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The mechanisms by which exposure to heparin initiates antibody responses in many, if not
most, recipients are poorly understood. We recently demonstrated that antigenic platelet
factor 4 (PF4)/heparin complexes activate complement in plasma and bind to B cells. Here,
we describe how this process is initiated. We observed wide stable variation in comple-
ment activation when PF4/heparin was added to plasma of healthy donors, indicating
a responder “phenotype” (high, intermediate, or low). Proteomic analysis of plasma from
these healthy donors showed a strong correlation between complement activation and
plasma immunoglobulin M (IgM) levels (r = 0.898; P < .005), but not other Ig isotypes.
Complement activation response to PF4/heparin in plasma displaying the low donor
phenotype was enhanced by adding pooled IgM from healthy donors, but not monoclonal

® Polyreactive IgM
mediates complement
activation by PF4/
heparin complexes via
the classical pathway.

©® Complement
activation by PF4/
heparin complexes
varies widely among
healthy donors.

J IgM. Depletion of IgM from plasma abrogated C3c generation by PF4/heparin. The

complement-activating features of IgM are likely mediated by nonimmune, or natural, igM,
as cord blood and a monoclonal polyreactive IgM generate C3c in the presence of PF4/heparin. IgM facilitates
complement and antigen deposition on B cells in vitro and in patients receiving heparin. Anti-C1q antibody prevents
IgM-mediated complement activation by PF4/heparin complexes, indicating classical pathway involvement. These
studies demonstrate that variability in plasma IgM levels correlates with functional complement responses to PF4/
heparin. Polyreactive IgM binds PF4/heparin, triggers activation of the classical complement pathway, and promotes
antigen and complement deposition on B cells. These studies provide new insights into the evolution of the heparin-
induced thrombocytopenia immune response and may provide a biomarker of risk. (Blood. 2018;132(23):2431-2440)

coated antigen to CD21 potentiates its immunogenicity
1000- to 10000-fold,” complement activation and subsequent
binding of PF4/heparin to B cells may represent early, sensitizing
events in recipients of heparin.

Introduction

Autoantibodies to platelet factor 4 (PF4)/heparin develop in 25%
to 50% of patients exposed to heparin during cardiopulmonary
bypass'* and cause heparin-induced thrombocytopenia (HIT) in
a subset of patients. This striking propensity for antibody formation
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in clinic settings such as cardiac surgery remains unexplained.

The high incidence of heparin sensitization is difficult to rec-
oncile with known mechanisms of major histocompatibility
complex-restricted antigen presentation. One potential expla-
nation derives from our recent findings showing robust com-
plement activating activities of ultralarge complexes of PF4/
heparin (ULCs).® PF4/heparin ULCs activate complement in
plasma in a heparin-dependent manner, both in vitro and in
patients receiving heparin therapy. Complement activation by
PF4/heparin ULCs elicits binding of C3 fragments to antigen and
facilitates antigen deposition on circulating B cells via the
complement receptor 2/CD21.% As binding of complement-

How PF4/heparin complexes activate complement is unknown.
Complement can be activated by the classical, alternative, or
lectin pathways individually or in combination. Several lines of
evidence implicate involvement of the classical pathway in HIT.
Studies performed in the 1960s and 1970s showed that mixtures
of polycations and polyanions, such as protamine (PRT)/heparin
and lysozyme/DNA, activate the classical pathway of comple-
ment, possibly through a nonimmune mechanism.®'* More re-
cently, anti-PF4/heparin reactive immunoglobulin M (IgM) has
been identified in healthy donor blood. Zheng and colleagues
were first to identify IgM-secreting B cells in the peripheral blood
of all donors tested.’® In these studies, anti-PF4/heparin IgM from
healthy donors reacted preferentially with PF4/heparin complexes
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compared with PF4, and reactive B cells were found at a fairly high
frequency (0.1-1.0 per 1000 B cells) in the peripheral blood
mononuclear population. Krauel and colleagues also found high
levels of anti-PF4/heparin IgM autoreactive B cells in the pe-
ripheral blood of healthy donors, as well as circulating anti-PF4/
heparin IgM in infants 1 to 3 months of age and anti-PF4/heparin
antibody-secreting cells in cord blood samples.’® These inves-
tigators speculated that anti-PF4/heparin reactivity was likely
encoded by the “natural IgM” repertoire of antibodies.’

In mice and humans, IgM occurs either as a membrane-bound
monomer on B cells (as a part of B-cell receptor) or as a secreted,
pentameric protein in plasma, slgM."” The repertoire of slgM can
be further divided into natural or immune on the basis of
antigen-binding specificities. Natural IgM is named as such
because it can be detected in normal quantities in mice grown
under antigen/germ-free conditions, likely arises from endoge-
nous antigens, displays reactivity to a wide range of seemingly
unrelated self and foreign antigens, and exhibits germline-
encoded variable heavy- and light-chain genes.’®'? Immune
IgM, in contrast, represents an antigen-specific immune response
to pathogens or external antigens with limited cross-reactivity and
presence of highly mutated variable gene regions.'®2°

The polyreactivity of natural IgM endows it with diverse sentinel
functions in health and disease."” In infection, natural IgM
facilitates antigen-specific immunity by binding pathogens,
triggering complement activation and transporting antigen via
noncognate B cells to splenic subcompartments.?’ Mice lacking
natural IgM exhibit defective antigen trapping of particulate anti-
gen, impaired germinal center formation, increased susceptibility
to bacterial and viral pathogens, and defective T-cell-dependent
immunity.?22® Intriguingly, these defects mirror the phenotypes
seen with deficiencies of classical pathway components and/or
the complement receptor CD21,24% suggesting an interconnec-
tedness of pathways involving natural IgM, complement, and CD21.

In the studies that follow, we show that nonimmune, naturally
occurring IgM mediates complement activation by PF4/heparin
complexes and promotes antigen deposition on B cells. In
addition, our studies suggest that preexposure levels of plasma
IgM may constitute a stable biomarker for the risk for sensiti-
zation and possible development of HIT.

Materials and methods

Materials

Recombinant human PF4 was purified as described.?” UFH was
from Elkins-Sinn Inc. (Cherry Hill, NJ). Unless specified, other
chemicals, buffers, and tissue culture reagents were purchased
from Millipore Sigma (St. Louis, MO). IgM and IgG from healthy
donor plasma and IgM from plasma from patients with myeloma
was purchased from Athens Research and Technology (Athens,
GA). Intravenous immunoglobulin was purchased from Grifols
(Los Angeles, CA). The following antibodies were used: anti-C1q
(Cell Sciences, Inc., Newburyport, MA), anti-C3c (Quidel, San
Diego, CA), anti-MBL (R&D Systems, Minneapolis, MN), and
murine IgG1 isotype control (Invitrogen, Carlsbad, CA), fluo-
rescently conjugated anti-human CD19 and conjugated strepta-
vidin (eBioscience, San Diego, CA), and fluorescently conjugated
goat anti-human IgM (Jackson Labs, West Grove, PA). Monoclonal
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antibody KKO (IgG2,k recognizing PF4/heparin),?® ADA (IgG3
recognizing PRT sulfate/heparin),??3° and 2E4 (monoclonal IgM
with polyreactive specificities to single-stranded DNA,
B-galactosidase, and other antigens)*' were developed, purified,
and isolated in the laboratory according to published methods.
PF4/heparin-specific IgM was isolated using beads coated with
PF4 bound to heparin immobilized on diamino-dipropylamine
agarose (Thermo Fisher Scientific, Waltham, MA), as previously
described.??

Blood samples

Blood from healthy donors or patients receiving heparin therapy was
collected into citrate with written consent using an IRB-approved
protocol (Duke [RB#: Pro00010740). Human subjects were enrolled
in accordance with the Declaration of Helsinki. Human umbilical
cord blood was obtained as discarded clinical samples under an
IRB exempt provision (Duke IRB#: Pro00047355). Where indi-
cated, studies were performed in whole blood or 100% plasma
from healthy donors.

Immunoglobulin levels

Total immunoglobulins (IgG, IgA, and IgM) in serum were
quantified by the Duke University Hospital Clinical Immunology
Laboratory by rate nephelometry.

Antigen-C3c capture ELISA assay and

specificity ELISA

Antigen-C3c capture enzyme-linked immunosorbent assay (ELISA)
was performed as described in supplemental Data, available on the
Blood Web site.*° For studies involving Igs (IgM, IgG, myeloma IgM,
monoclonal polyreactive IgM), ethylenediaminetetraacetic acid
(EDTA), ethylene glycol-bis (3-aminoethyl ether)-N,N,N’,N'-tetraacetic
acid (EGTA), magnesium chloride (MgCly), or classical/lectin pathway,
reagents were added to plasma before incubating with antigen.

Antigen specificity was determined against various antigens
(bovine serum albumin, PF4, PF4/heparin, PRT, PRT/heparin,
lysozyme [Lys], Lys/heparin, or heparin alone), using protein
concentrations of 10 pg/mL and heparin (0.2-1.3 U/mL, based
on optimal antigenic protein:heparin ratios) by ELISA. Bound
IgM was detected with goat anti-human IgM (u-chain specific)
peroxidase-conjugated antibody by colorimetric detection.®

Flow cytometry studies

Flow-based studies of antigen, complement, or IgM binding to
B cells were performed as described.® Patient samples were
processed without the addition of exogenous antigen. Cells
were analyzed using a BD FACS Canto Flow cytometer (BD
Biosciences, Franklin Lakes, NJ). Signals from a minimum of
10000 cells were acquired from each sample. Analyses were
performed using FCS express software (Version 5 Flow Research
Edition; De Novo Software).

IgM studies

Goat anti-human IgM (u-chain specific) agarose beads were
used to deplete IgM from plasma. Anti-IlgM or control agarose
beads were incubated with plasma, and depleted plasma su-
pernatant was analyzed in the antigen-C3c capture assay de-
scribed here.
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Figure 1. Complement activation in response to
PF4/heparin complexes among healthy donors A
defines a donor phenotype. (A) Plasma from healthy
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heparin, or heparin alone, and binding of C3c to PF4/
heparin complexes was measured by antigen-C3c 0.4 4
capture ELISA assay. The graph shows the anti-C3c
absorbance of donor plasma incubated with different
antigens. Each symbol represents an individual donor.
Results are shown from a representative experiment
performed a minimum of 3 times, with multiple donors
in each experiment. (B) Complement activation by PF4/
heparin of donors (1, 2, 3, and 4) was determined during
a period of 626 days (~1.7 years) and normalized to
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Proteomic analysis

Plasma from donors identified as having a high, intermediate, or
low complement activity in the antigen-C3c capture ELISA assay
were submitted to the Duke Proteomics and Metabolomics
Shared Resource (https://genome.duke.edu/cores-and-services/
proteomics-and-metabolomics). Proteomic data were analyzed
using published protocols.®® Principal component analysis, sta-
tistical tests, and agglomerative clustering were performed using
the Rosetta Elucidator.

Statistics

Data are expressed as mean * standard deviation (SD). Sig-
nificance was calculated using Student t test or 1-way ANOVA.
Descriptive statistics (means/standard deviations/range are used
to describe continuous variables. Normality was assessed using
the Shapiro-Wilk/Anderson-Darling tests. Correlations between
normally distributed continuous variables are conducted using
Pearson correlations, and correlations between non-normally dis-
tributed variables are conducted using Spearman correlations.
Statistical significance is assessed at a = 0.05. No adjustment is
made for multiple testing. Statistical analyses were performed using
the SAS 9.4 statistical software (SAS Institute Inc., Cary, NC) or
GraphPad Prism (Graph Pad Software Version 7.0).

Results

Complement responses to PF4/heparin complexes
among healthy donors defines a donor phenotype
In the course of developing a capture immunoassay to detect
complement activation by PF4/heparin complexes,* we noted
marked heterogeneity in C3c generation when we studied
plasmas from different healthy donors. As shown in Figure 1A,
complement activation in this assay occurs when plasma from
healthy donors with no prior history of heparin exposure (n = 10)
was incubated with PF4/heparin, but not with buffer or PF4 alone
or heparin alone. Complement activation in response to PF4/
heparin was highly variable, with some donors expressing high
reactivity (eg, donor 2) while others expressed intermediate (eg,
donors 1 and 3) and/or low (eg, donor 4) levels of complement
activation. Intriguingly, for a given donor, responses to PF4/
heparin constituted a stable phenotype that remained high, in-
termediate, or low over time (up to ~1.7 years; Figure 1B). Dif-
ferences in complement activation among high, intermediate, or
low responders correlated with the amount of PF4/heparin antigen

IGM INVOLVEMENT IN THE HIT IMMUNE RESPONSE

and C3c deposited on B cells by flow cytometry (supplemental
Figure 1A-B). The fact that the immunoassay is performed using
isolated plasma led us to ask whether these differences in donor
phenotype are governed by circulating plasma components.

Donor phenotype correlates with plasma lgM levels
To determine the serologic basis for the donor phenotype, we
first examined the plasma proteome of 8 donors displaying
high (n = 3), intermediate (n = 2), or low (n = 3) reactivity in the
C3c-antigen capture assay. As shown in supplemental Table 1,
mass spectrometry identified 5 proteins that showed signifi-
cant correlation with high/intermediate vs low donors (sup-
plemental Table 1 shows highest to lowest significance in
P value for high/intermediate vs low): IgM p chain C region (40
peptides quantified; 4-fold increase; P = .001), complement C1q
subcomponent subunit B (10 peptides quantified; 1-fold increase;
P = .01), complement factor H-related protein 4 (1 peptide
quantified; 2-fold increase; P = .031), complement C1q sub-
component subunit A (4 peptides quantified; 1-fold increase;
P = .033), and complement factor D (4 peptides quantified;
1-fold decrease; P = .034). On the basis of data showing the
greatest peptide coverage for IgM (40 peptides) and associ-
ated significant P values, we examined the correlation between
complement activation with donor IgM in more detail. As
shown in Figure 2A, by mass spectrometry, an individual's IgM
levels showed a strong correlation with complement activation
(r=0.898; P < .005; Pearson’s correlation).

To affirm these findings and examine the influence of other
immunoglobulins, we tested a larger cohort (n = 29) of healthy
individuals for complement activation response to PF4/heparin and
measured corresponding IgM, 1gG, and IgA levels in our clinical
laboratory. As shown in Figure 2B-D, we again noted a strong
correlation between complement activation by PF4/heparin and
total IgM (0.82; P < .0001; by Spearman correlation as IgM levels
were not normally distributed), but not IgG or IgA levels, in the same
samples (IgG: r= —0.36; P = .05; IgA: r= —0.22; P = not significant;
by Pearson'’s correlation for normally distributed data).

Plasma IgM mediates complement activation by
PF4/heparin complexes

The studies shown in Figure 2 demonstrate a strong correlation
between an individual’s plasma IgM levels and the extent of
complement activation response to PF4/heparin, but they do not
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Figure 2. Complement activation by PF4/heparin correlates with plasma/serum IgM levels. (A) Proteomic analysis of plasmas with a high, intermediate, or low complement
response phenotype shows strong correlation with plasma IgM. Graph shows IgM protein intensity determined by proteomic analysis (x-axis) and complement activation response
to PF4/heparin, as measured by the antigen-C3c capture ELISA assay (y-axis). (B-D) Serum immunoglobulin levels (IgM, IgG, and IgA) from 29 healthy donors were measured in the
clinical laboratory and correlated with an individual’'s complement activation response to PF4/heparin, as measured by the antigen-C3c capture ELISA assay. Graphs show
correlation of complement activation (y-axis) as a function of immunoglobulin levels (x-axis). Each symbol in the graph represents an individual donor. Complement activation

values were normalized to an intermediate donor studied in parallel.

show that IgM is required. To investigate the involvement of
IgM, we augmented or depleted IgM from the plasma of donors
with low or intermediate reactivity, respectively. Addition of
commercial IgM (0-1000 pg/mL; isolated and pooled from ~20
healthy donors) to the plasma of 2 low phenotype donors caused
a dose-dependent increase in complement activation (Figure 3A;
~10-fold increase in C3c generation seen with 1000 pg/mL IgM
vs 0 IgM; P < .0001). Neither polyclonal IgG (0-5000 pg/mL;
Figure 3A) nor monoclonal IgM (0-1000 wg/mL) restored com-
plement activation at any concentration tested (Figure 3A), even
when higher IgG concentrations were tested to mimic the 5- to 10-
fold higher levels of IgG in plasma. Conversely, removal of IgM from
plasma diminished C3c generation. Specifically, when plasma from
an intermediate phenotype donor was depleted of IgM, there was
marked loss of complement activation in response to PF4/heparin
(Figure 3B) compared with the same plasma treated with control
beads (Figure 3B; P < .0001). Furthermore, repleting IgM (400 pg/mL)
in plasma devoid of IgM rescued complement activation by PF4/
heparin (Figure 3B; P < .0001 compared with no added IgM). As
expected, addition of similar amounts of IgM to plasma incubated
with control beads enhanced complement activation (Figure 3B).

We next varied the concentrations of IgM and PF4/heparin to
mirror changes likely to occur in the clinical setting. To do so, we
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used plasma from a donor with low IgM levels and tested the
effects of increasing IgM (0-800 pg/mL) and PF4/heparin con-
centrations (PF4, 2.5-25 pg/mL and heparin, 0.025-0.25 U/mL) at
a fixed molar protein:heparin ratio of 6.6. As shown in Figure 3C,
complement activation was more dependent on changes in IgM
levels than in PF4/heparin. At levels of IgM less than 200 pg/mL,
complement activation was fairly insensitive to levels of PF4/heparin.
In contrast, when the IgM was higher than 400 pg/mL, lower PF4/
heparin ratios (7.5:0.075 and 10:0.1, respectively) sufficed to activate
complement. Together, these findings demonstrate that comple-
ment activation by PF4/heparin complexes is dependent on IgM.

Polyreactive, naturally occurring IgM mediates
complement activation by PF4/heparin

The findings that plasma containing IgM from individual healthy
donors without prior heparin exposure (Figures 1 and 2) and that
pooled IgM from healthy donors (Figure 3) activate complement
in response to PF4/heparin suggests possible involvement
of natural IgM. To investigate the role of natural IgM, we first
examined the antigen-binding specificities of commercial donor
IgM, which can be assumed to reflect little to no contribution
from individuals who have been exposed to heparin. Binding of
pooled IgM (or plasma dilutions of individual donors) to a panel
of heparin-binding proteins was measured in the presence or
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Figure 3. Plasma IgM mediates complement activation by PF4/heparin com-
plexes. (A) Commercial IgM (0-1000 pg/mL; filled symbols) or IgG (0-5000 pg/mL;
open symbols) or monoclonal myeloma IgM (0-1000 pg/mL; hatched symbols) was
added to the plasmas of 2 donors with a low complement response type (circle/
square), and complement activation by PF4/heparin was measured by the antigen-
C3c capture ELISA assay. Graph shows complement activation (y-axis) as a function
of added immunoglobulin concentration. (B) Plasma with an intermediate donor
phenotype was incubated with anti-lgM or control beads, followed by the addition
of buffer, PF4/heparin, or PF4/heparin +400 wg/mL IgM, and complement acti-
vation was measured by the antigen-C3c capture ELISA assay. Graph shows
complement activation (y-axis) in control or IgM depleted plasma (x-axis). (C)
Plasma with a low donor phenotype was incubated with varying antigen con-
centrations (PF4; 0-25 pwg/mL + heparin; 0-0.25 U/mL) and IgM (0-800 wg/mL),
and complement activation was measured by the antigen-C3c capture ELISA
assay. Graph shows complement activation response at varying IgM concentra-
tions (y-axis) as a function of PF4/heparin concentrations (x-axis). *P < .005;
**P < .0001. Results are shown from a representative experiment involving 3 donors
tested on 3 different occasions.
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absence of added heparin. As seen in Figure 4A, commercial
IgM showed broad reactivity to a variety of antigens. In general,
antigen reactivity was higher in the presence of heparin. Plasma
from specific donors with high (supplemental Figure 2A) and
intermediate (supplemental Figure 2B) IgM levels also showed
broad reactivity with multiple antigens, but reactivity to in-
dividual antigens varied slightly from commercial IgM. As
expected, the low IgM donor showed minimal reactivity to all
antigens tested (supplemental Figure 2C). To exclude a sub-
population of PF4/heparin-specific IgM within a polyclonal IgM
pool, commercial IgM was subjected to affinity purification using
a PF4/heparin column. As shown in supplemental Figure 3,
affinity-purified IgM did not differ from unfractionated IgM with
respect to binding various antigens, thus excluding the presence
or role for antigen-specific IgM in complement activation.
Moreover, polyreactive IgM also activated complement in the
presence of PRT/heparin complexes. As shown in supplemental
Figure 4A, PRT/heparin complexes activated complement in
plasma containing IgM, but not in plasma depleted of IgM. As
with PF4/heparin, addition of polyclonal IgM to IgM-depleted
plasma restored complement activation (supplemental Figure 4A).

We then sought to confirm or exclude existence of natural IgM
using 2 independent approaches. First we examined the com-
plement activating activity of a monoclonal IgM antibody, 2E4,
with broad specificities analogous to natural IgM. 2E4 recog-
nizes diverse endogenous antigens (eg, single-stranded DNA
B-galactosidase, insulin) and several strains of streptococci.®
The addition of 2E4 to the plasma of 2 donors with low complement
reactivity initiated an antibody-dependent increase in complement
activation in the presence of PF4/heparin (P < .0001 at 10 and
50 wg/mL 2E4), but not after addition of PF4 alone, heparin alone,
or buffer (Figure 4B). As with PF4/heparin, 2E4 activated comple-
ment in response to PRT/heparin complexes, but not when plasma
was incubated with PRT alone (supplemental Figure 4B). Next, we
examined complement activation in response to PF4/heparin in
cord blood, which is enriched in natural IgM.3* Because IgM levels in
cord blood are less than 10% of adult levels, which is insufficient to
activate complement in the plasma-based C3c immunoassay, we
used the more sensitive flow-based assay. Cord blood incubated
with PF4/heparin increased antigen (Figure 4C, top panel) and C3c
(Figure 4C, bottom panel) on B cells (light blue line) compared with
incubation with PF4 (yellow line) or buffer alone (purple line). These
data further support the concept that naturally occurring IgM
mediates complement activation by PF4/heparin complexes.

Complement activation by IgM is mediated through
the classical pathway

The complement system can be activated by the alternative,
classical, and/or lectin pathways. To first investigate the alter-
native pathway in PF4/heparin-mediated complement activa-
tion, we performed differential chelation studies using EDTA and
EGTA, wherein the alternative pathway, sensitive to Mg?*, is
inhibited by EDTA, but not EGTA.3> As shown in Figure 5A,
addition of EDTA or EGTA to plasma before addition of PF4/
heparin eliminated complement activation. Further, Mg®* sup-
plementation of EGTA-treated plasma did not rescue comple-
ment activation by PF4/heparin. Similar results were obtained in
whole blood assay using flow cytometry (supplemental Figure 5).
To examine involvement of the lectin and classical pathways,
plasma or whole blood was preincubated with monoclonal
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Figure 4. Polyreactive IgM mediates complement activation by PF4/heparin. (A) Antigen-specificity of commercial IgM was determined using microtiter plates coated with
various antigens. The graph shows the binding (y-axis) of various concentrations of commercial IgM (1.25-80.0 pg/mL) to different antigens. (B) Complement activation by
polyreactive monoclonal IgM, 2E4, in the plasma of 2 donors (low complement activation phenotype; circle/square) in response to buffer (open symbols), PF4 alone (hatched
symbols), heparin alone (half-filled symbols) and PF4/heparin (filled symbols) as measured by the antigen-C3c capture ELISA assay. Graph shows complement activation (y-axis)
as a function of added polyreactive IgM concentrations. Results are shown from a representative experiment involving 3 donors tested on 3 different occasions. **P < .0001,
relative to no polyreactive IgM added. (C) Whole blood from the cord blood of a baby was incubated with buffer or PF4 + heparin and binding of PF4/heparin (KKO) or C3c to
the B cells was determined by flow cytometry. Histograms show the representative results from 2 different experiments with 2 different cord blood samples.

antibodies to C1qg or MBL or isotype controls, and complement
activation responses to PF4/heparin were assessed by immuno-
assay (Figure 5B) or flow cytometry (supplemental Figure 6).
Anti-C1q inhibited complement activation by IgM, whereas anti-MBL
antibodies or mouse isotype control did not. In addition, in data not
shown, we excluded involvement of individual lectin proteins, ficolin-
2 and ficolin-3 in complement activation by PF4/heparin complexes.
Mass spectrometry data accompanying Figure 2A did not show
correlation of lectin proteins with complement activation phenotype,
nor was functional inhibition of ficolin-2 associated with loss of
complement activation in our immunoassay (data not shown). These
studies establish that complement is activated by PF4/heparin
through the classical complement pathway.

Plasma IgM colocalizes with complement and
antigen on B cells in vitro and in patients
receiving heparin

Circulating IgM facilitates antigen transport of particulate anti-
gen through colocalizing with antigen and complement on the

surface of noncognate B cells.?'3® To examine whether IgM
colocalizes with PF4/heparin antigen and complement on
B cells, we examined surface IgM on B cells before and after
addition of antigen. Consistent with previous findings,® incubation
of whole blood with buffer or PF4 alone is not associated with
antigen or complement deposition on B cells. Under these same
conditions, basal levels of IgM were detected on B cells, likely as
a result of binding of anti-IlgM antibody to surface B-cell re-
ceptor. In contrast, when whole blood was incubated with PF4/
heparin ULCs, there was a marked shift in fluorescent signals for
complement and PF4/heparin, as well as IgM (Figure 6A-B).
This increase in IgM binding is likely a result of plasma-derived
antibody (as opposed to surface IgM), as addition of excess
heparin reduced PF4/heparin and IgM fluorescence to baseline
(Figure 6A-B).

To explore the clinical relevance of these observations, we exam-
ined B cells from patients for colocalization of IgM with PF4/heparin
before and after exposure to heparin. As shown in Figure 6C, there

A B
Figure 5. PF4/heparin activate complement by classical 05 0.4 4 -@- Ms IgG1
pathway. (A) Plasma from a healthy donor was incubated = ! -~ Anti-MBL
with EDTA (10 mM) or EGTA (10 mM) + MgCl, (10 mM) or £ 04 - Anti-C1q
with buffer before incubating with PF4/heparin and com- 5 0.3 E 0.3
plement activation was measured by the antigen-C3c et 2
capture ELISA assay. The y-axis shows the complement 3 02 5_‘?:
activation in different incubation conditions. ***P < .0001. = 0.1 &S 0.2 1
(B) Plasma from a healthy donor was incubated with various s <
concentration of anti-C1q antibody, anti-MBL antibody, or 0.0 % 0.1 4
control antibody (0-100 pg/mL) before adding PF4/heparin PF4: - + + + +
and complement activation by PF4/heparin was determined Hep: _ + + + + 0.0 *hx
by the antigen-C3c capture ELISA assay. The y-axis shows EDTA: ) + ) : 2'5 5'0 7'5 100
the complement activation in presence of various antibodies. :
*P < 05, *P < 001; **P < 0001 compared with no antibody EGTA: - - -t Antibody (ug/mL)
added condition. Results are shown from a representative ex- MgCl,: - - - -
periment involving 3 donors tested on 3 different occasions.
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Figure 6. Plasma IgM colocalizes with PF4/heparin and C3 fragments on B cells in healthy donors and patients on heparin therapy. (A-B) Whole blood from a rep-
resentative healthy donor was incubated with buffer or PF4 (25 pg/mL) * heparin (0.25 U/mL) and binding of C3c, PF4/heparin, and IgM on B cells was determined by flow
cytometry. Binding of C3c/anti-PF4/heparin (KKO)/IgM to B cells is shown with and without PF4 * heparin by histogram overlays in normal and excess heparin wash
conditions (A) and as mean fluorescent intensity (B). Results are shown from a representative experiment involving 3 donors tested on 3 different occasions. (C-D) Binding of
C3c, PF4/heparin, and IgM on B cells in the circulation of heparinized patients was determined by flow cytometry. Binding of C3c/anti-PF4/heparin (KKO)/IgM to B cells is shown
pre- and postheparin exposure in the patient by overlay histograms (C) and as mean fluorescence intensity (D). Results are shown from 1 representative patient out of 3 patients studied.

*P < .005; **P < .0001.

was no PF4/heparin, minimal C3c, and basal expression of IgM on
B cells before receiving heparin (Figure 6C [magenta histogram]
and D [magenta columns]). By 9 hours after initiating heparin,
increased binding of PF4/heparin, complement, and IgM was

IGM INVOLVEMENT IN THE HIT IMMUNE RESPONSE

seen on circulating B cells (Figure 6C [steel blue histogram] and D [steel
blue columns]). Taken together, these studies show IgM coloc-
alizes with PF4/heparin and complement fragments on circulating
B cells, and increased bound IgM is likely plasma-derived.
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Figure 7. Mechanism of complement activation by PF4/heparin complexes. (A) Heparin displaces PF4 to form ULCs. (B) Polyreactive natural IgM from plasma binds to ULCs,
changes conformation and binds C1q to activate the classical pathway of complement activation. (C) IgM and complement-coated antigen binds to B cells via complement receptor 2.

Discussion

The HIT antigen consists of a complex between cationic PF4 and
anionic heparin that generate an array of charged motifs that
have similarities to key features of microbial pattern recognition
molecules.’” As shown in our recent work, these properties
endow the PF4/heparin ULC with robust complement activating
properties.®

Here, we delineate the mechanism by which PF4/heparin
complexes activate complement. We observed wide, but stable,
variation in IgM levels in healthy donors that closely correlate
with their complement activating responses to PF4/heparin. Our
data show that polyreactive IgM binds PF4/heparin, triggers
activation of the classical complement pathway, and promotes
antigen and complement deposition on B cells. Natural IgM
mediates this process, and complement activation by IgM can
be attenuated by classical pathway inhibitors.

A major finding from our study is that natural IgM, rather than
immune IgM, is likely responsible for PF4/heparin-mediated
complement activation. First, plasmas from healthy donors with
no prior heparin exposure activate complement in an IgM-
dependent manner (Figures 1-3). In individuals with low IgM,
polyclonal commercial IgM (derived from the plasma of ~20
healthy donors), but not monoclonal IgM derived from a mye-
loma patient’s plasma or IgG (Figure 3A), enhances the com-
plement activation response to PF4/heparin. Commercial IgM
and individual donor IgM display broad reactivity with multiple
unrelated antigens (Figure 4A; supplemental Figure 2). More-
over, a monoclonal antibody with polyreactivity (pAb2E4) to
bacterial antigens (Figure 4B)*' as well as cord blood plasma
(Figure 4C), which contains mostly natural IgM 343 activates
complement in response to PF4/heparin as well. Thus, our data
suggest that polyreactive IgM that develops in response to early
encounters with endogenous®° or exogenous antigens*42
with features of PF4/heparin-like molecules likely contribute to
host immunity, allowing for rapid development of antigen-
specific antibodies that mediate HIT.

Our studies may also help to reconcile seemingly disparate
observations on the contributions of innate and adaptive
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immunity to the development of HIT antibodies. Whereas
several studies, using athymic mice and mice depleted of CD4*
T cells, indicate an absolute requirement for T cells,4344 other
studies show T-cell independence. In these latter studies, mice
lacking marginal zone B cells,** B lymphocytes belonging to the
innate immune system,* were unable to develop antibodies
after PF4/heparin immunization. These findings led the authors
to speculate that HIT was likely T-cell independent. However, as
marginal zone B cells are an important source of polyreactive
IgM necessary for complement activation, antigen transport, and
subsequent adaptive immunity, the requirements for marginal
zone B cells are in keeping with their role in bridging innate
and adaptive immunity.

The pentameric structure of circulating IgM facilitates high
avidity interactions with antigen and allows IgM to have a 1000-
fold greater affinity for the classical pathway component C1q
compared with IgG."”” Complement activation is most robust
when IgMs (either immune or nonimmune) bind to particulate
antigens and undergo conformational change to initiate binding
of C19.#” Our data are consistent with these reports, as PF4/
heparin complexes by virtue of its charge and size*® behave as
particulate antigen, promote IgM binding, and enable com-
plement activation and antigen deposition on B cells (Figure 6A-
B). The observations that circulating B cells from heparinized
patients show similar colocalization of IgM, antigen, and com-
plement (Figure 6C-D) provide not only valuable clinical con-
firmation of in vitro data but also validate this IgM-mediated
pathway as an important mechanism of immune activation in
HIT and suggest plasma IgM levels may provide a biomarker
for the risk for seroconversion.

Our studies also identify IgM and the classical pathway as po-
tential diagnostic and/or therapeutic targets in HIT. In healthy
donors, donor phenotypes of complement activation, which
correlate with IgM levels (Figure 2A), remain stable over time
(Figure 1B). In addition, studies shown in Figure 3C indicate
a threshold effect for IgM not seen with PF4/heparin. Although
additional studies are needed to establish the stability of IgM
levels over time both in healthy donors and in patients expe-
riencing infection or inflammation, measurement of IgM at time
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of heparin exposure may identify patients at low or high risk for
sensitization. Last, we show that the classical pathway can be
a therapeutic target in HIT. Disruption of IgM-C1q interactions
prevent PF4/heparin-mediated complement activation, whereas
inhibition of the alternative pathway or MBL activity has no effect
(Figure 5). Targeted inhibitors of C1 g/r/s complex such as anti-
C1s therapy or broader complement targets such as Cp40,%
a peptide inhibitor of C3, could potentially be used to prevent
HIT seroconversions.

In conclusion, our studies support the following model of
complement activation by PF4/heparin complexes. Under
physiological conditions, circulating PF4, IgM, and C1 do not
associate. Once heparin is administered at concentrations that
generate PF4/heparin ULCs in the form of particulate antigen,
preexisting IgM binds to PF4/heparin ULCs and undergoes
a conformational change (Figure 7A) that initiates binding of C1q
followed by activation of the C1 complex. Activation of the
classical pathway culminates in activation of the C3 convertase,
incorporation of the C3 fragments onto PF4/heparin ULCs
(Figure 7B), and subsequent binding of IgM/C3-coated antigen
to B cells via complement receptor 2 (Figure 7C). Prospective
studies in patients receiving heparin therapy will be neces-
sary to define the threshold amounts of IgM and/or PF4/
heparin necessary to initiate complement activation and vali-
date the relevance of this mechanism for subsequent HIT
antibody formation.
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