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1. Introduction

The immune system orchestrates a highly complex set of 
responses to detect, contain, and eliminate pathogens, relying 
on tightly regulated coordination between innate and adaptive 
mechanisms. A  comprehensive understanding of these 
immunological processes is crucial for improving the precision 
of diagnostics, vaccine development, immunotherapy, and 
personalized medicine.

Circulating blood serves as a critical conduit for immune 
surveillance, facilitating the trafficking of leukocytes and the 
distribution of cytokines, chemokines, and soluble pattern 
recognition molecules. However, the immunobiological 
role of blood extends beyond transport—it functions as a 
dynamic immunological tissue capable of mounting active 
responses to systemic stimuli. Consequently, the ability to 
assess immune reactivity in whole blood, under conditions that 
preserve physiological integrity, is increasingly recognized as 
a valuable tool in both research and clinical settings.

Whole blood immunoreactivity assays (WBIAs) provide 
an ex vivo platform to probe immune functionality in a more 

integrative and systemic context compared to isolated cell 
models. Unlike purified peripheral blood mononuclear cell 
(PBMC) assays, WBIA retains the native liquid and 
cell  environment, including red blood cells, platelets, and 
coagulation pathways, all of which are involved in the 
regulation of immune responses.1 Notably, alterations in blood 
immune reactivity have been implicated in disease progression 
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across a spectrum of conditions—from infectious diseases 
and autoimmune disorders to cancer and trauma-related 
immunosuppression. The impact of these processes must be 
considered when objectively analyzing the immunoreactivity 
of blood, which serves as a critical barrier against pathogenic 
invasion.2

Historically, WBIA protocols have relied on anticoagulants 
(e.g., heparin, ethylenediaminetetraacetic acid, and citrate) 
and synthetic culture media to preserve sample stability 
during incubation.1-7 While effective for logistical purposes, 
these components introduce significant deviations from 
physiological norms. Heparin, in particular, exhibits diverse 
biological activities that go far beyond its anticoagulant 
function. It interacts with a wide array of immune mediators 
and has been shown to influence several processes, including 
angiogenesis, leukocyte trafficking, and cytokine binding.8,9 
These pleiotropic effects may confound the interpretation of 
functional immune readouts and compromise the validity of 
WBIA results.

In contrast, enhanced blood coagulation is typically 
associated with pathogen-induced disturbances in the 
microcirculatory bed. The primary physiological role of 
coagulation is to maintain tissue perfusion and vascular 
integrity. In addition, it facilitates interactions between 
platelets and leukocytes—pivotal processes in immune 
surveillance and the containment of pathogen spread.10 
Recent studies have demonstrated that coagulation-derived 
mediators can regulate inflammation by exerting direct effects 
on immune cell activation,11,12 further reinforcing the rationale 
for minimizing anticoagulant use in assays intended to model 
true immune physiology.

In parallel, synthetic culture media often contain non-
physiological concentrations of glucose, amino acids, 
and buffering agents, which can alter the metabolism and 
functional phenotypes of immune cells. Accordingly, WBIA 
models that omit both anticoagulants and synthetic additives 
are more likely to replicate in vivo immune dynamics and 
provide biologically accurate insights into immune function.

In this study, we reported a modified WBIA protocol 
designed to more accurately represent the physiological 
conditions of circulating blood. The WBIA protocol we 
propose omits both heparin, which interferes with contact-
dependent immune interactions, and synthetic culture 
additives, which may artificially modify cellular metabolism 
and cytokine secretion.

Previous applications of WBIA have predominantly 
focused on assessing antigen-specific immune reactivity,13-17 
which may not fully capture the broader spectrum of 
immunobiological responses required for protection against 
diverse pathogens. In our study, innate and adaptive immune 

responses were stimulated in whole blood samples from 
healthy donors using lipopolysaccharide (LPS), a toll-like 
receptor 4 (TLR4) ligand, and concanavalin A (Con A), a 
well-established T-cell mitogen.

Our objective was to characterize the cytokine secretion 
profiles elicited by this dual stimulation—focusing on tumor 
necrosis factor-alpha (TNF-α), interleukin (IL)-6, IL-2, IL-10, 
interferon-gamma (IFN-γ), and vascular endothelial growth 
factor (VEGF)—within a whole blood system that preserves 
the structural and functional complexity of the in vivo milieu.

This approach aligns with a growing body of evidence 
underscoring the importance of maintaining the native 
hemostatic and biochemical environment when modeling 
immune responses ex vivo.18 It also supports the broader 
goal of developing functionally relevant, standardizable 
immunoreactivity assays applicable to translational research, 
immunotoxicity screening, and personalized immune 
profiling.

2. Materials and methods

The study was approved by the local ethics committee of the 
Petrovsky National Research Centre of Surgery (protocol ID: 
9, October 2024). All blood donors were informed about the 
use of their blood for research purposes, and written informed 
consent was obtained.

2.1. Whole blood immunoreactivity assay

Venous blood was collected from healthy donors aged 
30–55 years into pre-cooled vacuum tubes, either containing 
heparin or having no anticoagulant. Immediately after 
collection, the blood tubes were placed on ice. Subsequently, 
the blood from each tube was divided into four equal aliquots 
(2 mL each). To one aliquot, 50 µL of physiological saline was 
added; to the second, 50 µL of LPS from Salmonella Typhi 
(Pyrogenal, Medgamal, Russia; final concentration 1 µg/mL); 
to the third, 50 µL of Con A (Sigma-Aldrich, USA; final 
concentration 10 µg/mL); and to the fourth, a combination of 
LPS and Con A. All samples were incubated at 37.5°C for the 
designated periods. To obtain plasma or serum, the tubes were 
centrifuged at 2,000 g for 20 min, after which the supernatants 
(cell-free fluids) were aliquoted (0.5 mL/icrotube) and stored 
frozen until further analysis.

2.2. Determination of cytokine levels in plasma and 
serum

The concentrations of IL-1β, IL-2, IL-6, IL-8, IL-10, IL-18, 
TNF-α, IFN-γ, and VEGF in the samples were determined 
using enzyme-linked immunosorbent assay (ELISA) (Vector-
Best, Russia), according to the manufacturer’s instructions.
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2.3. Statistical analysis

The data are presented as mean ± standard error of the mean. 
The significance of differences between samples obtained 
from the same donor cohort was assessed using the paired 
Student’s t-test. Differences were considered statistically 
significant at p<0.05.

3. Results

3.1. Effects of LPS and Con A on the secretion of 
cytokines by blood cells in serum and plasma samples

In this study, two activators were used to stimulate blood cells: 
LPS and Con A. LPS is a thermostable component of the outer 
membrane of all gram-negative microorganisms. It binds to 
the cluster of differentiation 14/toll-like receptor 4/myeloid 
differentiation protein 2 receptor complex, primarily located on 
phagocytic cells and B lymphocytes, and acts as a potent activator 
of innate immunity.19 Con A is a plant lectin capable of binding to 
structures containing α-D-mannosyl and α-D-glucosyl residues. 
It activates lymphocytes, predominantly T-cells, and thus serves 
as an antigen-nonspecific activator of adaptive immunity.20

Figure  1A-F shows the effects of the mitogens on 
cytokine secretion by blood cells in the absence or presence 

of the anticoagulant heparin. The concentration of TNF-α 
in unstimulated blood samples did not exceed 1000 pg/mL. 
LPS induced a significant increase in the cellular secretion 
of this cytokine (p<0.01), whereas Con A had no substantial 
effect. Similar findings were observed in both serum samples 
(without heparin) and plasma samples (with heparin) 
(Figure 1A).

The concentration of IL-6 in unstimulated blood 
samples was no more than 400 pg/mL. As with TNF-α, 
LPS, but not Con A, significantly enhanced IL-6 secretion 
by blood cells (p<0.05). The combined effect of LPS and 
Con A was not greater than the effect induced by LPS 
alone (Figure 1B).

The concentration of IL-2 in unstimulated blood samples 
was low (<2  pg/mL). Both LPS and Con A markedly 
increased IL-2 secretion. Interestingly, the greatest increase 
in IL-2 levels was observed in serum samples stimulated 
simultaneously with LPS and Con A (p<0.05 compared to 
plasma samples) (Figure 1C).

Similar to IL-2, the concentration of IFN-γ  in 
unstimulated blood samples was low (<2  pg/mL). Both 
activators, LPS and Con A, significantly elevated the 
secretion of IFN-γ. The greatest increase in IFN-γ secretion 

Figure 1. Cytokine levels (pg/mL) in mitogen-stimulated blood samples. Blood was stimulated with the indicated mitogens for 18 h. The content (mean 
± standard error of the mean) of cytokines in serum samples without heparin (red bars) and plasma samples with heparin (yellow bars) was measured. 
(A) TNF-α (number of donor samples n = 7); (B) IL-6 (n = 7); (C) IL-2 (n = 5); (D) IFN-γ (n = 5); (E) IL-10 (n = 7); (F) VEGF (n = 7)
Notes: *p<0.05; **p<0.03; ***p<0.01.
Abbreviations: Con A: Concanavalin A; IFN: Interferon; IL: Interleukin; LPS: Lipopolysaccharide; TNF-α: Tumor necrosis factor-alpha; 
VEGF: Vascular endothelial growth factor.
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was observed following simultaneous stimulation with 
LPS and Con A, indicating an additive effect of the two 
activators (Figure 1D).

The concentration of IL-10 in unstimulated blood samples 
was below 20  pg/mL. LPS and Con A each moderately 
stimulated IL-10 secretion by blood cells to a comparable 
extent. The most pronounced increase in IL-10  secretion 
was detected in serum samples stimulated with both LPS and 
Con A. In contrast, IL-10 levels in plasma samples remained 
relatively low (Figure 1E).

The concentration of VEGF in unstimulated blood samples 
did not go beyond 100 pg/mL. In both plasma and serum 

samples, LPS more effectively stimulated VEGF secretion. 
VEGF levels were notably higher in serum samples than in 
their plasma counterparts (Figure 1F).

3.2. Time-dependent changes in cytokine levels in 
serum samples from mitogen-stimulated blood cells

Blood samples obtained from 5 donors (n = 5) were incubated 
with LPS + Con A. The levels of IL-1β, IL-2, IL-6, IL-10, 
IL-18, TNF-α, and VEGF in serum samples were determined 
at 18, 48, and 72 h after the onset of incubation. According to 
the data presented in Figure 2A-G, the highest cytokine levels 
in serum were observed in the 18-h samples. Subsequently, at 

Figure 2. Time-dependent changes in cytokine levels (pg/mL) in serum samples. Blood samples obtained from donors (n = 6) were stimulated with 
mitogens (LPS + Con A). The cytokine contents (mean ± SEM) were measured at the indicated times after incubation with the mitogens. (A) IL-1β; 
(B) IL-2; (C) IL-6; (D) IL-10; (E) IL-18; (F) TNF-α; (G) VEGF.
Abbreviations: Con A: Concanavalin A; IL: Interleukin; LPS: Lipopolysaccharide; TNF-α: Tumor necrosis factor-alpha; VEGF: Vascular endothelial 
growth factor.
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48 and 72 h, cytokine concentrations in all samples showed 
a clear decreasing trend.

Table  1 lists the numerical data on cytokine levels in 
serum samples obtained from 30 healthy donors (19 women 
and 11 men). All blood samples were stimulated with LPS + 
Con A for 18 h.

4. Discussion

Blood immunoreactivity plays a decisive role in shaping 
the course of inflammatory responses in the body. Under 
physiological conditions, these mechanisms protect against 
pathogens; however, when dysregulated, they contribute 
to the development of pathological states. Therefore, a 
physiologically relevant ex vivo model to assess blood 
immune reactivity is of great importance for both research 
and clinical applications.

Previous applications of the WBIA have predominantly 
focused on assessing antigen-specific immune responses13-17 
and cytokine production,21 particularly in the contexts of 
infectious diseases and in terms of vaccine efficacy. For 
instance, WBIA has been employed to evaluate dual anti-
CD28 and anti-CD49d co-stimulation for comprehensive 
analysis of both antigen-specific T-cell functions and 
complex intercellular interactions in response to various 
fungal and viral antigens.22 Similarly, WBIA has been used 
to assess immune responses to influenza and pertussis 
vaccines, providing insights into cytokine release profiles 
and correlates of protection following immunization.14,15 
During the COVID-19 pandemic, WBIA played a critical 
role in evaluating SARS-CoV-2-specific T-cell responses in 
both vaccinated individuals and cancer patients, underscoring 
its utility in immunocompromised populations.15 Beyond 
infectious diseases, WBIA has also been utilized for 
identifying immunotoxicity hazards.23

WBIA offers several advantages over traditional PBMC-
based assays, including reduced processing time and cost. 
Conventional PBMC assays remove plasma, granulocytes, 
platelets, and clotting factors, thereby disrupting critical 
immunomodulatory interactions. In contrast, WBIA preserves 
the integrative nature of blood physiology, which includes 
thrombocyte-derived chemokines and complement-mediated 
priming.

However, virtually all previous studies using WBIA 
have relied on heparinized blood and often used synthetic 
media, limiting its physiological relevance. Heparin is a 
negatively charged, linear, heterogeneous glycosaminoglycan 
of relatively low molecular weight, composed of various 
disaccharide-repeating units connected through α-1,4 
glycosidic bonds and containing carboxylate, acetamido, 
sulfamido, and sulphate groups, as well as occasional free 
amines.24 Heparin’s ability to bind various cytokines and 
chemokines—driven by electrostatic interactions between its 
negatively-charged sulphate groups and positively-charged 
amino acids on proteins—can impact their biological activity 
by altering half-life, availability, and receptor affinity. These 
non-anticoagulant effects can artificially dampen immune 
responses in ex vivo assays.25 Heparin can also inhibit 
the activity of key cytokines and chemokines involved in 
inflammation, including chemokine (C-X-C motif) ligand 1, 
IL-6, and IL-8—important factors in acute respiratory distress 
syndrome—thereby potentially distorting the inflammatory 
response.26 Moreover, heparin suppresses the secretion 
of critical pro-inflammatory cytokines, such as IL-2 and 
IFN-γ, and inhibits inflammatory responses coupled with 
phagocytosis.27 It also affects the maturation and antigen-
presenting functions of dendritic cells, influencing their ability 
to initiate and regulate immune responses.28 Specifically, 
heparin can enhance IL-12 activity, potentially through 
stabilization of the IL-12 heterodimer and improved receptor 
binding, while modulating production of TNF-α and other 
cytokines.29 Notably, at concentrations required to prevent 
clotting in vitro, heparin disrupts intercellular adhesion by 
altering membrane charges and binding surface molecules, 
impairing immunological synapse formation and T-cell 
activation.9 Given these findings, WBIA protocols aiming to 
replicate physiological immune dynamics should minimize or 
eliminate the use of heparin to avoid such confounding effects 
and preserve the native immunoreactivity of whole blood.

It is also evident that synthetic media—containing high, 
non-physiological concentrations of vitamins and growth 
factors—may exert artificial effects on immune cell function 
and phenotype.30 Standard media, such as RPMI-1640 
or DMEM, include supraphysiological concentrations of 
glucose, amino acids, vitamins, and buffering agents, which 
can alter metabolism, differentiation, and activation profiles 

Table 1. Cytokine levels (Mean ± SEM) in serum samples 
(n = 30) simulated with LPS and Con A
Cytokine Concentrations (pg/mL), Mean 

± SEM, minimum–maximum

IL-1β 521±62, 10–979
IL-2 24±4, 5–85
IL-6 569±43, 10–774
IL-8 277±28, 10–965
IL-10 198±35, 10–1070
IL-18 293±19, 175–588
IFN-γ 227±108, 10–1492
TNF-α 930±126, 10–3486
VEGF 655±55, 153–1634
Abbreviations: Con A: Concanavalin A; IFN: Interferon; IL: Interleukin; 
LPS: Lipopolysaccharide; M ± SEM: Mean ± standard error of the mean; 
TNF-α: Tumor necrosis factor-alpha; VEGF: Vascular endothelial growth factor.
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of immune cells.31 For example, high glucose levels have 
been shown to skew macrophage polarization and dampen 
production of pro-inflammatory cytokines, such as TNF-α 
and IL-6.32,33 Consequently, synthetic media may lead to 
misleading conclusions when used to assess immunoreactivity, 
particularly in assays aimed at predicting clinical outcomes 
or therapeutic responses.

We believe that our WBIA, using coagulating blood without 
synthetic additives, offers more physiologically relevant 
conditions than assays employing heparin and synthetic media, 
which interfere with intercellular immunological interactions 
and may unnaturally affect immune cell functionality. Indeed, 
in the experiments presented here, heparin markedly reduced 
the secretion of IL-2 and VEGF by blood cells.

Unlike conventional assays, our model excludes synthetic 
culture additives and anticoagulants to preserve native cell–
cell interactions. Where necessary, heparin was used solely 
to study the role of clotting in immune responses. Blood 
samples were exposed to two classical mitogens—LPS and 
Con A—to simultaneously stimulate innate and adaptive 
immune pathways. LPS, a major component of the outer 
membrane of Gram-negative bacteria, engages innate immune 
cells by first binding LPS-binding protein in plasma, then 
forming a complex with CD14 and interacting with TLR4 
and MD-2. This cascade triggers robust pro-inflammatory 
cytokine production, including TNF-α, IL-6, and IL-1β.19 
Meanwhile, Con A, a plant lectin from Canavalia ensiformis, 
activates T cells by cross-linking surface glycoproteins, 
promoting proliferation and cytokine secretion. Con A 
remains extensively used as a tool to assess T-cell function 
and activation.20

A complex cytokine network mediates the dynamic 
interplay between innate and adaptive immunity. Pro-
inflammatory mediators (e.g., TNF-α, IL-1β, IL-6, IL-8, 
IL-18) and anti-inflammatory or regenerative cytokines (e.g., 
IL-10, VEGF) regulate the magnitude and duration of immune 
responses. Perturbations in this balance are associated with 
immunopathological conditions.34,35 Of particular interest is 
IL-2, which exhibits both pro- and anti-inflammatory effects 
and is critical for maintenance of immune memory.36,37

Our results align with the known biology of these 
mitogens: LPS predominantly stimulated production of 
cytokines associated with innate immune activation (TNF-α, 
IL-6, IL-10, VEGF), while combined stimulation with LPS 
and Con A elicited the highest levels of adaptive cytokines, 
such as IL-2 and IFN-γ. These findings reinforce the notion 
that innate immune activation is a pre-requisite for effective 
adaptive immune responses.

Interestingly, we observed that clotting enhanced secretion 
of IL-2, IL-10, and VEGF, suggesting a critical role for cell–

cell contacts and hemostatic factors in modulating cytokine 
production, and underscoring the physiological importance 
of clotting in immune regulation.38

The temporal kinetics of cytokine release showed a peak 
at 18 h post-stimulation, followed by a decline at later time 
points. This likely reflects a combination of reduced cellular 
secretion and protease-mediated degradation of cytokines in 
serum. The short optimal incubation period is advantageous, 
minimizing ex vivo artefacts, such as microbial contamination 
or leukocyte apoptosis.

Our data also highlight that unstimulated control samples 
consistently exhibited very low cytokine concentrations—
often below detection limits—making graphical comparisons 
and stimulation index calculations impractical. This 
observation supports the robustness of our stimulation 
protocol and reinforces the physiological silence of resting 
blood under controlled conditions.

A skin immunological test with LPS and Con A, performed 
without the use of heparin or synthetic media, could, to 
some extent, be considered an in vivo analogue of the WBIA 
described in this study. However, the use of such skin tests 
with mitogens is neither certified nor legally regulated, and 
carries the risk of adverse effects on the human body.

The WBIA described here could be particularly valuable for: 
(i) Evaluating immunomodulatory effects of pharmacological 
agents; (ii) Monitoring immune competence in patients 
receiving immunotherapy; (iii) Assessing immune dysfunction 
in autoimmune diseases, infections, or immunodeficiencies; 
(iv) Predicting outcomes in critical illnesses, such as sepsis 
or COVID-19; and (v) Investigating cytokine signatures 
associated with effective vaccination responses. Moreover, 
this approach may prove valuable in low-resource or high-
containment environments. For example, whole blood assays 
have been adapted for microgravity research aboard the 
International Space Station,6 where minimal handling and 
preservation of native conditions are crucial.

The simplicity of WBIA—requiring minimal manipulation 
and no synthetic culture media—enhances its translational 
potential in both clinical and research settings. It preserves 
the native milieu of blood, maintaining essential cell–cell 
and cell–matrix interactions, which tend to be disrupted 
in traditional assays. In addition to diagnostics, the WBIA 
platform could facilitate therapeutic modulation of blood 
components. Short-term pre-conditioning of blood with 
immunomodulators, as tested in our model, may enhance the 
therapeutic potential of transfused cellular or plasma products 
by priming their immune functions.

Nonetheless, the present study is subject to limitations. 
The diagnostic and prognostic value of WBIA in clinical 
populations remains to be established. Comparative analyses 
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between healthy donors and patients with immunopathological 
disorders will be crucial. Preliminary data from our ongoing 
studies suggest WBIA profiles vary significantly with 
disease severity and therapeutic interventions, particularly in 
autoimmune diseases. It is also important to note that cytokine 
concentrations can vary depending on the ELISA kits and 
reagents used. Thus, establishing standardized protocols and 
reference ranges is critical for broader clinical adoption.

5. Conclusion

Our modified WBIA offers a physiologically relevant, simple, 
and informative approach to assess the immunobiological 
potential of blood. By avoiding the use of synthetic culture 
media and anticoagulants, the assay preserves native immune 
dynamics. This is particularly valuable in contexts where 
maintaining the integrity of the cellular microenvironment and 
soluble mediators is critical. By replicating in vivo-mimicking 
conditions, WBIA provides a functional and integrated 
snapshot of both innate and adaptive immune responses, 
offering clear advantages over traditional PBMC- or serum-
based methods.

The method holds significant promise for studying the effects 
of immunomodulatory agents, monitoring immune health, 
and potentially predicting clinical outcomes across various 
diseases. Its simplicity—requiring minimal manipulation, no 
cell separation, and no artificial additives—renders it especially 
suitable for clinical diagnostics, vaccine trials, and immunity 
monitoring in field or resource-limited settings.

Importantly, the assay could be extended to the 
stratification of patients in terms of immune competence 
or inflammatory risk, potentially informing personalized 
treatment strategies. For example, WBIA may help identify 
individuals with attenuated cytokine responses, whether due 
to immunosuppressive therapy, chronic infections, or age-
related immune decline.

Future applications may include integration with high-
throughput multiplex cytokine platforms and machine 
learning classifiers to identify disease-specific immune 
signatures. Such innovations would further enhance the 
diagnostic, prognostic, and research utility of the assay across 
a wide range of immunity-mediated conditions.

In summary, WBIA is not only a technically accessible 
method but also a conceptually robust model that bridges 
experimental immunology and clinical relevance. Its successful 
adoption in translational settings will benefit from continued 
endeavors toward standardization and multicenter validation.

Acknowledgments

None.

Funding

This research was supported by the Ministry of Science 
and Higher Education of the Russian Federation 
(“Extracorporeal auto-immunotherapy of chronic diseases 
of the musculoskeletal system”, grant number FURG-2023-
0074 and “Application of blood components with specified 
physicochemical and immunobiological properties in the 
treatment of wound and traumatic injuries of the body”, grant 
number FUGR-2023-77).

Conflict of interest

The authors declare that they have no known competing 
financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Author contributions

Conceptualization: Victor I. Seledtsov
Data curation: Victor I. Seledtsov and Alexei von Delwig
Formal analysis: Tatyana Y. Lyubavskaya, Anatoly A. 

Pyshenko, and Irina A. Seledtsova
Investigation: Tatyana Y. Lyubavskaya, Anatoly A. Pyshenko, 

and Irina A. Seledtsova
Methodology: Victor I. Seledtsov
Writing – original draft: Victor I. Seledtsov
Writing – review & editing: Alexei von Delwig

Ethics approval and consent to participate

This study was reviewed and approved by the Institution 
Review Board of Petrovsky National Research Centre of 
Surgery (Approval ID: 9, October 2024). Informed consent 
was obtained from all individual participants.

Consent for publication

All participants provided informed consent for the publication 
of the findings derived from this study. Where applicable, 
participants gave explicit permission for the publication of 
any data, images, or information that could potentially reveal 
their identity. The authors affirm that all relevant consent 
forms have been obtained and are available upon request.

Availability of data

No datasets were generated or analyzed during the present 
study.

References
1.	 Müller S, Kröger C, Schultze JL, Aschenbrenner AC. Whole 

blood stimulation as a tool for studying the human immune 
system. Eur J Immunol. 2024;54(2):e2350519.

Journal of Biological Methods  | Volume 12 | Issue 4 |� 7



Seledtsov, et al.� WBIA without anticoagulants and synthetic media

	 doi: 10.1002/eji.202350519
2.	 Härtel C, Bein G, Kirchner H, Klüter H. A  human whole-

blood assay for analysis of T-cell function by quantification of 
cytokine mRNA. Scand J Immunol. 1999;49(6):649-654.

	 doi: 10.1046/j.1365-3083.1999.00549.x
3.	 Augustine NH, Pasi BM, Hill HR. Comparison of ATP 

production in whole blood and lymphocyte proliferation 
in response to phytohemagglutinin. J  Clin Lab Anal. 
2007;21(5):265-270.

	 doi: 10.1002/jcla.20182
4.	 Feuerecker M, Mayer W, Kaufmann I, et al. A  corticoid-

sensitive cytokine release assay for monitoring stress-mediated 
immune modulation. Clin Exp Immunol. 2013;172(2):290-299.

	 doi: 10.1111/cei.12049
5.	 Tran TAT, Grievink HW, Lipinska K, et al. Whole blood assay 

as a model for in vitro evaluation of inflammasome activation 
and subsequent caspase-mediated interleukin-1 beta release. 
PLoS One. 2019;14(4):e0214999.

	 doi: 10.1371/journal.pone.0214999
6.	 Buchheim JI, Feuerecker M, Balsamo M, et al. Monitoring 

functional immune responses with a cytokine release assay: 
ISS flight hardware design and experimental protocol for 
whole blood cultures executed under microgravity conditions. 
Front Physiol. 2024;14:1322852.

	 doi: 10.3389/fphys.2023.1322852
7.	 Gervais A, Le Floc’h C, Le Voyer T, et al. A sensitive assay for 

measuring whole-blood responses to type  I IFNs. Proc Natl 
Acad Sci U S A. 2024;121(40):e2402983121.

	 doi: 10.1073/pnas.2402983121
8.	 Muñoz EM, Linhardt RJ. Heparin-binding domains in vascular 

biology. Arterioscler Thromb Vasc Biol. 2004;24(9):1549-1557.
	 doi: 10.1161/01.atv.0000137189.22999.3f
9.	 Xu X, Dai Y. Heparin: An intervenor in cell communication. 

J Cell Mol Med. 2010;14(1-2):175-180.
	 doi: 10.1111/j.1582-4934.2009.00871.x
10.	Łukasik ZM, Makowski M, Makowska JS. From blood 

coagulation to innate and adaptive immunity: The role of 
platelets in the physiology and pathology of autoimmune 
disorders. Rheumatol Int. 2018;38(6):959-974.

	 doi: 10.1007/s00296-018-4001-9
11.	Costantini TW, Kornblith LZ, Pritts T, Coimbra R. The 

intersection of coagulation activation and inflammation after 
injury: What you need to know. J Trauma Acute Care Surg. 
2024;96(3):347-356.

	 doi: 10.1097/TA.0000000000004190
12.	Seledtsov VI, Pyshenko AA, Lyubavskaya TY, Seledtsova IA, 

Von Delwig AA. Blood coagulation favors anti-Inflammatory 
immune responses in whole blood. Hematol Rep. 2025;17(2):19.

	 doi: 10.3390/hematolrep17020019
13.	Petrovsky N, Harrison LC. Cytokine-based human whole blood 

assay for the detection of antigen-reactive T cells. J Immunol 
Methods. 1995;186(1):37-46.

	 doi: 10.1016/0022-1759(95)00127-v
14.	Otani N, Shima M, Ueda T, et al. Evaluation of influenza 

vaccine-induced cell-mediated immunity: Comparison 
between methods using peripheral blood mononuclear cells 
and whole blood. Microbiol Immunol. 2019;63(6):223-228.

	 doi: 10.1111/1348-0421.12687
15.	Scurr MJ, Zelek WM, Lippiatt G, et al. Whole blood-based 

measurement of SARS-CoV-2-specific T cells reveals 
asymptomatic infection and vaccine immunogenicity in healthy 
subjects and patients with solid-organ cancers. Immunology. 
2022;165(2):250-259.

	 doi: 10.1111/imm.13433
16.	Pinto MV, Barkoff AM, Bibi S, et al. A  novel whole blood 

assay to quantify the release of T cell associated cytokines in 
response to Bordetella pertussis antigens. J Immunol Methods. 
2024;534:113758.

	 doi: 10.1016/j.jim.2024.113758
17.	Messina NL, Germano S, Chung AW, et al. Effect of 

bacille calmette-guérin vaccination on immune responses 
to SARS-CoV-2 and COVID-19 vaccination. Clin Transl 
Immunology. 2025;14(1):e70023.

	 doi: 10.1002/cti2.70023
18.	Antoniak S. The coagulation system in host defense. Res Pract 

Thromb Haemost. 2018;2(3):549-557.
	 doi: 10.1002/rth2.12109
19.	Watanabe S, Zenke K, Muroi M. Lipoteichoic acid inhibits 

lipopolysaccharide-induced TLR4 signaling by forming 
an inactive TLR4/MD-2 complex dimer. J  Immunol. 
2023;210(9):1386-1395.

	 doi: 10.4049/jimmunol.2200872
20.	Huldani H, Rashid AI, Turaev KN, et al. Concanavalin A as 

a promising lectin-based anti-cancer agent: The molecular 
mechanisms and therapeutic potential. Cell Commun Signal. 
2022;20(1):167.

	 doi: 10.1186/s12964-022-00972-7
21.	Remick DG, Newcomb DE, Friedland JS. Whole-blood assays 

for cytokine production. Methods Mol Med. 2000;36:101-112.
	 doi: 10.1385/1-59259-216-3.101
22.	Page L, Lauruschkat CD, Dennehy K, et al. Whole blood 

assay with dual co-stimulation for antigen-specific analysis 
of host immunity to fungal and viral pathogens. J  Vis Exp.  
2024;211:e66593.

	 doi: 10.3791/66593
23.	Johnson VJ, Luster MI, Edwards A, et al. An in vitro test 

battery using human whole blood for immunotoxicity hazard 
identification: Proof of concept studies with dexamethasone 
and benzo(a)pyrene. Toxicology. 2025;515:154153.

	 doi: 10.1016/j.tox.2025.154153
24.	Barclay TG, Day CM, Petrovsky N, Garg S. Review of 

polysaccharide particle-based functional drug delivery. 
Carbohydr Polym. 2019;221:94-112.

	 doi: 10.1016/j.carbpol.2019.05.067
25.	Buijsers B, Yanginlar C, Maciej-Hulme ML, De Mast Q, Van der 

Vlag J. Beneficial non-anticoagulant mechanisms underlying 
heparin treatment of COVID-19  patients. EBioMedicine. 
2020;59:102969.

	 doi: 10.1016/j.ebiom.2020.102969
26.	Mousavi S, Moradi M, Khorshidahmad T, Motamedi M. 

Anti-inflammatory effects of heparin and its derivatives: 
A systematic review. Adv Pharmacol Sci. 2015;2015:507151.

	 doi: 10.1155/2015/507151
27.	Makino-Okamura C, Niki Y, Takeuchi S, et al. Heparin inhibits 

8� Journal of Biological Methods  | Volume 12 | Issue 4 |

http://dx.doi.org/10.1002/eji.202350519
http://dx.doi.org/10.1046/j.1365-3083.1999.00549.x
http://dx.doi.org/10.1002/jcla.20182
http://dx.doi.org/10.1111/cei.12049
http://dx.doi.org/10.1371/journal.pone.0214999
http://dx.doi.org/10.3389/fphys.2023.1322852
http://dx.doi.org/10.1073/pnas.2402983121
http://dx.doi.org/10.1161/01.atv.0000137189.22999.3f
http://dx.doi.org/10.1111/j.1582-4934.2009.00871.x
http://dx.doi.org/10.1007/s00296-018-4001-9
http://dx.doi.org/10.1097/TA.0000000000004190
http://dx.doi.org/10.3390/hematolrep17020019
http://dx.doi.org/10.1016/0022-1759(95)00127-v
http://dx.doi.org/10.1111/1348-0421.12687
http://dx.doi.org/10.1111/imm.13433
http://dx.doi.org/10.1016/j.jim.2024.113758
http://dx.doi.org/10.1002/cti2.70023
http://dx.doi.org/10.1002/rth2.12109
http://dx.doi.org/10.4049/jimmunol.2200872
http://dx.doi.org/10.1186/s12964-022-00972-7
http://dx.doi.org/10.1385/1-59259-216-3.101
http://dx.doi.org/10.3791/66593
http://dx.doi.org/10.1016/j.tox.2025.154153
http://dx.doi.org/10.1016/j.carbpol.2019.05.067
http://dx.doi.org/10.1016/j.ebiom.2020.102969
http://dx.doi.org/10.1155/2015/507151


Seledtsov, et al.� WBIA without anticoagulants and synthetic media

melanosome uptake and inflammatory response coupled with 
phagocytosis through blocking PI3k/Akt and MEK/ERK 
signaling pathways in human epidermal keratinocytes. Pigment 
Cell Melanoma Res. 2014;27(6):1063-1074.

	 doi: 10.1111/pcmr.12287
28.	Talsma DT, Katta K, Boersema M, et al. Increased migration 

of antigen presenting cells to newly-formed lymphatic vessels 
in transplanted kidneys by glycol-split heparin. PLoS One. 
2017;12(6):e0180206.

	 doi: 10.1371/journal.pone.0180206
29.	Nguyen KG, Gillam FB, Hopkins JJ, et al. Molecular mechanisms 

of heparin-induced modulation of human interleukin 12 
bioactivity. J Biol Chem. 2019;294(12):4412-4424.

	 doi: 10.1074/jbc.ra118.006193
30.	Sato K, Kondo M, Sakuta K, et al. Impact of culture medium 

on the expansion of T cells for immunotherapy. Cytotherapy. 
2009;11(7):936-946.

	 doi: 10.3109/14653240903219114
31.	MacPherson S, Keyes S, Kilgour MK, et al. Clinically relevant 

T cell expansion media activate distinct metabolic programs 
uncoupled from cellular function. Mol Ther Methods Clin Dev. 
2022;24:380-393.

	 doi: 10.1016/j.omtm.2022.02.004
32.	Grosick R, Alvarado-Vazquez PA, Messersmith AR, 

Romero-Sandoval EA. High glucose induces a priming 
effect in macrophages and exacerbates the production of 

pro-inflammatory cytokines after a challenge. J  Pain Res. 
2018;11:1769-1778.

	 doi: 10.2147/Jpr.S164493
33.	Witcoski Junior L, De Lima JD, Somensi AG, et al. Metabolic 

reprogramming of macrophages in the context of type  2 
diabetes. Eur J Med Res. 2024;29(1):497.

	 doi: 10.1186/s40001-024-02069-y
34.	Mallick S, Duttaroy AK, Bose B. A  snapshot of cytokine 

dynamics: A fine balance between health and disease. J Cell 
Biochem. 2025;126(1):e30680.

	 doi: 10.1002/jcb.30680
35.	Seledtsov VI, Seledtsova GV, Von Delwig AA. Immune-based, 

multifaceted inactivation of pathogenic T lymphocytes in treating 
autoimmune diseases. Explor Immunol. 2023;3:506-512.

	 doi: 10.37349/ei.2023.00117
36.	Hoyer KK, Dooms H, Barron L, Abbas AK. Interleukin-2 in 

the development and control of inflammatory disease. Immunol 
Rev. 2008;226:19-28.

	 doi: 10.1111/j.1600-065X.2008.00697.x
37.	Boyman O, Sprent J. The role of interleukin-2 during 

homeostasis and activation of the immune system. Nat Rev 
Immunol. 2012;12(3):180-190.

	 doi: 10.1038/nri3156
38.	Engelmann B, Massberg S. Thrombosis as an intravascular 

effector of innate immunity. Nat Rev Immunol. 2013;13(1):34-45.
	 doi: 10.1038/nri3345

Journal of Biological Methods  | Volume 12 | Issue 4 |� 9

http://dx.doi.org/10.1111/pcmr.12287
http://dx.doi.org/10.1371/journal.pone.0180206
http://dx.doi.org/10.1074/jbc.ra118.006193
http://dx.doi.org/10.3109/14653240903219114
http://dx.doi.org/10.1016/j.omtm.2022.02.004
http://dx.doi.org/10.2147/Jpr.S164493
http://dx.doi.org/10.1186/s40001-024-02069-y
http://dx.doi.org/10.1002/jcb.30680
http://dx.doi.org/10.37349/ei.2023.00117
http://dx.doi.org/10.1111/j.1600-065X.2008.00697.x
http://dx.doi.org/10.1038/nri3156
http://dx.doi.org/10.1038/nri3345

