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Abstract

The immune response to heparin is one of the most common drug-induced allergies, and yet, 

atypical for a drug hypersensitivity reaction. Whereas most drug-induced allergies are rare, 

idiosyncratic and life-long, the allergic response to heparin is common, predictable in certain 

clinical settings and transient. Advances in the last decade with regards to structural 

characterization of the PF4/heparin antigenic complex, contributions of innate immunity and 

development of animal models have provided insights into the distinctive features of the HIT 

immune response. Recent descriptions of the crystal structure of the PF4/heparin complex, 

alongside other biophysical studies, have clarified the structural requirements for immunogenicity 

and heparin-dependency of antibody formation. Studies of interactions of PF4 with bacterial cell 

walls as well as epidemiologic associations of anti-PF4/heparin antibody formation and infection 

suggest a role for immune priming and explain the rapid evolution of an isotype-switched immune 

response in sensitized patients. Murine models have greatly facilitated investigations of cellular 

basis of the HIT response and identified a major role for T-cells and marginal zone B-cells, but key 

findings have yet to be validated in human disease. This chapter will summarize recent 

investigations of the HIT immune response in the context of major pathways of immune activation 

and identify areas of uncertainty.

Introduction

The immune response to heparin, as signified by development of anti-platelet factor 4 (PF4)/

heparin antibodies, is one of the leading causes of drug-induced allergic reactions among 

hospitalized patients. Yet, much remains unknown about its pathogenesis. Specifically, little 

is known about the reasons why so many patients react to heparin, why heparin and PF4, 

which, individually, are considered “self” antigens, become recognized as “non-self” when 

combined together and why the immune system limits its recognition of the antigenic 

complex, leading to transient antibody responses in the majority of sensitized patients. 

Recent investigations utilizing cellular studies and animal models have shed light on each of 

these biological questions. The following chapter will first summarize the distinctive 

features of the HIT immune response, followed by a review of recent structural studies of the 

PF4/heparin antigen and cellular studies of the HIT immune response in vitro and in vivo. 

These findings will be discussed in the context of our current understanding of innate and 

adaptive immune mechanisms.
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The humoral response to PF4/heparin

Naturally occurring anti-PF4/heparin antibodies are rare in healthy individuals. In a study of 

~3800 blood bank donors, anti- PF4/heparin antibodies were detected in ~3.1%, using a low 

cut-off for antibody positivity (OD >0.4), and in 0.3% using a higher cut-off (OD>1) in a 

commercial enzyme-linked immuonosorbent assay (ELISA) (1). Similar findings were noted 

in another study of 4029 healthy subjects, wherein ~4.4% of patients had low levels of PF4/

heparin- IgG (OD>0.5–1.0) and <0.5% were noted to have high-level IgG (OD >1.0) (2).

While antibody formation is unusual in healthy subjects, anti-PF4/heparin autoantibodies 

have been reported in the context of inflammation and/or orthopedic surgery. To date, 12 

cases of “spontaneous HIT” have been described in the literature (3–8). All of the reported 

cases were associated with high-titer platelet activating anti-PF4/heparin antibodies without 

prior heparin exposure and were associated with clinical complications of thrombocytopenia 

and/or thrombosis. Of the 12 patients, 7 patients had recent orthopedic surgery and 3 had 

recent infection. These findings suggest that infection, post-operative inflammation and/or 

mechanical compression (9) facilitates antigen exposure through heightened platelet and/or 

endothelial activation (10).

The preponderance of PF4/heparin seroconversions, however, occurs in the wake of 

unfractionated heparin (UFH) or low molecular weight heparin (LMWH) therapy. Anti-PF4/

heparin antibodies occur in ~27–61% of patients after cardiac surgery (11–14) and in 8–17% 

medical and surgical patients treated with UFH or LMWH therapy for treatment or 

prophylaxis of venous thromboembolic (VTE) disease (15, 16). Seroconversion rates appear 

to be lower in certain clinical populations, including pediatric (17, 18) and obstetric (19) 

patients.

An unusual feature of the HIT immune response is the timing and pattern of 

seroconversions. In heparin naïve individuals, PF4/heparin seroconversions occur within 4–

14 days of drug exposure (20). Importantly, isotype-switched IgG antibodies to PF4/heparin 

can be detected as early as 4 days after drug exposure, generally without antecedent IgM 

antibodies (20, 21). In a subset of patients, antibody formation is followed 5–14 days later 

by clinical complications of thrombocytopenia and/or thrombosis (21). As well, a clinical 

variant known as delayed-onset HIT, can result in disease manifestations up to 30 days after 

heparin exposure.

Once antibodies form, titers of anti-PF4/heparin wane over time, becoming undetectable 

over three to four months (22, 23). Patients who are re-exposed to the drug months to years 

after antibody disappearance often do not have recrudescent disease, and rarely seroconvert 

to antiPF4/heparin positivity (23–25), perhaps, with the exception of patients who are re-

exposed for cardiac surgery, who have higher rates of seroconversions (26).

The structural basis of PF4/heparin immunogenicity

Significant advances have been made in recent years in understanding the structural basis for 

immunogenicity of PF4/heparin complexes. These studies, largely stemming from 
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observations of PF4/heparin binding sites recognized by HIT antibodies, suggest that that 

PF4 conformational changes caused by heparin are likely relevant for antibody formation.

The structural basis of HIT antibody binding to antigen was first documented by Greinacher 

and colleagues, who in their seminal studies in the 1990’s showed that HIT antibodies 

recognized multimolecular complexes of PF4 and heparin formed at distinct stoichiometric 

ratios (27). Building on these observations, Rauova and colleagues in 2005 demonstrated 

that antigenic multimolecular complexes form over a narrow range of PF4 and heparin molar 

ratios (PHRs) leading to the generation of sizeable ultra-large complexes (>670kDa) (28). 

Additional biophysical studies by Greinacher and colleagues in 2006 (29) and Suvarna and 

colleagues in 2007 (29) showed that formation of PF4/heparin ULCs occurred through 

charge-neutralization. Additoinal structural studies by Brandt et. al. and Kreimann et.al have 

shown that conformational changes leading to expression of neoepitopes are not merely due 

to formation of ULCs but need to meet an energy threshold (>−4000 calories/molPF4) for 

effective binding of antibodies(30, 31).

The structural basis of ULC formation was further clarified by Cai and colleagues, who, in 

2015, crystallized the PF4/fondaparinux complex (Figure 1) (32) as well as the crystal 

structure of the immune complex using the monoclonal antibody, KKO, which recognizes 

complexes of human PF4 and heparin (33). The initial characterization of the crystal 

structure of PF4 in 1994 revealed that the tetramer displays a pseudosymmetry with respect 

to its dimers. The two dimers involved in tetramer formation show an “open” and “closed” 

conformation, as defined by intra-chain distances of surface exposed amino acids (Figure 1) 

(34). Cai et. al., demonstrated that binding of fondaparinux (and presumably, heparin) occurs 

assymetrically on the PF4 tetramer to the “closed” site of the PF4 tetramer. This asymmetric 

binding of heparin has important consequences for ULC formation and expression of 

neoeopitopes for antibody binding. These studies showed that heparin binds to three 

monomers of one PF4 tetramer forming a groove on the “closed” end. Heparin also 

simultaneously binds to the C-terminal of another tetramer to promote bridging of two 

tetramers. In so doing, heparin assumes a linear configuration, which results in binding of 

additional tetramers (Figure 1). Another important effect of heparin binding is the further 

stabilization of the asymmetric conformation of the PF4 tetramer, resulting in exposure of 

neo-epitopes on the “open” side to which HIT antibodies bind, which are also immunogenic 

(32).

In vivo studies corroborate heparin’s effect on the immunogenicity of PF4. Like many 

carbohydrate compounds, heparins are poorly immunogenic (35). While the drug is 

minimally sensitizing on its own (36), heparin acquires potent immunogenicity when 

combined with PF4 or other positively charged proteins. Mice injected with mouse (m)PF4/

heparin ULCs develop antibodies to mPF4/heparin complexes in 7–14 days (37, 38) in a 

heparin dependent manner. Studies have shown that anti-mPF4/heparin antibodies are 

serologically similar to anti-human (h)PF4/heparin antibodies with respect to heparin-

dependent binding and ability to activate platelets in a FcγRIIA dependent manner (38). 

Similar to antibody binding requirements, the immunogenicity of mPF4/heparin complexes 

in vivo is highly correlated with the stoichiometry of PF4 and heparin (PF4:heparin molar 

ratios, PHRs). Higher rates of seroconversions occur with greater PF4 content (PHRs >10:1), 
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whereas low PF4 and high heparin concentrations are associated with marked diminution of 

the immune response (low PHRs <1:5). Similar findings have been noted in studies utilizing 

heparin and other positively charged proteins (protamine/lysozyme) (39).

The innate immune response in HIT

While it is generally accepted that PF4/heparin complexes are immunogenic in vivo, the 

extent to which this antigen behaves as a conventional antigen has been the subject of 

debate. PF4/heparin ULCs consist of repetitive patterned structures, and in many ways, 

resemble the repetitive charged carbohydrate structures found on microbial pathogens. 

Because the innate immune response is designed to recognize patterned structures on 

microbial surfaces, several studies have focused on the role of innate immune mechanisms in 

HIT.

The innate immune system carries out its sentinel functions through a network of humoral-

based proteins (pattern recognition molecules or PRMs) and/or cell-surface receptors 

(pattern recognition receptors or PRRs). Binding of PRMs and PRRs to conserved patterns 

on the surface of microorganisms unleashes a cascade of inflammatory responses, 

characterized by complement activation, cytokine release, migration of phagocytic cells, and 

activation of professional antigen-presenting cells (APCs). These responses, while rapid and 

generalized for the purpose of containing micro-organisms, are also essential for 

programming subsequent adaptive immune responses. In this latter context, APCs activated 

in the course of an innate immune response, provide important co-stimulatory signals for T-

cells. To date, investigations of the innate immune system in HIT have examined the role of 

bacterial infection and PRRs in the development of anti-PF4/heparin antibodies.

Bacterial infections as sensitizing events in HIT

As noted above, an unusual feature of the HIT immune response is the development of 

isotype-switched antibodies within 4–5 days of heparin exposure. To explain the early IgG 

response, Greinacher and colleagues postulated that HIT may arise from prior antigen 

exposure. Data in support of this hypothesis derive from population studies and cellular 

investigations of bacterial interactions with PF4. To examine the role of bacterial infection as 

a primary sensitizing event, Krauel and colleagues were first to demonstrate interactions of 

bacteria with PF4. Using biotinylated PF4, these investigators showed that PF4 binds to both 

gram-positive and gram-negative bacteria and that binding was charge dependent, as heparin 

could compete with bacteria for binding PF4 (2). These investigators also showed that 

antibodies from patients with HIT recognize PF4 bound to bacteria and that mice suffering 

from polymicrobial sepsis develop an expected sequence of IgM and IgG PF4/heparin 

seroconversions (2). Subsequent studies by this group have shown that PF4 not only binds to 

phosphate residues on lipid A moieties of bacterial lipopolysaccharide (40), but also binds to 

short chain polyphosphates found in platelets (41). The clinical significance of these 

findings have been demonstrated in several studies of patients with and without infection. In 

a case-control designed study of 40 subjects with and without gum infection (periodontitis), 

subjects with severe periodontal disease, as indicated by increased probing depth, had a 7-

fold higher risk for anti-PF4/heparin antibody positivity than control subjects (42). In a 
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population study of 3500 subjects assessed for periodontal disease, periodontal disease 

significantly correlated with anti-PF4/heparin antibody reactivity, irrespective of 

immunoglobulin isotype (42). Finally, in a smaller study of 32 bacteremic patients, increased 

anti-PF4/heparin antibody levels were demonstrated in patients with gram-negative bacteria 

as compared to healthy controls (43). In these patients, subsequent heparin exposures would 

elicit anti-PF4/heparin antibody formation only if the optimal stoichiometric requirements of 

antigen formation were met (44).

Toll-like receptors (TLRs)

TLRs are a family of pattern recognition receptors (~10 described in humans) present on 

antigen presenting cells and B-cells that recognize patterned ligands on microbes (45). With 

the exception of TLR-3, all TLRs signal through the intracellular myeloid differentiation 88 

(MyD88) adaptor protein. TLR-4, on the other hand, has both MyD88 dependent and 

independent modes of activation (46). Using a murine immunization model, our laboratory 

showed that MyD88 null mice respond similarly to immunization with PF4/heparin, 

suggesting that the MyD88 dependent TLRs are not critical to the HIT immune response 

(47). However, one recent study implies that TLR-4, a receptor that can function 

independently of MyD88, may be involved in immune activation. Using whole blood from 

healthy human subjects, Prechel and Walenga showed minimal IL-8 release when blood was 

incubated with PF4 alone or heparin alone. However, when whole blood was incubated with 

PF4/heparin complexes at varying stoichiometric ratios, they noted significant IL-8 release, 

with maximal IL-8 release occurring at PHR ratios of 12.5:1. Moreover, IL-8 release was 

highly variable among donors and dependent on TLR-4 signaling, as an anti-TLR-4 

antibody abrogated IL-8 secretion (48). While additional studies are needed to show the cell-

types and/or pathways activated by TLR-4, these findings provide an important first link 

between pattern recognition molecules and HIT.

The adaptive immune response in HIT

The adaptive immune response, like the innate immune system, has both humoral and 

cellular based effector mechanisms. Unlike responses of the innate immune system, which 

are immediate and non-specific, responses of the adaptive immune system occur days after 

antigen exposure and are highly antigen-specific. The hallmark of an adaptive immune 

response is involvement of T-cells and the generation of long-lived protective immunity.

To what extent T-cells are involved in HIT is currently unresolved. Clinically and 

scientifically, there is evidence to suggest that HIT may be T-cell dependent or T-cell 

independent (Table 1). T-cell dependent features of the immune response come from clinical 

observations of isotype switched IgG, which generally require T-cell help, evidence of 

restricted T-cell receptor usage in patients with HIT and murine studies showing 

requirements for T-cell help. However, there is also evidence to support T-cell independent 

pathways, including the serologic transience of anti-PF4/heparin antibodies, lack of immune 

recall (24, 49) and cellular studies involving marginal zone B-cells. The following sections 

summarize investigations of adaptive immune mechanisms in HIT.
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Role of T-cells and Regulatory T-cells in HIT

To date, few studies have examined the contribution of T-cells in human HIT (50, 51). 

Studies by Bacsi and colleagues showed that T-cells isolated from HIT patients after an 

acute episode proliferate in response to PF4/heparin, but not to PF4 or heparin alone. 

Moreover, responding T-cells showed highly restricted T-cell receptor (TCR) usage, with 

skewing of TCRβ chains involving the BV 5.1 family (50). Another study examining the 

role of T-cells in immunosuppressed patients suggests that T-cells may not play a vital role 

in PF4/heparin seroconversions (51). In this study, 38 patients undergoing intensive T-cell 

immunosuppression for liver transplantation were monitored for seroconversions before and 

after liver transplantation with triple immunosuppressive therapy (calcineurin inhibitors, 

mycophenollic acid and corticosteroids). Despite effective immunosuppression, new 

seroconversions occurred in 5/33 patients (15%), of whom only two developed platelet 

activating antibodies. No patients in this study developed HIT.

Murine studies have shown a more consistent requirement for T-cells in the development of 

anti-PF4/heparin antibodies. In the first application of a murine immunization model, our 

laboratory showed that athymic mice (lacking T-cells) do not exhibit an anti-PF4/heparin 

immune response, unlike wild-type (WT) animals, which generate antibodies to mPF4/

heparin (38). These findings were extended by Zheng and colleagues, who using the same 

murine immunization model, showed that depletion of T-helper cells (Th) with a polyclonal 

antibody abrogates the PF4/heparin immune response as compared to mice injected with 

control antibody (52). Using bone marrow transplant experiments involving WT and CD40 
−/− B-cells, these investigators additionally showed requirements for B-cell CD40, a co-

receptor for T-cell help via CD40 ligand.

Because T-cell involvement generally implies development of protective memory, it has been 

challenging to reconcile murine studies, showing T-cell involvement, with clinical 

observations of human HIT, wherein immune recall is generally lacking. Peripheral 

tolerance, however, is one mechanism that reconciles these seemingly discrepant 

observations. Regulatory T-cells, or Tregs, are a subset of circulating CD4+ T cells 

(CD4+CD25+) that maintain peripheral tolerance by suppressing the activation and 

expansion of antigen-specific lymphocytes (53). Tregs are particularly important for 

regulating autoreactive B- and T-cells. Studies by Fleischer and colleagues showed that PF4 

inhibits T cell proliferation induced by activating antibodies (anti-CD3 and anti-CD28). 

These effects were due to decreased synthesis and secretion of IL-2 (54) and were mediated 

through low-affinity interactions with GAGs on the T cell surface (54). Liu and colleagues 

expanded on these observations by showing that these inhibitory effects of PF4 primarily 

occurred with non-regulatory T cells (CD4+CD25-). However, PF4 enhances the 

proliferation of Treg cells, but these PF4-stimulated Tregs lost their normal suppressive 

function on non-regulatory T-cells (55). Thus, if circulating PF4/heparin complexes inhibited 

Treg function, this would allow for transient expression of anti-PF4/heparin (self-reactive) 

antibodies by non-regulatory T-cells; as PF4/heparin complexes are cleared from circulation, 

there would restoration of Treg function and resumption of peripheral tolerance 

mechanisms. Studies have yet to characterize the contribution of Tregs in murine models or 

to human disease through ex-vivo studies.
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Role of B-cells and B-cell subsets in HIT

The presence of T-cell independent features in the HIT immune response have prompted 

increased scrutiny of B-cell subsets that work independently of T-cell help. Three lineages of 

B-cells are recognized in mice and humans based on their cellular ontogeny and anatomic 

location: 1) B1 B-cells, which are found at birth and are primarily involved in T-cell 

independent responses, 2) marginal zone (MZ) B-cells, primarily found in the splenic 

marginal zone, have the capacity to participate in both T-cell dependent and independent 

responses and 3) follicular B-cells, the most abundant B-cell subsets, which are conventional 

B-lymphocytes that circulate in the spleen and lymph nodes and generate high-affinity, 

isotype-switched antibodies in response to T-cell help (56). Because the splenic MZ traps 

large multivalent antigens, and because MZ B-cells contribute to T-cell independent immune 

responses, Zheng and colleagues examined the contribution of MZ B-cells to the 

development of anti-PF4/heparin antibodies. In these studies, B-cell specific Notch2-

deficient mouse strain (CD19CreNotch2fl/fl), had marked impairment in anti-mPF4/heparin 

antibody production as compared to WT mice injected with mPF4/heparin. They 

additionally showed that adoptive transfer of MZ B-cells into mice lacking mature B-cells 

(μMT mice) facilitated development of anti-mPF4/heparin antibodies, but did not occur in 

μMT mice receiving only follicular B-cells (57). These findings were comparable to 

impaired antibody responses in the B-cell/Notch2-deficient mice to trinitrophenyl-ficoll, a T-

cell independent antigen, suggesting that anti-PF4/heparin antibody production only 

required MZ B-cells and not T-cells. However, these findings are distinctly at odds with 

earlier studies using athymic mice (38) and studies involving T-helper cells (52), 

highlighting the challenges of murine studies, especially those involving genetically 

modified strains.

Other investigators have examined the contribution of B1 cells, another B-cell subset 

involved in T-cell independent immunity. Krauel and colleagues investigated pediatric 

patients and murine splenectomy/sepsis models (58) on the basis that MZ B-cells are under-

developed in early infancy and are anatomically restricted to the spleen in mice. In these 

studies, the authors found evidence of anti-PF4/heparin IgM in infants aged 1–6 months 

after cardiac surgery, anti-PF4/heparin IgM antibody secreting cells in the cord blood of 

healthy volunteers and evidence of antibody production in splenectomized mice with 

polymicrobial sepsis. While these studies show that B-cell subsets, other than MZ B-cells, 

contribute to IgM antibody production, they only provide indirect evidence of B1 cell 

involvement.

Finally, two groups have examined the contribution of peripheral B-cell tolerance as a 

mechanism for transient antibody production in HIT. Using peripheral blood mononuclear 

cells from healthy subjects and splenocytes from WT mice, Zheng and colleagues 

demonstrated production of anti-PF4/heparin antibodies (IgM isotype) from B-cells after 

stimulation with the inflammatory oligodeoxynucleotides, deoxycytosine-deoxyguanosine 

(CpG) (59). In other studies, they showed that WT mice injected only with CpG also 

produced both IgG and IgM anti-PF4/heparin and that PKCδ deficient mice, mice lacking 

signaling molecule critical for B-cell anergy and tolerance maintenance, developed 

spontaneous IgG and IgM anti-PF4/heparin antibodies. Similar findings were recently noted 
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by Krauel and colleagues, who demonstrated the presence of antibody-secreting B-cells in 

human cord blood and peripheral blood of healthy donors after stimulation with CpG (58). 

These findings implicate B-cell tolerance as another potential mechanism for regulating anti-

PF4/heparin antibody production.

Antigen presenting cells

To date, little attention has been given to the role of antigen presentation in HIT. With 

conventional immune responses, APCs initiate adaptive immune response by taking up 

antigen, degrading the antigen in lysosomes and packaging degraded peptides alongside 

MHC class II proteins to T-cells. In recent studies, we examined the uptake and processing 

of PF4/heparin antigen by monocytes and dendritic cells. Using confocal microscopy and 

flow cytometry, we demonstrated that monocytes preferentially take up PF4/heparin 

complexes in a heparin-dependent manner and that uptake was non-specific, inhibitable by 

cytochalasin D (an inhibitor of cytoskeletal reorganization) and amiloride (an inhibitor of 

macropinocytosis). In other studies we observed that uptake was associated with endosomal 

processing and accompanied by cellular activation as indicated by CD83 and MHCII 

expression (60).

Summary

Despite increased scientific attention and development of murine models in recent years, a 

number of fundamental questions remain unanswered about the immune pathogenesis of 

HIT. To what extent the PF4/heparin serves as a conventional antigen, whether T-cells are 

essential to the immune response, and what regulatory mechanisms keep the immune 

response in check remain at the forefront of scientific investigation. These issues are of both 

clinical and scientific significance. Clinical benefits of understanding the immunologic basis 

of HIT can lead to identification of risk factors for seroconversion and determination of 

which patients can be safely re-exposed to drug. Understanding the scientific principles 

governing HIT can lead to discovery of unique pathways that can be disrupted and help to 

identify regulatory mechanisms that can be manipulated for control of autoimmune or 

allergic disease.
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Figure 1. A cartoon summarizing a model of PF4/heparin ULC formation {adapted from Cai et. 
al (32)}
PF4 molecules (dark grey circles) exist in an equilibrium among monomers, dimers and 

tetramers. Upon binding to heparin (light grey circles), the configuration of the tetramer is 

stabilized. Binding of heparin to PF4 also stabilizes the heparin in a linear configuration 

allowing binding of additional PF4. The net result is the generation of stable ultralarge 

immune complexes. As a result, the open end of the PF4 tetramer is oriented, revealing neo-

epitopes that are recognized by HIT-antibody KKO (black).

Figure reproduced with permission from the authors.
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Table 1:

Evidence for and against the role of T-cells in the HIT immune response

Data supporting a role for T-cells in the PF4/heparin immune response References

    • Human studies showing T-cell skewing in two patients with HIT (50)

    • Murine studies: Lack of T-cells or T-cell depletion abrogates HIT antibody formation in mice (38, 52)

Data against a role for T-cells in HIT in the PF4/heparin immune response

    • Lack of immune recall in HIT patients (24, 49)

    • Lack of memory B-cells in HIT (61)

    • Evidence of anti-PF4/heparin antibody formation in patients on T-cell immunosuppressive therapy (51)

    • Requirements for marginal zone B-cells in murine studies; not T-cell dependent (57)
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