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Background

Heparin-Induced Thrombocytopenia (HIT) is an acquired immune disorder occurring in
1-5% of patients exposed to drugs belonging to the heparin family of anticoagulant agents
{unfractionated heparin (UFH), low-molecular weight heparin (LMWH) or fondaparinux
[1]}. HIT is caused by pathogenic autoantibodies directed to complexes of an endogenous
platelet protein, Platelet Factor 4 (PF4) and heparin, a glycosaminoglycan (GAG) derived
from bovine or porcine mucosal tissues. Although PF4/heparin antibodies are uniformly
detected in patients who meet clinical diagnostic criteria for HIT [2], antibodies can also be
found in heparinized patients in the absence of clinical disease [3, 4].

Prospective investigations into the biologic basis of the PF4/heparin immune response in
humans have been hampered by the life-threatening nature of disease. To overcome this
limitation and to gain insights into the mechanisms governing antibody induction and
pathogenicity, we have recently developed a murine model with which to characterize the
PF4/heparin immune response in vivo. Unlike previously described murine models which
rely on injections of pre-formed human or murine monoclonal antibodies [5], we have
developed an animal model in which murine autoantibodies arise de novo upon exposure to
murine PF4 (mPF4) and heparin. Using this novel murine immunization model, we have
recently shown that autoantibodies to mPF4/heparin (mPF4/H): 1) recognize complexes of
mPF4/H, but not mPF4 alone or heparin alone, 2) recapitulate salient serologic and
functional properties of human HIT antibodies, including platelet activation 3) require T-
cells for optimal induction and 4) occur in response to distinct biophysical properties of
antigen, relating to charge and size of particles [6, 7].

In the course of developing this murine immunization model, we have refined several
technical aspects of this model (strain, dose, injection routes), and have characterized several
important biologic aspects of the immune response (temporal course, platelet counts) that
have not been previously reported. In this manuscript, we describe studies relating to
optimization of our murine model for studying PF4/H autoantibody formation.

Methods

Murine PF4 expression and isolation

PF4 was expressed and isolated from £.coli using cDNA isolated from murine platelet total
RNA, as previously described [8-10]. Species specificity of mPF4 was additionally
confirmed by ELISA using a murine monoclonal antibody (KKO), which binds to hPF4/H,
but lacks reactivity to mPF4/H (data not shown).
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Murine immunization model

Wild-type BALB/c or C57BL/6 mice at 8-10 weeks of age were purchased from Jackson
Laboratories (Bar Harbor, ME), Charles River Laboratories (Wilmington, MA) or the
National Cancer Institute (Frederick, MD). Mice were injected via intravenous retro-orbital
(IV-RO) injection daily for five days unless stated otherwise. For experiments examining the
effect of injection route, mice were injected with antigen via intraperitoneal (IP) or
intravenous tail vein (IV-TV) routes. Antigen (mPF4, UFH or mPF4/H) or buffer (Hank's
Balanced Salt Solution, HBSS) were prepared in HBSS, sterile filtered and injected into
animals anesthetized with 3% isoflurane. Unless specified, mPF4 was injected at a
concentration of 20p.g and heparin 0.4U in a final volume of 100uL (final concentration:
PF4 200 pg/ml and heparin 4U/mL; PF4: heparin molar ratio of 2.6:1). The first day of
injection was considered D1 of injections. Blood was collected from anesthetized mice from
the RO plexus and collected into tubes containing 3.2% sodium citrate. Blood was collected
24-48 hours prior to immunizations (baseline, BL) and on a weekly basis for defined periods
ranging from 4 to 12 weeks.

Anti-mPF4/H were detected by mPF4/heparin ELISA as previously described [6, 7, 11].
Briefly, 50p.L of a premixed solution mPF4 (10pg/mL) and UFH (0.4 U/mL) were coated
on 96-microtiter wells (NUNC Maxisorp, Roskilde, Denmark) and incubated overnight at
room temperature (RT). After blocking with 10% fetal calf-serum in PBS (FCS/PBS), wells
were serially incubated for one hour at RT with murine antibodies (1:100 dilution in FCS/
PBS), followed by detection with an antibody specific for murine 1gG (anti-mouse 1gG
peroxidase, y-chain specific; Sigma-Aldrich Inc, St. Louis MO). Binding of secondary
antibody was detected colorimetrically using TMBZ substrate (KPL Laboratories,
Gaithersburg, MD) and measured at 450nm absorbance using a Molecular Devices Plate
Reader (Sunnyvale, CA). Seroconversion was defined as detectable anti-mPF4/H signals
that were elevated by 5-fold or more from baseline signals (prior to immunizations). Studies
were performed with the approval of the Institutional Animal Care & Use Committee
(IACUC) at Duke University.

Determination of platelet counts

Platelet counts were determined by CellDyn 3700 (Abbott Diagnostics, Illinois, USA)
according to manufacturer's protocol. Briefly, 30p.L of whole blood was diluted 1:5 in
isotonic saline (0.9% Sodium Chloride) and 130p.L of this preparation was used for
measurement.

Statistical Analysis

Results

For murine studies, data obtained from groups of mice were compared using the student's t-
test for comparisons of two groups of animals or for more than 2 groups by a one-way
ANOVA analysis with Bonferroni's post-test or Dunnett's multiple comparisons test. Results
of ELISA analysis were expressed as mean + SEM and analyzed for significance using the
Student t test. Statistical analyses were performed using Graph Pad Prism (Graphpad
Software, San Diego, CA, USA). Differences were considered significant with a P value <
0-05.

We initiated our experimental studies in mice based on several observations relevant to
human heparin sensitization: 1) PF4/heparin antibodies form when an endogenous protein
(human PF4) is modified by heparin, 2) seroconversions, in most patients, occur after
several days (5-10 days) of heparin exposure [12], and 3) sensitization can be increased in
clinical settings such as cardiopulmonary bypass (CPB) [13, 14], which is associated with
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high levels of PF4 (from platelet activating effects of CPB) and heparin. Based on these
observations, we reasoned that mice exposed to high doses of murine PF4 (a native protein)
and heparin, intravenously over several days, could potentially become sensitized in an
analogous manner to humans.

Effects of murine strain

As previously reported [6], our initial experimental schema was developed in BALB/c mice,
as this murine strain is commonly used for immunologic studies and shows robust immune
responses to a variety of antigens, including carbohydrates [15]. Our initial studies in
BALB/c mice revealed that mice were capable of making high titer anti-mPF4/H in the
absence of adjuvant and that mice injected with buffer did not seroconvert [6]. While the
immune response in our BALB/c model recapitulated several critical aspects of hPF4/H
antibodies [6], we noted that seroconversions were not particularly robust in this murine
strain, as only 15-20% of animals met our criteria for seroconversion (defined as antibody
levels that were 5-fold or more increased from baseline signals) after immunization.

It is widely known that mice exhibit important strain-dependent differences in susceptibility
to a variety of antigens [16-18]. For these reasons, we examined the effects of murine strain
on the mPF4/H immune response. We selected C57BL/6 mice to study, as this murine strain
is a widely used laboratory strain and often serves as a host strain for genetic manipulation.
To study differences in sensitization, parallel cohorts of BALB/c (n=24) and C57BL/6
(n=27) mice were injected with identical doses of mPF4/H by RO injection and monitored
for seroconversion. As shown in Figure 1, there were significant strain-dependent
differences in the immune response to mPF4/H injections. Whereas BALB/c mice showed
low-levels of anti-mPF4/H (mean Asonm £ SD, 0.24 + 0.05) with ~15% showing
seroconversion (4 of 27 mice showed >5-fold change in signal) by day 15 (D15), C57BL/6
mice showed high levels of antibody (mean Assonm £ SD, 1.85 £ 0.23; BALB/c v. C57BL/6,
p<0.0001) with ~95% showing seroconversions during the same time interval. Like BALB/c
mice, C57BL/6 mice did not develop anti-mPF4/H when injected with buffer or heparin
alone (data not shown). These studies indicated that C57BL/6 mice were more
immunologically responsive to mPF4/H antigen.

Time course of antibody production varies by strain

Humans manifest PF4/heparin antibodies within 5-10 days of drug exposure, with
circulating antibodies decreasing over time to undetectable levels [12]. To determine if time
course of antibody production in mice is similar to that of humans, we monitored anti-mPF4/
H levels in cohorts of sensitized BALB/c (n=7) and C57BL/6 mice (n=7) over two to three
months. Once again, we noted strain-dependent differences in the time course of antibody
production, with C57BL/6 mice showing a time course pattern more akin to humans. As
shown in Figure 2A, BALB/c mice showed peak antibody responses 30-60 days after
immunization. In contrast, C57BL/6 mice showed peak antibody titers by D15 (Figure 2B),
with antibody levels decaying to pre-sensitization levels over a three month time period.
These kinetic studies, alongside studies in Figure 1, showing a more robust immune
response in C57BL/6 mice, indicated that the immune response in the C57BL/6 murine
strain was more similar to the human PF4/H immune response and, therefore, all subsequent
studies were performed in C57BL/6 mice.

Effects of injection route on antibody levels and time course of antibody responses

Our immunization protocol was developed with intravenous administration of antigen via
RO injection. Because RO injections require technical expertise and generally are not

advised by institutional animal use committees, we examined the effects of immunization
route on antibody responses. For these studies, C57BL/6 mice were injected with mPF4/H
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via IV-TV (n=10), or IV-RO (n=10), or IP (n=10) route. As shown in Figure 3A, at D15
mice immunized by the IP route showed negligible seroconversions as compared to mice
immunized by both intravenous routes.

To determine if mice immunized by the IP route had delayed seroconversions, due to a slow
absorption and release of antigen into circulation, five seropositive mice from the IV cohorts
(TV and RO) and five mice expressing the highest antibody levels in the IP cohort were
monitored for antibody production over time. As shown in Figure 3B-D, temporal kinetics
of antibody formation markedly differed among the three cohorts. Contrary to expectations,
mice immunized by the IP route did not manifest any delayed seroconversions and had
minimal anti-mPF4/H levels over a 30 day period (Fig 3D). Mice immunized by the two IV
routes, however, showed striking differences in the kinetics of seroconversion. Mice
immunized by the RO route showed peak seroconversions by D8-D15, followed by
decreasing antibody levels over a 30 day period. The majority of mice injected by TV (4 of
5 mice), however, displayed persistently elevated antibody levels after peak seroconversion.
These findings could possibly be explained by technical limitations of the study. Because of
the difficulties encountered in cannulating the TV of mice, it is possible that some TV
injections were given intradermally rather than V.

Duration of antigen exposure

As large amounts of mPF4 are required for these experiments, we were interested in
reducing the duration of antigen exposure to reduce amounts of mPF4 required for
experiments. We reasoned that a 4 day immunization schedule would reduce the amount of
mPF4 required, without significantly compromising the antibody response. For these
experiments, animals were injected IV-RO with mPF4/H daily for 5 days, 4 days or 1 day as
a negative control. As shown in Figure 4, mice injected with antigen for 5 days had
significantly higher antibody levels than mice injected with antigen for 4 days or 1 day
(mean anti-mPF4/H A4s0nm 5D: 0.901 + 0.685 v. 4D: 0.198 + 0.202, p<0.05; mean anti-
MPF4/H A450nm 5D: v. 1D: 0.05+ 0.026, p<0.05). Optimal injection schedule was therefore
maintained on a schedule of daily injections for 5 days.

Effects of PF4 Dose on PF4/heparin immune response

We and others have noted that the size of PF4/heparin ultra-large complexes (ULCs) is
critically dependent on PF4:heparin molar ratios (PHRs) [7, 19, 20], with maximal ULC size
occurring at molar ratios approaching 1:1. Our /n vitro studies indicate that for a fixed PHR,
there is a linear relationship between ULC size and mPF4 dose [7] and that high doses of
mPF4 alone (200 .g/mL) are not associated with aggregate formation. To determine if there
is a dose dependent relationship between mPF4 dose and /7 vivo immunogenicity, we
injected animals with increasing doses of mPF4 (50-200 pg/mL) but adjusted the heparin
dose to maintain a constant PHR of 2.6:1. As shown in Figure 5, we detected a dose-
dependent effect of mPF4 and heparin on seroconversions. Although PHR remained
constant, decreasing the dose of mPF4 had a major impact and was associated with
correspondingly lower antibody levels.

Effects of immunization on murine platelet counts

In humans, thrombocytopenia, manifesting as either an absolute (platelet counts <150,000/
) or relative (<50% drop from baseline counts) decrease in platelet counts, is often the first
clinical harbinger of heparin sensitization [21]. In mice, we have shown that HIT antibody
mediated thrombocytopenia and thrombosis occur only in transgenic mice expressing human
platelet FcyRIla [5]. Although WT mice lack platelet Fc receptors, we assessed for
thrombocytopenia in WT mice to examine a potential role for endogenous macrophage Fc
receptors in mediating antibody-induced thrombocytopenia.
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To determine if mPF4/H antibody production in WT mice is associated with development of
thrombocytopenia, C57BL/6 mice were injected with mPF4/H (n=10) or buffer (n=5) and
monitored for antibody development and platelet counts. As shown in Figure 6, mean
platelet counts at baseline were 752, 000 + 75,000 /L in mice injected with mPF4/H and
740,000 + 38,000 /L in mice injected with buffer. At 8 days from start of immunization,
mean platelet counts in both cohorts increased (mPF4/H: 1,468,000 + 240,000 /ul and
buffer: 1,604,000 = 477,000 /u.l), likely reflecting rebound thrombocytosis from baseline
blood draws. At D8, 7/10 mPF4/H injected mice seroconverted with anti-mPF4/H levels
A450nm>0.45 (solid squares). None of the mice injected with buffer seroconverted (clear
circles). Also at D8, there were no statistically significant differences in platelet counts
between mPF4/H injected or buffer injected mice, nor were there any statistically significant
differences in platelet counts between seropositive (solid squares) or seronegative (open
squares) mice injected with mPF4/H. As well, antibody levels did not increase in mice
exposed to heparin at D15 (data not shown).

To determine if heparin exposure was necessary for antibody positive animals to develop
thrombocytopenia, mPF4/H and buffer cohorts were injected with 50U/mL of heparin by IP
injection on D15 from start of immunizations. Platelet counts and antibody levels were
monitored 4 days after heparin re-exposure (D19 from start of immunization). As shown in
Figure 6, all mPF4/H were seropositive by D19 (solid squares). Once again, on D19, there
were no statistically significant differences in platelet counts between the two cohorts that
were given heparin (mPF4/H: 1,042,000 + 135,000 /pl and buffer: 902,000 + 43,000 /p.l;
p>0.05), nor were there any statistically significant differences in platelet counts between
antibody positive and negative mice (solid v. clear symbols, p>0.05). These studies indicate
that an isolated mPF4/H immune response is not sufficient to induce thrombocytopenia in
wild-type (WT) C57BL/6 mice.

Demonstration of immune recall in PF4/heparin sensitized mice

It is not known if HIT is associated with immune recall. To determine if the immune
response to mPF4/H is associated with recall, we followed previously sensitized mice (from
experiments shown in Figure 4) for 50-65 days until antibody levels decreased to 2-3 fold
over baseline values. Sensitized mice were given one dose of mPF4/H on day 73 (Figure 7).
Seroconversion was monitored over the subsequent 2 weeks by mPF4/H ELISA. As shown
in Figure 7, anti-mPF4/H levels in sensitized mice were higher 1 week after re-
immunization (mean Assonm £ SD at D79 =1.391 + 0.377) than at time of primary
sensitization either on D8 (mean Ass5onm~ SD = 0.419 + 0.178; p<0.048 for D8 primary v.
secondary by Student t test). Similarly, responses at D15 of primary immunization (A4sonm=
0.446 £ 0.164) were lower than at 15 days after secondary immunization, (mean A450nm at
D15=0.91 £ 0.735; p<0.064 for D15 primary v. secondary). Injections of mPF4 alone or
heparin alone do not elicit antibody responses (On-line Supplemental Figure 1). Isotype
analysis of time points after primary or secondary immunization revealed IgG isotypes
occurring within 8 days of immunization, without evidence of IgM precedence (On-line
Supplemental Figure 2). These observations showing IgG isotype expression without IgM
precedence has been recently described for primary immune responses in human HIT [22,
23].

Conclusions

In these studies, we describe the effects of several variables on the PF4/heparin immune
response, including the influence of host, route of administration, antigen dose and
immunization schedule. Our studies indicate that optimal immune responses mimicking that
of human heparin sensitization can be elicited in C57BL/6 mice given mPF4/H antigen, by
the 1V- RO route daily for five days. We also show that immune responses in wild-type mice
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are not associated with thrombocytopenia or clinical manifestations of thrombosis and that
immune recall is preserved to mPF4/H antigen in sensitized mice.

Naturally occurring proteins, in particular, soluble antigens, are poorly immunogenic and
therefore require adjuvant, such as alum, complete Freund's adjuvant (CFA) and/or
lipopolysaccharide (endotoxin/LPS) for potentiating the immune response. Our past and
present studies [6, 7, 24], however, show that PF4/heparin complexes are intrinsically
immunogenic and do not require adjuvant for antibody production. LPS levels were
extremely low in our mPF4 and buffer preparations and, thus, exclude the effects of
endotoxin as an adjuvant in murine seroconversions. It is possible that certain structural
features of antigen (size, charge or conserved patterns in the structure) rather than the
presence of distinctive epitopes contributes to the immunogenicity of PF4/heparin
macromolecular complexes. Indeed, recent studies indicate that immunogenicity of soluble
proteins can be enhanced through delivery of antigen in particulate form. It appears that
covalent linkage of soluble peptides to ~1um synthetic microspheres [25, 26] triggers a
potent T-cell mediated immune response through enhanced macrophage uptake and/or
through direct stimulation of B-cells by cross-linking surface immunoglobulin. It is possible
that injections of macromolecular complexes of mPF4/H, which we have shown by in vitro
techniques to approximate 0.5-1.5 wm in size [7], have enhanced recognition by the immune
system as particulate antigens. Whether the immunogenicity of PF4/heparin particles in
these studies is simply due to particle formation, presentation of repeating neoepitopes or
other parameters such as charge remains to be determined.

Our studies also validate previous observations on the importance of strain and injection
route in humoral responses to antigen. We noted significant differences in the temporal
kinetics of antibody formation between BALB/c and C57BL/6 mice. These strain dependent
differences have been noted with regards to other immunologic responses, such as
experimental autoimmune disease [16], tumorigenesis [17] and infection [18]. To what
extent these strain-dependent differences are due to one or several recognized differences in
immunoregulatory function [27] remains to be determined. The complexity of
immunoregulation, even within a given individual strain, is revealed by our studies of
injection route in C57BL/6 mice. As shown in Figure 3, we observed that the same antigen
delivered by two parenteral routes (TV or RO) elicited antibody responses with markedly
different kinetics of seroconversion. Even if it was presumed that tail-vein injections were
unintentionally given intradermally, the striking differences in seroconversion profiles for
these two routes of antigen delivery support previous observations that immune responses
are influenced by route of inoculation, which in turn reflects distinct antigen-presenting cell
compartments [28].

We show that antibodies formed after RO decrease over time. Decay in antibody levels,
however, does not necessarily imply a lack of immune recall. Consistent with previous
observations for secondary immune responses in animals and humans [29, 30], mPF4/H
sensitized animals required far less antigen (1D) to elicit a robust secondary immune
response as compared to a primary immune response (see Figures 4 & 7). As shown in
Figure 7, when sensitized mice were rechallenged with one dose of antigen at time of
antibody decay, we noted a rapid rise in antibody levels within 8 days of re-immunization.
We also noted that antibody levels were higher 7 days after mPF4/heparin re-exposure than
at primary immunization time points (D8 or D15) and that both primary and secondary
immune responses were primarily of 1gG isotype (see Supplemental Figure 2) and were
accompanied, but not necessarily, preceded by IgM as has been recently described in human
HIT [22, 23].
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The role of immune recall in human HIT is unresolved [31]. Although it is well-recognized
that human anti-PF4/heparin antibodies appear to be transient in the majority of patients
with HIT [12] and in some cases, patients have been safely re-exposed to heparin [32], most
practitioners remain cautious about heparin re-exposure in patients with a diagnosis of HIT.
Whether our findings of immune recall in mice apply to human disease is not clear, as the
experimental conditions used in our model differ considerably from conditions under which
humans become sensitized or re-exposed. However, the presence of immune recall in our
murine model should guide development of cellular or molecular assays with which to
ascertain the presence or absence of immunologic memory in humans.

We developed this murine model to study mechanisms relevant to PF4/heparin antibody
induction, the knowledge of which is currently lacking. Although our murine model has
been optimized to mimic relevant serological properties of human PF4/H antibodies, we
recognize several important limitations of our experimental system. We recognize that the
murine model does not recapitulate salient manifestations of human HIT, namely
thrombocytopenia and thrombosis. The experimental design of our study also does not allow
conclusions to be drawn on the biological impact of an isolated PF4/heparin immune
response in humans, as our murine model lacks expression platelet FcyRIla expression,
which is vital for 1gG dependent platelet activation [5, 33]. Finally, it is important to note
that important species differences between mice and humans limit our ability to extrapolate
murine findings to human disease. However, due to the medical and ethical challenges of
manipulating the PF4/heparin immune response in humans, our murine model fills an
important experimental void in understanding the pathogenesis of human heparin
sensitization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Strain dependent differencein the anti-mPF4/H response

BALB/c and C57BL/6 mice were injected with mPF4/H and monitored for anti-mPF4/H at
D15. Individual measurements are shown as well as mean (bar). C57BL/6 not only showed
higher rates of seroconversion, but also greater levels of anti-mPF4/H (mean anti-mPF4/H,

p<0.0001).
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Figure 2. Time cour se of anti-mPF4/H formation in BALB/c micev C57BL/6

(A) BALB/c or (B) C57BL/6 mice were immunized with mPF4/H and anti-mPF4/H
responses were followed over two to three months. Time course for individual mice within
each cohort are shown by each line.
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Figure 3. Effects of immunization route and time cour se of antibody responses
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C57BL/6 mice were immunized intravenously {via retro-orbital (RO, n=10) or tail vein sites

(TV, n=10)} or intraperitoneally (IP, n=10) with mPF4/H. Anti-mPF4/H levels were

monitored at D15 for all mice (A). Antibody levels were followed over 2 ¥2 months for
immunized mice injected by RO (B), TV (C) or IP routes (D) to document any delayed

seroconversions.
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Figure 4. Duration of antigen exposure

C57BL/6 mice were immunized intravenously (RO) with mPF4/H daily for 5, 4 or 1 day as
shown. Anti-mPF4/H levels were monitored at D15 for all mice. Significant differences
between cohorts are indicated at the top of the figure.
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Figure5. Effects of PF4:UFH dose on anti-mPF4/H responses

C57BL/6 mice were immunized intravenously (RO) with mPF4/H daily for 5 days with
varying doses of PF4 and heparin adjusted to maintain a constant molar ratio of PF4:UFH of
2.6:1(n=5/cohort).

J Thromb Haemost. Author manuscript; available in PMC 2013 July 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suvarna et al.

Page 15
2500 o
2 20001
£ o
£ 1500 o oo
3 W oo
< -
E 1000+ - S
5004 .
antigen: mPF4/H buffer mPF4/H buffer mPF4/H buffer
time of pit count Baseline Day 8 4 days after heparin
measurement: Day 19)

Figure 6. Effects of immunization on platelet counts

C57BL/6 mice were immunized intravenously with mPF4/H (O, n=10) or buffer (O, n=5).
Platelet counts were checked at baseline (“Baseline™) or 8 days after immunization (“Day
8”). On D15, all mice (mPF4/H and buffer injected mice) were given one dose of heparin
and platelet counts were checked 4 days after heparin administration on D19 (“4 days after
heparin”). Mean platelet counts are indicated by line for each respective cohort and time
point. Mice were also concurrently monitored for anti-mPF4/H development. Seropositive
mice expressing antibody levels Asgonm =0.45 are indicated by solid symbols at D8 and
D15.
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Figure 7. Presence of immunerecall in PF4/heparin sensitized mice

PF4/heparin sensitized C57BL/6 mice were immunized with mPF4/H and followed over
time until antibody levels decreased to 2-3 fold over baseline values. Sensitized mice (n=5)
were given one dose of mPF4/H on day 73 and seroconversion was monitored at day 8 and
day 15 post re-immunization.
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