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neuromyelitis optica
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Verkmana,*

aDepartments of Medicine and Physiology, University of California, San Francisco, CA, USA bCSL 
Behring AG, Bern, Switzerland cCSL Limited, Victoria, Australia

Abstract

Intravenous human immunoglobulin G (IVIG) may have therapeutic benefit in neuromyelitis 

optica spectrum disorders (herein called NMO), in part because of the anti-inflammatory 

properties of the IgG Fc region. Here, we evaluated recombinant Fc hexamers consisting of the 

IgM μ-tailpiece fused with the Fc region of human IgG1. In vitro, the Fc hexamers prevented 

cytotoxicity in aquaporin-4 (AQP4) expressing cells and in rat spinal cord slice cultures exposed to 

NMO anti-AQP4 autoantibody (AQP4-IgG) and complement, with >500-fold greater potency than 

IVIG or monomeric Fc fragments. Fc hexamers at low concentration also prevented antibody-

dependent cellular cytotoxicity produced by AQP4-IgG and natural killer cells. Serum from rats 

administered a single intravenous dose of Fc hexamers at 50 mg/kg taken at 8 h did not produce 

complement-dependent cytotoxicity when added to AQP4-IgG-treated AQP4-expressing cell 

cultures. In an experimental rat model of NMO produced by intracerebral injection of AQP4-IgG, 

Fc hexamers at 50 mg/kg administered before and at 12 h after AQP4-IgG fully prevented 

astrocyte injury, complement activation, inflammation and demyelination. These results support 

the potential therapeutic utility of recombinant IgG1 Fc hexamers in AQP4-IgG seropositive 

NMO.

Keywords

AQP4; NMO; Fc multimer; Astrocyte; Complement; Immunoglobulin; Neuroinflammation

1. Introduction

There is a need for effective and safe therapy for neuromyelitis optica spectrum disorders 

(herein called NMO), an autoimmune demyelinating disease of the central nervous system 

characterized by astrocyte injury, inflammation and demyelination (Hengstman et al., 2007; 
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Misu et al., 2007; Papadopoulos and Verkman, 2012). Current therapeutics include 

immunosuppressants, plasma exchange and B cell depletion, and several drugs are under 

evaluation or in pre-clinical development targeting various NMO pathogenesis mechanisms 

such as complement, IL-6 receptors and NMO autoantibody interactions (Araki et al., 2014; 

Cree et al., 2005; Greenberg et al., 2012; Kageyama et al., 2013; Papadopoulos et al., 2014; 

Verkman et al., 2013). Most NMO patients are seropositive for IgG1 autoantibodies against 

aquaporin-4 (AQP4) (called AQP4-IgG or NMO-IgG), a water channel expressed on 

astrocytes in which AQP4-IgG binding to AQP4 causes primary injury to astrocytes by 

complement and cellular effector mechanisms, producing inflammation and oligodendrocyte 

injury (Asgari et al., 2013; Graber et al., 2008; Jarius et al., 2014; Jarius and Wildemann, 

2010; Lennon et al., 2005; Lucchinetti et al., 2002; Parratt and Prineas, 2010).

Intravenous human immunoglobulin G (IVIG) is believed to have possible therapeutic 

benefit in NMO. IVIG has been reported to have a variety of anti-inflammatory actions 

including complement inhibition (Piepers et al., 2010; Yuki et al., 2011), accelerated 

autoantibody clearance (Li et al., 2005), cytokine neutralization, blocking of antibody-

antigen and antibody-Fcγ receptor binding, and perhaps inhibition of leukocyte migration 

and modulation of immune cell function (Berger et al., 2013; Chaigne and Mouthon, 2017; 

Dalakas, 2004; Jacob, and Rajabally, 2009; Schwab and Nimmerjahn, 2013). IVIG has been 

used in various neuro-inflammatory demyelinating disorders including Guillain-Barré 

syndrome, chronic inflammatory demyelinating polyneuropathy, and myasthenia gravis 

(Gelfand, 2012; Lünemann et al., 2015; Nguyen et al., 2012; Winkelmann and Zettl, 2012), 

as well as immune disorders outside of the nervous system such as idiopathic 

thrombocytopenic purpura (ITP) and Kawasaki disease (Galeotti et al., 2010; Imbach et al., 

1981; Katz-Agranov et al., 2015). Several clinical studies, albeit largely anecdotal, support 

the efficacy of IVIG in NMO (Bakker and Metz, 2004; Elsone et al., 2014; Magraner et al., 

2013; Okada et al., 2007; Viswanathan et al., 2015; Wingerchuk, 2013); however, a recent 

controlled trial of IVIG in NMO transverse myelitis showed no benefit, though the study 

may have been underpowered (Absoud et al., 2017). We reported a modest, ~50% reduction 

in pathology in an experimental mouse model of NMO in which IVIG was administered at a 

dose that produced serum levels comparable to those in IVIG-treated humans (Ratelade et 

al., 2014). The reduction in NMO pathology by IVIG involved reduced complement- and 

cell-mediated AQP4-IgG astrocyte injury. Limited efficacy of IVIG was also reported 

recently in rats administered human NMO patient sera by an intrathecal route (Grünewald et 

al., 2016).

Motivated by the anti-inflammatory properties of the Fc region of human IgG in IVIG, 

various recombinant Fc-based therapeutics are under development, including Fc fusion and 

multimeric proteins, which have shown efficacy in experimental animal models of arthritis, 

ITP and inflammatory neuropathy (Anthony et al., 2008; Czajkowsky et al., 2015; Jain et al., 

2012; Lin et al., 2007; Niknami et al., 2013; Ortiz et al., 2016; Thiruppathi et al., 2014). In a 

recent advance, recombinant Fc hexamers were generated by fusion of the IgM μ-tailpiece to 

the Fc region of human IgG1 and shown to be effective in rat models of arthritis and ITP 

(Spirig et al., submitted). The Fc hexamers were reported to deplete early components of the 

classical complement system and to have high avidity for inhibition of Fcγ receptors and 

hence Fcγ receptor-mediated effector functions, thus providing rationale for their potential 
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therapeutic utility in NMO. Here, we demonstrate the efficacy of Fc hexamers in in vitro, ex 

vivo and in vivo rat models of NMO and studied their mechanism of action.

2. Materals and methods

2.1. Antibodies and sera

Purified recombinant Fc preparations were generated and provided by CSL Behring 

(Victoria, Australia), which included: Fc-μTP (hexameric human IgG1 Fc, in which the 18 

amino acid IgM μ-tailpiece was fused with 231 amino acids at the C-terminus of the 

constant region of human IgG1 Fc); Fc-μTP-L309C (Fc-μTP with stabilizing L309C 

mutation in the Fc region); and Fc monomer (monomeric recombinant IgG1Fc) (Fig. 1A). In 

addition, comparisons were made with clinical-grade IVIG (Privigen, CSL Behring, Bern 

Switzerland). Recombinant monoclonal NMO antibody rAb-53, which recognizes human 

and rodent AQP4, was generated as described (Bennett et al., 2009; Crane et al., 2011) and 

provided by Dr. Jeff Bennett (Univ. Colorado). NMO serum was obtained from a 

seropositive individual who met the revised diagnostic criteria for clinical disease, with non-

NMO human serum as control.

2.2. Rats

Experiments were done using weight-matched female Sprague Dawley rats (250–300 g, age 

9–12 weeks). Protocols were approved by the UCSF Institutional Animal Care and Use 

Committee (IACUC, protocol AN108511).

2.3. Cell culture

Chinese hamster ovary (CHO) cells stably expressing human AQP4-M23 (named CHO-

AQP4 cells), as described (Crane et al., 2011), were cultured at 37 °C in 5% CO2 95% air in 

F-12 Ham's Nutrient Mixture medium supplemented with 10% fetal bovine serum, 200 

μg/ml geneticin, 100 U/ml penicillin and 100 μg/ml streptomycin. Human natural killer cells 

(NK cells) transfected to express the high-affinity 176 V variant of the Fcγ receptor IIIA 

(Yusa et al., 2002) were obtained from Fox Chase Cancer Center (Philadelphia, PA).

2.4. CDC and ADCC assays

CHO-AQP4 cells were grown in 96-well plates until confluence with 25,000 cells per well. 

Cells were pre-incubated with 10 μg/ml AQP4-IgG (rAb-53) or NMO serum (1:50) for 1 hat 

23 °C. For assay of CDC, human or rat complement was pre-incubated for 1 h at 4 °C with 

specified concentrations of Fc preparations and then added to the AQP4-IgG-coated CHO-

AQP4 cells for an additional 1 h at 23 °C. For analysis of kinetics, human complement was 

pre-incubated with Fc-μTP-L309C for specified times prior to addition to the AQP4-IgG-

coated CHO-AQP4 cells. For assay of ADCC, CHO-AQP4 cells were incubated for 2 hat 

37 °C with 5 μg/ml AQP4-IgG, without or with Fc preparations, and NK cells at an 

effector:target cell ratio of 4:1. CHO-AQP4 cells were then washed extensively in PBS and 

cell viability was measured by addition of 20% Alamar Blue (Invitrogen, Carlsbad, CA) for 

45 min at 37 °C. Percentage cytotoxicity was determined as described (Phuan et al., 2013; 

Ratelade et al., 2014). Hemolysis assays using IgM-coated sheep red blood cells (for assay 

of classical complement pathway) and uncoated rabbit red blood cells (for assay of 
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alternative pathway) were done according to manufacturers’ instructions (Complement 

Technology Inc., Tyler, TX).

2.5. Ex vivo spinal cord slice model of NMO

Spinal cords were obtained from 7-day old rats and cut at 300-μm thickness using a 

vibratome, as described for mice (Zhang et al., 2011). Transverse slices were placed on 

transparent membrane inserts (Millipore, Millicell-CM 0.4 μm pores, 30 mm diameter) in 6-

well plates containing 1 ml culture medium, with a thin film of culture medium covering the 

slices. Slices were cultured in 5% CO2 at 37 °C for 7 days in 50% MEM, 25% HBSS, 25% 

horse serum, 1% penicillin–streptomycin, 0.65% glucose and 25 mM HEPES. The 7-day old 

slices were incubated for 24 h with AQP4-IgG (5 μg/ml) and human complement (5%) 

without or with Fc-μTP or Fc-μTP-L309C (50 μg/ml). The Fc preparations were pre-

incubated with human complement at room temperature for 1 h prior to addition to cells. 

Spinal cords were immunostained for AQP4, GFAP, MBP, Iba1 and C5b-9, and 

photographed and scored as described (Zhang et al., 2011): 0, intact slice with normal GFAP 

and AQP4 staining; 1, mild astrocyte swelling and/or reduced AQP4 staining; 2, at least one 

lesion with loss of GFAP and AQP4 staining; 3, multiple lesions affecting >30% of slice 

area; 4, lesions affecting >80% of slice area (Phuan et al., 2013; Ratelade et al., 2014; Zhang 

et al., 2011).

2.6. AQP4-IgG and C1q binding assays

CHO-AQP4 cells were grown on 96-well plates for 24 h. After blocking with 1% BSA in 

PBS, cells were incubated with AQP4-IgG or control IgG without or with 100 μg/ml Fc-

μTP-L309C at 23 °C for 1 h. Cells were then washed with PBS and incubated with Alexa 

Fluor 594-goat anti-human IgG secondary antibody, F (ab')2-fragment specific (1:500; 

Jackson ImmunoResearch, West Grove, PA) for 1 h. Cells were then rinsed three times with 

PBS and fluorescence quantified using a plate reader at excitation/emission wavelengths of 

591/614 nm. For human IgG and AQP4 immunostaining, cells were incubated for 1 h at 

23 °C with 10 μg/ml AQP4-IgG or control IgG in the absence or presence of 100 μg/ml Fc-

μTP-L309C. Cells were then fixed in 4% PFA for 15 min and permeabilized with 0.1% 

Triton X-100. After blocking with 1% BSA, cells were incubated for 1 h with 0.4 μg/ml 

polyclonal, AQP4 C-terminal-specific rabbit anti-AQP4 antibody (Santa Cruz 

Biotechnology, Dallas, TX). Cells were rinsed with PBS and incubated for 1 h with Alexa 

Fluor 594- the F (ab')2 fragment-specific antibody (1:400) and Alexa Fluor-488 goat anti-

rabbit IgG secondary antibody (1:400; Invitrogen). To assay C1q binding, CHO-AQP4 cells 

were pre-incubated with 20 μg/ml AQP4-IgG for 1 hat 23 °C and then washed with PBS. 

Recombinant human C1q (60 μg/ml) was pre-incubated for 1 h with Fc monomers or Fc-

μTP-L309C and then added to AQP4-IgG-coated cells for 1 h. Cells were washed, fixed and 

C1q was stained with a rabbit FITC-conjugated anti-C1q antibody (1:50; Abcam, 

Cambridge, MA).

2.7. Fc-μTP-L309C pharmacodynamics

Rats were administered Fc-μTP-L309C at 3.125, 6.25, 12.5, 25 or 50 mg/kg by tail vein 

injection and blood was collected at 2 h. The blood was left to clot at room temperature for 

30 min, centrifuged at 2000 × g for 10 min at 4 °C, and serum was collected and frozen at 

Tradtrantip et al. Page 4

Neuropharmacology. Author manuscript; available in PMC 2019 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20 ° C overnight. Serum was used in CDC assays, as described above, in which a 1:50 

dilution of serum was added to 1.25–10 μg/ml AQP4-IgG for 1 h at 23 °C. In some studies 

rat blood was collected at specified times after intravenous injection of 50 mg/kg Fc-μTP-

L309C and subjected to CDC assay.

2.8. Rat model of NMO

AQP4-IgG was delivered by intracerebral injection as described (Asavapanumas et al., 2014; 

Yao and Verkman, 2017). Briefly, rats were anesthetized using ketamine (100 mg/kg) and 

xylazine (10 mg/kg) and then mounted onto a stereotaxic frame. Following a midline scalp 

incision, a burr hole of 1 mm diameter was created 0.5 mm anterior and 3.5 mm lateral of 

bregma. A 40-μm diameter glass needle was inserted 5 mm deep to infuse 30 or 40 μg 

AQP4-IgG in a total volume of 3–6 μL over 10 min by pressure injection. Fc-μTP-L309C 

(50 mg/kg, IV) was administered at the time of and 12 h after intracerebral injection of 

AQP4-IgG. At day 5 rats were deeply anesthetized, followed by a transcardiac perfusion 

through the left ventricle with 200 ml of heparinized PBS and then 100 ml of 4% 

paraformaldehyde (PFA) in PBS. Brains were fixed in 4% PFA, left overnight at 4 °C in 

30% sucrose and embedded in OCT.

2.9. Immunofluorescence

Fixed brains were frozen, sectioned (10-μm thickness) and incubated in blocking solution 

(PBS, 1% bovine serum albumin, 0.2% Triton X-100) for 1 h prior to overnight incubation 

(4 °C) with primary antibodies: AQP4 (1:200, Santa Cruz Biotechnology, Santa Cruz, CA), 

GFAP (1:100, Millipore), myelin basic protein (MBP) (1:200, Santa Cruz Biotechnology), 

ionized calcium-binding adaptor molecule-1 (Iba1; 1:1000; Wako, Richmond, VA), C5b-9 

(1:50, Hycult Biotech, Uden, The Netherlands) or CD45 (1:10, BD Biosciences, San Jose, 

CA), followed by the appropriate fluorescent secondary antibody (1:200, Invitrogen, 

Carlsbad, CA). Sections were mounted with VECTASHIELD (Vector Laboratories, 

Burlingame, CA) for visualization on a Leica fluorescence microscope.

2.10. Statistical analysis

Data are presented as mean ± S.E.M. Statistical comparisons were made using the non-

parametric Mann-Whitney test when comparing two groups.

3. Results

3.1. Fc hexamers inhibit complement-dependent cytotoxicity in AQP4-expressing cell 
cultures

Four Fc preparations were tested, including: clinical-grade IVIG (pooled human IgG), Fc 

monomers, and Fc-μTP and Fc-μTP-L309C hexamers, the latter containing a stabilizing 

point mutation at leucine 309 in the Fc region to allow inter-Fc disulfide bonds (Sorensen et 

al., 1999) (Fig. 1A). Biochemical characterization and validation of the Fc hexamers is being 

reported separately (Spirig et al., submitted).

The Fc preparations were first tested for their efficacy in inhibiting CDC in a standard assay 

involving incubation of AQP4-expressing CHO cells with a recombinant anti-AQP4 NMO 
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autoantibody (AQP4-IgG) and human complement, with percentage cytotoxicity measured 

by Alamar blue assay. For these studies the Fc preparations were incubated with human 

complement (human serum) prior to addition to AQP4-IgG pre-incubated cells. Fc-μTP and 

Fc-μTP-L309C blocked cytotoxicity in a concentration-dependent manner with >500-fold 

greater potency than IVIG and >3000-fold greater potency than Fc monomers (Fig. 1B).

Measurement of inhibition kinetics showed rapid inhibition of CDC at a Fc-μTP-L309C 

concentration above its IC50, though much slower inhibition at lower Fc-μTP-L309C 

concentration (Fig. 1C), suggesting a cooperative binding mechanism involving multivalent 

interaction of Fc-μTP-L309C with C1q.

Fig. 1D shows inhibition of CDC by Fc-μTP and Fc-μTP-L309C when cytotoxicity was 

initiated by serum from a seropositive NMO patient rather than by recombinant AQP4-IgG. 

Apparent IC50 values were similar to those in Fig. 1B (left), supporting the conclusion that 

the Fc hexamers act on complement rather than AQP4-IgG or its binding to AQP4.

3.2. Fc hexamers prevent pathology in a spinal cord slice model of NMO

CDC inhibition studies were also done in an ex vivo spinal cord slice model of NMO in 

which 7-day cultured rat spinal cord slices show astrocyte injury (loss of AQP4 and GFAP), 

demyelination (reduced MPB staining), inflammation (increased Iba-1 staining) and 

deposition of the complement terminal membrane attack complex (C5b-9) following 24 h 

incubation with AQP4-IgG and human complement (Phuan et al., 2013; Zhang et al., 2011). 

Immunofluorescence of AQP4-IgG/complement-treated spinal cord slices showed the 

expected pathological changes, which were largely prevented by Fc-μTP or Fc-μTP-L309C 

(Fig. 2A). Fig. 2B summarizes pathology scores.

3.3. Fc hexamers inhibit antibody-dependent cellular cytotoxicity in AQP4-expressing cell 
cultures

The Fc preparations were also tested for their efficacy in inhibition of ADCC produced by 

incubation of AQP4-expressing CHO cells with AQP4-IgG and NK cells (Phuan et al., 2013; 

Ratelade et al., 2014; Tradtrantip et al., 2012). ADCC was inhibited in a concentration-

dependent manner by Fc-μTP and Fc-μTP-L309C with IC50 ~80 μg/ml and 50 μg/ml, 

respectively, with little inhibition seen for IVIG or Fc monomers in the concentration range 

tested (Fig. 3). In a prior study done using much higher concentrations of IVIG (Ratelade et 

al., 2014), the IC50 for inhibition of ADCC by IVIG was >5 mg/ml, more than 100-fold 

greater than that for Fc-μTP or Fc-μTP-L309C here.

3.4. Mechanism of action studies

Further studies focused on Fc-μTP-L309C because this was the hexamer that had greatest in 

vitro potency for inhibition of CDC and ADCC. NMO pathogenesis is initiated by AQP4-

IgG binding to membrane-bound AQP4, followed by binding of the initial complement 

protein C1q to the Fc region of bound AQP4-IgG. Fig. 4A shows that Fc-μTP-L309C at 100 

μg/ml did not inhibit AQP4-IgG binding to AQP4 on CHO cells, as assayed using a 

fluorescent secondary antibody that recognizes the F (ab’)2 fragment of the primary 

antibody. Fig. 4B shows that Fc-μTP-L309C prevented binding of purified C1q to AQP4-
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bound AQP4-IgG, as assayed by C1q immunofluorescence, which is consistent with one of 

the actions of Fc-μTP-L309C being avid binding to aqueous-phase C1q. In standard models 

of erythrocyte lysis produced by activation of the classical or alternative complement 

pathways, Fc-μTP-L309C strongly inhibited the classical but not the alternative complement 

pathways (Fig. 4C).

3.5. Fc-μTP-L309C prevents pathology in an experimental rat model of NMO

In vivo efficacy studies were done using an established experimental model of NMO in rats 

in which NMO pathology is created by intracerebral administration of AQP4-IgG 

(Asavapanumas et al., 2014; Yao and Verkman, 2017). The model was done in rats rather 

than mice because rats have human-like complement activity whereas mice have a largely 

inactive classical complement system (Ratelade and Verkman, 2014). In initial studies we 

found that Fc-μTP-L309C was effective in inhibiting CDC produced by AQP4-IgG and rat 

complement (Fig. 5A), with several-fold greater potency than found with human 

complement in Fig. 1B.

To establish a Fc-μTP-L309C dosing regimen that produces therapeutic blood levels for 

efficacy studies, rats were administered different amounts of Fc-μTP-L309C intravenously, 

and complement activity of serum taken at 2 h was assayed in vitro by measurement of CDC 

in AQP4-expressing CHO cells that were preincubated with the rat serum and AQP4-IgG 

(Fig. 5B). Cytotoxicity was prevented in sera taken at 2 h from rats administrated Fc-μTP-

L309C at a dose of 12.5 mg/kg or higher. Fig. 5C shows the time course of rat serum-

induced cytotoxicity following administration of a single intravenous dose of 50 mg/kg Fc-

μTP-L309C. Cytotoxicity was prevented for at least 8 h.

A short-term efficacy study was done in which Fc-μTP-L309C at 50 mg/kg was 

administered at the time of and 12 h after intracerebral injection of AQP4-IgG (Fig. 6A). 

Immunofluorescence of AQP4-IgG treated rats showed astrocyte injury (loss of astrocyte 

markers AQP4 and GFAP) in an area surrounding the administration site, as well as 

demyelination (reduced MBP immunofluorescence), inflammation (Iba-1 and CD45) and 

deposition of activated complement (C5b-9) (Fig. 6B). The increased GFAP expression 

surrounding the lesion represents reactive gliosis. Immunofluorescence of the non-injected 

contralateral hemisphere is shown for comparison. Remarkably reduced pathology was seen 

in the Fc-μTP-L309C-treated rats, in which AQP4, GFAP, MBP, C5b-9 and CD45 

immunofluorescence were similar to that in untreated rats and the contralateral hemisphere 

of Fc-μTP-L309C-treated rats. The small increase in Iba-1 staining is due to very minor 

injury caused by the needle insertion as seen before (Asavapanumas et al., 2014; Yao and 

Verkman, 2017). In a further study, a greater amount of AQP4-IgG was injected in order to 

produce massive NMO pathology in nearly the whole ipsilateral hemisphere (Fig. 6C). Fc-

μTP-L309C fully prevented the loss of AQP4, GFAP and MBP immunofluorescence.

4. Discussion

Several mechanisms may contribute to the potential therapeutic benefit of Fc hexamers in 

NMO (Fig. 7). Fc hexamers inhibit CDC and ADCC, the two major effector mechanisms 

involved in NMO pathogenesis following AQP4-IgG autoantibody binding to astrocyte 
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AQP4. The evidence for inhibition of CDC reported here included inhibition of AQP4-IgG-

mediated CDC in AQP4-expressing cells in culture, and prevention of AQP4-IgG mediated 

NMO pathology in spinal cord slices ex vivo and in an experimental rat model of NMO. The 

evidence for inhibition of ADCC came from in vitro measurements of AQP4-IgG-mediated 

cytotoxicity following incubation of AQP4-expressing cell cultures with AQP4-IgG and NK 

cells. Though not studied here, other potentially beneficial mechanisms of Fc hexamers in 

NMO include accelerated AQP4-IgG autoantibody clearance by blocking FcRn, reduced 

cytokine production, inhibition of leukocyte migration, expansion of regulatory T cells, 

upregulation of FcγRIIB inhibitory receptors, and protection against blood-brain barrier 

disruption (Dalakas, 2004; Ephrem et al., 2008; Esen et al., 2012; Li et al., 2005; Spirig et 

al., submitted; Weishaupt et al., 2002).

The hexameric association of Fc fragments in the preparation tested here is likely 

responsible for its strong association with C1q by a multimeric interaction mechanism, as 

C1q is a six-headed protein with a suitable size for multivalent binding to Fc hexamers. 

Recent data showed that Fc-μTP-L309C inhibits activation of the classical complement 

pathway by heat-aggregated immunoglobulins in vitro (Spirig et al., submitted). It remains 

unclear, however, why more downstream complement proteins are not activated, as occurs, 

for example, with cobra venom factor, in which C3 and downstream complement proteins 

are activated and depleted. Another unique action of Fc hexamers is their greatly increased 

binding avidity to Fcγ receptors compared to monomeric Fc (Czajkowsky et al., 2015; 

Spirig et al., submitted), resulting in inhibition of various effector functions including ADCC 

and phagocytosis. The extent of undesired side-effects of Fcγ receptor binding such as 

granulocyte activation is unclear, though activation of human granulocytes was not seen in 

vitro (Spirig et al., submitted).

Inhibition of the classical complement pathway by Fc hexamers, as well as inhibition of 

ADCC effector mechanisms, suggest potential therapeutic benefit in NMO. Complement 

inhibition is recognized as a potential therapy for seropositive NMO, with the C5 convertase 

inhibitor eculizumab under clinical evaluation (Pittock et al., 2013) and alternative biologics 

such as C1q-specific antibodies (Phuan et al., 2013) in early-phase development. Additional 

potential actions of Fc hexamers in NMO, such as accelerated depletion of AQP4-IgG 

autoantibodies and modulation of T cell function, may be beneficial as well. However, there 

are a number of caveats. The apparent short serum half-life of the Fc hexamers and as found 

here in NMO-relevant pharmacodynamics measurements would limit their use in NMO to 

therapy of acute disease exacerbations, though long-term administration by daily or twice-

daily subcutaneous injections may be possible. Another caveat is potential side-effects. 

Consideration is needed of the extent of undesired non-specific complement and granulocyte 

activation in humans administered Fc hexamers, as well as the consequences of chronic 

complement inhibition, as mice lacking C1q, for example, develop lupus-like autoimmunity 

(Botto, 1998; Adrichem et al., 2017). Further studies in non-human primates are required to 

investigate the influence of long-term administration of Fc hexamers on complement 

proteins and immune effector cells.

In summary, our data provide experimental evidence for Fc hexamers as a novel therapeutic 

approach in NMO that targets the major complement and cellular effector mechanisms in 
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NMO pathogenesis with greater efficacy and potency than IVIG. NMO treatment with Fc 

hexamers may be combined with therapeutics targeting different steps in NMO 

pathogenesis, such as immunosuppressants and B cell-depleting drugs. Notwithstanding the 

caveats mentioned above regarding the relative short serum half-life and potential side 

effects of Fc hexamers, their further evaluation in NMO seems warranted.
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Fig. 1. Fc hexamers inhibit complement-dependent cytotoxicity (CDC) in AQP4-expressing cell 
cultures.
A. Diagram of Fc preparations, including: human immunoglobulin G (IVIG), monomeric Fc 

fragments (Fc monomers), Fc-μTP (hexameric human IgG1 Fc with 18 amino acid IgM μ-

tailpiece fused to the C-terminus of the constant region); and Fc-μTP-L309C (Fc-μTP with 

stabilizing L309C mutation in the Fc region). B. CDC in AQP4-expressing CHO cells. 

AQP4-expressing CHO cells were incubated for 60 min with 10 μg/ml AQP4-IgG and 

washed extensively. Human complement was pre-incubated for 1 h with different 

concentrations of Fc-μTP-L309C or Fc-μTP (left), or IVIG or Fc monomers (right) and then 

1% was added to AQP4-IgG-coated CHO-cells (mean ± S.E.M., n = 4). For higher 

concentrations in the right panel (to the right of dashed vertical line), IVIG or Fc monomers 

where added to complement after instead of before dilution. C. Time course of inhibition of 

CDC in which AQP4-expressing CHO cells incubated for 60 min with 10 μg/ml AQP4-IgG 

were exposed for 60 min to human complement after incubation for different times with Fc-

μTP-L309C (mean ± S.E.M., n = 4). D. Study done as in B (left) except for replacement of 

recombinant AQP4-IgG by human serum (1:50 dilution) from a single seropositive NMO 

patient (mean ± S.E.M., n = 4).
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Fig. 2. Fc hexamers prevent NMO pathology in rat spinal cord slice cultures.
Spinal cord slice study in which 7-day old cultures of rat spinal cord slices were incubated 

with 5 μg/ml AQP4-IgG and 5% human complement for 24 h. Human complement was pre-

incubated with 50 μg/ml Fc-μTP or Fc-μTP-L309C for 1 h prior to addition to slices. A. 

AQP4, GFAP, MBP, Iba1, and C5b-9 immunofluorescence at 24 h after treatment. B. 

Pathology scores (S.E.M., n ¼ 8 slices from 2 rats, **p < 0.01).
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Fig. 3. Fc hexamers inhibit antibody-dependent cellular cytotoxicity (ADCC) in AQP4-
expressing cell cultures.
ADCC in AQP4-expressing CHO cells incubated for 2 h with 5 μg/ml AQP4-IgG, NK-cells, 

and different concentrations of Fc-μTP-L309C, Fc-μTP, IVIG or Fc monomers (mean ± 

S.E.M., n ¼ 4).
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Fig. 4. Fc-μTP-L309C mechanism of action studies.
A. (Left) AQP4-IgG binding to AQP4 on AQP4-expressing CHO cells incubated with 

AQP4-IgG or control IgG, with or without 100 μg/ml Fc-μTP-L309C, followed by Alexa 

Fluor 594-conjugated antihuman IgG, F (ab’)2-specific secondary antibody (mean ± S.E.M., 

n = 4, differences not significant). (Right) F (ab’)2 (red) and AQP4 (green) on AQP4-

expressing CHO cells incubated for 1 h with 10 μg/ml AQP4-IgG and 100 μg/ml Fc-μTP-

L309C. B. Binding of recombinant human C1q (green) to AQP4-IgG (red) bound on AQP4-

expressing CHO cells. Human C1q was pre-incubated for 1 h with Fc-μTP-L309C or Fc 

monomers before adding to the cells. C. Inhibition of the classical and alternative 

complement pathways by Fc-μTP-L309C. (Upper panel) Human complement (hc) 

concentration-dependence of hemolysis of IgM-coated sheep erythrocytes (assay of classical 

pathway) and uncoated rabbit erythrocytes (assay of alternative pathway). Fc-μTP-L309C 

concentration-dependence for inhibition of the classical (middle panel) and alternative 

(lower panel) complement pathways at 1% and 5% human complement (mean ± S.E.M., n = 

4). (For interpretation of the references to colour in this figure legend, the reader is referred 

to the Web version of this article.)
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Fig. 5. Fc-μTP-L309C pharmacodynamics in rats.
A. CDC in AQP4-expressing CHO cells incubated for 1 h with 1 μg/ml AQP4-IgG, and 2% 

rat serum that were preincubated with different concentrations of Fc-μTP-L309C (mean ± 

S.E.M., n = 4). B. CDC in AQP4-expressing CHO cells incubated with different 

concentrations of AQP4- IgG (1.25–10 μg/ml) and a 1:50 dilution rat serum obtained 2h 

after intravenous administration of indicated amounts of Fc-μTP-L309C (mean ± S.E.M., 2 

rats group). C. Same protocol as in B, except that serum obtained from rats at different times 

after administration of 50 mg/kg Fc-μTP-L309C (mean ± S.E.M., 2 rats per group).
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Fig. 6. Fc-μTP-L309C prevents pathology in an experimental rat model of NMO.
A. Rat model in which Fc-μTP-L309C (50 mg/kg, IV) (or untreated control) was 

administered at the time of and 12 h after intracerebral injection of 30 μg AQP4-IgG. B. 

Brain immunofluorescence of indicated markers of NMO pathology at day 5 showing 

AQP4-IgG-injected and control contralateral hemipheres from non-treated and Fc-μTP-

L309C-treated rats. Representative of experiments on 3 rats per group. C. Same study as in 

B except for injection of 40 μg AQP4-IgG, which produces massive pathology of nearly the 

whole ipsilateral hemisphere.
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Fig. 7. Diagram showing potential beneficial mechanisms of Fc hexamers in NMO.
In addition to inhibition of AQP4-IgG-dependent CDC and ADCC, as demonstrated here, Fc 

hexamers may also block FcRn and accelerate AQP4-IgG clearance and have other actions 

as listed in the box at the left.
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