

  ijms-24-02719




ijms-24-02719







Int. J. Mol. Sci. 2023, 24(3), 2719; doi:10.3390/ijms24032719




Article



A Comprehensive Analysis of Cytokine Network in Centenarians



Marcello Pinti 1[image: Orcid], Lara Gibellini 2[image: Orcid], Domenico Lo Tartaro 2[image: Orcid], Sara De Biasi 2, Milena Nasi 3[image: Orcid], Rebecca Borella 2, Lucia Fidanza 2, Anita Neroni 2, Leonarda Troiano 4, Claudio Franceschi 5 and Andrea Cossarizza 2,*[image: Orcid]





1



Department of Life Sciences, University of Modena and Reggio Emilia, 41125 Modena, Italy






2



Department of Medical and Surgical Sciences of Children and Adults, University of Modena and Reggio Emilia, 41124 Modena, Italy






3



Department of Surgery, Medicine, Dentistry and Morphological Sciences, University of Modena and Reggio Emilia, 41124 Modena, Italy






4



Prevention and Protection Service, University of Modena and Reggio Emilia, 41121 Modena, Italy






5



Department of Medical and Surgical Sciences, Alma Mater Studiorum University of Bologna, 40126 Bologna, Italy









*



Correspondence: andrea.cossarizza@unimore.it







Academic Editor: Marcella Reale



Received: 7 December 2022 / Revised: 25 January 2023 / Accepted: 29 January 2023 / Published: 1 February 2023



Abstract

:

Cytokines have been investigated extensively in elderly people, with conflicting results. We performed a comprehensive analysis of the plasma levels of 62 cytokines and growth factors involved in the regulation of the immune system, in healthy centenarians, and middle-aged controls. We confirmed the previously observed increase in the levels of several pro-inflammatory cytokines, such as TNF-α and IL-6, and found that several other cytokines, directly or indirectly involved in inflammation (such as IFN-α, IL-23, CCL-5), were present at higher levels in centenarians. We did not observe any increase in the levels of anti-inflammatory cytokines, with the notable exception of the Th2-shifting cytokine IL-19. No relevant difference was observed in cytokines regulating T cell immunity. Several growth factors having a role in regulating immunity, such as G-CSF, GM-CSF, EGF, and VEGF, were upregulated in centenarians, too. Principal component analysis of the cytokine dataset showed that pro and anti-inflammatory cytokines were the variables that contributed the most to the variability of the data we observed.
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1. Introduction


Cytokines are low molecular weight, soluble proteins that act as signal molecules and regulate an uncountable number of activities inside and outside the immune system. Cytokines are secreted by different immune cells, such as lymphocytes, macrophages or natural killer (NK) cells, and by other types of cells that interact with and modulate the function of the immune system. Changes in cytokines levels in biological fluids can provide information regarding the physiological and pathological changes of the immune system and are useful for the diagnosis and prognosis of several diseases [1].



A huge number of studies have analysed the levels of different pro- and anti-inflammatory cytokines with aging, by comparing plasma or serum levels of cytokines in young, middle aged and/or elderly subjects. In particular, an increase in the levels of pro-inflammatory cytokines is typically observed in inflammaging, a state of low-grade, subclinical chronic inflammation, which usually leads to chronic inflammatory diseases and frailty in the elderly [2]. Inflammaging is characterized by the presence of elevated levels of pro-inflammatory cytokines such as Interleukin (IL)-6, IL-1β, Tumour Necrosis Factor (TNF)-α, IL-8, IL-15, acute phase proteins, and can be identified in the elderly regardless of the degree of frailty [3,4].



However, not all aged individuals have this profile. Centenarians are considered the best example of successful ageing [5,6], as they escaped neonatal mortality, death from infectious diseases before the introduction of most vaccines and antibiotics, and fatal outcomes from age-related diseases, including cardiovascular diseases, cancer, neurodegenerative diseases [7]. Healthy centenarians and nonagenarians showed compensatory mechanisms called “immune remodeling” that control of the detrimental effects of immunosenescence [3,8,9]. In particular, they seem to cope with the chronic subclinical inflammation associated with aging through an anti-inflammatory response that balances the detrimental effects of inflammaging, therefore called “anti-inflammaging” [10].



The biological markers of healthy aging, as those observed in centenarians, are still a matter of debate [11]. Cytokines and, in particular, the “classical” pro-inflammatory cytokines, e.g., TNF-α, IL-1β and IL-6-have been extensively investigated in elderly people, with conflicting results. While there is a consensus on the age-related increase in TNF-α, and IL-6 and on their correlation with aging and inflammaging, contrasting results have been reported for other pro-inflammatory cytokines, such as IL-1β, or anti-inflammatory cytokines, including TGF-β. Increased serum levels of IL-6 is a characteristic of aging [12], which may reflect age-associated pathological processes that develop over decades, even in apparently healthy subjects [13]. IL-6 serum levels influence the onset of frailty, poor physical performance, loss of muscle strength, cognitive decline, and cardiological, neurological, and vascular events. and heart failure, cancer [14], and risk of pneumonia requiring hospitalization [15], or severe COVID-19 [16]. The picture in the case of TNF-α and IL-1β is less clear; some studies showed an involvement of IL-1β in cognitive decline and Alzheimer’s disease onset in elderly subjects [14], but others showed that IL-1β production was significantly lower in octogenarians with chronic diseases, or not associated with aging [17]. TNF-α invariably shows an age-related upregulation [18,19] and was associated with frailty, cardiovascular events and rapid cognitive decline in elderly subjects [14], but high levels of TNF-α were found to be correlated with mortality in very old subjects in one study [20], but not in another one [21].



Higher levels of anti-inflammatory cytokine IL-10 was typically observed in old subjects, but its role is debated; it was associated with a reduced risk of death from a cardiovascular event [22] and with cancer protection [23], but also with a reduced resistance to infections [24]. Finally, TGF-β levels was found inversely associated with age in one study [25], but others studies found high levels of TGF-β in elderly subjects, including centenarians [23,26].



With the aim to provide a wider picture of changes of cytokine levels with aging, we performed a comprehensive analysis of plasma cytokine levels in healthy centenarians, enrolled in the framework of previous studies, confirming the well-known increase in pro-inflammatory cytokines observed in aged people, but also showing crucial differences in the levels of chemokines and anti-inflammatory cytokines never analysed in centenarians before.




2. Results


We have analysed the expression of a total of 62 cytokines, chemokines, and growth factors in 22 centenarians and 34 healthy middle-aged controls. Data regarding the expression of the single cytokines are reported in the Figure 1, Figure 2, Figure 3 and Figure 4, where cytokines are grouped according to their role in the modulation of the immune response. For clarity, only cytokines and growth factors whose levels were significantly different between centenarians and controls are reported.



We first confirmed the increase in the expression of several pro-inflammatory cytokines previously observed in different cohorts of centenarians (Figure 1). In particular, we observed significantly higher levels of TNF-α, IL-6, Interferon (IFN)-α, while we could not observe a significant increase in the level of IL-1β. likely because of the sensitivity of the test used. The analysis of other pro-inflammatory cytokines also evidenced an increase in the levels of the pro-inflammatory, Th17-promoting cytokine IL-23. IL-18 levels showed a slight, despite not statistically significant, increase in centenarians. No difference has been observed in the levels of IL-12p70, of different isoforms of IL-17 and of IFN-γ.



Even if they are not considered pro-inflammatory cytokines per se, several chemokines expressed during an inflammatory response, or an infection are upregulated in centenarians. In particular, in centenarians we found higher levels of the chemokine C-X-C motif ligand (CXCL)-10, which is chemoattractant for monocytes/macrophages, T cells, NK cells, and dendritic cells. Because of a certain degree of variability among individuals, we could not detect any significant difference in the levels of other cytokines, or chemokines related to inflammation, such as CXCL-1 and CCL-2 ( Since chemokines are crucial for the orderly movement of immune system cells, we also analysed plasma levels of other chemokines which regulate either innate or adaptive immunity, and found that CCL5, CCL-19 and CX3CL-1 showed a significant increase in plasma from centenarians (Figure 3).



The increase in pro-inflammatory cytokines is often accompanied by a parallel increase in anti-inflammatory or immunomodulatory molecules. However, in our cohort we could not detect any significant change in most of the molecules with anti-inflammatory properties, such as IL-10, IL-6ra, Transforming Growth Factor (TGF)-α or TGF-β. Conversely, we observed an increase in the levels of IL-19, an anti-inflammatory, Th2-promoting cytokine.



While cytokines modulating innate, inflammatory response showed a tendency to increase with age, we could not detect relevant changes in the levels of cytokines modulating T cell-mediated, adaptive immune response. None of the cytokines regulating T cell activation or differentiation, or released by T cells after activation (namely, IL-2, IL-3, IL-4, IL-5, IL-10, IL-13, IL-17, IL-33, IFN-γ), showed significant differences between controls and centenarians. Among interleukins, only IL-11, IL-19, and IL-27 displayed a significant increase in centenarians’ plasma (Figure 2). Concerning cytokines regulating B cell response, we found an increase in the level of B-cell activating factor (BAFF), but not of A proliferation-inducing ligand (APRIL), in centenarians. The soluble form of Transmembrane activator and CAML interactor (TACI), one of the receptors of BAFF and APRIL, was also increased in these individuals (Figure 2).



Apoptosis is a crucial process in regulating adaptive immune response, and a clear dysregulation of intrinsic and extrinsic pathways with aging have been demonstrated in several studies [27,28,29]. We found an increase in the soluble form of Fas (CD95), and of the soluble form of TRAIL, a molecule able to induce apoptosis in a caspase-8 dependent manner (Figure 3).



We finally analysed several growth factors involved in proliferation, survival and differentiation of tissues or cells undergoing dysregulation (an in particular, hypoplasia or differentiation defects) in aged people, and that can also have a role in immune system regulation (Figure 4). Both G-CSF and GM-CSF were higher in centenarians than controls. Concerning factors related to bone differentiation, BMP-2, BMP-4, BMP7, and OPN resulted upregulated in centenarians, while no difference was observed in molecules regulating adipocyte metabolism, namely Leptin and Leptin R. EGF and VEGF resulted also increased in plasma from centenarians.



To give a comprehensive picture of changes in cytokines production with age, we performed a principal component analysis of the whole data set (Figure 5).



The Principal Component (PC) 1 and 2 explain the 36% and 10.6% of the variability observed, respectively (Upper panel). Although PC2 explains 10.6% of variability of the dataset, it clearly discriminates middle-aged donors from centenarians (Panel A). In particular, pro- and anti-inflammatory cytokines are the variables that contributed the most to the PC1, while growth factors and factors related to regulation of cell survival and apoptosis contributed to PC2, further confirming that changes in the levels of cytokines involved in inflammatory regulation were the most relevant during aging (Lower panel).



Finally, as shown in Figure 6, the correlograms related to the correlations among different cytokines in young donors and in centenarians display almost the same pattern, except for BMP-2, that in centenarians displayed correlations not found in the other group.




3. Discussion


In this study, we performed a comprehensive analysis of cytokine levels in plasma from centenarians, compared to middle-aged controls. We confirmed most of the previous observations concerning cytokines in aging and made some new observations concerning cytokines never analysed before in centenarians. The picture that emerges is that of an increase in pro-inflammatory cytokines, which in centenarians are, at least in part, compensated by increased levels of anti-inflammatory molecules, while the analysis of cytokines related to the adaptive immune response is more complex.



We confirmed the well-established age-related increase in pro-inflammatory cytokines (and in particular of TNF-α, IL-6 and IFN-α), and we found that soluble factors with inflammatory properties, such as IL-23, were also increased in centenarians. IL-23 is a pro-inflammatory cytokine that, in a pro-inflammatory context, can be involved in differentiation of Th17 cells, especially in the presence of TGF-β and IL-6 [30]. As we did not observe any relevant variations of IL-17, the prototypical cytokine released by Th17 T cells, even in the presence of high levels of IL-23, we cannot speculate that Th17 differentiation is impaired in very old people. However, the pro-inflammatory scenario that this observation depicts is strengthened by the observed increase in other molecules that can directly or indirectly promote an inflammatory status, such as OPN, which mediates mediate apoptosis, inflammation, or vasoconstriction by using TNF-α, or Fas Ligand pathways, and GM-CSF [31].



As described before, an increase in anti-inflammatory molecules can often be observed in centenarians. An interesting example of this scenario is the behavior of a molecule that has never been measured, i.e., IL-19. This cytokine, belonging to the IL-10 cytokine family, is produced in response to proinflammatory stimuli [32], such as LPS, and has immunomodulatory properties; it is able to shift immune response toward a Th2 response, induces the synthesis of IL-10, and has been implicated in resolution of inflammation in neurological disorders or during neuroinflammation [32]. The high levels of IL-19 observed in centenarians could contribute to dampen a Th1-driven, inflammatory response, which could be detrimental for healthy aging.



When we analysed the cytokines related to adaptive immune response, and in particular those regulating T cell activation and differentiation, we could not detect relevant differences between centenarians and controls. It is well known that T cell adaptive response undergoes a quantitative and qualitative decline with aging, with a reduction in the frequency of naïve T cells, the increase in terminally differentiated T lymphocytes, and a series of functional defects that results in a lower capacity to trigger de novo antigen-specific T cell responses [11]. These events are largely due to a reduced thymic output [9], and to a continuous stimulation of T cell response caused by chronic viral infections [33,34]. Our data suggest that the cytokine network regulating these events played minor, if any, role in this decline, and that no compensative mechanisms were activated to counteract this T cell dysregulation through cytokine modulation.



In the case of B cells, centenarians showed higher levels of BAFF, but not of APRIL. BAFF and APRIL are two closely related cytokines sharing two receptors, TACI and BCMA, which are found mainly on B cells and plasma cells [35]. When B cells differentiate to plasma cells, BCMA and TACI were strongly induced [36,37]. As BAFF and APRIL are produced constitutively by monocytes, macrophages, neutrophils, among others [38], it is not surprising that we found an increase in their levels with age. It should be noted that other studies reported an inverse correlation of these cytokines with age; however, such inverse correlation has been shown in people aged 0–50 years, with primary antibody deficiency [39]. Nevertheless, soluble TACI was also increased, and this could partially reduce the effects of BAFF upregulation we observed. Indeed, the soluble form of TACI could bind BAFF in solution, so partially neutralizing the cytokine and reducing its biological activity by preventing its binding on B cells.



We previously showed that the well-known increase in Fas, both as membrane-bound protein and soluble molecule, observed with aging is compensated by a parallel downregulation of FasL in centenarians, to counteract excessive apoptosis of T cells [27]. In this cohort, we confirmed what we previously observed in the case of Fas, but not of FasL. As a non-significant trend to a reduction of FasL is present, it is likely that a larger cohort of centenarians is needed to get the statistical power needed to confirm this trend, and the observation we previously reported [27].



IL-11 has lymphopoietic/hematopoietic and osteotrophic properties [40], as it improves platelet recovery after thrombocytopenia and participate in the regulation of bone cell proliferation and bone resorption [41]. Thus, its increase in very old people could represent a compensatory mechanism to higher bone frailty, and to platelet reduction observed in old people. Similarly, the increase observed in several growth factors, and in particular in BMPs, likely represents an attempt to compensate defects in bone homeostasis and repair. It is interesting to note that many BMPs, besides their role in bone tissue homeostasis, play a significant role in regulating the immune system. Thus, the higher levels of BMP-4 and BMP-7 we observed, likely caused by bone frailty, could have a significant impact in determining the chronic, low level of inflammation typical of old people.



The major limitation of this study was the relatively small cohort of centenarians we were able to analyze, which reduced statistical power, and prevented any stratification. Nevertheless, even a small cohort such as this allowed us to confirm well-established phenomena, highlight changes in cytokines never investigated before, and define a global picture of cytokines changes in centenarians. Quantification of cytokine levels represents a potentially powerful tool for monitoring the immune status of patients and for adjusting therapies in several conditions, including (but not limited to) COVID-19, cancer, depression, heart disease, HIV infection, rheumatoid arthritis, or sepsis [42,43,44,45,46,47,48,49]. However, cytokines form a complex network, and it is unlikely a single cytokine provides sufficient information to predict the progression of a disease, or the success of a therapy, particularly in the case of immunomodulating therapies, or immunotherapy response [50]. As shown in this study, multiple cytokines assays provide comprehensive information about the role of immune activation and inflammation in longevity. The use of data analysis tools that provide a global evaluation of cytokines gives more information than the sum of single data, as shown in the case of cancer [51]. An artificial intelligence approach, along with the integration of cytokine data with demographic variables associated with aging and frailty will strengthen the definition and knowledge of “successful aging” and could help the diagnosis of age-related diseases and of frailty.



In conclusion, on the one side our study confirms well-established observations concerning the upregulation of pro inflammatory cytokines in old people, on the other it adds new pieces to the cytokine mosaic of centenarians. Further analyses in other centenarians’ cohorts will help to confirm our observation, and to shed light on the complex remodeling that the immune system undergoes with aging.




4. Materials and Methods


4.1. Subjects


A total of 22 centenarians (4 M, 18 F, mean age ± SD 101.0 ± 1.2 years) and 34 control subjects (15 M, 19 F, mean age ± SD 49.0 ± 9.9 years) have been analysed. Centenarians had been previously recruited in the framework of other studies from our group. Upon consent, a structured interview was previously conducted based on a standardised questionnaire. Ten of included subjects suffered from hypertension; none of them had Type 2 Diabetes or suffered from myocardial infarction. Two subjects had and recovered from colorectal cancer. The Standardized Minimal Mental Examination Score (SMME) was 16.7 ± 4.6. Plasma was collected, immediately centrifuged twice to remove platelets and stored at −80 °C until use.




4.2. Cytokine Quantification


Plasma levels of 62 molecular species was quantified using a custom magnetic bead-based Luminex assay platform (Human Cytokine Discovery, R&D System, Minneapolis, MN, USA) on a a Luminex 200 Analyzer, for the simultaneous detection of the following molecules: APRIL, BAFF, BMP-2, BMP-4, BMP-7, soluble CD40L, CCL2, CCL3, CCL4, CCL5, CCL19, CCL11, CCL20, CXCL1, CXCL2, CXCL10, CX3CL1, EGF, FGF basic, FLT-3, Fas, Fas Ligand, G-CSF, GM-CSF, Granzyme B, IFN-α, IFN-β, IFN-γ, IL-1α, IL-1β, IL-2, IL-1ra, IL-3, IL-4, IL-5, IL-6, IL-6ra, IL-7, IL-10, IL-11, IL-12p70, IL-13, IL-15, IL-17, IL-17C, IL-17E, IL-18, IL-19, IL-23, IL-27, IL-33, Leptin, Leptin R, OPN, PDGF-AA, PDGF-AB/BB, PD-L1, TGF-α, TNF-α, TACI, TRAIL, VEGF. Analysis was performed according to the manufacturer’s instructions, and as previously reported [52,53,54]. Experimental data were analysed by fitting data to the standard analyte curves; measured values are the mean of two technical replicates. Data were analysed using xPONENT 3.1 (R&D System, Minneapolis, MN, USA) software.




4.3. Analysis of the Correlations among Plasma Cytokines in Young Donors and Centenarians


To identify the correlations among the parameters we have studied, we have designed a table containing plasma cytokines. Pairwise correlations between variables were calculated and visualized as a correlogram using R function corrplot of the R Statistical software (v4.1.2; R Core Team 2021). Spearman’s rank correlation coefficient (ρ) was indicated by color scale (orange: −1, to green: +1); significance was indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001 inside each square. All variables were displayed using original order without applying any hierarchical clustering.




4.4. Statistical Analysis


Statistical analyses were performed using Prism 9.0 (GraphPad Software Inc., La Jolla, CA, USA). Student’s t test with Bonferroni’s correction has been used to compare cytokine concentrations among controls and centenarians. Principal Component Analysis (PCA) has been performed as described [55]. The datasets analysed during the current study available from the corresponding author on reasonable request.








Author Contributions


Conceptualization, M.P. and A.C.; formal analysis, D.L.T.; investigation, S.D.B., R.B., L.F., L.G., A.N. and L.T.; data curation, M.P., D.L.T. and A.C., writing—original draft preparation, M.P., writing—review and editing, M.P., M.N., A.C. and C.F.; project administration, A.C., funding acquisition, A.C. All authors have read and agreed to the published version of the manuscript.




Funding


This study was partially supported by unrestricted donations from Glem Gas spa (San Cesario, MO, Italy), Sanfelice 1893 Banca Popolare (San Felice S.P., MO, Italy) and Rotary Club Distretto 2072 (Clubs: Modena, Modena L.A. Muratori, Carpi, Sassuolo, Castelvetro di Modena) and BPER Banca.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of CE AVEN (protocol code 835/2020, 6 October 2021).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The datasets analysed during the current study available from the corresponding author on reasonable request.




Acknowledgments


We kindly acknowledge all volunteers who donated blood for this investigation, performed in the framework of a large study of patients with COVID-19 and of their healthy controls. Sara De Biasi and Lara Gibellini are Marylou Ingram Scholar of the International Society for Advancement of Cytometry (ISAC) for the period 2015–2020 and 2020–2025, respectively. We gratefully acknowledge Luca Cicchetti (Spacelab srl, Milan, Italy) for his support in providing reagents and materials in this study, and for precious technical suggestions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Liu, C.; Chu, D.; Kalantar-Zadeh, K.; George, J.; Young, H.A.; Liu, G. Cytokines: From Clinical Significance to Quantification. Adv. Sci. 2021, 8, e2004433. [Google Scholar] [CrossRef] [PubMed]

	



Franceschi, C.; Bonafe, M.; Valensin, S.; Olivieri, F.; De Luca, M.; Ottaviani, E.; De Benedictis, G. Inflamm-aging. An evolutionary perspective on immunosenescence. Ann. N. Y. Acad. Sci. 2000, 908, 244–254. [Google Scholar] [CrossRef]

	



Vasto, S.; Candore, G.; Balistreri, C.R.; Caruso, M.; Colonna-Romano, G.; Grimaldi, M.P.; Listi, F.; Nuzzo, D.; Lio, D.; Caruso, C. Inflammatory networks in ageing, age-related diseases and longevity. Mech. Ageing Dev. 2007, 128, 83–91. [Google Scholar] [CrossRef] [PubMed]

	



Franceschi, C.; Valensin, S.; Bonafe, M.; Paolisso, G.; Yashin, A.I.; Monti, D.; De Benedictis, G. The network and the remodeling theories of aging: Historical background and new perspectives. Exp. Gerontol. 2000, 35, 879–896. [Google Scholar] [CrossRef]

	



Caruso, C.; Passarino, G.; Puca, A.; Scapagnini, G. “Positive biology”: The centenarian lesson. Immun. Ageing I A 2012, 9, 5. [Google Scholar] [CrossRef] [PubMed]

	



Franceschi, C.; Monti, D.; Sansoni, P.; Cossarizza, A. The immunology of exceptional individuals: The lesson of centenarians. Immunol. Today 1995, 16, 12–16. [Google Scholar] [CrossRef]

	



Caruso, C.; Puca, A.A. Special Issue “Centenarians-A Model to Study the Molecular Basis of Lifespan and Healthspan”. Int. J. Mol. Sci. 2021, 22, 2044. [Google Scholar] [CrossRef]

	



Fulop, T.; Larbi, A.; Dupuis, G.; Le Page, A.; Frost, E.H.; Cohen, A.A.; Witkowski, J.M.; Franceschi, C. Immunosenescence and Inflamm-Aging As Two Sides of the Same Coin: Friends or Foes? Front. Immunol. 2017, 8, 1960. [Google Scholar] [CrossRef]

	



Pinti, M.; Nasi, M.; Lugli, E.; Gibellini, L.; Bertoncelli, L.; Roat, E.; De Biasi, S.; Mussini, C.; Cossarizza, A. T cell homeostasis in centenarians: From the thymus to the periphery. Curr. Pharm. Des. 2010, 16, 597–603. [Google Scholar] [CrossRef]

	



Franceschi, C.; Capri, M.; Monti, D.; Giunta, S.; Olivieri, F.; Sevini, F.; Panourgia, M.P.; Invidia, L.; Celani, L.; Scurti, M.; et al. Inflammaging and anti-inflammaging: A systemic perspective on aging and longevity emerged from studies in humans. Mech. Ageing Dev. 2007, 128, 92–105. [Google Scholar] [CrossRef]

	



Pinti, M.; Appay, V.; Campisi, J.; Frasca, D.; Fulop, T.; Sauce, D.; Larbi, A.; Weinberger, B.; Cossarizza, A. Aging of the immune system: Focus on inflammation and vaccination. Eur. J. Immunol. 2016, 46, 2286–2301. [Google Scholar] [CrossRef]

	



Palmeri, M.; Misiano, G.; Malaguarnera, M.; Forte, G.I.; Vaccarino, L.; Milano, S.; Scola, L.; Caruso, C.; Motta, M.; Maugeri, D.; et al. Cytokine serum profile in a group of Sicilian nonagenarians. J. Immunoass. Immunochem. 2012, 33, 82–90. [Google Scholar] [CrossRef] [PubMed]

	



Sansoni, P.; Vescovini, R.; Fagnoni, F.; Biasini, C.; Zanni, F.; Zanlari, L.; Telera, A.; Lucchini, G.; Passeri, G.; Monti, D.; et al. The immune system in extreme longevity. Exp. Gerontol. 2008, 43, 61–65. [Google Scholar] [CrossRef] [PubMed]

	



Michaud, M.; Balardy, L.; Moulis, G.; Gaudin, C.; Peyrot, C.; Vellas, B.; Cesari, M.; Nourhashemi, F. Proinflammatory cytokines, aging, and age-related diseases. J. Am. Med. Dir. Assoc. 2013, 14, 877–882. [Google Scholar] [CrossRef]

	



Yende, S.; Tuomanen, E.I.; Wunderink, R.; Kanaya, A.; Newman, A.B.; Harris, T.; de Rekeneire, N.; Kritchevsky, S.B. Preinfection systemic inflammatory markers and risk of hospitalization due to pneumonia. Am. J. Respir. Crit. Care Med. 2005, 172, 1440–1446. [Google Scholar] [CrossRef] [PubMed]

	



Broman, N.; Rantasarkka, K.; Feuth, T.; Valtonen, M.; Waris, M.; Hohenthal, U.; Rintala, E.; Karlsson, A.; Marttila, H.; Peltola, V.; et al. IL-6 and other biomarkers as predictors of severity in COVID-19. Ann. Med. 2021, 53, 410–412. [Google Scholar] [CrossRef]

	



Di Iorio, A.; Ferrucci, L.; Sparvieri, E.; Cherubini, A.; Volpato, S.; Corsi, A.; Bonafe, M.; Franceschi, C.; Abate, G.; Paganelli, R. Serum IL-1beta levels in health and disease: A population-based study. ‘The InCHIANTI study’. Cytokine 2003, 22, 198–205. [Google Scholar] [CrossRef]

	



Pinti, M.; Cevenini, E.; Nasi, M.; De Biasi, S.; Salvioli, S.; Monti, D.; Benatti, S.; Gibellini, L.; Cotichini, R.; Stazi, M.A.; et al. Circulating mitochondrial DNA increases with age and is a familiar trait: Implications for “inflamm-aging”. Eur. J. Immunol. 2014, 44, 1552–1562. [Google Scholar] [CrossRef]

	



Zanni, F.; Vescovini, R.; Biasini, C.; Fagnoni, F.; Zanlari, L.; Telera, A.; Di Pede, P.; Passeri, G.; Pedrazzoni, M.; Passeri, M.; et al. Marked increase with age of type 1 cytokines within memory and effector/cytotoxic CD8+ T cells in humans: A contribution to understand the relationship between inflammation and immunosenescence. Exp. Gerontol. 2003, 38, 981–987. [Google Scholar] [CrossRef]

	



Bruunsgaard, H.; Andersen-Ranberg, K.; Hjelmborg, J.; Pedersen, B.K.; Jeune, B. Elevated levels of tumor necrosis factor alpha and mortality in centenarians. Am. J. Med. 2003, 115, 278–283. [Google Scholar] [CrossRef]

	



Giovannini, S.; Onder, G.; Liperoti, R.; Russo, A.; Carter, C.; Capoluongo, E.; Pahor, M.; Bernabei, R.; Landi, F. Interleukin-6, C-Reactive Protein, and Tumor Necrosis Factor-Alpha as Predictors of Mortality in Frail, Community-Living Elderly Individuals. J. Am. Geriatr. Soc. 2011, 59, 1679–1685. [Google Scholar] [CrossRef]

	



Van Den Biggelaar, A.H.; De Craen, A.J.; Gussekloo, J.; Huizinga, T.W.; Heijmans, B.T.; Frolich, M.; Kirkwood, T.B.; Westendorp, R.G. Inflammation underlying cardiovascular mortality is a late consequence of evolutionary programming. FASEB J. 2004, 18, 1022–1024. [Google Scholar] [CrossRef] [PubMed]

	



Salvioli, S.; Capri, M.; Bucci, L.; Lanni, C.; Racchi, M.; Uberti, D.; Memo, M.; Mari, D.; Govoni, S.; Franceschi, C. Why do centenarians escape or postpone cancer? The role of IGF-1, inflammation and p53. Cancer Immunol. Immunother. 2009, 58, 1909–1917. [Google Scholar] [CrossRef] [PubMed]

	



McElhaney, J.E.; Zhou, X.; Talbot, H.K.; Soethout, E.; Bleackley, R.C.; Granville, D.J.; Pawelec, G. The unmet need in the elderly: How immunosenescence, CMV infection, co-morbidities and frailty are a challenge for the development of more effective influenza vaccines. Vaccine 2012, 30, 2060–2067. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.; Nakachi, K.; Ito, Y.; Kikuchi, S.; Tamakoshi, A.; Yagyu, K.; Watanabe, Y.; Inaba, Y.; Kazuo, T.; Jacc Study, G. Variations in serum transforming growth factor-beta1 levels with gender, age and lifestyle factors of healthy Japanese adults. Dis. Mrk. 2009, 27, 23–28. [Google Scholar] [CrossRef]

	



Forsey, R.J.; Thompson, J.M.; Ernerudh, J.; Hurst, T.L.; Strindhall, J.; Johansson, B.; Nilsson, B.O.; Wikby, A. Plasma cytokine profiles in elderly humans. Mech. Ageing Dev. 2003, 124, 487–493. [Google Scholar] [CrossRef]

	



Pinti, M.; Troiano, L.; Nasi, M.; Bellodi, C.; Ferraresi, R.; Mussi, C.; Salvioli, G.; Cossarizza, A. Balanced regulation of mRNA production for Fas and Fas ligand in lymphocytes from centenarians: How the immune system starts its second century. Circulation 2004, 110, 3108–3114. [Google Scholar] [CrossRef]

	



Pinti, M.; Troiano, L.; Nasi, M.; Moretti, L.; Monterastelli, E.; Mazzacani, A.; Mussi, C.; Ventura, P.; Olivieri, F.; Franceschi, C.; et al. Genetic polymorphisms of Fas (CD95) and FasL (CD178) in human longevity: Studies on centenarians. Cell Death Differ. 2002, 9, 431–438. [Google Scholar] [CrossRef]

	



Aggarwal, S.; Gupta, S. Increased apoptosis of T cell subsets in aging humans: Altered expression of Fas (CD95), Fas ligand, Bcl-2, and Bax. J. Immunol. 1998, 160, 1627–1637. [Google Scholar] [CrossRef]

	



Duvallet, E.; Semerano, L.; Assier, E.; Falgarone, G.; Boissier, M.C. Interleukin-23: A key cytokine in inflammatory diseases. Ann. Med. 2011, 43, 503–511. [Google Scholar] [CrossRef]

	



Hamilton, J.A. GM-CSF in inflammation. J. Exp. Med. 2020, 217, e20190945. [Google Scholar] [CrossRef] [PubMed]

	



Leigh, T.; Scalia, R.G.; Autieri, M.V. Resolution of inflammation in immune and nonimmune cells by interleukin-19. Am. J. Physiol. Cell Physiol. 2020, 319, C457–C464. [Google Scholar] [CrossRef] [PubMed]

	



Fletcher, J.M.; Vukmanovic-Stejic, M.; Dunne, P.J.; Birch, K.E.; Cook, J.E.; Jackson, S.E.; Salmon, M.; Rustin, M.H.; Akbar, A.N. Cytomegalovirus-specific CD4+ T cells in healthy carriers are continuously driven to replicative exhaustion. J. Immunol. 2005, 175, 8218–8225. [Google Scholar] [CrossRef] [PubMed]

	



Karrer, U.; Mekker, A.; Wanke, K.; Tchang, V.; Haeberli, L. Cytomegalovirus and immune senescence: Culprit or innocent bystander? Exp. Gerontol. 2009, 44, 689–694. [Google Scholar] [CrossRef]

	



Lied, G.A.; Berstad, A. Functional and clinical aspects of the B-cell-activating factor (BAFF): A narrative review. Scand. J. Immunol. 2011, 73, 1–7. [Google Scholar] [CrossRef]

	



Hoffmann, F.S.; Kuhn, P.H.; Laurent, S.A.; Hauck, S.M.; Berer, K.; Wendlinger, S.A.; Krumbholz, M.; Khademi, M.; Olsson, T.; Dreyling, M.; et al. The immunoregulator soluble TACI is released by ADAM10 and reflects B cell activation in autoimmunity. J. Immunol. 2015, 194, 542–552. [Google Scholar] [CrossRef]

	



Samy, E.; Wax, S.; Huard, B.; Hess, H.; Schneider, P. Targeting BAFF and APRIL in systemic lupus erythematosus and other antibody-associated diseases. Int. Rev. Immunol. 2017, 36, 3–19. [Google Scholar] [CrossRef]

	



Ng, L.G.; Mackay, C.R.; Mackay, F. The BAFF/APRIL system: Life beyond B lymphocytes. Mol. Immunol. 2005, 42, 763–772. [Google Scholar] [CrossRef]

	



Jin, R.; Kaneko, H.; Suzuki, H.; Arai, T.; Teramoto, T.; Fukao, T.; Kondo, N. Age-related changes in BAFF and APRIL profiles and upregulation of BAFF and APRIL expression in patients with primary antibody deficiency. Int. J. Mol. Med. 2008, 21, 233–238. [Google Scholar] [CrossRef]

	



Paul, S.R.; Bennett, F.; Calvetti, J.A.; Kelleher, K.; Wood, C.R.; O’Hara, R.M., Jr.; Leary, A.C.; Sibley, B.; Clark, S.C.; Williams, D.A.; et al. Molecular cloning of a cDNA encoding interleukin 11, a stromal cell-derived lymphopoietic and hematopoietic cytokine. Proc. Natl. Acad. Sci. USA 1990, 87, 7512–7516. [Google Scholar] [CrossRef]

	



Metcalfe, R.D.; Putoczki, T.L.; Griffin, M.D.W. Structural Understanding of Interleukin 6 Family Cytokine Signaling and Targeted Therapies: Focus on Interleukin 11. Front. Immunol. 2020, 11, 1424. [Google Scholar] [CrossRef]

	



Dowlati, Y.; Herrmann, N.; Swardfager, W.; Liu, H.; Sham, L.; Reim, E.K.; Lanctot, K.L. A meta-analysis of cytokines in major depression. Biol. Psychiatry 2010, 67, 446–457. [Google Scholar] [CrossRef] [PubMed]

	



Berry, M.A.; Hargadon, B.; Shelley, M.; Parker, D.; Shaw, D.E.; Green, R.H.; Bradding, P.; Brightling, C.E.; Wardlaw, A.J.; Pavord, I.D. Evidence of a role of tumor necrosis factor alpha in refractory asthma. N. Engl. J. Med. 2006, 354, 697–708. [Google Scholar] [CrossRef]

	



Ohta, H.; Wada, H.; Niwa, T.; Kirii, H.; Iwamoto, N.; Fujii, H.; Saito, K.; Sekikawa, K.; Seishima, M. Disruption of tumor necrosis factor-alpha gene diminishes the development of atherosclerosis in ApoE-deficient mice. Atherosclerosis 2005, 180, 11–17. [Google Scholar] [CrossRef]

	



Reuter, M.A.; Pombo, C.; Betts, M.R. Cytokine production and dysregulation in HIV pathogenesis: Lessons for development of therapeutics and vaccines. Cytokine Growth Factor Rev. 2012, 23, 181–191. [Google Scholar] [CrossRef]

	



Kondo, N.; Kuroda, T.; Kobayashi, D. Cytokine Networks in the Pathogenesis of Rheumatoid Arthritis. Int. J. Mol. Sci. 2021, 22, 10922. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.Y.; Liu, M.; Fu, Y.J.; Jiang, Y.J.; Zhang, Z.N. Alterations in levels of cytokine following treatment to predict outcome of sepsis: A meta-analysis. Cytokine 2023, 161, 156056. [Google Scholar] [CrossRef] [PubMed]

	



Kawaguchi, K.; Sakurai, M.; Yamamoto, Y.; Suzuki, E.; Tsuda, M.; Kataoka, T.R.; Hirata, M.; Nishie, M.; Nojiri, T.; Kumazoe, M.; et al. Alteration of specific cytokine expression patterns in patients with breast cancer. Sci. Rep. 2019, 9, 2924. [Google Scholar] [CrossRef] [PubMed]

	



Lippitz, B.E.; Harris, R.A. Cytokine patterns in cancer patients: A review of the correlation between interleukin 6 and prognosis. Oncoimmunology 2016, 5, e1093722. [Google Scholar] [CrossRef]

	



Wang, M.; Zhai, X.; Li, J.; Guan, J.; Xu, S.; Li, Y.; Zhu, H. The Role of Cytokines in Predicting the Response and Adverse Events Related to Immune Checkpoint Inhibitors. Front. Immunol. 2021, 12, 670391. [Google Scholar] [CrossRef]

	



Ellsworth, S.G.; Rabatic, B.M.; Chen, J.; Zhao, J.; Campbell, J.; Wang, W.; Pi, W.; Stanton, P.; Matuszak, M.; Jolly, S.; et al. Principal component analysis identifies patterns of cytokine expression in non-small cell lung cancer patients undergoing definitive radiation therapy. PLoS ONE 2017, 12, e0183239. [Google Scholar] [CrossRef] [PubMed]

	



De Biasi, S.; Meschiari, M.; Gibellini, L.; Bellinazzi, C.; Borella, R.; Fidanza, L.; Gozzi, L.; Iannone, A.; Lo Tartaro, D.; Mattioli, M.; et al. Marked T cell activation, senescence, exhaustion and skewing towards TH17 in patients with COVID-19 pneumonia. Nat. Commun. 2020, 11, 3434. [Google Scholar] [CrossRef] [PubMed]

	



De Biasi, S.; Tartaro, D.L.; Gibellini, L.; Paolini, A.; Quong, A.; Petes, C.; Awong, G.; Douglas, S.; Lin, D.; Nieto, J.; et al. Endogenous control of inflammation characterizes pregnant women with asymptomatic or paucisymptomatic SARS-CoV-2 infection. Nat. Commun. 2021, 12, 4677. [Google Scholar] [CrossRef] [PubMed]

	



Lo Tartaro, D.; Neroni, A.; Paolini, A.; Borella, R.; Mattioli, M.; Fidanza, L.; Quong, A.; Petes, C.; Awong, G.; Douglas, S.; et al. Molecular and cellular immune features of aged patients with severe COVID-19 pneumonia. Commun. Biol. 2022, 5, 590. [Google Scholar] [CrossRef]

	



De Biasi, S.; Lo Tartaro, D.; Meschiari, M.; Gibellini, L.; Bellinazzi, C.; Borella, R.; Fidanza, L.; Mattioli, M.; Paolini, A.; Gozzi, L.; et al. Expansion of plasmablasts and loss of memory B cells in peripheral blood from COVID-19 patients with pneumonia. Eur. J. Immunol. 2020, 50, 1283–1294. [Google Scholar] [CrossRef]








[image: Ijms 24 02719 g001 550] 





Figure 1. Plasma levels of pro inflammatory cytokines in controls (CTRL) and centenarians (CENT). Only cytokines whose levels were significantly different between groups are shown. Data are expressed as pg/mL. Boxes represent mean, 25 and 75 percentiles, while whiskers represent min and max values. * = p < 0.05; ** = p < 0.01; **** = p < 0.0001. 
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Figure 2. Plasma levels of cytokines regulating B and T cell differentiation in controls (CTRL) and centenarians (CENT). Only cytokines whose levels were significantly different between groups are shown. Data are expressed as pg/mL. Boxes represent mean, 25 and 75 percentiles, while whiskers represent min and max values. ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 
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Figure 3. Plasma levels of chemokines and of factors regulating apoptosis in controls (CTRL) and centenarians (CENT). Only molecules whose levels were significantly different between groups are shown. Levels are expressed as pg/mL. Boxes represent mean, 25 and 75 percentiles, while whiskers represent min and max values. * = p < 0.05; ** = p < 0.01; **** = p < 0.0001. 
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Figure 4. Plasma levels of G-CSF, GM-CSF, BMP-2, BMP-4, BMP-7, OPN, EGF and VEGF in controls (CTRL) and centenarians (CENT) subjects. Data are expressed as pg/mL. Boxes represent mean, 25 and 75 percentiles, while whiskers represent min and max values: * = p < 0.05 ** = p < 0.01, *** = p < 0.001; **** = p < 0.0001. 
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Figure 5. (Upper panel) Principal component analysis of plasma cytokine dataset in middle aged donors and centenarians. The first two principal components (PC1 and PC2) are shown. Controls are shown as, while controls are shown as light blue triangles. (Lower panel) contribution of the single variables to PC1 and PC2. 
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Figure 6. Correlations among plasma cytokines in young donors and centenarians. Correlograms show the correlations among plasma levels of the measured cytokines in control subjects (upper panel) and centenarians (lower panel). Spearman R values are shown from orange (−1.0) to green (1.0); r values are indicated by color and square size. Blank fields with dots indicate lack of signal. Statistical significance is indicated by * =p < 0.05, ** =p < 0.01, and *** =p < 0.001 inside each square. 
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