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Abstract: The complex nature of immune system behavior in both autoimmune diseases
and transplant rejection can be understood through the lens of avalanche dynamics in
critical-point systems. This paper introduces the concept of the “immunological avalanche”
as a framework for understanding unpredictable patterns of immune activity in both
contexts. Just as avalanches represent sudden releases of accumulated potential energy,
immune responses exhibit periods of apparent stability followed by explosive flares trig-
gered by seemingly minor stimuli. The model presented here draws parallels between
immune system behavior and other complex systems such as earthquakes, forest fires, and
neuronal activity, where localized events can propagate into large-scale disruptions. In
autoimmune conditions like systemic lupus erythematosus (SLE), which affects multiple
organ systems including the kidneys in approximately 50% of patients, these dynamics
manifest as alternating periods of remission and flares. Similarly, in transplant recipients,
the immune system exhibits metastable behavior under constant allograft stimulation. This
critical-point dynamics framework is characterized by threshold-dependent activation,
positive feedback loops, and dynamic non-linearity. In autoimmune diseases, triggers such
as UV light exposure, infections, or stress can initiate cascading immune responses. In
transplant patients, longitudinal analysis reveals how monitoring oscillatory patterns in
blood parameters and biological age markers can predict rejection risk. In a preliminary
study on kidney transplant, all measured variables showed temporal instability. Proteinuria
exhibited precise log-log linearity in power law analysis, confirming near-critical-point
system behavior. Two distinct dynamic patterns emerged: large oscillations in eGFR, pro-
teinuria, or biological age predicted declining function, while small oscillations indicated
stability. During avalanche events, biological age increased dramatically, with partial
reversal leaving persistent elevation after acute episodes. Understanding these dynamics
has important implications for therapeutic approaches in both contexts. Key findings
suggest that monitoring parameter oscillations, rather than absolute values, better indicates
system instability and potential avalanche events. Additionally, biological age calculations
provide valuable prognostic information, while proteinuria measurements offer efficient
sampling for system dynamics assessment. This conceptual model provides a unifying
framework for understanding the pathogenesis of both autoimmune and transplant-related
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immune responses, potentially leading to new perspectives in disease management and
rejection prediction.

Keywords: acute kidney injury; lupus; proteinuria; critical state

1. Introduction

Most current clinical approaches to pathologies rely on discontinuous measurements
that provide only static snapshots. Clinicians and scientists typically extract information
about change by comparing variables between separate measurements. Only rarely do we
capture high-frequency measurements over extended periods, as with Holter monitors for
blood pressure, ECG, EEG, or more recently, continuous glucose monitoring.

However, many pathological states are inherently dynamic conditions with complex
temporal patterns. Therefore, a single measurement—akin to one photograph of clouds to
predict rain—is fundamentally inadequate. Just as weather forecasting requires temporal
data, measuring cardiac electrical potential at a single instant rather than evaluating its
pattern over time provides limited insight.

Some pathologies exhibit complex and sometimes unpredictable internal dynamics,
even with appropriate therapy and lifestyle modifications. Conditions involving the im-
mune system, such as lupus or transplant recipients, exemplify this challenge. In these
conditions, the static snapshots of a few immune parameters cannot help clinicians pre-
dict imminent instability, such as a lupus flare or acute transplant rejection. In physics,
the study of phenomena where small stimuli trigger large-scale cascading events—like
landslides, electrical grid failures, or epileptic seizures—is addressed by statistical physics
and complexity theory (e.g., maximum Lyapunov exponent [1]). Among these concep-
tual frameworks, avalanche theory offers valuable insights. A simple model illustrating
this mathematical theory is a sand pile: imagine randomly adding sand grains to a sur-
face. When the pile exceeds a critical threshold, it collapses, spreading grains to adjacent
areas—creating an avalanche. The crucial insight is that near this critical point, adding just
one more grain can dramatically transform the seemingly stable mound. This represents
chaotic behavior, or the system’s extreme sensitivity to initial conditions.

The complex behavior of the immune system in kidney transplant patients is analogous
to avalanche dynamics in critical-point systems, characterized by periods of stability
punctuated by sudden immune activity flares.

This study introduces the concept of the “immunological avalanche” as a framework
for understanding the unpredictable patterns of transplant rejection. Like complex sys-
tems such as earthquakes and neural networks, transplanted patients’ immune systems
comprise a myriad of interacting immune cells under constant allograft stimulation [2].
These systems exhibit metastable behavior: long periods of apparent equilibrium punctu-
ated by sudden, large-scale immune responses triggered by minimal perturbations. This
critical-point dynamic helps explain the unpredictable patterns of transplant rejection,
where minor immunological triggers can cascade into systemic responses. This study inves-
tigates how longitudinal analysis of blood parameters can reveal critical-point indicators
for predicting transplant rejection risk in kidney recipients. We examine the oscillatory
patterns of multiple blood markers while simultaneously analyzing an estimate of DNA
methylation patterns in peripheral cells to assess both chronological and biological age. By
identifying “avalanche-like” dynamics in these parameters, we aim to develop an early
warning system for predicting future rejection events. This approach combines traditional
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biomarker monitoring with epigenetic clock analysis to create a more comprehensive risk
assessment model.

2. Oscillating Diseases

Many chronic diseases exhibit oscillatory behavior characterized by alternating peri-
ods of intense activity (flares) and relative quiescence (remission). This dynamic pattern
emerges across multiple biological systems through similar underlying mechanisms of
interacting networks reaching critical states. In immune system disorders, conditions
such as rheumatoid arthritis, systemic lupus erythematosus [3], and multiple sclerosis [4]
demonstrate periodic flares driven by complex interactions between immune cells, cy-
tokines, and tissue responses [5-7]. Within the nervous system, epilepsy and migraine
show rhythmic patterns of hyperactivity and recovery, mediated by neural circuit excitabil-
ity and neurotransmitter dynamics [8]. Hematological disorders involving erythrocytes,
such as sickle cell disease, display cyclical crises influenced by cell rheology and vascular
interactions [9,10]. The coagulation cascade and platelet system exhibit oscillatory behavior
in conditions like thrombotic thrombocytopenic purpura and immune thrombocytopenia,
where platelet counts fluctuate through autoimmune mechanisms [11]. Somehow, deep
vein thrombosis and myocardial ischemia may also represent special forms of oscillating
diseases involving the coagulation cascade. Complement system disorders, including
paroxysmal nocturnal hemoglobinuria, show periodic exacerbations linked to complement
activation cycles [12]. These pathologies share a common thread: their oscillations emerge
from the complex interactions of system components that reach critical states, often follow-
ing power law distributions in their temporal patterns. Understanding these oscillatory
dynamics is crucial for developing targeted therapeutic interventions that could potentially
dampen or prevent disease flares. Recent advances in network analysis and systems biology
have revealed that these seemingly distinct conditions may share fundamental principles in
how their underlying biological networks generate periodic behavior, suggesting potential
common therapeutic approaches across different organ systems (see Table 1 for a list of
oscillating diseases).

Table 1. Oscillating or periodic diseases. The periodicity of flares should be interpreted as the mean
over a population with large variability among individuals.

Name Periodicity of Flares Type of System (Particles) Involved
Paroxysmal nocturnal hemoglobinuria [13] Weeks [14] Complement
Thrombotic microangiopathies' [15] (hemolitic urgmic syndrome, 1.7 Years [16] Complement
purpura thrombotic thrombocytopenic)
Sickle cell crisis Weeks [10,17] Erythrocytes
Alopecia areata [18] Months [19,20] Immune
Asthma [21] Days to weeks [22] Immune
Atopic dermatitis (eczema) Days to weeks [23] Immune
Autoimmune hepatitis [24] Months [25] Immune
Bulloid pemphygous Weeks to years [26] Immune
Chronic lymphocytic leukemia (CLL) Years [27] Immune
Cyclic neutropenia 21 days [28] Immune
Eosinophilic esophagitis [29] Months Immune
Graves’ disease [30] Months to years [31] Immune
Hives (urticaria) Hours to days [32] Immune
IBD (Crohn’s disease and ulcerative colitis) [33] 18-32 months [34] Immune
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Table 1. Cont.
Name Periodicity of Flares Type of System (Particles) Involved
IgA nephropathy [35] Months [36] Immune
Inflammatory myopathies (e.g., dermatomyositis, polymyositis) [37] Months [38] Immune
Minimal change disease [39] Months [40] Immune
Multiple sclerosis (MS) [41] Weeks to months [42] Immune
Polymyalgia rheumatica (PMR) Weeks to months Immune
Rheumatoid arthritis (RA) Weeks to months [7] Immune
SLE [43] Weeks to months Immune
Bipolar disorder, anxiety [44] About one year [45] Nervous system
Chronic fatigue syndrome/myalgic encephalomyelitis [46] Weeks to months [47] Nervous system
Cluster headache Weeks to months [48] Nervous system
Epilepsy [49] Hours to months Nervous system
Migraine [50] Weeks [51] Nervous system
Parkinson’s disease [52] Weeks to months Nervous system
Meniere’s disease Weeks [53] Otoliths (?)

3. The Framework of Avalanche

The oscillatory nature of many chronic diseases suggests an underlying organizational
principle that can be understood through the framework of critical-state networks and
biological avalanches. These systems operate at a critical point between order and chaos,

emerging from a delicate balance between activating and inhibitory signals. In this state,

small perturbations can trigger responses across multiple scales.

Four essential elements characterize these systems:

1. A complex system composed of several interacting parts.

Non-linear interactions among elements.

3. A weak driving mechanism (bias force) applied to select units, which gradually

increases the system’s potential energy until reaching a threshold that triggers

an avalanche.

4. Aninhibitory system that stops the avalanche.

This critical-state behavior manifests through several key characteristics:

(a)

(b)

(©

Power Law Scaling: The frequency of immune events decreases as a power of
the event size, meaning small immune responses are common while large-scale
responses (avalanches) are rare but significant. Unlike systems with “characteristic”
sizes, immune responses can range from localized cellular activity to massive system-
wide engagement, allowing for proportional responses to threats.

Scale-Free Properties: The network exhibits similar statistical patterns at different
scales, with most nodes (cells) having few connections while certain hubs (like
regulatory T cells or memory cells) are highly connected. This structure makes the
system robust against random perturbations but vulnerable to disruptions of hub
cells, potentially explaining the emergence of certain immune disorders.
Metastability: The system alternates between periods of relative calm (remission)
and abrupt activity bursts (flares), a pattern characteristic of many chronic immune-
mediated diseases.

The mathematical framework of avalanches differs from existing models of immune

threshold activation. Indeed, in avalanche theory, the existence of a threshold mechanism

is just one of the key ingredients that typically govern avalanche-like dynamics. Two

additional elements are essential: the presence of many interacting components and a slow
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driving mechanism. Furthermore, to obtain a true threshold mechanism controlling the
transition from a stable to an unstable state (avalanche), the interactions among elements
must be non-linear.

As will be discussed below, the immune system is a candidate for such a structure,
the hubs being key immune cells like regulatory T cells or memory B cells that coordi-
nate responses.

4. Avalanches in Immune Disease: Overview

Several diseases exhibit behaviors consistent with the immunological avalanche model,
where immune activity alternates between calm periods and flares.

As reported in Table 2, various immunological diseases have triggers that at the end,
by increasing the potential energy in the immune system close to the threshold of the overall
activation, lead to recurrent episodes of “flares”. For example, SLE is triggered by UV light
or infections or other stressors [54,55], with the formation of autoantibodies and a cascade
activation of complements [56-59]. This is similar to several other diseases with a natural
history of flares, such as multiple sclerosis, asthma, and inflammatory bowel diseases.

Table 2. Characteristics of example autoimmune diseases with immune avalanches.

Disease

Trigger/Initiating Factor Immunological Dynamics Impact

Systemic Lupus
Erythematosus (SLE)

UV light, infections, and stress formation, leading to complement activation

Autoantibodies trigger immune complex Kidney, skin, and CNS

. . . damage; systemic flares.
and tissue inflammation. 8¢/ Sy’

Multiple Sclerosis (MS)

T cell-mediated attack on myelin sheaths,
alternating between remission
and inflammatory flares.

Infection, stress, and

Neurodegeneration
environmental factors [60]

and disability.

Asthma

Mast cells and eosinophils initiate
Allergens and pollutants acute inflammatory responses
during exacerbations.

Airway constriction
and inflammation.

. . . T cell activation and cytokine release create Chronic inflammation,
. . Gut microbiota imbalance [33] . L . .
Ulcerative Colitis (UC) . cycles of calm and severe inflammation in tissue damage, and increased
and dietary factors [61] .
the colon. cancer risk.
e Gut microbiota imbalance [62] Transmural inflammation with flares driven Fibrosis, obstruction,
Crohn’s Disease . - o .

and genetic predisposition by dysregulated T cell responses. and fistulas.

This cyclical behavior closely resembles the avalanche phenomenon, where systems
oscillate between stability and instability based on inputs.

Indeed, the immune system exemplifies this framework through a three-stage process:
(i) Trigger Event: Specific stimuli (infections, microorganisms, or dysbiosis) can initiate
an autoimmune response. Also, dysbiosis can have a role in autoimmune diseases [63].
(i) Cascade Propagation: Immune cells activate beyond a threshold, recruiting additional
immune components [64,65]. (iii) Systemic Impact: The response escalates into widespread
inflammation and tissue damage.

The scale-free nature would make the immune system robust to random perturbations
but vulnerable to attacks on hubs. This could explain why certain immune disorders arise
when highly connected cells are compromised.

This framework offers several clinical insights:

- Disease management might be more effective by keeping the system slightly away
from its critical point rather than attempting complete suppression.

- Network modulation could prove more beneficial than targeting individual molecu-
lar pathways.

- Patient response variability to treatments might be explained by their network’s
proximity to criticality.
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- Early warning signals, similar to seismological precursors, might help predict ma-
jor flares.

Understanding diseases through critical-state networks provides a mathematical
foundation for predicting intervention outcomes while explaining both the unpredictability
of individual flares and the predictable statistical patterns in their distribution.

To address the complex dynamics of immune system instability in recurrent autoim-
mune diseases, we propose a framework based on triggers, positive feedback loops, and
inhibitors, drawing parallels with neuronal avalanches.

In Table 3, we summarize potential triggers and inhibitors of the immune system.

Table 3. Triggers and inhibitors of the immune system.

Triggers Inhibitors
Environmentalfacors: tlrgens, toxins and stres exposure o chemicaly,  pqy o ammatory cytokines: 1L-10 and TGE-5, 137 [57]

Genetic predispositions [68] Regulatory T cells (Tregs) [69]
Viruses: EBV, CMV, and HSV [70] B regulatory cells (Bregs) [71]

Bacteria: Mycobacterium, Streptococcus, and Helicobacter pylori [72] Immunosuppressive drugs [73]

Fungi/parasites: Candida, Toxoplasma [74] Vagal-immune mechanisms [75]

Pro-inflammatory microbiota (e.g., Proteobacteria) [76] Endocrine homeostasis: cortisol and estrogens [77]
Dietary antigens: gluten, lactose, and undigested animal proteins [78] Protective microbiota, e.g., Lactobacillus and Faecalibacterium [79]

Proteins exposed during cellular damage (e.g., DNA, nuclear proteins) [80]

Persistent elevation of catecholamines [81]

The immune system characterization may employ a multi-modal strategy encompass-
ing both traditional and novel biomarkers. At the molecular level, cytokine profiles focusing
on the balance between pro-inflammatory (IL-6, TNF-, IL-1§3) and anti-inflammatory me-
diators, alongside classic inflammation markers such as CRP and ESR, can be used.

The immune activation status might be assessed through autoantibody levels and
lymphocyte subset analysis, while regulatory capacity is evaluated via Treg functionality
and regulatory cytokine levels (IL-10, TGF-§3). This core immunological assessment is com-
plemented by analysis of oxidative stress markers and gut microbiota profiling, recognizing
the critical role of host-microbiome interactions in immune regulation.

The predictive component of this framework employs dynamic systems analysis to
identify early warning signals of impending flares. Network-based modeling represents
immune interactions as interconnected nodes, enabling simulation of perturbation prop-
agation through the system. This approach is enhanced by machine learning algorithms
trained on longitudinal biomarker data, creating predictive models for disease trajectories.
The framework includes the development of dynamic thresholds for key biomarker ratios,
offering quantitative measures of system stability.

Stabilization strategies are structured in a hierarchical intervention model. Primary in-
terventions focus on trigger reduction through infection control, dietary modification, and
microbiota restoration. Secondary approaches enhance regulatory mechanisms through
pharmacological interventions, lifestyle modifications, and experimental immunothera-
pies. The framework emphasizes continuous monitoring through emerging technologies,
enabling real-time tracking of inflammatory markers and rapid intervention adjustment.

This integrated approach represents a shift from traditional linear thinking about
immune dysfunction toward a network-based understanding of disease dynamics. By
considering the immune system as a critical-state network, we can better understand how
local perturbations may propagate to cause systemic effects, and how strategic interventions
might prevent or minimize disease flares. Initial clinical applications of this framework have
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demonstrated improved prediction of disease exacerbations and more effective intervention
timing, though larger-scale validation studies are ongoing. Future developments will
focus on incorporating additional biomarkers and refining predictive algorithms through
machine learning approaches trained on expanded longitudinal datasets.

5. Immunological Avalanche in Lupus Nephritis

Systemic lupus erythematosus (SLE) is a complex and challenging autoimmune disease
that can affect almost any organ in the body. For unclear reasons, it has a wide range of
clinical presentations such as joint pain or a skin rash, and complications involving the
kidneys, blood, or nervous system.

Kidney involvement is clinically apparent in approximately 50% of SLE patients and
is a significant cause of morbidity and mortality [82]. The clinical presentation of lupus
nephritis is highly variable, ranging from asymptomatic hematuria and/or proteinuria
to nephrotic syndrome and rapidly progressive glomerulonephritis with loss of kidney
function [83].

Just as in avalanches there is a state of calm where a trigger releases the potential
energy stored in the snow, so too in autoimmune diseases. A seemingly minor stimulus
can unleash a cascade of immune responses, transforming a stable phase into an explosive
flare-up of inflammation and tissue damage.

This process shares similarities with other complex systems where simple units with
thresholds accumulate energy and then release it back into the system. Examples of such
systems include earthquakes, forest fires [84], and nuclear chain reactions but also neuronal
activity [8]. In these cases, when one unit surpasses its threshold, it triggers a chain
reaction, causing other units to activate in succession and initiating a cascade that spreads
throughout the entire system.

5.1. Definition and Epidemiology of Systemic Lupus Erythematosus (SLE)

The term “Lupus” was first used in the Middle Ages by the surgeon Rogerius Salerni-
tanus (1140—c. 1195), who practiced medicine at the Salerno Medical School, near Eboli,
to describe disfiguring skin lesions on the face and ulcers on the limbs, similar to “wolf
bites” [85]. Drawing on this terminology, the French dermatologist Biett, in the early 19th
century, coined the term “Lupus Erythematosus” to describe the erythematous, hard, and
scaly skin lesions that disfigured the face of one of his patients [86]. Later, the American
physician William Osler was the first to recognize that it was a systemic disease. In the
late 19th century, he coined the term “Systemic Lupus Erythematosus” (SLE) [86]. A major
turning point in the history of SLE occurred in 1948, when Dr. Malcolm M. Hargraves and
Mayo Clinic associates Helen Richmond and Dr. Robert Morton Mayo described L.E. cells,
the first diagnostic test that paved the way for the search for many other diagnostic markers,
including antibodies in the serum of SLE patients, especially the anti-DNA antibody [87].

Today, systemic lupus erythematosus (SLE) is known as a chronic systemic autoim-
mune disease of unknown etiology, caused by the loss of immunological tolerance con-
firmed by the presence of autoantibodies against endogenous nuclear cellular material [88].
This condition determines a multi-system immune response [88], a real “immunological
avalanche” that causes damage to different organs and tissues (see Figure 1).

The prevalence of SLE varies between 4 and 50 cases per 100,000 inhabitants. It is more
common in females, with a ratio of approximately 1:9 compared to males, and the peak
onset usually occurs between the ages of 30 and 40, although cases of early or late onset are
possible [89]. African-American and Asian ethnic groups are more frequently affected by
aggressive and early-onset clinical pictures compared to Caucasians. Predisposing factors
include female gender, hormones (especially estrogen), heredity, and many environmental
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triggers including ultraviolet light (the most recognized), drugs/supplements (echinacea,
trimethoprim/sulfamethoxazole), smoking, infections (especially Epstein—Barr virus), silica,
mercury, and others. Psychological stress has also been linked to a 50% increased risk of
developing lupus [90].

D —
Circulating
Neutrophil

DNA IgA
Release

Mucosal B-Cells

- Anti-DNA gy 15M
stimuli (e.g. et *,
surgery, 1gM &
pregnancy, Spleen B-Cells
infection) IgG\igA

18G

Lymph B-Cells

Q](lgM A

\\“/' IgA A cq

196

Figure 1. A schematic diagram of the pathogenesis of lupus nephritis. Subtle stimuli activate
DNA release from circulating cells such as neutrophils (NETosis), which prompts the formation of
immunocomplexes with different immunoglobulin isotypes. The immunocomplexes reach the kidney
glomeruli, thereby activating the complement system (C3 and C1q) and causing glomerular damage.

SLE can potentially affect any organ system, but kidney involvement, called lupus
nephritis, is particularly common. Approximately 25% to 50% of patients with SLE have
kidney involvement at onset, and up to 60% of adults develop kidney disease secondary
to SLE at some point in their life. Additionally, most patients with SLE develop lupus
nephropathy within 5 years of diagnosis. A delay in diagnosis and treatment may pre-
dispose to Chronic Kidney Disease (CKD), increase the risk of progression to End-Stage
Kidney Disease (ESKD), and increase mortality, especially in patients with lupus nephritis
with a more aggressive phenotype (proliferative forms), possibly associated with other risk
factors such as male sex, African-American ethnicity, genetic factors, and a high positive
titer of anti-double-stranded DNA and low complement [89].

5.2. Pathogenesis of Lupus Nephritis

Lupus nephritis (LN) involves two key immunological processes at the glomerular
level. The first is the deposition of immune complexes formed in lymphoid tissues like the
lymph nodes and spleen. The second involves local formation of immune complexes when
circulating autoantibodies recognize the glomerular basement membrane antigen [91].
These deposits trigger both systemic and local immune responses, with the latter being
amplified and sustained by complement proteins, particularly C3. Anti-C1q antibodies,
which correlate strongly with active lupus nephritis, also contribute to disease progression
by binding to the glomerular membrane and activating the complement cascade [92].

The location of immune complex deposition within the glomerulus determines both
the histopathological features and clinical manifestations. In the subendothelial pattern,
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primarily seen in ISN/RPS classes III and IV (“proliferative” forms), the deposits cause
predominant endothelial injury and inflammation. This manifests clinically as hematuria,
acute kidney injury (AKI), and proteinuria. In contrast, the subepithelial pattern, char-
acteristic of ISN/RPS class V (membranous glomerulonephritis), results in predominant
podocyte damage with less inflammation. These patients typically present with nephrotic-
range proteinuria.

Overall, the typical presence of flares and the clear instability of the immune system in
SLE makes this immunological disease a clear example of an application of the framework
of immunological avalanches.

6. Immunological Avalanches in Kidney Transplant

Kidney transplantation involves a dynamic interplay between the recipient’s immune
system and the transplanted organ, often characterized by oscillatory immune activity.
Periods of immune quiescence can be interrupted by spontaneous activation, leading to
rejection episodes. These rejection episodes can vary significantly in their presentation and
impact on kidney function (see Figure 2).

Weak driving

\a», .. w
force s
@ «»4} Ava la nc he
/ A A.,;rxnx
: Ig G
‘@ / o 500 200N
g ) Y 20000000 Y
\ Y A'Xt x xt Y
20 2=73000000000¢ 7
AN
1999825¢20000000000000000¢
L ] L 1
I | I | 1
Stability Activity

Figure 2. A scheme of the idea of immunological avalanche in lupus and kidney transplant. A weak,
slow driving force continuously stimulates the immune system, though at a subclinical level. Here,
the activation is represented as a neutrophil releasing increasing amounts of DNA, thereby activating
antibody production. A feedback mechanism and the pharmacological immunomodulation keep the
system at near-critical-point threshold. Under such circumstances, a seemingly small stimulus causes
a large “avalanche” with rapid activation of the immune system and organ damage (lupus flare or
kidney rejection).

Subclinical rejection occurs without noticeable symptoms and may not cause im-
mediate changes in kidney function. Studies have reported that up to 30% of kidney
transplant [93] recipients experience subclinical rejection within the first three months post-
transplant. Since these episodes often go undetected without routine surveillance biopsies,
relying solely on serum creatinine levels may be insufficient for early diagnosis. Research
indicates that a significant proportion of subclinical rejection cases, if left untreated, can con-
tribute to chronic allograft damage over time [93]. In contrast, clinical rejection is typically
associated with overt symptoms and a marked rise in serum creatinine levels, indicating
impaired kidney function. However, serum creatinine alone is not a sensitive marker for
early detection, as substantial acute and chronic graft injury may already be present by the
time creatinine levels significantly increase. This highlights the importance of alternative
monitoring strategies, such as biomarker assessments and surveillance biopsies, to detect
and manage rejection episodes before they progress to irreversible damage [94].

To give an exemplificative picture of the transplant dynamics, in Figure 3, we report
typical data from 10 transplant recipients with a mean post-transplant duration of 8 years.
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The monitoring period spanned 7 years with sampling intervals averaging 30 days. We
tracked graft function parameters and hemochrome values while estimating epigenetic age
using the Phenoage algorithm. The PhenoAge algorithm uses several biomarkers (albumin,
creatinine, C-reactive protein (CRP), alkaline phosphatase, glucose, lymphocyte percentage,
mean corpuscular volume, red blood cell distribution width (RDW), and white blood cell
count) to estimate the epigenetic clock in a subject [95]. Sample entropy was employed
to quantify the information content of temporal series. These exemplificative data show
dynamic instability across all measured variables, though with differing magnitudes. The
Phenoage-estimated biological age demonstrated both subtle fluctuations and marked
variations that correlated with significant changes in creatinine levels. Notably, proteinuria
exhibited precise log-log linearity in power law analysis, supporting the hypothesis of
near-critical-point system behavior characterized by rare but significant avalanche events.
It is possible to identify two distinct dynamic patterns: First, large oscillations in eGFR,
proteinuria, or biological age predicted declining graft function with major avalanche
events. Second, small oscillations indicated system stability. During avalanche events,
biological age increased dramatically—up to 20 years above chronological age—followed by
partial recovery that left a persistent 3-year elevation after each acute kidney injury episode.

A 60 36 B power law proteinuria changes
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31
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& | S| €
30 16 &| 2
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Figure 3. Inmunological avalanches in kidney transplant. (A,B) Among the tested variables, protein-
uria may be a suitable parameter to predict instability in the kidney graft (note the peaks of large
proteinuria changes before the fall in eGFR). Oscillations in the proteinuria follow the power law
known for near-critical-point systems (B). Two examples of oscillatory events in eGFR and biological
age are graft stability (C) and progressive graft dysfunction (D).

This yields three significant implications for transplant monitoring: First, tracking the
oscillations in creatinine and proteinuria levels provides better indication of system instabil-
ity and potential avalanche events than monitoring absolute values alone. Second, biologi-
cal age calculations offer valuable prognostic information. Third, proteinuria measurements
serve as an efficient parameter for assessing system dynamics. These insights suggest novel
approaches for monitoring transplant stability and predicting rejection episodes.
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As presented in Table 1, the reader expert in nephrology will rapidly identify a third
example of oscillating, avalanche-type nephrological disease, that is IgA nephropathy. In
this case (see Figure 4), the weak driving force is likely located in the gut, because the
use of a local steroid active exclusively at the level of the gut can reduce the instability
of the immune system in IgA nephropathy [35,79]. Therefore, an alteration in the gut
microbiome in a genetically susceptible individual is thought to induce activation of B cells
producing circulating IgA antibodies. These will then arrive in the glomeruli, interacting
with mesangial cells. Typically, this capricious disease develops in periods of rest and
activation often resulting in loss of kidney function if untreated.

Weak drﬁiving force
#3 7S

B — I gA/ mao..:?ou:aou A
% %% tetatatetets
AR
' Stability . Activity '
Gut

‘Enteric Budesonide

Figure 4. Pathogenesis of IgA immunological avalanches. A weak, continuous driving force, here
depicted as a modification of the gut microbiota, stimulates clones of B cells in Peyer’s plaques (gut)
to produce modified IgA antibodies. Under the continuous driver, the system operates close to a
critical point after which an avalanche occurs: circulating IgA antibodies are then entrapped in the
mesangium of glomeruli, inducing hematuria and proteinuria. The use of local anti-inflammatory
drugs, such as enteric release budesonide, can induce the system to return to a stable state. “Stability-
.activity” refer to the two phases of the immune system, depicted as a mountain. The enteric
budesonide moves the system towards the stability region.

Understanding how biological systems respond to therapeutic protocol modifications
represents a fundamental challenge in clinical medicine. One promising approach leverages
the relationship between a system’s spontaneous fluctuations and its response to external
perturbations—a concept rooted in fluctuation—dissipation relations.

Although initially formulated for equilibrium systems, these principles extend across
diverse physical systems, including those far from critical points. Importantly, researchers
have successfully adapted these concepts to nonequilibrium conditions [96,97], demonstrat-
ing their applicability to biological systems [98-100]. This broad utility makes fluctuation—
dissipation theory a potentially powerful framework for predicting therapeutic interven-
tion outcomes.

The underlying principle is elegantly straightforward: by analyzing natural fluctu-
ations in specific physiological variables, we can estimate how these variables would
respond to adjustments in therapeutic regimens. This approach suggests that systematic
monitoring of biological fluctuations during standard care could provide clinicians with
valuable predictive insights, enabling treatment optimization without requiring extensive
empirical testing or potentially risky trial-and-error approaches in patient care.

7. Conclusions

We have presented the concept of the immunological avalanche, a progressive cas-
cade of immune events triggered by an initial stimulus, leading to chronic inflammation
and tissue damage. This concept may be applied to lupus nephritis, leading to a new
perspective in the understanding of the disease. To accurately forecast proximity to clinical
critical points and potential instability, extensive datasets with high-frequency temporal
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measurements of relevant clinical variables are essential. Currently, this level of monitoring
is primarily achieved only in diabetes management, where daily blood glucose sampling is
standard practice.

To extend these forecasting capabilities to immunology, we need to develop portable,
cost-effective devices capable of measuring relevant biomarkers (such as creatinine, C-
reactive protein, circulating DNA, or IgA) from minimally invasive finger blood samples.
We believe this manuscript will generate significant interest among readers and inspire
the collection of large-scale, high-quality, temporally dense datasets, which will enable
the full application of avalanche mathematical modeling and critical transition theory to
immunological disorders.

One reviewer highlighted an excellent opportunity for high-temporal resolution data
collection: arterial blood pressure monitoring. The widespread availability of affordable
automatic pressure meters would enable frequent daily measurements over extended
periods (months to years), potentially through remote monitoring protocols.

Additionally, commercially available smartwatches that continuously track heart
rate should be evaluated as potential early warning systems for detecting approaching
instability preceding immunological avalanches. These devices offer the advantage of
passive, continuous monitoring without requiring active patient participation beyond
wearing the device. These readily accessible technologies may provide the temporal density
of physiological data needed to identify early warning signals of critical transitions in
immune function, creating an immediate pathway to implement our theoretical framework
while more specialized biomarker detection devices are being developed.

Author Contributions: Conceptualization, D.V. and E.L.; data curation, PI., G.B., C.S,, CI, LA,
R.A.D.P. and S.H.; writing—original draft preparation, D.V. and A.M.; writing—review and editing,
G.G., A.G. and G.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Padulo, J.; Di Capua, R.; Viggiano, D. Pedaling time variability is increased in dropped riding position. Eur. J. Appl. Physiol. 2012,
112, 3161-3165. [CrossRef] [PubMed]

2. Nguyen, L.S,; Ortuno, S.; Lebrun-Vignes, B.; Johnson, D.B.; Moslehi, ].J.; Hertig, A.; Salem, J.-E. Transplant rejections associated
with immune checkpoint inhibitors: A pharmacovigilance study and systematic literature review. Eur. J. Cancer 2021, 148, 3647.
[CrossRef]

3. Ruperto, N.; Hanrahan, L.; Alarcén, G.; Belmont, H.; Brey, R.; Brunetta, P.; Buyon, J.; Costner, M.; Cronin, M.; Dooley, M.; et al.
International consensus for a definition of disease flare in lupus. Lupus 2011, 20, 453-462. [CrossRef]

4. Oh,].; Vidal-Jordana, A.; Montalban, X. Multiple sclerosis: Clinical aspects. Curr. Opin. Neurol. 2018, 31, 752-759. [CrossRef]
[PubMed]

5. Fanouriakis, A.; Tziolos, N.; Bertsias, G.; Boumpas, D.T. Update on the diagnosis and management of systemic lupus erythemato-
sus. Ann. Rheum. Dis. 2021, 80, 14-25. [CrossRef] [PubMed]

6.  Steinman, L. Inmunology of Relapse and Remission in Multiple Sclerosis. Annu. Rev. Immunol. 2014, 32, 257-281. [CrossRef]

7. Kuijper, TM.; Lamers-Karnebeek, EB.G.; Jacobs, ] W.G.; Hazes, ] M.W.; Luime, J.J. Flare Rate in Patients with Rheumatoid
Arthritis in Low Disease Activity or Remission When Tapering or Stopping Synthetic or Biologic DMARD: A Systematic Review.
J. Rheumatol. 2015, 42, 2012-2022. [CrossRef]

8. Beggs, ].M.; Plenz, D. Neuronal Avalanches in Neocortical Circuits. J. Neurosci. 2003, 23, 11167-11177. [CrossRef]

9. Needleman, J.P.; Franco, M.E.; Varlotta, L.; Reber-Brodecki, D.; Bauer, N.; Dampier, C.; Allen, J.L. Mechanisms of nocturnal
oxyhemoglobin desaturation in children and adolescents with sickle cell disease. Pediatr. Pulmonol. 1999, 28, 418-422. [CrossRef]

10. Yoong, W.C.; Tuck, S.M. Menstrual pattern in women with sickle cell anaemia and its association with sickling crises. J. Obstet.
Gynaecol. 2002, 22, 399-401. [CrossRef]

11. Moulinet, T.; Moussu, A.; Pierson, L.; Pagliuca, S. The many facets of immune-mediated thrombocytopenia: Principles of

immunobiology and immunotherapy. Blood Rev. 2024, 63, 101141. [CrossRef] [PubMed]


https://doi.org/10.1007/s00421-011-2282-8
https://www.ncbi.nlm.nih.gov/pubmed/22183087
https://doi.org/10.1016/j.ejca.2021.01.038
https://doi.org/10.1177/0961203310388445
https://doi.org/10.1097/WCO.0000000000000622
https://www.ncbi.nlm.nih.gov/pubmed/30300239
https://doi.org/10.1136/annrheumdis-2020-218272
https://www.ncbi.nlm.nih.gov/pubmed/33051219
https://doi.org/10.1146/annurev-immunol-032713-120227
https://doi.org/10.3899/jrheum.141520
https://doi.org/10.1523/JNEUROSCI.23-35-11167.2003
https://doi.org/10.1002/(SICI)1099-0496(199912)28:6%3C418::AID-PPUL6%3E3.0.CO;2-D
https://doi.org/10.1080/01443610220141362
https://doi.org/10.1016/j.blre.2023.101141
https://www.ncbi.nlm.nih.gov/pubmed/37980261

Biomedicines 2025, 13, 1003 13 of 16

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

Dobo, J.; Kocsis, A.; Farkas, B.; Demeter, F.; Cervenak, L.; Gal, P. The Lectin Pathway of the Complement System—Activation,
Regulation, Disease Connections and Interplay with Other (Proteolytic) Systems. Int. . Mol. Sci. 2024, 25, 1566. [CrossRef]
[PubMed]

Brodsky, R.A. Paroxysmal nocturnal hemoglobinuria. Blood 2014, 124, 2804-2811. [CrossRef] [PubMed]

Hillmen, P,; Hall, C.; Marsh, ].C.W.; Elebute, M.; Bombara, M.P.; Petro, B.E.; Cullen, M.].; Richards, S.J.; Rollins, S.A.; Mojcik, C.E;
et al. Effect of Eculizumab on Hemolysis and Transfusion Requirements in Patients with Paroxysmal Nocturnal Hemoglobinuria.
N. Engl. ]. Med. 2004, 350, 552-559. [CrossRef]

Fakhouri, F.; Zuber, J.; Frémeaux-Bacchi, V.; Loirat, C. Haemolytic uraemic syndrome. Lancet 2017, 390, 681-696. [CrossRef]
Doyle, A.].; Stubbs, M.].; Dutt, T.; Lester, W.; Thomas, W.; van Veen, J.; Hermans, J.; Cranfield, T.; Hill, Q.A.; Clark, A ; et al.
Long-term risk of relapse in immune-mediated thrombotic thrombocytopenic purpura and the role of anti-CD20 therapy. Blood
2023, 141, 285-294. [CrossRef]

Steinberg, M.H. Sickle Cell Anemia, the First Molecular Disease: Overview of Molecular Etiology, Pathophysiology, and
Therapeutic Approaches. Sci. World ]. 2008, 8, 1295-1324. [CrossRef]

Rajabi, F; Drake, L.A.; Senna, M.M.; Rezaei, N. Alopecia areata: A review of disease pathogenesis. Br. J. Dermatol. 2018, 179,
1033-1048. [CrossRef]

Saceda-Corralo, D.; Grimalt, R.; Fernandez-Crehuet, P.; Clemente, A.; Berndrdez, C.; Garcfa-Hernandez, M.].; Arias-Santiago, S.;
Rodrigues-Barata, A.R.; Rodriguez-Pichardo, A.; Garcia-Lora, E.; et al. Beard alopecia areata: A multicentre review of 55 patients.
J. Eur. Acad. Dermatol. Venereol. 2017, 31, 187-192. [CrossRef]

Pratt, C.H.; King, L.E.; Messenger, A.G.; Christiano, A.M.; Sundberg, ]J.P. Alopecia areata. Nat. Rev. Dis. Prim. 2017, 3, 17011.
[CrossRef]

Castillo, J.R.; Peters, S.P,; Busse, W.W. Asthma Exacerbations: Pathogenesis, Prevention, and Treatment. ]. Allergy Clin. Immunol.
Pract. 2017, 5,918-927. [CrossRef] [PubMed]

Mims, ].W. Asthma: Definitions and pathophysiology. Int. Forum Allergy Rhinol. 2015, 5, 52-S6. [CrossRef] [PubMed]

Kuo, I.-H.; Yoshida, T.; De Benedetto, A.; Beck, L.A. The cutaneous innate immune response in patients with atopic dermatitis.
J. Allergy Clin. Immunol. 2013, 131, 266-278. [CrossRef] [PubMed]

Sucher, E.; Sucher, R.; Gradistanac, T.; Brandacher, G.; Schneeberger, S.; Berg, T. Autoimmune Hepatitis—Immunologically
Triggered Liver Pathogenesis—Diagnostic and Therapeutic Strategies. . Immunol. Res. 2019, 2019, 9437043. [CrossRef]
Harrison, L.; Adams-Nye, J.; Lawrence, E.; McFarlane, E.; Hoeroldt, B.; Gleeson, D. PTU-083 Long-Term Follow-Up of Patients
with Autoimmune Hepatitis after Withdrawal of Imnmunosuppressant Therapy. Gut 2016, 65 (Suppl. S1), A95. [CrossRef]
Kirtschig, G.; Middleton, P,; Bennett, C.; Murrell, D.F.; Wojnarowska, F.; Khumalo, N.P. Interventions for bullous pemphigoid.
Cochrane Database Syst. Rev. 2010, 2010, CD002292. [CrossRef]

Fischer, K.; Bahlo, J.; Fink, A.M.; Goede, V.; Herling, C.D.; Cramer, P.; Langerbeins, P.; von Tresckow, J.; Engelke, A.; Maurer, C.;
et al. Long-term remissions after FCR chemoimmunotherapy in previously untreated patients with CLL: Updated results of the
CLLS8 trial. Blood 2016, 127, 208-215. [CrossRef]

Dale, D.C.; Bolyard, A.A.; Aprikyan, A. Cyclic neutropenia. Semin. Hematol. 2002, 39, 89-94. [CrossRef]

Aceves, S.S. Eosinophilic Esophagitis. Immunol. Allergy Clin. N. Am. 2015, 35, 145-159. [CrossRef]

Antonelli, A.; Ferrari, S.M.; Corrado, A.; Di Domenicantonio, A.; Fallahi, P. Autoimmune thyroid disorders. Autoimmun. Rev.
2015, 14, 174-180. [CrossRef]

Mclver, B.; Morris, ].C. The pathogenesis of graves’ disease. Endocrinol. Metab. Clin. N. Am. 1998, 27, 73-89. [CrossRef] [PubMed]
Kolkhir, P.; Mufioz, M.; Asero, R.; Ferrer, M.; Kocattirk, E.; Metz, M.; Xiang, Y.-K.; Maurer, M. Autoimmune chronic spontaneous
urticaria. J. Allergy Clin. Immunol. 2022, 149, 1819-1831. [CrossRef] [PubMed]

Ananthakrishnan, A.N.; Bernstein, C.N.; Iliopoulos, D.; Macpherson, A.; Neurath, M.E; Ali, R.A.R.; Vavricka, S.R.; Fiocchi, C.
Environmental triggers in IBD: A review of progress and evidence. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 39—-49. [CrossRef]
Bots, S.J.; Kuin, S.; Ponsioen, C.Y.; Gecse, K.B.; Duijvestein, M.; D’'Haens, G.R.; Lowenberg, M. Relapse rates and predictors for
relapse in a real-life cohort of IBD patients after discontinuation of anti-TNF therapy. Scand. |. Gastroenterol. 2019, 54, 281-288.
[CrossRef]

Nigro, M.; Viggiano, D.; Ragone, V,; Trabace, T.; di Palma, A.; Rossini, M.; Capasso, G.; Gesualdo, L.; Gigliotti, G. A cross-sectional
study on the relationship between hematological data and quantitative morphological indices from kidney biopsies in different
glomerular diseases. BMIC Nephrol. 2018, 19, 62. [CrossRef] [PubMed]

Rodrigues, J.C.; Haas, M.; Reich, H.N. IgA Nephropathy. Clin. ]. Am. Soc. Nephrol. 2017, 12, 677-686. [CrossRef]

Lundberg, LE.; Fujimoto, M.; Vencovsky, J.; Aggarwal, R.; Holmqvist, M.; Christopher-Stine, L.; Mammen, A.L.; Miller, EW.
Idiopathic inflammatory myopathies. Nat. Rev. Dis. Prim. 2021, 7, 86. [CrossRef]

Lundberg, LE.; Tjarnlund, A.; Bottai, M.; Werth, V.P; Pilkington, C.; Visser, M.d.; Alfredsson, L.; Amato, A.A.; Barohn, R].; Liang,
M.H.; et al. 2017 European League Against Rheumatism/American College of Rheumatology classification criteria for adult and
juvenile idiopathic inflammatory myopathies and their major subgroups. Ann. Rheum. Dis. 2017, 76, 1955-1964. [CrossRef]


https://doi.org/10.3390/ijms25031566
https://www.ncbi.nlm.nih.gov/pubmed/38338844
https://doi.org/10.1182/blood-2014-02-522128
https://www.ncbi.nlm.nih.gov/pubmed/25237200
https://doi.org/10.1056/NEJMoa031688
https://doi.org/10.1016/S0140-6736(17)30062-4
https://doi.org/10.1182/blood.2022017023
https://doi.org/10.1100/tsw.2008.157
https://doi.org/10.1111/bjd.16808
https://doi.org/10.1111/jdv.13896
https://doi.org/10.1038/nrdp.2017.11
https://doi.org/10.1016/j.jaip.2017.05.001
https://www.ncbi.nlm.nih.gov/pubmed/28689842
https://doi.org/10.1002/alr.21609
https://www.ncbi.nlm.nih.gov/pubmed/26335832
https://doi.org/10.1016/j.jaci.2012.12.1563
https://www.ncbi.nlm.nih.gov/pubmed/23374259
https://doi.org/10.1155/2019/9437043
https://doi.org/10.1136/gutjnl-2016-312388.168
https://doi.org/10.1002/14651858.CD002292.pub3
https://doi.org/10.1182/blood-2015-06-651125
https://doi.org/10.1053/shem.2002.31917
https://doi.org/10.1016/j.iac.2014.09.007
https://doi.org/10.1016/j.autrev.2014.10.016
https://doi.org/10.1016/S0889-8529(05)70299-1
https://www.ncbi.nlm.nih.gov/pubmed/9534029
https://doi.org/10.1016/j.jaci.2022.04.010
https://www.ncbi.nlm.nih.gov/pubmed/35667749
https://doi.org/10.1038/nrgastro.2017.136
https://doi.org/10.1080/00365521.2019.1582693
https://doi.org/10.1186/s12882-018-0846-0
https://www.ncbi.nlm.nih.gov/pubmed/29540159
https://doi.org/10.2215/CJN.07420716
https://doi.org/10.1038/s41572-021-00321-x
https://doi.org/10.1136/annrheumdis-2017-211468

Biomedicines 2025, 13, 1003 14 of 16

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Vivarelli, M.; Massella, L.; Ruggiero, B.; Emma, F. Minimal Change Disease. Clin. . Am. Soc. Nephrol. 2017, 12, 332-345. [CrossRef]
Constantinescu, A.R.; Shah, H.B.; Foote, E.F,; Weiss, L.S. Predicting First-Year Relapses in Children With Nephrotic Syndrome.
Pediatrics 2000, 105, 492-495. [CrossRef]

Baecher-Allan, C.; Kaskow, B.].; Weiner, H.L. Multiple Sclerosis: Mechanisms and Immunotherapy. Neuron 2018, 97, 742-768.
[CrossRef]

Lublin, ED.; Reingold, S.C.; Cohen, J.A.; Cutter, G.R.; Serensen, P.S.; Thompson, A.J.; Wolinsky, J.S.; Balcer, L.]J.; Banwell, B.;
Barkhof, F,; et al. Defining the clinical course of multiple sclerosis. Neurology 2014, 83, 278-286. [CrossRef]

Crow, M.K. Pathogenesis of systemic lupus erythematosus: Risks, mechanisms and therapeutic targets. Ann. Rheum. Dis. 2023,
82,999-1014. [CrossRef] [PubMed]

Zlomuzica, A.; Viggiano, D.; Degen, I; Binder, S.; Ruocco, L.A.; Sadile, A.G.A.; Willecke, K.; Huston, J.].P; Dere, E.; Degen, J.; et al.
Behavioral alterations and changes in Ca/calmodulin kinase II levels in the striatum of connexin36 deficient mice. Behav. Brain
Res. 2012, 226, 293-300. [CrossRef] [PubMed]

Judd, L.L.; Akiskal, H.S.; Schettler, P.J.; Endicott, J.; Maser, J.; Solomon, D.A.; Leon, A.C.; Rice, ].A.; Keller, M.B. The Long-term
Natural History of the Weekly Symptomatic Status of Bipolar I Disorder. Arch. Gen. Psychiatry 2002, 59, 530. [CrossRef] [PubMed]
Arron, H.E.; Marsh, B.D.; Kell, D.B.; Khan, M. A ; Jaeger, B.R,; Pretorius, E. Myalgic Encephalomyelitis /Chronic Fatigue Syndrome:
The biology of a neglected disease. Front. Immunol. 2024, 15, 1386607. [CrossRef]

Jason, L.A.; Richman, J.A.; Rademaker, A.W.; Jordan, K.M.; Plioplys, A.V.; Taylor, R R.; McCready, W.; Huang, C.-F; Plioplys, S. A
Community-Based Study of Chronic Fatigue Syndrome. Arch. Intern. Med. 1999, 159, 2129. [CrossRef]

Brandt, R.B.; Mulleners, W.; Wilbrink, L.A.; Brandt, P.; van Zwet, EW.; Huygen, EJ.; Ferrari, M.D.; Fronczek, R. Intra- and
interindividual attack frequency variability of chronic cluster headache. Cephalalgia 2023, 43, 03331024221139239. [CrossRef]
Cataldi, M.; Lariccia, V.; Marzaioli, V.; Cavaccini, A.; Curia, G.; Viggiano, D.; Canzoniero, LM.T.M.T.; Renzo, G.; Avoli, M,;
Annunziato, L.; et al. Zn2+ Slows Down CaV 3. 3 Gating Kinetics: Implications for Thalamocortical Activity. J. Neurophysiol. 2007,
98, 2274-2284. [CrossRef]

Charles, A. The pathophysiology of migraine: Implications for clinical management. Lancet Neurol. 2018, 17, 174-182. [CrossRef]
Dent, W.; Stelzhammer, B.; Meindl, M.; Matuja, W.B.P.; Schmutzhard, E.; Winkler, A.S. Migraine Attack Frequency, Duration, and
Pain Intensity: Disease Burden Derived From a Community-Based Survey in Northern Tanzania. Headache ]. Head Face Pain 2011,
51, 1483-1492. [CrossRef] [PubMed]

Morris, H.R; Spillantini, M.G.; Sue, C.M.; Williams-Gray, C.H. The pathogenesis of Parkinson’s disease. Lancet 2024, 403, 293-304.
[CrossRef] [PubMed]

Pyykko, I; Zou, J.; Vetkas, N. Changes in symptom pattern in Meniere’s disease by duration: The need for comprehensive
management. Front. Neurol. 2024, 15, 1496384. [CrossRef] [PubMed]

Roberts, A.L.; Malspeis, S.; Kubzansky, L.D.; Feldman, C.H.; Chang, S.-C.; Koenen, K.C.; Costenbader, K.H. Association of Trauma
and Posttraumatic Stress Disorder with Incident Systemic Lupus Erythematosus in a Longitudinal Cohort of Women. Arthritis
Rheumatol. 2017, 69, 2162-2169. [CrossRef]

Reefman, E.; Kuiper, H.; Jonkman, M.F; Limburg, P.C.; Kallenberg, C.G.M.; Bijl, M. Skin sensitivity to UVB irradiation in systemic
lupus erythematosus is not related to the level of apoptosis induction in keratinocytes. Rheumatology 2006, 45, 538-544. [CrossRef]
Mufioz, L.E.; Janko, C.; Grossmayer, G.E.; Frey, B.; Voll, R.E.; Kern, P.; Kalden, ].R.; Schett, G.; Fietkau, R.; Herrmann, M.; et al.
Remnants of secondarily necrotic cells fuel inflammation in systemic lupus erythematosus. Arthritis Rheum. 2009, 60, 1733-1742.
[CrossRef]

Hahn, B.H.; Ebling, F; Singh, R.R; Singh, R.P,; Karpouzas, G.; La Cava, A. Cellular and molecular mechanisms of regulation of
autoantibody production in lupus. Ann. N. Y. Acad. Sci. 2005, 1051, 433-441. [CrossRef]

Theofilopoulos, A.N. The basis of autoimmunity: Part I. Mechanisms of aberrant self-recognition. Immunol. Today 1995, 16, 90-98.
[CrossRef]

Kotzin, B.L. Systemic lupus erythematosus. Cell 1996, 85, 303-306. [CrossRef]

von Drathen, S.; Gold, S.M.; Peper, J.; Rahn, A.C.; Ramien, C.; Magyari, M.; Hansen, H.-C.; Friede, T.; Heesen, C. Stress
and Multiple Sclerosis—Systematic review and meta-analysis of the association with disease onset, relapse risk and disability
progression. Brain Behav. Immun. 2024, 120, 620-629. [CrossRef]

Campmans-Kuijpers, M.J.E.; Dijkstra, G. Food and Food Groups in Inflammatory Bowel Disease (IBD): The Design of the
Groningen Anti-Inflammatory Diet (GrAID). Nutrients 2021, 13, 1067. [CrossRef]

Qiu, P; Ishimoto, T.; Fu, L.; Zhang, J.; Zhang, Z.; Liu, Y. The Gut Microbiota in Inflammatory Bowel Disease. Front. Cell. Infect.
Microbiol. 2022, 12, 733992. [CrossRef]

Azzouz, D.F; Chen, Z.; Izmirly, PM.; Chen, L.A.; Li, Z.; Zhang, C.; Mieles, D.; Trujillo, K.; Heguy, A.; Pironti, A.; et al. Longitudinal
gut microbiome analyses and blooms of pathogenic strains during lupus disease flares. Ann. Rheum. Dis. 2023, 82, 1315-1327.
[CrossRef]


https://doi.org/10.2215/CJN.05000516
https://doi.org/10.1542/peds.105.3.492
https://doi.org/10.1016/j.neuron.2018.01.021
https://doi.org/10.1212/WNL.0000000000000560
https://doi.org/10.1136/ard-2022-223741
https://www.ncbi.nlm.nih.gov/pubmed/36792346
https://doi.org/10.1016/j.bbr.2011.08.028
https://www.ncbi.nlm.nih.gov/pubmed/21889545
https://doi.org/10.1001/archpsyc.59.6.530
https://www.ncbi.nlm.nih.gov/pubmed/12044195
https://doi.org/10.3389/fimmu.2024.1386607
https://doi.org/10.1001/archinte.159.18.2129
https://doi.org/10.1177/03331024221139239
https://doi.org/10.1152/jn.00889.2006
https://doi.org/10.1016/S1474-4422(17)30435-0
https://doi.org/10.1111/j.1526-4610.2011.02009.x
https://www.ncbi.nlm.nih.gov/pubmed/22050317
https://doi.org/10.1016/S0140-6736(23)01478-2
https://www.ncbi.nlm.nih.gov/pubmed/38245249
https://doi.org/10.3389/fneur.2024.1496384
https://www.ncbi.nlm.nih.gov/pubmed/39582681
https://doi.org/10.1002/art.40222
https://doi.org/10.1093/rheumatology/kei249
https://doi.org/10.1002/art.24535
https://doi.org/10.1196/annals.1361.085
https://doi.org/10.1016/0167-5699(95)80095-6
https://doi.org/10.1016/S0092-8674(00)81108-3
https://doi.org/10.1016/j.bbi.2024.06.004
https://doi.org/10.3390/nu13041067
https://doi.org/10.3389/fcimb.2022.733992
https://doi.org/10.1136/ard-2023-223929

Biomedicines 2025, 13, 1003 15 of 16

64.

65.

66.
67.
68.
69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

Slight-Webb, S.; Lu, R.; Ritterhouse, L.L.; Munroe, M.E.; Maecker, H.T.; Fathman, C.G.; Utz, PJ.; Merrill, ].T.; Guthridge, ] M.;
James, ].A. Autoantibody-Positive Healthy Individuals Display Unique Immune Profiles That May Regulate Autoimmunity.
Arthritis Rheumatol. 2016, 68, 2492-2502. [CrossRef] [PubMed]

Lu, R;; Munroe, M.E.; Guthridge, ].M.; Bean, K.M.; Fife, D.A.; Chen, H.; Slight-Webb, S.R.; Keith, M.P.; Harley, ].B.; James, J.A.
Dysregulation of innate and adaptive serum mediators precedes systemic lupus erythematosus classification and improves
prognostic accuracy of autoantibodies. J. Autoimmun. 2016, 74, 182-193. [CrossRef] [PubMed]

MacGillivray, D.M.; Kollmann, T.R. The Role of Environmental Factors in Modulating Immune Responses in Early Life. Front.
Immunol. 2014, 5, 434. [CrossRef] [PubMed]

Wautier, J.-L.; Wautier, M.-P. Pro- and Anti-Inflammatory Prostaglandins and Cytokines in Humans: A Mini Review. Int. . Mol.
Sci. 2023, 24, 9647. [CrossRef] [PubMed]

Knight, ].C. Genomic modulators of the immune response. Trends Genet. 2013, 29, 74-83. [CrossRef]

Vignali, D.A.A.; Collison, L.W.; Workman, C.J. How regulatory T cells work. Nat. Rev. Immunol. 2008, 8, 523-532. [CrossRef]
Tarasova, O.; Petrou, A.; Ivanov, S.M.; Geronikaki, A.; Poroikov, V. Viral Factors in Modulation of Host Imnmune Response: A
Route to Novel Antiviral Agents and New Therapeutic Approaches. Int. . Mol. Sci. 2024, 25, 9408. [CrossRef]

Rosser, E.C.; Mauri, C. Regulatory B Cells: Origin, Phenotype, and Function. Immunity 2015, 42, 607-612. [CrossRef]

de Bernard, M.; Kaparakis-Liaskos, M.; D’Elios, M.M. Editorial: Modulation of the immune system by bacteria: From evasion to
therapy. Front. Immunol. 2023, 13, 1112427. [CrossRef]

Strzelec, M.; Detka, J.; Mieszczak, P.; Sobocifiska, M.K.; Majka, M. Immunomodulation—A general review of the current
state-of-the-art and new therapeutic strategies for targeting the immune system. Front. Immunol. 2023, 14, 1127704. [CrossRef]
Lange, T.; Kasper, L.; Gresnigt, M.S.; Brunke, S.; Hube, B. “Under Pressure”—How fungi evade, exploit, and modulate cells of the
innate immune system. Semin. Immunol. 2023, 66, 101738. [CrossRef]

Pavlov, V.A,; Tracey, KJ. The vagus nerve and the inflammatory reflex—Linking immunity and metabolism. Nat. Rev. Endocrinol.
2012, 8, 743-754. [CrossRef]

Al Bander, Z.; Nitert, M.D.; Mousa, A.; Naderpoor, N. The Gut Microbiota and Inflammation: An Overview. Int. J. Environ. Res.
Public Health 2020, 17, 7618. [CrossRef]

Milling, S. Beyond cytokines: Influences of the endocrine system on human immune homeostasis. Immunology 2021, 163, 113-114.
[CrossRef]

Farré, R.; Fiorani, M.; Abdu Rahiman, S.; Matteoli, G. Intestinal Permeability, Inflammation and the Role of Nutrients. Nutrients
2020, 12, 1185. [CrossRef]

Gigliotti, G.; Joshi, R.; Khalid, A.; Widmer, D.; Boccellino, M.; Viggiano, D. Epigenetics, Microbiome and Personalized Medicine:
Focus on Kidney Disease. Int. ]. Mol. Sci. 2024, 25, 8592. [CrossRef]

Fukuda, D.; Pham, P.T.; Sata, M. Emerging Roles of the Innate Immune System Regulated by DNA Sensors in the Development of
Vascular and Metabolic Diseases. J. Atheroscler. Thromb. 2022, 29, RV17059. [CrossRef]

Flierl, M. A ; Rittirsch, D.; Huber-Lang, M.; Sarma, J.V.; Ward, P.A. Catecholamines—Crafty Weapons in the Inflammatory Arsenal
of Immune/Inflammatory Cells or Opening Pandora’s Box? Mol. Med. 2008, 14, 195-204. [CrossRef]

Danila, M.I; Pons-Estel, G.]J.; Zhang, J.; Vil4, L.M.; Reveille, ].D.; Alarcén, G.S. Renal damage is the most important predictor
of mortality within the damage index: Data from LUMINA LXIV, a multiethnic US cohort. Rheumatology 2009, 48, 542-545.
[CrossRef]

Kazi, AM.; Hashmi, M.E. Glomerulonephritis; StatPearls Publishing: Treasure Island, FL, USA, 2024.

Malamud, B.D.; Morein, G.; Turcotte, D.L. Forest Fires: An Example of Self-Organized Critical Behavior. Science 1998, 281,
1840-1842. [CrossRef]

Ben-Menachem, E. Review article: Systemic lupus erythematosus: A review for anesthesiologists. Anesth. Analg. 2010, 111,
665—676. [CrossRef]

Smith, C.D.; Cyr, M. The history of lupus erythematosus. From Hippocrates to Osler. Rheum. Dis. Clin. N. Am. 1988, 14, 1-14.
[CrossRef]

Holubar, K. History of lupus erythematosus. Acta Dermatovenerol. Alp. Pannonica Adriat. 2006, 15, 191-194.

Manson, J.J.; Rahman, A. Systemic lupus erythematosus. Orphanet J. Rare Dis. 2006, 1, 6. [CrossRef]

Anders, H.-].; Saxena, R.; Zhao, M.-H.; Parodis, I.; Salmon, J.E.; Mohan, C. Lupus nephritis. Nat. Rev. Dis. Prim. 2020, 6, 7.
[CrossRef]

Pons-Estel, G.J.; Alarcén, G.S.; Scofield, L.; Reinlib, L.; Cooper, G.S. Understanding the epidemiology and progression of systemic
lupus erythematosus. Semin. Arthritis Rheum. 2010, 39, 257-268. [CrossRef]

Tamirou, F.; Houssiau, F.A. Management of Lupus Nephritis. J. Clin. Med. 2021, 10, 670. [CrossRef]

Rovin, B.H.; Parikh, S.V.; Alvarado, A. The kidney biopsy in lupus nephritis: Is it still relevant? Rheum. Dis. Clin. N. Am. 2014, 40,
537-552. [CrossRef]


https://doi.org/10.1002/art.39706
https://www.ncbi.nlm.nih.gov/pubmed/27059145
https://doi.org/10.1016/j.jaut.2016.06.001
https://www.ncbi.nlm.nih.gov/pubmed/27338520
https://doi.org/10.3389/fimmu.2014.00434
https://www.ncbi.nlm.nih.gov/pubmed/25309535
https://doi.org/10.3390/ijms24119647
https://www.ncbi.nlm.nih.gov/pubmed/37298597
https://doi.org/10.1016/j.tig.2012.10.006
https://doi.org/10.1038/nri2343
https://doi.org/10.3390/ijms25179408
https://doi.org/10.1016/j.immuni.2015.04.005
https://doi.org/10.3389/fimmu.2022.1112427
https://doi.org/10.3389/fimmu.2023.1127704
https://doi.org/10.1016/j.smim.2023.101738
https://doi.org/10.1038/nrendo.2012.189
https://doi.org/10.3390/ijerph17207618
https://doi.org/10.1111/imm.13347
https://doi.org/10.3390/nu12041185
https://doi.org/10.3390/ijms25168592
https://doi.org/10.5551/jat.RV17059
https://doi.org/10.2119/2007-00105.Flierl
https://doi.org/10.1093/rheumatology/kep012
https://doi.org/10.1126/science.281.5384.1840
https://doi.org/10.1213/ANE.0b013e3181e8138e
https://doi.org/10.1016/S0889-857X(21)00942-X
https://doi.org/10.1186/1750-1172-1-6
https://doi.org/10.1038/s41572-019-0141-9
https://doi.org/10.1016/j.semarthrit.2008.10.007
https://doi.org/10.3390/jcm10040670
https://doi.org/10.1016/j.rdc.2014.04.004

Biomedicines 2025, 13, 1003 16 of 16

93.

94.

95.

96.

97.

98.
99.

100.

Rush, D.; Nickerson, P.; Gough, J.; McKenna, R.; Grimm, P.; Cheang, M.; Trpkov, K,; Solez, K,; Jeffery, ]. Beneficial effects of
treatment of early subclinical rejection. J. Am. Soc. Nephrol. 1998, 9, 2129-2134. [CrossRef]

Parajuli, S.; Zhong, W.; Pantha, M.; Sokup, M.; Aziz, E; Garg, N.; Mohamed, M.; Mandelbrot, D. The Trend of Serum Creatinine
Does Not Predict Follow-Up Biopsy Findings Among Kidney Transplant Recipients with Antibody-Mediated Rejection. Transplant.
Direct 2023, 9, €1489. [CrossRef]

Levine, M.E.; Lu, A.T.; Quach, A.; Chen, B.H.; Assimes, T.L.; Bandinelli, S.; Hou, L.; Baccarelli, A.A.; Stewart, ].D.; Li, Y.; et al. An
epigenetic biomarker of aging for lifespan and healthspan. Aging 2018, 10, 573-591. [CrossRef]

Marconi, U.; Puglisi, A.; Rondoni, L.; Vulpiani, A. Fluctuation-dissipation: Response theory in statistical physics. Phys. Rep. 2008,
461,111-195. [CrossRef]

Lippiello, E.; Corberi, F.; Zannetti, M. Off-equilibrium generalization of the fluctuation dissipation theorem for Ising spins and
measurement of the linear response function. Phys. Rev. E 2005, 71, 036104. [CrossRef]

Seifert, U. Stochastic thermodynamics, fluctuation theorems and molecular machines. Rep. Prog. Phys. 2012, 75, 126001. [CrossRef]
Sarracino, A.; Arviv, O.; Shriki, O.; de Arcangelis, L. Predicting brain evoked response to external stimuli from temporal
correlations of spontaneous activity. Phys. Rev. Res. 2020, 2, 033355. [CrossRef]

Nandi, M.K,; de Candia, A.; Sarracino, A.; Herrmann, H.J.; de Arcangelis, L. Fluctuation-dissipation relations in the imbalanced
Wilson-Cowan model. Phys. Rev. E 2023, 107, 064307. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1681/ASN.V9112129
https://doi.org/10.1097/TXD.0000000000001489
https://doi.org/10.18632/aging.101414
https://doi.org/10.1016/j.physrep.2008.02.002
https://doi.org/10.1103/PhysRevE.71.036104
https://doi.org/10.1088/0034-4885/75/12/126001
https://doi.org/10.1103/PhysRevResearch.2.033355
https://doi.org/10.1103/PhysRevE.107.064307

	Introduction 
	Oscillating Diseases 
	The Framework of Avalanche 
	Avalanches in Immune Disease: Overview 
	Immunological Avalanche in Lupus Nephritis 
	Definition and Epidemiology of Systemic Lupus Erythematosus (SLE) 
	Pathogenesis of Lupus Nephritis 

	Immunological Avalanches in Kidney Transplant 
	Conclusions 
	References

