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m Transfusion-related acute lung injury (TRALI) remains a leading cause of transfusion-
related deaths. In most cases, anti-leukocyte antibodies in the transfusion product trigger
* Murine TRALI antibody TRALI, but not all anti-leukocyte antibodies cause TRALL It has been shown that the

pathogenicity is not as-
sociated with Fab- or
Fc-binding affinities nor
with the composition of
Fc glycans.

* Murine TRALI antibody
exhibits increased Fc-
mediated complement
activation, which does
not significantly depend
on Fc glycosylation.

anti-major histocompatibility complex (MHC) class I antibody 34-1-2S (anti-H-2K?) causes
TRALI in BALB/c mice (MHC class I haplotype H-2K%), whereas SF1.1.10 (anti-H-2K%) does
not. In C57BL/6 mice (MHC class I haplotype H-2K”), TRALI only occurs when anti-MHC class
I antibody AF6-88.5.5.3 (anti-H-2KP) is administered together with a high dose of 34-1-2S.
It remains unknown which specific antibody characteristics are responsible for eliciting
TRALI. We therefore investigated several biological and structural features of 34-1-2S
compared with other anti-MHC class I antibodies, which on their own do not cause TRALI:
SF1.1.10 and AF6-88.5.5.3. No substantial differences were observed between the TRALI-
causing 34-1-2S and the TRALI-resistant SF1.1.10 regarding binding affinity to H-2K¢.
Regarding binding affinity to H-2K, only AF6-88.5.5.3 potently bound to H-2K”, whereas
34-1-2S exhibited weak but significant cross-reactivity. Furthermore, the binding affinity to
FcyRs as well as the Fc glycan composition seemed to be similar for all antibodies. Similar Fc
glycosylation profiles were also observed for human TRALI-causing donor anti-HLA
antibodies compared with human anti-HLA antibodies from control donors. 34-1-2S,
however, displayed superior complement activation capacity, which was fully Fc dependent
and not significantly dependent on Fc glycosylation. We conclude that TRALI induction is not
correlated with Fab- and Fc-binding affinities for antigen and FcyRs, respectively, nor with
the composition of Fc glycans; but increased Fc-mediated complement activation is
correlated with TRALI induction.

Introduction

Administration of blood transfusions is a frequent and lifesaving intervention; however, life-threatening
transfusion reactions may unexpectedly occur. This includes transfusion-related acute lung injury
(TRALI), which remains one of the leading causes of transfusion-related fatalities." Upon blood
transfusion, within 6 hours, acute respiratory distress occurs due to the development of increased
endothelial permeability that leads to pulmonary edema resulting in TRALI. Apart from supportive
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BALB/c

TRALI: 34-1-2S (anti-H-2Kd)

No TRALI: SF1.1.10 (anti-H-2kd)

C57BL/6

TRALI: 34-1-2S AND AF6-88.5.5.3 (anti-H-2Kb)

No TRALI: 34-1-2S OR AF6-88.5.5.3

Figure 1. Overview of IgG2a anti-MHC class | anti-
bodies that either cause TRALI or are unable to
cause TRALI in mice. BALB/c (left) and C57BL/6 (right)
mice are depicted. Notably, a higher dose of 34-1-2S,
compared with AF6-88.5.5.3 (10:1), is required to obtain
TRALI in C57BL/6 mice. Antibody-mediated TRALI in-
duction or resistance is based on published literature, as

indicated in the text.

measures (eg, oxygen), no therapeutic approaches are available
for TRALL"? The pathophysiology is complex and remains
challenging to dissect. Generally, a 2-hit model is assumed
to represent the framework of TRALI pathology, in which the first
hit reflects the underlying clinical condition of the patient (eg,
inflammation), and the second hit is conveyed by factors in
the transfusion product.” These factors in the transfusion
product are, in the majority of the cases, anti-HLA class /Il
antibodies or anti-human neutrophil antigen antibodies. In
various types of murine TRALI models, the anti-major histocom-
patibility complex (MHC) class | antibody 34-1-2S (immunoglob-
ulin G2a [IgG2a], anti-H-2KY) is known to trigger TRALL" This
antibody is sufficient to trigger TRALI in BALB/c mice (MHC
class | haplotype H-2K%) %! whereas other anti-H-2K%nti-
bodies of the same IgG2a subclass such as SF1.1.10 do not
induce TRALL’ Similarly, the H-2KP-specific I|gG2a antibody
AF6-88.5.5.3 does not trigger TRALI in C57BL/6 (MHC class |
haplotype H-2K") mice. However, when it is administered together
with a high dose of 34-1-2S, TRALI is triggered, whereas 34-1-2S
infusion alone does not induce TRALI (Figure 1).41213 Earlier
work suggested that intact 34-1-2S was required for murine
TRALI induction since neither its F(ab), nor Fc fragments alone
were able to mediate TRALL'* However, which biological and
structural properties of antibodies determine their pathogenic
TRALI-inducing capability is currently unknown.

In the current article, the potential features that might explain the
differences between TRALI-inducing and TRALl-resistant anti-
bodies were studied. These include affinity to their cognate antigen,
affinity to IgG-Fc receptors (FcyRs),'® and the ability to activate
complement through binding of the first component of the classical
complement pathway C1q."® In addition, we examined the N-linked
glycosylation of the IgG-Fc at position 297, for murine as well as
human TRALI-causing antibodies, which may influence binding to
FcyRs and/or activation of complement.'”

Methods

Human TRALI and control donor plasma samples

The study used human TRALI donor plasma samples that were
diagnostically found to contain anti-HLA antibodies with known
specificity which caused a clinically confirmed TRALI reaction upon
transfusion. The samples were obtained from Sanquin Diagnostics
(Amsterdam, The Netherlands). Control donor plasma samples from
women aged 40 to 59 years containing anti-HLA antibodies with
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known specificity were obtained from Sanquin Blood Supply
(Amsterdam, The Netherlands).

Anti-MHC class | antibodies, Fc deglycosylation, and
Fab production

Anti-MHC class | mouse monoclonal IgG2a antibody clones 34-1-2S,
SF1.1.10, and AF6-88.5.5.3, as well as mouse IlgG2a isotype control
antibody clone C1.18.4, were purchased from Bio X Cell (West
Lebanon, NH).

Antibodies were deglycosylated by using deGlycIT spin columns
(Genovis, Lund, Sweden) containing IgGZERO (EndoS, an IgG-
specific endoglycosidase acting on complex type N-glycans at the
Fc glycosylation site of IgG) covalently coupled to agarose beads,
according to the manufacturer's protocol. Deglycosylation was
confirmed by using reducing sodium dodecy! sulfate—polyacrylamide
gel electrophoresis (supplemental Figure 1A), as well as by mass
spectrometry (described later) (supplemental Figure 1B).

Antibody-Fab fragments were produced from full-length IgG
using the FabULOUS Fab kit (Genovis) containing cysteine
protease (SpeB), according to the manufacturer's instruction.
Fab fragment size was confirmed by using nonreducing sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (supplemen-
tal Figure 2).

Generation of stable H-2K¢, H-2K®, and
HLA molecules

H-2K—peptide complex was generated via an in vitro refolding
reaction using the Luciferase peptide GFQSMYTFV (JPT Peptide
Technologies GmbH, Berlin, Germany), and the H—2Kb—peptide
complex was generated through UV-mediated MHC peptide ex-
change of Ovalbumin peptide SIINFEKL (JPT Peptide Technologies
GmbH), as described previously.'® Peptide-HLA (pHLA) class |
complexes pHLA-A*02:01, pHLA-A*24:02, pHLA-B*07:02, and
pHLA-B*35:01 were generated through UV-mediated HLA peptide
exchange of cytomegalovirus peptide NLVPMVATV (JPT Peptide
Technologies GmbH), human GPR143 peptide LYSACFWWL
(JPT Peptide Technologies GmbH), respiratory syncytial virus
peptide NPKASLLSL (JPT Peptide Technologies GmbH), and
influenza virus peptide LPFDKSTIM (JPT Peptide Technologies
GmbH, Berlin, Germany), respectively. Both MHC class |-peptide
complexes and all pHLA class | complexes were biotinylated as
reported elsewhere.'®
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Surface plasmon resonance

Surface plasmon resonance (SPR) measurements were performed
on an IBIS MX96 (IBIS Technologies, Enschede, The Netherlands)
device as described previously by Dekkers et al.'” For measuring
the affinity of the antibodies toward H-2K9 or H-2K®, the antibodies
were covalently bound on a SensEye G Easy2Spot (Ssens,
Enschede, The Netherlands; 1-09-04-006). The antibodies were
spotted in twofold dilutions in duplicate, ranging from 60 nM to
7.5 nM in 10 mM acetate buffer + 0.075% Tween 80, pH 5.0. The
sensor was blocked with 100 mM ethanol amine, pH 8.0. Then,
H-2K? or H-2K® was injected over the IBIS at 2 times dilution series
ranging from 460 nM to 0.22 nM in phosphate-buffered saline
(PBS) + 0.075% Tween 80. Regeneration after every sample was
conducted with 10 mM Gilycine-HCI, pH 2.0.

All C-terminally biotinylated mouse FcyRs (mFcyRs, Sino Bi-
ological, Beijing, China) were spotted by using a Continuous Flow
Microspotter (Wasatch Microfluidics, Salt Lake City, UT) onto
a single SensEye G-streptavidin sensor (Ssens, 1-08-04-008),
allowing for binding affinity measurements of each antibody to all
mFcyR simultaneously on the IBIS MX96. The biotinylated mFcyRs
were spotted in threefold dilutions in duplicate, ranging from 30 nM
to 1 nM for mFcyRI, mFcyRIlb, and mFcyRIV in PBS supplemented
with 0.075% Tween 80, pH 7.4. Biotinylated anti-His mouse IgG1
(GenScript, Piscataway, NJ; AO0613) was also spotted in this step
in duplicate and threefold dilution, ranging from 10 nM to 0.3 nM.
Subsequently, 100 nM His-tagged mFcyRIIl was loaded onto
the sensor before each antibody injection. Antibodies were then
injected over the IBIS at 3 times dilution series ranging from
1000 nM to 4.1 nM in PBS + 0.075% Tween 80. Regeneration
after every sample was conducted with 10 mM Glycine-HCI,
pH 2.4.

Calculation of the dissociation constant (Kp) was performed by
equilibrium fitting to Ry,.x = 500 for binding of mFcyR and Ry. =
1000 for H-2K® or H-2K® binding. In the case of anti-His spots,
association and dissociation curves of His-tagged mFcyRIIl were
subtracted before calculation of IgG-binding affinity using SPRINT
1.9.4.4 software (IBIS Technologies). Analysis and calculation of all
binding data were performed with Scrubber software version 2
(BioLogic Software, Canberra, ACT, Australia) and Microsoft Excel
(Microsoft Corporation, Redmond, WA).

Antibody Fc glycosylation analysis

Murine IgG samples (5 wg) were added to 100 pL 100 mM formic
acid, followed by a 45-minute incubation at room temperature.
Samples were subsequently dried by vacuum centrifugation and
subjected to overnight tryptic digestion.'®

Human IgG samples were extracted from TRALI donor and
control plasma samples. MaxiSorp plates (Thermo Fisher Scientific,
Waltham, MA) were coated overnight at 4°C with streptavidin
(Thermo Fisher Scientific) 10 wg/mL in coating buffer (0.05 M
carbonate-bicarbonate buffer; pH = 9.6). Plates were washed with
PBS + 0.1% Tween 20 (PBS-T) and incubated for 1 hour at 37°C
with biotinylated HLA molecules (HLA-A02, HLA-A24, HLA-BO7,
and HLA-B35) 1.55 pg/mL in PBS. Plates were washed with PBS-T
and 2 times with PBS. Subsequently, plates were washed twice with
50 mM ammonium bicarbonate. Bound antibodies were eluted with
100 mM formic acid, incubated 5 minutes while shaking, and samples
were transferred to a 96-well low binding plate. Samples were dried
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by vacuum centrifugation and subjected to overnight tryptic digestion
at 60°C for ~4 hours and trypsinized overnight with 0.01 pg/plL
trypsin (Promega, Madison, WI) in 26 mM ammonium bicarbonate at
37°C. The reaction was stopped by adding formic acid to a final
concentration of 2%.

IgG Fc glycosylation was assessed by analyzing tryptic (glyco)
peptides with nano-LC reverse-phase—electrospray—mass spectrom-
etry on an Impact HD quadrupole-time-of-flight mass spectrometry
(Bruker Daltonics, Bremen, Germany).19 Mass spectrometry results
were extracted and evaluated by using Skyline software (version
4.2.0.19107, MacCoss Lab, Department of Genome Sciences,
University of Washington). The total level of glycan traits was
calculated as relative intensities of IgG Fc glycopeptides obtained by
integrating the first 3 isotopic peaks of double- and triple-charged
glycopeptides. The level of galactosylation was calculated according
to the formula (G1F + G1FN + G1FS) X 0.5 + G2F + G2FN +
G2FS + G3F + G3FS. The percentage of sialylation was likewise
calculated by using the formula (G1FS + G2FS + G3FS) X 0.5. For
all analysis, signals from NeubAc- and Neu5Gc-containing species
were combined. The percentage of bisecting N-acetylglucosamine
(GlcNAc) was determined by summing the relative intensities of
all bisected glycoforms (GOFN, G1FN, and G2FN). Similarly, the
percentage of IgG fucosylation was determined by summing all
fucosylated IgG Fc N-glycoforms (GOF + G1F + GOFN + G2F +
G1FN + G2FN + G1FS + G2FS + G3F + G2FSaGal +
GlcNAcFuc). The level of deglycosylation by EndoS treatment was
determined as the relative intensity of GlcNAcFuc. In addition to the
mentioned glycoforms, GO were also detected and included in the
analysis.

A large number of replicates were taken along and measurements
of the precision of the methods were performed, confirming the
reliability of the glycoanalytical method.

Antibody-binding and complement C1g-binding
enzyme-linked immunosorbent assay

Complement C1g-binding enzyme-linked immunosorbent assay
(ELISA) was adapted and modified from Dekkers et al.'? MaxiSorp
plates were coated overnight at 4°C with streptavidin (Thermo
Fisher Scientific) 2 pwg/mL in coating buffer (0.05 M carbonate-
bicarbonate buffer; pH = 9.6). Thereafter, plates were washed with
PBS-T and incubated for 1 hour at 37°C with biotinylated H-2K< or
H-2K" (387.5 ng/mL) in PBS. Plates were then washed with PBS-T
and incubated for 1 hour at room temperature with indicated
antibodies in a serial dilution range 1:2 starting at 3.13 pg/mL in
PBS. Hereafter, the degree of antibody binding to H-2K% or H-2K",
and in parallel, the C1g-binding ELISA were performed.

To establish the degree of antibody binding to H-2K® or H-2K®,
plates were washed with PBS-T and incubated for 1 hour at
room temperature with goat anti-mouse k-horseradish peroxidase
(Southern Biotech, Birmingham, AL) diluted 1:1000 in PBS. Plates
were washed with PBS-T, and colorimetric detection was performed
by using TMB solution. Color development was stopped by using 2 M
H,SO,, and the absorbance was measured by using an ELISA
synergy 2 plate reader (BioTek, Winooski, VT) at 450 nm.

To establish the degree of C1q binding, after antibody incubation to
H-2K? or H-2K®, the plates were washed with PBS-T and incubated
for 1 hour at room temperature with complement serum from mouse
(Sigma-Aldrich, St. Louis, MO) 1:500 in Veronal buffer with 2 mM
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Figure 2. 34-1-2S and SF1.1.10 both potently bind to H-2K". Binding affinities of IgG2a anti-MHC class | antibodies 34-1-2S (A) and SF1.1.10 (B) toward H-2K® were
determined by using SPR, and C1.18.4 (C) was used as IgG2a isotype control. Panels show binding affinity (Kp) with association—dissociation curves (RU) in which antibodies

were spotted in twofold dilutions in duplicate, ranging from 60 nM to 7.5 nM. A representative of n = 6 experiments is shown in each figure panel.

MgCl, and 10 mM CaCl, and 0.1% poloxamer (Sigma-Aldrich).
Hereafter, plates were incubated for 1 hour with mouse IgG2b anti-
mouse C1q antibody (Invitrogen, Carlsbad, CA) 1:250 at room
temperature in PBS. Plates were then washed with PBS-T and
incubated for 1 hour with goat anti-mouse IgG2b-horseradish
peroxidase antibody (Invitrogen) 1:2000 in PBS. Plates were
washed with PBS-T, and colorimetric detection was performed by
using TMB solution. Color development was stopped by using 2 M
H,SO, and the absorbance was measured by using an ELISA
synergy 2 plate reader (BioTek) at 450 nm.

Statistical analysis

Statistical analysis was performed by using GraphPad Prism 8.1.2.
software for Windows (GraphPad Software, San Diego, CA) with
statistical significance set at P < .05. The specific statistical test
applied in indicated figures and tables is listed in the accompanying
legend. Standard deviations are used.

Results

34-1-2S and SF1.1.10 have similar binding affinity to
BALB/c-derived H-2K*

We investigated the biological and structural features of murine anti-
MHC class | antibodies, which are known to either induce TRALI or
not in BALB/c and C57BL/6 mice (Figure 1). We first tested whether
the binding affinity of the TRALI-inducing 34-1-2S antibody to H-2K*
is different compared with the TRALI-resistant SF1.1.10 antibody by
SPR. IgG2a 34-1-2s, IgG2a SF1.1.10, or IgG2a isotype control
antibody C1.18.4. were spotted on a sensor, and a stable H-2K¢
complex was subsequently flowed over the bound antibodies
documenting the association-dissociation curves and the binding
affinity (Kp) of the antibodies toward H-2K®. Although the association
and dissociation kinetics of 34-1-2S for H-2K® were slightly faster
than those of SF1.1.10, both 34-1-2S and SF1.1.10 exhibited
comparable binding affinities to H-2K9 (1.2-fold difference) (Figure
2A-B), with no binding being observed for C1.18.4 (Figure 2C).

AF6-88.5.5.3 binds strongly and 34-1-2S reacts weakly
to C57BL/6-derived H-2K"

We then analyzed the binding affinity of IgG2a AF6-88.5.5.3, 34-1-2S,
and C1.18.4 toward H-2K® using SPR in the same manner performed
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as described earlier for H-2K%. Only AF6-88.5.5.3 bound avidly to
H-2K®, in contrast to 34-1-2S and C1.18.4 (Figure 3). When
analyzing the association—dissociation curves of these antibodies
toward H-2K®, a potent binding was evident for AF6-88.5.5.3 and
a low but detectable binding was also observed for 34-1-2S. No
binding was seen for C1.18.4. The cross-reactivity of 34-1-2S
toward H-2K® was further confirmed in a setting in which AF6-
88.5.5.3 was spotted on the sensor and with H-2K® being flowed
over the sensor first, followed by infusion of either 34-1-2S or
C1.18.4. This action showed that the H-2KP-binding epitope for
34-1-2S is distinct from that of AF6-88.5.5.3, as 34-1-2S showed
additional but weak binding (in accordance to its weak affinity) on
top of the binding of AF6-88.5.5.3.

34-1-2S, SF1.1.10, and AF6-88.5.5.3 exhibit similar
FcyR-binding affinity

Binding of 34-1-2S, SF1.1.10, and AF6-88.5.5.3 to murine FcyR,
FcyRIlb, FeyRIll, and FcyRIV was investigated by using SPR. The
FcyRs were spotted on the sensor, and the antibodies were flowed
over the sensor to measure their binding affinities. The binding
differences seemed to be minor, although statistically significant
(2.67-, 1.77-, 2.69-, and 1.20-fold, respectively) (Figure 4). Degly-
cosylated and Fab fragments of 34-1-2S, SF1.1.10, and AF6-88.56.5.3
exhibited abrogated binding to the murine FcyRs (supplemental
Figures 3 and 4), compared with the untreated and full-length
antibodies.

Fc glycosylation composition of 34-1-2S does not
reveal a distinct pattern compared with SF1.1.10
and AF6-88.5.5.3

We assessed the N-linked glycan composition at site Asn297 of
the Fc portion of 34-1-2S, SF1.1.10, and AF6-88.5.5.3. More
specifically, the degree of fucosylation, galactosylation, sialylation,
and bisecting GlcNAc was evaluated as these glycans may be
variably present (Figure 5A; supplemental Figure 5). Overall, no
particularly skewed pattern of 34-1-2S-Fc glycosylation was ob-
served compared with SF1.1.10 and AF6-88.5.5.3; a high degree
of Fc fucosylation was present for all antibodies (Table 1). Notably,
however, the degree of 34-1-2S Fc-galactosylation was slightly
lower compared with the other antibodies.
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Figure 3. AF6-88.5.5.3 potently binds to H-2K®,
and 34-1-2S cross-reacts to H-2K". Binding A Cc
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TRALI-causing donor anti-HLA antibodies exhibit
comparable Fc glycosylation profiles as control donor
anti-HLA antibodies

We also examined the Fc glycosylation profiles of donor anti-HLA
antibodies, which were involved in triggering a TRALI reaction (n = 11),
compared with control donor anti-HLA antibodies (n = 20). When
comparing antigen-specific IgG1 (HLA-A02, HLA-A24, HLA-B07, and
HLA-B35) vs total IgG1, we found that anti-HLA antibodies from both
TRALI and control donors exhibited a slight but significant decrease in
Fc fucosylation. In addition, a relatively decreased level of galactosy-
lation was observed for total IgG of control donors and a relatively
increased anti-HLA Fc bisection for TRALI donors (Figure 5B-;
Table 2). When directly comparing the Fc glycosylation profiles of
TRALFnducing anti-HLA antibodies vs control anti-HLA antibodies, no
significant differences were observed for fucosylation, galactosy-
lation, and sialylation; only an increased bisection for TRALI-inducing
antibodies was measured (****P < 0.0001).

H-2K“-bound 34-1-2S shows increased complement
activation, which is fully Fc mediated but not
significantly dependent on Fc glycosylation

To investigate if TRALI-inducing antibodies have an increased ability

to activate complement, we used a previously established antibody-
based C1g-binding ELISA."” In this ELISA setup, we first confirmed
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that both 34-1-2S and SF1.1.10 antibodies exhibited equal degrees
of binding to H-2K® (Figure 6A). Despite equal antigen binding,
34-1-2S demonstrated increased complement activation compared
with SF1.1.10. Because Fc glycans may also influence complement
activation, antibodies were deglycosylated (supplemental Figure 1)
and tested for their ability to activate complement. Deglycosylation
of 34-1-2S did not significantly decrease complement activation
(despite a decreased trend), whereas deglycosylation of SF1.1.10
did significantly decrease the activation of complement compared
with untreated SF1.1.10. Deglycosylated 34-1-2S was still able to
bind more C1q than deglycosylated SF1.1.10. Importantly, the
deglycosylation did not affect binding of these antibodies to H-2K¢,
as expected. Furthermore, antibody-mediated complement activa-
tion was fully Fc mediated, as antibody-Fab fragments (supplemen-
tal Figure 2) were unable to activate complement with a similar
degree of binding to H-2K9 (apart from a somewhat higher degree
of SF1.1.10-Fab binding). As a negative control, heat inactivation
was applied to the complement serum, which also fully abrogated
C1q binding.

H-2KP-bound AF6-88.5.5.3 is incapable of
complement activation

Similarly, using the antibody-dependent C1g-binding ELISA, we
tested the complement activation by H-2K°~bound AF6-88.5.5.3. In
this ELISA setup, we confirmed that AF6-88.5.5.3 was able to
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Figure 4. No distinct differences in FcyR-binding between 34-1-2S,
SF1.1.10, and AF6-88.5.5.3. Binding affinity of IgG2a anti-MHC class | antibodies
34-1-2S, SF1.1.10, and AF6-88.5.5.3. toward murine FcyRI (A), FcyRllb (B), FcyRIll
(C), and FcyRIV (D) was determined by using SPR. Statistical analysis was per-
formed with one-way analysis of variance with a Tukey post hoc test. *P < .05,

**P < .01, ***P < .0001. A total of n = 6 experiments is depicted. NS, not

significant.
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strongly bind to H-2KP (Figure 6B). H-2KP-bound AF6-88.5.5.3
was incapable of binding C1q, as this occurred similarly as the
negative control in which heat-inactivated complement serum was
added to H-2K°-bound AF6-88.5.5.3.

Discussion

TRALI remains one of the leading causes of transfusion-related
mortality, and preventive or therapeutic strategies are not available.’?
The pathogenesis remains a challenge to decipher; however, murine
models of antibody-mediated TRALI have provided significant mech-
anistic insights into the disease pathology. Curiously, only certain
anti-MHC class | antibodies cause TRALI in mice, whereas other
anti-MHC class | antibodies (also IgG2a) are unable to induce
TRALL” In BALB/c (H-2K% TRALI mouse models, the anti-MHC
class | antibody 34-1-2S (IgG2a, anti-H-2K%) is classically used to
induce severe TRALI, whereas another well-known anti-MHC class |
antibody, SF1.1.10 (also IgG2a and H-2K® specific), is unable to
trigger murine TRALI. For the TRALI model in C57BL/6 mice (H-2K®),
only a combination of anti-MHC class | antibodies AF6-88.5.5.3
(IgG2a, anti-H-2K®) with a higher dose of 34-1-2S causes TRALL*
The biological reasons for this action are unknown.

The current article focused on the biological and structural antibody
characteristics that could provide mechanistic explanations for the
requirements of antibody-mediated onset of TRALI in mice. We
found that 34-1-2S or SF1.1.10 both potently bound to H-2K®.
Similarly, AF6-88.5.5.3, which on its own does not cause TRALI in
mice, bound potently to H-2K® while 34-1-2S bound weakly and
cross-reacted with H-2KP. In addition, the H-2KP-binding epitope
for 34-1-2S was shown to be distinct from that of AF6-88.5.5.3, as
both antibodies could bind H-2K® simultaneously. The observed
cross-reactivity of 34-1-2S to H-2K® was in line with a previous
study of Ozato et al.?° Collectively, this indicates that antigen-
binding affinity is not driving the antibody-mediated TRALI induction
in mice.

Because FcyRs were previously suggested to be involved in murine
TRALL?® although their involvement was deemed less important by
another study,” we investigated the ability of the murine anti-MHC
class | antibodies to bind to murine FcyRs using SPR. In general
(despite some minor variations), we found no substantial differ-
ences between these antibodies in binding to FcyRs that could
explain the TRALI-inducing capability. FcyRs may still be involved in
the pathogenesis of TRALI, and this possibility should be further
investigated in subsequent studies. These studies should also take
into account that wild-type mice lack the FcyRlla that may
potentially have an important role in human TRALI, as was shown
for platelet activation by circulating immune complexes in a setting
of systemic shock.?'

Because IgG-Fc glycosylation is also known to significantly
influence interactions with FcyRs, we also analyzed the Fc glyco-
sylation patterns of the anti-MHC class | antibodies. Using mass
spectrometry, we evaluated the composition of Fc glycans, which
can differ depending on the setting.2>2® For instance, a low Fc-core
fucosylation has been observed for anti-human platelet antigen-1a
antibodies in fetal and neonatal alloimmune thrombocytopenia, in
contrast to anti-HLA antibodies in refractory thrombocytopenia; this
low fucose was subsequently shown to enhance the Fc-binding
affinity to FcyRllla/b, thereby increasing antibody-mediated platelet
phagocytosis.?* This IgG-glycosylation pattern also correlated with
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Figure 5. Anti-HLA Fc Asparagine (N)-297-linked
glycan structures are similar in TRALI donors
compared with control donors. (A) The conserved
IgG-Fc glycan core structure consists of a bi-
antennary glycan core of GlcNAc and mannose. In ad-
dition, glycans can be variably present such as fucose,
galactose, sialic acid, and bisecting GlcNAc. Relative
expression levels of major IgG-Fc Asn297 glycoforms
for both total anti-HLA IgG1 (x-axis) and antigen-
specific HLA IgG1 (y-axis) for 11 TRALI donor sam-
ples (B,D,F,H) and 20 control donor samples
(C,E,G,)). HLA specificities include HLA-A02 HLA-
A24, HLA-B07, and HLA-B35. Samples were ana-
lyzed for Fc fucosylation (B-C), galactosylation (D-E),
sialylation (F-G), and bisection (H-I). The statistical
outcome between 2-tailed paired Student ¢ test analy-
sis of total IgG1 vs specific antibodies is listed in each
panel. The diagonal, dotted line represents the equal
ratio between total IgG1 and the specific antibody.
P < .01, **P < .001.
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Table 1. Fc glycosylation (%) of 34-1-2S, SF1.1.10, and AF6-88.5.5.3

Fc glycosylation 34-1-2S SF1.1.10 AF6-88.5.5.3
Fucosylation 99.87 99.86 99.76
Galactosylation 11.67 20.69 17.47
Sialylation 0.27 2.20 0.57
Bisecting GIcNAc 1.28 1.09 1.17

clinical disease severity in fetal and neonatal alloimmune
thrombocytopenia,>*2® but other factors were also found to be
important such as Fc galactosylation and antibody titer.>®> Another
similar example for low core Fc fucosylation was found for IgG
antibodies to dengue that enhanced binding to FcyRllla and also
determined disease severity.26 In this study, however, we found no
deviant IgG-glycosylation pattern for 34-1-2S, and the high degree
of Fc fucosylation in all antibodies further supports that no
meaningful biological differences for binding to mouse FcyRIV
were observed.?”?® Also upon analysis of the Fc glycosylation
profiles of TRALI-inducing donor anti-HLA antibodies compared
with control donor anti-HLA antibodies, overall no substantial
differences were observed. Notably, when comparing total IgG vs
specific anti-HLA IgG, total IgG galactosylation in control donors
was relatively decreased, which may be related to postmenopausal
changes (data not shown). Also, in TRALI donors, anti-HLA Fc
bisection was found to be increased compared with total IgG. To
the best of our knowledge, no functional implications have been
revealed for increased IgG Fc glycan bisection. Remarkably,
however, a slightly lowered Fc fucosylation was observed for both
TRALI and control donor anti-HLA antibodies. This finding indicates
that anti-HLA antibodies can display a low Fc fucose; however, it
seems that this action is not necessarily required for TRALI
induction. The finding that Fc fucosylation is not a critical factor
for TRALI induction is also supported by the mouse IgG-Fc
glycosylation data, which showed high levels of Fc fucose in all
tested antibodies, regardless of their capability to induce TRALI.
Anti-HLA antibodies also play a role in kidney transplantation, but
their glycosylation has hitherto not been evaluated as a risk factor.
Our data indicate that anti-HLA antibodies may show diverse
fucosylation levels, and a broader evaluation of anti-HLA Fc
glycosylation as a pathology and risk factor is warranted beyond
the field of transfusion.

Because complement involvement has not been thoroughly
investigated in TRALI,'® and its involvement may be plausible,”
we tested the ability of anti-MHC class | antibodies to activate
complement in vitro. Antibodies are the main drivers of the
classical complement-activating pathway, which can be acti-
vated by binding of C1q to IgG.'"® We therefore investigated
antibody—-C1q binding by using an established C1qg-binding
ELISA,'” based on antibody binding to H-2K%r H-2K°. We
found H-2K%-bound 34-1-2S to be more potent in complement
activation compared with H-2K%-bound SF1.1.10. This effect
was fully Fc dependent, as antibody Fab fragments no longer
bound C1q (despite a seemingly higher binding of SF1.1.10-Fab
to H-2Kd). This finding is in line with the landmark article of
Diebolder et al,>® who described that antibody-mediated com-
plement activation occurs via specific noncovalent Fc interac-
tions resulting in formation of ordered antibody hexamers upon
antigen binding. H-2K%-bound 34-1-2S may therefore be able
to more efficiently form hexamers than H-2K%-bound SF1.1.10.
In addition, Fc glycans may affect complement activation, as
elevated human antibody Fc galactosylation and sialylation were
shown to significantly increase C1q binding.'” We therefore
tested deglycosylated anti-MHC class | antibodies. We found
that for 34-1-2S, this did not significantly decrease Cilq
binding in contrast to deglycosylated SF1.1.10, with H-2K¢
-bound 34-1-2S and deglycosylated 34-1-2S still binding
more C1q than H-2K%-bound SF1.1.10; and deglycosylated
SF1.1.10. H-2KP-bound AF6-88.5.5.3 was found to be incapa-
ble of inducing complement, in line with its inability to induce
TRALI, despite its potent binding to H-2K®. Thus, 34-1-2S may
perhaps be additionally required to increase complement levels
for the onset of TRALI in C57BL/6 mice. In line with this, it was
recently shown that combinations of anti-HLA antibodies®° or
anti-CD20 antibodies together with anti-CD37 antibodies®’
could synergistically activate complement. The requirement for
a higher dose of 34-1-2S in C57BL/6 mice may be needed to
strengthen the relatively weak cross-reactive binding to H-2K®,
The degree of 34-1-2S Fc galactosylation was slightly lower
compared with the other antibodies, but this difference may not
have been a biologically substantial difference, as for human
antibodies a lower Fc galactosylation was shown to correspond
to less C1q-binding.'” Future studies, however, should assess the
role of Fc galactosylation in C1q binding for murine antibodies.

Table 2. Fc glycosylation (relative expression levels) of total IgG1 vs specific IgG1 of TRALI donor anti-HLA antibodies vs control donor anti-

HLA antibodies

Fc glycosylation Total IgG1 Specific IgG1 Total IgG1 vs Specific IgG1, P
TRALI donor anti-HLA antibodies
Fucosylation 0.93 £ 0.03 0.85 = 0.05 P =.0002, ***
Galactosylation 0.61 * 0.05 0.60 * 0.09 NS
Sialylation 0.17 £ 0.08 0.16 = 0.05 NS
Bisecting GIcNAc 0.15 = 0.03 0.20 = 0.03 P = .0005, ***
Control donor anti-HLA antibodies
Fucosylation 0.94 = 0.03 0.86 = 0.09 P = .0008, ***
Galactosylation 0.57 = 0.10 0.62 + 0.05 P = .0062, **
Sialylation 0.15 * 0.05 0.15 * 0.02 NS
Bisecting GlcNAc 0.15 £ 0.03 0.15 + 0.02 NS

Statistical analysis: 2-tailed paired Student t test. **P < .01, ***P < .001.
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Figure 6. 34-1-2S demonstrates increased comple-
ment activation compared with SF1.1.10 and AF6- A - 84128 O~ SF1.1.10
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Strait et al” previously injected BALB/c mice intravenously with
34-1-2S, SF1.1.10, or control antibody. After 3 minutes, mono-
nuclear cells were isolated from blood and analyzed for C3
binding by using flow cytometry. In line with our data, it was found
that 34-1-2S infusion resulted in increased (~2 times) mononuclear
cell binding of C3 compared with infusions with SF1.1.10. These
data will need to be validated and further explored in future animal
and human studies. For the human TRALI studies, it should be taken
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into account that complement may also be activated as a first hit in
the recipient, and therefore pretransfusion and posttransfusion
complement analyses will also be important.

In conclusion, we found that the pathogenic nature of murine
TRALI-causing antibodies does not seem to be specifically related
to the MHC-class | binding affinity, binding to FcyRs or to the
Fc glycosylation composition. The TRALI antibody pathogenicity
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seems to be associated with an increased ability to activate comple-
ment, which is fully Fc dependent and not significantly dependent
upon Fc glycosylation. This does not necessarily indicate that in-
creased complement activation explains all of the pathogenicity but
that it may be one of the essential TRALI antibody characteristics.
Further research should focus on complement involvement in patients
with TRALI, while also taking non-antibody triggers into consideration.

Acknowledgments

The authors thank Agnes Hipgrave Ederveen for expert technical
support.
This work was supported by Sanquin (grant PPOC-18-08).

Authorship

Contribution: EAAN.ZvdL., SvdV., AEHB, TLJv.O, JLYM,
G.B., and D.M.G. performed experiments and collected data; M.D.L.

References

performed mouse antibody glycosylation analysis; C.A.M.K. and J.N.
performed human antibody glycosylation analysis; R.K. conceived
and supervised the study, and wrote the paper; and all authors (in-
cluding JW.S., LP., WJEVE, MW, CEvdS., GV, and RK)
analyzed and interpreted data and edited the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

ORCID profiles: E.AN.Z.v.d.L., 0000-0002-2784-5236; M.D.L.,
0000-0002-1985-5901; JW.S., 0000-0002-1510-0077; M.W.,
0000-0002-0814-4995; G.V., 0000-0001-5621-003X; RK,
0000-0002-1608-876X.

Correspondence: Rick Kapur, Department of Experimental Im-
munohematology, Sanquin Research, Plesmanlaan 125, 1066 CX
Amsterdam, The Netherlands; e-mail: r.kapur@sanquin.nl.

1. Semple JW, Rebetz J, Kapur R. Transfusion-associated circulatory overload and transfusion-related acute lung injury. Blood. 2019;133(17):1840-1853.

2. Semple JW, McVey MJ, Kim M, Rebetz J, Kuebler WM, Kapur R. Targeting transfusion-related acute lung injury: the journey from basic science to novel

therapies. Crit Care Med. 2018;46(5):e452-¢458.

3. Kapur R, Kim M, Shanmugabhavananthan S, Liu J, Li Y, Semple JW. C-reactive protein enhances murine antibody-mediated transfusion-related acute

lung injury. Blood. 2015;126(25):2747-2751.

4. Kapur R, Kim M, Aslam R, et al. T regulatory cells and dendritic cells protect against transfusion-related acute lung injury via IL-10. Blood. 2017;129(18):

2557-25609.

5. Looney MR, Su X, Van Ziffle JA, Lowell CA, Matthay MA. Neutrophils and their Fc gamma receptors are essential in a mouse model of transfusion-related

acute lung injury. J Clin Invest. 2006;116(6):1615-1623.

6. Looney MR, Nguyen JX, Hu Y, Van Ziffle JA, Lowell CA, Matthay MA. Platelet depletion and aspirin treatment protect mice in a two-event model of
transfusion-related acute lung injury. J Clin Invest. 2009;119(11):3450-3461.

7.  Strait RT, Hicks W, Barasa N, et al. MHC class I-specific antibody binding to nonhematopoietic cells drives complement activation to induce
transfusion-related acute lung injury in mice. J Exp Med. 2011;208(12):2525-2544.

8.  Caudrillier A, Kessenbrock K, Gilliss BM, et al. Platelets induce neutrophil extracellular traps in transfusion-related acute lung injury. J Clin Invest. 2012;

122(7):2661-2671.

9. Thomas GM, Carbo C, Curtis BR, et al. Extracellular DNA traps are associated with the pathogenesis of TRALI in humans and mice. Blood. 2012;

119(26):6335-6343.

10. Hechler B, Maitre B, Magnenat S, et al. Platelets are dispensable for antibody-mediated transfusion-related acute lung injury in the mouse. J Thromb

Haemost. 2016;14(6):1255-1267.

11. Cognasse F, Tariket S, Hamzeh-Cognasse H, et al. Platelet depletion limits the severity but does not prevent the occurrence of experimental

transfusion-related acute lung injury. Transfusion. 2020;60(4):713-723.

12. Kapur R, Kim M, Rebetz J, et al. Gastrointestinal microbiota contributes to the development of murine transfusion-related acute lung injury. Blood Adlv.

2018;2(13):1651-1663.

13. Kapur R, Kasetty G, Rebetz J, Egesten A, Semple JW. Osteopontin mediates murine transfusion-related acute lung injury via stimulation of pulmonary

neutrophil accumulation. Blood. 2019;134(1):74-84.

14. McKenzie CG, Kim M, Singh TK, Milev Y, Freedman J, Semple JW. Peripheral blood monocyte-derived chemokine blockade prevents murine
transfusion-related acute lung injury (TRALI). Blood. 2014;123(22):3496-3503.

15. Bruhns P, Jonsson F. Mouse and human FcR effector functions. Immunol Rev. 2015;268(1):25-51.

16. Jongerius |, Porcelijn L, van Beek AE, et al. The Role of Complement in Transfusion-Related Acute Lung Injury. Transfus Med Rev. 2019;33(4):236-242.

17. Dekkers G, Treffers L, Plomp R, et al. Decoding the human immunoglobulin G-glycan repertoire reveals a spectrum of Fc-receptor- and

complement-mediated-effector activities. Front Immunol. 2017;8:877.

18. Rodenko B, Toebes M, Hadrup SR, et al. Generation of peptide-MHC class | complexes through UV-mediated ligand exchange. Nat Protoc. 2006;1(3):

1120-1132.

19. Falck D, Jansen BC, de Haan N, Wuhrer M. High-throughput analysis of IgG Fc glycopeptides by LC-MS. Methods Mol Biol. 2017;1503:31-47.
20. Ozato K, Mayer NM, Sachs DH. Monoclonal antibodies to mouse major histocompatibility complex antigens. Transplantation. 1982;34(3):113-120.

3884 ZEEUW van der LAAN et al

25 AUGUST 2020 - VOLUME 4, NUMBER 16 & blood advances


https://orcid.org/0000-0002-2784-5236
https://orcid.org/0000-0002-1985-5901
https://orcid.org/0000-0002-1510-0077
https://orcid.org/0000-0002-0814-4995
https://orcid.org/0000-0001-5621-003X
https://orcid.org/0000-0002-1608-876X
mailto:r.kapur@sanquin.nl

21.

22.
283.
24.
25.

26.

27.

28.
29.

30.

31.

Cloutier N, Allaeys |, Marcoux G, et al. Platelets release pathogenic serotonin and return to circulation after immune complex-mediated sequestration.
Proc Nat/ Acad Sci U S A. 2018;115(7):E1550-E1559.

Wang TT, Ravetch JV. Functional diversification of IgGs through Fc glycosylation. J Clin Invest. 2019;129(9):3492-3498.
Kapur R, Einarsdottir HK, Vidarsson G. IgG-effector functions: “the good, the bad and the ugly”. Immunol Lett. 2014;160(2):139-144.
Kapur R, Kustiawan |, Vestrheim A, et al. A prominent lack of IgG1-Fc fucosylation of platelet alloantibodies in pregnancy. Blood. 2014;123(4):471-480.

Sonneveld ME, Natunen S, Sainio S, et al. Glycosylation pattern of anti-platelet IgG is stable during pregnancy and predicts clinical outcome in
alloimmune thrombocytopenia. Br J Haematol. 2016;174(2):310-320.

Wang TT, Sewatanon J, Memoli MJ, et al. IgG antibodies to dengue enhanced for FcyRIIIA binding determine disease severity. Science. 2017;
355(6323):395-398.

Dekkers G, Bentlage AEH, Plomp R, et al. Conserved FcyR- glycan discriminates between fucosylated and afucosylated IgG in humans and mice. Mo/
Immunol. 2018;94:54-60.

Nimmerjahn F, Ravetch JV. Divergent immunoglobulin g subclass activity through selective Fc receptor binding. Science. 2005;310(5753):1510-1512.

Diebolder CA, Beurskens FJ, de Jong RN, et al. Complement is activated by IgG hexamers assembled at the cell surface. Science. 2014;343(6176):
1260-1263.

Rijkers M, Schmidt D, Lu N, et al. Anti-HLA antibodies with complementary and synergistic interaction geometries promote classical complement
activation on platelets. Haematologica. 2019;104(2):403-416.

Oostindie SC, van der Horst HJ, Lindorfer MA, et al. CD20 and CD37 antibodies synergize to activate complement by Fc-mediated clustering.
Haematologica. 2019;104(9):1841-1852.

€ blood advances 25 auausT 2020 - voLumE 4, NUMBER 16 TRALI ANTIBODY ENHANCES Fc-INDUCED COMPLEMENT 3885



