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ABSTRACT
Treatment of ocular disease is hindered by the presence of the blood-retinal barrier, which restricts access 
of systemic drugs to the eye. Intravitreal injections bypass this barrier, delivering high concentrations of 
drug to the targeted tissue. However, the recommended dosing interval for approved biologics is typically 
6–12 weeks, and frequent travel to the physician’s office poses a substantial burden for elderly patients 
with poor vision. Real-world data suggest that many patients are under-treated. Here, we investigate IgMs 
as a novel platform for treating ocular disease. We show that IgMs are well-suited to ocular administration 
due to moderate viscosity, long ocular exposure, and rapid systemic clearance. The complement- 
dependent cytotoxicity of IgMs can be readily removed with a P436G mutation, reducing safety liabilities. 
Furthermore, dodecavalent binding of IgM hexamers can potently activate pathways implicated in the 
treatment of progressive blindness, including the Tie2 receptor tyrosine kinase signaling pathway for the 
treatment of diabetic macular edema, or the death receptor 4 tumor necrosis family receptor pathway for 
the treatment of wet age-related macular degeneration. Collectively, these data demonstrate the promise 
of IgMs as therapeutic agonists for treating progressive blindness.
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Introduction

Retinal diseases, including age-related macular degeneration 
(AMD), geographic atrophy, and diabetic macular edema 
(DME), affect the vision of approximately 6 million 
Americans.1 Vitreally administered anti-vascular endothelial 
growth factor (VEGF) therapies have become the standard of 
care for both wet AMD (wAMD) and DME, allowing wide-
spread stabilization and even improvement in patients’ 
vision.2–4 Still, approximately 40% of patients treated under 
optimal conditions lose sight and could benefit from additional 
therapies. Furthermore, the high treatment burden posed by 
frequent administration leads to poor compliance, which can 
result in permanently reduced vision.5

Biologics intended to treat ocular diseases are typically 
injected into the vitreous humor. This site-specific injection 
provides a safety window (i.e., high concentrations at the site of 
action, and relatively little systemic drug), but the procedure is 
invasive and less frequent administrations are preferred.6 

Notably, the vitreous is largely devoid of receptors that drive 
systemic clearance (e.g., asialoglycoprotein receptors or man-
nose receptors).7 Instead, clearance from the vitreous seems to 
be driven primarily by diffusion into the aqueous humor and 
ultimately into the blood; molecules containing larger hydro-
dynamic radii exit more slowly.8,9 Thus, if they could be 

generated and safely administered, larger molecules present 
a theoretical advantage for long-acting delivery. In this context 
we investigated immunoglobulin Ms (IgMs) as a potential plat-
form for treating ocular disease.

IgMs are megadalton-sized protein complexes of 21 or 24 
protein subunits. By molecular weight they are 6–7x larger than 
an IgG and approximately 20x larger than an antigen-binding 
fragment (Fab). The ‘monomeric’ component of an IgM consists 
of two light chains (LCs), each containing two Ig-domains, and 
two heavy chains (HCs), containing five Ig-domains and a short 
C-terminal tail piece (CTP, Figure 1a).10 These four chains 
assemble to form a homodimer of HC-LC heterodimers. 
Subsequently, disulfide formation and folding of the 
C-terminal tail-piece into beta-strands drives formation of pen-
tamers containing five homodimers and a J-chain (JC) or hex-
amers with six homodimers. In humans, pentamers are the 
dominant species, accounting for ~95−98% of the IgMs isolated 
from serum.11 These four chains assemble to form a homodimer 
of HC-LC heterodimers. Subsequently, disulfide formation and 
folding of the C-terminal tail-piece into beta-strands drives 
formation of pentamers containing five homodimers and 
a J-chain (JC) or hexamers with six homodimers. In humans, 
pentamers are the dominant species, accounting for ~95−98% of 
the IgMs isolated from serum.,11–13 It is believed that avid 
binding of 10 or 12 variable fragments (Fvs) enables IgMs to 
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bind targets without substantial affinity maturation, and thus to 
serve as sentinel adaptive immune receptors.12,13

Despite the potential potency advantages resulting from 
high avidity, immunoglobulin Gs (IgGs) rather than IgMs 
have emerged as the preferred immunoglobulin therapeutic 
format. IgGs have increased systemic exposure due to binding 
to the neonatal Fc receptor (FcRn) and potentially reduced 
lectin-mediated clearance.14 They have interactions with 
a variety of Fc-gamma receptors (FcγRs), which can contribute 
to therapeutic efficacy,15 and the smaller size of IgGs results in 
reduced manufacturing and analytical complexity. Several 
monoclonal IgMs have entered clinical trials, with one mole-
cule advancing as far as Phase 3 trials in the United States and 
a short-lived approval in Europe.16–19 However, the combina-
tion of manufacturing difficulties, poor pharmacokinetics, and 
lack of efficacy has thus far contributed to an absence of 
marketed IgM therapeutics.

While IgGs remain the therapeutic standard, recent work 
shows that multivalent agonism enables activities not achiev-
able with simple bivalent engagement, for example in the 
activation of trimeric tumor necrosis factor (TNF) superfamily 
receptors or in mimicking cellular synapses for immuno- 
oncology applications.20,21 In the ocular space, death receptor 
4 (DR4), and Tie-2 have both been implicated in retinal disease 
and require multivalent engagement to signal.22,23 DR4 is 
a TNF superfamily member whose oligomerization drives 

caspase-8 activation and initiation of apoptosis.24 The minimal 
clustering unit of DR4 contains three subunits. Direct activa-
tion of DR4 on choroidal neovasculature may atrophy leaky 
vessels that are a key driver of neovascular AMD. Tie-2 is 
a receptor tyrosine kinase implicated in reducing vessel leaki-
ness. Clusters of angiopoetin-1 (Ang-1) bind to and oligomer-
ize Tie-2, driving tightening of cell-cell junctions and 
promoting cell survival.25 Overexpression of angiopoietin-2 
(Ang-2) antagonizes Ang-1 signaling and is thought to drive 
ocular edema in DME.26 Two recent trials found that Anti-Ang 
-2 therapeutics drove partial reductions in ocular edema,23,27 

but only one of the two trials demonstrated improvements in 
visual acuity. Direct agonism may more potently activate Tie-2 
signaling, driving improvement in vision in cases where Ang-1, 
is scarce or absent.28

In addition to opportunities for novel activities, IgMs may 
provide additional safety advantages suited to the unique 
environment of the eye. The vitreous has ~1% of the serum 
levels of both IgMs and IgGs,29 which compete with therapeu-
tics for binding to FcγRs or C1q. The risk of potent effector 
function driving toxicity can be addressed by removing the Fc 
(e.g., ranibizumab (Lucentis®)) or by mutating the FcγR and 
complement binding sites to reduce effector function and the 
FcRn binding sites to reduce exposure (e.g., faricimab (anti- 
Ang-2/VEGF)).30,31 These solutions aren’t without risk; the 
small size of the Fabs can drive more rapid clearance from 

Figure 1. Characterization of recombinant IgMs. Structural representations of IgM ‘monomers’, pentamers, and hexamers. Black lines joining HC represent disulfide 
bonds (a). 30 ml of Expi293 cells were transiently transfected with various ratios of hIgM HC:LC:JC incubated for 7 d and partially purified using CaptoL resin. Samples 
were analyzed for total protein by A280 using trastuzumab (Tras) as a positive control (b) and for homogeneity using SEC (c). Human IgM hexamers were purified via 
two-step purifications. Purified hexamer was reduced and deglycosylated prior to analysis by LC-MS/MS. Extracted ion chromatograms are shown for LC (top) and heavy 
chain (bottom) (d). Negative Staining TEM characterization of hIgM hexamer reveals the anticipated six-fold symmetry (e).
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the vitreous (t1/2 in humans of ~7 days vs. ~10 days for IgGs),32 

and mutations introduce foreign sequence into therapeutics. 
IgMs do not bind to FcγRs or FcRn, but they do potently 
activate complement, a feature that may need to be abrogated 
for safe intravitreal administration.

To assess the ocular applicability of IgMs, we demonstrate 
recombinant expression of murine, rabbit, and human IgMs, 
and facile conversion between pentameric and hexameric 
forms by inclusion/omission of the J-chain. IgMs are shown 
to have acceptable viscosities, extended vitreal exposure follow-
ing intravitreal injection, and rapid systemic clearance, features 
consistent with a high therapeutic index and reduced fre-
quency of injection. Homology-guided mutagenesis is shown 
to remove complement activity from IgMs, thus minimizing 
safety risks. Finally, IgMs are shown to activate two signaling 
pathways implicated in ocular disease that are not amenable to 
direct engagement with IgGs.

Results

Expression and characterization of IgMs

To investigate the feasibility of applying IgMs to ocular targets 
we first sought to optimize their expression and purification. 
Expi293 cells were transiently transfected with various amounts 
of DNA encoding human IgM LC and HC with or without JC, 
supernatants were harvested, and LC-containing species were 
isolated by single-step purification off of a Capto L column. 
Isolated material was quantified and analyzed by size-exclusion 
chromatography (SEC) to estimate the various species present in 
the samples. Hexamer optimization proceeded by transfecting 
cells with plasmids containing LC and HC at a 1:1 or 2:1 ratio of 
plasmid DNA. Each ratio resulted in similar total protein yields 
(2.5–3 mg from a 30 ml expression) (Figure 1b), but product 
quality appeared improved at a 1:1 ratio, with reduced amounts 
of LC-dimer present (Figure 1c). Expression of putative penta-
mers was conducted by including J-chain in the transfection. 
The optimal ratio of 4:4:1 LC:HC:JC, maximized both expres-
sion and product quality (Figure 1b-c). Notably, the high level of 
LC and HC DNA relative to JC in the optimized conditions 
approximates the 10:10:1 chain ratio in the final IgM pentamer.

Having optimized chain ratios for expression of putative pen-
tameric and hexameric IgMs, we scaled up expression and pur-
ification of human and murine hexameric and pentameric IgMs. 
Approximately 20 mg/L of purified hexameric or pentameric IgM 
was isolated via two-step purification from Chinese hamster ovary 
(CHO) cells. Though the transient yields are 3- to 4-fold lower 
than typical for IgGs expressed under this process, the relatively 
facile purification combined with the low material requirements 
for ocular drugs (typically 0.3–20 mg/eye) should enable manu-
facturing feasibility. Chain composition of the human IgMs was 
confirmed by SDS-PAGE and LC-MS of the reduced and degly-
cosylated species showing the presence of LC, HC, and JC if 
present (Figure 1d and Supplementary Figure 1–2). SEC showed 
monodisperse peaks for pentameric and hexameric murine IgM 
and for hexameric human IgM. Pentameric human IgM eluted 
from the SEC in two closely related peaks, both containing 
J-chains and with high apparent MW by SEC (Supplementary 
Figure 3). Assessment by light scattering found hydrodynamic 

radii (Rh) of approximately 12 nm with predicted molecular 
weights for the hexamers (~1050 kDa) slightly exceeding those 
for the pentamers (~950 kDa) (Supplementary Table 1). The ratio 
of radius of gyration to hydrodynamic radius (Rg/Rh) provides 
some insight into molecular shape, with spherical molecules aver-
aging ~0.775, and more elongated species trending higher. 
Monodisperse IgMs ranged from 0.85 to 0.91, consistent with 
the anticipated structures. To further assess the polymeric identity 
of the IgMs we utilized negative stain transmission electron micro-
scopy (TEM) and reference-free 2D classification to describe the 
architecture of IgM particles, which appear to match their antici-
pated geometries (Supplementary Figs 4 & 5). No obvious differ-
ence was observed between the two peaks corresponding to 
putative human pentamers. The human IgM hexamer peak was 
selected for further investigation. We manually collected 110 TEM 
micrographs, which resulted in a total of 1500 particles. Following 
three rounds of reference-free 2D classification using the Relion 
suite,34 we found that the majority of the particles organized into 
a hexameric structure (Figure 1e). A small number of particles 
(<2%) refined into pentamers (Supplementary Figure 6). While 
each Fab is clearly visible in the structure, the CH3 and CH4 
domains are visible only as an overlapping central circle. This is 
consistent with previous atomic force microscopy investigations 
into IgM pentamers35 in which the CH3 and CH4 domains form 
a stem-like domain that is orthogonal to the plane of the image, 
though modestly differentiated from the more planar structure 
revealed by high-resolution cryo-electron microscopy of the IgM 
pentamer (CH3-4 only) in complex with the secretory chain.36 It’s 
unclear whether these differences are artifacts of the lower resolu-
tion techniques or if removal of the Fabs and CH2 and/or interac-
tion with the secretory chain impact IgM structure. While pairs of 
Fabs attached to the same Fc appear coplanar in our image, there is 
some indication that Fabs on adjacent Fcs are offset for the 
hexamer. A partial offset may allow the hexamer to accommodate 
all chains in a sterically crowded environment. Human hexameric 
IgMs were selected as the preferred therapeutic scaffold due to the 
improved purity of production and the absence of JC, which both 
simplifies manufacturing and obviates the need to consider poly-
meric-Ig receptor-mediated binding in vivo.

Characterization of IgMs for ocular administration

Next, we investigated the suitability of IgMs for ocular applica-
tions using New Zealand White Rabbits as a model system. The 
rabbit eye is of sufficient size to enable relatively facile intravi-
treal administration, and pharmacokinetic parameters in rabbits 
have previously been correlated to the results in cynomolgus 
monkeys and humans.29,30 To minimize the risk of anti-drug 
antibodies interfering with the pharmacokinetic evaluation of 
IgMs, we generated a fully rabbit IgM hexamer (rabbit IgM Fc 
with rabbit Fvs targeting an intracellular epitope). Consistent 
with data for both human and murine IgM hexamers, elution off 
a Capto L column followed by SEC provided a single major peak 
of high molecular weight, which was confirmed to contain bands 
of ~75 and ~25 kDa by reducing SDS-PAGE (data not shown). 
Notably, intravitreal administration to humans poses a series of 
technical challenges. Needles are usually limited to 30 G, and 
injection volumes are limited to 50 or rarely 100 μL.37 To avoid 
frequent repeated injections, the amount and therefore the 
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concentration of protein injected is maximized. Under this set of 
conditions, protein viscosity is of considerable interest. We 
evaluated the viscosity of our IgM hexamer versus historical 
data surveying a range of IgG viscosities (Figure 2).38 

Viscometer readings for IgMs show the expected log-linear 
response. Under viscosities conducive to intravitreal adminis-
tration without patient pain or undue backpressure on the 
syringe (~10-50 cP), the median reported IgGs were limited to 
~120-150 mg/ml, while the IgM was limited to 100–130 mg/ml. 
Thus, IgMs can be administered with modest reductions in total 
protein versus IgGs.

While viscosity limits the amount of therapeutic that can 
be administered, the frequency of administration is influ-
enced by vitreal half-life. The primary means of biothera-
peutic escape from the vitreous is diffusion into the 
anterior segment followed by removal through aqueous 
humor outflow.33 The rate of anterior diffusion has been 
shown to be inversely proportional to the molecule’s 
hydrodynamic radius.8 Application of SEC-quasi-elastic 
light scattering (QELS) analysis to the rabbit IgM found 
a hydrodynamic radius of 12.9 ± 1.1 nm, considerably 
larger than the ~2.5–2.7 nm radius previously reported 
for this Fab.8 To assess the functional consequence of this 
increase in molecular size, a rabbit Fab and IgM were 
labeled with Alexa Fluor 488, and 0.5 mg or 1.2 mg, respec-
tively, were intravitreally administered to New Zealand 
White rabbits. In-life quantitative fluorescent measure-
ments taken over 28 days revealed the durability of each 
of the two therapeutics (Figure 3). In this experiment, the 
rabbit Fab showed a half-life of 3.5 days, comparable to 
previous reports of 3.2 days and typical Fab half-lives of 
~3.4 days in rabbit vitreous.39 The IgM showed substan-
tially extended vitreal exposure of 7.8 days, consistent with 
predictions for its larger size.39

Systemic exposure of IgMs was also of interest, as rapid 
systemic clearance helps restrict activity of ocular therapeutics 
to the eye. Interestingly, while previous investigations of IgMs 
isolated from serum or ascites fluid have reported half-lives of 
a few days,40,41 recombinantly produced IgM typically clears with 
half-lives of hours.18,42,43 To confirm these findings we compared 
the pharmacokinetics of non-binding recombinant human IgM 
pentamer and hexamer dosed at 5 mg/kg versus IgM isolated 
from human serum at both 1 and 5 mg/kg (Figure 4a). Following 
intravenous injection into SCID mice, recombinant IgM penta-
mers and hexamers were rapidly cleared (t1/2 of 0.25 and 
0.50 days, respectively), while isolated IgM showed prolonged 
and dose-proportional exposure (t1/2 = 2.1–2.9 d). We hypothe-
sized that rapid clearance may be due to differential glycan 
occupancy or composition of the IgMs. There are up to 
51 N-linked glycans per human pentamer and 60 per human 
hexamer. In support of this theory, glycan analysis showed 75% 
of glycans on IgMs purified from human serum contained at least 
one sialic acid versus 24% and 29% of recombinant hexamers and 
pentamers, respectively (Figure 4b) consistent with asialoglyco-
protein-mediated clearance.

Based on the hypothesis that removal of glycans might 
drive extended systemic exposure, additional glycan char-
acterization was undertaken. Consistent with previous 
reports,44 glyco-peptide analysis showed both serum and 
recombinant IgMs had full glycan occupancy at N171, 
N332, N395 and N402, while N563 was 92% occupied for 
serum IgM and 46% for the recombinant pentamer 
(Supplementary Table 2). Glycan composition was also 
similar to the previous report,44 with sialic acid present at 
N171, N332, but not N563. N395 and N402 were not separ-
able in our analysis, though at least one of the two glycans 
contained sialic acid the majority of the time. Various 
asparagine to glutamine mutations were made to assess 

Figure 2. Rheology measurements of IgMs. Viscosity of a non-targeting rabbit IgM was assessed by rotary rheology.
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the feasibility of removing sites of N-linked glycosylation. 
All sites except N402 could be individually removed with-
out substantial impact on transiently expressed product 
quality or yield (Supplementary Figure 7). Combinations 
of these mutations, however, substantially reduced product 
yield and/or quality potentially due to reduced solubility of 
the HC, and this approach was abandoned.

Protein engineering to minimize complement activity

IgMs have previously been reported to potently recruit C1q, 
and induce target cell-killing via complement-dependent cyto-
toxicity (CDC).45,46 While this represents an alternative poten-
tial mechanism of action for therapeutics inducing cell death 

(e.g., anti-DR4 IgMs), it can be undesired for therapeutics 
signaling through other pathways. In addition to this theore-
tical risk, mutations in multiple steps of the complement path-
way are associated with increased risk for AMD, further 
highlighting the risk of activating complement in the eye.47 

Thus, we sought to reduce the CDC activity of IgMs.
We chose to evaluate CDC using antibodies targeting 

CD20 on B-cells.48 Rituximab (anti-CD20) is known to have 
potent CDC activity as an IgG, providing a stringent test for 
complement attenuation. We generated targeted IgM hexam-
ers and IgG1s (rituximab) and evaluated their activity on Wil- 
2S cells expressing CD20 in the presence of 20% human 
complement. Following a two-hour incubation, cells were 
assessed using an Alamar Blue cell viability assay.49 Both 

Figure 3. Vitreal pharmacokinetic analysis of IgMs. A non-binding Fab and IgM were nonspecifically labeled with Alexa Fluor-488. Following administration of 0.5 or 
1.2 mg respectively, vitreal concentrations were assessed via in vivo fluorophotometric measurements as previously described.33 Data is shown as observed 
concentrations (symbols) and noncompartmental projections (lines) in vitreous humor following intravitreal injection of untargeted Fab or untargeted IgM in New 
Zealand White rabbits.

Figure 4. Systemic pharmacokinetic analysis of IgMs. Non-binding recombinant hIgM pentamers and hexamers along with IgM isolated from human serum injected 
intravenously into female SCID mice (a). At indicated time points, serum samples were taken and analyzed for the presence of human IgM. The dotted line is the 
minimum quantifiable of IgM (0.156 µg/ml). Glycans were removed from the IgMs using PNGase F, and global N-linked glycan profiles were assessed using LC-MS (b).
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IgG and IgM showed potent CDC (Figure 5a), with IgM 
showing ~6x greater potency on a molar basis. Prior work 
on IgGs identified P327 and P329 as important residues to 
facilitate complement binding and determined that the 
P329G mutation could inactivate complement activity while 
maintaining IgG expression and stability.50,51 Alignment of 
the human IgG1-Fc with the human IgM-Fc (Figure 5c) 
revealed that this mutation mapped to a site known to influ-
ence complement binding in mouse IgM.52 Thus, we gener-
ated the P436G mutant and evaluated its impact on CDC 
(Figure 5b). Consistent with our expectations, introduction 
of the P436G mutation removed all detectable complement 
activity, thus enabling the application of IgM hexamers in the 
ocular space.

IgMs cluster receptors to drive downstream signaling

Having characterized the suitability of IgMs to ocular admin-
istration, we next turned to probing their ability to activate 
relevant signaling pathways. Tie-2 is a receptor tyrosine 
kinase that is broadly expressed on endothelial cells, includ-
ing retinal vasculature, and is thought to regulate tight junc-
tion strength and vessel leakiness.53–55 Natural activation of 
Tie-2 is regulated by expression levels of Ang-1, a full agonist, 
and Ang-2, a competitive binder and partial agonist. Ang-1 
associates multivalently on the cell surface, and in the absence 
of competition from Ang-2, binds to and activates Tie-2. 
Overexpression of Ang-2 during DME is thought to prevent 
Ang-1 engagement and full Tie-2 activation.26 As a result, 
Tie-2 mediated stabilization of vessels and reduction in vas-
cular leakage does not occur. Two recent clinical trials inves-
tigated the impact of Ang2 inhibition when combined with 
standard of care VEGF-inhibition.23,27 The trials anticipated 
that endogenous Ang-1 levels would be sufficient to drive Tie- 
2 signaling once inhibitory Ang-2 was removed. Both trials 
showed inhibition of the Ang-2 pathway led to significant 
reductions in ocular edema above VEGF-inhibition alone, 
suggesting that Ang-2 inhibition led to a pharmacodynamic 
effect; however, only one of the trials showed significant 

improvements in vision. Direct activation via targeted Tie-2 
clustering could prove to be a more effective therapeutic 
strategy.28

Tie-2 targeted IgM hexamers were expressed and ana-
lyzed for their ability to drive phospho-AKT signaling 
downstream of Tie-2. Rat aortic endothelial cells were trea-
ted with increasing doses of either endothelial-targeted anti- 
Tie-2 human IgM hexamers or untargeted anti-CD20 
human IgM hexamers for 15 minutes, lysed, and intracellu-
lar phospho-AKT levels were evaluated using homogeneous 
time-resolved fluorescence (Figure 6). Increases in cellular 
phospho-AKT levels were seen only for the targeted IgM. No 
activity was seen for the corresponding IgG in the absence of 
cross-linking (data not shown). Interestingly, while the anti- 
Tie-2 IgM was active at picomolar concentrations, pAKT 
production was partially suppressed at high concentrations, 
perhaps due to receptor internalization or to super- 
saturation of IgM on the cell-surface reducing the extent of 
Tie-2 clustering and downstream signaling. Still, at 100 nM 
IgM (~100 µg/ml) approximately 30% of the maximum 
activity was attained. These data suggest that anti-Tie-2 
IgMs are likely to drive Tie-2 signaling over at least three 
orders of magnitude in protein concentration.

As an alternative example of ocular agonism, we examined 
IgM activation of DR4. DR4 is a TNF-superfamily member 
agonized by TNF-related ligand/Apo2 ligand (TRAIL/ 
Apo2L).24 Binding drives activation of the death-inducing sig-
naling complex and caspase-8, and induces apoptosis. DR4 is 
expressed on developing blood vessels, and activation of DR4 
on these cells is anticipated to reduce choroidal neovascular-
ization and the corresponding vascular leak in wAMD. Similar 
to other TNF-superfamily members, DR4 is a trimeric receptor 
and TRAIL is a trimeric ligand.56 Bivalent engagement with 
IgGs is typically insufficient to drive activation.57 To investigate 
the role of multivalent engagement in DR4 signaling, we gen-
erated anti-DR4 IgMs based on a previously published IgG 
(4H6)57 and compared them to a variety of other published 
DR4-, DR5-, or DR4/5-targeted therapeutics. Addition of these 
molecules to COLO 205 cells over 24 hours drove both 

Figure 5. Characterization and attenuation of hIgM CDC activity. Rituximab and the corresponding anti-CD20 hIgM hexamer were incubated with Wil-2S cells in the 
presence of 20% human serum for 2 h. Extent of cell death was evaluated by addition of Alamar blue (a). The P436G mutant shows attenuated CDC compared to the 
anti-CD20 IgM hexamer (b). Alignment of hIgG1 with hIgM highlighting the prolines critical for effective engagement with complement (c).
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activation of Caspase-8 and induction of cell-death (Figure 7). 
4H6 showed no activity as a IgG alone (closed blue circles), 
requiring cross-linking with an anti-human IgG1 secondary 
antibody to drive partial killing and caspase activation (open 
blue circles). By contrast, the same variable regions attached to 
an IgM-scaffold drove nearly complete killing with an 
EC50 ~ 100-fold lower than the crosslinked IgG (open blue 
squares). We also evaluated Apomab (an antibody known to 
agonize a related death receptor (DR5))58 and Apo2L-FLAG 
(the native DR4 and DR5 ligand), with and without cross- 
linking. Apo2L-FLAG is known to spontaneously trimerize,59 

whereas Apomab has previously been shown to partially acti-
vate DR5 signaling in the absence of cross-linking antibody. 
Both trimeric Apo2L-FLAG (closed red triangles), and 
Apomab (closed green squares) showed intrinsic death recep-
tor signaling that is enhanced by Fc- or FLAG-crosslinking 
(open red triangles and open green squares, respectively). 
Despite binding to only DR4, the IgM showed substantial 
increases in killing and caspase-8 activation versus uncros-
slinked ligands, and slight increases versus ligands cross- 
linked by IgGs. Collectively, these data speak to the ability of 
IgMs to potently activate TNF-receptors.

Discussion

To close the gap between optimal ocular therapy as conducted 
in clinical trials and real-world use, multiple approaches are 
being pursued to extend ocular therapeutic dosing intervals 
and reduce patient burden. The small size and low viscosity of 
brolocizumab, a recently approved anti-VEGF single-chain 
variable domain, enables concentration up to 120 mg/ml, and 
the resulting high molar dose of drug extends the approved 
dosing interval to 3 months.60,61 Kodiak Sciences has pursued 
an alternate approach where conjugation of a ~ 800 kDa 
biocompatible polymer to an anti-VEGF IgG results in 
a nearly megadalton conjugate with slow diffusion out of the 
eye resulting in a retinal half-life of 10.5 days in rabbits and 
durability of up to 6 months in a Phase 1 clinical trial 
(NCT03790852).62 Finally, surgical implantation of a port 
delivery system has allowed ranibizumab to be dosed with 
a median durability of up to 15 months.63 Additional depot 
approaches have been described, but are not yet validated in 
clinical trials.64 Each of the described approaches has limita-
tions. The three-month durability with brolocizumab is not 
markedly distinguished from existing therapies, and given the 

Figure 6. Phospho-(p)AKT signaling downstream of Tie-2 clustering. Serial dilutions of Tie-2 or CD20 targeted IgMs were incubated with rat-aortic endothelial cells for 
15 minutes prior to lysis and analysis of pAKT levels using the CisBio Ser473 pAKT kit.

Figure 7. Death receptor activation downstream of clustering. Serial dilutions of death receptor targeted therapeutics were added to COLO 205 cells in the presence or 
absence of cross-linker. Viability was determined by Cell-titer glo after 24 h (a). Caspase-8 activity was determined by Caspase-glo 8 4 h following addition of 
therapeutics (b). The legend is shared for both graphs.
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relatively short vitreal half-lives of small proteins, increasing 
the durability further would require a substantially higher 
concentration of the drug. Kodiak Sciences’ KSI-301 is 
a biopolymer antibody conjugate, which is approximately 
80% biopolymer by mass. To achieve reported dosing of 5 mg 
of antibody per eye, they inject ~25 mg of conjugate in 100 uL 
of solution (the limit of clinical acceptability). The decision to 
implement this high-volume dosing, typically performed as 
two separate 50 uL injections administered at least 15 minutes 
apart to allow re-equilibrium of the vitreal pressure, speaks to 
an inability to further concentrate the molecule.

In our hands, the tested IgM could be concentrated to 
>100 mg/ml, enabling a 5 mg protein within the target 50 uL 
injection. Human IgM viscosity has been assessed more 
broadly in the context of patients with Waldenstrom’s 
Macroglobulinemia, a lymphoma resulting in extremely high 
levels of monoclonal IgMs.65 While the variable domains do 
influence viscosity, most patients with circulating IgM levels 
between 40–85 mg/ml showed serum viscosities between 3–12 
cP, suggesting that many IgMs may have appropriate viscos-
ities for high-dose intravitreal injection. Finally, while the 
durability achieved with the port delivery system is unlikely 
to be matched without assistance of a device, it does require 
surgery performed at a specialty eye clinic, a procedure that is 
not desirable for all patients. IgMs, which are one megadalton 
in size, can be intravitreally injected. Comparing across studies, 
the vitreal exposure of IgMs is modestly reduced compared to 
the reported retinal exposure of KSI-301 (half-life in rabbits of 
7.9 vs. 10.5 days).63 Notably, these studies analyzed different 
tissues using different drug quantification methods, resulting 
in uncertainty in the comparability. In contrast to KSI-301, 
IgMs are simply fermented, without additional polymer gen-
eration or conjugation required. Furthermore, IgMs have 12 
Fabs per megadalton as opposed to two for KSI-301, potentially 
allowing for higher initial dose-equivalents.

Beyond durability, IgMs appear to demonstrate a suite of 
properties conducive to ocular therapy and distinct from other 
long-acting-delivery technologies. IgMs targeting DR4 and Tie-2 
agonized receptors not addressable by uncrosslinked IgGs. This 
extends the subset of druggable targets in a way not readily 
achievable with other approaches targeting ocular durability. 
From a manufacturing perspective, IgMs were recombinantly 
expressed and purified with acceptable yields. Selection of an 
IgM hexamer without a J-chain as the preferred ocular format 
both simplifies production and characterization of the final mate-
rial (one fewer chain) and removes polymeric-Ig-receptor (pIgR) 
binding and corresponding risk of transcytosis. In addition, they 
do not require extensive conjugation or assembly post- 
purification, providing advantages over other alternative complex 
formats. A key manufacturing risk associated with IgMs is the 
large number of glycosylation sites. This does not appear to drive 
rapid clearance from the vitreous, and thus the risk profile for 
ocular therapeutics is lower than it would be for systemic medi-
cines, but demonstrating consistent and homogeneous production 
could be a substantial challenge. IgMs also provide potential safety 
advantages for ocular applications. By agonizing targets in the 
absence of FcγR crosslinking, they eliminate FcγR effector func-
tion-associated safety risks. Given the tight genetic correlation 
between activation of complement and risk of retinal disease,48 

we further extended the safety profile by removing CDC via 
P436G mutation. While modification of effector function has 
previously been explored for murine IgMs,45,46 to the extent of 
our knowledge these findings have not previously been extended 
to the human Fc.

Consistent with predictions based on previously investi-
gated PEGylated Fabs,8 the large size of the IgM results in 
durable protein exposure. Notably, half-life extension is quan-
titatively aligned with previous predictions,39 indicating that 
these models accurately estimate both globular proteins and 
protein conjugates, along with the irregular mushroom shape 
of an IgM. Finally, extensive glycosylation of IgMs (up to 
60 N-linked glycans in a hexamer), which presumably drives 
rapid systemic clearance of recombinant material in vivo,18 

does not result in rapid ocular clearance. This combination of 
durable ocular exposure coupled to rapid systemic clearance 
results in a wide exposure differential that should enable appli-
cation of IgM application to targets with high potential sys-
temic toxicity. Collectively, we believe these data highlight the 
potential of IgMs as ocular agonists.

Materials and Methods

Antibody construct design and synthesis

All antibodies in this work are numbered using EU numbering 
systems for constant domains.66 Antibody constructs were 
generated by gene synthesis (GeneWiz) or through mutagen-
esis using the Q5 Site-Directed Mutagenesis Kit (New England 
Biolabs). DNAs encoding IgG-HC, IgM-HC, Fab-HC, LC, or 
JC were subcloned into the expression plasmid pRK5.67 IgM- 
HCs were constructed with the variant P436G as noted.

Antibody expression and purification

Plasmids encoding IgGs were transiently transfected into 
Expi293F cells (ThermoFisher) as recommended by the manufac-
turer and grown for 7 d prior to harvesting and purification. 
Harvested media was loaded onto 5 ml MabSelect SuRe column 
(GE Healthcare). The loaded column was washed with 10 column 
volumes (CV) of Tris buffer (25 mM Tris pH 7.0, 150 mM NaCl, 
5 mM EDTA, 2 mM EDTA), 5 CV of Triton X-114 buffer (25 mM 
Tris pH 7.0, 150 mM NaCl, 5 mM EDTA, 0.1% Triton X-114) 10 
CV of Tris buffer, 2 CV of KP buffer (0.4 M potassium phosphate 
pH 7.0, 5 mM EDTA, 0.02% PS20) and finally 10 CV of Tris buffer. 
Protein was eluted with 5 CV of elution buffer (50 mM sodium 
citrate pH 3.0, 150 mM NaCl) and immediately neutralized with 1 
M Tris pH 8.0. The neutralized elution was concentrated and 
purified over a HiLoad 16/600 Superdex 200 SEC column (GE 
Healthcare) with arginine buffer (200 mM arginine, 137 mM 
succinic acid) as the mobile phase. Eluted fractions were collected 
in 1 mL fractions increments and analyzed by SDS-PAGE. The 
final eluant pool was concentrated and formulated into 20 mM 
histidine acetate (HisOAc) pH 5.5, 240 mM sucrose, 0.02% PS20. 
Optimization of IgM expression and small-scale IgM expression 
for in vitro assays was conducted in 30 ml cultures of Expi293F 
cells transfected with a total of 30 µg of plasmid DNA. Cultures 
were grown for 7 d prior to harvesting and purification. Large- 
scale IgM expression for detailed biochemical and structural 
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characterization along with in vivo studies was conducted by 
transiently transfecting CHO-DKO cells and growing cells for 14 
d prior to harvesting purification. IgMs were purified via one-step 
purification (for expression optimization) or two-step purification 
(other studies). Harvested media was loaded onto CaptoL or 
Kappa Select columns (GE healthcare) and washed and eluted as 
recommended by the manufacturer. IgMs undergoing two-step 
purifications were passed over a HiLoad 16/600 Superdex 200 SEC 
column (GE Healthcare) with arginine buffer (200 mM arginine, 
137 mM succinic acid) as the mobile phase. Eluted fractions were 
collected in 1 mL fractions increments and analyzed SDS-PAGE. 
Pooled fractions were concentrated and analyzed by analytical 
SEC on an XBridge Protein BEH SEC 450 Å column (Waters). 
Human serum IgM (Sigma-Aldrich, cat# I8260) was purchased 
commercially and dialyzed into arginine buffer (200 mM arginine, 
137 mM succinic acid, pH 5.0).

RP-LCMS

Data were acquired as described previously9 using an Agilent 
1290 Infinity UPLC in tandem with an Agilent 6230 electro-
spray ionization time-of-flight mass spectrometer, operating in 
positive ion mode. Protein was loaded onto a reverse-phase 
(RP) PLRP-S column (Agilent) with dimension of 4.6 × 50 mm. 
Mobile phase A consisted of 0.05% trifluoroacetic acid (TFA) 
while mobile phase B consisted of 0.05% TFA and 80% acet-
onitrile, and was used for the gradient between 20% and 90% 
solvent B.

Size-exclusion chromatography-multiangle light 
scattering-quasi-elastic light scattering

Hydrodynamic radii of IgMs were experimentally determined 
by SEC-multiangle light scattering (MALS)-quasi-elastic light 
scattering (QELS). An Agilent 1200 HPLC (Agilent 
Technologies, Inc., Santa Clara, CA) equipped with a binary 
pump, diode-array detector, Optilab T-rEX refractive index 
(RI) detector, and HELEOS-II MALS detector (Wyatt 
Technology Corp., Santa Barbara, CA) with a QELS module 
was fitted with an XBridge Protein BEH SEC 450 Å, 3.5 µm, 
7.8 × 300 mm column (Waters Corp., Milford, MA) main-
tained at 25 °C. Mobile phase of phosphate-buffered saline 
(PBS) pH 7.4 + 0.01% sodium azide was used to elute samples 
under isocratic conditions at 0.5 mL/min after injections of 
100 µg per sample. ASTRA software (Wyatt Technology Corp., 
Santa Barbara, CA) was used to process MALS and QELS data 
using differential refractive index as a concentration source.

Electron microscopy

Purified recombinant hexameric or pentameric IgMs were 
diluted to a final concentration of 0.08 mg/ml and deposited 
onto a 400-mesh copper grid (Electron Microscopy Sciences) 
previously glow discharged using a GloQube glow discharge 
system (Quorum Technologies). After incubating the samples 
for 30 seconds the grids were blotted with Whatman filter 
paper, and negatively stained by dipping 3 times into 30 µL 
distilled water and then twice into 30 µL of 0.22 μm filtered 
solution of 2% uranyl acetate. Grids were imaged using a JOEL 

1400 equipped with a 2Kx2K Ultrascan 1000 (Gatan). Particles 
were selected and extracted using the EMAN2 e2boxer.py 
algorithm.68 Reference-free 2D classes were generated and 
refined using Relion.34

Rheology

Viscosity measurements were made using the Anton Paar 
Physica MCR 501 rotary rheometer, with the CP20-0.5° cone 
and plate configuration. The CP20-0.5 geometry has a diameter 
of 20-mm and an angle of with 0.5°. The measurements were 
performed at 25°C using the temperature controller of the 
rheometer (Peltier plate with circulating fluid from water 
bath). Approximately 20 μL of each sample was loaded onto 
the bottom plate for measurement, after which the cone was 
lowered slowly to the desired gap width. The measured torque 
determined the shear stress, from which the viscosity was 
calculated, as previously described.69

Assessment of vitreal pharmacokinetics

IgMs or Fabs (Genentech, South San Francisco, CA, USA) in 
0.1 M sodium bicarbonate were labeled with of AF488 NHS 
ester (product number A-10235; Life Technologies) according 
to the manufacturer’s instructions to create an approximate 
1.34:1 labeling ratio for the Fab and an 8.03:1 labeling ratio for 
the IgM. The excess dye was removed from AF488- 
ranibizumab using S200 (GE Healthcare, London, UK) SEC. 
The eluted peak was pooled, concentrated, dialyzed into PBS, 
and sterile filtered. Endotoxin levels were assessed using the 
Pierce LAL chromogenic endotoxin quantitation kit (Life 
Technologies, Foster City, CA, USA). Endotoxin levels were 
less than 0.05 EU/mg.

Vitreal pharmacokinetic (PK) data were determined follow-
ing intravitreal injection of labeled IgMs or Fabs in New 
Zealand white rabbits. All animal studies were conducted in 
accordance with ethical standards of the Genentech institu-
tional animal care and use committee guidelines and in agree-
ment with the Association for Research in Vision and 
Ophthalmology’s Statement for the Use of Animals in 
Ophthalmic and Vision Research. Animal studies were con-
ducted at the laboratory animal resource facility at Genentech. 
In all rabbit studies described herein, test articles were admi-
nistered by a board-certified veterinary ophthalmologist. Test 
articles typically were formulated in sterile PBS (pH 7.4), typi-
cally at protein concentrations of 10 mg/mL (Fab) or 24 mg/ml 
(IgM) such that a 50 µL injection delivered 0.5 or 1.2 mg/eye 
dose. Assessment of labeled proteins within the vitreous by use 
of fluorophotometry was conducted as previously described.70 

PK parameters were determined by noncompartmental analy-
sis with nominal time and dose (Phoenix WinNonlin, Certara, 
Inc., Mountain View, CA).

Assessment of systemic pharmacokinetics

All animal work performed was reviewed and approved by 
Genentech’s Institutional Animal Care and Use Committee. 
Female SCID mice (6–8 weeks old) were obtained by Charles 
River Laboratories. Upon arrival, all mice were maintained in 

MABS e1818436-9



a pathogen-free animal facility under a standard 12 h light/12 h 
dark cycle at 21°C room temperature (RT) with access to food 
and water ad libitum. All mice received a single intravenous 
injection of IgM hexamer, pentamer, or mixture of serum 
purified hexamer and pentamer. Blood samples (150–200 μL) 
were collected via either retro-orbital sinus or cardiac puncture 
under isoflurane anesthesia at various times post injection. 
Samples were collected into serum separator tubes. The blood 
was allowed to clot at ambient temperature for at least 20 min. 
Clotted samples were maintained at RT until centrifuged, 
commencing within 1 h of the collection time. Each sample 
was centrifuged at a relative centrifugal force of 1500–2000 x g 
for 5 min at 2–8°C. The serum was separated from the blood 
sample within 20 min after centrifugation and transferred into 
labeled 2.0-mL polypropylene, conical-bottom microcentrifuge 
tubes. Only animals that appeared to be healthy and that were 
free of obvious abnormalities were used for the study.

IgM antibody levels were measured by sandwich ELISA. Wells 
of 384-microtiter plates were coated overnight at 4°C with 0.5 μg/ 
ml of goat anti-human IgM antibody (Jackson ImmunoResearch, 
Cat#109-005-129) in 25 μL of PBS, pH 7.4, followed by blocking 
with 50 μL of Blocker Casein in PBS (Thermo Fisher Scientific, 
cat#37528) for 1 h at RT. Samples (25 μl) diluted (a minimum of 
1:100) in sample buffer (PBS, pH 7.4, 0.5% bovine serum albumin 
(BSA), 0.35 M NaCl, 0.05% Tween20, 0.25% CHAPS, 5 mM 
EDTA) were then added to the blocked plates and incubated for 
1.5 h at RT. After incubation, 25 μL of horseradish peroxidase- 
conjugated donkey anti-human IgM (Jackson ImmunoResearch, 
Cat# 709–035-073) were added and incubated for 1 h at RT. The 
plates were then incubated with 25 μL of 3,3ʹ,5,5ʹ- 
tetramethylbenzidine (Kirkegaard & Perry Laboratories, cat#50- 
76-00) for 10 min, and the reaction was stopped with 25 μL 1 M 
phosphoric acid. Absorbance was measured at 450 nm with 
a reduction at 630 nm using a plate reader. Between steps, plates 
were washed six times with 100 μL of washing buffer (0.05% 
Tween-20 in PBS). As a reference for quantification, a standard 
curve was established using serially diluted stock material (200 ng/ 
ml-1.56 ng/ml) for each IgM molecule. The IgM ELISA tolerates 
1% mouse serum.

Global N-linked glycan composition (LC-MS analysis)

IgM samples (10 µg) were denatured with 8 M guanidine HCl at 
1:1 volume ratio and reduced with 100 mM dithiothreitol (DTT) 
for 10 min at 95°C. Samples were diluted with 100 mM Tris HCl, 
pH 7.5, to a final concentration of 2 M guanidine HCl, followed by 
overnight N-linked deglycosylation at 37°C with 2 μL of P0705S 
PNGase F (New England BioLabs). After deglycosylation, 150 ng 
of each sample were injected onto an Agilent 1260 Infinity LC 
system and eluted by an isocratic gradient of 2% to 32% solvent 
B (solvent A: 99.88% water containing 0.1% formic acid and 0.02% 
TFA; solvent B: 90% acetonitrile containing 9.88% water plus 0.1% 
formic acid and 0.02% TFA). The HPLC system was coupled via 
an Agilent G4240A Chip Cube MS system to a G6520B Q-TOF 
mass spectrometer. The samples were glycan enriched and sepa-
rated using porous-graphitized carbon columns built within 
a G4240-64025 mAb-Glyco chip in the Chip Cube MS system. 
Data acquisition: 1.9 kV spray voltage; 325°C gas temperature; 5 l/ 
min drying gas flow; 160 V fragmentor voltage; 65 V skimmer 

voltage; 750 V oct 1 RF Vpp voltage; 400 to 3000 m/z scan range; 
positive polarity; MS1 centroid data acquisition using extended 
dynamic range (2 GHz) instrument mode; 333.3 ms/spectrum and 
3243 transients/spectrum. Acquired mass spectral data were 
searched against a glycan library in the Agilent MassHunter 
Qualitative Analysis software utilizing a combination of accurate 
mass with a mass tolerance of 10 ppm and expected retention time 
for glycan identification. N-linked glycans were label-free quanti-
fied relative to all identified N-linked glycans within each sample 
based on the area under the curve (AUC) in the extracted com-
pound chromatogram of each glycan.

Glycopeptide analysis (LC-MS/MS analysis)

Ten μg of proteins were reduced with 20 mM DTT at 37°C 
for 30 min followed by alkylation with 40 mM iodoaceta-
mide at room temperature for 30 min. Proteins were 
digested with trypsin (1:25 enzyme:substrate ratio) in 
50 mM Tris, pH 7.5 overnight at 37°C. Digests were 
quenched with 0.1% TFA and subjected to C18 stage-tip 
clean up with a 50% acetonitrile +0.1% TFA elution step. 
After C18 clean up, peptides were lyophilized and recon-
stituted in 50 μl 0.1% TFA, where 1 μl was injected onto 
a NanoAcquity UPLC system (Waters Corp.) via an auto-
sampler. Injected samples were separated on a 45°C heated 
Waters Acquity M-Class BEH C18 column (75 µm × 
100 mm, 1.7 μm resin) at a flow rate of 1 µL/min. 
A gradient from 98% solvent A (water +0.1% formic acid) 
to 80% solvent B (acetonitrile +0.08% formic acid) was 
applied over 40 min. Samples were analyzed on-line via 
nanospray ionization into a hybrid LTQ-Orbitrap Elite 
mass spectrometer (Thermo Fisher Scientific). Data were 
collected in data-dependent mode with the parent ion 
being analyzed in the Fourier Transform Ion Cyclotron 
Resonance Mass Spectrometer and the top 15 most abun-
dant ions being selected for fragmentation and analysis in 
the LTQ. Data were searched using Byonic™ software 
(Protein Metrics Inc.) with the following parameters: 20 
ppm precursor mass tolerance with 0.5 Da fragment mass 
tolerance; fully specific digestion specificity with up to 1 
missed cleavage; static carbamidomethylation on cysteine; 
variable oxidation on methionine; and variable 
N-glycosylation on N-linked motifs. Searched data from 
Byonic™ was imported and analyzed in Byologic® software 
(Protein Metrics Inc.). Peptide identification was confirmed 
by MS/MS fragmentation. Glycosylated peptides were label- 
free quantified relative to its unmodified and modified 
forms by AUC integration of their extracted ion chromato-
grams in Byologic®.

Characterization of complement activity

Complement activity was assessed essentially as previously 
described.48 Briefly, 3-fold serial dilutions of IgMs were 
added to 50,000 WIL2S cells in the presence of a 1/5 human 
complement dilution (final volume of 100 µL) and the mixture 
was incubated for 2 h at 37°C. Alamar Blue (Aldrich) 50 µL was 
added to the plates, and they were incubated for an additional 
5 h at 37°C. The plates were cooled to RT for 10 min, and 
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fluorescence was read using a 96-well fluorometer with excita-
tion at 530 nm and emission at 590 nm.

Characterization of pAKT induction downstream of Tie-2 
agonism

Rat Aortic Endothelial Cells (RAECs) were purchased from VEC 
Technologies and cultured in growth medium (VEC 
Technologies, Inc., CAT# MCDB-131 10). RAECs were seeded 
at a density of 12,000 cells/well in 96-well cell culture plate and 
cultured in 100 µl EGM2 MV medium overnight at 37°C with 5% 
CO2. After overnight culture, cells were starved in EBM2 basal 
medium with 0.1% BSA for 3 h prior to incubation with the Tie-2 
agonists. For evaluation of the activity of Tie-2 agonists, the 
molecules were diluted to 100 nM in media followed by 3-fold 
serial dilution. These dilutions (50 µL) were added to each well 
after removal of serum starvation media, and the plates were 
incubated at 37°C, 5% CO2, for 15 min. The solution was removed 
and 50 µL of lysis buffer containing blocking buffer from pAKT 
Ser473 Kit (Cisbio) was added to cells. The plates were incubated at 
RT for 45 min with gentle shaking and kept in −80°C freezer until 
used. Cell lysate (15 µL) was thawed on ice then mixed with 5 µL of 
1:40 dilution of each Phospho-AKT d2 antibody and Phospho- 
AKT Cryptate antibody from pAKT Ser473 Kit in 384-well micro-
plate (Greiner Bio-One North America, Inc) and the plates were 
incubated at RT for 4 h or at 4°C overnight and read at 620 nm and 
665 nm on CLARIOstar (BMG LABTECH, software version:5.01 
R2). The data were calculated as the ratio of the acceptor and 
donor emission signals times 104 for each individual well.

Characterization of cell death and caspase-8 activity 
downstream of death receptor agonism

COLO 205 cell death assays were performed as previously 
reported.20 COLO 205 cells were maintained in RPMI medium 
supplemented with L-glutamine (L-glut) and 10% heat- 
inactivated fetal bovine serum (Rockland Immunochemicals 
Inc., Limerick, PA, USA) under 5% CO2 at 37°C. COLO 205 
cells were plated at 10,000 cells per well of a 96-well white- 
walled plate (Corning) in 50 µL of growth media and allowed to 
adhere overnight. Dilutions of antibodies were prepared in 
growth media, and 50 µL of each antibody sample was added 
to each well. For caspase-8 activity, cells were incubated with 
antibody for 4 h prior to the addition of Caspase-Glo 8 
(Promega). For cell viability, cells were incubated with anti-
body for 24 h prior to the addition of CellTiter-Glo (Promega). 
Experiments were done in triplicate and luminescence was 
read using Envision (PerkinElmer). Apo2L-FLAG was 
obtained from internal repository and crosslinked with anti- 
FLAG M2 antibody (Sigma, F3165). For extrinsic crosslinking 
of IgG, polyclonal goat anti-human Fc fragment specific F(ab’)2 
(Jackson Immunochemicals, 109–006-008) was used at 
a 1:1 molar ratio.
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