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Abstract: Intermittent fasting and fasting mimetic diets ameliorate inflammation. Similarly, serum
extracted from fasted healthy and asthmatic subjects’ blunt inflammation in vitro, implicating serum
components in this immunomodulation. To identify the proteins orchestrating these effects, SO-
MAScan technology was employed to evaluate serum protein levels in healthy subjects following
an overnight, 24-h fast and 3 h after refeeding. Partial least square discriminant analysis identified
several serum proteins as potential candidates to confer feeding status immunomodulation. The
characterization of recombinant IGFBP1 (elevated following 24 h of fasting) and PYY (elevated
following refeeding) in primary human CD4+ T cells found that they blunted and induced immune
activation, respectively. Furthermore, integrated univariate serum protein analysis compared to
RNA-seq analysis from peripheral blood mononuclear cells identified the induction of IL1RL1 and
MFGE8 levels in refeeding compared to the 24-h fasting in the same study. Subsequent quantitation
of these candidate proteins in lean versus obese individuals identified an inverse regulation of
serum levels in the fasted subjects compared to the obese subjects. In parallel, IL1RL1 and MFGE8
supplementation promoted increased CD4+ T responsiveness to T cell receptor activation. Together,
these data show that caloric load-linked conditions evoke serological protein changes, which in turn
confer biological effects on circulating CD4+ T cell immune responsiveness.

Keywords: fasting; refeeding; CD4+ T cell activation; SOMAscan; IGFBP1; PYY; IL1RL1; MFGE8;
integrative bioinformatics

1. Introduction

Caloric restriction, intermittent fasting and time-restricted feeding in animal
models [1–4], in healthy volunteers [5–8] and in overweight individuals [9] have been
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found to confer anti-inflammatory effects. Furthermore, caloric restriction, mimetic diets
and time-controlled fasting reduce inflammatory markers in human disease [10–12]. The
complexity of establishing the mechanisms orchestrating these immunomodulatory effects
include the difficulty in distinguishing the relative contribution of adipose tissue remod-
eling with concomitant weight loss [9,13], the role of changes in the microbiome [14–16]
and/or how and which immune cells [17,18] or organs [19,20] contribute to this regulation.

The mechanisms implicated by these immunomodulatory effects include pathways
modified: by ketogenesis [7,16,21], via gut biome short chain fatty acids, via reduced insulin-
like growth factor 1 (IGF-1) and protein kinase A (PKA) signaling [7,9,22], by the induction
of corticosteroid-signaling [1,16], via regulation of heme oxygenase-1 (HO-1) [23] and
through the upregulation of autophagy [13]. Fewer studies have explored the mechanisms
underpinning immunomodulatory effects of fasting interventions in humans [6–9].

Additionally, a pertinent question is whether the beneficial effects of restricting calories
is purely due to the reduction of calories or due to the dietary composition [24,25]. Initial
investigations suggest that the dietary content may be less impactful than duration of
caloric deprivation [24,26]. Hence time-controlled limitation in calories, per se, may evoke
the process of hormesis, which, in part, is the concept where a mild, sublethal stress
can protect against subsequent excessive stressors [27,28]. This biological phenomenon
has been shown where caloric restriction increases resistance to subsequent thermal or
oxidative stress injury (reviewed [29]). Interestingly, data is emerging that macrophage
polarization may be modulated by hormetic triggers [13,30].

Given the advances in high-throughput ‘omic’ studies [31], a potential avenue to
explore mechanisms involved in caloric load-dependent immunomodulation could be via
the study of serum proteomics from individuals’ serum extracted under different caloric
load conditions. The potential utility of this approach is supported by the finding that
serum extracted after time-controlled fasting and refeeding in healthy volunteers and in
asthma subjects differentially regulated the NLRP3 inflammasome response when used as
the exclusive incubation serum in transformed THP-1 monocytic/macrophage cells [6,12].
A recent study identified that time-controlled fasting similarly blunted CD4+ T helper cell
immune responsiveness [32]. In that study, RNA-seq and flow-cytometric analysis was
performed on peripheral blood mononuclear cells from healthy volunteers in response to
a baseline overnight fast, a 24-h fast and 3 h of refeeding. The findings included that the
greater duration of the fast was linked to greater effects on blunting immune responsiveness
and this fasting effect was very robust in blunting CD4+ T helper cell activation [32].

To evaluate the effects of changes in serum proteins in response to fasting and refeed-
ing, serum from the same subjects in response to overnight fasting, 24-h fasting and
refeeding [32] were analyzed using SOMAscan proteomics, and multivariate analysis
was employed to identify caloric load-dependent candidate proteins. Additional candi-
dates were identified using integrative bioinformatics by combining the SOMAscan results
with the previously published peripheral blood mononuclear cell (PBMC) RNA-seq data
(GEO database link: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165149,
accessed on 20 January 2021). The immunomodulatory role of candidate proteins was
then functionally validated in primary CD4+ T cells extracted from a group of healthy
volunteers and from a validation cohort of lean and obese subjects. In this study, we
identified multiple novel nutrient load-dependent circulating proteins that either promote
or blunt CD4+ T cell responsiveness. Furthermore, integrative bioinformatic analysis can
be used to find common circulating proteins with parallel pro-inflammatory effects in
serum from subjects after fasting, and in obese versus lean subjects. These findings support
that acute or chronic nutrient load conditions can generate parallel circulating signaling
molecules to drive CD4+ T helper cell responsiveness and identify that these factors confer
paracrine effects on immune cell regulatory programs.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165149
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2. Material and Methods
2.1. Study Design and Subjects

This fasting and refeeding pilot study was registered in ClinicalTrials.gov with the
registration number NCT02719899 and approved by the National Heart and Lung Institute
IRB. Subjects were screened in the ambulatory clinic and signed consent for the protocol
prior to undertaking the study (Visit 1). Subjects initiated the study after an overnight fast
with blood drawn for the baseline immune response (Baseline—Visit 2). After overnight
fasting, they consumed a fixed 500 calorie meal before 8am in the morning and fasted for
24 h except for unrestricted water intake. Following a 24-h fasting blood draw (Fasting—
Visit 3), the subjects ate another 500 calorie meal with post-prandial blood draws 3 h later
(Refed—Visit 3). The schematic of the blood draw protocol is shown in Supplemental
Figure S1A. The subject group consisted of 10 females and 10 males with an age range from
22 to 29 years (means ± SD: 24.35 ± 1.98), 22.0–28.7 BMI range (means ± SD: 24.56 ± 2.03)
and had the following race distribution (White/Non-Hispanic, n = 8; Asian, n = 8; African
American, n = 3; multiple, n = 1). All these subjects had no history of any acute or chronic
disease. Subjects had a choice between two isocaloric breakfasts: option (1) vegetable
omelet, toast with butter and jelly and orange juice; option (2) oatmeal with walnuts,
brown sugar, dried cranberries and milk. Lean and obese African American females with
an age range from 24 to 78 years (lean: 53.73 ± 18.49 and obese: 53.00 ± 12.45) and BMI’s
of 24.17 ± 2.17 (lean subjects, n = 15) and 40.29 ± 8.06 (obese subjects n = 15), respectively,
were enrolled on the Disease Discovery Natural History protocol (NCT01143454). The
blood from healthy volunteers for functional validation of target proteins was obtained
from on the same Disease Discovery Natural History protocol (NCT01143454) and from
the NIH clinical center blood bank (NCT00001846).

2.2. Blood Preparation and Bioassay

For the serum bioassay, blood was allowed to coagulate at room temperature in serum
tubes for 1 h and serum was collected by centrifuge for 10 min and stored at −80 ◦C. Each
serum sample was analyzed with each assay kit of IGFBP1 (RayBiotech), Peptide tyro-
sine tyrosine (PYY) (RayBiotech Peachtree Corners, GA, USA), ApoE (Thermo Scientific,
Waltham, MA, USA) and PCSK9, Leptin, MFG-E8 and ST2/IL1RL1 (R&D Systems, Min-
neapolis, MN, USA) according to the manufacturer’s instructions. The absorbance at each
assay was read at a wavelength of 405 nm with a plate reader (BioTek, Winooski, VT, USA).
The mean value of each subject represents the average of duplicate experiments (n = 18
biological distinct subjects).

2.3. PBMC RNAseq Analysis
RNA Sequencing and Bioinformatics Analysis

Libraries were prepared using RNA extracted from PBMCs of obese and lean subjects
(n = 4, in each group) and were sequenced on Illumina Novaseq for paired-end 100 bps
using standard Illumina sequencing primers. RNAseq fasta file quality was checked using
the FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc, accessed on
12 June 2020). The adapters were trimmed using Trimmomatic [33]. The RNA sequence
data was aligned to the human genome (GRCh38) using Spliced Transcripts Alignment
to a Reference (STAR) [34]. FeatureCounts was used for gene expression quantification
and Limma-voom [35,36] was used to perform differential expression analysis. Genes with
p value < 0.05 were considered differentially expressed (DE).

2.4. Cell Culture and Transfection

Primary PBMCs were isolated from human blood by density centrifugation using
a lymphocyte separation medium (MP Biomedicals, Santa Ana, CA, USA). CD4+ T cells
were negatively selected from PBMCs using the CD4+ T cell isolation kit (Miltenyi Biotec,
Gaithersburg, MD, USA). Cell purity of more than 95% was obtained after CD4+ T cell
isolation. For knockdown experiments, Accell control siRNA and SMARTpool Accell

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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siRNAs targeted IGFBP1 or PYY (Dharmacon, Lafayette, CO, USA) and were transfected
with Accell siRNA delivery media or T cell nucleofector kit according to manufacturer’s
instructions (Lonza, Bend, OR, USA). To increase cell viability, CD4+ T cells were transfected
with T cell nucleofector kit (Lonza) and maintained in media supplemented with 50 ng/mL
IL-2 (Peprotech, Cranbury, NJ, USA) for the first 24 h. The IL-2 media was then replaced
with regular RPMI media before the T cell receptor-mediated activation. THP1 human
monocytes and H9 human T lymphocytes (derivative of HuT78) obtained from ATCC were
maitained in RPMI 1640 media supplemented with 25 mM HEPES, 10% heat-inactivated
FBS and penicillin/streptomycin.

2.5. Cell Stimulation and Cytokine Assays

CD4+ T cells from subjects were activated with plate-coated 5 µg/mL CD3 and
10 µg/mL CD28 (BioLegend, Dedham, MA, USA) for 3 days in the presence of 10%
autologous fasted or refed serum. To see the effect of heat-inactivated serum (HI) in CD4+

T cells, the serum was incubated at 56 ◦C for 30 min and the CD4+ T cells from subjects
after overnight fasting (Baseline) were incubated for 3 days with 10% HI and non-HI serum,
respectively. THP-1 cells were differentiated into macrophages by incubation with 5 ng/mL
PMA (Sigma-Aldrich, St. Louis, MO, USA) for 48 h in media supplemented with 10% fasted
or refed serum from the subjects. THP-1 macrophages were incubated at 5 × 105 cells per
well in a 96-well plate with 10 ng/mL LPS for 4 h (Ultrapure Salmonella minnesota R595;
Enzo Life Sciences) and with 10 µM Nigericin (Sigma-Aldrich) for the last 30 min to induce
IL-1β secretion. H9 cells were incubated for 24 h in media supplemented with 10% fasted or
refed serum, and then activated at 1 × 106 cells per well in 96-well plate with plate-coated
CD3 and CD28 for 24 h to induce IL-2 secretion. CD4+ T cells (4 × 105/well in 96-well
plate) from healthy volunteers were activated with plate-coated CD3 and CD28 for 3 days
with supplementation with each recombinant protein (100 ng/mL IGFBP1, ST2/IL1RL1
and MFGE8 (R&D Systems)), or 20 nM PYY3-36 (Peprotech) for the last 24 h of incubation.
Supernatants were collected, centrifuged to remove cells and debris and stored at −80 ◦C.
The levels of cytokines, including IL-1β, IL-2, IFNγ, IL-4, IL-5 and IL-17, were measured
by ELISA (R&D Systems). Results were normalized to cell number using the CyQuant cell
proliferation assay (Invitrogen, Waltham, MA, USA).

2.6. SOMAscan Assay and Data Analysis

Proteomic profiles were characterized using the 1.3 k SOMAscan assay (SomaLogic,
Inc., Boulder, CO, USA). The basis of SOMAscan is built on the use of a new generation of
protein-capture Slow Offrate Modified Aptamer (SOMAmer) reagents [37]. Using these
reagents, the SOMAscan assay is able to comparatively evaluate protein abundance in
50 µL of serum. Generated by a technique referred to as the selected evolution of ligands
by exponential enrichment (SELEX), the 1.3 k assay consists of 1305 SOMAmer reagents
selected against a variety of human proteins (47% secreted proteins, 28% extracellular
domains, 25% intracellular proteins) that belong to broad biological subgroups including
receptors, kinases, cytokines, proteases, growth factors, protease inhibitors, hormones and
structural proteins. SOMAmer reagents are binned into three separate groups according to
the expected endogenous abundance of each SOMAmer’s cognate protein in typical human
samples. Each SOMAmer reagent exists in only one of the three groupings. Serum samples
(including controls) are then diluted into three concentrations (0.005%, 1% and 40%) in order
to create separate groups for high-, medium- and low-abundance proteins, respectively.
Through this separation, the SOMAscan assay is able to quantify proteins across a dynamic
range spanning more than 8 orders of magnitude. The diluted samples are then incubated
with the dilution-specific SOMAmers. Runs in the 1.3 k assay were performed semi-
automatically with a Tecan Freedom Evo 200 High Throughput System (HTS), which
utilizes 96-well plates. The SOMAscan plate design included buffer wells (no sample
added), quality control and calibrator samples provided by SomaLogic. Quality control and
calibrators were pooled samples composed of the same matrix as the biological samples
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being measured in the plate. Following standard data normalization procedures [38],
raw data were first transformed by hybridization control normalization, which utilizes
12 spike-in SOMAmer controls to remove well-to-well variance in the hybridization process,
followed by median signal normalization to remove intraplate variance due to sample-to-
sample differences in loading volume, leaks, washing conditions, etc. It should be noted
that this was a single-plate study, so the standard inter-plate calibration normalization
step was not necessary. An interactive Shiny web tool [39] was used during the quality
control process at every step of the data normalization process. The schematic of the
SOMAscan assay and data analysis is shown in Supplementary Figure S1B. SOMAmer
candidates with >50% missing values were excluded from the analysis. The missing
values were imputed with the half of the minimum values measured for the respective
SOMAmer proteins. The dataset was analyzed by the partial least square discriminant
analysis (PLS-DA) from mixOmics library [40] in R. The variables with variable importance
in prediction (VIP) score >1 were reported. The heatmaps were generated in R using
ggplot2. Pathway enrichment analysis was done using the blood transcription module [41]
and clusterProfiler [42]. Additionally, disease gene enrichment analysis was performed
using the DisGenNet R package [43].

2.7. Quantitative PCR Analysis

Total RNA was isolated using the Nucleospin RNA kit (Macherey-Nagel, Bethlehem,
PA, USA) and cDNA produced using a first-strand synthesis kit (Invitrogen, Waltham,
MA, USA). Quantitative real-time PCR was performed using SYBR green PCR master
mix (Roche, Indianaplis, IN, USA) and run on Lightcycler 96 systems (Roche). Transcript
levels of IGFBP1, IL1RL1, MFGE8, PKIG and AMIGO1 were measured using validated
gene-specific primers (Qiagen, Germantown, MD, USA). The primers of PYY were made
by Integrated DNA Technologies (forward: 5′-CGGACACGCTTCTTTCCAAAACG-3′;
reverse: 5′-TGGTTGGCAGATCTCCCAGGAG-3′). Relative gene expression was quantified
by normalizing Ct values with 18S using the 2−∆Ct cycle threshold method.

2.8. Statistical Analysis

Statistical analyses were performed using PRISM (GraphPad Software, San Diego,
CA, USA) and R (URL https://www.R-project.org/, accessed on 17 September 2020). For
in vivo and in vitro studies, n represents the number of biological replicates per group
and is reported in the figure legends. For histograms, the means ± SEM for the indicated
number of observations are reported. The box plots show the median and upper/lower
quartile of the observation and show the mean as ‘+’. The whiskers show Tukey distribution
and the outlier levels are shown as individual points. Statistical significance between the
two groups was determined using a two-tailed Student’s t-test when analyzing the response
between groups. A p value < 0.05 was considered statistically significant.

3. Results
3.1. Validation of Paracrine Effects of Fasting and Refeeding Serum on Immune Cell Responsiveness

As previously described, a clinical study was performed on peripheral blood mononu-
clear cells (PBMCs) to compare cellular gene expression profiles in response to an overnight
fast (Baseline), to a 24-h fast (Fasting) and in response to 3 h of refeeding (Refed;
Supplementary Figure S1A). In this study, the 24-h fast was shown to have more ro-
bust gene regulatory responses versus refeeding when compared to the overnight fast,
supporting the concept that the hormetic stress of the longer fast initiates more robust
immunomodulatory effects. The unbiased bioinformatic analysis of the data in the PBMCs
supported the results that fasting had a robust effect on CD4+ T cells, although the study
could not distinguish between cell intrinsic regulatory effects versus paracrine effects on
the cells from the 24-h fast [32]. Prior studies showed that serum extracted from fasting
versus refed subjects and used for the incubation of THP-1 macrophages showed differ-
ential modulation of the NLRP3 inflammasome [6,12], although what factors in serum

https://www.R-project.org/
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orchestrated this immunomodulation has not been determined. To address this question,
study serum from these 21 healthy volunteer subjects was used here to assay whether
the serum conferred or contributed to these immunomodulatory effects, and to perform
proteomics analysis to identify and validate putative regulatory proteins (Supplementary
Figure S1B). To first validate whether these fasting serum effects were operational in THP-1
cells, we assayed the IL-1β released in this macrophage cell line in response to LPS and
nigericin, and confirmed that the fasting serum blunted the IL-1β release compared to
cells incubated in serum extracted from the same refed study subjects (Figure 1a). We
then evaluated whether this serum effect could be extended to T cells by assessing the
response of incubation of fasted and refed serum in the human transformed H9 T cell line.
Here too, incubation with the fasted serum blunted the release of IL-2, a canonical CD4+ T
cell-associated cytokine, in response to T cell receptor activation (Figure 1b). To evaluate
the effect of this serum on primary human immune cells, CD4+ T cells were acquired from
study subjects following an overnight fast (Baseline), and then incubated with naïve or
heat-inactivated serum extracted from these same subjects. Here too, the exogenous naïve
or heat-inactivated serum showed the same pattern, where the 24-h fasting-extracted serum
conferred a reduction in both IFNγ and IL-5 release compared to the refed, supplemented
cells (Figure 1c).
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Figure 1. Evaluating whether serum from fasted versus fed subjects has an effect on in-vitro inflammation in cultured cells.
(a) THP1 cells with 10% serum for preincubation for 1 day and then stimulated with 10 ng/mL LPS for 4 h and 10 µM
Nigericin for 30 min. The values represent the average of duplicate experiments (n = 8). Paired t-test; * p value < 0.05. (b) H9
cells with 10% serum for preincubation for 1 day and then activated by aCD3/aCD28 for 1 day with 10% serum. The values
represent the average of duplicate experiments (n = 8). Paired t-test; * p value < 0.05. (c) CD4+ T cells isolated from subjects
after ON fasting (Baseline) were incubated for 3 days with 10% heat-inactivated (HI) serum, respectively (n = 9). HI, 56 ◦C
for 30 min; Paired student t-test; * p value < 0.05; ** p < 0.01.
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3.2. SomaLogic Serum Proteomic Analysis Identified Candidate Differentially Expressed Peptides
from the Three Nutritional States

Serum protein levels were quantified and then subjected to SOMAscan analysis.
The data revealed a large number of differentially expressed (DE) proteins in the paired
comparisons between the three groups (Wilcoxin rank sum test <0.05, Figure 2a and
Supplementary Table S1). DE proteins obtained from the three nutrient conditions are
depicted in a Venn diagram (Figure 2b). The relative fluorescent intensity of 19 common
proteins regulated in three nutrient conditions are shown in a heatmap (Figure 2c). Pathway
enrichment analysis using blood transcription modules (BTM) [41] showed that DE proteins
from fasting and refed states were enriched in T cell activation (p < 0.05, Supplementary
Figure S2A and Supplementary Table S2) using the ClusterProfiler pathway (p < 0.05,
Supplementary Figure S2B and Supplementary Table S3). We performed a partial least
square discriminant analysis (PLS-DA) with all three groups to identify proteins that had
the highest variable of importance in prediction scores (VIP score) that could discriminate
between the three groups. The PLS-DA plot shows a robust distinction in the serum protein
levels in the three nutritional load states (Figure 2d). Overall, 14 proteins had highly robust
variables of importance in prediction (VIP) scores (>5), that can discriminate differences in
protein levels between the three nutritional groups (Figure 2e). Additionally, disease gene
enrichment analysis of the VIPs with score >1 revealed a significant enrichment in heart
disease and obesity (Figure 2f).

3.3. Enzyme-Linked Immunoassay Analysis Validation of Identified SOMAscan Candidate Peptides

To determine if the levels of the identified VIP score proteins were differentially ex-
pressed in the serum from the different nutrient conditions, serum was assayed by ELISA’s
targeting six of these proteins. The highest ranked VIP proteins were insulin-like growth
factor-binding protein 1 (IGFBP1) and proprotein convertase subtilisin/kexin 9 (PCSK9).
Interestingly, the ELISA assays showed the IGFBP1 levels were significantly elevated in
the 24-h fasting serum, and the PCSK9 distinguished the baseline compared to the fasting
and refeeding states (Figure 3a,b). Interestingly, the leptin levels paralleled PCSK9 with the
distinct group being at baseline (Figure 3c). Apolipoprotein E (ApoE) mirrored IGFBP1,
with the highest levels in the fasted state, and PYY was most highly expressed in the refed
state (Figure 3d,e). The relative fluorescence intensity graph and heatmap measured from
the three nutrient conditions is shown in Supplementary Figure S3A–E.

3.4. Characterization of Immunomodulatory Effects of IGFBP1 and PYY

As IGFBP1 and peptide tyrosine-tyrosine (PYY) had high VIP scores, IGFBP1 levels
were the most highly differentiated in the fasting group compared to the baseline and refed
groups and PYY showed the greatest difference in the refed state compared to the other
two nutritional load states, we characterized the effects of their recombinant proteins on T
cell activation. Interestingly, PYY was also identified as a highly regulated transcript level
in the ClusterProfiler pathway analysis comparing refeeding to both the fasting conditions
(Supplementary Figure S2B). Primary human CD4+ T cells were studied in response to T
cell receptor (TCR) activation and showed that IGFBP1 significantly blunted the secretion
of IFNγ, IL-4 and IL-17, and PYY significantly and conversely increased secretion of the
same Th1, Th2 and Th17 cytokine levels (Figure 4a and Supplementary S4A). Interestingly,
interrogation of publicly available CD4+ T cell libraries show that both IGFBP1 and PYY are
expressed in activated T cells [44] and we found that these transcripts encoding for these
proteins are expressed in CD4+ T cells and regulated by TCR activation. Interestingly, RNA
expression of IGFBP1 did not show the same pattern as its secreted protein, suggesting
post-transcriptional control of IGFBP1 by the nutritional load (Supplementary Figure S4A).
To assess the effects of these two proteins, we then employed a siRNA targeting control,
IGFBP1 and PYY transcripts in primary CD4+ T cells. The transcript levels of IGFBP1
were reduced by ≈55% and PYY by ≈45% (Supplementary Figure S4B). Following the
subsequent TCR activation, IGFBP1-depleted cells showed excess secretion of IFNγ, IL-4
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and IL-17 levels, whereas knockdown of PYY had the opposite effect (Figure 4b). Together
these data support that IGBP1, which is elevated in the fasting state, blunts CD4+ T cell
responsiveness, and that PYY augments this activation capacity.
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Figure 2. Differentially expressed proteins identified in the indicated comparisons. (a) Table showing the number of DE
(differentially expressed) proteins identified in the indicated comparisons (Wilcoxin rank sum test <0.05, n = 20). (b) Venn
diagram of DE proteins from three comparisons (Wilcoxin rank sum test <0.05, n = 20). (c) Heatmap of 19 overlapped
proteins identified by SomaLogic analysis in three comparisons (log transformed value of the mean relative fluorescent
intensity). (d) PLS-DA (artial least square-discriminant analysis) plots from three comparisons (n = 20, blue, Baseline; orange,
Fasting; gray, Refed). (e) Bar graphs of 14 VIP (variables of importance in prediction) proteins from three comparisons (VIP
score >5, left panel). VIP scores rank the serum proteins as the most important for differentiating overall serum protein
profiles between the groups indicated in the key. All VIP proteins indicated also differed in post hoc analyses (p < 0.05).
Heatmap of 14 VIP proteins in three comparisons (log value of the relative fluorescent intensity, right panel). (f) Disease
association analysis with VIP proteins (p < 0.05).
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Figure 3. Verify the VIP SOMAscan results by ELISA. (a) IGFBP1, (b) PCSK9, (c) Leptin, (d) ApoE, and (e) PYY level
were measured by ELISA using serum collected from three metabolic conditions (n = 18). Paired t test; ** p < 0.01. VIP,
Variables of importance in prediction; IGFBP1, Insulin-like growth factor-binding protein 1; PCSK9, Proprotein convertase
subtilisin/kexin 9; ApoE, Apolipoprotein E; PYY, Peptide tyrosine-tyrosine.

3.5. Integration of SomaLogic and RNAseq Data to Identify Putative Interacting Pathways in the
Modulation of T Cell Responsiveness

In the initial study on this cohort of subjects comparing RNAseq analysis and flow
cytometry, it was found that the immunomodulatory effects of the 24-h fast were more
robust than the overnight fast when both groups were compared to refeeding [32]. Hence,
an additional integrated bioinformatics approach was employed to evaluate if we could
uncover additional differences in circulating protein levels that could correlate with PBMC
gene expression level changes in response to 24 h of fasting or refeeding. Here, the
differentially expressed genes from the 24-h fasting vs. refeeding PBMC RNAseq data
(GEO database link: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165149,
accessed on 20 January 2021) were correlated with the differentially expressed SOMAmer
candidates from the same individuals. This analysis could potentially identify serum
protein candidates that may indirectly impact gene expression in immune cells. While
correlation is not causation, the serum protein-gene pairs could then be further evaluated
in a cell culture to explore mechanisms of immunomodulation. Significantly differentially
expressed serum protein candidates identified by univariate analysis were further assessed
for correlation with the DE genes from the published RNAseq dataset. Five candidate
proteins showed significant correlations, including KLK7 (negative correlation with a
subset of 24-h fasting genes), IL1RL1 (positive correlation with a subset of fasting genes),
ANGPT1 (negative correlation with a subset of refed genes), BMP10 (negative correlation
a subset of refed genes) and MFGE8 (negative correlation with a subset of refed genes).
IL1RL1 and MFGE8 were further studied because both of these proteins were linked to
immune modulatory effects [45,46], were both significantly induced in the refed compared

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165149
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to the 24-h fasting samples by SomaLogic analysis (Supplementary Figure S5A,B) and both
were confirmed in serum at the protein levels (Figure 5a) and at the transcript level in CD4+

T cells (Figure 5b). The functional validation of the effects of these two candidates were
validated where recombinant IL1RL1 and MFGE8 induced the secretion of the Th1 and
Th17 cytokines IFNγ and IL-17 (Figure 5c).
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Figure 4. Characterization of immunomodulatory effects of IGFBP1 and PYY. (a) Cytokine release
after treatment of recombinant proteins (100 ng/mL IGFBP1 or 20 nM PYY3-36) for the last 24 h of
incubation in CD4+ T cells followed TCR activation for 3 days (n = 6). (b) Cytokine release following
KD in CD4+ T cells by TCR activation for 3 days (n = 6–8). Unpaired student T test; * p value < 0.05;
** p < 0.01. IGFBP1, Insulin-like growth factor-binding protein 1; PYY, Peptide tyrosine-tyrosine; TCR,
T cell receptor.
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serum collected from three metabolic conditions (n = 18). Paired t-test; ** p < 0.01. (b) RNA expression level in CD4+ T cells
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3.6. Evaluation of Identified Serum Protein Candidates in a Lean Versus Obese Subject Cohort

Given the significant enrichment of the VIP serum proteins in obesity, we further eval-
uated whether any of these serum protein candidates are operational in other nutritional
load conditions. We assayed their levels in serum from overnight fasted lean and obese
subjects. While the levels of IGFBP1 and PYY were not different between these two groups
(data not shown), both IL1RL1 and MFGE8 were significantly elevated in serum and at the
transcript levels in CD4+ T cells, respectively, in the obese compared to lean serum group
(Figure 6a,b). Body mass index from lean and obese subjects is described in Materials and
Methods. Although obesity is linked to inflammation through multiple mechanisms [47],
in this study exploring CD4+ T helper cell responsiveness, the extent of TCR-mediated
cytokine production was restricted to Th1 and Th17 cells, as evident by the significantly
higher levels of IFNγ and IL-17 in the obese versus lean subject cells (Figure 6c).

To identify potential gene regulation linked to the elevated IL1RL1 and MFGE8,
respectively, we intersected the fasting-refed SOMAmer-gene correlation pairs with that
of the DE genes from the lean versus obese RNAseq dataset (Supplementary Table S4).
Specifically, the IL1RL1- and MFGE8-correlated genes from the fasting-refed datasets were
used as the discovery cohort. From the refed expression dataset, 4 genes correlated with
IL1RL1 and 62 correlated genes with MFGE8. To explore their potential link with obesity,
the expression levels of the genes were further analyzed in the lean and obese RNAseq
dataset. Notably, the expression levels of 2 genes correlated with IL1RL1, and 11 correlated
with MFGE8, which were also differentially expressed in the obese versus lean subjects
(Figure 6d and Supplementary Tables S4 and S5). Specifically, the transcript levels of the
gene encoding the cAMP-dependent protein kinase inhibitor (PKIG), which correlated
with IL1RL1 levels, and of the gene encoding the adhesion molecule with Ig-like domain-1
(AMIGO1), which correlated with MFGE8 levels, showed the same relationship in the lean
versus obese subjects (Figure 6e,f). Consistently, the transcript levels of PKIG and AMIGO1
were significantly induced in obese compared to lean subjects (Figure 6g).
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Figure 6. Evaluate the level of fasting serum targets comparing lean to obese subjects. (a) IL1RL1 and MFGE8 levels in
the serum of lean (n = 11) and obese subjects (n = 15). Data point of each subject is shown as dot and quantitative data are
presented as means ± SEM. Unpaired student t-test, ** p < 0.01. (b) RNA expression in CD4+ T cells from lean and obese
subjects (n = 10). Data point of each subject is shown as dot and quantitative data are presented as means ± SEM. Unpaired
student t-test, * p < 0.05; *** p < 0.001. (c) Cytokine release in CD4+ T cells from lean and obese subjects (lean, n = 6–8;
obese, n = 8–10). Ratio paired Student t-test, ** p < 0.01. (d) IL1RL1- and MFGE8-correlated genes (IL1RL1, 4 genes; MFGE8,
62 genes) from the fasting-refed RNAseq dataset were used as the discovery cohort. The expression levels of these genes
were found in the lean-obese RNAseq dataset (IL1RL1, 2 genes; MFGE8, 11 genes), * p < 0.05. (e,f) Integration plot with
IL1RL1 or MFGE8 serum protein and correlated genes (left panel) and transcript level correlated with IL1RL1 or MFGE8 in
CD4+ T cells (right panel, n = 8), * p < 0.05; ** p < 0.01. (g) RNA expression in CD4+ T cells from lean and obese subjects
(lean, n = 8; obese, n = 10). Unpaired Student t-test, * p < 0.05.
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4. Discussion

In this study, we undertook a serum proteomics analysis using SomaLogic to identify
and characterize nutrient-responsive circulating proteins that directly modulate CD4+ T cell
responsiveness. When exploring the SOMAscan data in isolation and comparing the levels
between the three nutritional load states (Baseline; Fasting; Refed), the PLS-DA identified
IGFBP1 as an important variable whose levels were mostly highly elevated and differen-
tially regulated by the 24-h fast compared to the other two groups, and conversely, that PYY
was most distinctly induced by refeeding. The functional validation studies supported that
fasting mediated the blunting of CD4+ T cell activation, which was conferred by elevated
IGFBP1, and that the increased immune responsiveness of refeeding correlated with in-
creased CD4+ T cell activation by PYY. In parallel, univariate analysis of the serum proteins
from the fasting versus refed groups identified several proteins that were significantly
differentially expressed. Since serum proteins can impart wide-ranging paracrine effects in
the body, including on immune cells, we utilized the previously published RNAseq gene
expression datasets from the PBMCs of these subjects [32] to specifically explore the corre-
lation in expression between serum proteins and genes. This integration of the RNAseq
data with that of the proteomics data delineated several significantly correlated SOMAmer
protein-gene pairs. Notably, the strong positive correlations of IL1RL1 and MFGE8 with
genes from the refed RNAseq expression dataset further expanded the candidate genes
that likely play a role in nutrient load-dependent immunomodulation in coordination with
the serum proteins. Consistently, several significantly correlated SOMAmer protein-gene
pairs were confirmed by qPCR after supplementing the cell culture media of the CD4+

cells with the respective SOMAmer candidate. Additionally, several serum proteins were
also significantly enriched in heart disorders and obesity, suggesting their broader role
in nutrient load-dependent signaling. Consistent with this, IL1RL1 and MFGE8, which
were increased by refeeding, were also elevated in obese compared to lean subjects, and
functional validation studies showed that these two proteins specifically augmented Th1
and Th17 cytokines levels in healthy subjects. Taken together, this study found that nu-
merous circulating proteins under different nutritional states contribute to the modulation
of the CD4+ T cell immune responsiveness by directly or indirectly modulating the gene
expression levels, and thus, this study supports the emerging concept of the paracrine role
of serum proteins in immunomodulation. Additionally, the concordant upregulation of a
subset of these serum proteins and transcripts in both the refed subjects and obese subjects
potentially substantiates their broader roles in immunomodulation and metabolism.

Insulin-like growth factor (IGF)-binding proteins (IGFBPs) comprise a family of regu-
latory proteins that can stimulate or inhibit IGF activity through high-affinity binding [48].
IGFBP1 is a 30-kDa circulating protein that is predominantly expressed in the liver and
is regulated by nutrient cues [49,50]. Additionally, its levels inversely reflect the risk of
cardiometabolic complications such as atherosclerosis, hypertension and insulin resis-
tance [51]. Its direct role in immunomodulation is less well characterized, although its
cognate substrate IGF-1 via AKT-mTOR promotes Th17 cell differentiation [52], and the
increased ratio of IGF-1/IGFBP1 is linked to increased activity of monocytes, B, T and
NK cells [53]. Interestingly, and consistent with our findings, IGFBP1 levels are known
to be induced during fasting [49]. Consistent with the fasting and feeding effect on CD4+

T cell responsiveness [32], this study showed that IGFBP1 blunts Th1, Th2 and Th17 cell
responsiveness and its genetic depletion in CD4+ T cells has the inverse effect. Interest-
ingly, the knockdown effects show that IGFBP1 has cell-intrinsic effects on CD4+ T cell
immunomodulation. In contrast to the effects with fasting and refeeding, the lack of change
in IGFBP1 levels in the lean and obese cohort may reflect the combination of the role of
ethnicity in determining IGFBP1 levels [54,55] and the different racial compositions of the
fasting/refeeding and the obese/lean cohorts.

Peptide tyrosine-tyrosine (PYY) is a 36-amino acid peptide which belongs to the
neuropeptide Y (NPY) family of biologically active peptides, which also includes NPY
itself and the pancreatic polypeptide (PP). PYY is produced by the enteroendocrine L
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cells in the gut and predominantly signals through the G-protein-coupled Y2 receptor,
although it can also signal through the Y1 receptor [56]. The two endogenous forms PYY1-36
and PYY3-36 are low in the fasted state and released post-prandially [57]. Interestingly,
enteral TLR agonists and the butyrate, which are produced by gut bacterial fermentation,
increase L cell PYY expression through NF-B-dependent signaling [58]. PYY3-36 can also be
generated by the cleavage of the amino terminal Tyr-Pro amino terminal residues by the
enzyme dipeptidyl peptidase IV (DP-IV). Although the major role of PYY is transduced via
binding to Y2 receptors in the hypothalamic arcuate nucleus as an anorexigenic input, a
limited amount of data implicates its role in immunomodulation. This has been mostly
assessed in the myeloid system, where PYY acting via Y1 receptors decreased rat peritoneal
macrophages’ adhesion capacity and suppressed phagocytosis and NO production in the
resident macrophages [59]. Furthermore, an increased inflammatory macrophage response
was evidence in the activated NPY PYY double-knockout macrophages [60]. Additionally,
the PPY cleavage ectoenzyme DP-IV is present on numerous leucocytes as the surface
antigen CD26, and the antigen is expressed on resting T cells and induced during T cell
activation. Its role in T cell biology is further supported in that DP-IV inhibitors suppress
clonal CD4+ T cell responsiveness [61]. The data from this study extend these findings to
show that it can also promote CD4+ effector T cell responsiveness and that, similarly to
IGFBP1, it has cell-intrinsic effects. Interestingly, levels of PYY are blunted with fasting
and in response to feeding in African Americans compared to Caucasians [57], and this
race distinction may explain the unchanged PYY levels in the lean versus obese African
American cohort.

The interleukin 1 receptor like-1 (IL1RL1) encodes the membrane-bound ST2 receptor
for IL-33 [62] and is expressed on a subset of T cells and on numerous myeloid cells [63]. In
CD4+ T cells, the IL-33/ST2 signaling pathway plays an important role in Th2 activation,
and interestingly, IL1RL1 variants are linked to increased risk of IL-33-driven type 2
inflammation in asthma [45]. Although the role of the IL-33/ST2 pathway under different
nutrient conditions does not appear to have been studied, data show that the Th2 pathway
is induced in asthmatic subjects in response to refeeding after a 24-h fast [12].

Milk fat globule EGF/factor VIII (MFGE8), also called lactadhedrin, has two domains
including an Arg-Gly-Asp sequence that binds to dendritic cells, macrophage integrins and
a phosphatidylserine (PS)-binding sequence, though which it associates with phosphatidyl
serine (PS)-containing membranes including plasma membranes and derived exososomes.
Interestingly, MFG-E8 is linked to dendritic cell exosome-mediated antigen presenta-
tion [64]. At the same time, the genetic depletion of MFG-E8 leads to murine autoimmunity
linked to the impaired clearance of germinal center B cells due to the role of MFGE8 in
binding to PS on apoptotic B cells to facilitate their engulfment by macrophages [46]. A
role of MFGE8 in the modulation of CD4+ T cell function does not appear to have been
shown previously, and here we showed that it is both nutrient-level dependent and plays a
role in the activation of Th1 and Th17 CD4+ T cells.

Numerous limitations are present in this study that should be highlighted. Firstly, in
the time-controlled fasting and refeeding study, the subjects had different meal options,
and whether the meal composition played a role in modulating the refeeding serum protein
levels was not determinable because of the small study size when the groups were analyzed
separately. Secondly, the fasting/refeeding and the lean/obese cohorts were not matched
for age or racial ethnicity. Although this is a study limitation, it also underscores that the
IL1RL1 and MFGE8 immunomodulatory effects are operational across different ages, BMIs
and ethnic groups under different nutritional conditions. Finally, in the fasting and refed
study, the time of the blood draws for fasting and refeeding were not the same, which
could introduce a circadian rhythm effect. This concept would need to be explored in a
follow up study, when blood could be drawn at the same time on different days to exclude
circadian effects on time-controlled fasting and refeeding serum protein levels.
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5. Conclusions

The recognition that restricting calories by numerous interventions, such as intermit-
tent fasting or time-restricted feeding, have ameliorative effects on inflammation is bringing
these interventions to the forefront as a potential therapeutic strategy [65]. Numerous
immune cell-intrinsic signaling pathways [65] and effects on immune cell localization [20]
linked to nutrient load immunomodulation have been defined, and recent evidence also
shows that this regulation can be modulated at the transcriptional level in CD4+ T cells [32].
Furthermore, numerous studies have also shown that serum metabolites, in part derived
from gut bacteria such as short chain fatty acids, and ketones derived from the liver or
from dietary interventions, also regulate immunomodulation [21,66,67]. In this study, we
expanded the understanding of the regulatory control nodes in nutrient load-dependent im-
munomodulation by identifying that circulating proteins, including IGFBP1, PYY, IL1RL1
and MFGE8, can similarly affect nutrient load-dependent CD4+ T cell regulation. Of
these serum proteins, IGFBP1 and PYY were exclusively differentially expressed in the
fasted and refed states, suggesting that many such proteins may impart fasting-mediated
immunomodulation irrespective of the BMI of the subjects. However, future studies delin-
eating differential immunomodulation in fasted lean and obese subjects will be required
to fully understand the nutrient load-dependent signaling immunomodulatory processes
that are impacted by subject BMI. Furthermore, we undertook an approach of integrating
serum proteomics expression data with the PBMC gene expression data to decipher the
potential effects of the serum proteins on immune cell gene expression. Previous work
has revealed that broad gene expression changes in PBMCs, contributing to the fasting-
mediated immunomodulation [32]. This study helped to delineate the interplay between
the changes in serum protein levels and their potential impact on genes expression in the
CD4+ subpopulation of PBMCs as additional drivers of nutrient load-dependent immune
modulation. The expanding complexity of this control further supports that the ability
to regulate immune responsiveness by caloric restriction interventions is controlled at
cell autonomous, paracrine and probably systemic levels. This in turn may explain why
fasting mimetic therapeutic compounds may not necessarily be able to recapitulate the
comprehensive ameliorative effects of caloric restriction interventions on inflammation
and/or on other systemic effects [65].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13051492/s1. Supplementary Figure S1: Schematic of the protocol and workflow of
SomaLogic analysis. Supplementary Figure S2: Pathway analysis of SomaLogic data acquired from
the three nutritional load conditions. Supplementary Figure S3: Relative fluorescence intensity
measured in serum from three nutrient conditions. Supplementary Figure S4: Characterization of
immunomodulatory effects of IGFBP1 and PYY. Supplementary Figure S5: IL1RL1 and MFGE8
identified by integrating SomaLogic and Fasting versus Refed PBMCs RNAseq dataset. Supplemen-
tary Table S1: Protein list showing differential expression by SomaLogic analysis. Supplementary
Table S2: BTM enrichment analysis for DE proteins in three nutrient conditions. Supplementary
Table S3: Pathway enrichment analysis for DE proteins in three nutrient conditions. Supplementary
Table S4: DE genes of obese versus lean PBMCs RNAseq dataset. Supplementary Table S5: IL1RL1-
and MFGE8-correlated genes in refed versus fasting PBMCs and obese versus lean RNAseq datasets.

Author Contributions: Conceived the project: K.H., K.S. and M.N.S.; Secured Funding: T.M.P.-W.
and M.N.S.; Designed the experiments: K.H., K.S., R.D.H., K.E.R.S., M.P. and M.N.S.; Carried out
experiments: K.H., K.S., M.J.R., S.H., Y.B., R.D.H., J.C. (Jinguo Chen) and F.C.; Analyzed data:
K.H., K.S., J.C. (Julián Candia) and F.C.; Wrote the manuscript: K.H., K.S. and M.N.S.; Edited the
Manuscript: J.C. (Julián Candia), F.C., Y.B., M.P. and T.M.P.-W.; Correspondence: M.N.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Division of Intramural Research of the National Heart,
Lung and Blood Institute of the US NIH (M.N.S.—HL005102, HL005199 and HL006199 and T.M.P.-W.
—HL-006168 and HL-006225).

https://www.mdpi.com/article/10.3390/nu13051492/s1
https://www.mdpi.com/article/10.3390/nu13051492/s1


Nutrients 2021, 13, 1492 16 of 19

Institutional Review Board Statement: All studies were performed in compliance with and fol-
lowing approval by the NIH IRB. Trial Registration numbers: ClinicalTrials.gov ID: NCT02719899,
NCT01143454, and NIH Clinical Center blood bank (NCT00001846).

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

Data Availability Statement: The RNAseq data from the fasting and refeeding study is avail-
able at the GEO database link: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165149,
accessed on 20 January 2021). The differential expressed genes from the obese and lean PBMCs
RNAseq dataset are shown in Supplementary Table S4.

Acknowledgments: This work was supported by the Intramural Research Program of the NHLBI of
the National Institutes of Health. We thank Jessica Mann and Rongye Shi in the Center of Human
Immunology, NIAID for the assistance with project management and sample collection, respectively.
We thank and acknowledge the assistance of the NHLBI DNA Sequencing and Genomics Core in
performing the RNA library sequencing.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Piccio, L.; Stark, J.L.; Cross, A.H. Chronic calorie restriction attenuates experimental autoimmune encephalomyelitis. J. Leukoc.

Biol. 2008, 84, 940–948. [CrossRef] [PubMed]
2. Vasconcelos, A.R.; Yshii, L.M.; A Viel, T.; Buck, H.S.; Mattson, M.P.; Scavone, C.; Kawamoto, E.M. Intermittent fasting attenuates

lipopolysaccharide-induced neuroinflammation and memory impairment. J. Neuroinflamm. 2014, 11, 85. [CrossRef] [PubMed]
3. Choi, I.Y.; Piccio, L.; Childress, P.; Bollman, B.; Ghosh, A.; Brandhorst, S.; Suarez, J.; Michalsen, A.; Cross, A.H.; Morgan, T.E.; et al.

A Diet Mimicking Fasting Promotes Regeneration and Reduces Autoimmunity and Multiple Sclerosis Symptoms. Cell Rep. 2016,
15, 2136–2146. [CrossRef] [PubMed]

4. Traba, J.; Geiger, S.S.; Kwarteng-Siaw, M.; Han, K.; Ra, O.H.; Siegel, R.M.; Gius, D.; Sack, M.N. Prolonged fasting suppresses
mitochondrial NLRP3 inflammasome assembly and activation via SIRT3-mediated activation of superoxide dismutase 2. J. Biol.
Chem. 2017, 292, 12153–12164. [CrossRef]

5. Fontana, L.; Meyer, T.E.; Klein, S.; Holloszy, J.O. Long-term calorie restriction is highly effective in reducing the risk for
atherosclerosis in humans. Proc. Natl. Acad. Sci. USA 2004, 101, 6659–6663. [CrossRef] [PubMed]

6. Traba, J.; Kwarteng-Siaw, M.; Okoli, T.C.; Li, J.; Huffstutler, R.D.; Bray, A.; Waclawiw, M.A.; Han, K.; Pelletier, M.; Sauve, A.A.;
et al. Fasting and refeeding differentially regulate NLRP3 inflammasome activation in human subjects. J. Clin. Investig. 2015, 125,
4592–4600. [CrossRef] [PubMed]

7. Brandhorst, S.; Choi, I.Y.; Wei, M.; Cheng, C.W.; Sedrakyan, S.; Navarrete, G.; Dubeau, L.; Yap, L.P.; Park, R.; Vinciguerra, M.; et al.
A Periodic Diet that Mimics Fasting Promotes Multi-System Regeneration, Enhanced Cognitive Performance, and Healthspan.
Cell Metab. 2015, 22, 86–99. [CrossRef]

8. Meydani, S.N.; Das, S.K.; Pieper, C.F.; Lewis, M.R.; Klein, S.; Dixit, V.D.; Gupta, A.K.; Villareal, D.T.; Bhapkar, M.; Huang, M.;
et al. Long-term moderate calorie restriction inhibits inflammation without impairing cell-mediated immunity: A randomized
controlled trial in non-obese humans. Aging 2016, 8, 1416–1431. [CrossRef]

9. Wei, M.; Brandhorst, S.; Shelehchi, M.; Mirzaei, H.; Cheng, C.W.; Budniak, J.; Groshen, S.; Mack, W.J.; Guen, E.; Di Biase, S.; et al.
Fasting-mimicking diet and markers/risk factors for aging, diabetes, cancer, and cardiovascular disease. Sci. Transl. Med. 2017, 9,
eaai8700. [CrossRef]

10. A Fraser, D.; Thoen, J.; Djøseland, O.; Førre, O.; Kjeldsen-Kragh, J. Serum levels of interleukin-6 and dehydroepiandrosterone
sulphate in response to either fasting or a ketogenic diet in rheumatoid arthritis patients. Clin. Exp. Rheumatol. 2000, 18, 357–362.

11. Johnson, J.B.; Summer, W.; Cutler, R.G.; Martin, B.; Hyun, D.-H.; Dixit, V.D.; Pearson, M.; Nassar, M.; Tellejohan, R.; Maudsley, S.;
et al. Alternate day calorie restriction improves clinical findings and reduces markers of oxidative stress and inflammation in
overweight adults with moderate asthma. Free Radic. Biol. Med. 2007, 42, 665–674. [CrossRef]

12. Han, K.; Nguyen, A.; Traba, J.; Yao, X.; Kaler, M.; Huffstutler, R.D.; Levine, S.J.; Sack, M.N. A Pilot Study to Investigate the
Immune-Modulatory Effects of Fasting in Steroid-Naive Mild Asthmatics. J. Immunol. 2018, 201, 1382–1388. [CrossRef]

13. Martinez-Lopez, N.; Tarabra, E.; Toledo, M.; Garcia-Macia, M.; Sahu, S.; Coletto, L.; Batista-Gonzalez, A.; Barzilai, N.; Pessin,
J.E.; Schwartz, G.J.; et al. System-wide Benefits of Intermeal Fasting by Autophagy. Cell Metab. 2017, 26, 856–871.e5. [CrossRef]
[PubMed]

14. Zhang, C.; Li, S.; Yang, L.; Huang, P.; Li, W.; Wang, S.; Zhao, G.; Zhang, M.; Pang, X.; Yan, Z.; et al. Structural modulation of gut
microbiota in life-long calorie-restricted mice. Nat. Commun. 2013, 4, 2163. [CrossRef] [PubMed]

15. Griffin, N.W.; Ahern, P.P.; Cheng, J.; Heath, A.C.; Ilkayeva, O.; Newgard, C.B.; Fontana, L.; Gordon, J.I. Prior Dietary Practices
and Connections to a Human Gut Microbial Metacommunity Alter Responses to Diet Interventions. Cell Host Microbe 2017, 21,
84–96. [CrossRef] [PubMed]

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165149
http://doi.org/10.1189/jlb.0208133
http://www.ncbi.nlm.nih.gov/pubmed/18678605
http://doi.org/10.1186/1742-2094-11-85
http://www.ncbi.nlm.nih.gov/pubmed/24886300
http://doi.org/10.1016/j.celrep.2016.05.009
http://www.ncbi.nlm.nih.gov/pubmed/27239035
http://doi.org/10.1074/jbc.M117.791715
http://doi.org/10.1073/pnas.0308291101
http://www.ncbi.nlm.nih.gov/pubmed/15096581
http://doi.org/10.1172/JCI83260
http://www.ncbi.nlm.nih.gov/pubmed/26529255
http://doi.org/10.1016/j.cmet.2015.05.012
http://doi.org/10.18632/aging.100994
http://doi.org/10.1126/scitranslmed.aai8700
http://doi.org/10.1016/j.freeradbiomed.2006.12.005
http://doi.org/10.4049/jimmunol.1800585
http://doi.org/10.1016/j.cmet.2017.09.020
http://www.ncbi.nlm.nih.gov/pubmed/29107505
http://doi.org/10.1038/ncomms3163
http://www.ncbi.nlm.nih.gov/pubmed/23860099
http://doi.org/10.1016/j.chom.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28041931


Nutrients 2021, 13, 1492 17 of 19

16. Cignarella, F.; Cantoni, C.; Ghezzi, L.; Salter, A.; Dorsett, Y.; Chen, L.; Phillips, D.; Weinstock, G.M.; Fontana, L.; Cross, A.H.; et al.
Intermittent Fasting Confers Protection in CNS Autoimmunity by Altering the Gut Microbiota. Cell Metab. 2018, 27, 1222–1235.e6.
[CrossRef]

17. Suárez-Souto, M.A.; Lara-Padilla, E.; Reyna-Garfias, H.; Viloria, M.; López-Sánchez, P.; Rivera-Aguilar, V.; Miliar-García, Á.;
Kormanovski, A.; Domínguez-López, M.L.; Campos-Rodríguez, R. Caloric restriction modifies both innate and adaptive immunity
in the mouse small intestine. J. Physiol. Biochem. 2011, 68, 163–173. [CrossRef] [PubMed]

18. Nagai, M.; Noguchi, R.; Takahashi, D.; Morikawa, T.; Koshida, K.; Komiyama, S.; Ishihara, N.; Yamada, T.; Kawamura, Y.I.; Muroi,
K.; et al. Fasting-Refeeding Impacts Immune Cell Dynamics and Mucosal Immune Responses. Cell 2019, 178, 1072–1087.e14.
[CrossRef]

19. Miyauchi, T.; Uchida, Y.; Kadono, K.; Hirao, H.; Kawasoe, J.; Watanabe, T.; Ueda, S.; Okajima, H.; Terajima, H.; Uemoto, S.
Up-regulation of FOXO1 and reduced inflammation by β-hydroxybutyric acid are essential diet restriction benefits against liver
injury. Proc. Natl. Acad. Sci. USA 2019, 116, 13533–13542. [CrossRef]

20. Buono, R.; Longo, V.D. When Fasting Gets Tough, the Tough Immune Cells Get Going—or Die. Cell 2019, 178, 1038–1040.
[CrossRef]

21. Youm, Y.-H.; Nguyen, K.Y.; Grant, R.W.; Goldberg, E.L.; Bodogai, M.; Kim, D.; D’Agostino, D.; Planavsky, N.J.; Lupfer, C.;
Kanneganti, T.D.; et al. The ketone metabolite β-hydroxybutyrate blocks NLRP3 inflammasome–mediated inflammatory disease.
Nat. Med. 2015, 21, 263–269. [CrossRef]

22. Cheng, C.-W.; Adams, G.B.; Perin, L.; Wei, M.; Zhou, X.; Lam, B.S.; Da Sacco, S.; Mirisola, M.; Quinn, D.I.; Dorff, T.B.; et al. Pro-
longed Fasting Reduces IGF-1/PKA to Promote Hematopoietic-Stem-Cell-Based Regeneration and Reverse Immunosuppression.
Cell Stem Cell 2014, 14, 810–823. [CrossRef] [PubMed]

23. Di Biase, S.; Lee, C.; Brandhorst, S.; Manes, B.; Buono, R.; Cheng, C.-W.; Cacciottolo, M.; Martin-Montalvo, A.; De Cabo, R.; Wei,
M.; et al. Fasting-Mimicking Diet Reduces HO-1 to Promote T Cell-Mediated Tumor Cytotoxicity. Cancer Cell 2016, 30, 136–146.
[CrossRef] [PubMed]

24. Mitchell, S.J.; Bernier, M.; Mattison, J.A.; Aon, M.A.; Kaiser, T.A.; Anson, R.M.; Ikeno, Y.; Anderson, R.M.; Ingram, D.K.; De Cabo,
R. Daily Fasting Improves Health and Survival in Male Mice Independent of Diet Composition and Calories. Cell Metab. 2019, 29,
221–228.e3. [CrossRef]

25. Christ, A.; Günther, P.; Lauterbach, M.A.; Duewell, P.; Biswas, D.; Pelka, K.; Scholz, C.J.; Oosting, M.; Haendler, K.; Baßler, K.;
et al. Western Diet Triggers NLRP3-Dependent Innate Immune Reprogramming. Cell 2018, 172, 162–175.e14. [CrossRef]

26. Sutton, E.F.; Beyl, R.; Early, K.S.; Cefalu, W.T.; Ravussin, E.; Peterson, C.M. Early time-restricted feeding improves insulin
sensitivity, blood pressure, and oxidative stress even without weight loss in men with prediabetes. Cell Metab. 2018, 27,
1212–1221.e3. [CrossRef] [PubMed]

27. Calabrese, E.J.; A Baldwin, L. Defining hormesis. Hum. Exp. Toxicol. 2002, 21, 91–97. [CrossRef] [PubMed]
28. Yun, J.; Finkel, T. Mitohormesis. Cell Metab. 2014, 19, 757–766. [CrossRef]
29. Mattson, M.P. Dietary factors, hormesis and health. Ageing Res. Rev. 2008, 7, 43–48. [CrossRef]
30. Calabrese, E.J.; Giordano, J.J.; Kozumbo, W.J.; Leak, R.K.; Bhatia, T.N. Hormesis Mediates Dose-Sensitive Shifts in Macrophage

Activation Patterns. Pharmacol. Res. 2018, 137, 236–249. [CrossRef]
31. Gucek, M.; Sack, M.N. Proteomic and metabolomic advances uncover biomarkers of mitochondrial disease pathophysiology and

severity. J. Clin. Investig. 2021, 131, e145158. [CrossRef] [PubMed]
32. Han, K.; Singh, K.; Rodman, M.J.; Hassanzadeh, S.; Wu, K.; Nguyen, A.; Huffstutler, R.D.; Seifuddin, F.; Dagur, P.K.; Saxena,

A.; et al. Fasting-induced FOXO4 blunts human CD4+ T helper cell responsiveness. Nat. Metab. 2021, 3, 318–326. [CrossRef]
[PubMed]

33. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

34. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]

35. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2013, 30, 923–930. [CrossRef]

36. Law, C.W.; Chen, Y.; Shi, W.; Smyth, G.K. voom: Precision weights unlock linear model analysis tools for RNA-seq read counts.
Genome Biol. 2014, 15, R29. [CrossRef] [PubMed]

37. Rohloff, J.C.; Gelinas, A.D.; Jarvis, T.C.; A Ochsner, U.; Schneider, D.J.; Gold, L.; Janjic, N. Nucleic Acid Ligands With Protein-like
Side Chains: Modified Aptamers and Their Use as Diagnostic and Therapeutic Agents. Mol. Ther. Nucleic Acids 2014, 3, e201.
[CrossRef]

38. Candia, J.; Cheung, F.; Kotliarov, Y.; Fantoni, G.; Sellers, B.; Griesman, T.; Huang, J.; Stuccio, S.; Zingone, A.; Ryan, B.M.; et al.
Assessment of Variability in the SOMAscan Assay. Sci. Rep. 2017, 7, 1–13. [CrossRef]

39. Cheung, F.; Fantoni, G.; Conner, M.; Sellers, B.A.; Kotliarov, Y.; Candia, J.; Stagliano, K.; Biancotto, A. Web Tool for Navigating
and Plotting SomaLogic ADAT Files. J. Open Res. Softw. 2017, 5. [CrossRef]

40. Rohart, F.; Gautier, B.; Singh, A.; Cao, K.-A.L. mixOmics: An R package for ‘omics feature selection and multiple data integration.
PLoS Comput. Biol. 2017, 13, e1005752. [CrossRef]

http://doi.org/10.1016/j.cmet.2018.05.006
http://doi.org/10.1007/s13105-011-0128-9
http://www.ncbi.nlm.nih.gov/pubmed/22086353
http://doi.org/10.1016/j.cell.2019.07.047
http://doi.org/10.1073/pnas.1820282116
http://doi.org/10.1016/j.cell.2019.07.052
http://doi.org/10.1038/nm.3804
http://doi.org/10.1016/j.stem.2014.04.014
http://www.ncbi.nlm.nih.gov/pubmed/24905167
http://doi.org/10.1016/j.ccell.2016.06.005
http://www.ncbi.nlm.nih.gov/pubmed/27411588
http://doi.org/10.1016/j.cmet.2018.08.011
http://doi.org/10.1016/j.cell.2017.12.013
http://doi.org/10.1016/j.cmet.2018.04.010
http://www.ncbi.nlm.nih.gov/pubmed/29754952
http://doi.org/10.1191/0960327102ht217oa
http://www.ncbi.nlm.nih.gov/pubmed/12102503
http://doi.org/10.1016/j.cmet.2014.01.011
http://doi.org/10.1016/j.arr.2007.08.004
http://doi.org/10.1016/j.phrs.2018.10.010
http://doi.org/10.1172/JCI145158
http://www.ncbi.nlm.nih.gov/pubmed/33463543
http://doi.org/10.1038/s42255-021-00356-0
http://www.ncbi.nlm.nih.gov/pubmed/33723462
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1093/bioinformatics/btt656
http://doi.org/10.1186/gb-2014-15-2-r29
http://www.ncbi.nlm.nih.gov/pubmed/24485249
http://doi.org/10.1038/mtna.2014.49
http://doi.org/10.1038/s41598-017-14755-5
http://doi.org/10.5334/jors.166
http://doi.org/10.1371/journal.pcbi.1005752


Nutrients 2021, 13, 1492 18 of 19

41. Li, S.; Rouphael, N.; Duraisingham, S.S.; Romero-Steiner, S.; Presnell, S.R.; Davis, C.; Schmidt, D.S.; E Johnson, S.; Milton, A.;
Rajam, G.; et al. Molecular signatures of antibody responses derived from a systems biology study of five human vaccines. Nat.
Immunol. 2014, 15, 195–204. [CrossRef] [PubMed]

42. Yu, G.; Wang, L.-G.; Han, Y.; He, Q.-Y. clusterProfiler: An R Package for Comparing Biological Themes Among Gene Clusters.
OMICS A J. Integr. Biol. 2012, 16, 284–287. [CrossRef]

43. Piñero, J.; Ramírez-Anguita, J.M.; Saüch-Pitarch, J.; Ronzano, F.; Centeno, E.; Sanz, F.; I Furlong, L. The DisGeNET knowledge
platform for disease genomics: 2019 update. Nucleic Acids Res. 2019, 48, D845–D855. [CrossRef] [PubMed]

44. Uhlén, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A.; Kampf, C.; Sjöstedt, E.;
Asplund, A.; et al. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]

45. Gordon, E.D.; Palandra, J.; Wesolowska-Andersen, A.; Ringel, L.; Rios, C.L.; Lachowicz-Scroggins, M.E.; Sharp, L.Z.; Everman,
J.L.; MacLeod, H.J.; Lee, J.W.; et al. IL1RL1 asthma risk variants regulate airway type 2 inflammation. JCI Insight 2016, 1, e87871.
[CrossRef]

46. Hanayama, R.; Tanaka, M.; Miyasaka, K.; Aozasa, K.; Koike, M.; Uchiyama, Y.; Nagata, S. Autoimmune Disease and Impaired
Uptake of Apoptotic Cells in MFG-E8-Deficient Mice. Science 2004, 304, 1147–1150. [CrossRef]

47. Bekkering, S.; Saner, C.; Riksen, N.P.; Netea, M.G.; Sabin, M.A.; Saffery, R.; Stienstra, R.; Burgner, D.P. Trained Immunity: Linking
Obesity and Cardiovascular Disease across the Life-Course? Trends Endocrinol. Metab. 2020, 31, 378–389. [CrossRef] [PubMed]

48. Kelley, K.M.; Oh, Y.; Gargosky, S.E.; Gucev, Z.; Matsumoto, T.; Hwa, V.; Ng, L.; Simpson, D.M.; Rosenfeld, R.G. Insulin-like
growth factor-binding proteins (IGFBPs) and their regulatory dynamics. Int. J. Biochem. Cell Biol. 1996, 28, 619–637. [CrossRef]

49. Cotterill, A.M.; Holly, J.M.P.; Wass, J.A.H. The regulation of insulin-like growth factor binding protein (IGFBP)-1 during prolonged
fasting. Clin. Endocrinol. 1993, 39, 357–362. [CrossRef] [PubMed]

50. Cotterill, A.M.; Holly, J.M.P.; Amiel, S.; Wass, J.A.H. Suppression of endogenous insulin secretion regulates the rapid rise of
insulin-like growth factor binding protein (IGFBP)-1 levels following acute hypoglycaemia. Clin. Endocrinol. 1993, 38, 633–639.
[CrossRef] [PubMed]

51. Rajwani, A.; Ezzat, V.; Smith, J.; Yuldasheva, N.Y.; Duncan, E.R.; Gage, M.; Cubbon, R.M.; Kahn, M.B.; Imrie, H.; Abbas, A.; et al.
Increasing Circulating IGFBP1 Levels Improves Insulin Sensitivity, Promotes Nitric Oxide Production, Lowers Blood Pressure,
and Protects Against Atherosclerosis. Diabetes 2012, 61, 915–924. [CrossRef] [PubMed]

52. DiToro, D.; Harbour, S.N.; Bando, J.K.; Benavides, G.; Witte, S.; Laufer, V.A.; Moseley, C.; Singer, J.R.; Frey, B.; Turner, H.; et al.
Insulin-Like Growth Factors Are Key Regulators of T Helper 17 Regulatory T Cell Balance in Autoimmunity. Immunity 2020, 52,
650–667.e10. [CrossRef] [PubMed]

53. Khorram, O.; Vu, L.; Yen, S.S.C. Activation of Immune Function by Dehydroepiandrosterone (DHEA) in Age-Advanced Men. J.
Gerontol. Sci. Ser. Biol. Sci. Méd. Sci. 1997, 52, M1–M7. [CrossRef] [PubMed]

54. Liew, C.F.; Wise, S.D.; Yeo, K.P.; Lee, K.-O. Insulin-like growth factor binding protein-1 is independently affected by ethnicity,
insulin sensitivity, and leptin in healthy, glucose-tolerant young men. J. Clin. Endocrinol. Metab. 2005, 90, 1483–1488. [CrossRef]

55. Alderete, T.L.; Byrd-Williams, C.E.; Toledo-Corral, C.M.; Conti, D.V.; Weigensberg, M.J.; Goran, M.I. Relationships Between IGF-1
and IGFBP-1 and Adiposity in Obese African-American and Latino Adolescents. Obesity 2011, 19, 933–938. [CrossRef] [PubMed]

56. De Silva, A.; Bloom, S.R. Gut Hormones and Appetite Control: A Focus on PYY and GLP-1 as Therapeutic Targets in Obesity. Gut
Liver 2012, 6, 10–20. [CrossRef] [PubMed]

57. Cooper, J.A. Factors affecting circulating levels of peptide YY in humans: A comprehensive review. Nutr. Res. Rev. 2014, 27,
186–197. [CrossRef]

58. Larraufie, P.; Doré, J.; Lapaque, N.; Blottière, H.M. TLR ligands and butyrate increasePyyexpression through two distinct but
inter-regulated pathways. Cell. Microbiol. 2016, 19, e12648. [CrossRef]
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