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Abstract: K. pneumoniae represents a significant opportunistic pathogen capable of causing life-threatening infections, particularly in
immunocompromised and critically ill patients. Despite increasing reports of severe coagulopathy in K. prneumoniae sepsis, pathogen-
specific mechanisms and tailored management strategies remain insufficiently characterized. This review aims to systematically examine the
intricate relationship between K. pneumoniae infections and the development of DIC, a critical complication with high mortality rates, by
integrating microbial virulence factors with the host’s thrombo-inflammatory response. We explore the microbial virulence factors that
contribute to disease pathogenesis, including capsular polysaccharides, lipopolysaccharides, siderophores, and various genetic determinants
that enable immune evasion and systemic dissemination. The pathophysiological mechanisms linking K. pneumoniae sepsis to DIC are
detailed, emphasizing the role of inflammatory cytokines, coagulation cascade activation, and endothelial dysfunction. Clinical manifesta-
tions, diagnostic challenges including a thorough overview of global diagnostic criteria, and current management strategies are discussed,
highlighting the importance of early recognition and targeted intervention. In conclusion, this review underscores that DIC in K. pneumoniae
sepsis results from a synergistic interaction between specific bacterial virulence factors (eg, LPS, capsule, siderophores) and a dysregulated
host thrombo-inflammatory response, advocating for a preemptive, multimodal management strategy that combines rapid antimicrobial
therapy with early recognition of coagulopathy to improve patient outcomes.
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Introduction

K. pneumoniae is a formidable Gram-negative pathogen whose pathogenicity is driven by key virulence factors including
a polysaccharide capsule essential for immune evasion and high-affinity siderophore systems for iron acquisition.'
Hypermucoviscous strains, especially K1/K2 capsular serotypes, exhibit heightened invasiveness.” Furthermore, biofilm
formation widely implicated in 65-80% of bacterial infections and a Type VI secretion system (T6SS) significantly
enhance the persistence and virulence of K. pneumoniae.>*

In intensive care units (ICUs), K. pneumoniae, particularly carbapenem-resistant (CRKP) strains, poses a critical
threat. ICU admission is an independent risk factor for CRKP bloodstream infection.”’ The pooled prevalence of CRKP
among nosocomial K. pneumoniae infections in ICUs is alarmingly high at 62%.% Associated mortality is substantial,
with a global 30-day mortality rate of 34% for CRKP bacteremia and a pooled mortality of 37.2% for CRKP

infections.”'® ICU-acquired K. pneumoniae pneumonia carries mortality exceeding 50% in several series.''"'?
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In septic patients, K. pneumoniae can trigger disseminated intravascular coagulation (DIC), a life-threatening coagulo-
pathy characterized by systemic thrombosis and bleeding. The pathogenesis involves lipopolysaccharide (LPS)-driven tissue
factor expression and a cytokine storm, initiating coagulation.'® This is amplified by neutrophil extracellular traps (NETs),
which provide a prothrombotic scaffold,'* and bacterial outer membrane vesicles (OMVs) that systemically disseminate
procoagulant stimuli.'> Concurrent endothelial damage and depletion of natural anticoagulants culminate in DIC.'®

Diagnosis relies on scoring systems due to the absence of a single definitive test.'> The International Society on
Thrombosis and Haemostasis (ISTH) overt DIC criteria are widely used.'® For sepsis-associated DIC, the Sepsis-
Induced Coagulopathy (SIC) score, endorsed by the ISTH, is valuable for early identification using platelet count,
prothrombin time (PT), and Sequential Organ Failure Assessment (SOFA) score.'”'® The Japanese Association for
Acute Medicine (JAAM) criteria offer an alternative with high sensitivity.'®'” To our knowledge, this is the first
review specifically integrating microbiological virulence, immunothrombosis, and clinical management of DIC

triggered by K. pneumoniae.

Epidemiology and Risk Factors

The epidemiology of K. pneumoniae infections varies significantly by healthcare setting, with ICUs representing a major
burden. The global pooled prevalence of CRKP among nosocomial infections is 28%, rising sharply to 62% specifically
within ICUs.® Colonization is a key risk factor for subsequent infection; rates are markedly higher in hospitalized
patients, particularly those exposed to broad-spectrum antibiotics.>* Major risk factors for ICU-acquired CRKP
infection include mechanical ventilation, central venous catheterization, and prior antibiotic exposure.?' Hypervirulent
and resistant strains, such as ST11 in China and ST258 in Europe, are frequently implicated in severe outbreaks within
these settings.”*** K. pneumoniae-associated DIC occurs most frequently in patients with specific risk factors that
predispose them to severe infection and coagulation dysfunction. Diabetes mellitus emerges as a particularly significant
risk factor, as demonstrated in a case report of a 72-year-old woman with newly diagnosed diabetes who developed fatal
K. pneumoniae meningitis with concomitant DIC.** Other important predisposing conditions include alcoholism,
malignant tumors, renal failure, liver disease, and chronic lung disease.”> Immunosuppression, whether from disease
processes or therapeutic interventions, dramatically increases susceptibility to severe K. pneumoniae infections and
subsequent DIC.?® About 50% to 70% of patients with sepsis develop coagulation dysfunction, and about 35% of patients
have significant DIC.?” The development of DIC in K. pneumoniae infections significantly worsens prognosis. Mortality
rates for K. pneumoniae pneumonia requiring ICU admission reach 58%, while CRKP bloodstream infections are
associated with a 30-day mortality rate of 34%.'" This substantial risk underscores the critical importance of preventing

hematogenous dissemination and recognizing coagulation abnormalities early in the course of infection (Table 1).

Virulence Mechanisms of K. pneumoniae
The pathogenesis of K. pneumoniae infections and their ability to trigger DIC relies on an arsenal of virulence factors
that enable immune evasion, tissue invasion, and systemic dissemination. Understanding these mechanisms is essential
for comprehending the link between infection and coagulopathy.?’

Table | Risk Factors for K. pneumoniae Infection and DIC

Category Specific Risk Factors

Comorbid Conditions | Diabetes mellitus, Alcoholism, Malignancy, Renal failure, Liver disease, Lung disease, Myelodysplastic syndrome (MDS)

Healthcare Exposures ICU admission, Prolonged hospitalization, Invasive devices (ventilators, catheters), Surgical procedures

Immunological Factors | Immunosuppression, Corticosteroid therapy, Chemotherapy, Advanced age

Microbiological Factors | ESBL-producing strains, CRKP strains, Hypervirulent variants (eg, K1, K2 capsular serotypes).?®
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LPS

The LPS component of K. pneumoniae’s outer membrane functions as a potent endotoxin that triggers intense
inflammatory responses through activation of pattern recognition receptors such as TLR4 on immune cells, contributing
to the cytokine storm associated with severe sepsis and DIC.*® Furthermore, LPS within OMVs is pivotal in driving DIC
during Gram-negative sepsis by synergistically amplifying host procoagulant responses via TLR4 activation, suggesting
OMV production as a novel therapeutic target.'> The outermost O-antigen subunit of LPS represents the initial interface
with the innate immune system, with Ol being the most common serotype among clinical K. pneumoniae isolates.
Specifically, the Ol antigen binds complement component C3b, weakening macrophage activation and promoting
bacteremia and liver abscess formation. Genes involved in LPS core synthesis (eg, waaG, waaF, waaC) are crucial for
maintaining membrane integrity and resistance to hydrophobic agents and host defenses.>' LPS is a powerful Pathogen-
Associated Molecular Pattern (PAMP) that binds to TLR4 on macrophages and endothelial cells, leading to the release of
pro-inflammatory cytokines (TNF-a, IL-1, IL-6, HMGB-1).*? This cytokine storm is a primary cause of DIC, as these
mediators induce tissue factor expression on monocytes and endothelium, a critical mechanism linking bacteremia to
septic coagulopathy.®® This activation of the coagulation cascade leads to thrombin generation and a thrombotic
phenotype characterized by significant fibrin deposition, particularly in renal glomeruli, contributing to organ
dysfunction.”*”* Simultaneously, LPS-mediated pathways suppress natural anticoagulant pathways (eg, antithrombin,
protein C) and impair fibrinolysis via a sustained increase in Plasminogen Activator Inhibitor-1 (PAI-1).%2-%3¢
Furthermore, LPS directly activates the contact pathway of coagulation cascade by binding to and autoactivating
Factor XII (FXII or Hageman factor).>” In conclusion, compelling evidence delineates LPS as a central mediator in
the pathogenesis of K. pneumoniae sepsis-associated DIC. Therefore, we conclude that LPS is a potential biomarker for
DIC in patients with K. pneumoniae sepsis, which could inform preventive strategies and improve prognostic assessment
after further clinical validation.

Capsular Polysaccharides

The capsular polysaccharide represents the most important virulence factor of K. pneumoniae, serving as the primary
determinant of serotype classification and providing protection against phagocytosis and serum bactericidal activity.>® To
date, 77 distinct capsular types have been identified, with specific capsular serotypes (K1, K2, K5, K20, K54, and K57)
consistently associated with invasive pyogenic infections including liver abscess, septicemia, and pneumonia.***° The K1/
K2 capsular serotypes demonstrate particularly high virulence, attributed to their chemical composition which lacks
mannose and rhamnose, sugars normally recognized by macrophage lectin receptors for phagocytosis induction.
Capsular synthesis is encoded by the chromosomal cps gene cluster, which includes genes such as wzi, wza, wzb, wzc,
gnd, wca, cpsB, cpsG, and galF. The wzy gene serves as a serotype-specific target often used for differentiating various cps
types. Interestingly, the chromosomally encoded mucoviscosity-associated gene A (magA), discovered in 2004, was
subsequently identified as the wzy gene specific to the K1 capsular serotype (K1_wzy).***' The magA gene is essential
for capsular polysaccharide synthesis and appears to mediate crucial role in hypermucoviscosity and complement-mediated
resistance, while magA mutants lose these characteristics. The hypermucoviscous phenotype, identifiable by a positive
string test (>5 mm filament), is a key feature of hypervirulent strains and is strongly associated with the K1/K2 capsular
serotypes and the presence of the rmpA/rmpA2 regulators.** This thick capsule is paramount for resisting phagocytosis by
neutrophils and macrophages, allowing the bacterium to achieve high bacterial loads in the blood, a potent trigger for
systemic inflammatory response and DIC.?*** The capsule is an anionic polysaccharide layer with negatively charged
surface, due to carboxyl and phosphate groups, and can promote the binding and autoactivation of FXII, the initiator of the
contact pathway of coagulation. This process drives systemic thrombin generation, microvascular thrombosis, consumptive
coagulopathy, and can progress to DIC and multi-organ failure.>”** Also, during sepsis, capsule-mediated intense
inflammation and endothelial activation may promote coagulopathy by contributing to endothelial injury, suppression of
anticoagulant pathways (eg, the protein C system), and the creation of a procoagulant state through increased tissue factor
and elevated PAI-1 levels.*> Consequently, the bacterial capsule may contribute to a procoagulant microenvironment that
exacerbates SIC, underscoring its potential as a therapeutic target for reducing infection-associated thrombosis.
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Siderophores and Iron Acquisition Systems

Iron acquisition represents a critical determinant of K. pneumoniae pathogenicity, as iron is essential for bacterial
proliferation within the host environment. K. pneumoniae employs several siderophore systems including enterobactin,
yersiniabactin, salmochelin, and aerobactin to scavenge iron from host proteins.*®*’ Hypervirulent K. pneumoniae
(hvKP) strains demonstrate a distinctive 6- to 10-fold increase in siderophore production compared to classical
K. pneumoniae strains. The genes required for enterobactin biosynthesis are located on the chromosomal ent cluster
(eg, entB), while its receptor is encoded by fepA. To circumvent host defense mechanisms like lipocalin-2 (which binds
enterobactin), K. pneumoniae produces modified siderophores including glycosylated enterobactin (salmochelin, iro
genes) and the non-catecholate siderophore yersiniabactin (ybt genes). Aerobactin (encoded by the iucABCD-iutA
operon) appears particularly important in hvKP strains, accounting for approximately 90% of total siderophore produc-
tion and serving as a reliable biomarker for hvKP identification.>° The genes for aerobactin are often located on
virulence plasmids (eg, pLVPK), frequently co-localizing with rmpA. Other iron acquisition systems include the kfu
ABC transporter (associated with liver abscess and meningitis) and the yersiniabactin system (ybtS).** By efficiently
scavenging iron, these systems support rapid bacterial growth in vivo, leading to high-grade bacteremia and sustained
inflammatory stimulus, thereby exacerbating the risk of DIC.* In addition, Siderophores, such as enterobactin and
yersiniabactin, can modulate host immune responses. They induce proinflammatory cytokines, increase vascular perme-
ability, and promote endothelial damage. This inflammatory milieu activates the coagulation system, leading to micro-
thrombosis and consumption of clotting factors hallmarks of DIC.*®

Adhesion Factors and Biofilm

Fimbriae (pili) represent proteinaceous structural appendages that facilitate bacterial attachment to host surfaces.
K. pneumoniae expresses type 1 and type 3 fimbriae, encoded by fim and mrk gene clusters, respectively.*” Type 1
fimbriae (adhesin FimH) are expressed in the urinary tract and enable bladder cell invasion and biofilm formation, while
type 3 fimbriae (adhesin MrkD) facilitate attachment to both biotic (eg, endothelial cells, extracellular matrix) and abiotic
surfaces (eg, catheters).*® The allS gene, often associated with the K1 capsular serotype, is involved in allantoin
metabolism and also contributes to virulence. Adhesion is the first step towards colonization and subsequent invasion.
While the capsule can sometimes mask fimbriae, their role in establishing infection foci is critical. Biofilm formation,
aided by fimbriae, creates a protected niche for persistent infection, which can serve as a continuous source of bacteremia
and ongoing activation of the coagulation and inflammatory systems.?>****~% It is hypothesized that fimbriae in Gram-
negative bacteremia facilitate initial tissue invasion and systemic dissemination. Through promoting endothelial attach-
ment and activation, they may bind directly to coagulation FXII, potentially triggering its autoactivation and contributing
to DIC. Activated FXII (FXIIa or Activated Hageman factor) initiates the intrinsic coagulation cascade, promoting
thrombin generation and a hypercoagulable state. Simultaneously, FXIIa activates the kallikrein-kinin system, releasing
bradykinin, which enhances vascular permeability and triggers a potent pro-inflammatory host response. This combined
dysregulation of coagulation and inflammation drives the consumption of clotting factors and microvascular thrombosis,
thereby serving as a critical early pathogenic mechanism in the progression from bacteremia to septic coagulopathy and

potential DIC.3744:48

T6SS and OMPs

The T6SS is a contact-dependent mechanism used to inject effector proteins into eukaryotic host cells or competing
bacteria in K. pneumoniae. Presence of T6SS has been associated with hvKP and the K1 capsular serotype, enhancing
survival and pathogenicity in the host.>' Outer Membrane Proteins (OMPs) in K. pneumoniae like OmpK35 and
OmpK36 are involved in nutrient uptake and can contribute to antibiotic resistance and serum resistance. Lipoproteins
are important for maintaining outer membrane integrity and resistance to phagocytosis.” The T6SS functions as
a molecular syringe, delivering effector proteins directly into host endothelial cells. This action disrupts endothelial
integrity, causing vascular leakage and exposing subendothelial tissue factor a potent initiator of the extrinsic coagulation
pathway. Concurrently, T6SS effectors can activate pro-inflammatory pathways (eg, NF-kB), contributing to a cytokine
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storm that further upregulates tissue factor on monocytes and endothelial cells, thereby amplifying thrombin
generation.’>>* OMPs, exacerbate this process through distinct mechanisms. They facilitate bacterial adhesion to and
invasion of endothelial cells, causing direct injury. Furthermore, OMPs engage TLR2/TLR4, intensifying the inflamma-
tory response that promotes a hypercoagulable state. They also aid in immune evasion by binding host regulators,
perpetuating the infection that fuels coagulation activation.’>>* In concert, T6SS-mediated direct damage and OMP-
driven hyperinflammation create a vicious cycle. This leads to excessive fibrin deposition, platelet consumption, and
secondary fibrinolysis, the hallmark features of DIC. Consequently, microvascular thrombosis contributes to multi-organ

failure, underscoring the pivotal role of these virulence factors in sepsis-associated coagulopathy.

Regulatory Genes and Virulence Plasmids

Regulatory genes play crucial roles in modulating K. pneumoniae virulence expression. The regulator of mucoid
phenotype A and A2 (rmpA and rmpA2) genes are known positive regulators of capsule production and the hypermu-
coviscosity phenotype.*'>> Additionally, the Klebsiella virulence regulator genes kvrA and kvrB influence virulence in
K1/K2 hvKP strains by activating capsule gene expression, an effect not observed in classical strains. The ferric uptake
regulator (Fur) modulates iron acquisition and also suppresses rmpA, rmpA2, and rcsA genes responsible for capsule
production. Many virulence genes (eg, iucABCD-iutA [aerobactin], iroBCDN [salmochelin], rmpA/rmpA2) are carried
on large, conjugative plasmids (eg, pLVPK) that enable horizontal gene transfer between bacteria.”> This co-localization
of virulence and sometimes resistance determinants on mobile genetic elements facilitates the emergence of increasingly
pathogenic and difficult-to-treat strains, such as carbapenem-resistant hypervirulent K. pneumoniae (CR-hvKP).>
Regulatory genes and virulence plasmids in K. pneumoniae critically exacerbate sepsis-induced DIC by amplifying
key virulence determinants. These elements upregulate capsular polysaccharide production and siderophore systems,
enhancing immune evasion, iron acquisition, and high-grade bacteremia. The resulting sustained inflammatory response
and endothelial injury promote tissue factor expression, thrombin generation, and consumptive coagulopathy.
Consequently, this dysregulation of host coagulation and inflammation drives the progression to DIC.

Summary

The pathogenesis of DIC in K. pneumoniae sepsis is driven by a hierarchical synergy of key bacterial virulence factors
that sequentially ignite and amplify a thrombo-inflammatory cascade. The primary instigator is LPS, which binds host
TLR4 to trigger a cytokine storm; this upregulates tissue factor on monocytes and endothelium to initiate coagulation,
directly injures the endothelium to create a procoagulant state, stimulates PAI-1 to cause fibrinolytic shutdown, and
primes neutrophils for prothrombotic NETosis. This process is critically enabled by the Capsular Polysaccharide, which
facilitates immune evasion and persistent high-grade bacteremia, thereby ensuring a continuous, overwhelming source of
LPS to sustain the inflammatory drive. The severity of the septic insult is further potentiated by Siderophores (eg,
aerobactin), which sequester host iron to enhance bacterial proliferation and tissue invasion, thereby increasing the
pathogen load and magnifying the release of all pro-DIC mediators. Contributing factors like fimbriae, promoting
endothelial adherence and biofilm persistence and OMVs, delivering concentrated virulence packages, reinforce localized
inflammation and systemic signaling. Ultimately, this coordinated virulence strategy creates a self-reinforcing cycle
where bacterial factors initiate a massive inflammatory response, which in turn unleashes host-derived effectors like
extracellular histones and NETs that directly execute the widespread microvascular thrombosis and consumptive
coagulopathy defining DIC (Figure 1).

Pathophysiology of DIC in K. pneumoniae Infections
DIC represents a systemic thrombo-hemorrhagic disorder characterized by widespread activation of coagulation path-
ways, leading to simultaneous thrombosis and hemorrhage. The pathophysiology of DIC in K. pneumoniae infections

involves complex interactions between microbial components, host inflammatory responses, and the coagulation system.
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Figure | Virulence Mechanisms of K. pneumoniae and DIC. This figure illustrates how different virulence factors can participate in pathogenesis.

Initiation of Coagulation Activation

The primary trigger for DIC in K. pneumoniae sepsis is the systemic inflammatory response to infection. Bacterial
components, particularly LPS, activate monocytes, macrophages, and endothelial cells to express tissue factor, the
principal initiator of the extrinsic coagulation cascade.®® Tissue factor expression leads to thrombin generation and fibrin
formation. Simultaneously, physiological anticoagulant pathways are downregulated: antithrombin levels are consumed
and suppressed by inflammation, the protein C system is impaired due to endothelial thrombomodulin downregulation,
and tissue factor pathway inhibitor is overwhelmed.'®>> The extensive capsular polysaccharide of K. pneumoniae
provides resistance against complement-mediated killing and phagocytosis, allowing sustained bacteremia and ongoing
activation of these pathways.5 ® Furthermore, NETSs, released in response to infection (NETosis), contain DNA, histones,
and antimicrobial proteins. While aimed at trapping bacteria, these NET components are highly prothrombotic. They can
activate platelets, provide a scaffold for thrombus formation, and directly activate the contact pathway (FXII), further
amplifying thrombin generation.’®*> Activated FXII by LPS, initiates the intrinsic coagulation cascade, leading to
thrombin generation, fibrin formation, and microvascular thrombosis. Concurrently, FXIla activates plasma kallikrein,
triggering the kallikrein-kinin system and resulting in bradykinin release, which amplifies vascular permeability and
inflammatory responses.®’ Extracellular vesicles or microparticles derived from activated platelets, monocytes, and
endothelial cells also contribute significantly. These extracellular vesicles expose phosphatidylserine and often carry
tissue factor, providing catalytic surfaces that greatly amplify coagulation reactions.*

Cytokine-Mediated Coagulation Dysregulation

A “cytokine storm” featuring elevated levels of TNF-a, IL-1, IL-6, and IL-8 plays a central role in the pathogenesis of
sepsis-induced DIC.**>° These proinflammatory cytokines promote tissue factor expression, downregulate thrombomo-
dulin expression, inhibit fibrinolysis through increased production of PAI-1, and activate endothelial cells. The NET
effect is enhanced thrombin generation, impaired anticoagulation, and suppressed fibrin removal, leading to a severe
hemostatic imbalance that manifests as both thrombosis and hemorrhage. Damage-Associated Molecular Patterns
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(DAMPs), such as extracellular histones, HMGBI, and cell-free DNA released from damaged host cells, further

exacerbate this process by amplifying inflammation and directly activating platelets and coagulation factors.'®

Endothelial Dysfunction

Endothelial injury represents a critical event in the pathogenesis of DIC. K. pneumoniae components and host
inflammatory mediators disrupt the antithrombotic properties of the endothelium. The protective glycocalyx layer is
shed (“shedding”), exposing adhesion molecules like E-selectin and promoting platelet adhesion, leukocyte recruitment,
and procoagulant activity. Damaged endothelial cells release ultralarge von Willebrand factor (vVWF) multimers that
enhance platelet aggregation and microvascular thrombosis. The simultaneous exposure of subendothelial collagen
further activates platelets and the intrinsic coagulation pathway. This endothelial dysfunction also leads to increased

vascular permeability, contributing to shock and organ edema.’>~°

Impairment of Fibrinolytic System

Dysregulated fibrinolysis is a hallmark of sepsis-induced DIC. Initially, the fibrinolytic system is activated in response to
fibrin deposition, evidenced by elevated D-dimer and FDP levels. However, as DIC progresses, there is progressive
inhibition of fibrinolysis mediated primarily by a dramatic increase in PAI-1 levels, leading to “fibrinolytic shutdown”.*
This transition from hyperfibrinolysis to hypofibrinolysis results in accumulated fibrin deposition in the microvasculature,
contributing to end-organ ischemia and dysfunction. Thrombin-Activatable Fibrinolysis Inhibitor may also contribute to

inhibiting fibrinolysis in sepsis.'®"

Clinical Manifestations and Diagnosis of K. pneumoniae Associated-DIC

Clinical Presentation of DIC

The clinical manifestations of DIC in patients with K. pneumoniae sepsis often reflect a thrombotic-dominant phenotype,
driven by intense systemic inflammation and endothelial injury.?® Microvascular thrombosis is common, leading to organ
dysfunction such as acute kidney injury, acute respiratory distress syndrome (ARDS), and neurological deterioration. In
severe invasive syndromes eg, liver abscess or metastatic infections macrovascular thrombosis like portal vein throm-
bosis (pylephlebitis) may occur. >’ Hemorrhagic features, including petechiae, mucosal oozing, or catheter-site bleed-
ing, are observed but are typically less severe than in obstetric or malignancy-associated DIC.>® The progression is
usually acute, evolving over hours to days, aligning with the rapid clinical course of CR-hvKP or CRKP sepsis.”” Early
recognition of DIC in this setting is critical, as it correlates with higher mortality and complicated metastatic infections

such as endogenous endophthalmitis or disseminated abscesses.®

Diagnostic Approach and Global Criteria

The diagnosis of DIC requires integration of clinical and laboratory findings, as no single test is pathognomonic. It is
a clinicopathological syndrome whose diagnosis relies on scoring systems based on readily available coagulation tests.
The dynamic nature of DIC necessitates repeated evaluations over time for accurate diagnosis and monitoring.'®

Key Laboratory Tests for DIC

The diagnosis of sepsis-induced DIC relies on a constellation of laboratory abnormalities that reflect the underlying
pathophysiological processes of systemic coagulation activation, consumption of clotting factors and platelets, and
secondary fibrinolysis. Thrombocytopenia, typically defined as a platelet count below 100-150 x 10%/L, is one of the
earliest and most consistent hematological findings, resulting from consumption, sequestration, and adherence to
damaged endothelium.®"*** Global coagulation screening tests often reveal a prolonged PT or international normalized
ratio (INR) due to the consumption of coagulation factors, particularly factors II, V, VII, and X.%® The activated partial
thromboplastin time (aPTT) may also be prolonged, though it can be variable. Markers of fibrin formation and
degradation are crucially elevated. Fibrin degradation products (FDP) and, more specifically, D-dimer levels are
significantly increased, indicating intense thrombin generation, fibrin deposition, and subsequent fibrinolysis.®*** In
contrast, fibrinogen levels, being an acute-phase reactant, may remain normal or even elevated in the early stages of
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sepsis, masking ongoing consumption. A low or rapidly declining fibrinogen level is therefore considered a late sign of
severe coagulopathy and carries a poor prognosis.’> Supportive laboratory findings include decreased antithrombin
activity, resulting from consumption by thrombin and inactivation by neutrophil elastase.®® While a peripheral blood
smear may show schistocytes suggestive of microangiopathic hemolysis, this finding is less characteristic of septic DIC
than of primary thrombotic microangiopathies.®’ Viscoelastic point-of-care tests, such as thromboelastography or
rotational thromboelastometry, provide a dynamic assessment of the clotting process and serve as adjunctive tools that
do not replace established diagnostic scoring systems. They can detect a spectrum of states, from a hypercoagulable
profile with shortened clotting time and increased clot strength in early sepsis to a hypocoagulable pattern with prolonged
clotting time and reduced clot firmness in overt, consumptive DIC.%’

Global Diagnostic Scoring Systems for DIC

The diagnosis of DIC is challenging due to its variable presentation and the lack of a single pathognomonic test. To
standardize the diagnostic process, several validated scoring systems have been developed, each with specific objectives,
parameters, and clinical contexts.° These systems integrate readily available laboratory tests to provide an objective
assessment of coagulopathy, facilitating earlier recognition and consistent diagnosis across different clinical settings.

The most widely recognized international standard is the overt-DIC diagnostic score established by the ISTH. This
system is designed to identify overt, decompensated DIC by evaluating four key parameters: platelet count, PT or INR,
fibrinogen level, and a fibrin-related marker such as D-dimer or fibrin/fibrinogen degradation products. A cumulative
score of 5 or higher is considered compatible with a diagnosis of overt DIC.®® While this score has high specificity for
advanced DIC, its major limitation is lower sensitivity for detecting the early, non-overt stages of the syndrome,
potentially delaying intervention.®'

For earlier detection, particularly in critically ill and septic patients, the JAAM score was introduced for DIC. This
system incorporates systemic inflammatory response syndrome (SIRS) criteria alongside laboratory markers platelet count,
PT ratio, and FDP levels to enhance sensitivity. A score of 4 or greater indicates DIC. The JAAM score is considered more
sensitive than the ISTH overt-DIC criteria and is useful for identifying DIC at an earlier phase, though it may be less
specific.” Of note, the updated JAAM-2 DIC score replaces SIRS with antithrombin activity as a parameter.”®

To further refine early risk stratification specifically in sepsis, the ISTH subcommittee proposed the SIC score in
2017. This simplified, two-step tool utilizes only three parameters: platelet count, INR, and the SOFA score as a marker
of organ dysfunction. A SIC score of 4 or higher identifies septic patients with early coagulopathy who are at significant
risk of progressing to overt DIC, thereby aiding in timely decisions regarding supportive management and potential
anticoagulant therapy.'”®!

In Japan, other simplified criteria are also in use. The Japanese Society on Thrombosis and Hemostasis (JSTH) has
proposed diagnostic criteria that can incorporate molecular markers.”" A further simplified version, sometimes referred to
as the modified JAAM (m-JAAM) score, replaces the SIRS component with antithrombin activity, aiming to improve
specificity. These systems typically use a combination of platelet count, PT-INR, FDP, and antithrombin activity, with
a threshold score of 4 for diagnosing DIC.'*7!

Selecting the appropriate scoring system depends on the clinical context. The ISTH overt-DIC score remains the
international benchmark for diagnosing established DIC (Table 2). For early intervention in sepsis, the SIC score is
a valuable screening tool, while the JAAM and its modifications are extensively applied in Japan for sensitive early
detection.®"* It is crucial to note that, given the dynamic nature of DIC, sequential measurements and the trend of the score
over time often provide more meaningful diagnostic and prognostic information than a single assessment (Table 3).°!

Management Strategies

Antimicrobial Therapy and Source Control

Appropriate antibiotic therapy represents the cornerstone of management for K. pneumoniae infections complicated by DIC.
Initial empirical regimens for community-acquired K. pneumoniae pneumonia typically include third- or fourth-generation
cephalosporins or respiratory fluoroquinolones, with possible addition of an aminoglycoside. For penicillin-allergic patients,
aztreonam or respiratory fluoroquinolones represent alternatives. The increasing prevalence of antibiotic-resistant strains
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Table 2 ISTH Scoring System for Overt DIC

Parameter Score 0 | Score | Score 2

Platelet count (x10°/L) >100 50-100 <50

Elevated Fibrin Marker (D-dimer, FDP) | No Moderate | Strong
increase | increase increase

Prolonged PT (sec) <3 3-6 >6

Fibrinogen Level (g/L) >1.0 <1.0

Diagnosis: Overt DIC if score 2 5 25

Notes: Platelet count (thrombocytopenia indicating consumption), fibrin markers (throm-
bin generation and fibrinolysis), prothrombin time (coagulation factor depletion), fibrinogen
level (consumption vs acute-phase response), and total score (25 confirms overt DIC). No
bold text is used in this table.

Table 3 Laboratory Features and Diagnostic Criteria for DIC

Parameter Typical Findings Comments

Platelet count Thrombocytopenia (<100-150x10%/L) or progressive Often the earliest abnormality; strongly correlated with poor
decline outcome.

Coagulation times Prolonged PT/INR and often aPTT Reflects consumption of coagulation factors.

May be normal in >50% of cases

Fibrin degradation Markedly elevated D-dimer (>4000 ng/mL) and FDP Highly sensitive but non-specific; indicates fibrin formation and
markers breakdown.
Fibrinogen level Low or declining Often normal/elevated initially in sepsis due to acute phase

response; a low level is a late sign.

Viscoelastic testing Initially hypercoagulable (short R, high MA), then Provides a global assessment of clot formation and lysis.

(TEG/ROTEM) hypocoagulable (long R, low MA)

Antithrombin Reduced levels Reflects consumption of anticoagulants

Diagnostic Scores ISTH 25 (Overt DIC), SIC 24 (Early Coagulopathy), ISTH is the international standard. Serial scoring is
JAAM 24 recommended.

necessitates careful antimicrobial selection based on local susceptibility patterns and individual risk factors. ESBL-producing
strains require treatment with carbapenems (eg, meropenem, imipenem); however, emerging therapeutic options such as
cefiderocol or the combination of ceftazidime-avibactam plus aztreonam are increasingly highlighted in recent literature.”* For
carbapenem-resistant Enterobacteriaceae infections, combination therapy with polymyxins (colistin), tigecycline, fosfomycin,
aminoglycosides, or newer [-lactam/B-lactamase inhibitor combinations (eg, ceftazidime-avibactam, meropenem-
vaborbactam) is often necessary.*® Infectious disease consultation is recommended for carbapenem-resistant
Enterobacteriaceae infections. Source control measures, such as percutaneous or surgical drainage of abscesses (eg, liver
abscess) and removal of infected devices, are essential adjuncts to antimicrobial therapy. The duration of antibiotic therapy

typically spans 14 days, though longer courses may be required for complicated infections.>>>’

Supportive Care and Coagulation Management

Supportive care within the ICU is fundamental for managing patients with K. pneumoniae sepsis complicated by DIC,
focusing on stabilizing hemodynamics, respiratory function, and failing organs. Alongside treating the underlying
infection, meticulous coagulation management is essential to address the concurrent risks of bleeding and thrombosis
inherent to DIC. Guideline-directed blood component therapy should be administered based on clinical evidence of
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bleeding, the need for invasive procedures, and the overall trajectory of coagulopathy, rather than on laboratory
abnormalities alone. The ISTH guidelines recommend platelet transfusion for actively bleeding patients with a platelet
count below 50 x 10°/L, or below 100 x 10°/L in those at high risk of bleeding, such as prior to an invasive
procedure.’®”® For patients with significant bleeding and prolonged PT or aPTT, infusion of fresh frozen plasma
(FFP) at an initial dose of 15-30 mL/kg is indicated to replenish coagulation factors.”*"”* Specific fibrinogen replacement
with cryoprecipitate or fibrinogen concentrate is warranted when levels fall below 1.5 g/L in bleeding patients, with
a higher threshold (eg, >2.0 g/L) recommended in obstetric contexts or cases of severe hemorrhage. This targeted,
supportive approach aims to correct hemostatic imbalances while minimizing the risks of volume overload and

thrombotic complications.”*”>

Anticoagulation Therapy
Historical randomized controlled trials (RCTs) of agents like antithrombin, activated protein C, tissue factor pathway
inhibitor, and thrombomodulin in broad sepsis populations have largely failed to show consistent mortality benefit. This
failure stems from several factors: heterogeneous pathophysiology, enrollment of patients without significant coagulo-
pathy, inappropriate timing of intervention often beyond the window of maximal thromboinflammation, the limitations of
28-day all-cause mortality as a sole endpoint, and confounding from concomitant heparin use which increased bleeding
risk.”*"’® The 2013 ISTH guidelines suggest considering unfractionated heparin for prophylaxis or treatment of throm-
bosis in DIC, but not for routine use.”> Consequently, robust evidence from large RCTs supporting routine anticoagulant
use remains lacking, leading international guidelines outside Japan to typically not recommend their use. However, in
Japan, based on observational data and pathophysiological rationale, antithrombin and recombinant thrombomodulin are
approved and used for sepsis-induced DIC. Meta-analyses of observational studies on combination therapy suggest
a non-significant trend toward reduced mortality without significantly increased bleeding, though high heterogeneity and
absence of RCT data preclude definitive conclusions.””"”®

For future trial success, a paradigm shift is required. Firstly, patients with clear SIC (eg, meeting SIC or overt DIC
criteria) must be precisely selected, potentially using machine learning to identify high-risk phenotypes. Secondly,
therapy should be initiated early upon coagulopathy detection to avoid diluted effects. Thirdly, composite endpoints
like DIC resolution combined with improved organ function (eg, SOFA score) should be incorporated rather than relying
solely on 28-day mortality; tools like a Composite Prognostic Index show promise for early prediction. Fourthly,
bleeding risk must be meticulously monitored, especially with combination therapies or concomitant heparin, while
emphasizing individualized dosing.”” Pending results from such improved RCTs, a pragmatic clinical approach involves
several steps: considering anticoagulants only for septic patients with clear, progressive coagulopathy; initiating therapy
early while avoiding concomitant heparin; assessing treatment response early (eg, by day 3) using dynamic DIC scores
and organ function to guide decisions; and individualizing the choice between monotherapy or combination therapy,

acknowledging the latter’s stronger pathophysiological rationale but less certain risk-benefit profile.”®”’

Advanced Supportive Measures

Novel therapeutic approaches targeting specific pathological pathways in sepsis and DIC continue to be investigated.
These include monoclonal antibodies against bacterial components, immunomodulatory agents (eg, IL-6 inhibitors), and
complement inhibitors (eg, anti-C5a), all of which aim to attenuate the thromboinflammatory cascade.>>* In terms of
supportive management, viscoelastic testing may help identify specific coagulation abnormalities and guide transfusion
strategies, though direct evidence in K. pneumoniae-associated DIC remains limited.”> Furthermore, dynamic prognostic
tools such as the CPI which incorporates both coagulation resolution and organ dysfunction trends may help clinicians
evaluate early treatment responses and guide therapeutic adjustments in septic DIC [A]. The integration of such indices
into clinical practice could provide a more nuanced and timely assessment of patient trajectory, complementing
traditional outcome measures such as 28-day mortality and facilitating personalized anticoagulant management in high-

risk sepsis populations.
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Future Directions and Research Priorities

Several research priorities emerge from our current understanding of K. pneumoniae-associated DIC. Furthermore, emerging
evidence implicates the contact activation pathway as a critical contributor to thrombosis in sepsis. Targeting this pathway, for
instance with FXII or FXI inhibitors, represents a novel antithrombotic strategy that could potentially uncouple coagulation
from inflammation, reducing microvascular thrombosis without increasing bleeding risk. Preclinical and clinical evaluation of
such inhibitors is therefore a priority for sepsis-associated DIC, including that triggered by K. pneumoniae. First, improved
rapid diagnostic methods are needed to identify high-risk patients and initiate preemptive therapy. Molecular techniques for
detecting virulence genes (eg, iucA, rmpA for hvKP) and resistance determinants may guide targeted antimicrobial therapy.
Second, further elucidation of the pathophysiological mechanisms linking specific virulence factors (eg, LPS, capsule) to
coagulation activation may identify novel therapeutic targets (eg, anti- tissue factor agents, PAI-1 inhibitors). Third, clinical
trials focusing on antithrombotic therapies (eg, rTM, AT) in sepsis-induced DIC should stratify patients by pathogen type to
determine whether specific approaches are more effective for K. pneumoniae infections. Finally, infection prevention
strategies, including vaccine development (eg, targeting common capsular serotypes) and enhanced infection control measures
to curb the spread of multidrug-resistant and hypervirulent strains, contribute crucial approaches for reducing the burden of
K. pneumoniae infections and their complications.

Conclusion

In conclusion, K. pneumoniae sepsis presents a significant risk for the development of fatal DIC. This review underscores the
critical importance of a proactive, two-step clinical approach. First, patients with suspected or confirmed K. pneumoniae
bacteremia, particularly those infected with hypervirulent or multidrug-resistant strains, must be promptly and systematically
evaluated for early signs of coagulopathy using established DIC scoring systems (eg, SIC, ISTH). Second, once a patient is
stratified as high-risk, a preemptive and multimodal management strategy must be urgently instituted. This strategy synergizes
aggressive, targeted antimicrobial therapy and source control with vigilant supportive care and consideration of adjuvant
anticoagulation, as discussed. Implementing this paradigm of early risk assessment followed by rapid, multifaceted interven-
tion is essential to disrupt the lethal synergy between bacterial virulence and the host’s dysregulated thrombo-inflammatory
response, thereby improving survival outcomes in this devastating complication.
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