the experiments per-
formed with MSCs, suggesting that the NA to
NAM ratio is useful as a general microbial
biomarker for CTP sterility testing, regardless
of medium composition.

Detection limit of using NA to NAM ratio for

CTP sterility testing

The time to detection of NA to NAM ratio was
evaluated. Here, 104 CFUs/mL of E. coli was
inoculated into MSCs, and the ratio of NA to
NAMwas measured at different time points. Af-
ter growing for 4 h, E. coli began to enter the log
phase of growth, and a significant increase of
NA to NAM ratio was observed after 5 h (Figure 7A). When E. coli
(18�50 CFUs/mL) was inoculated and incubated with the MSCs
for 24 h, no viable bacteria were recovered from two of five samples,
suggesting that the bacteria were killed in the presence of the MSCs
(data not shown). This is supported by previous observations that
Clinical Development Vol. 25 June 2022 415
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Figure 5. NA to NAM ratio for uncontaminated and contaminated MSC

culture medium by four USP <71> defined microorganisms

With an inoculation condition of 104 CFUs/mL for 24 h, the ratio of NA to NAM in

contaminated MSC culture medium was 100 to 8,600 times higher than the un-

contaminated MSC culture medium. **p% 0.05, **p% 0.01, ***p% 0.001, **** p%

0.0001 compared with blank medium group using t test.
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MSCs possess antimicrobial activity.29,30 For cultures where the low
number of inoculated bacteria (18 CFUs/mL) survived, the bacteria
entered log phase of growth after 15 h and showed a significant in-
crease in the NA to NAM ratio after 18 h (Figure 7B). In contrast, vi-
sual inspection based onmedium color change did not show any color
changes for MSCs inoculated with <1,000 CFUs/mL of E. coli after
18 h (Figure S6A). The cell morphology appeared normal after 21 h
incubation for MSCs inoculated with <1,000 CFUs/mL of E. coli (Fig-
ure S6B). Previous research indicated that at least 106 CFUs/mL of
microbial cell densities were needed to make the medium turbid by
the naked eye, but the assessments are highly subjective.31

The performance of our NA to NAM ratio detection method was
compared with the gold standard USP <71> sterility method and the
automated blood culture systems that were recommended by European
Pharmacopoeia chapter 2.6.27. For the USP <71> and automated blood
culture methods, cell cultures at 0 h were inoculated into aerobic and
anaerobic medium for incubation and monitoring. In contrast, for
our method using NA/NAM ratio, the cell cultures were incubated
and collected for direct measurement. Three microorganisms were
tested in the comparison study, which were gram-positive B. subtilis,
gram-negative E. coli, and fungi C. albicans. To compare with the
USP <71> sterility method, 18 CFUs/mL of E. coli was inoculated
with MSCs and 1 mL of the cell culture were collected at 0 h and inoc-
ulated into 9mLof soybean casein digest at 20�C–25�C for visual obser-
vation.USP <71> sterility test showed a visible turbidity of 18CFUs/mL
of E. coli after 24 h, while the significant increase of the NA/NAM ratio
was observed after 18 h (Figure 7B), and the total time to detection was
18.5 h, including the time for sample preparation and LC-MS analysis.
Similarly, visible turbidity was observed for an inoculation of B. subtilis
with 20 CFUs/mL after 24 h, while a significant increase of the NA/
NAM ratio was observed after 12 h (Figure 7C) and the total time to
detection was 12.5 h. Also, the time to detection for 10 CFUs/mL of
C. albicans was 48 h using USP <71> sterility testing method, while
the time to detection was 24.5 h based on the NA/NAM ratio increase
(Figure 7D). Therefore, our method based on the NA/NAM ratio per-
416 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
formed better than the gold standard USP <71> sterility test method
in terms of time to detection.

Previous study showed that automated blood culture system and
BacT/ALERT� (bioMérieux) took approximately 15.5, 16.0, and
27.7 h after inoculation into aerobic iAST and anaerobic iNST media
(bioMérieux) to detect 10 CFUs/mL of E. coli, B. subtilis, and
C. albicans at 32.5�C, respectively.32 In comparison, our method
took approximately 18.5 , 12.5, and 24.5 h to detect �10 CFUs/
mL of E. coli, B. subtilis, and C. albicans, respectively. Although in
one of the cases, our method took longer time to detect the presence
of 10 CFUs/mL of E. coli because the automated systems have the
advantage of continuous monitoring, our method are also potentially
amenable to continuous monitoring to facilitate the detection speed.
In addition, it is noted that the USP <71> or an automated blood
culture system requires the sample to be inoculated in growth
medium and monitored over time for changes in metabolite
consumption. The method described herein relies on monitoring
metabolites during normal cell culture. As such, the time of analysis
in our method includes sample preparation and LC-MS analysis and
only takes �0.5 h. The study also demonstrated that our method
achieved a detection limit of 10 CFUs, which is comparable with
the compendial sterility test and other alternative microbiological
methods.

Absolute quantification of NA and NAM using LC-MS

To demonstrate the performance of ourmethod, we evaluated the limit
of detection (LOD) of our proposed microbial biomarker, the NA to
NAM ratio, using E. coli as amodel organism. LOD, limit of quantifica-
tion (LOQ), and calibration curve parameters of internal standards
(ISTDs) ofNAandNAMwere summarized inTable S3. A linear regres-
sion with r2 > 0.9943 was obtained for all relevant ranges. The LOD and
LOQforNA-13C6were 0.93 and3.11ng/mL, respectively.TheLODand
LOQ for NAM-13C6 were 5.89 and 19.65 ng/mL, respectively. The re-
coveries were evaluated by spiking defined amounts of ISTDs into ali-
quots of unprocessed cell culture medium, and ISTD concentrations
were calculated using the calibration curves. The recoveries were
107.5% and 102.5% for NA-13C6 and NAM-13C6, respectively. The
intraday and interday precisions and accuracies of three QC concentra-
tions were illustrated in Table S4. The average RSDs of intraday preci-
sion at low QC, medium QC, and high QC were 0.51%, 0.57%, and
0.53%, whereas 1.95%, 3.12%, and 1.98% were the average RSDs for in-
terday precision, respectively. Furthermore, the average intraday accu-
racies at low QC, medium QC, and high QC were 0.03%, 0.97%, and
1.90%, whereas the average interday accuracies were 1.44%, 4.18%,
and 2.99%, respectively. These results showed that the developed
method had good accuracy and reproducibility.

To demonstrate the ability of our LC-MS system for quantifying NA
and NAM production by any of the microbial species, MSCs were
inoculated with 0, 1, 10, 100, 1,000, and 1 � 104 CFUs/mL of
E. coli for 24 h. These samples were used to determine the amounts
of NA produced and the consumption of NAM (Figure S7). The con-
centrations of NA in blank DMEM and uncontaminated MSCs were
022



Figure 6. NA to NAM ratio for uncontaminated and

contaminated T cell culture medium with six

different bacteria

(A) Representative examples of EIC chromatograms ob-

tained from the uncontaminated culture medium and

contaminated culture medium. (B) NA to NAM ratio of un-

contaminated and contaminated T cell culture medium by

sixdifferentbacteria.Withan inoculationconditionof1�104

CFUs/mL for 24 h, the ratio of NA to NAM in contaminated

Tcell culturemediumwas4,500 to15,000 timeshigher than

the uncontaminated T cell culture medium. Blank RPMI

medium was used as negative control. *p % 0.05, **p %

0.01, ***p % 0.001, **** p % 0.0001 compared with blank

medium group using one-way ANOVA.
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quantified as 0.004 and 0.007 mg/mL, respectively. When the CFU
number was <100, no significant increase of NAwas observed because
there was also no recoverable E. coli after incubation. After MSCs
were contaminated with 100, 1,000, and 10,000 CFUs/mL of E. coli
for 24 h, the recovered E. coli numbers were 3.3 � 107, 3.4 � 108,
and 4.4 � 108 CFUs/mL, and the NA amount increased to 2.59,
13.68, and 16.60 mg/mL, respectively. With the increase of NA pro-
duction, NAM decreased from 31.93 mg/mL in uncontaminated
MSCs to 16.24, 4.23, and 0.12 mg/mL, respectively. There is not a
linear correlation with the inocula size, and further work is needed
to understand the relationships between growth rate and NA produc-
tion or NAM consumption rates. Nonetheless, the changes of NA and
NAM upon microbial contamination can be clearly detected.
Molecular Therapy: Methods &
The production of NA is caused bymicrobial

nicotinamidases

To support the hypothesis that the NA pro-
duced in cell culture medium was due to the
conversion of NAM to NA by microbial nico-
tinamidases, the nicotinamidase inhibitor,
pyrazinecarbonitrile, was used to inhibit nico-
tinamidase activity. An inoculum density of
228 CFUs/mL of E. coli was used in the inhi-
bition study. After 24 h of incubation with
MSCs, a significant increase in the NA to
NAM ratio of 622-fold was observed, as ex-
pected (Figure 8). In contrast, when 1 mM
pyrazinecarbonitrile was added at 0 h to the
MSCs with 228 CFUs/mL of E. coli, there
was no significant increase in the NA to
NAM ratio compared with the uncontami-
nated MSCs after 24 h. E. coli recovered
from the inhibitor-containing and non-inhib-
itor-containing cell culture after 24 h of incu-
bation were 4.7� 107 and 5.1� 107 CFUs/mL,
respectively, suggesting that the inhibitor did
not prevent microbial growth but inhibit the
nicotinamidase activity. Despite the inhibition
of nicotinamidase activity, NAD+ can still be
produced from NAM and NAM riboside
(NR) through the salvage pathway or de
novo synthesis from aspartate. Previous work also suggested that
the production of NA through nicotinamidases might enhance mi-
crobial infectivity instead of acting as a growth factor for microor-
ganisms; hence, the inhibition of nicotinamidases might not affect
their growth.33,34 This assay supports our hypothesis that the NA
in contaminated cell culture medium was converted from NAM by
microbial nicotinamidases. Our study aimed to provide a broad-
based sterility testing method for CTPs but not a method that is
capable of identifying different microbial species. Therefore, even
though the expression levels of nicotinamidases and the NA/
NAM ratio vary for different microorganisms, we can still demon-
strate microbial contamination if the NA/NAM ratio increased
significantly in the product.
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Figure 7. NA to NAM ratio for uncontaminated and contaminated MSC culture medium with different microorganisms

(A) With an inoculation condition of 1.4 � 104 CFUs/mL of E. coli, the ratio of NA to NAM in contaminated MSC culture medium became significantly higher than the un-

contaminatedMSC culture medium after 5 h. (B)With an inoculation condition of 18 CFUs/mL of E. coli, the ratio of NA to NAM in contaminatedMSC culturemedium became

significantly higher than the uncontaminated MSC culture medium after 18 h. (C) With an inoculation condition of 20 CFUs/mL of B. subtilis, the ratio of NA to NAM in

contaminatedMSC culture medium became significantly higher than the uncontaminated MSC culture medium after 12 h. (D) With an inoculation condition of 10 CFUs/mL of

C. albicans, the ratio of NA to NAM in contaminated MSC culture medium became significantly higher than the uncontaminated MSC culture medium after 24 h. *p < 0.05

using t test.
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DISCUSSION
Microbial contamination of CTPs may originate from many sources,
and, unlike pharmaceutical and many other biologic products, CTPs
cannot undergo terminal sterilization. Hence, sterility testing is an
important part of in-process and final product testing.35 USP’s com-
pendial sterility tests require a long turnaround time for results. It
takes 14 and 28 days for bacteria and mycoplasma testing,
respectively,16 but it is sensitive to 10 CFUs/mL and can even detect
down to 1 CFUs/mL.36,37 The method is suitable for use in the phar-
maceutical industry, where there is plenty of time, however, is not well
suited for the sterility and release testing of CTPs because they possess
a short shelf life, which makes turnaround time for sterility results
critical to patients.16 Rapid microbial methods, such as the BacT/
ALERT� system for the detection of microorganisms for sterility tests
purposes, have been proposed and validated.16 The time to detection
for the BacT/ALERT� system is dependent on the product matrix and
specific microbial species, and it can detect 99% of all microorganisms
in 3 days but needs a full 7 days to detect slow-growing bacteria, such
as Cutibacterium acnes.16,32 Unlike USP compendial tests or the
BacT/ALERT� automated system, the detection of the NA to NAM
ratio does not require an additional incubation period and can be per-
formed at regular time intervals during the CTP manufacturing pro-
cess or before the product releases. The USPModern Microbiological
Methods Expert Panel also recommended other candidate analytical
platforms, such as adenosine triphosphate bioluminescence, flow
418 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
cytometry, isothermal microcalorimetry, nucleic acid amplification,
and solid phase cytometry, for developing risk-based compendial
rapid sterility tests.31 However, these methods have limitations,
such as being invasive because normal cells are collected for extrac-
tion, requiring a microbial enrichment step, or detecting only a
limited range of bacterial species.38 In contrast, metabolite analysis
of cell culture media offers the possibility of identifying biomarkers
of CTP contamination using a small volume of spent medium in a
non-invasive manner without sacrificing the cells.

The NA to NAM ratio is able to detect a broad spectrum of bacterial
and fungal contaminants. Unlike targeted detection methods, such as
PCR, it does not require prior knowledge about the possible contam-
inants. The key enzyme nicotinamidases are key metal-dependent
amidohydrolases in NAD+ metabolism of multiple species, including
archaea, bacteria, yeast, protozoa, plants, and evenmetazoans, such as
the common fruit fly and roundworms.26 However, nicotinamidases
are absent in mammals and thus have been exploited as a drug target
for the control of microbial infections in humans.39 There is a broad
range of potential adventitious agents, and we have identified NA
production was well conserved that did not cross over into mamma-
lian cells, hence is a good indicator for contaminants. Nicotinami-
dases are common across all bacterial groups (Figure S8) and also
identified from a number of fungi (Figure S8, yellow), which are
also adventitious agents found in CTPs.
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Figure 8. Inhibition of the production of NA in microbial contaminated cell culture medium

(A) Effect of 1 mM pyrazinecarbonitrile on NA to NAM ratio to MSCs contaminated by �200 CFUs/mL of E. coli. (B) Representative chromatograms obtained from the

uncontaminated culture medium and contaminated culture medium using QQQ LC-MS. The ratio of NA to NAM in contaminated MSC culture medium was significantly

higher than the MSC culture added with 1 mM pyrazinecarbonitrile.
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Slow-growing organisms and very low microbial loads are particu-
larly likely to give rise to false-negative culture results.40 A study
comparing compendial sterility test and automated systems showed
that their true-positive rates are comparable (2.3% versus 2.1%),
but the compendial method had higher false-positive rates (7.3%
versus 0.2%).35 The key issue lies in the subjective judgement in visual
detection of turbidity, and, instead, detection based on the evolution
of a metabolic by-product is less subjective and, hence, result in a
lower false-positive rate. However, based on CO2 measurements,
the BacT/ALERT� system might be influenced by the metabolically
active cells contained in the product. Thus, an evaluation system
needs to distinguish between microbial growth and metabolism of
the cell matrix.32 In contrast, using the NA to NAM ratio, which is
dependent on microbial metabolic activity, may further limit false-
positive outcomes with minimal cellular matrix effect. In addition,
false-positives can be caused by the misidentification of live and
dead microbial cells. Differentiating live and dead contaminants is
important in microbial diagnostics because the potential health risks
are limited to the live portion of a mixed microbial population due to
their metabolic and reproductive activities.41 Sterility testing will only
rule out the presence of viable microorganisms.42 For hazardous com-
ponents released by bacteria, such as endotoxin, USP encourages
manufacturers to uphold high-quality standards through the bacterial
endotoxins test described in USP <85> in addition to sterility
testing.43 A Limulus amebocyte lysate test is required for CTPs for
endotoxin testing. The deadmicroorganisms presented in the cell cul-
ture medium are considered as non-infectious; hence, the detection
method should be able to distinguish them from live microorganisms.
Our method showed that the amount of nicotinamidases in the dead
inoculum would be low and the minor increases of NA to NAM ratio
observed with the dead microorganisms were not statistically signifi-
cantly different from background, which distinguished deadmicroor-
Molecul
ganisms from live microorganisms. Detection methods, such as nu-
cleic acid amplification, are fast and sensitive, but many have the
limitation of not differentiating live microbial cells.38

Despite its advantages, there are several challenges regarding the use
of NA to NAM ratio as a microbial biomarker for sterility testing
exist. Because the production rates of NA are not the same in all mi-
crobial strains, the time to detection of the increase in NA to NAM
ratio cannot be normalized using one single bacterium and has to
be investigated in a broad range of microorganisms in future studies.
In addition, although the biomarker was discovered and detected us-
ing MS, other potential detection platforms should be explored, for
example, colorimetric assays. However, NA-specific colorimetric
assays still suffer from a number of challenges and remain largely
unexplored.44 Except for focusing on NA, other possibilities can be
explored based on microbial nicotinamidases. However, currently
there is no such antibody that can specifically bind to all microbial
nicotinamidases. Furthermore, the implementation of the NA to
NAM ratio into sterility testing during CTP manufacturing should
also be evaluated. The NA to NAM ratio can be used as a checkpoint
at the beginning of a sterility test and a simple “yes” or “no” readout
can help to save time and sample volume for analysis. The measure-
ment can also be incorporated into the CTP manufacturing in a
closed system, following the manufacturing process to perform steril-
ity check, which can also eliminate the risk of cross-contamination
during sampling.45 Raman spectroscopy is a potential tool for this
application because it provides molecular fingerprints of samples in
a non-invasive way, acting as a process analytical technology for
cell therapy bioprocessing.46 A preliminary measurement of NA,
NAM, andmajor cell mediummetabolites, such as lactate and glucose
in water, was performed using Raman spectroscopy in our study,
showing that NA-associated peaks displayed a different pattern
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from NAM-associated peaks (Figure S9). However, it will be more
challenging to measure these low-concentration metabolites in real
cell samples due to the complexity of matrix. Therefore, future
work of improving the detection of NA and NAM using Raman spec-
troscopy is needed and the possibility of incorporating a bench-top
Raman system, such as the BioRam� (CellTool) can be further
explored. Subsequently, molecular methods, such as PCR, can be
used to investigate the identity of contaminants if the NA to NAM ra-
tio increases. As such, the NA to NAM ratio has a greater potential for
use as an in-process indication of viable microbial contamination
compared to other rapid microbiological methods.

CONCLUSION
We have developed a novel rapid test for detecting microbial contam-
ination in mammalian cell cultures. Through a combination of untar-
geted and targeted metabolomics screening, we observed changes in
the exometabolomic profiles of cell culture supernatant after MSCs
or T cells were intentionally contaminated with six different bacterial
species for 24 h. One unique metabolite, NA, was present in all
contaminated cell cultures but was nearly absent in sterile MSCs or
T cell culture medium. NA is produced by the conversion of NAM
via microbial nicotinamidases, which is supported by our nicotinami-
dase inhibition assay. To quantitatively use NA as a biomarker for as-
sessing microbial contamination in CTPs, the ratio of NA to NAM
was calculated and compared in each experiment, showing a signifi-
cant increase in contaminated cell cultures. Bioinformatic analyses
were conducted on 10 microorganisms, including the USP <71>
defined organisms, revealing that five out of the six USP <71> organ-
isms and a different strain of C. sporogenes (ATCC 15579) possess
pncA genes encoding nicotinamidases, which suggests the common
production of NA in microorganisms. Five of these microorganisms
have been validated in this study that the increase in the NA to
NAM ratio indicated their presence in CTPs. The time to detection
and limit of this method were investigated using E. coli, B. subtilis,
and C. albicans. Our results showed that when a high inoculum
(1� 104 CFUs/mL) or low inoculum (18 CFUs/mL) of E. coli was
used, the increase in the NA to NAM ratio can be detected after 5.5
and 18.5 h, respectively. In cells contaminated with 20 CFUs/mL of
B. subtilis and 10 CFUs/mL of C. albicans, the ratio increase can be
detected after 12.5 and 24.5 h, respectively. With a broad detection
range, rapidity and possible low false-positive rates, the NA to
NAM ratio has great potential of acting as a microbial biomarker
for CTP sterility testing.

MATERIALS AND METHODS
Materials

Methanol and acetonitrile of LCMS grade and all other chemicals and
solvents of analytical grade used in this study were purchased from
Sigma–Aldrich, unless otherwise indicated. Bacterial strains
S. aureus (ATCC 6538), P. aeruginosa (ATCC 9027), B. subtilis
(ATCC 6633), C. sporogenes (ATCC 19404), C. albicans (ATCC
10231), A. brasiliensis (ATCC 16404), S. epidermidis (ATCC 12228),
E. coli K12 (ATCC 25404), K. pneumoniae (ATCC KP1),
P. aeruginosa PAO1 (ATCC BAA-47), S. aureus (ATCC 25923), and
420 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
A. baumannii (ATCC BAA-2801) were obtained from the American
Type Culture Collection. A. brasiliensis ATCC 16404 was obtained
fromEZAccu ShotTM Select (Microbiologics, Saint Cloud,MN,USA).

Human bone-marrow-derived MSCs isolation and culture

Bone-marrow (BM)-derived MSCs from a single adult human donor
were obtained from a commercial source (Lonza) at passage 1. MSCs
were expanded at 37�Cwith 5% CO2 DMEM supplemented with 10%
fetal bovine serum (FBS) and with 1% (v/v) antibiotics (100 U/mL
penicillin and 100 ng/mL streptomycin). The cells were grown in a
T175 flask until they reached a 70% to 80% confluence. The medium
was changed twice a week and cells from passage 4 to 6 were used in
the experiments.

T cell isolation, culture, and activation

Peripheral blood leukapheresis products were obtained from Depart-
ment of Haematology, Singapore General Hospital (Central Institu-
tional Review Board [CIRB] reference: 2019/2600). Human T cells
from leukapheresis samples were isolated using EasySepTM Human
T Cell Isolation Kit (STEMCELL Technologies, Vancouver, British
Columbia, Canada). Viable human T cells were seeded in fresh
AIM V supplemented with 2% AB human serum and interleukin-2
(IL-2) (100 IU/mL). To activate T cells, 25 mL of ImmunoCultTM Hu-
man CD3/CD28 T cell activator was added to 1 mL of 1 million of cell
suspension and incubated at 37�C with 5% CO2. After 3 d of activa-
tion, a viable cell count was performed and the viable cell density was
adjusted every 2–3 d by adding fresh complete AIM V + 2% AB hu-
man serum + IL-2 (100 IU/mL) to the cell suspension. The cells were
incubated at 37�C with 5% CO2 until the desired cell number is ob-
tained or for up to 12 d.

Preparation of live and dead bacteria

Bacteria were plated onto Luria broth (LB) agar and cultivated at 37�C
overnight. After the incubation, a single colony of each bacterial spe-
cies was isolated and inoculated into 5 mL of LB broth (Sigma-Al-
drich, St. Louis, MO, USA) and incubated overnight at 37�C. The
next morning, the optical density 600 (OD600nm) of the overnight cul-
ture was determined using an ULTROSPEC 10 cell density meter
(Biochrom, Cambridge, UK). Subsequently, the bacterial suspension
was diluted (OD600nm 0.075) and further subcultured at 37�C for
the bacteria to reach log phase (OD600nm 0.6–0.8). The subcultured
bacterial cells were harvested by centrifugation at 7,000 � g for
10 min and concentrated in 2 mL PBS. One mL was diluted 10-fold
in 70% isopropanol for preparing dead bacteria while the other
1 mL was diluted 10-fold in PBS for preparing live bacteria. The
live and dead cells were harvested by centrifugation at 7,000 � g for
10 min and the pellets were suspended in PBS at approximately 107

CFUs/mL (OD600nm 0.1).

MSCs contamination with microorganisms

For microbial contamination studies, MSCs were cultured according
to methods described above and were trypsinized from culture flask
and suspended in the culture medium without antibiotics. MSCs
were seeded at 105 cells per well in 6-well plates and incubated
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overnight at 37�C with 5% CO2. Serial 10-fold dilutions of all six bac-
terial live and dead suspensions were performed in PBS. Bacterial
dilution corresponding approximately to 104 CFUs/mL of live or
dead bacteria per well were used to inoculate each strain separately
into the MSCs, which had been cultured overnight. In parallel, the
same amount of each strain was separately inoculated into the blank
DMEM culture medium. All treatments were performed in triplicate.
The morphology of the MSCs was determined after infection exper-
iments using bright-field microscope microscopy.

For the contamination study using USP <71> defined micro-
organisms, 104 CFUs/mL of S. aureus, P. aeruginosa, B. subtilis,
C. sporogenes, and C. albicans were inoculated with 105 MSCs for
24 h while 10 CFUs/mL of A. brasiliensis were inoculated with 105

MSCs for 24 and 72 h.

The time-point-dependent contamination experiments were per-
formed using E. coli. Briefly, 105 MSCs/mL were inoculated with a
high inoculum (104 CFUs/mL) of E. coli and incubated for 1, 2, 3,
4, 5, 6, and 24 h. Because it will take longer time to observe significant
changes for low numbers of microbial contamination, additional time
intervals (1, 3, 6, 9, 12, 15, 18, 21, and 24 h) were used for low inocula
(18 CFUs/mL) experiments. In addition, 105 MSCs/mL were also
inoculated with 20 CFUs/mL of B. subtilis and 10 CFUs/mL of
C. albicans and incubated for 6, 12, 18, and 24 h to investigate the
detection limit of the method. Untreated MSCs were used as a nega-
tive control. To compare with the USP <71> sterility test, 1 mL of the
contaminated cell culture were collected at 0 h and inoculated into
9 mL of soybean casein digest or fluid thioglycolate medium for visual
observation at 20�C–25�C and 30�C –35�C, respectively. The exper-
imental flow was summarized in Figure S10.

Microbial nicotinamidase inhibition assay

The irreversible nicotinamidase inhibitor pyrazinecarbonitrile was
used to inhibit the enzymatic activity of microbial nicotinamidases.
The inhibitor was tested for its cytotoxicity to MSCs using a 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) dye
reduction assay. Briefly, 105 MSCs per well were seeded into a
96-well plate and incubated at 37�C with 5% CO2. After 24 h,
MSCs were treated with pyrazinecarbonitrile at concentrations of
0.1, 1, 10, 50, 100, 500, 1,000, 5,000, or 10,000 mMand incubated over-
night. Positive and negative controls were 0.1% Triton X-100 and
PBS, respectively. A final concentration of 0.5 mg/mL MTT was
added to each well and incubated for 4 h at 37�C. DMSO was then
added to dissolve insoluble formazan crystals. The absorbance was
measured at 550 nm using a microplate reader (Tecan Infinite 200
Pro, Männedorf, Switzerland).

The nicotinamidase inhibition assay was performed using E. coli.
E. coli (200 CFUs/mL) was used to infect MSCs, as described above.
MTT assay revealed that pyrazinecarbonitrile was non-toxic to
MSCs at <10,000 mM (Figure S11). As an irreversible inhibitor, it
shows a Ki value (inhibitory constant) of 61 ± 3 mM.47 To increase
the inhibition potency, a higher concentration (1,000 mM) with no
Molecul
cytotoxicity of pyrazinecarbonitrile was used to inhibit nicotinami-
dases in this study. The uninfectedMSCs (without nicotinamidase in-
hibitors) and E. coli incubated alone with the blank DMEMwere used
as positive controls. MSCs with inhibitors were used as negative con-
trol. All the samples were incubated at 37�C with 5% CO2 for 24 h.

Sample preparation for extracellular metabolites

At each time point for the contamination experiments, 100 mL cell
culture from each well was collected and filtered through a Nanosep�

centrifugal device with an OmegaTM 10K molecular weight cutoff
membrane (Pall Corporation, Port Washington, NY, USA) by centri-
fugation at 8,000 � g for 5 min. The filtrates were collected in auto-
sampler vials for LC-MS analysis. The whole sample preparation pro-
cess took 10 min.

Untargeted metabolomics analysis by LC-MS

The samples were analyzed using an Agilent 1290 ultrahigh pressure
liquid chromatography system (Agilent, Waldbronn, Germany)
equipped with a 6550 iFunnel Q-TOF mass detector managed by a
MassHunter Workstation, as previously described.48,49 A Waters
ACQUITY UPLC HSS T3 (2.1 � 100 mm, 1.8 mm; Waters, Milford,
MA, USA) column was used with a Waters ACQUITY HSS T3
1.8 mM VanGuard guard column. The column temperature was
50�C. The separation was performed under a gradient elution which
involved a mobile phase consisting of (A) 0.1% formic acid in water
and (B) 0.1% formic acid in methanol. A linear gradient from 0% B
to 95% B was applied for 2 min and was held for 5 min and then
returned to the initial condition over 1 min. Two mL of samples
was injected with a flow rate of 0.4 mL/min. For MS, the electrospray
ionization mass spectra were acquired in positive ion mode and
collected between m/z 50 and 1,700 at a rate of two scans per second.
The ion spray voltage was set at +3,500 V and the capillary tempera-
ture was maintained at 350�C. Drying gas was set with a flow rate of
12.0 L/min and the pressure of nebulizer nitrogen was 50 psi. The to-
tal analysis time is 17 min.

Targeted metabolomics of NA and NAM

LC-MS analysis was performed with an Agilent 1290 ultrahigh pres-
sure liquid chromatography system (Agilent, Waldbronn, Germany)
coupled to an electrospray ionization with iFunnel Technology on a
6490 triple quadrupole (QQQ) mass spectrometer, as previously
described.50 Chromatographic separation was achieved by using
ACQUITY UPLC HSS T3 (2.1 � 100 mm, 1.8 mm; Waters, Milford,
MA, USA) column with a Waters ACQUITY HSS T3 1.8 mM
VanGuard guard column. The mobile phase consisted of (A) 0.1%
formic acid in water and (B) 0.1% formic acid in methanol. The initial
condition was set at 0% B for 3 min. A 2 min linear gradient to 95% B
was applied and then was held for 5 min and was returned to starting
conditions over 1 min. The column was kept at 50�C. The autosam-
pler was cooled to 4�C, and an injection volume of 0.5 mL with a flow
rate of 0.3 mL/min was used. Electrospray ionization was performed
in positive ion mode with the following source parameters: drying gas
temperature 200�C with a flow of 14 L/min, nebulizer gas pressure 30
psi, sheath gas temperature 400�C with a flow of 11 L/min, capillary
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voltage 3,000 V, and nozzle voltage 800 V. Multiple reaction moni-
toring (MRM) mode was used to monitor the transitions m/z
124.04 > 79.90 andm/z 123.06 > 80.00 for NA and NAM, respectively.

LC-MS method validation

The validation of the LC-MS method regarding LOD, LOQ, line-
arity, recovery, reproducibility and robustness was performed ac-
cording to FDA guidelines and the guideline of the International
Council for Harmonisation of Technical Requirements for Phar-
maceuticals for Human Use (ICH).51 NA-13C6 and NA-13C6

were obtained from Cambridge Isotope Laboratories (Tewksbury,
MA, USA) and used as ISTDs. Briefly, the calibration curves
were constructed from three replicate measurements of 7 concen-
trations of NA-13C6 (0.0001–0.5 mg/mL) and NA-13C6 (0.001–
0.75 mg/mL) in cell culture medium. The calibration curve was
obtained by plotting the average peak area versus the concentration
of each ISTD. LOD was calculated using the formula 3*s/slope
and LOQ was calculated as 10*s/slope while s was defined as
the SD. The reproducibility and robustness were demonstrated
by intraday and interday precision and accuracy, using the
quality control (QC) samples at low QC, medium QC, and high
QC concentrations (NA-13C6: 9, 60, and 400 ng/mL, and
NA-13C6: 6, 60, and 600 ng/mL). The QC samples were analyzed
six times within one day for intraday precision and accuracy.
The interday precision and accuracy were determined by analyzing
the samples on three consecutive days, in which the samples
were injected six times daily. Precision was expressed as the
relative SD (RSD [%]) for the repeated measurement, whereas
accuracy was expressed as the relative error (RE [%]) using the
formula: RE ð%Þ = ½ðmean of observed concentration � spiked
concentrationÞOspiked concentration� � 100

Bioinformatics analysis

The nicotinamidase sequences (encoded by pncA genes) of the six
bacterial species used in the study were identified from genome anno-
tations in the PubSEED database,52 where conserved gene order and
metabolic inferences were used for gene assignments. Whole-genome
sequences of USP <71> defined six microorganisms (S. aureus ATCC
6538, P. aeruginosaATCC 9027, B. subtilis ATCC 6633, C. sporogenes
ATCC 19404, C. albicans ATCC 10231, and A. brasiliensis ATCC
16404) were obtained from ATCC genome portal. NCBI BLAST
searches were also used to identify homologs of nicotinamidases.
The alignment of the nicotinamidase sequences and the phylo-
genetic tree were obtained using MEGA v. 7.053 and displayed with
iTOL v.3.54

LC-MS data analysis

Raw spectrometric data were analyzed by MassHunter Qualitative
Analysis software (Agilent Technologies, Santa Clara, CA, USA).
The molecular features of the peaks were obtained using the Molec-
ular Feature Extraction algorithm based on the analysis of their reten-
tion time, chromatographic peak intensity, and accurate mass.
MassHunter Mass Profiler Professional software (Agilent Technolo-
gies, CA, USA) was used to visualize and analyze the features. For
422 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
further processing, the features were filtered by the criteria of, inten-
sity R5,000 counts and found in at least 50% of the samples at the
same sampling time point signal. To align the retention time and
m/z values, a tolerance window of 0.15 min and 2 mDa was used.

Compound identification and pathway analysis

The elemental compositions of the metabolites were calculated based
on the exact mass, the nitrogen rule, and the isotope pattern using
Agilent MassHunter software. These characteristics of the features
were used for searching in online databases, including HumanMetab-
olome Database (HMDB) (http://www.hmdb.ca/), METLIN database
(http://metlin.scripps.edu/), MassBank (http://www.massbank.jp/),
KEGG database (http://www.genome.jp/kegg), and PubSEED plat-
form (http://pubseed.theseed.org/). Next, MS/MS was used to reveal
the fragmentation pattern of the compound and thus provides the
structural information. In databases, the MS/MS spectra of possible
metabolite targets were searched and compared. Commercially avail-
able NA and NAM were used as standards to compare with the
possible metabolite targets. The evidence-based classification system
of metabolite identification conforms to the minimal reporting stan-
dards by metabolomics standards initiative (MSI).55,56

Statistical analysis

A statistical analysis used unpaired t test and one-way ANOVA, and
statistical significance was set at p < 0.05. Only those features with a
fold change of >2.0 were selected as potentially significantly altered
metabolites for further analysis. For multivariate analysis using
PLS-DA, data were normalized by autoscaling, which was performed
on MATLAB R2019b (MathWorks, Natick, MA, USA) using PLS
toolbox version 8.5 (Eigenvector Research, WA, USA) and classifica-
tion toolbox version 5.1.
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