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Aims

Altered immune functions as well as fatty acid intake and status have been associated with the development of type 1 diabetes. We aimed to study the relationship between fatty acids and immunological markers in young children with increased genetic risk for type 1 diabetes in order to define putative mechanisms related to development of islet autoimmunity.



Methods

Serum samples for fatty acid and immunological marker measurements were obtained in the Trial to Reduce IDDM in the Genetically at Risk (TRIGR) ancillary study (Divia) from children born between 2002 and 2007 in 15 countries. Case children (n = 95) were defined as having repeated positivity for at least two out of four diabetes-associated autoantibodies. For each case child, control children were selected matched for country and date of birth (n = 173). Serum fatty acids and immunological markers were measured from cord serum and at the age of 6 and 12 months. Spearman correlation coefficients were calculated between fatty acids and immunological markers.



Results

Correlations between circulating fatty acids and immunological markers were different in case children who developed islet autoimmunity than in control children already at birth continuing across the first year of life. In case children, saturated fatty acids (SFAs) showed stronger correlations with immunological markers, while in controls, polyunsaturated fatty acids (PUFAs) showed stronger correlations.



Conclusions

In cases, SFAs were associated with several immunological markers (CXCL10, IL-6, IL-9, IL-17, and CM-CSF) previously linked to the type 1 diabetes disease process. Findings indicate that fatty acids could have immunomodulatory potential in the early phase of the disease development, although causality between fatty acids and the immunological pathways remains to be explored.



Trial registry number

NCT00179777
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Introduction

Type 1 diabetes is an autoimmune disease in which the immune system erroneously attacks and destroys the insulin-producing pancreatic beta cells (1). Circulating immunological markers and fatty acids have been linked to the development of type 1 diabetes (2–11). Immunological markers include cytokines, chemokines, and growth factors, which are soluble messenger molecules produced by various cell types. They are crucial regulators of immune functions inducing dynamic changes in the phenotype, functioning, and migration characteristics of immune cells. While being elementary for the regulation of immune cells, these factors also regulate various functions of the tissues under inflammatory signals (12, 13). Fatty acids also play a role in several physiological reactions, and their circulating levels are affected by diet and endogenous synthesis and metabolism, which again can be affected by genes, body weight, and health status, for example (14).

Alterations in immune function, such as overactivation of Th1 and Th17 immunity as well as abnormal cytokine production, have been related to the etiology of type 1 diabetes, although the detailed pathogenesis is poorly known (15, 16). Increased levels of IFN-γ, IL-17, IL-9, IL-6, IL-1β, CCL2 (MCP1), CCL4, and CXCL10 (IP-10) (3–6, 15, 17), as well as activation and phenotypic plasticity of Th17 cells have been associated with the development of islet autoimmunity and progression from the autoantibody-positive state towards clinical type 1 diabetes (18, 19). The role of Th17 plasticity in the development of type 1 diabetes was further implicated by the observation that TGF-β induced secretion of IL-9 in Th17 cells in children with recent-onset type 1 diabetes (7, 20, 21). Children with newly diagnosed type 1 diabetes had elevated levels of granulocyte macrophage-colony stimulating factor (GM-CSF), IL-2, IL-7, IL-8, IL-1β, IL-17F, IL-21, IL-23, IL-10, and IL-27 compared to control children (6, 8). Also, in vitro studies have indicated that certain cytokines are linked to type 1 diabetes. IL-17 alone or in combination with IL-1β and IFN-γ has been demonstrated to be detrimental to human islets and beta cells (15, 19, 22). Some evidence indicates that cytokine production is altered already before the appearance of islet autoimmunity: type 1 IFN-mediated innate immune system has been shown to be activated (23) and IL-32 upregulated (24). Furthermore, high maternal levels of circulating inflammatory cytokines (IFN-γ, IL-1β, CCL2, and CCL4) during pregnancy have been associated with increased risk of type 1 diabetes in the offspring (4, 17). In addition to immunological alterations, also early metabolic dysregulation of lipids and amino acids in cord blood or in infancy have been linked to type 1 diabetes (25–27). Furthermore, several abnormalities including alterations in lipid metabolism and inflammatory events were seen in children already 1 year before seroconversion (11).

Evidence from prospective cohort studies suggests that fatty acids contribute to the risk of islet autoimmunity, although the findings are partly inconsistent (9, 10, 28–31). High levels of long-chain n-3 polyunsaturated fatty acids (PUFAs) in serum or in the erythrocyte membrane might protect from islet autoimmunity (9, 10, 31), especially at an early age (10, 31). On the other hand, in the TRIGR study, we observed that high serum proportions of saturated fatty acids (SFAs) (15:0, i17:0, ai17:0, 18:0) and conjugated linoleic acid (CLA, 18:2n-7) were associated with increased risk of islet autoimmunity (30). Higher levels of some SFAs and MUFAs were also associated with an enhanced risk of islet autoimmunity in two other large-scale birth cohort studies (DIPP and TEDDY) (29, 31).

Fatty acids have been observed to affect both innate and adaptive immunity in in vitro studies and in animal models. Fatty acids may modulate immune system, e.g., by activating or downregulating inflammatory processes such as cytokine secretion (32). In general, n-3 PUFAs are considered as anti-inflammatory, and SFAs are considered as pro-inflammatory, based on in vitro and animal studies (32). In human adults, supplementation with long-chain n-3 PUFAs decreased levels of TNF-α, IL-6, and CRP according to a meta-analysis (33). To our knowledge, there is only one intervention study observing the effects of fatty acids on the participating children’s immunological markers: supplementation with DHA during pregnancy or infancy had no effect on the production of inflammatory cytokines such as IL-1β, TNF-α, or IL-12p40 in the offspring (34). As far as we are aware, no information exists on the associations between fatty acids and immunological markers during infancy, and whether these associations are different in children who develop islet autoimmunity and those who do not.

Our aim was to study the associations between serum fatty acids and immunological markers at birth and at the age of 6 and 12 months, and to study whether these associations differed between case and control children in order to define putative mechanisms related to development of islet autoimmunity. We hypothesized that n-3 PUFAs are associated with higher levels of anti-inflammatory immunological markers during infancy, while SFAs are related to pro-inflammatory immunological markers.



Research Design and Methods


Study Population

The current case–control study (Divia) is nested within the Trial to Reduce IDDM in the Genetically at Risk (TRIGR) cohort. TRIGR is an international double-blind randomized clinical trial of 2,159 infants with HLA-conferred disease susceptibility and a positive family history for T1D recruited between 2002 and 2007 in 15 countries followed until the youngest child turned 10 years of age (35). The inclusion criteria of the TRIGR study included both certain HLA-conferred genotypes known to increase the risk of type 1 diabetes and a first-degree relative affected by type 1 diabetes (35, 36). TRIGR tested whether weaning to an extensively hydrolyzed casein-based infant formula compared to a regular cow’s milk-based one during the first 6–8 months of life protected from type 1 diabetes. Blood samples were collected at 3- to 12-month intervals. In the Divia ancillary study, associations between the immune system, diet, and virus infections in the development of type 1 diabetes are studied. The definition of cases was positivity for at least two autoantibodies out of ICA, IAA, IA-2A, and GADA. For each case child (n = 244), two control children (n = 488) were randomly selected from children who did not fulfill the case criteria. Control children were matched for date of birth (± 1 year) and country. From this original nested case–control setting, those children who had unthawed serum samples available at birth and at the age of 6 or 12 months were included in the current study (case children, n = 95; control children, n = 173). Autoantibodies were quantified with the use of specific radiobinding assays in the Scientific Laboratory, Children’s Hospital, University of Helsinki, Helsinki, Finland (36). Written informed consent was collected from all families, signed by the legal guardian of the child. The study was approved by the ethics committees of all participating centers (see Supplementary Data Sheet 2). The study was conducted according to the standards of the Declaration of Helsinki.



HLA Genotyping

HLA genotyping for the selected DQB1 and DQA1 alleles was performed using sequence-specific oligonucleotide hybridization with the following genotypes regarded as eligible: (1) HLA DQB1*02/DQB1*03:02 (high risk); (2) HLA DQB1*03:02/x (x not DQB1*02, DQB1*03:01, or DQB1*06:02) (moderate risk); and (3) HLA DQA1*05-DQB1*02/y (y not DQA1*02:01-DQB1*02, DQB1*03:01, DQB1*06:02, or DQB1*06:03) or HLA DQA1*03-DQB1*02/y (y not DQA1*02:01-DQB1*02, DQB1*03:01, DQB1*06:02, or DQB1*06:03) (mild risk) (35).



Serum Fatty Acid Analysis

Serum fatty acids were analyzed at the Department of Government Services at the Finnish Institute for Health and Welfare, Helsinki, Finland. Fatty acids were determined by gas chromatography using an Omegawax 320 column (Supelco, Sigma-Aldrich Group) from serum samples collected at the age of 0, 6, and 12 months between the years 2002 and 2008. First, lipids were extracted from serum by liquid–liquid extraction (methanol/dichloromethane/sodium chloride). After that, fatty acids were methylated using acid-catalyzed procedures after which solid-phase extraction was performed to remove cholesterol esters. The samples were stored frozen in −70°C until analyzed. The samples were analyzed according to a predetermined list, with the matched cases and controls sorted together to minimize variation in results.



Analyses of Serum Immunological Markers

The serum concentrations of cytokines, chemokines, and growth factors were analyzed from unthawed serum samples with Luminex technology using the 38-plexed Milliplex MAP Kit (cat.no. HCYTMAG-60K-PX38) according to the manufacturer’s recommendations (Merck-Millipore Corp., Billerica, MA, USA). Luminex analyses were performed with single reactions using undiluted serum samples. Quantification of the markers was performed with Bio-plex 200 Luminex instrument and Bio-Plex Manager software (Bio-Rad, Sweden). The concentration of each marker was determined from an 8-point standard curve using five-parameter logistic regression. Minimum detectable concentration (MinDC) was determined for each marker separately using the lowest concentration on the standard curve linear phase [MinDC=c(low)+2SD]. The samples below MinDC were given a value of 50% of the MinDC. We categorized the cytokines into six groups: Th1, Th2, Th17, and Treg cytokines; chemokines; growth factors; innate immune cytokines; other cytokines; and other inflammation-related markers (Figure 1).




Figure 1 | Spearman correlation coefficients between serum fatty acids and immunological markers separately in case and in control children in cord serum, and at the ages of 6 and 12 months. All the direct correlations are marked with red edges, while the inverse correlations are marked with blue edges with a cutoff of p < 0.01.





Statistical Analyses

Spearman correlation coefficients between fatty acids and immunological markers were calculated separately among the case and control children. Serum fatty acid proportions were transformed using a centered log-ratio transformation. The analyses were performed using SAS v9.4. Since there were a high number of statistically significant correlations between immunological markers and fatty acids, we decided to use 0.01 as the significance level (Figure 1). The Spearman correlations were illustrated with the Cytoscape (Version 3.7.2). Only the correlations with a p-value <0.01 for either cases or controls were selected for the correlation comparison analysis (Tables 2–4). The differences within these Spearman correlations between cases and controls were compared using Fisher’s r to z-transformation for Spearman correlation and z-test (p < 0.05), and p-values were further adjusted with the Benjamini–Hochberg method (37, 38).


Table 1 | Characteristics of children with islet autoimmunity and control children in the TRIGR Divia Study.




Table 2 | Differences in Spearman correlation coefficients between cord serum fatty acids and immunological markers by case–control status.




Table 3 | Differences in Spearman correlation coefficients between serum fatty acids and immunological markers at 6 months of age by case–control status.




Table 4 | Differences in Spearman correlation coefficients between serum fatty acids and immunological markers at 12 months of age by case–control status.






Results

The median (interquartile range) age at positivity for at least two antibodies was 4.0 (1.9–6.0) years among the 95 case children. One child tested positive for at least two antibodies already at the age of 6 months and 26 children at the age of 12 months. The most common autoantibody combinations among the case children at the time of case selection were ICA and GADA (n = 26); ICA and IAA (n = 19); ICA, IAA, and GADA (n = 15); ICA, IAA, GADA, and IA-2A (n = 15); IAA and GADA (n = 10); and ICA, GADA and IA-2A (n = 6). One child had IAA, GADA, and IA-2A; one had ICA and IA-2A; one had ICA, IAA, and IA-2A; and one child had ICA only but presented with type 1 diabetes. Characteristics of the participants are presented in Table 1. Distributions of serum fatty acid proportions are presented in Supplementary Table 1 and those of immunological markers in Supplementary Table 2.


Differences in Correlation Coefficients Between Fatty Acids and Immunological Markers in Cases Compared to Control Children

Altogether 14 statistically significant (p < 0.01) correlations between fatty acids and immunological markers were observed in cord serum in case children and 22 in control children. At 6 months of age, there were 39 significant correlations in cases and 37 in controls, and at 12 months of age, 11 in cases and 10 in controls (Figure 1). In cord serum samples, 14 correlations were statistically different in strength (p < 0.05) between case and control children (Table 2), 24 at the age of 6 months (Table 3), and 10 at the age of 12 months (Table 4).



Correlations Between Cord Serum Fatty Acids and Immunological Markers

In case children’s cord serum, SFAs correlated with several immunological markers. Among the SFAs, 14:0 correlated directly with IL-6, 15:0 and ai17:0 correlated inversely with CXCL10, 18:0 and 20:0 correlated inversely with IL-6, and 24:0 correlated inversely with FGF-2 and IL-17 (Table 2).

In control children’s cord serum, n-3 PUFAs and MUFAs correlated with a series of immunological markers, while these associations were not seen in case children (Table 2 and Figure 1). In control children, DPA correlated directly with IL-1α and IL-13; oleic acid correlated inversely with GM-CSF, IFN-α2, and IL-13; and vaccenic acid correlated inversely with TNF-β (Table 2).



Correlations Between Serum Fatty Acids and Immunological Markers at 6 Months of Age

In case children at 6 months of age, several SFAs correlated inversely with certain immunological markers: 15:0 with IL-9, a17:0 with TGF-α, ai17:0 with IL-9, and 18:0 with GM-CSF. Vaccenic acid correlated inversely with IL-9; LA correlated directly with IL-6, IL-9, MCP-3, IL-1ra, and TNF-β; and AA correlated directly with CXCL10 in case children. In addition, CLA and DMA18 correlated inversely with IL-9, and DMA18 correlated inversely with GM-CSF. These associations were not seen in control children (Table 3).

In control children at 6 months of age, 16:0 correlated directly with G-CSF and 20:0 correlated directly with TGF-a, IL-1ra, and IL-5. Of n-6 PUFAs, DGLA correlated inversely with IL-10, TGF-α, and IL1ra, and adrenic acid correlated inversely with G-CSF, IL-6, and IL-15. These associations were not observed in case children (Table 3).



Correlations Between Serum Fatty Acids and Immunological Markers at 12 Months of Age

In case children at 12 months of age, 16:0 correlated inversely with IL-9, 22:0 and 24:0 correlated directly with IL-17, and 24:0 correlated directly with IL-9, IL-1ra, and IL-1α. Oleic acid correlated inversely with IFN-γ and palmitoleic and eicosenoic acid with CXCL1 in cases. In contrast to cases, there was an inverse correlation between LA and IL-17. In controls, 24:0 correlated inversely with IL-1α (Table 4).

Immunological markers that showed a statistically significant association with fatty acids did not differ by breastfeeding status or maternal type 1 diabetes. Furthermore, weight z score did not correlate with fatty acids or immunological markers in a way that it would affect the interpretation of the results.




Discussion

We observed differences in the associations between serum fatty acids and immunological markers during the first year of life in case compared to control children. In general, in children who developed islet autoimmunity, SFAs showed more associations with immunological markers, while in control children, PUFAs showed stronger associations. These observations are in line with the findings of several large-scale birth cohort studies that high levels of n-3 PUFAs were associated with decreased risk of islet autoimmunity (9, 10, 31), while SFAs tended to be associated with increased risk (29–31).

It was previously observed in the TRIGR study that several SFAs (15:0, i17:0 and ai17:0, 18:0) and CLA were associated with increased risk of islet autoimmunity (30). We observed that in case children, several SFAs and CLA were associated with many immunological markers [CXCL10 (IP-10), IL-6, IL-9, IL-17, and CM-CSF] that have been linked to the development of type 1 diabetes (3–6, 8, 39). In our study, associations between most SFAs (15:0, ai17:0, 18:0, 20:0, and 24:0) and these cytokines were inverse in cord serum and at 6 months of age, but at the age of 12 months, associations between 22:0 and 24:0 with IL-17 were direct. During the first year of life, the immune system is developing rapidly, and also the dietary intake of fatty acid changes due to increasing food variety in the child’s diet, and thus associations between circulating fatty acids and immunological markers may vary by age. Our results indicate that changes in fatty acid intake and/or metabolism occur in case children, detected as increased SFA and CLA levels, concurrently with alterations in patterns of immunological markers. Whether the observed correlations in our study between SFAs and inflammatory immunological markers indicate causality is unknown. It has been shown that SFAs have direct immunomodulatory effects. They have been shown to stimulate proliferation of T cells and their differentiation to proinflammatory phenotypes Th1 and Th17 (32), which is in line with our finding at 12 months of age. On the other hand, CLA has shown capacity to downregulate pro-inflammatory cytokines, such as IL-6, TNFα, IFNγ, and IL-1β in cell culture studies (40), which is in accordance with our result that CLA was inversely associated with IL-9.

In case children, the observed inverse relations at birth and at 6 months of age between SFAs and CLA linked to islet autoimmunity and several proinflammatory immunological markers linked to type 1 diabetes development may be explained by the fact that higher levels of proinflammatory immunological markers during the first months of life may be actually beneficial, while at later age, they may indicate inflammation. At birth, the infant’s immunity is in a tolerogenic state in order to tolerate maternal antigens and stress (innate immunity and Th1 responses are suppressed). After birth, dynamic co-development between the innate and adaptive immune system as well as microbes, are needed for developing regulated immune responses against antigens and pathogens. Cytokines mediate the activation of these early innate immune responses and the training of the adaptive immune system (12).

In control children, PUFAs were more strongly associated with many more immunological markers compared to case children. Cord serum DPA was directly associated with IL-13 and IL-1α in control children. IL-13 is secreted by activated Th2 cells and it has been associated with downregulation of several macrophage and monocyte-derived pro-inflammatory cytokines (41). In the TRIGR study, it was observed that cord serum DPA (n-3 PUFA) tended to be associated with decreased risk of later islet autoimmunity (30). Three other large-scale birth cohort studies (DIPP, DAISY, and TEDDY) have showed that n-3 PUFA (ALA, EPA, DPA, or DHA) intake or their increased proportions in serum or erythrocytes were associated with a reduced risk of islet autoimmunity (9, 10, 31). In animal models and clinical trials, an n-3 PUFA-rich diet has been shown to decrease the production of inflammatory cytokines and increase the secretion of anti-inflammatory cytokines, increase regulatory T cells, and reduce T-cell proliferation, activation, and differentiation into proinflammatory Th1 and Th17 cells (32). In addition to modulating immune responses and inflammatory mediators, n-3 PUFAs could also modulate the diversity and abundance of the gut microbiota, particularly the ratio of Firmicutes and Bacteroides (42). Changes in gut microbiota such as decreased relative abundance in Firmicutes and increased relative proportion of Bacteroides have been observed already at early age in children who later on develop type 1 diabetes (43). Furthermore, n-3 PUFA may affect gut microbiota also by regulating the levels of short-chain fatty acids or short-chain fatty acid salts (42). On the other hand, gut microbiota could modulate the absorption and metabolism of n-3 PUFAs and thus its intake and function (42).

Associations between n-6 PUFA and immunological markers were heterogenous. In control children, certain n-6 PUFAs (DGLA and adrenic acid) correlated inversely with several cytokines (IL-10, TGF-α, IL-1ra, G-CSF, IL-15, and IL-6) at 6 months of age. At 12 months of age, control children showed an inverse association between LA and IL-17, out of which the latter has been linked to type 1 diabetes (15, 19, 21). In turn, in case children at the age of 6 months, n-6 LA and AA were directly associated with cytokines (IL-6, IL-9, and CXCL10), which have been previously linked to pre-clinical and clinical type 1 diabetes (3–6, 39). Altogether, our findings indicate that both n-3 and n-6 PUFAs, particularly in the early months, may be associated with the pattern of circulating cytokines, and thus possibly play a role in the maturation of the immune system and longer-term immune responses.

In our study, DMA18 also correlated inversely in case children at 6 months of age with IL-9 and GM-CSF, i.e., cytokines that have been linked to type 1 diabetes (8, 21, 39). DMA18 is a plasmalogen, which is an unusual subgroup of phospholipids in membranes. Plasmalogens have been implicated to play an important role in many cell functions, such as cell signaling and protection against reactive oxygen species. The metabolism of plasmalogens is related to both n-3 and n-6 PUFAs: plasmalogens may serve as reservoir for PUFAs, and thus, plasmalogen deficiency may affect PUFA levels, and on the other hand, the presence of PUFA is needed for the biological activity of plasmalogens (44, 45). One of the plasmalogen species is choline plasmalogen (46). Interestingly, cord blood choline-containing phospholipids (47) and unsaturated phosphatidylcholines in infancy (27) were found to be low in children who developed islet autoimmunity.

There were no clear patterns for associations between MUFAs and immunological markers. In cord serum from control children, some MUFAs showed inverse correlation: vaccenic acid with TNF-β and oleic acid with GM-CSF, IFN-α2, and IL-13. In cases at 6 months of age, vaccenic acid correlated inversely with IL-9, and further at 12 months of age, oleic acid was inversely related to IFN-γ and palmitoleic and eicosenoic acids were inversely related to CXCL1. As far as we know, there are no earlier evidence of these kinds of associations.

The strengths of the present study include a unique sample set from several different countries, and the possibility to use unthawed samples for immunological marker analysis. We analyzed a relatively large number of fatty acids and immunological markers, which enables a wider view of complex immunomodulatory networks. A limitation is that our study design does not allow us to draw conclusions about causality regarding associations between fatty acids and immunological markers, and the results might reflect some other factors related to disease etiology. A limitation of the study is the unavailability of genetic factors related to the regulation of immunological markers (48) and fatty acid metabolism, such as polymorphism in genes encoding fatty acid desaturases and elongases (14). Generalizability of our results to the whole population remains open since our study population comprised high-risk children due to their HLA-conferred risk of type 1 diabetes and having a first-degree relative/s with type 1 diabetes.


Conclusions

The present findings provide mechanistic suggestions to the previously found associations between fatty acids and the risk of type 1 diabetes. Our study showed that correlation patterns between circulating fatty acids and immunological markers were distinctly different among those children who developed islet autoimmunity compared to control children already at birth continuing across the first year of life. In case children, associations between SFAs and immunological markers were observed for several markers linked to type 1 diabetes development, and some of these SFAs were associated with the development of islet autoimmunity in the current study as well. The results support the view that autoimmunity may be a later stage consequence of metabolic and immunologic disturbances occurring in early infancy. Therefore, the critical time window for preventive interventions may be during the fetal development or in the early postnatal period. Findings indicate that fatty acids could have immunomodulatory potential in the early phase of the disease development, already prior to the appearance of the first signs of islet autoimmunity. In our analyses, the nodes showing the most correlative associations with each other may provide elements for creating new combinatorial factors for better understanding of the complex interplay between factors linked to the pathogenesis of type 1 diabetes. Further research is required to understand the role of intake of fatty acids and fatty acid metabolism and their effect on immune responses in the development of type 1 diabetes.
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