'.) Check for updates

Plenary Paper ‘blood

PLATELETS AND THROMBOPOIESIS
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Heparin-induced thrombocytopenia is a prothrombotic disorder caused by antibodies to
platelet factor 4 (PF4)/heparin complexes. The mechanism that incites such prevalent

e PF4/heparin ultra-large anti-PF4/heparin antibody production in more than 50% of patients exposed to heparin in
complexes activate some clinical settings is poorly understood. To investigate early events associated with
complement and bind antigen exposure, we first examined the interaction of PF4/heparin complexes with cells
preferentially to B cells via circulating in whole blood. In healthy donors, PF4/heparin complexes bind preferentially
CR2 (CD21 ) to B cells (>90% of B cells bind to PF4/heparin in vitro) relative to neutrophils, monocytes,

N Complement-fixed PF4/ or T cells. Binding of PF4 to B cells is heparin dependent, and PF4/heparin complexes are
h . | b found on circulating B cells from some, but not all, patients receiving heparin. Given the
el comp. 2L _Can 2 high proportion of B cells that bind PF4/heparin, we investigated complement as a
_detected on cwcy!atmg B C_e”S mechanism for noncognate antigen recognition. Complementis activated by PF4/heparin

in patients receiving heparin complexes, co-localizes with antigen on B cells from healthy donors, and is present on
therapy. antigen-positive B cells in patients receiving heparin. Binding of PF4/heparin complexes

to B cells is mediated through the interaction between complement and complement
receptor 2 (CR2 [CD21]). To the best of our knowledge, these are the first studies to demonstrate complement activation by PF4/
heparin complexes, opsonization of PF4/heparin to B cells via CD21, and the presence of complement activation fragments on
circulating B cells in some patients receiving heparin. Given the critical contribution of complement to humoral immunity, our
observations provide new mechanistic insights into the immunogenicity of PF4/heparin complexes. (Blood. 2016;128(14):1789-1799)

Introduction

Immune responses to heparin are common and include the well-
recognized complication of heparin-induced thrombocytopenia (HIT),
a prothrombotic disorder caused by antibodies to complexes of platelet
factor 4 (PF4) and heparin. It is not known how heparin and PF4, which
individually are host constituents, become recognized as non-self when
combined in vivo. Previous studies have shown that ultra-large com-
plexes (ULCs) formed through electrostatic interactions of PF4 and
heparin elicit T-cell-dependent immune responses in vivo. In murine
models, PF4/heparin ULCs formed at certain molar ratios of PF4:
heparin initiate antibody production, whereas PF4 itself or ULCs
formed with excess heparin are rarely associated with antibody
formation.'

How the immune system responds to a subset of PF4/heparin
complexes is uncertain. Multivalent antigens can trigger adaptive,
T-cell-mediated immunity by activating generalized host-defense
mechanisms through cell-surface pattern recognition receptors
and/or humoral pattern recognition molecules.” To date, only 2
studies have examined the role of pattern recognition receptors in the

pathogenesis of HIT. In mice, anti-PF4/heparin antibody formation
does not require TLR/MyD88 signaling, because MyD88-deficient
and wild-type mice have comparable rates of seroconversion.’
In the other study, TLR4, which signals by both MyD88-dependent
and MyD88-independent mechanisms, has been implicated in HIT
immune activation through effects on interleukin-8 production.*

Far less is known about the contribution of humoral-based
molecules, such as complement, in the initiation of the PF4/heparin
immune response. The complement system is a tightly regulated
innate host defense mechanism that is rapidly activated by molec-
ular patterns found on invading pathogens. In addition to its primary
role in clearance and destruction of microorganisms, comple-
ment also subserves essential functions in adaptive immunity.’
Transient depletion of complement® or targeted disruption of genes
that encode complement proteins’ impair T-cell-dependent anti-
body responses. This costimulatory effect is primarily trans-
acted by complement receptors (CRs) expressed on B cells.”
Indeed, binding of complement-coated antigen to B-cell CR2
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(CD21) enhances the immunogenicity of some antigens 1000 to
10 000-fold.®

We undertook these studies to examine the role of complement
in the immune response to PF4/heparin complexes. The studies we
discuss in this article show marked preferential binding of PF4/heparin
ULCs to B cells compared with other leukocytes in whole blood,
heparin-dependent binding of PF4/heparin complexes to B cells in vitro
and in vivo, complement activation by PF4/heparin complexes, and
binding of complement activation fragments onto circulating B cells in
patients receiving heparin. We also identify a critical role for CD21 in
binding PF4/heparin complexes to B cells. Together, these findings
identify a previously unrecognized pathway that likely contributes to
the immunogenicity of PF4/heparin complexes.

Methods

Materials and cell lines

Recombinant human PF4 was purified as previously described.’ Studies were
performed by using unfractionated heparin (UFH; Elkins-Sinn Inc.), low
molecular weight heparin (LMWH; Sanofi-Aventis Pharmaceuticals), and
fondaparinux (GlaxoSmithKline). Lymphoblastic cell lines Ramos, Raji, and
P3HR-1 and the acute lymphocytic leukemia cell line, Reh, were purchased
through a license agreement from the Duke Cell Culture Facility. Unless
specified, chemicals and tissue culture reagents for preparing buffers were
purchased from Sigma.

Blood samples

Blood from healthy donors or patients receiving heparin therapy was collected
into sodium citrate or acid-citrate dextrose-A (1:7 volume) with written consent
following an institutional review board—approved protocol (Duke Institutional
Review Board #Pro00012901). Human patients were enrolled in the study in
accordance with the Declaration of Helsinki. Where indicated, studies were
performed in whole blood or in 100% plasma from healthy donors.

Studies of PF4/ heparin and protamine/heparin complex
binding and flow cytometry

For a detailed description/schema describing whole blood studies of healthy
donor or patient samples, see the supplemental Data, available on the Blood Web
site. In brief, whole blood was incubated with buffer or with antigens (PF4 or
protamine [PRT] with or without UFH, LMWH, or fondaparinux) at 37°C for 1
hour or as indicated. Unless specified, PF4 and heparin concentrations were
25 pg/mL and 0.25 U/mL, respectively, and PRT and heparin concentrations
were 100 pg/mL and 10 U/mL, respectively. To block CD21, blood was in-
cubated with 10 pwg/mL sheep anti-human CD21 (R&D Systems) or isotype
control antibody at room temperature for 20 minutes and then incubated with PF4
with or without heparin as described above. Red blood cells (RBCs) were then
lysed with a 10-fold excess of ammonium chloride-potassium lysing buffer for
5 minutes at room temperature. Patient samples were processed for RBC
lysis without the addition of PF4 or heparin. After RBC lysis, cells were
centrifuged and washed in 2% v/v fetal bovine serum in phosphate-buffered
saline. To block Fc receptors, cells were first incubated with intravenous
immunoglobulin (Grifols) at 4°C for 10 minutes, followed by incubation with
fluorescently labeled or isotype control antibodies for 30 minutes at 4°C for
surface staining. One or more biotin-labeled or fluorescently labeled anti-
bodies were used in the studies discussed below: KKO (anti-hPF4/hepan'n'0),
biotinylated anti-C3c (Quidel), biotinylated anti-C4c (My BioSource), anti-
CD19 (B cells), anti-CD3 (T cells), anti-CD66b (neutrophils), anti-CD14
(monocytes), and anti-CD41 (platelets). Details regarding fluorescent markers
and sources of antibodies are provided in supplemental Data. For studies that
used lymphoblastoid cell lines, cells (1 X 10%mL) were incubated in 100%
plasma or 100% plasma supplemented with antigen and analyzed by flow
cytometry. Cells were analyzed by using a BD FACS Canto Flow cytometer
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(BD Biosciences). Signals from a minimum of 10 000 cells were acquired
from each sample. Analyses were performed by using FCS Express
software, Version 4.07.0011 (De Novo Software).

Image analysis

Cell specificity of PF4/heparin binding was confirmed with ImageStream under
conditions similar to those described for flow cytometry. Events were acquired
by the Amnis ImageStreamX Mark II Imaging Flow Cytometer (EMD
Millipore) using X 60 magnification and the manufacturer’s software (Inspire).
Data from a minimum of 20 000 cells were acquired for each experiment and
analyzed with IDEAS Application v6.2 (EMD Millipore).

Studies of complement activation

Cells and plasma were separated from whole blood by centrifugation and
reconstituted according to the experimental conditions outlined below. To
inactivate complement, plasma was heat-inactivated at 56°C for 30 minutes.
Pelleted cells were washed twice with serum-free RPMI and re-mixed with
separated normal plasma or heat-inactivated plasma (at a 1:1.5 ratio)
followed by incubation with buffer or 10 mM EDTA for 10 minutes at room
temperature to block complement. Re-mixed plasma and cells were then
incubated in the presence or absence of antigen (PF4 with or without
heparin) for 1 hour at 37°C or at 0°C followed by staining with antibody. To
determine the sequence of complement activation and PF4/heparin binding
to B cells, plasma was first incubated with 10 mM EDTA with or without
PF4/heparin for 30 minutes, followed by the addition of blood cells for
30 minutes. Alternatively, antigen was added to plasma at 37°C for 30 minutes
followed by addition of 10 mM EDTA and blood cells for 30 minutes.

Statistics

Data are expressed as mean =+ standard deviation. Significance was calculated
by using Student # test. Statistical analyses were performed by using GraphPad
Prism (Graph Pad Software, Version 5.02).

Results

PF4/heparin complexes bind preferentially to peripheral
blood B cells

On the basis of recent findings showing monocyte uptake of
PF4/heparin complexes,'" we asked if other antigen-presenting cells,
such as B cells, interact with PF4/heparin ULCs in whole blood. To
accomplish this, we added unlabeled PF4/heparin complexes to whole
blood and measured binding of PF4/heparin complexes to various
leukocyte populations by using fluorescently labeled KKO, a murine
monoclonal antibody to hPF4/heparin complexes'® and cell-specific
markers. PF4/heparin complexes bound to >90% of B cells as
measured by KKO binding but to <1% of T cells, ~2% of monocytes,
and <1% of neutrophils (Figure 1A, bottom panel) compared to
the absence of binding of PF4 alone or buffer (Figure 1B). To
confirm cell specificity, we used an alternate imaging modality,
ImageStream, an imaging flow cytometer that renders cell-surface
images of fluorescently bound antibodies.'? Imaging analysis con-
firmed similar binding patterns of PF4/heparin complexes (Figure 1C).
Similar to findings in Figure 1A-B, ImageStream analysis confirmed
KKO binding to B cells in the presence of PF4/heparin complexes
but not PF4 alone or buffer (Figure 1D; supplemental Figure 1A).
Binding of PF4/heparin could not be attributed to heterocellular
complexes with platelet-bound PF4, because platelets were not found
in association with B cells (supplemental Figure 1B) nor did they bind
PF4/heparin complexes in whole blood directly (data not shown). A
similar pattern of PF4/heparin binding was seen with B cells from
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Figure 1. PF4/heparin complexes bind preferentially to B cells in the peripheral blood. Whole blood from healthy donors was incubated with buffer or antigen (PF4
with or without heparin) followed by staining for cell-specific markers and KKO. Mean =+ standard deviation (SD) of 3 independent experiments is shown. (A) Flow
cytometric analyses of peripheral blood leukocytes. Leukocyte subpopulations were defined by forward scatter and side scatter characteristics (lymphocytes, neutrophils,
and monocytes). Gated subpopulations were identified by cell-surface markers for T lymphocytes (CD3), B lymphocytes (CD19), neutrophils (CD66b), and monocytes
(CD14) on the x-axis and for KKO staining on the y-axis for each antigen. The percentage of KKO-positive cells for each cell lineage appears in the upper right corner of
each graph. (B) Graph of cell lineage—specific staining of flow data from (A). Binding of KKO to cell lineages incubated with antigen is shown. (C) ImageStream analysis
of PF4/heparin binding to B cells. Cell-surface binding of PF4/heparin complexes is shown by imaging flow cytometry using fluorescently labeled cell-surface markers
(CD3-APC, CD19-PE, CD14-APC, and CD66b-APC) and KKO-AF488 (green). For clarity, colors were reassigned to show T cells in red, B cells in yellow, monocytes in
purple, and neutrophils in blue. (D) Graph of cell lineage—specific staining of ImageStream data from (C). (E) PF4/heparin complexes bind preferentially to B cells from
multiple healthy donors. CD19" cells were gated for KKO binding for various antigens. The graphs show percentage of KKO-positive B cells (mean * SD) in various
conditions from 6 healthy donors. Each colored symbol represents % KKO + B cells in an individual donor. (F) Kinetics of PF4/heparin binding to B cells. Whole blood
was incubated with antigen for defined time points and stained with KKO/CD19. For each condition, time is shown on the x-axis and binding of KKO shown on the y-axis.
**P < .005 compared with other data in graph.
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Figure 2. PRT/heparin complexes show similar selective binding to B cells. Whole blood from a representative healthy donor was incubated with buffer or antigen (PRT
with or without heparin) followed by staining for cell-specific markers and ADA, a monoclonal antibody to PRT/heparin complexes. Mean + SD of 3 independent experiments
is shown. (A) Flow cytometric analyses of peripheral blood leukocytes incubated with buffer, PRT, or PRT/heparin. Flow cytometry was performed on whole blood. Leukocyte
subpopulations were defined by forward and side scatter characteristics (lymphocytes, neutrophils, and monocytes). Gated subpopulations were identified by cell-surface
markers for T lymphocytes (CD3), B lymphocytes (CD19), neutrophils (CD66b), and monocytes (CD14) on the x-axis and for ADA staining on the y-axis for each antigen. The
percentage of ADA-positive cells for each cell lineage appears in the upper right corner of each graph. (B) Graph of cell lineage—specific staining of flow data shown in (A).
Binding of ADA to cell lineages incubated with antigen is shown. **P < .005 compared with other data in graph.

every healthy donor studied (Figure 1E). To ensure that B-cell binding
was indeed due to PF4/heparin and not unique to the binding charac-
teristics of the monoclonal antibody KKO, we performed a series of
experiments involving directly labeled antigen (PF4/heparin-fluorescein
isothiocyanate [FITC]), HIT immunoglobulin G (IgG), and a monoclo-
nal antibody to PF4 (RTO'). Similar results were seen whether B-cell
binding was measured with PF4/heparin-FITC complexes (supplemen-
tal Figure 2A) or with HIT antibodies (supplemental Figure 2B).
PF4 alone, as indicated by RTO binding, does not bind to monocytes,
neutrophils, or platelets at the concentrations we studied (data not
shown).

To examine the kinetics of PF4/heparin binding to B cells,
PF4/heparin complexes were incubated with whole blood for 30
seconds to 48 hours. Antigen binding to B cells was detected within
30 seconds of incubation, reached saturation within 30 minutes,
and remained stable over the ensuing 24 hours (Figure 1F) without
internalization (data not shown).

PRT/heparin complexes show similar selective binding
to B cells

To examine whether binding of PF4/heparin complexes to B cells
was generalizable to other protein/heparin ULCs, we performed
similar experiments using PRT/heparin ULCs and ADA (G.M.L.,
Manali Joglekar, S.E.K., Rui Qi, L.R., and G.M.A., manuscript in
preparation), which is a monoclonal antibody to PRT/heparin,
or PRT/heparin-FITC. Similar to PF4/heparin complexes, PRT/
heparin ULCs bound preferentially to B cells in the peripheral
blood (Figure 2A-B), which was assessed by using ADA or PRT/
heparin-FITC (data not shown). B-cell binding of PRT, like PF4,
was also heparin dependent (data not shown). These studies show
that binding of protein/heparin ULCs to B cells is a general
property of heparin-containing complexes and is not antigen
specific.

B-cell binding of PF4/heparin complexes is heparin dependent

Formation of PF4/heparin ULCs shows heparin dependence.''*"'

To determine whether B-cell binding of PF4/heparin complexes is
also heparin dependent, we incubated whole blood with a fixed
concentration of PF4 and varying concentrations of heparin. As
shown in Figure 3A, binding of PF4/heparin to B cells showed
marked dependence on heparin concentration. No binding was
detected when PF4 was added alone or in the presence of low
concentrations of heparin (<0.005 U/mL), but as the concentra-
tion of heparin was increased (0.005 to 1 U/mL), binding of KKO
(PF4/heparin complexes) was markedly enhanced. Consistent
with prior studies showing disruption of ULCs at high heparin
concentrations,"'*"!> cell-surface binding of KKO was lost at
heparin concentrations =5 U/mL. We next examined the impact of
polysaccharide length on PF4 binding to B cells in the presence of
UFH, LMWH, or the synthetic pentasaccharide fondaparinux.
At a fixed concentration of PF4 (25 pg/mL), optimal binding
of PF4 complexes containing UFH occurred at PF4:heparin
molar ratios (PHRs) ranging from 1.5 to 100 (Figure 3B). By
contrast, at this same PF4 concentration, binding of complexes
containing LMWH occurred over alower range of PHRs (0.15-7).
This indicates that B-cell binding of PF4/LMWH complexes
requires higher concentrations of LMWH than UFH, confirming
previous observations on the effects of UFH and LMWH on
formation of ULCs.'* Also consistent with prior observations,'*
fondaparinux did not form complexes with PF4 that could be
recognized by KKO.

We have previously shown that if the PHR is held constant,
corresponding changes in the absolute amounts of PF4 and heparin
alter the size of ULCs. For example, increasing PF4 (p.g/mL):heparin
(U/mL) concentrations from 100:2.5 to 200:5 while maintaining
the molar ratio at 2.6:1 doubles the size of the ULCs.! To determine
whether B-cell binding of complexes is affected by ULC size, we
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Figure 3. PF4/heparin complexes bind B cells in a heparin concentration—-dependent manner. Whole blood was incubated with various concentrations of PF4 in
combination with UFH, LMWH, or fondaparinux as indicated. Cells were stained with CD19 and KKO and the percentage of B cells binding with KKO under each condition is
shown on the y-axis. (A) PF4/heparin binding to B cells is heparin dependent. Whole blood was incubated with a fixed amount of PF4 (25 wg/mL) and various concentrations of
UFH (0-5 U/mL). Shown are the mean = SD for percentage of KKO-positive B cells as a function of UFH concentration from 4 independent experiments. (B) B cell binding of
complexes formed with PF4 and UFH, LMWH, or fondaparinux. Whole blood was incubated with a fixed amount of PF4 (25 pg/mL) and various concentrations of UFH,
LMWH, or fondaparinux. Shown are the mean * SD for percentage of KKO-positive B cells as a function of PF4 and UFH, LMWH, and fondaparinux molar ratios from
3 independent experiments. (C) B cell binding of PF4/heparin ULCs increases with PF4/heparin concentrations. Whole blood was incubated with increasing amounts of PF4
(0-25 000 ng/mL) and increasing UFH concentrations (0-5 U/mL). KKO binding for a given PF4 concentration is shown as a function of heparin concentration. Shown are the

mean = SD for percentage of KKO-positive B cells from 3 independent experiments.

varied the concentrations of PF4 (0-25 p.g/mL) and heparin (0-5 U/mL).
As shown in Figure 3C and supplemental Figure 3, maximal binding
of KKO to B cells was linearly related to increased concentrations of
PF4 and heparin. Binding to B cells occurred over a broad range
of concentrations of PF4 (starting at 500 ng/mL) and heparin
(starting at 0.01 U/mL). Binding of PF4/heparin complexes to
B cells reached a maximum (>90% B cells) at PF4 concentrations
=5 ng/mL. Together, these studies are consistent with the known
biology of PF4/heparin interactions and demonstrate that cell-
surface binding to B cells correlates with size and formation of
ULCs in solution.

In situ generation of PF4/heparin complexes in whole blood

Low levels of PF4 are found on the platelet surface®!”

a consequence of physiologic clearance or intravascular activation.
On the basis of this knowledge, we asked whether heparin could dis-
place endogenous PF4 from the platelet surface to form PF4/heparin
complexes that bind to B cells. As shown in Figure 4A, addition of UFH
(0.005-0.25 U/mL) to whole blood displaces PF4 from other binding
sites that combine to form complexes that bind B cells, although this
was not seen with all donors.

and in plasma as
18,19

Patients treated with UFH have detectable PF4/heparin-positive
B cells

On the basis of the finding that endogenous PF4 can be displaced by
heparin to form PF4/heparin complexes capable of binding to B cells,
we next investigated binding of KKO to circulating B cells in patients
treated with UFH for medical or surgical (cardiac) indications. For these
studies, whole blood from patients treated with heparin was analyzed in
the absence of exogenous PF4 or heparin. Figure 4B shows dot plots of
data from 3 representative patients receiving heparin. Binding of KKO
to patient B cells, indicative of endogenous PF4/heparin complexes,
ranged from 0.3% to 82%. Overall, B cells from 6 (37%) of 16 patients
studied bound KKO (Figure 4C). As with healthy donors (Figure 1A),
in vivo binding of PF4/heparin was essentially confined to the B-cell
population (supplemental Figure 4). We noted that binding of PF4
to B cells in vivo was also heparin induced. As noted in Figure 4D,
PF4/heparin-positive B cells were not detected before UFH therapy
(-2 hours). However, when UFH was given at a dose of 13 to 18 U/kg
per hour, there was a steady rise in the percentage of PF4/heparin-
positive B cells over time (13-45 hours). At supratherapeutic levels of
heparin, as indicated by activated partial thromboplastin time >300
seconds, there was complete loss of antigen binding. Together, these
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(aPTT) are shown.

findings corroborate in vitro observations (Figures 1 and 3) that show
significant, heparin-dependent B-cell binding of PF4/heparin com-
plexes in some patients receiving heparin therapy.

Complement mediates binding of PF4/heparin complexes to
B cells

The observation that a high proportion of circulating B cells in healthy
donors are capable of binding PF4/heparin (or PRT/heparin) complexes
suggests that binding is not mediated by antigen-specific receptors.
Because the complement system facilitates antigen-independent
binding to B cells,®*° we investigated the role of complement in
binding of PF4/heparin complexes to B cells. Whole blood was
incubated with PF4/heparin under several experimental conditions
known to inhibit complement activation (heat inactivated sera/ice/
EDTA) that do not interfere with formation of PF4/heparin complexes
(supplemental Figure 5). KKO did not bind to B cells incubated
in normal plasma with buffer (Figure SA, column A), but showed
robust binding at 37°C in the presence of PF4/heparin (Figure 5A,
column B). PF4/heparin binding to B cells was markedly impaired
under conditions associated with complement inhibition or inactiva-
tion (Figure SA: column C, heat inactivated plasma; column D, 10 mM
EDTA; column E, ice).

To determine whether PF4/heparin binding to B cells was
associated with complement fixation, we incubated whole blood

with PF4/heparin complexes and examined binding of complement
fragments C3c/C4c to B cells by flow cytometry. We noted significant
amounts of complement fragments C3c and C4c deposited on B cells
pre-incubated with PF4/heparin (Figure 5B, bottom panel, and 5C),
but not with buffer or PF4 alone (Figure 5B, top 2 panels, and 5C).
Binding showed a rocket shape demonstrating a strong correlation
between PF4/heparin antigen and complement deposition on B cells.
We next examined the sequence of events involved in antigen and
complement binding to B cells. Cells incubated in plasma with buffer
did not bind PF4/heparin (Figure 5D, condition A), whereas PF4/
heparin complexes added to plasma without EDTA showed robust
binding to B cells (Figure 5D, positive control, condition B). When
plasma was incubated with EDTA before the addition of PF4/
heparin (Figure 5D, condition C), no antigen bound to B cells. How-
ever, if plasma was first incubated with PF4/heparin complexes and
then EDTA was added (Figure 5D, condition D), B-cell binding was
preserved.

To demonstrate the clinical relevance of these findings in
patients treated with UFH, we examined complement deposition
on PF4/heparin antigen-positive B cells in heparinized patients.
As shown in Figure SE, B cells from 2 patients receiving heparin
were stained for PF4/heparin antigen and C3c or C4c. B cells from
patient 1 (top panel) showed no binding of PF4/heparin or C3/C4.
Conversely, patient 2 had double-positive B cells, indicating
both PF4/heparin and C3/C4 binding. Figure SF shows serial
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Figure 5. Complement mediates binding of PF4/heparin complexes to B cells. (A) Effect of complement inhibition on PF4/heparin binding to B cells. Plasma and blood
cells were separated from blood by centrifugation, subjected to conditions associated with complement inactivation (heat inactivation and treatment with 10 mM EDTA or ice),
and exposed to antigen or buffer. Conditions A to E correspond to various incubation conditions. Mean + SD from 3 independent experiments. **P < .005 compared with
condition B. N, normal; HI, heat inactivated. (B) and (C) PF4/heparin binding to B cells correlates with C3c/C4c deposition. Percentage of double-positive cells, which
represent KKO and C3c or C4c binding, appears in the right upper quadrant of dot plots (B) and as quantified in (C) from 3 independent experiments. *P < .05, and **P < .005
compared with buffer condition. (D) Complement fixation occurs primarily in the solution phase and not on the B-cell surface. Plasma and blood cells were separated, and
sequence of B-cell binding was determined as described in “Methods.” Overlay histogram for KKO staining on the CD19-gated B cells is shown by the sequence of incubations
as indicated in the key. (E) Binding of PF4/heparin complexes and complement to B cells from heparinized patients. Blood from 2 patients (P-1 and P-2) was stained
concurrently for CD19, KKO, C3c, or C4c. Dot plots show binding of KKO and C3c/C4c binding on CD19™" gated cells. (F) Binding of PF4/heparin, C3c, and C4c to B cells over
time in a patient treated with heparin. Shown is the percentage of KKO-positive/C3c-positive/C4c-positive B cells in the circulation of a heparinized patient during the course of
heparin therapy. The x-axis shows time from start of heparin therapy, the y-axis shows % KKO + B cells, and the 2-headed arrow in the figure indicates duration of UFH therapy.
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Table 1. Examination of PF4/heparin binding and expression of
receptors on B cell lines

Cell lines IgMm MHC Il CD21 KKO (PF4/heparin)

P3HR-1 + + + 4+ + - -

Reh - ++ - -

Ramos + + + + + + +

Bjab ++ + + + + + + +

Raji + + ++ + + + 4+ + + 4+ +
Relative receptor expression or KKO binding is indicated by “~” or “+” (1-4)

signs.

+, Expression or binding; —, no or very poor expression or binding; MHC I,
major histocompatibility class II.

studies of KKO and C3/C4 on peripheral B cells from a patient
over the course of heparin therapy. KKO-positive cells were
detected throughout UFH therapy, indicating persistent antigen
binding. There was also a strong correlation between bound
antigen and C3/C4 binding. These studies provide experimental
evidence of in vitro and in vivo complement activation by PF4/
heparin complexes and demonstrate that complement activation
occurs in the fluid phase and that complement fixation is required
for binding of complexes to B cells.
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Complement-fixed PF4/heparin complexes bind to CR2 (CD21)
on B cells

We next investigated the involvement of various cell-surface receptors
in mediating binding of complement-coated PF4/heparin to B cells.
We found no specific role for cell-surface glycosaminoglycans, IgG-Fc
receptors, or cell-surface IgM (supplemental Figure 6). Rather, investiga-
tions of PF4/heparin binding to various lymphoblastic cell lines showed
strong correlation of PF4/heparin binding with CD21 expression (Table 1;
supplemental Figure 7), but not other surface receptors such as major
histocompatibility class II molecules and B-cell receptors (Table 1;
supplemental Figure 7). A small proportion of B cells in healthy
donors express low levels of CD21. Overlay histograms show that
B cells expressing low levels of CD21 (Figure 6A, lower panel, open
curve with solid line) express low levels of PF4/heparin compared
with B cells expressing high levels of CD21 (Figure 6A, lower panel,
shaded peak). To examine the contribution of CD21 in mediating
binding of complement-fixed PF4/heparin complexes more directly,
we blocked CD21 expression on B cells by using a polyclonal CD21
blocking antibody. As shown in Figure 6B, PF4/heparin complexes
bound to B cells in the presence of buffer or control IgG, but did
not bind to B cells pre-incubated with polyclonal anti-CD21.
Together, these results establish that complement mediates bind-
ing of PF4/heparin complexes to human B lymphocytes via CD21.
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Figure 6. Complement-containing PF4/heparin complexes bind to CR2 (CD21) on B cells. (A) Binding of PF4/heparin to peripheral blood B cells correlates with CD21
expression. Whole blood was incubated with PF4/heparin and stained with labeled antibodies to CD19, CD21, and KKO. Top panel: gating of B cells based on CD21
expression; bottom panel: overlay histogram of KKO staining as a function of CD21 expression as low- (open curve with solid line) or high- (shaded area) expressing B cells.
(B) CD21 mediates binding of complement-coated PF4/heparin complexes to B cells. Blood was incubated with anti-CD21 or control IgG before the addition of PF4/heparin.
Top panel: a representative overlay histogram is shown for KKO staining of B cells with anti-CD21 or control IgG. Bottom panel: summary of results (mean = SD) from
3 experiments for PF4/heparin binding to B cells after expression of CD21 was blocked with a polyclonal anti-CD21 antibody. **P < .005.
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Figure 7. Activation of complement by PF4/heparin
complexes and binding to B-cell CD21. (A) PF4 and
heparin interact over a narrow range of molar ratios to
generate ULCs. PF4 alone or PF4 with excess of hep-
arin do not make ULCs. (B) ULCs activate complement
and bind complement activation products (C3/C4). (C)
Complement-coated ULCs bind to a B cell via CR2 (CD21).
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Discussion

We undertook these studies to examine the proximate events leading
to sensitization of the immune system to PF4/heparin. Our findings
provide a new construct for understanding the immune pathogenesis
of HIT by defining a major role for complement activation and
complement-mediated binding of PF4/heparin complexes to periph-
eral blood B cells via CR2 (CD21).

Our studies suggest that a major effect of heparin in activating
the immune system involves its ability to assemble PF4 or other
positively charged proteins into ULCs capable of activating comple-
ment. Intravenous heparin displaces PF4 from platelets and endo-
thelium into the circulation in healthy individuals, increasing its
intravascular concentration by approximately 10-fold.?'"** Our
studies are consistent with the concept that displacement of PF4
by heparin is associated with a redistribution of PF4 from preexisting
cellular binding sites to circulating PF4/heparin ULCs that bind to
B cells. Preferential binding of PF4/heparin to B cells relative to
monocytes® or neutrophils®® may be attributable to our use of whole
blood, which provides a source of complement, rather than use of
isolated cell populations as described in previous studies®

By using binding of KKO to B cells as a correlate of circulating
PF4/heparin complexes, we show that PF4 is displaced by low
concentrations of heparin (0.005-0.01 U/mL; Figure 4A) in vitro and, to
a greater extent, in patients receiving therapeutic heparin (Figures 4B-D
and 5F) to form circulating ULCs capable of activating complement.
UFH induces binding of ULCs to B cells at a 10-fold lower concen-
tration (0.01-0.5 pM or 0.02-1 U/mL) than LMWH (0.11-5.5 uM
or 0.5-25 pg/mL; Figure 3B), following a pattern that parallels their
clinical immunogenicity. Fondaparinux, which has little or no capacity
to form ULCs, does not induce binding of KKO (Figure 3B).

PF4/heparin ULCs activate complement in plasma and in whole
blood over a range of PF4 concentrations described in health and
disease.'®?® The role of complement as an important contributor of
antigen binding to B cells is supported by the following observations.
First, the finding that >90% of B cells from healthy donors (Figure 1)
are capable of binding PF4/heparin complexes suggests that binding is
unlikely to be mediated by antigen-specific B cells, which occur at alow
frequency in the circulation (<0.05%7). Second, several approaches
to inactivate complement (Figure 5A,D) markedly attenuate ULC
binding to B cells. Finally, binding of KKO to B cells correlates
closely with C3/C4 binding both in vitro and in vivo (Figure 5B,C,F),

affirming the relationship between ULC formation, generation, and
incorporation of complement fragments, followed by antigen binding
to B cells. Binding of PRT/heparin complexes to B cells shows
the same requirement, suggesting that complement activation by
protein/heparin complexes leading to B-cell expression of antigen
may be a general phenomena that extends beyond the immune
pathogenesis of HIT (Figure 2).

Our data suggest that complement activation is likely dependent
on ULC size and charge, 2 variables known to affect immunogenicity in
murine studies." The influence of surface charge and topography on
complement activation has been shown in several artificial and biologic
systems. The effects of surface charge on complement activation have
been demonstrated by using phosphatidylcholine:cholesterol liposomes
(55:45 mol/mol) modified to exhibit a positive or negative charge.?® At
neutrality, liposomes had little effect on complement activation. In these
studies, positively charged liposomes triggered activation of the alternative
pathway, and negatively charged liposomes activated the classical
pathway.® Another variable affecting complement activation is antigen
size, which pathogens exploit for the purpose of immune evasion.”

Complement activated by ULCs becomes incorporated into PF4/
heparin complexes and mediates binding of antigen to B cells via the
complement receptor, CD21 (Figure 6). Binding of antigen to B-cell
CD21 augments immunogenicity in vitro.® The mechanisms by which
CD21 transduces immunity have yet to be fully clarified, but its im-
portance in antigen capture, B-cell activation, and antigen transport
are well established. Binding to CD21 might enhance interactions of
antigen-specific B cells with cognate antigen directly, or provide an
essential second signal for BCR activation. In vitro, co-ligation of
CD19/CD21 complex and the BCR by complement-tagged antigens
lowers the threshold for B-cell activation®® by enhancing BCR signal-
ing by a variety of mechanisms, including direct signaling,'** and
indirectly by prolonging dwell times in lipid rafts.*® Ligation of
CD19/CD21 complex also augments antigen presentation by the major
histocompatibility complex class II molecules, whether the antigen is
bound to BCR or taken up by pinocytosis.*>

CD21 also facilitates antigen transport by way of antigen transfer
from B cells to follicular dendritic cells (FDCs). FDCs are stromal-
derived cells that reside in B-cell follicles and present unprocessed
antigen in the form of immune complexes or opsonized antigen.**
Unlike conventional dendritic cells, they do not process antigen for
subsequent presentation, but instead retain antigen for recognition by
antigen-specific B cells. Complement-coated antigen can be transferred
from B cells to FDCs for long-term antigen retention>*¢
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Although our studies do not address the mechanisms by which
complement incorporation and CD21 engagement by PF4/heparin
complexes leads to a productive immune response, we speculate that
these are critical early events in the process. On the basis of our findings,
we propose the following model of immune activation leading to HIT.
Heparin displaces PF4 from cell surfaces into the circulation, which
generates ULCs that vary in size and charge (Figure 7A). By as yet
uncharacterized mechanisms, complexes of PF4 and heparin
formed at optimal ratios of reactants (ULCs) in solution activate
complement, which leads to incorporation of complement activa-
tion fragments (C3/C4) into the PF4/heparin complexes (Figure 7B).
Complement-coated PF4/heparin complexes then bind to circulat-
ing B cells via CD21 (Figure 7C). Binding of antigen to CD21
facilitates either direct activation of B cells and/or antigen trans-
port to secondary lymphoid follicles and antigen transfer culminat-
ing in an immune response to the heparin-containing complex.
These findings suggest that complement and/or CD21 may serve
as potential therapeutic targets for reducing the immune-mediated
complications of heparin therapy.
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