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Abstract

The genetic targeting of mouse models has given insight into complex processes. However,
phenotypes of genetically targeted mice are susceptible to artifacts due to gene manipula-
tion, which may lead to misinterpretation of the observations. To directly address these
issues, we have compared the immunological phenotypes of Ncf1 knockout mice with
Ncf1™™ mice possessing a naturally occurring intronic loss-of-function SNP in their Ncf1
gene. Neutrophil cytosolic factor 1 (NCF1) is the key regulatory component of the phago-
cytic NADPH oxidase 2 (NOX2) complex. Defects in NCF1 lead to lower production of reac-
tive oxygen species (ROS) associated with autoimmune diseases in humans. In mice,
collagen induced arthritis (CIA) and psoriatic arthritis are autoimmune disorders known to
be regulated by Ncf1, and they were utilized in the present study to compare the Ncf1
knockout with Ncf1™™ mice. Targeted Ncf1 knockout mice were generated on a pure
C57BL/6N genetic background, and thereafter crossed with B10.Q.Ncf1”"” mice. The tar-
geting silenced the Ncf1 gene as intended, and both the B6N;B10.Q.Ncf1™"” mice as well
as the knockout littermates had reduced ROS production compared to wild type mice. Both
also exhibited enhanced STAT1 (signal transducer and activator of transcription 1) protein
expression as an indicator of pronounced interferon signature reported recently for Ncf1
deficient mice. Surprisingly, female Ncf1 knockout mice were protected from CIA whereas
the Ncf1™" females developed severe disease. Ovariectomization retrieved the suscepti-
bility of Ncf1 knockout females pointing to a sex hormone regulated protection against CIA
in these mice. The data partly explains the discrepancy of the phenotypes reported earlier
utilizing the Ncf1™" mice or Ncf1 knockout mice. These observations indicate that even a
targeted knockout mutation may lead to a different biological outcome in comparison to the
natural loss-of-function mutation of the same gene.
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Introduction

The reported immunological phenotypes for the neutrophil cytosolic factor 1 (NcfI alias
p47phox) knockout mice and NefI™" mice differ leading to some controversy. Up to date, the
commonly used NcfI knockout mouse was originally generated using 129 ES cells, backcrossed
to C57BL/6 mice, and used as a model of chronic granulomatous disease (CGD) [1]. These
Nc¢f1 knockout mice were also reported to be completely protected from experimental autoim-
mune encephalomyelitis (EAE), when the disease was induced by the myelin oligodendrocyte
glycoprotein (MOG) peptide [2]. EAE is a murine model of multiple sclerosis, a chronic
inflammatory autoimmune disease of the brain, and these results indicate that NcfI does not
contribute to the development of autoimmune inflammation in this model.

The naturally occurring NefI™" loss-of-function mutation was first discovered in a C57BL/
6J-m db/db mouse [3]. It was later backcrossed to a clean wild type background, such as
C57BL/6 or B10.Q, and shown to remarkably increase susceptibility to the autoimmune symp-
toms of collagen induced arthritis (CIA) and EAE [4]. When EAE was induced with the native
MOG protein, the BQ.chl"‘U/ " mice developed more severe EAE than the wild types, in con-
trast to the EAE phenotype reported for Ncfl knockout mice [2]. Recently, Ncf1™" mice were
described to spontaneously develop a lupus-like phenotype on the Balb/c background [5].
These reports describing various models of chronic inflammatory autoimmune diseases
emphasize the role of NcfI in regulating the development of autoimmunity.

Gene knockouts are usually generated by large genetic modifications. In contrast, Ncfl
a naturally occurring intronic mutation of a single nucleotide (A—C) at the -2 position of
exon 8 of the NcfI gene [3]. The intronic SNP leads to aberrant splicing of the NcfI transcripts,
resulting in three different transcript variants detected with RT-PCR and sequencing, and the
expression of the aberrant NCF1 (alias P47°"°%) protein in trace amounts in bone marrow
cells [3]. We have recently reported that the NCF1/P47""%X variant expressed in Ncf1™" mice
is defective in activating the NOX2 complex to produce ROS [6], and thus in terms of ROS pro-
duction, it can be compared to a NOX2 knockout.

NCF1 (alias P47°79%) is one of the activating components of the transmembrane NADPH
oxidase 2 complex (NOX2; alias GP9177°%), which produces superoxide into the extracellular
or intraphagosomal space [7]. The NOX2 complex consists of transmembrane core compo-
nents P22°79% and GP91°"°X as the enzymatic core. NCF1, NCF2 and NCF4 (also called
P47"HOX pe7PHOX and P40"HOX, respectively) are the cytosolic regulatory components of the
NOZX2 complex together with the RAC GTPase [7]. Defects in any of the PHOX proteins may
lead to CGD symptoms [8,9].

In addition to CGD, defects in NOX2 complex genes and the compromised capacity to pro-
duce ROS have been connected to the development of autoimmunity in humans. The NCFI gene
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copy number has been associated with human rheumatoid arthritis (RA) [10]. Genes coding for
two other regulatory components of the NOX2 complex, namely P40"°* and P67"7°%, have
also been associated with autoimmunity. A SNP (rs729749), located in intron 4 of the NCF4
gene, coding for P40”7°%, was shown to be associated with RA in a subgroup of patients [11].
Polymorphism in the NCF2 gene, coding for P67"7 % protein was reported to be associated with
systemic lupus erythematosus (SLE) and the determining single nonsynonymous coding muta-
tion in exon 12 (rs17849502; H389Q) identified to cause the P67 79X defect [12,13]. In addition,
SLE patients with a more severe organ damage had a lower oxidative burst by polymorphonu-
clear leukocytes [14]. Guillain—-Barré syndrome is a demyelinating autoimmune disease, and
patients with severe symptoms have lower oxygen radical production in peripheral blood leuko-
cytes compared with that in patients with a milder disease [15]. These reports demonstrate the
link between a lower oxidative burst and the development of autoimmunity in humans.
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Ncf1™" mice exhibit a defect in ROS production by the NOX2-complex, and they are used
as models of autoimmunity. However, the reported immunological phenotypes of the NcfI
knockout mice and NefI™" mice are controversial raising questions about how NefI and ROS
act as immunomodulatory components. The present study describes for the first time a direct
comparison of these two different Ncfl-defective alleles, with all other factors neutralized, in
the development of autoimmunity and inflammation.

Materials and Methods
Generation of Ncf1 knockout mice

C57BL/6] BAC clone, RP24-53E17, containing the mouse NcfI gene was obtained from BAC-
PAC Resources Center (Children s hospital Oakland Research Institute, Oakland, (CHORI),
California, USA). A 11 000 bp-long DNA fragment of the NcfI gene containing exons one to
six was subcloned to a minimal vector, pACYC177 (New England Biolabs, MA, USA) using
the Red/ET cloning method (Gene Bridges GmbH, Germany). The PCR product used in sub-
cloning was amplified from a pACYC177 plasmid using the primers (A) 5'-CTG GAT CTT
GTT CTG TTC TGT AGA CCA GGC TGG CCT CCA GCT CAC AGA GAG GCA GAC
CTC AGC GCT AG-3" and (B) 5'-CCG GCC TCC ATC TCA GAC CTA TCC CGT GCC
TAG ATT GCA TTA AGG GGC GCT GAA GAC GAA AGG GCC TC-3" including homol-
ogy arms for the Ncfl gene. Murine Nc¢fI cDNA was cloned by reverse transcription, amplified
with PCR from Balb/c spleen total RNA and ligated to a pIRES2-EGFP plasmid (Clontech)
resulting in the plasmid mNcfI-IRES2-EGFP-NEO. The cassette FRT-lox66-mNcfI-IRE-
S2-EGFP-NEO-lox71-FRT containing 50 bp of N¢fI homology arms was used to destroy the
mouse genomic N¢fI exons 1 and 2. The cassette was amplified by PCR and it was inserted in
an inverted orientation using the Red/ET recombination method. Validity of the final targeting
construct was confirmed by restriction enzyme digestion analysis and sequencing (S1 Fig).

JM8.N4 mouse embryonic stem cells were cultured on neomycin-resistant primary embry-
onic fibroblast feeder cells, and 10° cells were electroporated with the linearized targeting con-
struct. After electroporation, the cells were plated on culture dishes and exposed to G418
(Sigma). Colonies were picked after growing for 7-9 days in the selection media, and expanded
by growing them on 96-well plates. The selected ES cell clones were screened by locus-specific
PCR and southern blot, selectively identifying the ES cell clones with a properly inserted target-
ing vector. The targeted ES cells were injected into C57BL/6N mouse blastocysts, and chimeric
mice were generated. By crossing the highly chimeric male mice with C57BL/6N females, a
germline transmission was achieved, resulting in mice heterozygous for the deficiency of NcfI
(C57BL/6N-Ncf1"™Y™, shortly BEN.TN2).

Mice
Mice with the NcfI knockout allele Ncf1 ™2V (B6N.TN2) were backcrossed for three genera-
tions to B10.Q.Ncf1"" mice analyzed for the possession of only the causative mutation using a
10-k SNP typing chip. Those with a homozygous CIA susceptibility MHC II allele H2-Aq were
selected for intercrossing in order to establish the B6N;B10.Q.TN2.Ncf1™" line. Littermates
carrying the homozygous NcfI knockout allele (denoted KO) or the homozygous Ncf1™" SNP
(rs230824082; denoted NcﬂmU ) were used in the experiments. In addition, mice of different
genotypes were randomly housed, and treated and analyzed blindly. Treating and analyzing
the mice was performed in a cage-wise order leading to clear randomization of the individuals
in the experimental genotypic groups.

For experiments where three NcfI alleles (Ncf1™”, KO and WT) were compared, mice with
the KO allele were bred in two separate lines with NcfI variants, Ncf1”" and the WT allele,
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respectively, and the KO homozygotes were collected into the experiment from both lines. The
wild type control group consisted of mice carrying either heterozygously (WT/KO) or homozy-
gously (WT/WT) wild type NcfI. Sex- and age-matched mice were used in the experiments.
The mice were 7-14 weeks old and weighed 18-35 g at the start of the experiments, unless oth-
erwise specified.

The mice were housed in wire-topped cages (2-6 mice per cage) with aspen chips bedding
(Tapvei, Kaavi, Finland) under specific pathogen-free conditions in a climate-controlled envi-
ronment with 12 h h/12 h light/dark cycles in the Central Animal Laboratory of University of
Turku. Standard rodent chow (SDS, Special Diet Services, Whitham, Essex, UK) and tap water
was provided ad libitum. Animal care was in accordance with the institutional guidelines with
cage enrichment and the welfare of the animals assessed daily throughout the experiments.
The national Animal Experiment Board in Finland (Eldinkoelautakunta, ELLA) approved this
study: ethical permit numbers: ESAVI-0000497/041003/2011 and ESAV1/439/04.10.07/2017.
Genotyping was done by PCR for the targeted NcfI gene and by a SNP genotyping assay for the
Nef1™" allele (Applied Biosystems, CA, USA) using genomic DNA from an earpiece.

Ovariectomies were performed by ligating and excising the ovaries through a single poste-
rior-approach incision in female mice (mean age: 10 weeks; range: 8—-11 weeks). Anesthesia
and analgesia were induced preoperatively with an intraperitoneal injection of ketamine (Keta-
minol vet, Intervet International B.V., Boxmeer, Netherlands; 75 mg/kg) and xylazin (Rompun
vet, Bayer HealthCare AG, Leverkusen, Germany; 8 mg/kg) and during the operation with
inhaled isoflurane. An adequate depth of anesthesia was verified by the absence of withdrawal
reflexes. Buprenorphine (Temgesic, Schering-Plough Corp., Espoo, Finland; intraperitoneally,
0,05-1 mg/kg, twice a day for one day) was used as a postoperative analgesic. After the opera-
tion the mice recovered for two weeks before immunization. At the end of the experiments,
animals were euthanized with carbon dioxide.

Measurement of intracellular and extracellular ROS

For determination of the intracellular oxidative burst by dihydrorhodamine-123 fluorescence,
the cells were exposed to phorbol myristate acetate (PMA; 200 ng/ml, 20 min) ex vivo accord-
ing to the protocol described previously [16], and by applying the modifications recently
described [17]. Data was obtained as previously described [6], and analyzed as an increase in
the geometric mean of dihydrorhodamine-123 fluorescence in comparison to the solvent con-
trol. To pool data from independent experiments, ROS production in WT males in comparison
to Ncf1™" males (difference in Geometric mean) was set as a stimulation index for each experi-
ment. The geometric mean of each sample was then normalized to the stimulation index within
the same experiment, after which all data was pooled and presented as relative values.

The extracellular oxidative burst from cells in tissue homogenate was measured as previ-
ously reported [6]. During the preparation of single cell suspensions, red blood cells were lysed
by isotonic lysis buffer, suspensions filtered through 70 um strainers, and cell concentrations
were equalized for the measurement.

Flow cytometry

Flow cytometric analyses were performed as described previously [5]. Briefly, red blood cells
were lysed by hypotonic buffer, Fc-receptors blocked and surface antigens stained with fluores-
cently labelled antibodies. For intracellular staining, the cells were fixed and permeabilized
with Cytofix/Cytoperm™ solution (BD Biosciences) according to the manufacturer’s protocol.
NCF1 expression was determined with mouse monoclonal anti-NCF1 antibody (clone D-10;
Santa Cruz Biotechnology, Dallas, USA). Cells were acquired with LSR II (BD Biosciences) and
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the results analyzed with Flowing software (Cell Imaging Core, Turku Centre for Biotechnol-
ogy, Finland). STAT1 expression was determined as an increase in mean fluorescence intensity
in comparison to the isotype control as previously described [5]. When collecting the data
from several independent experiments, the average of the STAT1 expression in Ncf1™" cells
was set as 100%, and all expression values determined were related to that within each experi-
ment, after which the results were pooled.

Collagen induced arthritis (CIA)

For CIA, both female (mean weight 22 g; range 17-28 g) and male (mean weight 29 g; range
19-35 g) mice (age between 10-13 weeks, unless otherwise stated) were used. Each mouse was
immunized intradermally above the base of the tail with 100 pg of bovine CII (#804001; MD
Biosciences, Ziirich, Switzerland) emulsified in Complete Freund Adjuvant (CFA; Difco #
263810; BD Biosciences, New Jersey, US) in a total volume of 100 ul per mouse under isoflur-
ane anesthesia. The mice were immunostimulated 21 days later similarly by an intradermal
injection of 50 pg bovine type II collagen emulsified in Incomplete Freund adjuvant (IFA;
#263910; BD Bioscience) in a volume of 50 pl per mouse. Clinical symptoms were followed by
a standardized macroscopic scoring system by giving 1 point for each red and swollen toe/fin-
ger and metacarpo- and metatarsal phalangeal joint, in addition to 5 points for an inflamed
ankle/wrist leading to a maximum of 15 points per paw and max 60 points per mouse. Immu-
nizations and scoring was conducted blindly without knowing the genotype of the mice.

Measurement of anti-collagen antibodies

Anti-collagen type II IgG antibody levels in the serum were analyzed by ELISA with small
modifications to the previously described protocol [4]. Briefly, Nunc Maxisorp 96-well plates
(Thermo Fischer Scientific Inc., Waltham, USA) were coated with rat pepsin-digested collagen
type II (#8041006-B; MD Biosciences, Ziirich, Switzerland). Plates were sequentially blocked
with bovine serum albumin (fraction V; Immuno Diagnostic Oy, Himeenlinna, Finland). All
washings were performed with PBS containing 0.1% Tween20. Serum was diluted into PBS
and incubated on bound collagen for 2 h at RT. Bound antibodies were detected with biotiny-
lated Ig, x light chain (clone 187.1; BD Biosciences) and streptavidin-conjugated Europium
(PerkinElmer, Turku, Finland). Time resolved fluorescence was measured with Victor 1420
multi-label counter (PerkinElmer). Relative concentrations were determined by comparing the
fluorescence signals of the samples to the standard curve obtained from pooled positive control
serums. The concentration of anti-collagen type II antibodies in the pooled positive control
serum was determined by comparing it to a dilution series of pooled four monoclonal anti-col-
lagen type II (CII) antibodies with determined protein content [18]. When the data was pooled
from independent experiments, all values were normalized to the mean value of Ncf1”™" (d21)

serum within the same experiment, then pooled and presented as relative to Ncf1™" values.

Psoriatic inflammation

Mannan-induced psoriatic arthritis (PsA) was induced in mice (mean age: 13 weeks; range
2-4 months) as described recently. The paw inflammation was evaluated by a standardized
macroscopic scoring system in a blinded manner [19]. Skin inflammation was analyzed in a
blinded manner by visual scoring of the skin in the ears (0-3 points in total), and in the paws
(0-3 points/paw) as follows: 1 = weak skin pealing, 2 = moderate skin pealing, 3 = heavy skin
pealing. The scoring was combined to yield a maximum total score of 15.
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Statistical analyses

Disease scores were analyzed with the Mann-Whitney U-test, whereas cellular analyses were
analyzed with one-way ANOVA combined with the Bonferroni posttest using GraphPad
Prism Software (GraphPad Software, Inc., La Jolla, USA) unless otherwise stated. In all analy-
ses, the number of independent observations (n) refers to the number of the analyzed mice or
the number of mice the samples were collected from.

Results and Discussion

Ncf1 knockout mice cannot produce ROS by the NOX2 complex

The NOX2 complex activation and subsequent ROS production is Ncfldependent [20]. We
compared the ROS production capability of cells extracted from the newly generated NcfI
knockout (KO) with the cells from ch]"’U mutant mice. No differences in the intracellular
ROS production could be found between these strains, or between males and females (Fig 1A).
Similar results were obtained from the immunized mice by analyzing the blood cells collected
at the time of the termination of the CIA experiment (S2 Fig). Successful inactivation of the
Ncfl gene in the KO mice was verified on protein level with intracellular staining of blood gran-
ulocytes (Fig 1B), known to express high levels of the NCF1 protein [20], as well as by measur-
ing extracellular ROS production (Fig 1C).

1Y mice

Interferon signature in both Ncf1 knockouts and Ncf
Ncf1™" mice display an upregulation of interferon regulated genes, and one of the characteris-
tic over-expressed proteins is STAT1 [5]. We investigated whether ROS deficiency leads to the
same phenotype in Nc¢fI KO mice. Similar to the Ncf1™" mice, upregulated STAT1 expression
was found in N¢fI KO female mice (Fig 1D). Likewise, STAT1 upregulation was observed in
B220+ and CD11b+Gr-1neg cells in male N¢fI KO mice. In Gr-1+ cells from the Nc¢f1 KO
males, the expression did not seem to differ from the wild type, although it did not reach statis-
tical significance when compared with Gr-1+ cells from the NcfI KO females. These results
point to a similar cellular phenotype in these mice caused by ROS-deficiency in females in all
analyzed blood cell types.

Ncf1 knockout females are protected from CIA

Several NOX2 complex genes, including NCF1, have been found to be associated with autoim-
mune manifestations in humans [10,11,13]. Therefore, NcfI deficient mice are utilized as mod-
els of autoimmunity. However, the reported immunological phenotypes for NcfI KO and
Ncf1™" mice have been controversial. CIA is the most widely used model for rheumatoid
arthritis, and it is the best characterized model describing the association of the Ncf1™"
lower oxidative burst with more severe arthritis [4]. Therefore, we compared Ncf1™"
NcfI KO littermates in CIA severity and susceptibility (Fig 2).

The Nc¢fI KO mice were susceptible to CIA, however, they developed a milder disease than
their Nef1™" littermates (Fig 2A). When analyzing the influence of gender, the Ncfl KO males
developed CIA with similar severity and prevalence as their Ncf1™" littermates (Fig 2B and
2E). In contrast, the Nc¢fl KO females were highly protected from arthritis with a significantly
milder disease (Fig 2C), lower prevalence (44% vs. 85%; Fig 2F and S1 Table) and remarkably
later onset of the disease (Fig 2G and S1 Table) than their Ncf1™" female littermates. The dif-
ference could not be explained by dissimilarities in cellular interferon signature (Fig 1D) or in
ROS production in naive mice nor during the CIA (Fig 1A and S2 Fig), although these traits

anda
mice to

PLOS ONE | DOI:10.1371/journal.pone.0141974 November 3, 2015 6/15



@ PLOS | one

Comparison of a Deletion with a Loss-Of-Function SNP in Ncf1

A 220 ROS in Gr-1hi B NCF1 protein expression
@ 200 € WG+
x 180 OTcRr+ cD8+
5 160 7;
> 140 61
8 120 To5
£ 100 = |y
.E 80 D-‘._-.
o ARTH 3
= 60 W s
@ | 252
o 40 <
X 20 14
0 . _JAl— 0-
F M F M F M KO KO/+ WT
KO Nef1™  WT
C
BM WBC SPL
9- 2.5- 1.41
0 8 ]
S 7] 20 1.2
=3 6 1.01
52 5 1.57 0.8
23 4 1.01 0.6
o L 31 0.41
22 0.51 |
0 1 ' 0.21
0- 0 -
-0.5- Ncf1™"
D Gr-1+ B220+ CD11b+ Gr-1neg
*
. = . P=0.083 "P=0.404 '
P=0.875 L= 1 —_— k%
25100 1001 us 1001 T W males
S S 80 80- T o 80
o
3 S 60 60- 601
=& 401 401 40
g
= 201 20 201
0 0+ 0

absent in blood granulocytes from Ncf1-deficient mice. Blood leukocytes from Ncf1 knockouts (KO), wild types (WT) and mice with the Ncf

KO Ncf1™ WT

Fig 1. Ncf1 knockouts and Ncf1™" mice are deficient in ROS production and share the interferon signature. (A) Intracellular ROS production is

KO Ncf1™ WT

KO Ncf1™ WT

1™ mutation

were stained for surface markers and stimulated by PMA. Intracellular ROS production was quantified as dihydrorhodamine-123 fluorescence by flow
cytometry. F = females, M = males. (B) Ncf1 knockouts do not express the NCF1 protein in blood granulocytes (Gr-1+) when analyzed by intracellular
staining and flow cytometry. T cells (CD3+CD8+) were used as negative control. (C) Ncf1 knockouts fail to respond to PMA stimulation by extracellular ROS
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production. Bone marrow (BM), blood (WBC for white blood cells) and spleen (SPL) cell suspensions were depleted of erythrocytes and stimulated in the
presence of isoluminol, a cell impermeable chemiluminescent substrate. Extracellular ROS production is presented as signal after 30 min stimulation.

RLU = relative luminescence units. (D) STAT1 expression is upregulated in the absence of functional Ncf1. Blood cells from naive mice were stained for cell
surface markers. STAT1 expression was analyzed by intracellular staining, quantified by flow cytometry, and analyzed in granulocytic (Gr-1+) monocytic
(CD11b+ Gr-1 negative) cells and B cells (B220+). The WT group comprises of mice with the wild type Ncf1 either as homozygous or heterozygous (+/KO).
Statistical significances between the female genotypes were calculated with unpaired Student’s t-test and presented as P-value or indicated as * P<0.05 and
** P<0.01. The data is presented as a box-and-whisker blot showing the quartiles (A) or as mean +/-SEM (B-D). Graphs (A), (SPL in C) and (D) present
pooled data from three, two or four independent experiments, respectively. Number of mice per genotype: n=6-12in A;n=4-5inB;n=4-15inC; n=6-13
in D. MFIl = mean fluorescence intensity.

doi:10.1371/journal.pone.0141974.g001

have been reported to explain the increased severity and susceptibility to autoimmune diseases
in mice and rats possessing mutations in the NcfI gene [4,5,17,21].

The humoral immune response during CIA was evaluated by determining the quantity of
anti-collagen type IT (CII) antibodies in the serum. Ncf1™" female mice had more anti-CII anti-
bodies than the NcfI KO females during the disease (day 42 post immunization), and the ten-
dency was observed at every time point analyzed (Fig 3, right panel), thus, reflecting the
differences in the severity of the disease. In contrast, the nature of the NcfI deficiency did not
alter the anti-CII antibody levels in males (Fig 3, left panel).

CIA is a well-characterized, widely used model of rheumatoid arthritis known to be depen-
dent on both T- and B-cells, macrophage responses [22], and regulated by the NcfI gene [4].
To investigate whether the NcfI KO female mice are, in general, resistant to the development
of arthritic symptoms, the Ncfl KO and Nef1™" mice were exposed to mannan-induced psori-
atic arthritis (PsA). The NcfI™" mutation exacerbates PsA in which neutrophil infiltration and
interleukin-17 produced by y8-T cells regulate the arthritic symptoms independently of the
adaptive immune cells (o T- and B-cells) [19]. Hence, the inflammatory mechanisms involved
differ from those in CIA. Both NcfI KO and NcfI™" mice developed severe paw inflammation
and psoriatic lesions with similar severity and prevalence in both genders irrespective of the
type of NcfI deficiency (S3 Fig). These results indicate that the N¢fI KO females are specifically
protected from collagen type II induced autoimmune arthritis, but are susceptible to another
type of arthritis and develop symptoms as severe as their NcfI”" littermates.

Possible factors influencing the phenotypic divergence between Ncf1
knockout and Ncf1™™ mice

We studied littermate controls in the experiments to minimize differences between the differ-
ent strains. The Nc¢fI KO was made in ES cells derived from the C57Bl/6N mouse strain, and
the NefI™" mutation occurred for the first time in a C57Bl/6 background. Both of them have
been backcrossed to B10.Q, however, there could still be variable generic polymorphisms in the
genome. Nonetheless, the littermate experimental setting should have excluded possible bias.
The physical environment was well controlled, and further, we minimized the influence of
environmental factors by housing the different genotypes mixed in cages. We believe that
biased genetic or environmental factors explain most of the artifacts reported for knockout
experiments conducted with animals derived from ES cells originating from the 129 strain,
including the previous NcfI knockouts [23]. Thus, we emphasized on excluding such simple
explanations while still finding clear phenotypic differences. We believe the remaining factors
that could possibly explain the difference are: (1) possible polymorphism in the chromosomal
fragment linked to the N¢fI locus, (2) disturbance of the regulatory cis- or trans-elements
within the knockout locus caused by a deletion of genomic DNA and/or an insertion of foreign
DNA, (3) the untranslated RNAs of Ncf1™" and Nefl KO differ and may have variant func-
tional effects, and finally (4) the defective but still existing NCF1 coded by the Ncf1"" gene,
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Fig 2. Comparison of collagen induced arthritis (CIA) in Ncf1 knockout and Ncf1™™ mice. Arthritis severity was evaluated by macroscopic scoring of
paw inflammation (see methods for details) and presented by genotype (A) or shown separately for males (B) and females (C). Prevalence of paw
inflammation is presented by genotype (D) or shown separately for males (E) and females (F). The data is pooled from two identically performed experiments
with similar results. The wild type littermate controls were included only in the first experiment. Statistical significances between the knockout (KO) and
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Ncf1™" mice were calculated with Mann-Whitney U-test and presented as ** P<0.01, * P<0.05. (G) The mean day of disease onset afterimmunization is
presented by genotype and gender. Significant difference in the day of onset in comparison to the group of Ncf1 KO females was calculated by One-way
ANOVA with Dunnett’s posttest. ** P<0.01. The data is presented as mean (+/-SEM in A-C and G). Number of mice per genotype: n=32-39in Aand D,
n=16-25inBand E,n=13-16in C and F, n =6-27 in G (except n = 4-9 for the WT). The grey box in E-G highlights the disease phase between days 30
and 50 post immunization.

doi:10.1371/journal.pone.0141974.g002

which could give feedback regulation or still interact with other proteins than those regulating
ROS production by the NOX2 complex.

To knock out the NcfI gene, we generated a disruption cassette into the C57BL/6] BAC
clone and targeted JM8.N4 (C57BL/6N) ES cells by replacing exons 1-2 with the cassette in a
reverse orientation. When comparing the reported phenotypes of different NcfI mutants or
knockouts, the possible influence of linked SNPs in the surrounding genes cannot be excluded,
since the 129, C57BL/6 and CBA genetic backgrounds differ remarkably [24]. To minimize this
factor, we backcrossed the B6N NcfI knockout mice for three generations to B10.Q.Ncf1™
mice, which had been analyzed for the possession of only the causative N¢fI”” mutation using
a 10-k SNP typing chip, and thereafter used Ncf1™" and Ncf1 KO littermates in the
experiments.

Seven transcript variants of the wild type Nc¢fI gene have been reported
(ENSMUSG00000015950; Ensembl release 82; [25]), of which three are protein coding splice
variants. All of the protein coding variants, in addition to one transcript considered to be sub-
jected to non-sense-mediated decay, include exons 1 and 2. In order to generate the knockout,
we deleted exons 1 and 2 in the NcfI gene to prohibit expression of all of these splice variants
(S1 Fig), and to prohibit the expression of another transcript variant generated by intron reten-
tion and coded by exon 2. We cannot exclude the possibility that another of two alternatively
spliced Ncfl transcript variants, not believed to be expressed as protein, could still exist in the
knockout generated for this study. On the other hand, the NcfI”"” mutation, results in aberrant
splicing and three alternatively spliced N¢fl mRNA variants have been reported to be expressed
[3]. The difference in the repertoire of Ncfl RNAs expressed in N¢fI KO and Ncf1™" mice
could in theory explain the sex specific difference observed in the susceptibility of female mice
to CIA, even though the mice were equally defective in producing intra- or extracellular ROS.
Nevertheless, to our knowledge, non-sense mediated decay of RNA has not been reported to
influence the development of CIA.

The mouse Ncfl gene is located on chromosome 5 (reverse strand) and partially overlaps
the Gtf2ird2 (General transcription factor II-I repeat domain-containing protein 2) gene on the

. d21 d42 d~75 . d21 d42 d~75

o4 24 % * CINcf1™

© 3 % 3. P=0,066 C1KO/Ncf1™
£ .| P=0.104 —‘ WKO
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il |

£ L1016 i IR RN |

males females

Fig 3. Antibody (IgG) response to type Il collagen (Cll) in the serum during CIA. Number of days post immunization is indicated above (d~75 referring to
sera collected either 71 or 77 days after the immunization). The data (d21 and d~75) were pooled from two independent experiments. Day 42 (d42) data was
only available from one of those experiments. * P<0.05 when calculated by Student’s t-test. The results are presented as mean +/-SEM, n = 4-25.

doi:10.1371/journal.pone.0141974.9003
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forward strand. The Ncf1™" SNP resides within the Gtf2ird2 transcript variant, which is
thought to undergo non-sense mediated decay (ENSMUST00000123941; Ensembl release 82;
[25]). In Williams-Beuren syndrome, a rare neurodevelopmental disorder, GTF2IRD?2 is
deleted, yet these patients do not seem to have an increased risk for developing autoantibodies
[26]. Our previous reports describing enhanced susceptibility to autoimmunity in both mice
and rats deficient of Ncfl [4,21] as well as the genetic association of NCFI and NCF4 in RA in
humans [10,11] demonstrate that ROS deficiency predisposes autoimmunity. In this study,
CIA susceptibility was found to be similar in males and females with the NcfI™" SNP, and the
NcfI knockout females were the only ROS deficient mice protected from CIA. Thus, it is very
unlikely that alterations in the non-sense mediated decay of the Gtf2ird2 transcript could
explain the observed sex specific difference in the susceptibility to CIA.

It is well known that both age and sex regulate the severity of symptoms in CIA in mice as a
higher age and male sex lead to increased disease severity. [27,28]. We do not know the specific
reason for NcfI KO and Ncf1™" females being more dissimilar in CIA susceptibility than the
corresponding males in the present study. To our knowledge similar sex-specific differences
between NcfI deficient mice have not been reported. Often the sexes of the experimental ani-
mals are not even stated making it challenging to compare our results to published data. Thus
our study is unique in comparing directly the Ncf1”™" and Ncf1 KO littermates and both sexes
in a model of autoimmune disease.

Ovarian hormones regulate the protection in Ncf7 knockout females in
CIA

Female sex hormones have been found to suppress CIA in mice [29], and estradiol treatment
reduces both the severity and prevalence of CIA in DBA/1 mice [30]. The effect of estrogens is
mediated by the nuclear estrogen receptors in B10.Q x DBA/1 F1 mice [31]. In B10.Q.Ncf1™"
mice, in which CIA is a chronic relapsing disease, raloxifene (a selective estrogen receptor mod-
ulator) and estradiol treatments, as well as endogenous estrogens, decrease arthritis prevalence,
prevent joint destruction and even counter generalized osteoporosis [32].

To investigate whether the protected phenotype of the NcfI KO females in CIA was due to
ovarian hormones, we ovariectomized the females before they were subjected to CIA. Success-
ful removal of the ovaries was assessed by weighing the uteri at the end of the experiment (Fig
4E). Almost all of the ovariectomized females developed CIA 30-50 days after immunization
(Fig 4A), and the severity of CIA in females was similar to that of male littermates (Fig 4B-4C).
Furthermore, the antibody response against type II collagen in the serum reflected the severity
of inflammatory symptoms in the joints (Fig 4D). These results show that the protective effect
was mediated via the ovarian hormones, since removal of the ovaries broke the tolerance
against CIA in Nc¢fl KO females.

Conclusions

The observed difference in the CIA phenotype between the two NcfI-deficient genotypes high-
lights the important fact that genetic manipulation may influence complex phenotypes in a
way that differs from that observed in a natural mutant. Obviously there are even more com-
mon reasons for different outcomes related to differences in genetic backgrounds (such as
comparing mice with different genomic backgrounds instead of using true littermates) or dif-
ferences in environmental setting (such as keeping mice of different genotypes in different
cages while running experiments). Evidently, only sex- and age-matched littermates or fully
backcrossed animals, which are preferably housed mixed in cages and in a well-controlled envi-
ronment [33] should be used. Other factors like the gender of the animal technician could
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doi:10.1371/journal.pone.0141974.9004

influence the outcome of an experiment, and even enrichment in the cages influences the varia-
tion in mouse models of arthritis [34] and osteoarthritis [35].

However, even when all such precautions are taken into consideration, our data shows that
difference due to detailed genetic changes, introduced by technical manipulations, could influ-
ence a complex phenotype. Even though utilization of the transgenic technology has provided
a huge advantage to study genes in vivo, this technique is vulnerable to artifacts. As found in
the present study, even different loss-of-function modifications of the same genetic locus can
lead to contrasting phenotypes. Even more recently, introduced technologies like CrispR (clus-
tered regularly interspaced short palindromic repeats) could raise concerns, such as the intro-
duction of off-target mutations [36]. The NcfI"™" mouse, used in the present study, has
demonstrated that a single naturally occurring point mutation in the intron [3] may lead to
dramatic changes in the disease phenotype [4,5,37]. Such mutations may spontaneously occur
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in any strain at any time, which is another argument why littermate controls should always be
used in scientific experiments.
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