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PF4/heparin complexes are T cell-dependent antigens
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Heparin-induced thrombocytopenia (HIT)
is a life-threatening, thrombotic disorder
associated with development of anti—
platelet factor 4 (anti-PF4)/heparin autoan-
tibodies. Little is known about the anti-
genic and cellular requirements that
initiate the immune response to these
complexes. To begin to delineate mecha-
nisms of autoantibody formation in HIT,
we studied the immunizing effects of mu-

rine PF4 (mPF4)/heparin in mice with and
without thymic function. Euthymic mice
were injected with mPF4/heparin complexes,
mPF4, heparin, or buffer. Mice injected with
mPF4/heparin, but not mPF4 or heparin
alone, developed heparin-dependent au-
toantibodies that shared serologic and
functional characteristics of human HIT
antibodies, including preferential binding
to mPF4/heparin complexes and causing

heparin- and FcRyllA-dependent platelet
activation. In contrast, athymic mice did
not develop HIT-like antibodies. Taken
together, these studies establish that PF4/
heparin complexes are highly immuno-
genic and elicit self-reacting anti-PF4/
heparin antibodies in a T cell-dependent
manner. (Blood. 2005;106:929-931)
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Introduction

Heparin-induced thrombocytopenia (HIT) is a commonly acquired
immune disorder caused by autoantibodies to complexes between
platelet factor 4 (PF4) and heparin. We have previously shown in a
mouse model that passive infusion of PF4/heparin antibodies into
transgenic mice expressing human PF4 and FcyRIIA triggers the
salient features of the human disease, thrombocytopenia and
thrombosis.!

However, little is known about the initiation of the HIT immune
response. In particular, the role of T cells in this disorder remains to
be defined, because HIT has characteristics of both T cell-
dependent (TD) and T cell-independent (TI) responses. On the one
hand, serologic studies consistently demonstrate the importance of
isotype switching,? a process that often requires CD4 T-cell help,
and clonal restriction in the T-cell repertoire of patients with HIT
has been reported.>* On the other hand, HIT has features that are
atypical for a TD immune disorder. Whereas TD drug reactions to
drugs like penicillin or sulfonamides®® are typically long-lived and
associated with immunologic memory, antibodies to PF4/heparin
appear to be transient’ and recurrences do not invariably follow
heparin reexposure, suggesting the absence of immunologic memory
in HIT.”® These observations, in addition to the extraordinary
prevalence of PF4/heparin antibody formation in clinical settings
such as cardiopulmonary bypass,’ cast doubt on the requirement for
T-cell help in the generation of anti-PF4/heparin antibodies.

Therefore, to begin to delineate the relevant antigenic and
cellular mechanisms that lead to PF4/heparin antibody produc-
tion in vivo, we studied the sensitizing effects of PF4 and heparin
in mice that have or lack thymic function. Our studies indicate

that heparin is antigenic only in the presence of PF4 and that
PF4/heparin antibody production in vivo is dependent on thy-
mic function.

Study design
Murine immunization model

Eight- to 10-week-old mice (BALB/c, Jackson Laboratory, Bar Harbor,
ME; and BIG:BALB/c-Nu, Cancer Research Isolation Facility, Duke
University Medical Center, Durham, NC) were immunized intravenously
daily for 5 days via the tail vein or using retro-orbital injection. Sterile
solutions containing murine (m) PF4 (20 pg per mouse) and/or heparin (0.4
units per mouse, Heplock; Elkins-Sinn, Cherry Hill, NJ) or dinitrophenol
(DNP)-Ficoll (50 pg per mouse; Biosearch Technologies, Novato, CA)
were prepared in Hanks balanced salt solution in a final volume of 50 uL.
Blood for enzyme-linked immunosorbent assay (ELISA) was collected
from the retro-orbital plexus of anesthetized mice in 3.2% sodium citrate.
All studies were performed with the approval of the Institutional Animal
Care & Use Committee at Duke University.

mPF4 expression, mPF4/heparin ELISA, and assays
of platelet activation

mPF4 was expressed and isolated from an Escherichia coli expression
vector as previously described.!? Isolated mPF4 protein ran as a single band
at a molecular weight (Mw) of about 7 to 8 kDa and was immunoreactive
with a polyclonal anti-human PF4 (hPF4) antibody developed in our
laboratory (data not shown). Isolated protein was used for injections as
well as for developing an mPF4/heparin ELISA using protocols similar
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Figure 1. Characterization of a murine immunization model of anti-PF4/heparin. (A) Antibody formation. Euthymic BALB/c mice were injected intravenously with antigens
(mP+H, mPF4, heparin, or buffer) as described in “Study design.” Antibodies to the immunizing antigen were measured by ELISA 14 days later. Horizontal bars indicate the
mean. (B) Temporal course of antibody formation. Mice injected as with mP+H (by intravenous or intraperitoneal route) or buffer (controls) were followed for about 90 days from
the onset of immunization. Error bars indicate standard deviation. (C) Antigen specificity of anti-mP-+H. Mice developing high-titer antibody responses after intravenous or
intraperitoneal injection (IV P+H no. 2, IV P+H no. 0, and IP P+H no. 2) were tested for antigen specificity toward mPF4, mPF4/heparin, mPF4/heparin in the presence of
excess heparin and to rat albumin. (D) Heparin-dependent platelet activation by anti-mPF4/heparin antibody. Murine plasma containing PF4/heparin autoantibody
(anti-mP+H) or control plasma (con) in the presence of low-dose (0.02 U/mL; Lo Hep) or high-dose heparin (20 U/mL; Hi Hep) was incubated with WT platelets lacking FcyRIIA
or platelets from transgenic mice expressing human FcyRIIA (FcyRIIA*). Phorbol 12-myristate 13-acetate (PMA) was used as a positive control. Platelet activation was

measured by expression of annexin V binding as described in “Study design.”

to that described by us for anti-human PF4/heparin.!! Flow cytometry to
detect heparin-dependent platelet activation was performed as previ-
ously described.!?

Statistical analysis

Antibody responses were compared using the Student 7 test for comparisons
of 2 groups or analysis of variance (ANOVA) for 3 or more groups.
Statistical analyses were performed using Graph Pad Prism (Graphpad
Software, San Diego, CA). Differences were considered significant at P
less than .05.

Results and discussion

These studies were undertaken to examine the mechanism underly-
ing autoantibody formation in HIT. Mice injected with intravenous
mPF4/heparin developed significantly higher levels of anti-mPF4/
heparin antibody than mice injected with heparin alone, mPF4
alone, or buffer (Figure 1A; mean Aysp,, = SD: mPF4/heparin,
0.174 £ 0.336; mPF4, 0.008 = 0.015; heparin, 0.022 = 0.009; and
buffer, 0.015 = 0.009; P <.022 by ANOVA with Kruskal-
Wallis test). These findings support the hypothesis that heparin
becomes antigenic only upon binding to PF4 and suggest that it is
reasonable to attribute sensitization to heparin to the formation of
PF4/heparin complexes.

In humans, sensitization to PF4 may begin within the vascula-
ture. PF4, released by activated platelets,'> binds reversibly to
glycosaminoglycans (GAGs) expressed on endothelial cells!* and
is displaced by infused heparin.'> There is a 15- to 300-fold
increase in the plasma concentration of PF4 in disease states
associated with acute or chronic platelet activation, such as
pulmonary embolism, atherosclerosis, or cardiopulmonary by-
pass.!018 We recently showed that the vascular burden of PF4
increases during the progression of atherosclerosis,!® a clinical
setting in which PF4/heparin autoantibodies commonly develop.
Further, the knowledge that PF4 forms antigenic complexes with
GAGs on monocyte/macrophages?*2! suggests that similar events
are likely to occur on dendritic cells within the immune compart-
ment, thus “priming” the immune system in susceptible individuals.

We suspect that the absence of vascular disease or other causes
of persistent platelet activation in mice, which primes the immune
response in humans, explains both the requirement for exogenous
mPF4 and for the delay in antibody formation. Although mice
immunized with mPF4/heparin develop antibodies within 14 days,

peak responses were not seen until 3 to 4 weeks after immunization
(Figure 1B). Antibody titers (concentrations) in our mice varied
considerably, similar to human HIT (Figure 1B). The basis for this
heterogeneity in antibody development is unknown but is likely
due to genetic variation that may resolve when more homogenous
cohorts are developed following extensive backcrossing.

We also observed that murine anti-PF4/heparin antibodies
shared important serologic and functional characteristics with HIT
autoantibodies. First, murine anti-PF4/heparin antibodies were
predominantly of the immunoglobulin G,(IgG,) subclass (data not
shown), as are HIT antibodies.?>? Second, murine antibodies
showed greater binding to mPF4/heparin than to mPF4 alone, and
binding was inhibited by excess heparin (Figure 1C). Third, murine
antibodies activated platelets in a heparin-dependent manner
(Figure 1D). Fourth, like HIT antibodies,** platelet activation by
murine antibodies was dependent on the expression of platelet
FcyRIIA, as murine antibodies activated platelets transgenic for
human FcyRITA (FcyRITAY),! but not those from wild-type (WT)
mice that lack a homologous receptor. Lastly, murine anti-PF4/
heparin activated FcyRIIA*-expressing murine platelets in the
presence of low concentrations of heparin, and activation was
inhibited at higher heparin concentrations (Figure 1D), which
recapitulates another characteristic behavior of HIT antibodies.

Once we demonstrated that murine anti-PF4/heparin shared
biologically relevant properties with HIT antibodies, we examined
the cellular requirements for antibody production in vivo. To

3 P<.003 3 P<.001
T
2 » 2
E 1.0 R 1.0
g 08 % 0.8
e
4 o8] —— . 06 =
“‘4 " 0-4 ::‘
] —“f— 02 L.
. TN
0.0 sl Al 00l -l !!.,
DNP-Ficoll DNP-Ficoll mP+H  mP+H <2 mP+H mP+H
(nuw/nu) (WT)  (nulnu)  (WT) (nu'nu) (WT)

Figure 2. T-cell requirement for anti-mPF4/heparin antibody development. (A)
ELISA measurements (Assonm) Of antibody development 14 days after inoculation of
either mPF4/heparin (mP+H) or DNP-Ficoll into either euthymic BALB/c WT mice or
BALB/c athymic (nu/nu) mice. Individual measurements are shown as well as mean
(bar). Statistically different values are indicated at the top. (B) Antibody measure-
ments of nu/nu and WT mice injected with mP+H 42 days after inoculation.
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investigate the role of T cells in the immune response to PF4/
heparin, we immunized mice lacking thymic function (nu/nu mice)
with mPF4/heparin (n = 23) or DNP-Ficoll (n = 5), a TI antigen.
Antibody responses in athymic mice injected with mPF4/heparin
were negligible compared with WT BALB/c mice injected using
the same protocol whether assayed at 14 days (Figure 2A; mean
A4s0nm = SD: nu/nu, 0.003 £ 0.025; versus WT, 0.175 = 0.459;
P < .003 by Mann-Whitney) or 42 days (Figure 2B; Ays0nm = SD:
nu/nu, 0.02 = 0.023; versus WT, 0.262 = 0.303; P < .001 by
Mann-Whitney). This contrasts with the immune response of athymic
and WT mice injected with DNP-Ficoll, wherein antibody responses

PF4/HEPARIN ISTD ANTIGEN 931

were comparable (Figure 2A; mean Asp,, = SD: nu/nu, 0.589 * 0.173;
versus WT, 0.694 = 0.146; P = not significant [ns]).

In conclusion, our murine studies indicate that PF4/heparin
complexes are immunogenic in vivo in contrast to PF4 or heparin
alone. These autoantibodies have similar characteristics to HIT
antibodies. Most importantly, we show in our murine system that
the production of these anti-PF4/heparin antibodies requires T cells
that have been educated in the thymus. This mouse model of
autoantibody production will enable future studies to delineate the
immunoregulatory and pathogenic mechanisms involved in the
development of HIT.
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