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ABSTRACT 

The process of aging impacts immune defense against infection. This is attributed to 

immunosenescence, which is defined as a gradual decline in the function of the immune system. 

This decline is widespread, affecting both cell-mediated and humoral immunity, which both play 

an integral role in pathogen recognition and elimination. Lymphoid organs are known to undergo 

structural and functional changes with age and understanding these changes and how they can be 

prevented or reversed is critical if we are to improve immunity in older adults. We studied two 

immune rejuvenation methods: the administration of a gonadotropin-releasing hormone 

antagonist, degarelix, and injection of interleukin-7:antibody complexes, and have specifically 

addressed their impact on humoral immunity against West Nile virus (WNV). We found that 

while each intervention improved certain aspects of immune cell generation and/or maintenance, 

neither of the two was able to improve humoral immune responses or immune defense against 

WNV.  Results are discussed in light of current strategies for immune rejuvenation.  

 

INTRODUCTION 

Immune System 

 The immune system is comprised of many organs and cells that work together to 

recognize and eliminate pathogens. The organs of the immune system are divided into primary 

and secondary lymphoid organs, and the cells of the immune system are classified into innate 

and adaptive immune cells. 

 Thymus and bone marrow are primary lymphoid organs, called so because they are sites 

where T and B lymphocytes are produced, respectively. The bone marrow is home to pluripotent 
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hematopoietic stem cells, which have the potential to differentiate into any blood cell. These 

cells differentiate depending on the signals that they receive from specialized microenvironments 

found in the bone marrow. If a cell is to mature into a B cell, it will remain in the bone marrow to 

undergo differentiation and maturation. However, if a cell receives the proper signaling to 

differentiate into a T cell, it will migrate to the thymus where it will complete its development. 

Following maturation in primary lymphoid organs, newly produced T and B cells migrate into, 

and populate, secondary lymphoid organs (SLO), such as lymph nodes, Peyer's patches, spleen, 

tonsils, and mucosa-associated lymphoid tissue. SLO are sites where lymphocytes encounter 

antigens, either in soluble form (B cells) or presented by sentinel dendritic cells  (T cells) that 

identify any potentially pathogenic foreign elements in tissues and mucosae, and bring them to 

SLO to be surveyed. For the purpose of this paper, the organs that will be of primary interest are 

the thymus, bone marrow, and lymph nodes. 

 

B Cell Development 

 As mentioned, bone marrow is the site of hematopoiesis as it serves as residence for 

hematopoietic stem cells. With regard to lymphocyte development, bone marrow serves both as 

the initial nursery for thymic progenitors, and therefore T cell development, it is also the site of 

B cell development and maturation. In the bone marrow, a combination of cytokines, 

chemokines, and adhesion molecules work together to	instruct multipotent progenitor cells to 

differentiate into B cells.  

 Mature B cells develop in the bone marrow as a result of a series of carefully orchestrated 

differentiation steps. There are three populations of cells in the bone marrow that are vital 

precursors to many hematopoietic cells, including mature B cells; they are the long-term 
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hematopoietic stem cell (LT-HSC), short-term hematopoietic stem cell (ST-HSC), and 

multipotent progenitor (MPP). (1) Both long-term and short-term hematopoietic stem cells have 

the capability of self-renewal; without the capability to self-renew, the development of B cells 

would be halted as soon as all stem cells had differentiated into multipotent progenitors. 

Multipotent progenitors are not capable of self-renewal, but they do have the capacity to 

differentiate into all of the cells that constitute the hematopoietic lineage. (1) Following the path 

of B cell maturation, a multipotent progenitor would differentiate into a lymphoid-primed 

multipotent progenitor (LMPP), which is the first cell in the hematopoietic lineage that is limited 

to only giving rise to lymphoid cells. (1) LMPPs give rise to common lymphoid progenitors 

(CLP); these cells can either follow the path to becoming mature T cells, B cells, or natural killer 

(NK) cells. If a CLP receives the appropriate signals from the bone marrow stromal cells, such a 

cell will rearrange its B cell receptor genes and express them at the surface as membrane-bound 

immunoglobulin molecules, and once it does so, it will be considered a mature B cell. 
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Figure 1. A diagram depicting the relationship between different cells in the hematopoietic 
lineage. Long-term hematopoietic stem cells (LT-HSC), short-term hematopoietic stem cells 
(ST-HSC), multipotent progenitor (MPP), hematopoietic progenitor (HPC), lymphoid-primed 

multipotent progenitor (LMPP), common myeloid progenitor (CMP), megakaryocyte/erythroid 
progenitor (MEP), and common lymphoid progenitor (CLP).   

 
 After expression of surface BCR, B cells must undergo a process of negative selection to 

eliminate potentially self-reactive cells. If during this process the immature B cell binds to 

(“recognizes”) a self-antigen with strong affinity, it will undergo programmed cell death, which 

will eliminate it from the pool of mature T cells to prevent an inappropriate and potentially self-

destructive immune response. (5) After this selection process, mature B cells are released from 

bone marrow into circulation and go on to populate SLO.  
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T Cell Development and the Thymus 

 During T cell development, T cell progenitors from the bone marrow home to the thymus 

and commit to the T cell lineage. During selection in the thymus, this process is guided by 

contact of progenitors with thymic stromal cells, and it is through this contact that lymphocytes 

receive the necessary signals needed to undergo differentiation. There are two main regions of 

the thymus where newly generated immature T cells undergo selection that will produce self-

MHC restricted cells that are tolerant to self antigens: the cortex and the medulla. The cortical 

region of the thymus contains immature CD8+4+ double positive thymocytes, whereas the 

medullary region contains more mature single-positive CD8+4- or CD8-4+ thymocytes. (4)  

 

 

 

 

 

 

 

 

 

Figure 2. Thymus with anatomical regions labeled. 
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 T cell precursors in the thymus are not capable of self-renewal. Although stromal cells of 

the thymus are capable of self-renewal, these cells also rely on extensive cross talk with 

developing T cells for maintenance. Because of this, it is necessary for progenitors from the bone 

marrow to continuously migrate to the thymus for sustained T cell development. (4) The 

microarchitecture of the thymus provides the structural and molecular environment required for 

proper maturation and survival of thymocytes. However, both cortical and medullary regions are 

disrupted as a consequence of age-related thymic involution.  

The cells that have successfully homed to the thymus are found in the deep part of the 

cortex, where they rearrange their T cell receptor (TCR) genes, express TCR on their surface and   

begin to migrate outward toward the capsular region. At the earliest stage of development, these 

thymocytes are called CD4-CD8-double-negative (DN) cells, as they lack CD4 and CD8 proteins 

on their cell surface. (4) CD4 and CD8 are cluster of differentiation (CD) proteins that can be 

found on T cells depending on their stage of development and final maturation; they serve as co-

receptors for class II and class I MHC molecules, respectively. 

 After migration to the capsule, there are a series of developmental steps that have been 

correlated with specific regions of the thymus. The chronological developmental steps for 

thymocytes are from DN to double-positive (DP) and single-positive (SP). The movement of 

cells through the various regions of the thymus is continuous, and therefore, signaling required 

for proper development and migration is maintained by the stromal cells of the thymus. The 

various stromal cells include epithelial cells, endothelial cells, mesenchymal cells, neuronal cells, 

and myocytes. (4) The above developmental steps follow a path through the thymus where early 

DN cells, called DN1, are located on the border between the cortex and the medulla, DN2 cells 

are in the inner half of the cortex, DN3 cells are found in the outer half of the cortex, and then 
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pre-DP cells reverse this migration and move back towards the medulla as they become DP cells. 

SP cells are found in the outer region of the thymic medulla. (4).  The process that results in the 

differentiation of DP cells to SP cells is called positive selection. Positive selection is a process 

by which an immature T cell will have the opportunity to bind MHC class I molecules and MHC 

class II molecules that are presenting antigen. Upon down regulating the expression of CD8 and 

up regulating the expressing of interleukin-7 receptor (IL-7R), if the cell maintains its ability to 

signal through its TCR, then CD8 expression is terminated and the cell commits to expressing 

only CD4. (4) In contrast, if reduced expression of CD8 disrupts signaling in response to IL-7, 

then CD4 expression is halted and CD8 expression is up regulated. (4)  

 After the thymocytes undergo both positive and negative selection, single-positive T cells 

require molecular signals to survive; the most prominent survival signal in the medullary region 

of the thymus is interleukin-7 (IL-7). In the center of the thymic medulla is where SP T cells 

further mature prior to their export out of the thymus. (4) There is evidence that shows a 

correlation between time spent in the medulla and self-reactivity, such that that the longer a SP 

cell remains in the medulla, the more likely that any self-reactive cells will be removed. (4) The 

extended amount of time spent at the center of the thymic medulla helps to ensure that the T cells 

that are exported from the thymus are tolerant to self-molecules.  

 

Sex-Steroid Ablation 

  Aging of primary lymphoid organs remains incompletely understood. One of the factors 

that have been experimentally shown to accelerate thymic and bone marrow atrophy are sex-

steroid hormones. (8,9) Androgens, male sex-steroids, act by binding to intracellular and 

membrane-bound receptors called androgen receptors. (13) A variety of innate, adaptive, and 
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stromal cells of the immune system express both intracellular and membrane-bound androgen 

receptors. (13) When androgens bind to their corresponding receptor in immune cells, they 

modulate immune function; in numerous ways. For example, there is evidence that androgen 

binding may increase the rates of thymic apoptosis while also suppressing the proliferation of 

immature thymocytes (13).  

 Surgical castration greatly reduces sex-steroid levels, and that is accompanied by a 

reversal of both thymic and bone marrow atrophy. (8) A study by Dudakov et al.  examined the 

effects of sex-steroid ablation (SSA) via surgical castration following cytotoxic antineoplastic 

therapy with cyclophosphamide on immune cell populations. Cyclophosphamide is a 

chemotherapeutic agent that also acts as an immunosuppressant and is used to treat some 

leukemia and lymphomas. (16) The authors found a significant increase in common-lymphoid 

progenitor (CLP) when cyclophosphamide (Cy) was followed by SSA treatment. (8) CLPs are 

precursors to both T and B cells. In addition to an increase in CLP cellularity, sex-steroid 

ablation after Cy treatment showed a significant increase in total bone marrow cellularity (8) 

Although surgical castration is one method of reducing sex-steroid levels, it is clearly not a 

particularly desirable treatment option, as it leads to irreversible sterilization of the individual 

and may negatively impact the psychological state of the patient. (11)  

An alternate approach to surgery is pharmacological SSA through the use of 

gonadotropin-releasing hormone antagonists or luteinizing hormone-releasing hormone (LHRH) 

antagonists. This group of drugs acts on the receptors that induce androgen secretion, and 

effectively block signaling so that there is a reduction in secretion; this reduction is reversible 

using this alternate method of SSA. A study by Velardi et al. found that use of LHRH antagonist 

degarelix increased thymic cellularity and promoted thymopoiesis by increasing the availability 



	 9	

of Notch ligand Dll4. (20) The effects of degarelix on thymic cellularity is transient even when 

degarelix is present for extended periods of time; this is also true for the effects of surgical 

castration. Within 2 months of castration, the effects of SSA on the murine thymus disappear. 

Although the effects that SSA has on the thymus is transient, the 2-month period in mice 

translates to approximately 4-5 years in humans, which may be enough time to provide them 

with a new cohort of T cells that it may need to combat infections, and therefore SSA remains a 

viable strategy for thymic rejuvenation. The effects of non-surgical SSA on the bone marrow are 

not as well understood. 

 

West Nile virus and the immune response 

The West Nile virus (WNV) is an arthropod-borne virus that most commonly infects 

humans via mosquito vectors. Once in the body, the virus binds to cell receptors that trigger 

endocytosis and subsequent fusion of the viral membrane with that of the endosome. (7) This 

fusion results in the release of the viral RNA genome, which is translated and cleaved post-

translation to produce the proteins necessary for the virus to continue replication and spread. (7) 

This initial replication occurs in the Langerhans dendritic cells that are located in the epidermis. 

(7) The infected dendritic cells then migrate to the draining lymph nodes, which allow the virus 

to enter the bloodstream and spread to other phagocytic cells of the immune system. (7) One of 

the severe and often lethal side effects of WNV infection includes meningoencephalitis. 

Meningoencephalitis is the inflammation of the meninges and brain, which can cause symptoms 

as severe as coma, seizures, and partial paralysis. (7,18) Although infection with WNV rarely (in 

1-5% cases) progresses to the stage of meningoencephalitis, certain demographics are more at 
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risk for progressing to this stage of infection, including elderly and immunocompromised 

individuals. (17) 

As the virus multiplies in its host, it will produce viral capsids that are studded with viral 

proteins that can be recognized as foreign antigens by the host’s immune system. (7) As the virus 

replicates, viral particles are captured by dendritic cells, that process and present them to naïve T 

cells specific for them. This leads to T cell proliferation and differentiation. Simultaneously, 

during the course of infection, if a mature B cell successfully binds to an epitope complementary 

to its BCR , it will be activated. Activated B cell will be able to internalize virus 

proteins/particles via its BCR, and that will trigger antigen processing in the endosomal pathway. 

Peptides produced in the phagoendosome will be loaded onto MHC class II molecules and 

displayed for activated T cells for recognition. Recognition by T cells of a B-cell displayed 

antigen will provide signals to the B cells confirming that the peptide is foreign and needs to be 

eliminated from the body – they will stimulate B cell to secrete antiviral antibody (soluble form 

of its BCR) at high concentrations. B cells will also further proliferate (will replicate and make 

many copies of themselves) and these new cells will then undergo affinity maturation, which 

happens when the B cell has continuous contact with the antigen and is able to alter its receptor 

to bind the epitope more effectively. (5) These B cells will then differentiate into two cell types: 

memory B cells and plasma cells. Memory B cells are well trained in recognizing their particular 

epitope, so if the cell encountered it in the future it would have the ability to mount an immune 

response without T cell help. Plasma cells, the other potential route of differentiation that a B cell 

can take, secrete antibodies, into the blood and lymph fluid. Antibody will be able to neutralize 

virus or help eliminate it in other manner. The two types of antibody that will be discussed in this 

paper are IgM and IgG. 
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 Both IgM and IgG antibodies play important roles alongside T cells to neutralize viral 

infections. IgM antibodies are secreted as early as two days post-infection, whereas IgG appear 

as early as 8 days post-infection. (7) The appearance of IgM antibodies in infected individuals 

coincides with the termination of viremia, which is the presence of the virus in the blood. (14) 

There is evidence that suggests that robust secretion of IgM upon initial contact with the West 

Nile virus may be critical in reducing the likelihood that an infected individual will develop 

neurological symptoms. (7) IgG, on the other hand, remains in the blood up to 98 days after 

initial infection, at the time when 41% of infected subjects no longer express IgM . (14) This is a 

timetable to take into consideration when collecting samples at different time points of the 

infection.  

 

Degarelix and thymic rejuvenation 

 As was mentioned previously, surgical castration is not a broadly viable treatment option 

for immune rejuvenation, as it comes with permanent negative side effects and implications. An 

alternative to surgical castration is the use of gonadotropin-releasing hormone (GnRH) 

antagonists. These drugs compete with gonadotropin-releasing hormones for the GnRH receptors 

located in the anterior pituitary. By competing for these receptor-binding sites, these 

pharmaceuticals are able to reduce the rate of luteinizing hormone (LH) and follicle-stimulating 

hormone (FSH) secretion. (10) Reducing the rate of LH and FSH secretion results in the 

reduction of testosterone secretion from the testicles. One specific GnRH antagonist currently 

approved for clinical use is degarelix. Degarelix is a well-studied drug, most commonly 

prescribed for men diagnosed with androgen-dependent advanced prostate cancer. (11) When 

administered subcutaneously, degarelix forms a “gel depot” that enables extended release of the 
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drug . (11) This sustained release suppresses the release of luteinizing hormone, and, 

consequently, of testosterone, in human patients for more than 28 days after their second 

injection. (23) This type of suppression is ideal for immune rejuvenation therapy as it is 

relatively long lasting and reversible. Old mice treated with degarelix exhibited increased thymic 

cellularity, comparable to untreated adult thymuses, supporting possible use of this drug in 

immune rejuvenation. (15)  

 

Figure 3. Schematics of pharmacologically induced sex-steroid ablation. a.) This diagram 
shows the outcome of the binding of GnRH to the receptors located in the anterior pituitary. 

When GnRH binds its receptor, it causes a release of LH and FSH. b.) This diagram shows the 
impact of degarelix, a GnRH antagonist, onto the receptors located in the anterior pituitary. 

When degarelix binds the receptor, no LH and FSH are released, and there is no stimulation of 
sex glands to secrete sex steroids (testosterone and estrogens). 

 
Interleukin-7 Complexes and immune rejuvenation 

 Another approach to improving an immune response is to improve maintenance of naïve 

T cells. A key cytokine in charge of this task is interleukin-7 (IL-7). Interleukin-7 is also critical 

for early phases of both T and B cell development, so potentially this treatment could have 

multiple beneficial effects.  However, as most cytokines, IL-7 is short-acting in vivo. 



	 13	

Importantly, Boyman et al. found that IL-7/anti-IL-7 antibody complexes (IL-7C) had 50-100-

fold higher activity than free IL-7. (12) In addition to increased activity, induction of a notably 

large expansion of pre-B cells was observed in mice treated with these complexes. (12) Along 

with increasing the quantity of pre-B cells, IL-7C also restored thymopoiesis in IL-7 deficient 

mice and increased thymopoiesis in normal mice. (12). IL-7 complexes also induced 

proliferation of naïve T cells, consistent with the finding that IL-7 is the key maintenance factor 

for naïve T cells in lymph nodes.  The effects of IL-7C on adaptive immune cells suggests that 

this treatment may be used in immune rejuvenation.  

 We hypothesized that combining the suppression of sex steroids and the introduction of 

IL-7C may result in significant immune rejuvenation and subsequent improved immune 

functioning. To test whether the immune function was improved, we treated mice with both 

interventions, challenged them with WNV and quantified their humoral immune response by 

measuring antibody production against the virus. We describe results and discuss them in light of 

strategies for immune rejuvenation.  

 

MATERIALS AND METHODS 

Viruses and antibodies used. 

 Antibody titers were measured by enzyme-linked immunosorbent assay (ELISA), in 

response to subcutaneous infection of mice with WNV-strain NY 385-99 that was received as a 

gift from Dr. Robert Tesh from the University of Texas Medical Branch. 
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 The secondary antibodies that were used in the ELISA were the peroxidase labeled goat 

anti-mouse IgG(H+L) from Kirkegaard & Perry Labs (KPL) and the peroxidase labeled goat 

anti-mouse IgM from Southern Biotech.  

 

Animal treatment and infection . 

 All mouse experiments were performed on C57BL/6 mice that were acquired from the 

National Institute of Aging breeding colony or The Jackson Laboratory (Bar Harbor, ME). 

These mice were maintained at the University of Arizona and experiments were conducted 

under the Institutional Animal Care and Use Committee and the Institutional Biosafety 

Committee approvals in accordance with all applicable federal, state, and local regulations. 

Mice between the ages of 2-4 months are classified as adult, and mice between the ages of 18-

22 months are classified as old. All West Nile virus experiments were performed within a 

biosafety level 3 facility under the inspection of the U.S. Department of Agriculture. 

 Mice that received only the degarelix treatment were injected with 40 µg degarelix per 

gram of body weight intraperitoneally (i.p.).  42 days post-treatment, mice were infected via 

footpad injection with 1000 pfu WNV/50 µL/mouse. 7 days post-infection, blood samples were 

collected and the mice were followed for survival.  

 The IL-7C solution was prepared by combining 40 µL rhIL-7 and 57.5 µL M25; this 

solution was allowed to incubate for 30 minutes at room temperature before 2968.5 µL of 1x 

PBS was added. In the treatment group that only received IL-7C, mice were injected with 200 

µL of the above IL7C solution i.p. at days 1, 3 and 5. On day 6, mice were infected with WNV 

and followed for antibody production and survival as for the degarelix group. 
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 For the mice that were in the combined treatment group, on day 1 mice were 

administered Degarelix at 40 µg/g body weight (i.p.). On days 37, 39 and 41, mice were 

administered 200 µL of IL-7C solution as above.  On day 6, mice were infected with WNV and 

followed for antibody production and survival as for the degarelix group 

 All collected blood samples were centrifuged at 2500 rpm for 10 minutes to isolate the 

serum, and serum antibodies measured as described below. 

 

Anti-WNV E protein antibody measurement by ELISA. 

 This was done as previously described (22).  Briefly, 96-well Immulon 2 HB plates were 

coated overnight with 50µl of WNV E (envelope) protein in carbonate buffer at 4°c. Non-

specific binding was blocked with 5% w/v non-fat milk and diluted mouse serum added to the 

wells in duplicate. WNV-specific IgG or IgM was detected with peroxidase labeled secondary 

antibodies.  Development with TMB was stopped with 1M H2SO4 and plates were read at 

450nm on VERSAmax tunable microplate reader. 

 

 

 

 
 

 
Figure 4. Illustration of the principle of antibody detection by ELISA assay. A single 

well of a 96-well plate is shown. 
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Statistical analysis. 

 Analysis of variance (ANOVA) were performed on Graph Pad (Prism) when comparing 

more than two groups. All bar graphs depict mean +SEM.  (NS=p>0.05, *p≤0.05, **p≤0.01, 

***p≤0.001). 

   

RESULTS 

 To examine if antibody production in response to the West Nile virus was significantly 

different between adult and old mice in control groups, we performed an ELISA to detect 

antibodies formed against a major external WNV antigenic target, the envelope (E) protein . For 

all ELISA results, the values that are being compared are the optical densities, which give a 

value for the density of the antigen-specific antibodies present. Samples were collected at days 7 

and 28 post-infection to get information about the relative secretions of these antibodies over the 

course of the infection. Not all mice survived to day 28, so some treatment groups only had day 

7 samples. The treatment groups that only survived to day 7 were the IL-7C and the IL-7C & 

degarelix groups. 
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Degarelix treatment 

 
 
 

A. 

Degarelix	
treatment	

Day	0	 Day	42	

West	Nile	Virus	

Bleed	day	7	
post-infec;on	
&	run	ELISA	

	

 
Figure 5.  A defect in humoral response against WNV in old mice. A. WNV specific IgM 

production in adult or old control untreated mice following WNV infection. B. WNV specific IgG 
production in adult or old control untreated mice following WNV infection. Data are represented 

as mean +/- SEM (n=10 mice per group). 
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At day 7 WNV-specific IgM levels were significantly elevated (p≤0.01) in the adult 

untreated when compared to the old untreated mice (Fig. 6B). The mice treated with degarelix 

followed a similar trend where the adult mice that were treated had significantly elevated IgM 

levels compared to their old counterparts, with a significance level of p≤0.001 (Fig. 6B). On day 

Figure 6. Humoral responses in degarelix treated adult and old mice A. Mouse model for 
degarelix treatment and WNV infection. B. IgM levels at day 7 post-WNV infection C. IgG 

levels at day 7 post-WNV infection in adult and old mice, treated and untreated with 
degarelix. D. IgM levels at day 28 post-WNV infection. E. IgG levels at day 28 post-WNV 

infection in adult and old mice, treated and untreated with degarelix. IgM and IgG levels 
following degarelix treatment data are mean +SEM (n=3-10 mice per group). 

*p≤0.05,**p≤0.01, ***p≤0.001. 
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7 WNV-specific IgG levels were not significantly different between any of the age or treatment 

groups. 

On day 28 WNV-specific IgM levels were not significantly different between any of the 

age or treatment groups. At day 28 WNV-specific IgG levels were significantly elevated in the 

adult treated with Degarelix compared to the adults that were not treated with a significance 

value of p≤0.05 (Fig. 6E).  

IL-7C treatment 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

On day 7 WNV-specific IgM in the untreated adult mice exhibited significantly elevated 

levels compared to the untreated old mice (p≤0.05, Fig. 7B). In addition to this, adults treated 

with IL-7C had significantly elevated WNV-specific IgM levels when compared to old treated 

A.	

IL-7C		
treatment	

Day	1,	3,	5	 Day	6	

West	Nile	Virus	

Bleed	day	7	
post-infec;on	
&	run	ELISA	

	
Figure 7. Impact of IL-7C upon anti-WNV humoral immunity in old and adult 

mice.  A. Mouse model for IL-7C treatment and WNV infection. B. IgM levels at day 7 
post-WNV infection in adult and old mice. C. IgG levels at day 7 post-WNV infection 
in adult and old mice, treated and untreated with IL-7C. Data are mean +SEM (n=10 

mice per group). *p≤0.05. 
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with IL-7C with a significance level of p≤0.05 (Fig. 7B). In both of these instances, adult mice 

outperformed old mice in terms of their humoral immune response.  

On day 7 WNV-specific IgG were significantly higher in the untreated adult mice 

compared to both the old IL-7 treated and control mice . Both of these were significant at p≤0.05 

(Fig. 7C).  

 
Degarelix & IL-7C treatment 
 

Finally, we evaluated the impact of combination rejuvenation therapy on humoral anti-
WNV immunity with aging .  
 

 
 
 
 
 

 
 

 

 

 

 

 

 

Degarelix	
treatment	

Day	0	 Day	37,	39,	41		

IL-7C	treatment	

Day	42	

West	Nile	Virus	

Bleed	day	7	
post-infec>on	&	

run	ELISA	

A. 

 
Figure 8. Impact of combined SSA and IL-7C treatment upon humoral immunity of 
old and adult mice. A. Mouse model for combined Degarelix and IL-7C treatment and 

WNV infection. B. IgM levels at day 7 post-WNV infection in adult and old mice. C. IgG 
levels at day 7 post-WNV infection in adult and old mice, treated and untreated with 

combined Degarelix and IL-7C. Data for combined treatment are mean +SEM (n=10 per 
group). *p≤0.05.	
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On day 7 we found no significant difference in WNV-specific IgM levels when comparing 

between age or combination treatment groups. However,, adult mice that were treated with both 

degarelix and IL-7C exhibited elevated WNV-specific IgG levels levels compared to old mice 

that were treated with both degarelix and IL-7C; with a significance value of p≤0.05 (Fig. 8C). 

 

Mortality rates 

As the immune defense against WNV includes multiple immune components, we also 

examined the impact of individual and combined immune rejuvenation on survival post WNV 

infection with aging.  In addition to the lack of significant effects of the treatments on antibody 

production, we also did not find evidence of improved survival.  

In the group of mice that were treated with only degarelix, both the old treated and old 

untreated mice survived poorly. There was a significant difference (p≤0.01) found between the 

adult untreated and old untreated mice in terms of survival, consistent with previously published 

data.  

 In the group of mice that were treated with IL-7C only, both the old untreated and the old 

treated mice declined most steeply. Again, there was a significant difference (p≤0.01) found 

between the adult untreated and the old untreated mice in terms of survival, with adult mice 

having higher survival rates. 

 In the combined treatment group, there was a significant difference between adult and old 

untreated mice (p≤0.05) where adult mice had improved mortality rates. There was also a 

significant difference between the adult and old mice treated with combined treatment (p≤0.05) 

where the adult mice that were treated with both had improved mortality rates. Most interestingly 
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there was a significant difference between the old treated and both adult and old untreated mice, 

where the old mice treated with both had significantly increased mortality rates (p≤0.01). So, not 

only did the combined treatment group not have improved mortality rates, the treatments actually 

seemed to have exacerbated the disease in old mice. 

 

DISCUSSION 

 As individuals age, they experience immunosenescence. With increasing age, the ability 

of the immune system to efficiently and accurately combat pathogens declines, and so do the life 

expectancies of afflicted individuals. The potential of immune rejuvenation is that it can impact 

responses to vaccines and newly encountered infections in aging, thus having the prospect to 

significantly improve quality of life of aging individuals.  

Overall, the treatments used in this experiment did not produce results indicative of 

functional immune rejuvenation. Rejuvenating the thymus with degarelix and providing 

additional support for growth and development with IL-7C, was not sufficient to improve 

humoral immunity against West Nile virus infection. In each of the treatment groups, degarelix 

only, IL-7C only, and degarelix with IL-7C, the only statistically significance differences were 

between adult and old individuals.. Therefore, in our hands, these treatments were not sufficient 

to improve antibody production or specificity.  

Although there is evidence that these treatments have the potential to improve B cell 

progenitor count, T cell production in the thymus and/or their maintenance in the periphery, a 

lack of coordination of the immune response in the lymph nodes (LN) may have persisted as had 

been observed by Richner and Diamond in 2015. The LNs serve as a hub for immune cells to 

come into contact with antigens located in the body. Much like the thymus, LNs require 
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organized microarchitecture to properly function, and involution attributed to aging can disrupt 

these structures and environments. If these secondary lymphoid organs suffered from age-related 

impairment, proper B and T cell activation might have been hindered. Draining lymph nodes 

(DLN) in aged mice have been observed to have delayed recruitment of immune cells, and 

subsequent delays in antigen recognition (21), this may be the result of changes in chemokine 

expression related to structural decline in aged LNs. (22) 

 Using a lethal infection, like West Nile virus, gives us information about the robustness 

of these treatments. With these results, it is clear that the impacts of treatments used here on 

humoral immunity are not robust enough to provide protection against lethal infections. West 

Nile virus was used in this study as it is a stringent test of improved immunity; marked 

improvement against such a pathogen would infer sufficient immune rejuvenation. New and 

emerging infections are a major threat to the aging population, and finding a way to impact the 

immune system such that individuals are able to combat these pathogens on their own was the 

primary goal of this study. Although the treatments of degarelix and IL-7C did not yield 

promising results for immune rejuvenation against a lethal viral infection, their potentially 

positive impacts on the immune system may prove useful against non-lethal infections. It is 

possible that the West Nile virus was too aggressive, and that any immune rejuvenation was 

masked. Because of the aggressive nature of this virus, the mortality rates of mice with WNV 

infection are too high to be able to collect information past 28 days post-infection. To be able to 

confidently rule out these treatments as incapable of immune rejuvenation, it would be best to 

repeat the experiment with a bacterial infection that preferentially targets aged individuals. 

Previous work shows that SSA by surgical castration improved T cell responsiveness to 

influenza A virus, a virus that is lethal to aged individuals, lending support to the idea that SSA 
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by GnRH antagonists may also improve adaptive immunity against infections that are non-lethal 

for individuals under the age of 65. (19) One option to test whether SSA by GnRH antagonist 

could improve humoral immunity against a viral infection, if given enough time to mount a 

robust immune response, would be to use RepliVAX WN, which is a West Nile encephalitis 

vaccine. This vaccine has been shown to induce a humoral immune response against WNV 

epitopes without inducing mortality. (22) 

 In conclusion, the use of degarelix for SSA and IL-7C to support survival and maturation 

in adaptive immune cells were not sufficient to protect against a lethal viral infection. One aspect 

of protection from infection is humoral immunity, which plays a critical role in viral and 

bacterial neutralization. Although humoral immunity is not the only mechanism by which an 

infection can be neutralized, interactions needed for generation of a humoral immune responses 

provide a stringent test of rejuvenation treatments. Without T cell help, B cells that recognize 

foreign antigen are unable to generate high amounts of high-affinity antiviral antibodies. These 

treatments were aimed at stimulating both adaptive immune cells in hopes of improving humoral 

immunity against a viral infection, but other factors required for this interaction to be effective 

may have been negatively impacted by immunosenescence. The gradual decline of the immune 

system that is observed in aging individuals is something that will impact every individual, 

whether that is directly or indirectly. The associated decline in the quality of life that an 

individual will experience during this process is something that we as a society must strive to 

improve. At this time, current methods of immune rejuvenation need to be improved in order to 

reverse the age-related immune system decline.  
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Abbreviation key:  

• CD: cluster of differentiation 

• CLP: common lymphoid progenitor 

• CMP: common myeloid progenitor 

• Cy: cyclophosphamide  

• DLN: draining lymph node 

• DN1-3: double-negative 1-3 

• DP: double-positive 

• ELISA: enzyme-linked immunosorbent 
assay 

• FSH: follicle stimulating hormone 

• GnRH: gonadotropin-releasing hormone 

• HPC: hematopoietic progenitor 

• IgG: immunoglobulin G 

• IgM: immunoglobulin M 

• i.p.: intraperitoneal 

• IL-7: interleukin-7 

• IL-7C: interleukin-7 complexes 

• IL-7R: interleukin-7 receptor 
• LH: luteinizing hormone 

• LHRH: luteinizing hormone-releasing 
hormone 

• LMPP: lymphoid-primed multipotent 
progenitor 

• LN: lymph node 

• LT-HSC: long-term hematopoietic stem 
cell 

• MEP: megakaryocyte/erythroid progenitor 

• MPP: multipotent progenitor 

• preDP: pre-double-positive 

• preTCR: pre-T cell receptor 

• SLO: secondary lymphoid organs SP: 
single-positive 

• SSA: sex-steroid ablation 

• ST-HSC: short-term hematopoietic stem 
cell 

• TCR: T cell receptor 

• WNV: West Nile virus 
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