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Abstract

Neuromyelitis optica (NMO) is an inflammatory demyelinating disease of the central nervous
system in which anti-aquaporin-4 (AQP4) autoantibodies (AQP4-1gG) cause damage to astrocytes
by complement-dependent cytotoxicity (CDC). Various approaches have been attempted to
produce NMO lesions in rodents, some involving genetically modified mice with altered immune
cell function. Here, we found that mouse serum strongly inhibits complement from multiple
species, preventing AQP4-1gG-dependent CDC. Effects of mouse serum on complement
activation were tested in CDC assays in which AQP4-expressing cells were incubated with AQP4-
IgG and complement from different species. Biochemical assays and mass spectrometry were used
to characterize complement inhibitor(s) in mouse serum. Sera from different strains of mice
produced almost no AQP4-1gG-dependent CDC compared with human, rat and guinea pig sera.
Remarkably, addition of mouse serum prevented AQP4-1gG-dependent CDC caused by human,
rat or guinea pig serum, with 50% inhibition at <5% mouse serum. Hemolysis assays indicated
that the inhibitor(s) in mouse serum target the classical and not the alternative complement
pathway. We found that the complement inhibitor(s) in mouse serum were contained in a serum
fraction purified with protein-A resin; however, the inhibitor was not 1gG as determined using
serum from IgG-deficient mice. Mass spectrometry on the protein A-purified fraction produced
several inhibitor candidates. The low intrinsic complement activity of mouse serum and the
presence of complement inhibitor(s) limit the utility of mouse models to study disorders, such as
NMO, involving the classical complement pathway.

Keywords
NMO; Aquaporin-4; Complement-dependent cytotoxicity; AQP4-1gG; Mouse models

© 2014 Elsevier Ltd. All rights reserved.

"Corresponding author at: 1246 Health Sciences East Tower, University of California San Francisco, CA 94143-0521, USA. Tel.: +1
415 476 8530; fax: +1 415 665 3847. Alan.Verkman@ucsf.edu (A.S. Verkman).

URL: http://www.ucsf.edu/verkman (A.S. Verkman).

Authors’ contribution
JR performed the experiments. JR and ASV conceived the study and wrote the manuscript.


http://www.ucsf.edu/verkman

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ratelade and Verkman Page 2

1. Introduction

Neuromyelitis optica (NMO) is an autoimmune disease of the central nervous system (CNS)
associated with inflammatory demyelinating lesions in spinal cord, optic nerve and, to a
lesser extent, brain (de Seze et al., 2002; Jacob et al., 2013; Wingerchuk et al., 2007). The
major clinical manifestations of NMO include paralysis and visual impairment. Most NMO
patients have in their serum IgG1-type autoantibodies against astrocyte water channel
protein aquaporin-4 (AQP4), called AQP4-IgG (Lennon et al., 2005). It is believed that
NMO pathogenesis involves AQP4-1gG binding to AQP4, which initiates complement-
dependent cytotoxicity (CDC) and astrocyte damage, producing an inflammatory reaction
with granulocyte and macrophage infiltration, and disruption of the blood-brain barrier
(Fujihara, 2011; Jarius and Wildemann, 2010; Papadopoulos, 2012). Secondary damage to
oligodendrocytes and neurons cause demyelination and neurological deficit. Antibody-
dependent cell-mediated cytotoxicity (ADCC) may also contribute to astrocyte damage in
NMO (Bennett et al., 2009; Ratelade et al., 2013; Vincent et al., 2008), and AQP4-sensitized
T-cells may be involved in blood-brain barrier disruption (Pohl et al., 2011).

Development of animal models of NMO is a high priority in the NMO field, both for
elucidation of pathogenesis mechanisms and for testing of potential therapeutics. Rodent
models have supported the pathogenicity of AQP4-1gG in NMO. Peripheral administration
of AQP4-1gG worsened inflammatory CNS lesions in rats with pre-existing experimental
autoimmune encephalomyelitis (EAE) (Bennett et al., 2009; Bradl et al., 2009; Kinoshita et
al., 2009) or in rats pre-treated with complete Freund’s adjuvant (Kimura et al., 2010).
However, the background hyper-inflammatory state in these rat models, and/or the presence
of myelin protein-reactive T-cells, confounds the interpretation of lesion pathology in terms
of NMO mechanisms. In mice, direct intracerebral injection of AQP4-1gG and human
complement produced the major pathological features found in human NMO, including loss
of AQP4 and GFAP, inflammatory cell infiltration, loss of myelin, and perivascular
deposition of activated complement (Saadoun et al., 2010). Development of NMO pathology
required AQP4-1gG, complement and AQP4. Models based on direct intracerebral injection
have been useful in elucidating the role of specific leukocyte types in NMO (Saadoun et al.,
2012; Zhang and Verkman, 2013) and in testing of antibody blocking (Tradtrantip et al.,
2013; Tradtrantip et al., 2012) and cell-targeted (Saadoun et al., 2012; Zhang and Verkman,
2013) therapeutics. However, mouse models require direct injection of human complement
together with AQP4-1gG into brain, and hence do not closely recapitulate human NMO.
Recently, mouse models of NMO optic neuritis (Asavapanumas et al., 2014a) and transverse
myelitis (Zhang and VVerkman, 2014) were developed, though, again, pathology required co-
administration of AQP4-1gG and human complement directly into the CNS.

Improved animal models of NMO are thus needed. Attempts to immunize rodents with
AQP4 peptides have so far been unsuccessful. As found in EAE models, mouse models
involving B/T cell activation against myelin oligodendrocyte glycoprotein developed optic
neuritis and spinal cord pathology reminiscent of NMO (Bettelli et al., 2006;
Krishnamoorthy et al., 2006). There is active work in the development of transgenic mouse
models of NMO involving AQP4-sensitized lymphocytes and expression of monoclonal
NMO antibodies. So far, attempts to develop mouse models of NMO based on peripheral
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AQP4-1gG administration have not been successful, despite efficient access of serum AQP4-
IgG to brain tissue in circumventricular organs (Ratelade et al., 2011). Also, we have been
unable to produce NMO pathology in mice following intravenous administration of AQP4-
1gG together with large amounts of human complement, both under baseline condition and
using various approaches to permeabilize the blood-brain barrier (unpublished data).

We speculated that the weak activity of mouse complement, as reported previously
(Bergman et al., 2000), might be responsible for the failures in attempted mouse models of
NMO; however, the weak activity of mouse complement did not explain the failure of
intravenous administration of AQP4-1gG and human complement. In investigating the
intravenous model, we discovered that mouse serum is a strong inhibitor of AQP4-1gG-
dependent CDC produced by complement from multiple species, including human. We
found here that mouse serum contains inhibitor(s) of the classical complement pathway, and,
unfortunately, even after their removal by affinity chromatography, the activity of the
classical complement pathway is mouse serum remains very weak. We conclude that mice
have limited utility as models of NMO.

2. Materials and methods

2.1. Reagents and antibodies

Complement/sera from mouse (CD1 and C57BL/6 strains), rat (Wistar strain), guinea pig
and human were purchased from Innovative Research (Novi, MI). BUB/Bnj and Rag1 null
mice (IgG-deficient) were purchased from the Jackson Laboratory (Bar Harbor, ME) and
used for serum collections. For preparation of fresh mouse serum for CDC assays, blood
was collected by cardiac puncture, clotted at room temperature for 30 min, and then
centrifuged at 3000 g for 10 min. Serum was used directly in CDC assays or frozen at =80
°C. Mouse serum albumin and transferrin were purchased from Sigma—Aldrich (St Louis,
MO), and mouse serum fibrinogen and fibronectin from Innovative Research. Serum from
factor I-deficient mice was kindly provided by Dr Matthew Pickering (Imperial College,
London, UK). Recombinant monoclonal human antibody rAb-53 (called AQP4-1gG), which
recognizes extracellular epitope(s) on AQP4, was generated and characterized as described
(Bennett et al., 2009; Crane et al., 2011). A chimeric AQP4-1gG (AQP4-1gGc), provided by
Dr. Jeff Bennett (Univ. Colorado Denver), was generated by cloning the sequence of the
variable region of heavy and light chains of rAb-53 upstream of the constant region of
mouse 1gG2a. For some experiments mouse serum was heat-treated for 30 min at 60 °C.

2.2. Cell culture and complement-dependent cytotoxicity assay

Chinese hamster ovary (CHO) cells stably expressing human AQP4-M23 (named CHO-
AQP4 cells) were generated as described (Crane et al., 2011) and cultured at 37 °C in 5%
CO5 95% air in F-12 Ham’s Nutrient Mixture medium supplemented with 10% fetal bovine
serum, 200 pg/mL geneticin (selection marker), 100 U/mL penicillin and 100 ug/mL
streptomycin. For assay of CDC, CHO-AQP4 cells were grown in 96-well plates until
confluence and incubated with specified concentrations of AQP4-1gG and complement for 1
h at 23 °C, as described (Ratelade et al., 2013). Cells were then washed extensively and
viability was measured by addition of 20% AlamarBlue (Invitrogen, Carlsbad, CA) for 1 h
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at 37 °C. Fluorescence was measured with a plate reader at excitation/emission wavelengths
of 560/590 nm. Percentage cell viability was computed as: [(sample — 100% lysis)/(no lysis
- 100% lysis)] x 100 where ‘100% lysis’ is fluorescence of cells incubated in 1% Triton
X-100 and ‘no lysis’ is fluorescence of cells incubated with complement but no AQP4-1gG.
In some experiments cell viability was measured by addition of 1 uM calcein-AM and 2 uM
ethidiumhomodimer (Invitrogen) in PBS to stain live cells green and dead cells red.

2.3. Hemolysis assays

Hemolysis assays using IgM-coated sheep red blood cells (for assay of classical complement
pathway) and uncoated rabbit red blood cells (for assay of alternative pathway) were
performed according to manufacturers’ instructions (Complement Technology Inc., Tyler,
TX). Briefly, 2.5 x 107 sheep red blood cells were incubated with specified concentrations
of complement for 1 h at 37 °C in a total volume of 0.25 mL. 2.5 x 107 rabbit red blood cells
were incubated with complement in Ca2*/Mg?* free buffer containing 5 MM MgEGTA
(total volume 0.25 mL) for 30 min at 37 °C. Cells were then centrifuged and absorbance of
the supernatant was measured at 541 nm using a plate reader.

2.4. Protein A-fraction purification

Serum was diluted twice in 0.15 M NaCl, 20 mM NayHPOQy, pH 7.4 (binding buffer) and
incubated for 1 h at 4 °C with protein-A resin (Genscript, Piscataway, NY) (1:1, volume
serum:settled resin). Protein A-resin was centrifuged and washed five times in binding
buffer. Proteins (called prot-AF for protein-A fraction) were then eluted by incubating
protein-A resin in 0.1 M glycine, pH 2.5 for 30 min at 23 °C. The eluate was then
neutralized to pH 7.4 with 1 M Tris—HCI, pH 8.5 buffer. Prot-AF was concentrated using
Amicon Ultra Centrifugal Filter Units (Millipore, Billerica, MA). In some experiments, the
protein-A resin was eluted with binding buffer containing increasing NaCl concentrations
(0.3-1 M NaCl, 10 min elution per buffer) before acidic elution. For depletion of prot-AF
from mouse serum, serum was diluted twice in binding buffer and incubated for 1 h at 4 °C
with protein-A resin. The protein-A resin was centrifuged, the supernatant was isolated, and
the incubation with protein-A resin was repeated twice. Prot-AF-depleted serum was then
concentrated twice.

2.5. Electrophoresis and immunoblot

Serum or prot-AF fractions (volume of 5 uL) were mixed in 1x NuPAGE sample reducing
agent (Invitrogen) and 1x NUPAGE LDS sample buffer (Invitrogen) and loaded on
NOVEX-NUPAGE 4-12% BT gels (Life technologies, Carlsbad, CA). Protein gels were
then silver stained using the SilverQuest staining kit (Invitrogen). For immunoblot, proteins
were blotted at 160 mA for 1.5 h onto polyvinylidene difluoride membranes (Millipore)
using transfer buffer (Invitrogen). Membranes were blocked with 3% BSA and incubated
with HRP-conjugated goat anti-mouse 1gG antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) at 4 °C overnight. Membranes were then rinsed and labeled proteins were
detected using the ECL Plus enzymatic chemiluminescence kit (GE Healthcare).
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2.6. AQP4-IgG binding to AQP4

CHO-AQP4 cells were incubated with 10 pg/mL AQP4-1gG alone or supplemented with
10% mouse serum or 1 mg/mL mouse prot-AF for 1 h at 23 °C. Cells were then rinsed with
PBS, fixed in 4% PFA for 15 min and permeabilized with 0.1% Triton X-100. Cells were
blocked in 1% BSA and incubated for 30 min with 0.4 pg/mL polyclonal, C-terminal-
specific rabbit anti-AQP4 antibody (Santa Cruz Biotechnology), then rinsed with PBS. Cells
were then incubated for 30 min with 4 ug/mL goat anti-human IgG-conjugated Alexa Fluor
555 (to detect AQP4-1gG) and goat anti-rabbit IgG-conjugated Alexa Fluor 488 (to detect
AQP4). AQP4-IgG binding to AQP4 was quantified as described (Crane et al., 2011).

2.7. Protein identification using reversed-phase liquid chromatography/electrospray
tandem mass spectrometry (LC-MS/MS)

20 pl samples (0.1 pg/ul) were denatured with 8 M urea at pH 7.5 and reduced with 50 mM
dithiothreitol at 60 °C for 30 min, followed by alkylation with 50 mM iodoacetamide at
room temperature in the dark for 1 h. The sample was then incubated overnight with trypsin
(1:20 weight/weight) at 37 °C. The peptides formed from the digestion were analyzed by on-
line LC-MS/MS. The LC separation was performed using a NanoAcquity UPLC system
(Waters, Milford, MA) on an Easy-Spray PepMap® column (75 um x 15 cm, Thermo
Scientific, Waltham, MA) and the MS/MS analysis was performed using a LTQ Orbitrap
XL mass spectrometer (Thermo Scientific). The sequence included one survey scan in the
FT mode in the Orbitrap with mass resolution of 30,000 followed by six CID scans in the
LTQ, focusing on the six most intense peptide ion signals whose m/z values were not in the
dynamically updated exclusion list. The analytical peak lists were generated from the raw
data using in-house software, PAVA (Guan et al., 2011). The MS/MS data were searched
against the UniProt database using an in-house search engine Protein Prospector (http://
prospector.ucsf.edu/prospector/mshome.htm).

2.8. Statistics

3. Results

Data are presented as mean + S.E.M. Statistical comparisons were made using the non-
parametric Mann—-Whitney test when comparing two groups. Data presented here are
representative of three independent experiments.

3.1. Mouse serum has poor complement activity compared to human, rat and guinea pig

sera

We first tested the cytotoxicity of mouse serum (from CD1 strain) in an AQP4-1gG-
dependent CDC assay. In this assay CHO cells expressing AQP4-M23 (CHO-AQP4) were
incubated with AQP4-1gG and 5% complement-containing serum for 1 h at 23 °C. Cell
viability was then measured with AlamarBlue. Fig. 1A shows cytotoxicity of human, rat,
guinea pig and mouse serum as a function of AQP4-IgG concentration. Little cytotoxicity
was produced by mouse serum under conditions where marked cytotoxicity was produced
by human, rat and guinea pig sera. Because AQP4-1gG is a human antibody, we considered
the possibility that AQP4-1gG could not activate mouse complement as a consequence of
inability of mouse C1q to bind to human Fc. To address this issue a chimeric AQP4-1gG
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(AQP4-1gGc) was generated containing the variable region of the human AQP4-1gG and the
constant region of mouse 1gG2a (Fig. 1B). Cytotoxicity of mouse serum was also near-zero
for this chimeric antibody, but high for human, rat and guinea pig sera. Fig. 1C shows a live/
dead cell staining of CHO-AQP4 cells after incubation with 10 ug/mL AQP4-1gG and 5%
sera from different species. In agreement with the AlamarBlue data, mouse serum produced
little cytotoxicity compared to human, rat and guinea pig sera.

Earlier studies reported differences in complement activity between different strains of mice,
with the BUB/Bnj mice having 2-10-fold greater complement activity than other strains
(Ong and Mattes, 1989). Fig. 1D shows low or absent cytotoxicity of sera from CD1,
C57BL/6 and BUB/Bnj mice, with data for human serum as positive control. Therefore, the
poor AQP4-1gG-dependent CDC produced by mouse complement is not strain-specific.
Subsequent experiments were done with serum from CD1 mice.

The cytotoxicity of mouse serum was then tested in AQP4-1gG-independent assays of CDC.
The commonly used hemolysis assay was done with IgM-coated sheep erythrocytes as a
measure of activity of the classical complement pathway. Fig. 2A shows cell killing of sheep
erythrocytes as a function of serum concentration. Mouse serum had very low cytotoxicity
compared to human serum under these experimental conditions, which is consistent with the
results for AQP4-1gG-dependent CDC which involves the classical complement pathway
(Phuan et al., 2013). Fig. 2B shows lysis of uncoated rabbit erythrocytes in Ca2*/Mg?*-free
conditions (preventing C1 complex formation) as a measure of activity of the alternative
complement pathway. Mouse serum had moderate cytotoxic activity in this assay, albeit
reduced compared to human serum.

3.2. Mouse serum inhibits complement-mediated cytotoxicity of human, rat and guinea pig

sera

Because peripheral administration of AQP4-1gG and human complement in mice failed to
produce NMO pathology in circumventricular organs (Ratelade et al., 2011), we
investigated the effects of mouse serum on complement activation. Fig. 3A shows cell
viability of CHO-AQP4 cells after incubation with 10 pg/mL AQP4-1gG, 5% human, rat or
guinea pig serum, and increasing concentrations of mouse serum. Remarkably, mouse serum
inhibited CDC produced by human, rat and guinea pig complement, with near 100%
inhibition at 10% mouse serum. The inhibition of CDC by mouse serum was confirmed with
the live/dead cell staining assay in which cells were incubated with 10 ug/mL AQP4-1gG
and 5% human serum, with or without 10% mouse serum (Fig. 3B). The presence of mouse
serum completely prevented cytotoxicity produced by human serum. Heat-treatment of
mouse serum at 60 °C for 30 min reduced its inhibition activity by more than 10-fold (Fig.
3C), suggesting that the complement inhibitor(s) are proteins.

3.3. Complement inhibitor(s) in mouse serum are contained in a protein A-fraction

We next attempted to identify the complement inhibitor(s) present in mouse serum. The
most abundant proteins in mouse serum were first tested. Fig. 4A shows that purified mouse
albumin, fibrinogen or transferrin did not inhibit cytotoxicity in CHO-AQP4 cells incubated
with 10 pg/mL AQP4-1gG and 5% human serum. For comparison with mouse serum the
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protein concentrations plotted on the abscissa correspond to their concentrations in mouse
serum. A prior study reported that mouse fibronectin inhibits human complement
(Hitsumoto et al., 1999); however, as seen in Fig. 4A mouse fibronectin did not inhibit
cytotoxicity of human complement in the AQP4-1gG-dependent CDC assay. Other studies
reported that a mouse complement inhibitor, factor I, could inhibit human complement
(Mandle et al., 1977); however, this was not the case as the inhibition activity of serum from
factor I-deficient mice was the same as that of serum from wild-type mice (Fig. 4B).

To investigate the possibility that mouse IgG, the second most abundant serum protein, is
the complement inhibitor, mouse 1gG was purified using a protein-A resin. The fraction
containing 1gG and 1gG-bound proteins isolated from serum with protein-A is called the
‘protein-A fraction’ (prot-AF). Fig. 4C shows inhibition of human complement cytotoxicity
by mouse prot-AF but not by human prot-AF, with a 100% inhibition at 1 mg/mL prot-AF.

As IgG is by far the major constituent of prot-AF, we investigated the possibility that mouse
IgG was the complement inhibitor by testing serum from IgG-deficient mice on human
complement activity. The absence of 1gG in serum of IgG-deficient mice was confirmed by
immunoblot (Fig. 4D). Surprisingly, 1gG-deficient serum produced the same inhibition of
complement activity as serum from wild-type mice. Therefore, mouse 1gG is not responsible
for the complement inhibition effect of mouse prot-AF.

We isolated prot-AF from 1gG-deficient mouse serum and found that at 1 mg/mL it did not
inhibit human complement activity, compared with the 100% inhibition produced by prot-
AF from sera of wild-type mice (Fig. 4E). Fig. 4E (right) shows the protein content of prot-
AF from wild-type and IgG-deficient serum. Several proteins are present with IgG in prot-
AF from wild-type serum, whereas prot-AF from IgG-deficient serum contains little protein.
The complement inhibitor(s) in prot-AF are thus protein(s) that bind to mouse IgG rather
than to protein-A.

3.4. Identification of candidate complement inhibitors

To attempt to identify the complement inhibitor(s) in mouse serum, we performed serial
mild elutions of the protein-A column bound with mouse serum using increasing salt
concentrations to separate the inhibitor(s) from mouse IgG. Fig. 5A shows the complement
inhibition activity of the elution fractions. Nearly all of the inhibition activity was present in
the fraction eluted with the 0.3 M salt buffer, as seen by comparison with the last lane (‘acid
elution total”) obtained by direct acidic elution. No inhibition activity remained in the 0.5 M
fraction. Following the NaCl elutions, an acidic elution was performed to remove remaining
IgGs and remaining proteins from protein-A. No inhibition activity remained in this fraction.
Fig. 5B shows the protein content of the elution fractions. There was much less protein in
the 0.3 M fraction compared to prot-AF, and nearly all mouse 1gG was removed. Fig. 5C
shows that prot-AF-depleted mouse serum had greatly reduced complement inhibition
activity compared to normal serum.

We performed mass spectrometry on the 0.3 and 0.5 M fractions, reasoning that the
inhibitor(s) would be much more abundant in the active 0.3 M fraction than the inactive 0.5
M fraction. Table 1 list the proteins identified by mass spectrometry present in the 0.3 and
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absent in the 0.5 M fraction or greatly enriched in the 0.3 M fraction compared to 0.5 M
fraction. The most abundant proteins are serum albumin and transferrin, which were already
ruled out as the complement inhibitors (see Fig. 4A). A few proteins involved in the
classical complement pathway activation were identified, several of which are known to
interact with 1gGs, including components of the C1 complex (C1lg, C1r, C1s). Some proteins
are involved in the lectin complement pathway (Mbl1, Mbl2, Maspl, Masp2) or in the
alternative pathway activation (C3, factor B, properdin). Interestingly, several members of
the serpin superfamily (serpin-al, serpin-a3, serpin-c1) were identified. These proteins are
serine protease inhibitors and are candidate complement inhibitors. One member of this
family, serpin-g1, also called C1-inhibitor, inhibits the activity of serine proteases C1s and
C1r that are required for activation of classical complement pathway (Ricklin et al., 2010).

3.5. IgG-bound complement inhibitor(s) in mouse serum act on the classical pathway

To investigate the utility of mice for studies of diseases involving the alternative
complement pathway, as has been reported (Holers, 2008), we determined whether the 1gG-
bound complement inhibitor(s) present in prot-AF acted on both the classical and alternative
complement pathways. It was first verified that mouse serum did not interfere with AQP4-
IgG binding to AQP4, which could have explained the results found earlier. Fig. 6A shows
binding of AQP4-1gG (red fluorescence) to CHO-AQP4 cells in presence of mouse serum or
prot-AF. Total AQP4 was stained with a C-terminal antibody (green fluorescence), and
binding of AQP4-1gG to AQP4 was quantified as a red-to-green fluorescence ratio (as done
previously, Crane et al., 2011). AQP4-1gG binding to AQP4 was not affected by mouse
serum or prot-AF,

Hemolysis assays, as done in Fig. 2, were used to investigate the effect of prot-AF on the
classical and alternative pathways. Fig. 6B shows that prot-AF inhibited complement
activation by classical pathway (left, IgM-coated sheep erythrocytes), but not by the
alternative pathway (right, uncoated rabbit erythrocytes).

4. Discussion

Motivated by the desire to establish mouse models that closely recapitulate human NMO
disease in which CDC is a major pathogenic mechanism, we studied the cytotoxicity of
mouse complement in AQP4-1gG-dependent CDC assays. We found here that: (i) activity of
classical complement pathway in mouse serum ex vivo is very low compared to sera from
human, rat and guinea pig; (ii) mouse serum contains inhibitor(s) of complement activation
that bind to 1gG; and (iii) the inhibitor(s) act mainly on the classical complement pathway.
These results have important implications for generation of mouse models of NMO and
other diseases involving the classical complement pathway.

The low activity of mouse serum in producing cytotoxicity by the classical complement
pathway has been reported previously. Bergman and colleagues reported very low
cytotoxicity of mouse complement compared to human and rat complement in a CDC assay
involving monoclonal antibody targeting of a surface antigen on tumor cells (Bergman et al.,
2000). The classical pathway was the main cytotoxicity mechanism in their assay as addition
of EDTA or EGTA (that chelate Ca?* and Mg?* ions, inhibiting formation of the C1
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complex) abolished cytotoxicity. Another early study reported heterogeneity in complement
activity among different mouse strains, with the BUB/Bnj strain having the highest activity
of the classical complement pathway (Ong and Mattes, 1989). However, the activity of
BUB/Bnj complement was 10-fold lower compared to human complement. Here, the
cytotoxicity of BUB/Bnj complement was near-zero, as seen for complement of other mouse
strains in the AQP4-1gG-dependent CDC assay. The low cytotoxicity of mouse serum may
be the consequence of very low concentrations of complement proteins in mouse serum
compared to rat or human sera (Ong and Mattes, 1989). Mouse and rat sera have similar
concentrations of C1, but much lower concentrations of C2 and C4, and some other
complement proteins. Another study reported that mouse C4 lacks classical pathway C5
convertase subunit activity (Ebanks and Isenman, 1996). An additional issue is that the
mouse complement pathway is known to be relatively unstable (Lachmann, 2010).
Recognizing this concern, here we followed recommended precautions to preserve
complement activity (Lachmann, 2010), and in most studies fresh serum was used in CDC
assays. Finally, mouse complement has been reported to be sexually dimorphic, with sera
from male mice having higher complement activity than from females (Baba et al., 1984).
We found near zero activity of the classical complement pathway in sera from both male and
female mice.

Data in humans and experimental rodent models implicate a central role of the complement
pathway in the initiation of the NMO pathology. Perivascular deposition of 1gG and
complement is found in human NMO lesions (Lucchinetti et al., 2002). In mice,
intracerebral injection of AQP4-1gG and human complement produces NMO-like pathology
(Saadoun et al., 2010). Intracerebral injection in mice of human complement and a modified
AQP4-1gG deficient in C1q binding did not produce NMO pathology (Ratelade et al., 2013).
Also, co-administration with a C1g-targeted monoclonal antibody prevented the
development of NMO pathology in mice (Phuan et al., 2013). Intracerebral injection of
AQP4-1gG alone did not produce pathology, nor did peripheral administration of AQP4-1gG
even though binding to AQP4 in circumventricular organs was observed (Ratelade et al.,
2011). From these previous results and the data here, we conclude that mice are not suitable
for NMO models requiring an active endogenous classical complement pathway. We
reported recently that intracerebral injection of AQP4-1gG (without added complement) in
rats is sufficient to produce NMO pathology (Asavapanumas et al., 2014b), which is in
agreement with the finding that rat and human sera have similar high complement activity.

We found here modest activity of the alternative complement pathway in mice, supporting
the utility of mice to study diseases involving the alternative pathway. Several mouse
models of human diseases involving alternative pathway activation have been reported,
including models of rheumatoid arthritis, atypical hemolytic—uremic syndrome, type Il
membrano-proliferative glomerulonephritis, and macular degeneration (Holers, 2008).
Phenotypes of Clg-deficient mice (Botto et al., 1998), such as development of
glomerulonephritis, are due to other functions of C1q such as removal of apoptotic cells or
clearance of immune complexes rather than defective classical complement cytotoxicity
(Nayak et al., 2010). These observations underscore the poor utility of mice in studying
pathologies involving the classical complement pathway.
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The major finding here is that mouse serum protected AQP4-expressing cells from AQP4-
IgG-mediated CDC in presence of human, rat and guinea pig complement. Hemolysis assays
showed that the inhibitor(s) act on the classical complement pathway and not on the
alternative pathway, suggesting that the inhibitor(s) targets complement proteins of the early
classical cascade, including C1, C2 and/or C4. Complement inhibition by mouse serum was
reported in an early study and proposed to result from complement inhibitor factor |
(Mandle et al., 1977). However, using serum from factor I-deficient mice (Rose et al., 2008)
here we found comparable complement inhibition activity with serum from wild-type mice
in the AQP4-1gG-dependent CDC assay. In addition, we found that factor I-deficient serum
had the same low cytotoxicity as serum from wildtype mice (not shown). Another early
study reported inhibition of human complement by mouse fibronectin (Hitsumoto et al.,
1999); however, here we found that purified mouse fibronectin did not inhibit human
complement. Mass spectrometry allowed us to identify several potential candidates for the
mouse inhibitor, among which included members of the serpin (serine protease inhibitor)
superfamily such as C1-inhibitor and alpha-1-antitrypsin. The next steps in identification of
the specific protein(s) responsible for complement inhibition by mouse serum would be
challenging, requiring the isolation or expression of each mouse protein and generation of
knockout mice. Though we conclude that mice are not useful models of NMO where active
serum complement is required, our results raise the possibility of using mice whose sera are
depleted of complement(s) inhibitors and supplemented with human complement. However,
the technical challenges and concerns with such a model are difficult to justify as rats
already have an active complement system.

5. Conclusions

Though NMO pathology in mice can be produced by direct injection of AQP4-1gG and
human complement into the central nervous system, the low activity of the classical
complement pathway and the presence of complement inhibitor(s) in mouse serum preclude
the use of mice in genetic and other experimental models of NMO where serum complement
activity is needed.
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Fig. 1.
Poor cytotoxicity produced by mouse serum in an assay of AQP4-1gG-dependent CDC. (A)

AQP4-1gG-dependent CDC in presence of mouse (CD1 strain), human, guinea pig or rat
serum. CHO-AQP4 cells were incubated for 1 h at 23 °C with 5% serum and increasing
concentrations of human AQP4-1gG. Cell viability was measured with AlamarBlue (mean +
S.E., n=3). (B) Cell viability as in A but in presence of the chimeric AQP4-1gGc
(containing mouse constant region) (mean = S.E., n = 3). (C) Live (green)/dead (red) cell
staining of CHO-AQP4 cells incubated with 10 pg/mL AQP4-1gG and 5% mouse, human,
guinea pig or rat serum. (D) Cell viability in CHO-AQP4 cells incubated with 10 pg/mL
AQP4-1gG and 5% human serum or serum from CD1, BUB/Bnj (BUB) or C57BL/6 (C57)
mice (mean = S.E., n=3). *P < 0.01 compared to mouse sera. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the
article.)
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Low classical complement pathway activity of mouse serum. (A) Classical complement
pathway activity of mouse and human serum. IgM-coated sheep erythrocytes were incubated
for 1 h at 37 °C with increasing concentrations of mouse or human serum. Cells were then
centrifuged and cell killing was quantified by measuring absorbance of the supernatant at
541 nm (mean * S.E., n = 3). (B) Alternative complement pathway activity of mouse and
human serum. Uncoated rabbit erythrocytes were incubated for 30 min at 37 °C with
increasing concentrations of mouse or human serum. Cell killing was measured as in A

(mean £ S.E., n=3).
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Fig. 3.

In?ﬂbition of AQP4-1gG-dependent CDC by mouse serum. (A) Cell viability of CHO-AQP4
cells, measured as in Fig. 1A, after incubation for 1 h at 23 °C with 10 pg/mL AQP4-IgG,
5% human, rat or guinea pig serum, and increasing concentrations of mouse serum (mean *
S.E., n=23). (B) Live/dead cell staining of CHO-AQP4 cells incubated for 1 h at 23 °C with
10 pg/mL AQP4-1gG and 5% human serum (HS) and/or 10% mouse serum. (C) Cell
viability of CHO-AQP4 cells after incubation with 10 pg/mL AQP4-1gG, 5% human serum,
and increasing concentrations of mouse serum (with or without heat-treatment at 60 °C for
30 min) (mean + S.E., n=23).

Mol Immunol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ratelade and Verkman Page 17

A B 120-
100
100
~ 80+ —e- mouse serum <
X i %
o - fibrinogen > 804
g 60 —¥ transferrin %
g . —&— albumin .‘S“ 60-
; -@- fibronectin >
8 20 o 404
0 T T ) 20 T
1 10 100 1 10
Mouse serum (%) Serum (%)
equivalent protein conc
C 100+ D
g 757 =
2 2
T 50 3
o 3
> >
3 25 _:__y/.\f 3
O L human Q
0

o1 1 10
Prot-AF (mg/mL)

T Prot-AF WT 1gG~

100

o~ oo ] MW oq

Sl (kDa) "> a

2 60 62-

S -HC

g 404 49 *

— 38-

Q

o 20 -LC
ml W

ProtAF -+ + -
WT 1gG™

Fig. 4.

Cgmplement inhibitor(s) in mouse serum interact with mouse 1gG. (A) Cell viability of
CHO-AQP4 cells, measured as in Fig. 1A, after incubation for 1 h at 23 °C with 10 ug/mL
AQP4-1gG, 5% human serum, and increasing concentrations of mouse serum (%) or
indicated purified mouse serum proteins (expressed as serum-equivalent concentrations on
the x-axis) (mean £ S.E., n= 3). (B) Cell viability as in A as a function of serum
concentration of sera from wild-type (WT) or factor I-deficient (FI~~) mice (mean + S.E., n
= 3). (C) Mouse or human serum was incubated with a protein-A resin and the eluted
proteins called “protein-A fraction” (prot-AF). Cell viability as in A as a function of human
or mouse prot-AF concentration (mean + S.E., n = 3). (D) Inhibition of complement activity
as in A by serum from wild-type (WT) or 1gG-deficient (IgG™) mice. Inset, immunoblot for
mouse IgG on sera from WT and IgG™ mice (HC, heavy chain; LC, light chain). (E) Graph
shows viability of CHO-AQP4 cells incubated with 10 pg/mL AQP4-1gG, 5% human serum
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and/or 1 mg/mL prot-AF from WT or IgG~ serum (mean + S.E., n = 3). Gel on the right
shows protein content of prot-AF from WT and IgG™ sera.
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10
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Identification of candidate complement inhibitors in mouse serum. (A) Mouse serum was
incubated with a protein-A resin for 1 h at 4 °C. Protein-A resin was incubated with buffers
with increasing salt concentrations (from 0.3 to 1 M), and finally with an acidic buffer.
Graph shows viability of CHO-AQP4 cells incubated with 10 pg/mL AQP4-1gG, 5% human
serum (HS), and 10% mouse serum or an equivalent volume of indicated elution fractions
from the protein-A resin (mean £ S.E., n=3). ‘Acid elution total’ represents the protein
fraction eluted directly from protein-A resin with the acidic buffer. (B) Protein content of the
fractions generated in A. Five pL of each fraction was resolved by SDS-PAGE gel and silver
stained. (C) Cell viability as in A of cells incubated with normal mouse serum or serum

depleted of prot-AF (mean + S.E., n=3).
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Fig. 6.

Cgmplement inhibitor in mouse serum inhibits the classical pathway. (A) CHO-AQP4 cells
were incubated with 10 ug/mL AQP4-1gG alone or supplemented with 10% mouse serum or
1 mg/mL mouse prot-AF for 1 h at 23 °C. Cells were then washed and fixed. AQP4-1gG
binding was detected using a secondary anti-human antibody (red) and AQP4 was stained
with a C-terminus specific antibody (green). Graph on the right shows AQP4-IgG binding
quantified as red-to-green fluorescence ratio (mean + S.E., n = 5). (B) Percentage of intact
sheep (classical pathway) or rabbit (alternative pathway) erythrocytes incubated with 1%
(classical) or 10% (alternative) human serum and increasing amounts of mouse prot-AF
(mean = S.E., n = 3). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)
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