CHAPTER 13

TARGETED IMMUNOMODULATION IN SEPSIS:
CYTOKINES, CHECKPOINTS, AND THERAPIES

Mustafa Serhat $ahinoglu’

13.1. Introduction

Sepsis is a life-threatening syndrome characterized by organ dysfunction
resulting from a dysregulated host response to infection.! However, despite
advances in antibiotics, source control, and intensive care support, sepsis-related
mortality has remained relatively unchanged in recent years. This is largely due
to conventional interventions, such as antibiotics and supportive care, failing to
adequately address the heterogeneity of immune responses in sepsis.*?

Sepsis has long been regarded as a hyperinflammatory syndrome, a view
that has historically informed therapeutic approaches. However, recent evidence
indicates that sepsis involves a biphasic immune dysregulation, in which both
hyperinflammation and immunosuppression may occur either concurrently
or sequentially.>* This dual immune disturbance is a critical driver of adverse
clinical outcomes and increased mortality. These findings further suggest that
while some patients may benefit from anti-inflammatory therapies, others are
more likely to respond to immunostimulatory approaches. Consequently, sepsis
is increasingly recognized as a heterogeneous clinical syndrome, with immune
dysregulation varying significantly among individuals. Due to this heterogeneity,
numerous clinical trials of immunomodulatory therapies have failed, and the
inability to select appropriate patient subgroups has played a significant role in
this situation.” In this context, the concept of PICS (Persistent Inflammation,
Immunosuppression, and Catabolism Syndrome) underscores the importance
of classifying patients according to their immune phenotypes and tailoring
personalized immunotherapeutic strategies accordingly.

The spectrum of immunomodulatory agents investigated for the treatment
of sepsis encompasses a wide array of strategies aimed at modulating the host
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immune response to improve clinical outcomes. Conventional approaches, such
as corticosteroids, cytokine-specific inhibitors, complement and coagulation
regulators, and hematopoietic growth factors, have long been explored in this
context. More recently, scientific advances have enabled the development of
innovative and precisely targeted immunomodulatory interventions that reflect the
complex and heterogeneous pathophysiology of sepsis. In light of these insights,
this chapter reviews the emerging immunomodulatory approaches under three
main categories: cytokine-based therapies, immune checkpoint inhibitors (ICIs),
and other immunomodulatory modalities, including adoptive cell therapies,
immunoglobulin preparations, and extracorporeal plasma treatments.

13.2. Cytokine-Based Therapies

Cytokines, as essential regulators ofimmunessignaling, serve as pivotal mediators
in both the pro-inflammatory and immunosuppressive phases of sepsis. In the
early stage, an excessive release of cytokines such as tumor necrosis factor alpha
(TNF-0), Interleukin-1 B (IL-1pB), and IL-6 can trigger a cytokine storm, leading
to tissue damage, endothelial dysfunction, and multiple organ failure.® In contrast,
the later phase is characterized by elevated IL-10 levels, decreased Interferon-
Gamma (IFN-y) production, T cell apoptosis, and downregulated human
leukocyte antigen-DR (HLA-DR) expression on monocytes—hallmarks of sepsis-
induced immune paralysis.”® Given this biphasic immunopathology, cytokines
remain primary therapeutic targets in efforts to suppress hyperinflammation and
restore immune competence.’

The consistent failure of anti-cytokine therapies—such as anti-TNE
anti-IL-6, and eritoran—has prompted a shift in research toward immune-
restorative strategies, particularly addressing lymphopenia and monocyte
dysfunction. IL-7 and Granulocyte-macrophage colony-stimulating factor
(GM-CSF) are the most studied agents in this context, with emerging but
limited data for IFN-y and IL-15.

Preclinical Studies

In animal models, anti-cytokine therapies initially yielded encouraging
results. Neutralization of TNF-a or IL-1 was associated with improved survival
in several experimental settings. However, these effects failed to translate into
clinical benefit in human trials.”!

Conversely, immunostimulatory cytokines have demonstrated more
consistent efficacy in preclinical studies. IL-7 administration reversed sepsis-
induced lymphopenia, restored T cell repertoire diversity, and improved
survival outcomes."! GM-CSF enhanced monocyte phagocytic function, while
IFN-y upregulated HLA-DR expression on monocytes, effectively reversing
immunosuppression.®®
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Moreover, IL-15 has been shown to promote natural killer (NK) cell survival
and enhance IFN-y production in experimental models, although supporting
evidence from human studies remains limited.!?

Clinical Studies

Clinical studies targeting cytokines in sepsis have yielded inconsistent
results. Large-scale trials investigating anti-TNF agents and IL-1 receptor
antagonists, such as anakinra, have failed to demonstrate mortality benefits.
Similarly, Toll-like receptor 4 (TLR4) antagonists, including eritoran, have
not shown clinical efficacy.®® In contrast, immunostimulatory cytokines have
demonstrated more selective and context-dependent efficacy in preclinical
and early-phase clinical settings.

13.2.1. Interleukin-7 (IL-7)

Early preclinical and compassionate-use experiences in patients with
sepsis indicated that IL-7 could restore T cell proliferation and enhance
IEN-y production without inducing a cytokine storm.” These preliminary
findings provided the rationale for clinical trials investigating IL-7 as an
immunorestorative agent in septic shock. The IRIS-7 trial, a randomized,
double-blind, placebo-controlled phase II study involving 27 patients with
persistent lymphopenia, demonstrated that intramuscular administration of
CYT107 (recombinant human IL-7) significantly increased circulating CD4+
and CD8+ T cell counts—Dby three- to fourfold—and maintained these levels
over several weeks. Importantly, no cytokine storm or organ dysfunction was
reported, and the treatment was well tolerated.'

A subsequent phase IIb trial assessed intravenous CYT107 in a comparable
patient population. Similar improvements in lymphocyte counts were observed,
along with an increase in organ support—free days. However, the trial was
terminated prematurely due to transient respiratory distress in some patients.
Despite this, the overall safety profile remained favorable, with no long-term
adverse events or cytokine storms recorded."

13.2.2. Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF)

In a randomized controlled trial, the administration of GM-CSF to
immunosuppressed patients with sepsis was associated with improvements
in immunological markers, most notably an increase in monocyte HLA-DR
expression. However, no significant effects were observed in clinical outcomes,
including infection rates, intensive care unit or hospital length of stay, or
overall mortality.'®

A recent review by Marques,'? which synthesized findings from small-scale
clinical trials, supports these immunological observations, suggesting that GM-
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CSF may also enhance phagocytic capacity and potentially reduce the risk of
secondary infections. Nevertheless, consistent mortality benefits have not been
demonstrated across studies. Given the limited sample sizes and variability in
study design, these findings should be interpreted with caution.

13.2.3. Interferon-Gamma (IFN-y)

In the case series reported by Payen et al.,"” IFN-y appeared to improve
immunological ~parameters—specifically, increased HLA-DR expression,
decreased IL-6 and IL-10 levels, and clearance of positive microbial cultures—
which contributed to clinical improvement in some patients. However, no
significant or definitive effect on mortality was observed. Given the small sample
size and uncontrolled design, these findings should be considered hypothesis-
generating and warrant further investigation in randomized controlled trials. In
phase II of the placebo-controlled randomized trial, IFN-y failed to demonstrate
any significant benefits in terms of clinical recovery or mortality. The study was
therefore terminated early due to safety concerns.' Case series have reported
improvements in monocyte function, but robust evidence from large randomized
trials remains lacking.®

13.2.4. Interleukin-15 (IL-15)

Preclinical models indicate that IL-15 deficiency is associated with protection,
whereas administration of IL-15 superagonists exacerbates disease severity,
primarily through NK cell-mediated inflammation." Although IL-15 remains of
mechanistic interest due to its role in immune regulation, no clinical trials have
yet evaluated its therapeutic efficacy in sepsis.

Reasons for Success and Failure

Several critical factors underlie the repeated failure of cytokine-based
clinical trials in sepsis. These include patient heterogeneity, suboptimal timing
of intervention, and insufficient immune phenotyping.® The dynamic and
bidirectional nature of cytokine responses in sepsis undermines the efficacy of one-
dimensional therapeutic strategies. Moreover, most trials have used mortality as
the primary endpoint, while clinically meaningful intermediate outcomes—such
as immune restoration or the prevention of secondary infections—have frequently
been underreported or entirely overlooked.

Future Directions

The future of cytokine-based therapies for sepsis depends on biomarker-
guided patient stratification, optimal timing of intervention, and the strategic
use of combination therapies. Selecting patients with immunological signatures
such as low monocyte HLA-DR expression or persistent lymphopenia may
enhance the likelihood of therapeutic success.® Several next-generation agents,
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including long-acting IL-7 analogues, IL-15 superagonists, and advanced GM-
CSF formulations, are currently under investigation.'"'* Moreover, combining
cytokine-based approaches with ICIs has been proposed as a promising strategy
to further augment immune restoration.””*! In conclusion, while cytokine-based
immunomodulation has yet to yield a definitive solution for sepsis, tailoring the
right therapy to the right patient at the right time holds promise for improving
clinical outcomes.

Table 1. Summary of Cytokine-Based Therapies

g:rt;(tme / Mechanism of Action Clinical Evidence Level of Evidence
Suppression of the pro-  Improved survival in Strone preclinical
Anti-TNF/  inflammatory response  animal models; no evide ECE - fuiled phase IIT
Anti-IL-1 (attenuation of cytokine mortality benefit in large t:‘/ials ’ b
storm) randomized clinical trials
Enhances T cell Phase II (IRIS-7): ..
roliferation and survival: Increased lymphocyte ~ Moderate clinical
IL-7 (CYT107) P . > counts and improved evidence; promising
restores repertoire . . ) .
immune restoration; immunological effects

diversity favorable safety profile
Small clinical trials:
Enhanced monocyte
function and reduced
secondary infections;

Limited clinical evidence;
potential benefit in
selected subgroups

Increases monocyte
GM-CSF HLA-DR expression and

phagocytic function . .
no consistent mortality

benefit

13.3. Immune Checkpoint Inhibitors (ICIs)

Immune checkpoint molecules, including PD-1, PD-L1, CTLA-4, TIM-
3, and LAG-3, are key regulators of immune homeostasis. Under physiological
conditions, these inhibitory pathways prevent excessive immune activation and
limit tissue damage. In sepsis, however, their expression becomes pathologically
upregulated.””* Overexpression of these receptors contributes to T cell exhaustion,
impaired cytokine production, and reduced proliferative capacity, while also
suppressing monocyte and NK cell function.**

Based on this mechanistic rationale, ICIs have emerged as a promising
therapeutic strategy to restore immune competence in sepsis. By blocking inhibitory
signaling, ICIs aim to reverse T cell dysfunction, enhance antimicrobial responses,
and ultimately improve clinical outcomes.”®” In particular, the PD-1/PD-L1
axis plays a central role: its upregulation leads to T cell exhaustion, lymphocyte
apoptosis, and impaired phagocytic capacity.”»* Elevated PD-L1 expression has
also been correlated with increased mortality, underscoring its relevance as both a
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marker of immune suppression and a therapeutic target.”>**
Preclinical Studies

Multiple animal studies have demonstrated that genetic deletion or antibody-
mediated blockade of PD-1 or PD-L1 improves survival and enhances bacterial
clearance.”*? Anti-PD-L1 therapy has also been shown to reduce T cell apoptosis
and preserve organ function in murine models.”** However, these beneficial effects
have not been consistent across all experimental models. For instance, in pneumonia-
induced sepsis, the therapeutic impact was limited, and the lack of concomitant
antibiotic therapy in several study designs reduced their translational relevance.?***

Clinical Studies

To date, only early-phase clinical studies of ICIs in sepsis have been
conducted, focusing primarily on the PD-1/PD-L1 axis. In a phase Ib randomized
trial, nivolumab (anti-PD-1) demonstrated an acceptable safety profile with no
evidence of cytokine storm or hyperinflammation, but without clear clinical
benefit in terms of mortality or organ function.>*

Additional phase I and I/II studies in the United States (NCT02960854)
and Japan (JapicCTI-173600) confirmed rtolerability and achievement of
pharmacological targets. However, no improvement in patient-centered outcomes
was observed.? The anti-PD-L1 antibody BMS-936559 was also evaluated in a
phase I safety and pharmacokinetics trial (NCT02576457), which was terminated

prematurely, further limiting available evidence.'®*

Opverall, these studies suggest that ICIs are safe and biologically active in
sepsis, but their clinical efficacy remains unproven.

Reasons for Success and Failure

Despite remarkable success in oncology, ICIs have achieved only limited
progress in sepsis. Major barriers include the heterogeneity of septic patients,
difficulties in determining optimal timing, and insufficient immune phenotype
stratification.?>?32¢ In addition, the theoretical risk of excessive immune activation
and autoimmune complications raises concern in this fragile population.

Future Directions

Recent evidence indicates that ICIs may benefit patients with an
immunoparalysis phenotype, defined by low monocyte HLA-DR expression,
persistentlymphopenia, or reduced IgM levels.?>*’ Biomarker-based stratification
is therefore critical: markers such as ferritin or soluble Triggering Receptor
Expressed on Myeloid cells-1 (sSTREM-1) reflect hyperinflammation, whereas
HLA-DR expression and lymphocyte counts indicate immune suppression.?>*
Identifying the right patient at the right time may substantially increase
therapeutic potential.
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Future research is expected to evaluate ICls mainly within combination
strategies, as preclinical data suggest synergy with IL-7 or GM-CSE***¢?" In
parallel, genomic and proteomic approaches may help identify subgroups most
likely to benefit. Thus, checkpoint inhibition should be seen not as a stand-alone
“miracle solution” but as part of a biomarker-guided, personalized immunotherapy
framework. Upcoming trials should emphasize phenotype-directed selection and
adopt adaptive designs to clarify whether ICIs can improve outcomes in this
heterogeneous syndrome.*®?!

Table 2. Summary of Immune Checkpoint Inhibitors in Sepsis

Molecule / Target Mechanism of Action Clinical Evidence Level of Evidence
Improved survival and
Reverses T cell immune function in Moderate (strong
PD-1/PD-L1  exhaustion and restores  preclinical models. Phase preclinical, very limited
immune function 1b trials showed safety  clinical)
but lacked efficacy.
Indications of immune
CTLA4 Enh.ances T cell restoration m.arlnmal Low
costimulation models; no clinical data
available.
Upregulated in
TIM-3, LAG-3, Regl.llateir cell preclinical sepsis; .
proliferation and blockade showed Experimental / Early
BTLA . . .
cytokine production potential benefit, but no
clinical studies exist.
Combination Supported by preclinical
strategies (e.g.,  Provide dual-level and translational data; Hyvpothetical
PD-1 blockade + immune restoration proposed for future ypo
IL-7 or GM-CSF) clinical evaluation.

13.4. Other Therapies

Cytokines act as direct regulatory molecules of the immune system, while
immune checkpoints function as “brakes” on cell activation pathways.' Together,
they target immune dysfunction at different levels and may complement
one another. However, the limited efficacy of isolated immunomodulation
highlights the need to combine these strategies with additional approaches,
such as immunoglobulins, blood purification techniques, or cellular therapies,
which aim to modulate distinct components of the immune response by either
dampening excessive inflammation or reversing immune paralysis. Although the
available evidence is heterogeneous and largely restricted to early-phase studies,
such therapies hold promise as integral components of future personalized sepsis
management.”?
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13.4.1. Immunoglobulin Therapies

Intravenous  immunoglobulin  (IVIG),  particularly = IgM-enriched
formulations, is being explored as a potential adjunctive therapy in sepsis. These
preparations exert multiple immunomodulatory effects, including enhancement
of opsonization, neutralization of bacterial toxins, and modulation of Fc receptor—
mediated immune responses—mechanisms that may contribute to restoration
of host defense. A 2023 meta-analysis reported a mortality benefit with IgM-
enriched IVIG, whereas standard IVIG failed to demonstrate consistent efficacy.
Nevertheless, substantial heterogeneity among trials, inconsistent dosing
regimens, and methodological limitations limit definitive recommendations for
routine administration. Current evidence therefore supports the selective use of
IVIG—especially IgM-enriched formulations—in specific patient subgroups,
such as those with severe septic shock or underlying hypogammaglobulinemia,
within an individualized therapeutic framework.

13.4.2. Hemoadsorption (Cytokine Adsorption)

Extracorporeal hemoadsorption devices are designed to eliminate circulating
pro-inflammatory cytokines and other medium-molecular-weight mediators,
with the goal of mitigating the cytokine storm and preserving organ function.
Although the underlying biological rationale is compelling, recent systematic
reviews and meta-analyses have failed to demonstrate consistent survival benefits
in patients with sepsis.**** Effects on inflammatory biomarkers and organ support
requirements also remain inconclusive. Moreover, there are concerns regarding the
non-selective removal of protective immune mediators and antimicrobial agents,
which may impair host defense and lead to adverse outcomes.” Consequently,
current evidence does not support the routine use of hemoadsorption in sepsis.
Its application should be restricted to clinical research settings or select cases
of refractory septic shock with high cytokine burden, ideally accompanied by
therapeutic drug monitoring.

13.4.3. Endotoxin Hemoperfusion

Polymyxin B hemoperfusion (PMX-HP) is an extracorporeal technique
designed to remove circulating endotoxins by binding to the lipid A component
of lipopolysaccharide, thereby attenuating Gram-negative sepsis—associated
inflammation. While the pivotal EUPHRATES trial failed to demonstrate an
overall survival benefit, post hoc analyses suggested a potential advantage in
patients with intermediate endotoxin activity levels.>® Subsequent registry studies,
such as the EUPHAS?2 experience, have reported improvements in hemodynamics
and organ function when strict patient selection criteria and early initiation
protocols were applied.” Nonetheless, systematic reviews highlight substantial
heterogeneity and inconsistent clinical outcomes. As a result, current guidelines
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do not support the routine use of PMX-HP, instead recommending its application
be limited to investigational or biomarker-guided strategies in carefully selected
patient subgroups.”

13.4.4. Complement-Targeted Therapies

The complement system is essential for host defense against pathogens;
however, excessive activation can drive endothelial injury, microthrombosis,
and organ dysfunction. Preclinical studies have demonstrated improved survival
with C5a blockade, supporting the rationale for complement inhibition. In the
phase ITa SCIENS trial, the C5a-targeting monoclonal antibody vilobelimab
showed pharmacodynamic efficacy and was associated with more ventilator- and
vasopressor- free days, but it did not translate into a survival benefit.*” Conversely,
a large observational study found no consistent association between complement
activation and mortality in critically ill septic patients, raising questions about the
prognostic value of complement biomarkers in late-stage disease.*” Mechanistic
reviews highlight the dual role of complement: while hyperactivation contributes
to host tissue damage, complement is also required for effective microbial
clearance, making therapeutic inhibition a double-edged sword.?!. At present,
complement inhibitors are still investigational, and their future role will likely be
limited to biomarker-based precision strategies targeting patients with confirmed
complement dysregulation, particularly those with elevated C5a activity. Robust
clinical trials are needed to validate their therapeutic potential.

13.4.5. Cellular Therapies

Mesenchymal stromal/stem cells (MSCs) are among the most extensively
investigated cellular therapies in sepsis. By secreting anti-inflammatory
mediators—including IL-10, transforming growth factor-beta, and prostaglandin
E2—as well as extracellular vesicles and mitochondria, MSCs help restore immune
balance, stabilize the endothelium, and promote tissue repair. Preclinical models
consistently report enhanced bacterial clearance, reduced pro-inflammatory
cytokine levels, and improved survival.*> Moreover, MSCs have shown protective
effects against sepsis-induced organ damage, including injury to the lungs, heart,
kidneys, and skeletal muscle.*

Early-phase clinical studies confirm the safety of MSC infusion in critically
ill patients, but robust evidence of mortality benefit or long-term functional
improvement is still lacking.** Nevertheless, recent reviews emphasize their
potential in mitigating persistent immunosuppression and complications such
as myopathy and cognitive dysfunction.”” Importantly, emerging precision
immunotherapy frameworks recommend directing cellular therapies to patients
with biomarker-defined immune dysfunction—such as low monocyte HLA-DR
expression or persistent lymphopenia—to maximize clinical benefit.?*2"%!
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Despite their promise, MSC-based interventions remain experimental. Their
integration into sepsis care will likely depend on biomarker-guided patient
selection, omics-informed stratification, and rational combination with other
immune-restorative approaches.

Table 3. Other Targeted Immunomodulatory Therapies in Sepsis

Therapy Target / Mechanism Clinical Evidence Level of Evidence

Meta-analyses suggest
mortality reduction;
standard IVIG ineffective

Moderate

(heterogeneous)

IgM-enriched  Enhanced opsonization and
IVIG toxin neutralization

IL-6/ procalcitonin
Extracorporeal removal of  reduction; no consistent

Hemoadsorption pro-inflammatory cytokines mortality benefit; possible Low-Moderate
drug clearance

Polymyxin-B . EUPHRATES negative; post

hemoperfusion R;Crlnivisf Gram-negative hoc benefit in EAA 0.6-0.9 Low

(PMX-HP) endoto subgroup

Complement Subpression of excessive Strong preclinical efficacy;

inhibitors pp x v phase Ila trial safe, signal for Experimental

complement activation

(e.g., anti-C5a) benefit

Preclinical efficacy; early-
phase trials show safety, Experimental
efficacy uncertain

Cellular Immune reprogramming

therapies (MSC) and tissue repair

IVIG: Intravenous immunoglobulin, PMX-HP: Polymyxin B hemoperfusion, EAA: endotoxin activity
assay, MSC: Mesenchymal stromal/stem cells

13.5. Personalized Therapy

The repeated failure of uniform immunomodulatory trials underscores the
need for individualized strategies. Sepsis is a heterogeneous syndrome in which
patients may display hyperinflammation and immunosuppression, sometimes
simultaneously.'® The benefit of any intervention, therefore, depends on aligning
therapy with the patient’s immune status at a given time.

Biomarker-guided stratification is central to this approach. Low monocyte
HLA-DR expression, persistent lymphopenia, or reduced IgM levels identify
patients with immune paralysis who may respond to stimulatory interventions
such as GM-CSE IL-7, or ICIs.2*%* In contrast, elevated IL-6, ferritin, or
sTREM-1 suggest a hyperinflammatory phenotype more suited to anti-
inflammatory agents such as Interleukin-1 Receptor Antagonist, IL-6 blockade,
or complement inhibition.

Combination strategies tailored to immune phenotypes are also emerging.
Preclinical data show synergy when pairing IL-7 with PD-1 blockade or GM-CSF
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with MSC.?"?! Translating these insights into practice will require adaptive trial
designs that incorporate predictive biomarkers. Without personalization, future
sepsis trials risk repeating past failures.

13.6. Future Perspectives

Progress in sepsis immunotherapy will rely on precision tools and integrative
frameworks. Multi-omics and machine learning are beginning to define endotypes
and predict treatment responsiveness.’®” The microbiome has emerged as both
a biomarker and a target, with probiotics, synbiotics, and fecal microbiota
transplantation under study. Other promising avenues include epigenetic
reprogramming and metabolic modulation, central to the concept of “trained
immunity”.* Ultimately, rationally designed combination regimens—guided by
dynamic biomarkers and tested in adaptive platform trials—represent the most
realistic path to improved outcomes.

13.7. Conclusion

Sepsis immunotherapy has reached a pivotal moment. The syndrome’s
heterogeneity demands a shift from one-size-fits-all approaches toward biomarker-
guided, personalized strategies. By integrating omics technologies, Al-based
phenotyping, and adaptive clinical trials, the field is moving toward therapies
aligned with individual immune trajectories. Such approaches, supported
by international collaboration, offer the best prospect for realizing precision
immunotherapy in sepsis.
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