Significance:

Obesity in the United States is an epidemic that affects one-third of the population, increasing the risk of chronic and infectious diseases for Americans of all ages. Obesity has been shown to impair the function of T-lymphocytes, or T cells, and more specifically the function of the thymus which is responsible for T cell training and development. A growing body of evidence suggests that impairment of the immune system associated with obesity is due to transcriptional dysregulation caused by metabolic changes. In this study, an immunometabolic regulator known as FGF21 along with its co-receptor beta-klotho are shown to be regulated in transcription by obesity, weight loss, and weight gain. This could add to the list of characterized molecular mechanisms through which obesity and weight change affect immune function. 

Abstract:

	Thymic involution is a key concern in an increasingly obese and an increasingly old population due to its role in the immune system. FGF21 signaling has been identified as one key element in the alterations to the thymic microenvironment that are seen with obesity and age, which both increase thymic involution. Research has been quickly growing on this topic, and this study adds a characterization of weight change to the knowledge of transcriptional regulation of these signaling molecules. Since FGF21 has been identified as a strong protective factor against the degradation and loss of the thymic epithelial layer, it is of particular interest. A mouse model of obesity, weight loss, and weight gain using dietary modulation was used to study this interaction. It was hypothesized that FGF21 would be relatively expressed the most in the obese group, followed by the weight gain group, weight loss, and lean in descending order. It was also hypothesized that the relative expression of -Klotho and FGFR1 would follow this trend similarly. A statistically significant p-value for the difference in relative expression of FGF21 between the experimental groups (p = 0.0190) was found. The difference between groups was not significant for FGFR1 (p = 0.8549) or -Klotho  (p = 0.07180). The FGF21 multiple comparisons revealed significant differences between lean versus weight gain (p = 0.0161) and lean versus obese (p = 0.0107). The FGFR1 multiple comparisons showed no significant differences between any of the groups. The -Klotho multiple comparisons reveals a statistically significant difference between the obese and weight loss groups (p = 0.0142). These findings demonstrate a potential role for FGF21 signaling in obesity-induced immune dysfunction.

Methods:

Experimental Design:
	In order to observe the effects of obesity, weight loss, and weight gain on gene expression in the thymus, a mouse model was used. Jackson Laboratory C57BL/6J mice were stratified into 4 metabolic conditions: lean, obese, weight loss, and weight gain. The total sample size was 20, with 5 mice designated into each experimental group. Mice numbered 61 – 65 were lean, 66 – 70 were weight gain, 71 – 75 were obese, and 76 – 80 were weight loss. After acclimation, the mice were separated into two initial groups with half being on a standard chow diet (10% fat) and half being on an obesogenic 60% high-fat diet (HFD). The obese and weight loss groups started on the HFD. The lean and weight gain groups started on the standard chow diet. This diet pattern was maintained for 18 weeks, at which time there was a switch for half of the mice in each group to the opposite diet (weight loss group switched to standard chow and weight gain group switched to HFD). The new diet pattern was continued for 15 weeks and thymus tissue was collected at the end of that time period. The weights of the mice were tracked throughout the experiment and can be seen in Figure 1. The mice that were used for this study did not continue for the full 18 weeks shown in Figure 1. 
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Figure 1. Weekly average weight in grams for lean, weight gain, obese, and weight loss groups.
Pulverization: 
	The whole thymus tissue was frozen at -80oC for storage until powdering. Liquid nitrogen and a cryogenic tissue pulverizer were used to create a dry powder of each thymus, which were stored again at -80oC. 
Extraction of Total RNA with TRIzol Reagent:
In order to homogenize the tissue, TRIzol Reagent was used with a motorized Kimble Kontes Pellet Pestle in order to lyse the cells and dissociate the nucleoprotein complexes. Pure chloroform was used to create an organic separation to sequester the ribonucleic acids in the aqueous layer. GlycoBlue dye was added to the aqueous layer to aid in the visualization of the RNA in the pellet form. Isopropanol was used to precipitate the RNA (ribonucleic acid) and aid in the formation of the first pellet. A 1X sodium dodecyl sulfate (SDS) solubilization buffer was used to resuspend the pellet. In order to neutralize the charge of the phosphodiester backbone of the ribonucleic acids with monovalent cations, 3M sodium acetate salt (NaOAc) was used (Walker & Lorsch, 2013). The organic layer of phenol: chloroform with isoamyl alcohol (pH 4.3) was used to create a second organic separation. Chloroform with isoamyl alcohol was added to the aqueous layer of that separation to create a third separation. This aqueous layer was then dissolved in 100% molecular grade, RNase-free ethanol and incubated at -80oC. The samples were centrifuged at each separation and precipitation step at 10,000 x g to 12,000 x g with a temperature of 4oC. 
DNase Digestion:
	The samples were taken from incubation and centrifuged to pellet form. The pellets were dissolved in DEPC-treated water and digested with DNase at 37oC in order to cleave the deoxyribonucleic acids into individual nucleotides. This ensured the RNA was the only stranded nucleic acid in solution. 
RNA Clean-Up:
	In order to purify the RNA, two subsequent separations were conducted. First an organic separation was established with sodium acetate (NaOAc) and phenol: chloroform with isoamyl alcohol (pH 4.3). A subsequent separation using the aqueous layer and chloroform with isoamyl alcohol was conducted and the aqueous layer was dissolved in 100% molecular-grade, RNase-free ethanol and incubated at -80oC. 

RNA Quantitation:
	The samples were spun a final time to form a pellet and were resuspended in 20 uL to 40 uL of DEPC-treated water. A NanoDrop 2000 Spectrophotometer was used to gain an absorption spectrum for each of the samples. This provided  information on the RNA concentration, the absorption at 230, 260, and 280 nm of light, and the ratios of absorption for 260 nm/280 nm and 260 nm/230 nm.  These ratios also provided  information on potential contamination in each solution from proteins, phenol, and salts. 

	Mouse #
	Group
	Nucleic Acid Concentration (ng/uL)
	A260
	A280
	A230 
	A260/
A280
	

A260/ A230
	Yield (mcg)

	61
	lean
	334.3
	8.36
	4.30
	5.43
	1.95
	1.54
	20.39

	62
	lean
	497.4
	12.45
	6.28
	6.80
	1.98
	1.83
	30.84

	63
	lean
	429.9
	10.75
	5.43
	6.63
	1.98
	1.62
	27.08

	64
	lean
	229.8
	5.74
	2.93
	3.83
	1.96
	1.50
	14.71

	65
	lean
	554.1
	13.85
	7.05
	8.10
	1.97
	1.71
	36.02

	66
	weight gain
	32.4
	0.81
	0.50
	0.99
	1.61
	0.82
	2.14

	67
	weight gain
	281.4
	7.04
	3.81
	5.77
	1.85
	1.22
	18.85

	68
	weight gain
	249.2
	6.24
	3.45
	6.05
	1.81
	1.03
	16.95

	69
	weight gain
	95.7
	2.39
	1.25
	1.49
	1.92
	1.61
	6.60

	70
	weight gain
	182.2
	4.55
	2.28
	2.53
	2.00
	1.80
	12.75

	71
	obese
	23.3
	0.58
	0.35
	0.67
	1.65
	0.87
	1.65

	72
	obese
	227.5
	5.69
	2.88
	3.47
	1.97
	1.64
	16.38

	73
	obese
	376.1
	9.40
	4.63
	5.25
	2.03
	1.79
	27.46

	74
	obese
	48.8
	1.22
	0.68
	0.96
	1.80
	1.27
	3.61

	75
	obese
	368.3
	9.21
	4.56
	5.32
	2.02
	1.73
	27.62

	76
	weight loss
	1044.2
	26.11
	12.70
	14.03
	2.06
	1.86
	79.36

	77
	weight loss
	638.5
	15.96
	7.97
	9.85
	2.00
	1.62
	49.16

	78
	weight loss
	1258.8
	31.47
	15.43
	17.68
	2.04
	1.78
	98.19

	79
	weight loss
	528.3
	13.21
	6.53
	7.68
	2.02
	1.72
	41.74

	80
	weight loss
	546.6
	13.67
	6.76
	8.33
	2.02
	1.64
	43.73



Table 1. NanoDrop spectrophotometry data: concentration, absorption (A260, A280, A230), absorption ratios, and calculated RNA yield.  	
	The A260/A280 ratio indicated the level of protein contamination in the sample. The acceptable ratios for this protocol are from 1.8 to 2.0. Since RNA absorbs light at 260 nm and protein absorbs at 280 nm, higher ratios indicate purer RNA. This is the most important quality control and was a primary factor governing the exclusion of certain samples. The A260/A230 ratio indicated the level of contamination from phenol or salts and is only a secondary measure of purity. Since our enzymes are robust, we were confident that there would be minimal negative downstream effects of a ratio below 2. Samples 66 and 71 were omitted for having both excessively low RNA concentrations and low A260/A280 ratios indicating protein contamination. They also had A260/A230 ratios below 1 which could have resulted from the low RNA concentration and subsequent low A260. 	
Reverse Transcription to Synthesize cDNA:
	 To make a copied DNA (cDNA) template of whole RNA, a Bio-Rad iScript Reverse Transcription Supermix for real-time reverse transcription quantitative polymerase chain reaction (RT-qPCR). The Supermix contained RNAse H+ Moloney murine leukemia virus (MMLV) reverse transcriptase, RNase inhibitor, dNTPs, oligo(dT), random primers, buffer, MgCl2, and stabilizers (Bio-Rad, 2018). By using both oligo(dT) which binds the poly(A) tail and random primers, a copy of all mRNA and other small RNAs was created. The reaction protocol in the thermal cycler was 5 min at 25oC for priming, 20 min at 46oC for reverse transcription, and 1 min at 95oC for MMLV reverse transcriptase inactivation. The cDNA was stored at -20oC. 
Real-Time qPCR using SYBR Green:
	In order to analyze the expression of the three genes of interest (FGF21, -Klotho, and FGFR1), a Bio-Rad iTaq Universal SYBR Green Supermix was used. The Supermix contained antibody-mediated hot-start iTaq DNA polymerase, dNTPs, MgCl2, SYBR Green I Dye, enhancers, stabilizers, and passive reference dyes (including ROX and fluorescein) (Bio-Rad, 2018). For each gene, a master mix was created with the Sumpermix, forward and reverse primers for the gene of interest, and dH2O. The primer information for the housekeeping and target genes can be found in Table 2. All of the plates were run with 0.7 mcg of RNA in each well and the samples were all run in duplicate with a total reaction volume of 10 uL. 

	Gene
	Forward 5' to 3'
	Reverse 5' to 3'

	FGF21
	CTGGGGGTCTACCAAGCATA
	CACCCAGGATTTGAATGACC

	FGFR1
	CCAGTGCATCCATGAACTCTGGGGTTCTCC
	GGTCACACGGTTGGGTTTGTCCTTATCCAG

	KlothoB
	CTGGCTAAGGTTCAAGTACGGAGACCTCCC
	GGAGCTGAGCGATCACTAAGTGAATACGCA


Table 2. Forward 5’ to 3’ and reverse 5’ to 3’ primers for FGF21, FGFR1, and -Klotho (Youm, et al., 2016). 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene and was used for normalization to calculate the relative expression for the target genes. The first plate (Figure 2) contained only the GAPDH and contained an 8 solution serial 1:2 dilution to create the standard curve. In order to make the standard dilutions for each of the plates, a mixer was created using 4 uL of RNA from each of the samples to create an average mix which was then diluted to varying degrees. It was also plated with a negative control and 3 different positive controls to test for the operation of the enzymes. 

[image: ]
Figure 2. Plate setup for GAPDH run with standard 1:2 serial dilution, negative control, 3 positive controls, and samples for lean, weight gain, obese, and weight loss groups in order of darkening grey. 
	The plate used for FGF21 and FGFR1 together was set up using a 6 solution serial dilution to create the standard curve. Two of these standard dilutions were created, one for each set of primers. The plate (seen in Figure 3) did not include duplicates of the negative control or the undiluted “standard 1.” Standards 7 and 8 were eliminated from the subsequent plates to save enzyme because the standard curves could be generated without them. The plate for -Klotho was set up in the same way as FGF21. 

[image: ]
Figure 3. Plate setup for FGF21 and FGFR1 run with standard 1:2 serial dilution, negative control, and samples for lean, weight gain, obese, and weight loss groups in order of darkening grey. Rows A through D were plated with FGF21 forward and reverse primers and rows E through H were plated with FGFR1 forward and reverse primers.

[image: ]
Figure 4. Plate setup for -Klotho run with standard 1:2 serial dilution, negative control, and samples for lean, weight gain, obese, and weight loss groups in order of darkening grey. All samples were plated with forward and reverse primers for -Klotho.
The reaction was done in a Bio-Rad CFX96 Real-Time System with a C1000 Thermal Cycler. The protocol for the reaction was 3:05 min at 95oC, 15 sec at 55oC, and 20 sec at 72oC. At the end of each cycle the plate was read and this cycle was repeated a total of 40 times. After the cycling, a melting curve was collected using the following protocol: 10 sec at 95oC, 5 sec at 65oC, and 5 sec at 95oC. The plate was read at the end of the 65oC period. The melting curve data was not used because the machine was not able to produce usable dissociation peaks due to improper calibration. The data was collected in the form of quantitation cycle (Cq), also known as threshold cycle (Ct), which is the thermal cycle in which the SYBR Green dye reaches the fluorescence threshold. Higher Cq values mean that more cycles were required to reach the fluorescence threshold and therefore the gene was present in lower quantity. This allows analysis of the amount of cDNA for the target gene, which in turn allows us to draw conclusions about the presence of mRNAs of interest. The Cq values for the target genes were compared to those of the housekeeping genes in order to determine the relative expression, which was the measure used for statistical analysis in the study. 

Results:

Quantitation Cycle Output from Real-Time qPCR
	All of the information regarding Cq values were generated by the Bio-Rad Real-Time CFX96 system and no calculations were required. Amplification curves were used to determine the Cq values for the GAPDH, which were used for normalization of the data. The amplification curves used to determine the Cq values for the target genes FGF21, -Klotho, and FGFR1 are shown in Figure 5, Figure 6, and Figure 7 respectively. The fluorescence threshold used for quantitation is indicated with a horizontal green lines over each of the curves. 
[image: ../../../Volumes/CYRUS%205596/FGF21%20Cq%20Cur]
Figure 5. Amplification curves plotting relative fluorescence units versus number of thermal cycles for FGF21. 
[image: ../../../Volumes/CYRUS%205596/Beta-Klotho%20Cq%20Cur]
Figure 6. Amplification curves plotting relative fluorescence units versus number of thermal cycles for -Klotho. 
[image: ../../../Volumes/CYRUS%205596/FGFR1%20Cq%20Cur]
Figure 7. Amplification curves plotting relative fluorescence units versus number of thermal cycles for FGFR1.
Efficiency Output from Real-Time qPCR Machine
	In order to calculate the relative expression of the target genes, all of the samples were compared to the housekeeping gene in order to normalize the results. The expression relative to GAPDH was calculated using a method that was dependent on the efficiency of the amplification reaction. The efficiency was an output of the Bio-Rad CFX96 and was generated using a standard curve using the serial dilution with the primers for each gene of interest individually.  The standard curves were determined by fitting a linear model to the relationship of Cq versus log starting quantity. The efficiency of the reaction for GAPDH was used in the calculation of relative expression. The data outputs of the standard curves for FGF21, -Klotho, and FGFR1 are shown in Figure 8, Figure 9, and Figure 10 respectively. 
[image: ../../../Volumes/CYRUS%205596/FGF21%20Standard%20Cur]
Figure 8. Standard curve and efficiency of FGF21 reaction.
[image: ../../../Volumes/CYRUS%205596/Beta-Klotho%20Standard%20Cur]
Figure 9. Standard curve and efficiency of -Klotho reaction. 
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Figure 10. Standard curve and efficiency of FGFR1 reaction. 
	The efficiency for the GAPDH, FGF21, -Klotho, and FGFR1 reactions were 96.2%, 113.8%, 182.3%, and 93.1% respectively. 
Relative Expression Calculation and Statistical Analysis
	After the Cq and efficiency data was collected, the relative expression was calculated using the efficiency and Cq from the GAPDH housekeeping gene alongside the efficiency and Cq from the target gene. Each set of primers had its own reaction efficiency so this value was the same for all samples plated with a given primer. The Cq values, however, could be different for each sample. Equation 1 was used to calculate the relative expression. 

Equation 1. Formula used to calculate the relative expression ratio for all samples. 
	The Cq values input to the formula were the average of the duplicate wells used for each sample. This did not apply to those standards and negative controls not plated in duplicate and one sample with one duplicate well that did not undergo reaction for an unknown reason. A test was done using Prism statistical software to remove outliers using a Robust Regression and Outlier Removal (ROUT) method with a false discovery rate of Q=1%. All data points that were confirmed as outliers were excluded to control for mean distortion and skewing. For the FGF21 reaction, sample 76 (weight loss) was identified as an outlier and excluded. For the FGFR1 reaction, samples 69 (weight gain), 74 (obese), and 76 (weight loss) were excluded. For the -Klotho reaction, samples 63 (lean), 69 (weight gain), 74 (obese), and 76 (weight loss) were excluded. The expression data relative to GAPDH used for analysis of FGF21, FGFR1, and -Klotho are included in Table 3, Table 4, and Table 5 respectively. Prism was then used to conduct a Kruskal-Wallace test (non-parametric, rank-based, one-way ANOVA) on the cleaned data, with the assumption of independence. A multiple comparisons test using the corrected method of Benjamin and Yekutieli was used to identify differences between individual groups. 
	Lean
	Weight 
Gain
	Obese
	Weight
Loss

	0.00024579
	0.000971048
	0.002253509
	0.002568843

	0.000630202
	0.002437239
	0.001795471
	0.002225879

	0.001468062
	0.002969703
	0.007252586
	0.001560445

	0.000579001
	0.005553032
	0.002795166
	0.002385332

	0.001679344
	
	
	


Table 3. Calculated relative expression for FGF21, excluding outliers. 
	Lean
	Weight 
Gain
	Obese
	Weight
Loss

	0.156522513
	0.035496859
	0.018064468
	0.035992475

	0.029355565
	0.077774162
	0.077990015
	0.023449596

	0.305341949
	0.051568411
	0.085138211
	0.03810097

	0.013628282
	
	
	0.026132579

	0.019010395
	
	
	


Table 4. Calculated relative expression for FGFR1, excluding outliers. 
	Lean
	Weight 
Gain
	Obese
	Weight
Loss

	2.09914e-008
	7.9186e-009
	2.05497e-008
	3.91576e-008

	1.29782e-008
	3.56505e-009
	2.92038e-009
	2.50046e-008

	2.51896e-008
	2.5809e-008
	7.62545e-009
	2.22193e-008

	8.07609e-009
	
	
	5.56309e-008


Table 5. Calculated relative expression for -Klotho, excluding outliers. 
	The Kruskal-Wallace test found a statistically significant p-value for the difference in relative expression of FGF21 between the experimental groups (p = 0.0190). The p-value for the Kruskal-Wallace test for FGFR1 (p = 0.8549) and for -Klotho (p = 0.07180) was not significant. The FGF21 multiple comparisons revealed significant differences between lean versus weight gain (p = 0.0161) and lean versus obese (p = 0.0107). The FGFR1 multiple comparisons showed no significant differences between any of the groups. The -Klotho multiple comparisons reveals a statistically significant difference between the obese and weight loss groups (p = 0.0142). Differences that had p – values below 0.1 but that were not statistically significant included FGF21 lean versus weight loss (p = 0.0694) and -Klotho weight gain versus weight loss (p = 0.0852). All non-outlier relative expression data is plotted in Figure 11, Figure 12, and Figure 13 along with the group means and 95% confidence intervals. FGF21 was relatively expressed the most in the obese group, followed by the weight gain group, weight loss, and lean in descending order, which supported the hypothesis. For -Klotho the highest relative expression was in the weight loss group, followed lean, weight gain, and obese in descending order. This did not support the hypothesis.
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Figure 11. FGF21 relative expression data with group means and 95% confidence intervals.
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Figure 12. FGFR1 Relative expression data with group means and 95% confidence intervals. 
[image: ]
Figure 13. -Klotho relative expression data with group means and 95% confidence intervals. 
Discussion:
	Previous research has shown the protective effects of FGF21 on the thymus against the process of involution that occurs with age. This involution is associated with invasion of adipose tissue of unknown origin or function and degradation of the cortical region of the thymus, where thymic epithelial cells are affected. Thymic involution is associated with decreased immune competence and can begin before puberty and continue at a rate of 3% per year until middle age (35-45 years) and 1% per year from then on, with approximately 10% of thymus being thymic epithelial space by age 70 (Lynch, et al., 2009). In order to understand the regulation of this process, research in the effects of genetic upregulation and knockout of specfic signaling molecules has proven to be a beneficial tool for discovery. Notably, it was found that genetic upregulation of FGF21 in mice protected against age-related thymic involution, decreased intrathymic lipid, increased perithymic brown adipose tissue, elevated T cell export, elevated naïve T cell frequencies, and increased lifespan (Youm, et al., 2016). Conversely, it was shown that knocking out FGF21 resulted in accelerated thymic involution, and decreased ability to rebuild the thymus after irradiation (Youm, et al., 2016). Additional evidence suggests that FGF21 could be a relevant immunometabolic regulator as FGF21 expression is increased with caloric restriction (Youm et. al, 2016). These results provide strong evidence that FGF21 is a regulator of the thymic microenvironment and raises the question of whether the FGF1 signaling pathway in the thymus can be regulated by different metabolic conditions. 
	The observations in the genetic mutation studies raise the question of how the FGF21 signaling pathway causes changes in thymic phenotype. FGF21 has been shown to increase lipid breakdown and inhibit lipid synthesis. As lipid metabolism is highly implicated in thymic involution, it may be that FGF21 is a contributor to the regulation of immunosenescence. There is growing evidence that FGF21 activates the low-energy signaling kinase AMPK (5’-activated AMP protein kinase) (Salminen, et al., 2017). Increased AMPK signaling also inhibits the pro-growth signal mTORC1 (mammalian target of rapamycin complex 1) via TSC2 (tuberous sclerosis complex 2) which would further inhibit the synthesis of new lipid and increase the -oxidation of fatty acids. It has also been shown that FGF21 interacts with PGC-1 alpha (peroxisome proliferator-activated receptor gamma coactivator) which plays a role in the browning of white adipose tissue. This could explain why higher FGF21 expression increases the amount of perithymic brown adipose tissue (Youm, et al., 2016). Adiponectin has also been shown to be a downstream target activated by FGF21, which also activated AMPK (Salminen, et al. 2017). Since FGF21 expression is regulated by PPAR-α (peroxisome proliferator-activated receptor alpha) which is more activated in the presence of high fatty acids, it is intuitive that the mechanism through which FGF21 impacts thymic metabolism and immune function is through the regulation of lipid biosynthesis and degradation. 
	FGF21’s obligate coreceptor -Klotho has also been shown to be regulated with obesity. It has been shown to be inhibited by several factors associated with obesity including the pro-inflammatory cytokines TNF-α (tumor necrosis factor alpha) and IL-1 (interleukin-1 beta), in addition to miR-34a (microRNA-34a). (Salminen, et al. 2017). Evidence also shows the -Klotho is under the transcriptional control of PPAR-γ (Salminen, et al. 2017), and that -Klotho levels could be implicated in the well-characterized phenomenon of FGF21 resistant states. 
	It was hypothesized that mRNA for FGF21 would be highly expressed in the obese group, followed by the weight gain group, weight loss, and lean in descending order. It was also hypothesized that the relative expression of -Klotho and FGFR1 would follow this same trend because long-term feeding of a high-fat diet was shown to increase the transcription of these proteins in the signal transduction pathway in an Apo E (apolipoprotein E) knockout mouse model (Salminen, et al. 2017). The study results found that the hypothesis was supported for FGF21, but not for -Klotho or FGFR1. This could mean the Apo E knockout mouse model was not a relevant reference to use for inference of transcriptional control of lipid metabolic regulators in immune tissue. 
	The data from this study allows an insight into the control of FGF21, FGFR1, and -Klotho transcriptional regulation in the tissue of the thymus with obesity, weight loss, and weight gain. There were statistically significant differences in lean versus weight gain and lean versus obese groups in FGF21 expression. Since we know that obesity is a state associated with accelerated thymic aging and involution, this suggests that FGF21 plays a role in this process. However, it is unclear whether this transcriptional control is part of an over-compensation for the increased intrathymic lipid seen in obesity or a sign of FGF21 resistance. Additionally, the lack of statistical difference between the lean and weight loss groups is promising because it could demonstrate that weight loss can reverse the alterations in expression of FGF21 found with weight gain and obesity.
In looking at the relative expression of FGFR1, there were no statistically significant differences between any of the groups. This indicates that FGFR1 mRNA control may not be a factor influencing the involution of the thymus. Lastly, the statistically significant difference in relative expression between the obese and weight loss groups shows an elevated level of -Klotho expression in the weight loss group. Since -Klotho is an obligate coreceptor for FGF21 signaling (Lee, et al., 2018), this could also indicate that weight loss is favorable for the FGF21 signaling cascade and could be a mechanism through which weight loss restores the integrity of the thymus.
Overall, findings from this study implicated FGF21 as an immunometabolic regulator of the thymic microenvironment due to different types of dietary modulation. -Klotho is shown to be a potential cause of FGF21 resistance, with the lowest -Klotho expression and highest FGF21 expression both being in the obese group. Notably, weight loss appears to restore FGF21 mRNA signaling to normal and heighten the -Klotho mRNA which could increase the signaling potential or efficiency. 
	Limitations of this study include low A260/A230 ratios for the RNA samples which could indicate salt or phenol contamination. Low sample size also means that there will be susceptibility of the mean to extreme values, even after outliers are removed. It would be beneficial to continue this research to include measurement of protein levels of this signaling cascade. Histological analysis of the thymus from all diet groups would provide additional information to determine if weight loss could indeed cause a physical reversal of the acceleratory effects of obesity on thymic involution. In addition, functional binding assays would elucidate downstream activation following binding would allow us to determine if FGF21 resistance is occurring in the thymus in the obese state. 
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