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Morbid obesity is characterized by chronic, low-grade inflammation, which is associated with ‘inflamm-aging’. The presence of metabolic syndrome (MetS) might accelerate this phenomenon of metaflammation. In this study, we assessed the effects of morbid obesity and MetS on the composition of a broad spectrum of immune cells present within the circulation. A total of 117 morbidly obese patients (MOP) without MetS (MetS-), 127 MOP with MetS (MetS+) and 55 lean controls (LC) were included in this study. Absolute numbers of T cell, B cell, NK cell and monocyte subsets were assessed within peripheral blood using flow cytometry. Both absolute cell numbers and proportion of cells were evaluated correcting for covariates age, body mass index and cytomegalovirus serostatus. Although the absolute number of circulating CD4+ T cells was increased in the MetS+ group, the CD4+ T cell composition was not influenced by MetS. The CD8+ T cell and B cell compartment contained more differentiated cells in the MOP, but was not affected by MetS. Even though the absolute numbers of NK cells and monocytes were increased in the MOP as compared to LC, there was no difference in proportions of NK and monocyte subsets between the three study groups. In conclusion, although absolute numbers of CD4+ and CD8+ T cells, B cells, NK cells and monocytes are increased in MOP, obesity-induced effects of the composition of the immune system are confined to a more differentiated phenotype of CD8+ T cells and B cells. These results were not affected by MetS.
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Introduction

Morbid obesity is characterized by a state of chronic, low-grade inflammation (1). This systemic inflammation, also called metaflammation, is caused by the high number of adipocytes in the white adipose tissue. Especially metabolic overload leads to adipocyte dysfunction (2). This secretes pro-inflammatory cytokines such as tumor necrosis factor α (TNF-α), interleukins (IL-) 2 and 6, and C-reactive protein (CRP) (3). Metaflammation is associated with accelerated aging, referred to as ‘inflamm-aging’ (1, 4). This phenomenon is especially described in morbidly obese individuals with metabolic syndrome (MetS), which is characterized by dyslipidemia, dysglycemia, an elevated blood pressure and an increased abdominal waist circumference (5, 6). Clinical consequences of metaflammation include a decreased vaccination efficacy, an increased risk for developing cardiovascular diseases and type 2 diabetes (T2D), and an increased mortality rate (4, 7, 8).

Aging affects different components of the adaptive as well as the innate immune system, the former being more extensively studied. In the aging population, there is a phenotypic shift of the lymphoid to the myeloid lineage (9). This eventually contributes to immune dysfunction in the older population. For the adaptive immune system, thymic involution caused by aging leads to a decrease in circulating recent thymic emigrants (RTEs), which can be identified by CD31-expression within naive circulating T cells (10). Furthermore, there is a shift from CD45RO-CCR7+ naïve T cells to CD45RO+ memory and CD45RO-CCR7- terminally differentiated effector memory (EMRA) T cells (1, 11). Additionally, loss of CD28 on the membrane of T cells leads to an increase in advanced differentiated CD28null T cells in the aging population. A comparable shift is seen in B cell subpopulations, resulting in a decrease of CD24high transitional and CD27- naïve B cells, and an increase in a more differentiated phenotype of B cell subsets, including CD27+ switched and non-switched B cells, CD27-IgD- double negative B cells and an increase in CD27high plasma blasts (12, 13). For the innate immune system, an age-related phenotypic change of NK cells and monocytes is described. Whereas the immunomodulatory CD56bright NK cells do not seem to be influenced by aging, an increase in mature, cytotoxic CD56dim NK cells has been described (14, 15). Additionally, in aging there is a shift from the pro-inflammatory classical CD14+CD16- monocytes to the anti-inflammatory non-classical CD14dimCD16+ monocytes (16).

Several studies have investigated the effect of obesity on immunosenescence, and found a phenotypically aged profile among morbidly obese individuals (17–23). However, most studies investigated only one or two specific immune cell subsets instead of a broad spectrum of circulating immune cells. Additionally, study populations were relatively small and studies were performed in specifically chosen study populations, which do not reflect the general population at the outpatient clinic. In addition, not all studies included a lean healthy control group. To our knowledge, we were the first to study the influence of MetS and corrected for confounders such as cytomegalovirus (CMV) seropositivity (24). Undoubtedly, correction for CMV status should be performed as CMV seropositivity is associated with an increase in differentiated memory T cells, and thus an aged immune profile (25). Therefore, CMV seropositivity can influence the outcomes of our research question.

In summary, the aim of this study was to assess the effects of morbid obesity and MetS on phenotypical changes of the adaptive as well as the innate immune system in a large cohort of morbidly obese patients as compared to lean subjects, with correction for CMV status.



Materials and Methods


Patient Selection

Morbidly obese patients who were scheduled for laparoscopic Roux-en-Y gastric bypass (LRYGB) in the Maasstad Hospital and Sint Franciscus Gasthuis & Vlietland, Rotterdam, the Netherlands between June 2018 and October 2019 were invited to participate in this prospective cohort study. To be eligible for LRYGB, patients had to fulfill the criteria for bariatric surgery of the International Federation for the Surgery of Obesity and Metabolic Disorders (IFSO) (26). Exclusion criteria were lack of basic understanding of the Dutch or English language, or previous bariatric surgery in the medical history. In order to reflect the general bariatric population of the outpatient clinic, there were no exclusion criteria based on comorbidities, medication use prior to bariatric surgery, use of supplements or dietary intake.

Between December 2018 and April 2019, blood donors at the Sanquin blood bank were invited to participate in this study as lean, healthy controls. Controls with a Body Mass Index (BMI) ≥ 30 kg/m2 or with the presence of MetS were excluded from this study. BMI was calculated using a person’s height and weight with the following formula: . Lean controls were included to analyze the effect of morbid obesity (with a distinction between morbidly obese patients with versus without MetS) on the immune system, as lean controls do not have an accumulation of white adipose tissue leading to metaflammation and thus affect the phenotype of the immune system.

A sample size calculation was performed prior to the start of this study. According to this sample size calculation, the aim was to include 125 patients in each morbidly obese groups and 60 lean controls. The local medical ethical committee (MEC), being the Medical research Ethics Committees United, approved the study (MEC number: MEC-2018-06). All participants of this study gave written informed consent. This study was conducted in accordance with the Declaration of Helsinki and the Declaration of Istanbul and in compliance with the International Conference on Harmonization/Good Clinical Practice regulations.



Metabolic Syndrome

Patients were clinically diagnosed with MetS if they had the presence of three or more of the following risk factors (6, 27):

	- An increased waist circumference (≥ 102 cm in males, ≥ 88 cm in females)

	- Elevated triglycerides (≥ 150 mg/dL or 1.7 mmol/L) or drug  treatment for elevated triglycerides

	- Reduced HDL cholesterol (<40 mg/dL or 1.0 mmol/L in males,  <50 mg/dL or 1.3 mmol/L in females) or drug treatment for  reduced HDL cholesterol

	- Elevated blood pressure (systolic ≥ 130 mmHg and/or diastolic  ≥ 85 mmHg) or antihypertensive drug treatment

	- Elevated fasting glucose (≥100 mg/dL) or antidiabetic drug  treatment



Blood pressure was measured with the patient sitting in an upright position with the back supported for at least five minutes and the arm supported at the level of the heart, using an automatic sphygmomanometer (Welch Allyn, Hillrom Holdings, Inc., Chicago, IL, USA). The triglycerides, HDL cholesterol and fasting glucose were measured directly in serum obtained by vena puncture.



Blood Collection

In the morbidly obese population, venous blood samples were obtained at the clinic on the day of surgery, prior to the surgical intervention. Blood samples were collected in either two 10.0 mL or four 6.0 mL Lithium-Heparin tubes (BD, Franklin States NJ, USA). The blood samples were stored at room temperature and were analyzed within 8 hours after blood collection.

In the lean control population, blood was collected in two 10.0 mL Lithium-Heparin tubes prior to blood donation. The blood samples were stored at room temperature and were analyzed within 8 hours after blood collection.



CMV Serology

The diagnostic department of Virology assessed the CMV serology of all included participants. This was performed by determining the presence of plasma IgG antibodies to CMV with an enzyme immune assay (Biomerieux, VIDAS, Lyon, France). An outcome of ≥ 6 arbitrary units/mL (AU/mL) was considered as positive.



Immune Cell Phenotyping

Whole blood stainings were performed using fluorescently-labelled antibodies to identify and determine frequencies as well as absolute numbers of the different circulating immune cells and their differentiation status. Supplementary Table 1 lists the circulating immune cells we measured and the markers used for their identification.

Briefly, Trucount tubes (BD Pharmingen, Erebodegem, Belgium) containing a fixed number of beads were used to determine absolute numbers of leukocytes. Whole blood was incubated for 15 minutes at room temperature with blue violet 510 (BV510)-labeled anti-CD3, Pacific Blue (PacBlue)-labeled anti-CD4, fluorescein isothiocyanate (FITC)-labeled anti-CD8, phycoerythrin/cyanine7 (PE-Cy7)-labeled anti-CD19, allophycocyanin (APC)-labeled anti-CD45, PE-labeled anti-CD16, peridin chlorophyll protein (PerCP)-Cy7-labeled anti-CD56 (Biolegend Europe B.V. Uithoorn, Netherlands), and APC-H7-labeled anti-CD14 (BD). Subsequently, cells were lysed with Pharm Lyse solution (BD, diluted 10x with Milli-Q water) for 15 minutes. Afterwards, cells numbers were determined on a FACSCanto II equipped with 3 lasers (Blue laser harboring 4 detectors, red laser harboring 2 detectors and violet laser harboring 2 detectors; BD Biosciences, Erembodegem, Belgium) using FACSDiva software version 8 (BD).

An additional staining was performed to identify the different T cell subsets within CD4+ and CD8+ T cells. Whole blood staining using BV510-labeled anti-CD3, PacBlue-labeled anti-CD4, APC-Cy7-labeled anti-CD8, APC-labeled anti-CD45RO, PE-Cy7-labeled anti-CCR7, PE-labeled anti-CD31 (Biolegend), and PerCP-Cy5.5-labeled anti-CD28 (BD) were added to whole blood. The different B cell subsets were determined in a separate staining, using BV510-labeled anti-CD19, PE-Cy7-labeled anti-CD27, APC-Cy7-labeled anti-IgD, APC-labeled anti-CD24 (Biolegend), and BV421-labeled anti-CD38 (BD). Both staining tubes were incubated for 15 minutes at room temperature. Subsequently, cells were lysed for 10 minutes at room temperature using BD FACS lysing solution (BD), centrifuged for 5 minutes at 2000 RPM and washed twice using FACS flow solution (BD). Afterwards, cells were measured on a FACSCanto II (BD) using FACSDiva software version 8 (BD).

The cells were analyzed using Kaluza Analysis Software version 2.1 (Beckman Coulter, Indianapolis, USA). A typical example of the flow cytometric analysis and gating strategy used is depicted in Supplementary Figure 1.



Statistical Analysis

A sample size calculation was performed, by which we aimed to include 125 patients in both morbidly obese patients groups and 60 patients in the lean control group.

Baseline characteristics are reported using simple descriptive statistics. Comparisons between groups were performed using Pearson’s chi –square test for categorical data and Mann-Whitney U test for continuous data. A mixed negative binomial regression model with a random intercept for each subject was used for the statistical analysis of cell counts and cell subset composition. A Dirichlet multinomial mixed model was used for statistical analysis of cell subset composition in percentages (28). Additionally, the effects of covariates were investigated by including interactions for cell type and covariates age, BMI and CMV (yes/no). BMI was centered at the medians of the respective groups to allow for selective adjustment of within-group differences only. Thus, effects due to between-group differences in BMI were captured by the indicator variables for groups. Age was centered at the overall median to allow for easier interpretation of coefficients. The dispersion parameter was modeled as a function of the expected mean. Significance of differences in cell counts was tested by multivariate Wald tests in a sequential fashion. First, an overall test was done to assess differences for any cell type between groups. If significant, separate follow-up tests were performed for each cell type. Statistical analysis was performed using Stata version 14.2 (StataCorp, Texas, USA) and R version 3.6.1 (R Core Team, R Foundation for Statistical Computing, Vienna, Austria). A two-sided P-value <0.05 was used to indicate statistical significance.




Results


Baseline Characteristics

The study population consisted of 55 lean controls (LC), 117 morbidly obese patients without metabolic syndrome (MetS-) and 127 morbidly obese patients with metabolic syndrome (MetS+). The immune status of 60 lean controls were analyzed, however, five lean controls were excluded from this study as they had a BMI > 30 kg/m2.

The LC were significant younger than the MetS- and MetS+ groups (P<0.001). Baseline characteristics are shown in Table 1. The BMI of LC was significantly lower than that of morbidly obese patients (P<0.001), however, there was no significant difference in BMI between the MetS- and MetS+ groups (P=0.095). There were no significant differences in CMV seropositivity between the three study groups. Four MetS+ patients had a BMI <35 kg/m2 on the day of surgery. These patients all had a BMI >35 kg/m2 on their first presentation at the outpatient clinic. As a result of participation in an intervention program, consisting of psychological, dietetic and physiotherapeutic support to adjust their life style prior to surgery, they had already lost weight preoperatively.


Table 1 | Baseline characteristics.





Morbid Obesity Induces an Aged CD8+ T Cell Compartment

Morbidly obese patients had an increased number of circulating CD3+ T cells when compared to lean controls (P=0.010). The median [interquartile range] numbers of the circulating cells are shown in Table 2A. CMV seropositivity was significantly associated with higher overall CD3+ T cell counts (coefficient 0.110, P=0.014). The difference in number of circulating T cells was mainly caused by an increase in CD4+, but not CD8+, T cells in the MetS+ group. The increase in CD4+ T cells was not influenced by any of the confounders. Whereas the absolute number of circulating CD4+ T cells was increased in the MetS+ group, the presence of MetS was not associated with the composition of the CD4+ T cell subsets with respect to absolute numbers (P=0.156). In contrast to the CD4+ T cell subsets, the CD8+ T cell compartment contained more differentiated cells in the morbidly obese patients (P<0.001). This was reflected by an increase in CD8+ EMRA T cells in the morbidly obese patients as compared to lean controls (LC vs MetS- P=0.004, LC vs MetS+ P<0.001). MetS did not have an additional effect on CD8+ T cell differentiation (P=0.519), Figures 1A, B. There were no significant differences in CD4+ T cell subsets in terms of percentages (P=0.070), while CD8+ T cell subsets in terms of percentages were significantly different (P=0.033), as shown in Figures 2A, B. This was in both lean controls versus MetS- (P=0.043) and LC versus MetS+ (P=0.004).


Table 2a | Absolute numbers of the T cell subsets.






Figure 1 | Composition of immune cell subsets in absolute cell counts. (A) CD4+ T cell subsets. (B) CD8+ T cell subsets. (C) B cell subsets. (D) NK cell subsets. (E) Monocyte subsets. MetS-, morbidly obese patients without metabolic syndrome; MetS+, morbidly obese patients with metabolic syndrome; CM, central memory; EM, effector memory; EMRA, terminally differentiated effector memory. *P < 0.05.






Figure 2 | Composition of immune cell subsets in percentages. (A) CD4+ T cell subsets. (B) CD8+ T cell subsets. (C) B cell subsets. (D) NK cell subsets. (E) Monocyte subsets. MetS- = morbidly obese patients without metabolic syndrome; MetS+, morbidly obese patients with metabolic syndrome; CM, central memory; EM, effector memory; EMRA, terminally differentiated effector memory. *P < 0.05.





The CD4+/CD8+ Ratio Is Not Influenced by Metabolic Syndrome

Although there was a trend towards an increased CD4+/CD8+ ratio in the morbidly obese patients as compared to lean controls (2.06 [1.63;2.99] in LC, 2.31 [1.84;3.20] in MetS- and 2.57 [1.94;3.60] in MetS+), this was not significantly different after correction for the covariates (P=0.518).



Morbidly Obese Patients Have Increased Numbers of Differentiated DN B Cells

Along with the absolute number of T cells, the absolute number of B cells was significantly different between the three study groups (P=0.001), as presented in Table 2B. Additionally, there was a significant difference in the absolute number of B cell composition (P=0.037). This was reflected by an increase of DN B cells in morbidly obese patients as compared to LC (LC vs MetS- P=0.011, LC vs MetS+ P<0.001), Figure 1C. Both age (P=0.010) and BMI (P=0.025) influenced this difference positively. Also, there was a significant increase in mature plasma blasts in the morbidly obese patients as compared to the lean controls (P<0.001). None of the confounders showed an additional effect on this increase in plasma blasts. Nevertheless, the composition of B cell subsets in percentages was not significantly different between the three study groups (P=0.152), Figure 2C.


Table 2b | Absolute numbers of the B cell subsets.





Absolute Numbers of NK Cells Are Increased in Morbidly Obese Patients

Absolute numbers of NK cells were increased in the morbidly obese patients as compared to lean controls (P<0.001), as shown in Table 2C. These differences were not significantly affected by the confounders that we corrected for. There was no difference in absolute numbers of NK cells between the MetS- and MetS+ group (P=0.182). When comparing the two different phenotypes of the NK cells, there was an increase in absolute numbers of both cytotoxic (CD56dim) and immunomodulatory (CD56high) NK cells (P<0.001), Figure 1D. These differences were not seen when comparing the MetS- with the MetS+ groups (P=0.459). Proportions of the various subsets were not significantly different between the three study groups (P=0.089), as shown in Figure 2D.


Table 2c | Absolute numbers of the NK cell subsets.





Monocyte Phenotype Is Not Affected in Morbidly Obese Patients

Similarly to the T cells, B cells and NK cells, the absolute number of monocytes was increased in the morbidly obese patients as compared to the lean controls (P<0.001) Table 2D. This was, however, not significantly different between the MetS- and MetS+ groups (P=0.163). Whereas there was no phenotypic change in monocytes with respect to percentages (P=0.832), Figure 2E, there was a significant increase absolute number of all three monocyte subsets between the LC and morbidly obese patients (P=0.002), Figure 1E. However, there were no differences between the MetS- and MetS+ groups.


Table 2d | Absolute numbers of the monocyte subsets.






Discussion

In this study, cells of both the adaptive as well as the innate immune system proved to be affected by morbid obesity. Whereas MetS only induced an increase in CD4+ T cells, the absolute number of CD3+ T cells was also increased in morbidly obese patients as compared to lean controls. This increase in CD3+ T cells was amplified by CMV seropositivity. Furthermore, the CD8+ T cell differentiation was enhanced in morbidly obese patients, which was not affected by MetS and CMV seropositivity. For the innate immune system, absolute numbers of both monocytes and NK cells were increased in morbidly obese patients. However, this was not significantly different between the MetS- and MetS+ groups. Additionally, neither morbid obesity or MetS induced a phenotypic change in the NK cell and monocyte subsets. CMV seropositivity did not influence these results.

Ageing is associated with changes in composition of immune cell subsets, including the loss of naive CD8+ T cells and an increase in differentiated CD8+ T cells (29). We found a differentiated composition of CD8+ T cells in the morbidly obese patients as compared with lean controls, which is comparable to the increase of differentiated CD8+ T cells in the aging population. In contrast to an aging population, there was no loss of naive and RTE CD8+ T cells in our study population (30). The increase in both CD8+ EMRA T in the morbidly obese patients is comparable to what has been described in literature, in which immunological changes due to obesity were most pronounced in the CD8+ T cells (24, 31). In this study, this accelerated differentiation of CD8+ T cells was not only associated with morbid obesity, but also with increasing age. The accelerated aging of CD8+ T cells was not influenced by CMV seropositivity, which is in contrast to what has been described in literature (32). It might be that this accelerated differentiation is not further enhanced by CMV.

In elderly populations, a more differentiated profile of B cells with an increase of DN B cells has been described (33). In a study performed by Frasca et al., an increase of late/exhausted memory B cells was described among young individuals with obesity as compared to elder individuals with obesity and lean young and elderly controls (23). In our study, a comparable increase of DN B cells was seen in both MetS- and MetS+ groups as compared to the lean controls.

In this study, we have found a specific differentiated profile of the adaptive immune system of CD8+ T cells and B cells in morbidly obese patients, suggesting that there is obesity induced metaflammation. This aging profile consisted of an increase in more differentiated immune cells, being CD8+ EMRA T cells and DN B cells, while the number of immature immune cells was similar between the three study groups. Therefore, our data suggests that the production of immature immune cells is not disturbed by obesity. However, obesity does induce accelerated differentiation of CD8+ T cells and B cells. In our previous study, we found that T cell aging is partially reversed after bariatric surgery (24). Thus a long-term follow-up study in morbidly obese patients who will undergo bariatric surgery is suggested, in order determine whether excessive weight loss can reverse the aged composition of the different immune cell subsets.

An increased age is associated with an inverted CD4/CD8 ratio (34). In contrast to this, we found an increase in the CD4/CD8 ratio in the morbid obese patients, which confirms earlier studies in obesity (35, 36). The increase in CD4/CD8 ratio is especially explained by the increase in total CD4+ T cell numbers, whereas the CD8+ T cell numbers remains comparable between obese and lean subjects.

Despite the increase in absolute numbers of NK cells and monocytes, both cell types did not show an aged subset profile. Literature reports contradicting results on NK cell subset composition. Some studies show an increase in cytotoxic NK cells in morbidly obese patients, whereas other studies show an increase in immunomodulatory NK cells (19, 21, 37). These studies consisted of study populations of less than 20 patients. In our study, which was performed in a large study cohort, there was an increase of both cytotoxic and immunomodulatory NK cells. However, no obesity-induced senescence of NK cells was found.

We found an increase in CD14dim monocytes in morbidly obese patients that what comparable to what has been observed previously (38, 39). Similarly to Poitou et al., this increase was seen in morbidly obese patients as compared to lean controls, but was not seen in MetS- as compared to MetS+. Thus, MetS does not seem to influence aging of monocytes. Poitou et al. describes a decrease of CD14dim monocytes after LRYGB, suggesting that the monocyte aging is reversible. However, that study group only consisted of 36 patients, and it would therefore be interesting to duplicate this study in a larger cohort.

Although, to our knowledge, this is the first large and comprehensive study investigating immunosenescence in morbidly obese patients, a limitation of this study is that we have only focused on the composition of the immune system. Previous studies have shown an increase in proinflammatory and a decrease of anti-inflammatory cytokine production in morbidly obese individuals, which causes DNA damage and is associated with age-related diseases and mortality (29, 40). Therefore a study to the functioning of the immune system in this large population of morbidly obese patients as compared to lean controls is recommended.

Oxidative and nitrosative stress play an important role in the development of metabolic diseases (41). Increased levels of serum myeloperoxidase were previously observed in patients with metabolic syndrome, indicating that inflammation is intensified in this patient population (42). Glutathione deficiency gives oxidative stress, leading to an accelerated aging and diseases such as T2D. Glutathione oxidation was increased in patients with obesity and hypertension, but not specifically in patients with metabolic syndrome (42). Bariatric surgery reduces protein glycoxidation and nitrosative stress (43). It would be interesting to also identify the markers on our large study cohort, and additionally assess these markers in the cohort after bariatric surgery.

In conclusion, obesity-induced effects on the composition of the immune system are confined to shifting of the CD8+ T cell and B cell compartment to a more differentiated phenotype. Further research is required to evaluate whether bariatric surgery reverses this differentiated phenotype, as well as research into the function of the immune cells of morbidly obese individuals, both before and after bariatric surgery.
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