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Abstract 

Aged population exhibits enhanced susceptibility to viral infection and responds poorly to 

vaccination. This necessitates devising immune enhancing strategies for this group. Dendritic cells 

(DCs) because of their unique morphological features and strategic location at tissue sites serve as 

the sentinels of the immune system and can effectively prime antigen specific cytotoxic T 

lymphocytes (CTLs), a fraction of which further differentiates into lasting memory. Anamnestic 

response of memory cells confers to the host a quick protection during a subsequent exposure with 

homologous infection. Given the critical role of DCs in linking the innate and adaptive immune 

system, the study was undertaken to gain insights into DCs’ biology and their role in 

immunosenescence. Genome-wide RNAseq analysis of conventional DCs (CD11b+CD11c+ cells) 

isolated from unmanipulated young and aged mice revealed a severely compromised type I 

interferon signaling in the latter group. Type I IFNs serve as one of the first anti-viral response. 

Furthermore, DCs of aged animals were severely impaired in antigen presentation and mounted 

poor response of CTLs in vitro and in vivo. Genes of PI3K/MtorC1 signaling pathway such as 

Rab8a, Akt1 and S6K were downregulated in the aging cells. Therefore, the role of Rab8a, a small 

GTPase downstream to growth factor receptors such as CSF2Ra and IGFR, was evaluated in DCs. 

Rab8a depleted bone marrow precursors of young animals failed to efficiently differentiate into 

functionally competent DCs while those from aged animals following reconstitution with Rab8a 

regained functionality. Accordingly, the Rab8a reconstituted DCs generated a strong anti-viral IFN 

response when stimulated with two of the viruses viz., IAV and a gamma-herpesvirus (MHV68). 

Antigen-pulsed DCs enhanced activation of CTLs in vitro and mounted a potent primary and 

memory response of antigen specific CTLs to efficiently control a respiratory infection caused by 
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Influenza A Virus. Rab8a in conjunction with Rab11 promoted formation of endosomal recycling 

compartment (ERC) enriched with peptide loaded class I MHC complexes and such complexes 

were more efficiently displayed on the surface of DCs to engage with antigen specific CTLs. 

Therefore, the study uncovers a critical role of Rab8a in regulating differentiation and functionality 

of DCs and that a Rab8a reconstitution of DCs of an aging host could provide a viable approach 

to achieve immune sufficiency. These observations also have clinical implication in managing 

viral infections, enhancing vaccine efficacy as well as promoting anti-tumor response in the aging 

population. 
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Introduction 

Immune induction following infection is a highly regulated process (1). Dendritic cells (DCs) are 

specialized in sensing the presence of pathogens, internalizing soluble or particulate material, 

processing and presentation of antigens and eventually priming the T cell responses and thus 

determining the outcome of an infection (2). Although such homeostatic mechanisms are 

maintained throughout the lifetime of an individual, aging results in the progressive loss of immune 

functions, termed as ‘immunosenescence’. Age related alterations in the phenotypic profile and 

functionality of DCs results in sub optimal T cell priming. Accordingly, an inability to take up, 
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process and present antigens by DCs result in a diminished response to vaccination in the elderlies. 

Consequently, aged individuals fail to develop long term immunity in response to immunization 

and cannot mount proper immune responses against infections, which accounts for high morbidity 

and mortality (3). Therefore, analyzing the role of DCs in immunosenescence becomes crucial for 

improving vaccination strategies in the aged population.  

Multifactorial etiology of immunosenescence poses a challenge in studying and attempting 

its reversal. Both cell intrinsic as well as extrinsic factors such as the composition of the 

microenvironment can result in reduced functionality of immunocytes (4). For example, while a 

reduction in the absolute counts and clonal diversity of T and B cells contribute to the compromised 

anti-viral response, the adaptive immune cells in the aging host also exhibit a reduced proliferative 

potential (5). Innate immune cells also exhibit an age associated diminished cytokine signaling, 

phagocytic activity and antigen uptake (6). The consequences of immunosenescence have been 

well-appreciated and investigated but the underlying molecular mechanisms remain to be 

elucidated. To this end, we performed a genome-wide transcriptomic analysis of DCs isolated from 

naïve young and aged animals. Genes in multiple pathways responsible for maturation and 

imparting functionality to DCs were downregulated in the DCs of aged animals when compared 

with those from their young counterparts. Of note, DCs of aged mice had an impaired type I 

interferon signaling pathway. We, therefore, decided to characterize the effect that a compromised 

type I interferon signaling might be having on the differentiation as well as functionality of the 

DCs in aged individuals. DCs of aged animals exhibited a reduced response of interferons in 

addition to their compromised ability in antigen presentation and priming CD8+ T cells both in 

vitro and in vivo. We also discovered Rab8a (Ras related small GTPase) as a major driver of the 

immunosenescence in DCs that was significantly downregulated in the aging animals. Its 
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reconstitution restored differentiation and functionality of DCs generated from aged bone marrow 

cells. Therefore, reconstitution of Rab8a in the cells of aged individuals could help reverse the 

effects of immunosenescence.  

Objectives 

The study was designed with the following objectives.  

1. Transcriptomic analysis of DCs of naïve young and aged host  

2. Phenotypic and functional analysis of DCs from aged and young host. 

3. Investigating the role of Rab8a, a small GTPase in differentiation and function of DCs 

 (a) Depletion of Rab8a in DCs of young animals and studying its functional effects 

 (b) Reconstitution of Rab8a in DCs of aged animals to restore functionality  

Results and discussions in brief 

Objective 1. Transcriptomic analysis of DCs of naïve young and aged host. 

To unravel the underlying molecular mechanisms responsible for impaired functions of DCs of an 

aging host, we performed transcriptome analysis of CD11c+CD11b+ DCs sorted from the lymphoid 

tissues of naïve aged (>24 months) and young (2 months) mice. Our analysis revealed an 

upregulation of 44 genes by DCs of young animals while 123 genes were upregulated in the DCs 

of aged animals. Of the upregulated genes, a large majority were involved in the regulation of 

immunological pathways and were predominantly shown to localize to the membrane or nucleus. 

Genes upregulated in DCs of aged animals included inhibitory molecules such as CD160, and 

different killer like lectins such as Klrb1b, Klrb1c, Klrc1 and Klre1 (7,8). Additionally, a cluster 

of genes encoding for many GTPase associated nucleotide binding proteins (GIMAPs) and Arl4d 
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were upregulated in DCs of aged animals. These are known modulators of T cell functionality (9, 

10). Functional annotation and network analysis of the genes significantly downregulated in DCs 

of aged animals revealed compromised anti-viral functions that can be attributed to lower 

expression of multiple Toll-like receptors (TLRs) such as TLR-9, TLR1 and TLR7 and several anti-

viral genes such as IFITM1, IFI27l2a, IFIT3, IFIT1, OAS1a, OASl2 and OAS2 in DCs of aged 

mice suggested their inefficiency in responding to viral infections. Additionally, we observed a 

downregulation of genes involved in PI3K/MtorC1 signaling axis such as Rab8a, Akt1 and S6K. 

PI3K/MtorC1 axis is responsible for growth, differentiation and functioning of DCs (24). To 

validate these observations, we assayed the responsiveness of DCs of aged and young mice to a 

respiratory virus (Influenza A virus, WSN-SIINFEKL) and a γ-herpesvirus (MHV68-SIINFEKL) 

by generating BMDCs. IFNα, IFNβ and IFNγ along with their downstream mediators (STAT1, 2 

and IRF9) and interferons stimulated genes (OAS1A, OAS1G, OAS2, IFIT1, IFITM1 and ISG15) 

levels were reduced in the cells differentiated from precursors of aged as compared to the younger 

animals (13). Similar observations were made when human PBMCs from healthy young (<25 

years) and aged (>65 years) individuals were pulsed with IAV.  

Objective 2. Phenotypic and functional analysis of DCs from aged and young host. 

Since the type I IFN response was compromised in DCs of aged individuals, we also included 

young IFN receptor knockout mice (IFNRKO) in the study to explore its role in the differentiation 

of DCs. Phenotypic profiling of splenic DCs of aged mice revealed a significant higher frequency 

of splenic DCs (CD11b/CD11c) as compared to young and IFNRKO mice. Even though the 

expression of class II MHC molecules was comparable in all the groups, the frequencies of class I 

MHC expressing cells were significantly reduced in the DCs of aged and IFNRKO animals as 

compared to young mice. DCs from aged mice also showed significantly reduced expression of 
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CD80 and CD86. These results were indicative of compromised priming potential of DCs from 

aged as well as young IFNRKO animals. We directly tested this notion by pulsing BMDCs from 

young, aged and IFNRKO mice with ovalbumin and co-culturing with CFSE labelled antigen-

specific OT1 cells (CD8+ T cells bearing TCRs specific for the Ova257-264 epitope, SIINFEKL). 

Upon incubation with Ovalbumin pulsed DCs from aged and IFNRKO mice, OT1 cells 

proliferated to a lesser extent as compared to those incubated with young DCs. This gave us direct 

proof of their inefficient T cell priming potential. Subsequently, phenotypic profiling of the in vitro 

generated BMDCs revealed a lower expression of CD80, CD86, MHCI and MHCII on the aged 

and IFNRKO BMDCs. These results indicated that impaired IFN response in the DCs of aging 

animals could partly help explain their diminished activity to cross-prime antigens and stimulate 

CD8+ T cells. Furthermore, to recapitulate these observations in vivo, DC immunization 

experiments were carried out by adoptive transfer of Ova pulsed BMDCs into sex matched 

congenic young animals, which had previously received OT1 cells. The functionality of the OT1 

cells in each recipient group was then measured. A significant increase in the frequencies of OT1 

cells in the circulation of young DCs as compared to the aged and IFNRKO DCs recipients was 

evident. Upon infection with WSN-SIINFEKL, the recipients of the aged and IFNRKO DCs 

exhibited a sharp decline in body weights as compared to the recipients of DCs from young 

animals, which could be due to hyper-inflammation in the infected lung tissues and a poor control 

of the virus by the expanded OT1 cells. Accordingly, the frequencies of OT1 cells expressing 

CXCR3 (migratory marker) were significantly higher in the recipients of young DCs than those of 

aged and IFNRKO mice (15). Additionally, the OT1 cells in the recipients of young DCs more 

abundantly produced IFN-γ, TNF-α or both the cytokines. Consequently, we observed 

significantly higher titers of IAV in the lungs of the animals receiving DC-therapy from aged and 
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IFNRKO mice, which was confirmed by hemorrhagic and inflammatory lesions in their lungs. 

Therefore, we were able to show that DCs of aged animals are compromised in their ability to 

provide anti-viral protection and a diminished IFN response in the DCs of aged individuals could 

in part contribute to the observed effects. 

Objective 3. Investigating the role of Rab8a, a small GTPase, in differentiation and function 

of DCs.  

(a) Depletion of Rab8a in DCs of young animals and studying its functional effects  

Bone marrow cells of aged animals downregulated key genes required for sensing GMCSF such 

as CSF2Rα along with IGF1R and downstream adaptor molecules Rab8a required for activation 

of Akt by PI3K (23, 24). Additionally, other genes involved in PI3K-mTOR axis responsible for 

regulating the growth and differentiation of DCs were reduced in the expression in aged animals 

(24, 25). Therefore, the analysis suggested diminished proliferative, survival and differentiation 

potential of bone marrow cells from aged mice. As IGF1R-PI3K pathway critically controls the 

differentiation program of DCs, we further elucidated its role by shRNA mediated knock down 

(KD) of Rab8a in the bone marrow cells of young mice. Interestingly, the Rab8a-depleted BM 

cells when allowed to differentiate, produced significantly less frequency CD11b+CD11c+ cells. 

Moreover, the expression of CD80, CD86, MHCI and MHCII were also lower on Rab8a depleted 

cells. Therefore, Rab8a deficiency resulted in impaired differentiation as well as maturation of the 

DCs. We also assayed the functionality of the DCs differentiated from Rab8a depleted bone 

marrow cells of young animals by pulsing them with and IAV and found that the Rab8a deficient 

cells produced drastically reduced levels of IFNα, IFNβ, IFNγ, STAT1 and STAT2 (4-fold). 

Therefore, a reduced expression of Rab8a in DCs impedes not only the differentiation program but 

also attenuates their immunostimulatory potential. 
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(b) Reconstitution of Rab8a in DCs of aged animals to restore functionality 

Since a depletion of Rab8a in the bone marrow of young mice resulted in decreased functionality, 

we asked whether reconstitution of the same in aged bone marrow (BM) cells could reverse the 

effects of immunosenescence. To this end, lentivirus mediated overexpression of Rab8a was 

carried out in bone marrow cells of aged mice. Rab8a reconstituted BM cells of aged animals 

upregulated the expression of genes involved in nutrient sensing such as Akt1 and a cell survival 

factor, Bcl2. Rab8a reconstitution also restored the functional differentiation of BMDCs. 

Accordingly, the production of interferons and their downstream mediators (IFNα, IFNβ, IFNγ, 

STAT1 and STAT2) upon pulsing with IAV was evident in Rab8a overexpressing (Rab8a-OE) aged 

BMDCs. Therefore, the DCs of aged animals regained functional competence and mounted 

elevated response of IFNs following Rab8a reconstitution.  

As the cytokine production by the Rab8a reconstituted DCs was enhanced, we assessed 

whether such cells had improved antigen-presentation potential. Antigen presentation assays by 

co-culturing CFSE labelled OT1 cells with antigen-pulsed BMDCs generated from Rab8a-OE, 

bone marrow cells showed a significant increase in the frequencies of dividing OT1 cells as 

compared to the control BMDCs from aged mice. The restoration of antigen presentation was also 

seen in vivo. Interestingly, the relative abundance of DCs in different lymphoid organs upon 

adoptive transfer varied amongst the young, aged and Rab8a-OE DC recipients, which could be 

dictated by the expression of CCR7 and CCR5. Accordingly, these molecules exhibited lower 

expression on DCs of aged mice than young and Rab8a-OE cells (11). The data, therefore, showed 

that overexpression of Rab8a in BM cells of aged mice restores their functional differentiation into 

BMDCs, which exhibited better cross antigen-presentation and migratory potential for efficient 

sensing of pathogens and priming of antigen specific CD8+ T cells. 
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To gain mechanistic insights into the molecular events due to the depletion or the 

overexpression of Rab8a in bone marrow, the transcriptional changes and signaling events 

following Rab8a knockdown and overexpression were analyzed. Interestingly, the Rab8a depleted 

bone marrow cells had significantly reduced expression of genes of growth factor receptor-PI3K 

axis required for cellular growth and survival. The expression of the genes was restored upon 

Rab8a overexpression in the aged BM cells. Additionally, a baseline expression of Akt1 and 

phosphorylated Akt1 (pAkt1) was high in the bone marrow cells of young animals as compared to 

the aged counterparts, which was further increased in differentiated BMDCs. Moreover, following 

Rab8a depletion, the expression levels of Akt1 as well as pAkt1 reduced while reconstitution of 

Rab8a led to increased expression of both Akt1 and pAkt1 in steady state and after their 

differentiation into BMDCs. Therefore, improved growth factor sensing leading to efficient 

differentiation and enhancement of functionality in DCs following Rab8a reconstitution occurred 

through PI3K-Akt1 axis activation.  

Rab8a reconstituted BMDCs preferentially expanded CD8+ T cells can be attributed to 

better turnover of peptide loaded class I MHC molecules, which was evident by a significant 

increase in the surface expression of H-2Kb-SIINFEKL in the BMDCs differentiated from young 

and Rab8a-OE BM cells. Additionally, efficiency of immune synapse formation was improved by 

DCs of aged animals upon Rab8a reconstitution. 

It is well known that Rab8a localizes in different cellular compartments such as plasma 

membrane (26), macropinosomes (27), recycling endosomes (28) and exocytic vesicles to name a 

few. It is also essential for the fusion of exocytic vesicles to the plasma membrane (29).  

Overexpression of Rab8a is also known to promote the formation of cell protrusion and dorsal 

ruffles (30) and enhances membrane trafficking (27). Therefore, Rab8a could modulate the surface 
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display of p-MHC class I molecules in the reconstituted DCs and such complexes could better 

ligate cognate antigen reactive CD8+ T cells. To understand the role of subcellular compartments 

in facilitating Rab8a-driven cross antigen presentation, we performed confocal analysis of DCs 

from young and aged animals and Rab8a-OE aged DCs upon antigenic stimulation. A significant 

increase in the expression of Rab8a along with Rab11 and H-2Kb-SIINFEKL was observed in 

young and Rab8a-OE DCs than those from aged mice following ovalbumin pulse. Rab11 is 

preferentially localized in recycling endosome, a compartment where class I MHC molecules are 

abundantly present (18). Colocalization of Rab8a with H-2Kb-SIINFEKL and Rab11 was 

significantly higher in BMDCs generated from young and Rab8a-OE aged cells than the aged 

BMDCs. Therefore, Rab8a reconstituted DCs of aged animals were enriched with endosomal 

recycling compartment (ERC) that can then promote efficient trafficking of class I MHC molecules 

to plasma membrane. Taken together, we conclude that after internalization of Ovalbumin protein, 

Rab8a modulated the expression of Rab11 and promoted the transport of peptide-MHCI 

complexes to the ERCs, eventually resulting in efficient antigen display on the surface of the DCs. 

A significant increase in the frequency of phalloidin+ve cells in BMDCs generated from Rab8a-OE 

BM cells was indicative of a better cytoskeletal organization within the DCs, which could therefore 

restore sub-cellular trafficking. Our results also correlated with earlier reports where formation of 

cell protrusion and dorsal ruffle upon overexpression of Rab8a was observed (20). Therefore, our 

observation that Rab8a critically controls the functionality and differentiation of DCs and 

reconstitution of the same in DCs from aged individuals could, therefore, represent a viable option 

to reconstitute immune function and improve the existing strategies to provide aged individuals 

with long-term protection against viral infections. 
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Immunosenescence 

The complex structure of multicellular organisms originates from the cellular organization into 

tissues, organs, and organ systems. Cells are held together by various types of junctions, such as 

tight junctions, adherens junctions, and gap junctions. Cell to cell communication leads to the 

activation of various signaling pathways. The associated function and architecture of tissues and 

organs can decline with age, and this can lead to reduced response to various stimuli. Various 

factors can contribute to such effects which include changes in the gene expression, DNA damage, 

changes in cellular metabolism and altered composition of extracellular matrix. Age-related 

alterations can adversely affect all tissues and organ systems leading to deterioration of health, 

increased risk of acquiring infection, inefficient resolution of diseases and enhanced susceptibility 

to developing chronic diseases such as cancer and vasculopathies. Deteriorating functionality of 

immune system in the aging population is also known as immunosenescence (1). 

Age associated attrition of immune functions can lead to an increased susceptibility to various 

infections, decreased efficacy of vaccines, and a higher risk of developing certain diseases (2, 3,4). 

Several changes occur in the immune system during immunosenescence which include diminished 

function of immune cells, such as T cells (5, 6) and B cells (7, 8) Thymus, a primary lymphoid 

organ, which is responsible for the maturation of T cells, also shrinks and becomes less efficient 

in cellular output as the host ages (9). The ability of the host to mount a robust and coordinated 

immune response becomes impaired, making it more challenging to effectively control infections. 

The production of antibodies by B cells is inhibited and with this the control of microbes in 

extracellular spaces or at the portal of entry is rendered inefficient. Immunosenescence can also 

lead to chronic low-grade inflammation, known as inflammaging. This persistent inflammation 

can lead to age-related diseases such as cardiovascular diseases, cancers, and neurodegenerative 
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disorders (10). These changes in the immune system are influenced not only by a variety of 

physiological and environmental factors as well as the genetics of host (11). 

The adaptive immune system consists of a diverse repertoire of T and B cells, which differentiate 

into effectors and memory cells following a well-orchestrated transcriptionally controlled program 

triggered following antigen-stimulation. While naïve lymphocytes provide the host the ability to 

mount specific immune response to antigens during initial encounter, memory lymphocytes can 

rapidly respond to the previously encountered antigens. The number of naïve lymphocytes 

gradually declines with aging but the abundance of memory lymphocytes with known as well as 

unknown antigen specificities (virtual memory) expands. Such a response pattern could 

compromise the efficacy of immune reactions against newly acquired infections. Furthermore, 

because of the intrinsically impaired functionality of the existing immune memory, such cells may 

not provide efficient protection during reinfection with certain agents. Lymphopoiesis is reduced 

post puberty and a further expansion of repertoire becomes limited. While the specificities of 

adaptive immune cells remain largely unchanged but the accumulating cues in lymphoid organs 

tend to readjust and fine tune the response pattern of existing cells to confer to the host some level 

of protection against the encountered pathogen. This is established for the responsiveness of helper 

T cells but not well understood for CTLs. Plasticity of Th cells could contribute to such effects. 

However, in the later phase of aging, a progressive decline in immune function and enhanced 

susceptibility to infection induces high morbidity and mortality of the infected aged individuals. 

Such largely irreversible alterations in the aging host also impair vaccine induced protection and 

fail to adequately control carcinogenesis. One of the most prominent features of 

immunosenescence is the reduction in the output of naïve T lymphocytes due to thymic atrophy 

(12). The repertoire of B cells generated in bone marrow is also reduced (12, 13). The analysis of 
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TCR Vβ chain usage in human peripheral T cells showed a reduction in the diversity of T cell 

clones.  Goronzy and Weyand, 2005 have demonstrated a significant decrease in the repertoire of 

T cells from 108 in younger to 106 in the elderly (14). Both intrinsic and extrinsic factors could 

contribute to the age-related decline in the generation of naïve immune cells. Genetic alterations 

in the immune cells or cellular damage constitute some of the cell-intrinsic factors while the altered 

composition of growth factors or hormones including the microenvironment, anatomical 

disruption in the lymphoid and non-lymphoid organs serve as extrinsic factors. These factors could 

also control the homeostatic turnover of naïve lymphocytes (15).  

Microenvironment in the aging host 

 Microenvironment prevailing in both lymphoid and non-lymphoid organs constitutes one of the 

critical factors in immune cell homeostasis. Primary lymphoid organs, such as the bone marrow 

and thymus, play a crucial role in the production and maturation of immune cells. The bone marrow 

is the site of hematopoiesis after birth in most vertebrates where the immune cells of different types 

and lineages are generated. B cells, one of the critical arms of adaptive immune system, develop 

and mature in bone marrow before populating secondary lymphoid organs. Thymus, located in the 

thoracic cavity, is primarily responsible for the maturation and development of T cells and these 

cells are key players in cell-mediated immunity. Secondary lymphoid organs, such as the spleen 

and lymph nodes present throughout the body constitute drainage system for the extracellular 

spaces. Secondary lymphoid organs provide necessary microenvironment for facilitating cellular 

interaction and activating immune cells. Lymph nodes are small, bean-shaped structures that filter 

and trap antigens (foreign substances) present in the extracellular spaces in addition to housing 

immune cells that traverse through circulatory system. Spleen, located in the upper left abdomen, 

filters blood, and helps remove old or damaged red blood cells and participates in immune 
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responses. Structural integrity of both primary and secondary lymphoid organs is crucial for a 

healthy host as well as for the induction of an effective immune response. Disrupted architecture 

of these organs can have a significant impact on the quality and magnitudes of immune responses 

leading to inefficient control of infections and increased susceptibility of the host to other immune 

disorders. 

Aging and primary lymphoid organs 

Bone marrow and thymus are the sites for maturation of B and T cells, respectively. Aging reduces 

the number and functionality of hematopoietic stem cells (HSCs), resulting in the decreased 

production of common lymphoid progenitors (CLPs) and B as well as T cells. Furthermore, the 

microenvironment within bone marrow of an aging host becomes less supportive of B cell 

development, resulting in the compromised antibody response to infections. Similarly, thymic 

atrophy reduces the output of T cells, and consequently the composition of T cell subpopulations 

is also changed. This leads to the impaired immune surveillance and enhances susceptibility of the 

host to develop severe reactions following infection (11). The bone marrow microenvironment, or 

hematopoietic niche, plays a crucial role in supporting the development and maintenance of HSCs 

and the generation of various immune cells. Aging can significantly affect the architecture and 

function of the hematopoietic niche and in so doing impacts immune cell differentiation. The 

stromal compartment within the bone marrow microenvironment consists of different types of 

cells, including mesenchymal stem cells (MSCs), osteoblasts, adipocytes, and endothelial cells. 

These stromal cells provide physical and regulatory support to the HSCs. With aging, there is a 

decline in the number and function of HSCs, which are responsible for generating different cell 

types, including immune cells. The composition and functionality of the stromal compartment 

within the hematopoietic niche is altered with aging. For example, the altered composition of 
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MSCs, adipocytes, and osteoblasts can affect the regulatory signals and adversely affect the 

differentiation of HSCs. Additionally, the regenerative capacity of the niche is reduced. This 

results in compromised humoral and cell mediated immunity. 

Homeostasis of HSCs in bone marrow of aging host  

The aging host exhibits dysregulated hematopoiesis but underlying mechanisms are not well 

understood. Strain and species of animals used in different studies might introduce variations in 

the composition of HSCs. Therefore analyzing different strains during the aging process might 

present discordant results (19, 20). For example, aged DBA/2 strain of mouse possess a higher 

frequency of HSCs in the bone marrow as compared to CBA/J, BALB/c, or C57BL/6 mice (16). 

Differential representation of HSCs is also evident in the aged mouse and paradoxically some 

strains of mice show more pronounced HSCs response as compared to their younger counterparts 

(16-18). Frequencies of HSCs in bone marrow of aged humans could decrease (21), increase (22), 

or remain unchanged (23) depending on the genetic variations or the underlying conditions. It is 

known that DBA/2 genotype of mouse have competitive advantage over C57BL/6 strain of mouse 

in terms of higher rates of cellular division which could be due to intrinsic differences in the 

proliferation of stem cells (24, 25). However, this advantage wanes as the C57BL/6 animals age 

and eventually this strain shows elevated frequencies of HSCs due to their increased proliferation 

rates. It was shown that approximately 12.5% of HSCs were in S/G2/M phases of their cell cycle 

in 23-month-old mice, while such cells were 2.6 – 3.9% in younger mice (26). HSCs were more 

frequent in the aged mice but when adoptively transferred in the irradiated recipients such cells 

were compromised in self-renewal and lymphopoiesis (18, 26, and 27). The reasons for such a 

discrepancy are not clear but could relate to the differences in niche in the two conditions. 

Additionally increased frequency of HSCs could skew the generation of myeloid cells as compared 
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to the lymphoid cells as was evident by transcriptional profiling of such cells from different age 

groups. More of the myeloid lineage genes were found upregulated than those involved in the 

differentiation of lymphoid cells which could suggest for specific reduction in the cells of 

lymphoid cells in the aged mice (17). The skewing of HSCs differentiating towards myeloid 

lineage in the aged mice was accompanied by decreased production of CLPs, pre-pro-B cells, pro-

B cells, pre-B cells, and total B cells (17, 28, and 29). The reduction in the proliferation of CLPs 

and inefficient expression of recombination activating gene 2 (RAG2) as well as V(D)J 

recombinase activity could account for decreased output of pro-B cells and pre-B cells in bone 

marrow, respectively (30, 31).  

Elevated oxidative stress induced higher production of reactive oxygen species (ROS) by bone 

marrow HSCs in the aging host diminishes their function. ROS mediated DNA damage in HSCs 

and their reduced expression levels of genes required for repairing DNA damage in the aged 

individuals could results in dysfunctional HSCs (27, 32, and 33). Accordingly, age related 

alterations could reduce the frequency of HSCs by ~25% and the persisting cells show lower 

threshold of ROS mediated impaired functions (32). Partial restoration of HSCs functions by 

treatment with antioxidants such as N-acetyl-cysteine or catalase was also reported (34, 35). That 

stromal cells in the bone marrow of aged host are limited in the production of antioxidants such as 

glutathione (36) and peroxiredoxin-2 (36, 37) was also reported. Therefore, the generated ROS are 

majorly responsible for the reduced homeostasis of HSCs in the aging host.     

Aging and stromal compartment of bone marrow 

Not only the progenitor cells but also the niche contributing cells crucially control hematopoiesis 

in the aging host. Accumulation of senescent stromal cells including mesenchymal stem cells 

(MSCs), that give rise to osteoblasts and adipocytes, could affect hematopoiesis and lymphopoiesis 
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(39). A conditional depletion of osteoblasts in mouse resulted in increased myelopoiesis and 

decreased lymphopoiesis leading to ~30% reduction in the numbers of B cells and HSCs in bone 

marrow (40). Adipocytes antagonize HSCs response and within adipocyte rich region of bone 

marrow there is upto a 3-fold reduction in the population of HSCs (41). Senescent cells exhibit a 

state of irreversible cell cycle arrest and are compromised in the secretion of pro-inflammatory 

cytokines, chemokines, and growth factors, collectively known as the senescence-associated 

secretory phenotype (SASP). The SASP can disrupt the microenvironment and impair the function 

of HSCs, leading to the decreased production of immune cells (38).  Age related changes in the 

stromal compartment impair the function of HSCs and promote stromal growth (42). Furthermore, 

aging can also alter the differentiation pattern of MSCs, leading to a skewed adipogenic cell 

differentiation while reducing their osteogenic differentiation (43, 21). Not only the frequencies 

but also the number as well as functionality of osteoblasts is increased in the aging population (44, 

45). This eventually leads to removal of HSCs from osteoblastic niches which could be facilitated 

by the loss of adhesion to stroma (46). Skewing of MSCs towards adipogenic response in aged 

individuals is regulated by peroxisome proliferator-activated receptor gamma 2 (PPARγ2) which 

is master regulator of osteoblast/adipocyte balance (47). Upto a 10-fold increase in the expression 

of PPARγ2 mRNA was shown in the bone marrow stroma of elderly as compared to the young 

animals (48).  

Aging and thymus 

Thymus is one of the primary lymphoid organs where T cells develop. It undergoes age-related 

changes by a process known as thymic involution. Thymus is at its maximum size and remains 

most active during childhood and adolescence, and thereafter it gradually decreases in size and 

exhibits impaired functionality as the host ages. By middle age, the thymus is only a fraction of its 
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original size, and the output of naive T cells is greatly reduced. The thymic stroma, consisting 

mainly of thymic epithelial cells (TECs), plays a crucial role in the maturation and selection of T 

cells. TECs not only provide crucial signals to the developing T cells to guide them through various 

differentiation and selection processes but also help create the unique microenvironment in the 

thymus, which is essential for developing the functional T cell repertoire (11). During thymic 

involution, the number and function of TECs decline, which can contribute to the reduced output 

of naïve T cells and a decline in immune function. As a result, the host becomes more susceptible 

to contract infections, develop cancer and other age-related diseases.  

TECs originate from the endodermal cells during mid-gestation period (49). Post-natal thymus 

serves as the site for the development and education of T cells. Non-lymphoid tissue aggregates 

composed of stromal cells as well as TECs, the surrounding mesenchyme along with the complex 

set of cellular interactions with the immigrating lymphoid and endothelial progenitors constitute 

the complex cellular environment within thymus (50). The compartmentalization of thymus 

continues after birth where hematopoietic progenitors of T cells are periodically seeded by bone 

marrow leading to its increased size (51). The increased thymic size is also accompanied by more 

of fully mature T cells of appropriate specificity making it to periphery (52, 53). The 

compartmentalized postnatal thymus is divided into different compartments; the outer cortex, inner 

medulla and cortico-medullary junction (CMJ). These different thymic compartments serve 

distinct functions during the maturation and selection of T cells. Cortical TECs (cTECs) play a 

crucial role in positive selection, maintaining T cell lineage commitment, and supporting early 

thymocyte proliferation and differentiation. Medullary TECs (mTECs) are specialized in inducing 

central tolerance and facilitating the maturation of thymocytes prior to their exit from the thymus. 
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As the thymus undergoes age-related changes, compartmentalization can become disorganized, 

and the ratios of the subsets of TEC can shift, leading to a reduction in the output of naïve T cells.  

Aging and secondary lymphoid organs 

Age-related changes in the architecture of secondary lymphoid organs, such as lymph nodes and 

spleen, can alter the microenvironment required for immune cell interactions and the generation 

of adaptive immune responses to infections as well as vaccines. Consequently, aging population 

exhibits an increased susceptibility to infections and tumors (54). Lymph nodes (LNs) are critical 

for the activation and proliferation of antigen-specific T and B cells. LNs serve as the drainage 

sites for lymph transported via lymphatics from various tissues and therefore any antigenic organic 

material contained can traverse through these organs. Antigen carrying antigen presenting cells 

(APCs) traverse through LNs interact with the T cells of appropriate specificity at specialized sites 

to activate the latter. Once expanded the effector T or B cells via direct activity or through their 

products help neutralize the infectious agent (55). Passage of blood into LNs is governed by 

arterioles of hilum. Inside the LNs, blood enters the parenchyma through post-capillary venules 

(PCVs), also known as high endothelial venules (HEVs) which are lined by tall, cuboidal 

endothelial cells, and it exits via venules of the hilum (55). Migration of antigen experienced 

immune cells to the LNs is also governed by the expression of surface adhesion molecules and 

their interacting molecules expressed by the endothelial venules. Migration of immune cells also 

helps in wound healing, angiogenesis, and inflammation as well as tumor control (56). It has been 

shown that the total numbers of LNs in the human body which ranges from 300 to 500, and their 

total weight (~100 grams) decreases with age. Age associated deterioration in the LNs involves 

fibrosis, vitrification, reduction in the number of PCVs, and changes in the morphology and 

function of the specialized endothelial cells also known as venous capillaries (57). Aging related 
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impairment also includes reduction in the amount of cortical and medullary zones of lymphoid 

tissues and reduction in the number and size of germinal centers in lymphoid follicles leading to 

compromised immunological response against infections. Furthermore, aging related impairment 

of LNs not only reduces the number of follicular dendritic cells (FDCs) but also their antigen 

uptake ability which adversely affects humoral immunity in the older individuals (58). Enhanced 

susceptibility of aged population to infections is evident in people over 65 years of age (59-62). 

Spleen, a reservoir of immune cells serves as a primary site for the initiation of adaptive immune 

responses against blood-borne pathogens. Age-related changes in the splenic architecture can lead 

to reduced number and function of immune cells. Overall, the age-related changes in the 

architecture of secondary lymphoid organs can have a significant impact on immune function and 

increased risk of acquiring infections and developing other age-related diseases.  

Age related defects in the immune cells  

Both innate and adaptive arms of the immune system are compromised in aged individuals and 

consequently, the frequency and severity of infection, immune surveillance against developing 

malignancies, and response against vaccinations are compromised in older individuals (63-65). 

The ability of T cells to discriminate self from non-self-antigens can also be impaired, leading to 

an increased risk of developing autoimmune diseases.  

Effects of aging on the cells of innate immune system 

Age-related defects in the innate immune system includes decreased production of cytokines and 

chemokines. This can result in a diminished recruitment of immune cells to sites of infection. A 

decline in the production of antimicrobial peptides is also evident in aged individuals. This can 

lead to an increased susceptibility to bacterial infections (68). Epithelial barriers of different organs 
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such as skin, lung, and gastrointestinal tract also increase as we age (69-71). How aging impacts 

the functioning of innate immune cells is debatable with some reporting no change, and others 

showing a significant decline in functionality in aged individuals (72-75). Some of the 

proinflammatory cytokines such as interleukin IL-6, IL-1β, tumor necrosis factor (TNFα), and 

TGFβ which mediate chronic inflammation are preferentially induced in aging individuals causing 

a process commonly known as inflammaging (76-79).  Age associated discrepancy in the innate 

immune system has also been studied in murine models which show a slower recovery, prolonged 

morbidity, and persisted viremia following influenza A virus (IAV) infection in aged C57BL/6 

mice and these results were attributed to the delayed recruitment of granulocytes and DCs as well 

as the prolonged persistence of macrophages in the infected lungs (67). It was also noted that aging 

also results in diminished protective pro-inflammatory response (IL-12 and MCP1) and a delayed 

peak of IL-6 in the lungs tissues of aged mice but the levels of TNF- and IL-1 were significantly 

increased (66). 

Homeostasis of granulocytes in an aging host 

Age associated impairment in the functionality of granulocytes can lead to a delayed response 

against different microbial infections. This impairment can manifest in several ways including a 

reduced production of reactive oxygen and nitrogen species (ROS and RNS) which help in direct 

killing of invading microbes. Granulocytes also produce a wide range of degradative enzymes and 

antimicrobial peptides (AMPs) that can help clear infections and such products may be less 

efficiently produced in older individuals. Neutrophils or polymorphonuclear cells (PMNs) being 

the most abundant and short-lived leukocytes with an average span of ~8-12 hours in the blood. 

Neutrophils are the first immune cells which migrate at the sites of infection and try to clear the 

pathogen by ingesting them through phagocytosis or by releasing microbicidal granules. After 
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phagocytosis, neutrophils produce a wide range of toxic products such as nitric oxide, super oxide, 

oxy halides, and hydrogen peroxide to cytolyze the ingested microbes. Rather than to their reduced 

frequencies, the compromised functionality of PMNs in the aging host is largely attributed to 

diminished chemotaxis and phagocytosis as well as reduced production of superoxide in response 

to the ligation of innate immune receptors such as toll like receptors (TLRs) or formyl peptide 

receptor 1 (FMLP) or by the opsonized microbial products in aged individuals (80-83). Even 

though most of the studies suggest a compromised production of ROS by PMNs in aging host but 

their spontaneity in production was increased (84). A delayed and overall reduction in the 

production of ROS was observed by some investigators (85). It is also noticed that neutrophils of 

elderly are less responsive to GM-CSF and can more frequently undergo apoptosis at the infected 

tissues leading to an inefficient control of infection and a persisting inflammation (86, 87, and 83). 

Studies involving murine models have shown that there is a sharp decrease in the number of 

neutrophils recruited to site of infection which can be attributed to their altered genesis in bone 

marrow (86, 71). Other types of granulocytes such as eosinophils, basophils and mast cells which 

provide defense against parasites and airway inflammation can be adversely affected by aging. 

Aging associated decline in the functionality of eosinophils is largely attributed to their enhanced 

degranulation in the aged asthmatic people (89).  

Monocytes and macrophages in aging host 

Monocytes which transform into macrophages with specialized functions are abundantly present 

in connective tissue, sub-mucosal layer of the gastro-intestinal tract, lung, liver, spleen, bone, 

brain, and skin. Submucosal tissues entrapped macrophages tend to preferentially lose 

functionality in aging host. It is also reported that the surface expression of class II MHC molecules 

on macrophages is reduced with aging both in mice and humans (90, 91). Another study 
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corroborated such observations by showing that macrophages from aged mice showed 50% lesser 

upregulation of class II MHC molecule as compared to those from younger animals following 

stimulation with IFNγ and this led to compromised antigen presentation (90). A decline in the 

phagocytic activity of macrophages from the aged host was also reported and this likely caused 

reduced production of super-oxide anions (94). Super oxides are involved in the respiratory burst 

of macrophages and are critically involved for bactericidal effects (92, 93). Such macrophages also 

produced lower levels of chemokines, such as macrophage inflammatory protein (MIP)-1β, MIP-

1α, Eotaxin, and MIP-2 (95). Monocytes collected from the peripheral blood of aged humans 

showed a decline in the surface expression of pattern recognition receptors (PRR) such as TLR1, 

2, and 4 to varying levels (96). Consequently, such cells produced lower levels of TNFα, and IL-

6 post TLR1/2 ligation but their production of pro-inflammatory cytokines at basal levels was 

elevated (97). Factors such as the microenvironment, shortening of telomeres and presence of 

higher levels of pro-inflammatory cytokine especially IL-6 in the circulation of aged individuals 

could explain the skewed differentiation of macrophages into M1 than M2 types (73). Aging 

related impairment has also been shown in LPS activated splenic macrophages by microarray-

based analysis (98). Cells from aged mice were reduced in the expression of genes involved in 

TLR-signaling and NF-κβ pathway but that of a negative regulator, IL-1 receptor-associated 

kinase-3 (IRAK3), was exclusively upregulated in those from young mice. This effect could be 

attributed to the high levels of intracellular ROS in the cells of aged mice.  

Natural killer cell response pattern in aging host  

NK cells provide anti-viral and anti-tumor defense in addition to performing immune surveillance. 

NK cells are heterogeneous population of lymphoid origin and differ in their proliferative potential 

which correlates with their surface expression of CD56. CD56high cells are less abundant (10%) as 
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compared to the CD56low cells (90%) in the peripheral blood of humans (74). CD56low NK cells 

are highly cytotoxic, less proliferative and produce fewer cytokines but CD56high NK cells are 

highly proliferative and produce a wide range of cytokines such as IFNγ, TNF-β and IL-10, and 

chemokines, such as RANTES and MIP-1α, but their cytotoxicity is limited. With aging there is a 

preferential accumulation of CD56low NK cells in the humans (97). It has also been shown by 

various studies involving humans that the circulating NK cells were increased with age but their 

net influence on cytolytic activity against tumorigenesis is not appreciably enhanced (100, 101). 

Therefore, relative abundance of CD56low NK cells is considered as a compensatory mechanism to 

account for the reduced activity and proportion of different subsets (102). It is also noticed that 

NK cells in the aging host were defective in cytotoxicity and lymphokine-activated killer (LAK) 

cell activity. These defects are due to their compromised inositol phosphate metabolism, a 

signaling pathway involved in cellular functions. The impairment in inositol phosphate 

metabolism may affect the signaling pathways and intracellular processes necessary for efficient 

cytotoxicity and LAK cell activity of NK cells. Inositol phosphates are important second 

messengers involved in cell signaling, and disruptions in their metabolism can have downstream 

effects on various cellular functions (103). The spontaneous cytotoxic activity of NK cells which 

occurs independently of antibody response is specifically reduced with aging. Therefore, immune 

surveillance by KN cells is compromised and the aged population also tends to develop cancers. 

Aging and natural killer T (NKT) cells 

Age-associated changes in the immune system also involve alterations in the population of natural 

killer T (NKT) cells. NKT cells are a unique subset of T cells that express an invariant T cell 

receptor (TCR) and are restricted by the CD1d molecule. They can respond rapidly to certain 

antigens, such as α-Galactosyl Ceramide (106). NKT cells are reduced in numbers in aged mice as 
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well as humans. While the mechanisms underlying such a reduction are not fully understood, 

factors such as thymic involution, altered T cell development and changes in the microenvironment 

could contribute. Accumulation of memory-like NKT cells at the expense of naïve NKT cells is 

also evident. Aging can also impact the functionality of NKT cells by compromising the NKT cell 

activation and impaired cytokine production in response to antigenic stimulation. Moreover, there 

is a shift in the cytokine production pattern of NKT cells from a type I to type II response and the 

latter is primarily involved in antibody production and eliciting allergic responses. This skewing 

of the cytokine profile may have implications for elevated immune-regulatory response in older 

individuals (107). NKT cells play important roles in bridging innate and adaptive immunity, 

regulating inflammation, and maintaining immune balance. Therefore, age-related alterations in 

NKT cells may contribute to immune dysregulation, increased susceptibility to infections, and 

impaired immune surveillance against cancers. 

Aging and dendritic cells 

Dendritic cells (DCs) serve as the sentinel cells because of their unique anatomical localization, 

morphology, and ability to traverse to secondary lymphoid organs. These cells phagocytose 

antigen, process them and eventually present antigenic peptides to T cells. Immature DCs home to 

tissues, take up antigens by phagocytosis or macropinocytosis and subsequently get activated to 

home to the draining LNs. Number and functionality of various subsets of DCs such as myeloid 

DC (mDC) and plasmacytoid DC (pDC), and their relative abundance at different sites could vary 

as the host ages. However, the tissue specific DCs such as Langerhans cells present in the skin, are 

consistently reduced in aged population (108). Aging also impacts the cytokine production, some 

cytokines such as IFNα and IL-12 are produced less abundantly while others such as IL-6 and 

TNFα are produced more abundantly following stimulation with various infections, agonists such 
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as LPS and ssRNA (109, 110). Age associated defects also include the impaired macropinocytosis, 

phagocytosis, migration of DCs and reduced signaling events such as decreased phosphorylation 

due to deficiency of PI3K as the latter is required for phosphorylation of serine/threonine-protein-

kinase/PKB (AKT) in DCs (111).  

Aging and adaptive immune system 

Defects arising in the cells of adaptive immune system have been more commonly studied as 

compared to those in the other arm of immunity in the aging population. These could originate 

from the reduced repertoire of antigen-specific cells, impaired activation of antigen-specific T cells 

because of the mis-directed interaction between DCs and T cells which impacts production of 

cytokines and other signaling molecules. These changes can affect the ability of the immune 

system to clear infections. The altered cytokine production can also affect the balance between 

Th1 and Th2 responses and inadequate control of microbial infections (112).  

Aging and B lymphocytes 

A diminished response of B lymphocytes is observed in aged individuals which can be attributed 

to reduced production of B lymphocytes from bone marrow. Precursor of B lymphocytes are pro-

B cells which differentiate into pre-B cells which after immunoglobulin gene rearrangement are 

converted to become B cells and after passing through a selection process migrate to periphery. A 

decline in the B lymphocytes results in compromised antibody response as is observed in aging 

population of both humans and mice (113- 116). These defects are largely governed by intrinsic 

defects of B cells as serum immunoglobulin levels remain unchanged in both aged mice and 

humans. However, the affinities of antibodies are often lower (117). The diminished antibody 

affinity response can occur due to reduced somatic hyper-mutation because of the inefficiency of 
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germinal center reaction (GCR) and isotype switching (118). A transcription factor E47 which is 

responsible for class switching in B cells is reduced in the expression in aging individuals (119). 

As alluded to earlier, the decline in the frequency of precursors B cells results in limited naïve B 

cells output. This can eventually lead to the preferential accumulation of antigen-experienced 

memory B cells and blunt overall repertoire (120). Antigen experienced B cells with limited 

specificities are maintained by homeostatic proliferation mechanisms. The memory B cells are less 

prone to undergo apoptosis and persist in the system for long-term survival at the expense of naïve 

cells (121, 122). Studies involving murine models have shown a reduction in the expression of 

genes responsible for the lineage commitment and differentiation of B (123, 124). Additionally, 

significant alterations in the downstream signaling events following antigen recognition by B cells 

are more commonly evident in aged people (125, 126).  

T lymphocytes homeostasis with aging 

T cells are a critical component of the adaptive immune system and act as center regulator of 

defense against various pathogens by producing effectors molecules that endow them with the 

ability to kill infected cells. Altered composition of T cell pool and their compromised 

functionality are common features of immunosenescence. It is shown that aging induced effects 

on thymic activity and the output of naïve T cells could be partially reversed by systemic 

administration of cytokines and hormones or by bone marrow transplantation (127, 128). A study 

showed that thymic ablation resulted in premature aging of naïve T cells. Aging associated changes 

also include the attrition of TCR diversity and consequently oligoclonal expansion of T cells is 

evident (129, 130). It was also observed that aging skews TCR repertoire and KIR (Killer 

inhibitory receptor) are more frequently expressed by T cells (131, 132). KIRs are usually 

expressed by NK cells but the consequences of their expression by T cells are not known. 
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Additionally, it is also known that the thymic involution leads to reduced frequencies of naïve T 

cells in the periphery which is compensated by increased number of effector and memory T cells 

(133). Antigen independent proliferation of T cells is also observed in aged individuals which 

could help explain their comparable numbers in the aged and young individuals (134). Age 

associated downregulation of surface CD28 by CD8+ T cells was observed in the older people 

which could suggest for their functional incompetence (134). Naïve CD4+ T cells of aged mice 

showed a relative increase in the lifespan but such cells were functionally deficient (135). The 

accumulated memory CD8+ T cell population (CD8+CD28-) had shortened telomeres and a major 

fraction was reactive to cytomegalovirus. Microarray analysis of T cells obtained from young and 

aged donors, showed a differential transcriptome in CD8+CD28− T cells and CD8+CD28+ T cells. 

A hierarchical clustering of T cells subsets could be derived from their expression profile. On one 

extreme of the spectrum were the antigen unexperienced CD8+ T cells from young individuals 

with a phenotype of CD8+CD28+ while the antigen-experienced CD8+CD28− T cells from young 

and the older people constituted the other end of spectrum. CD8+CD28+ T cells obtained from the 

elderly representing an intermediate population (136). A significant increase in the number of 

effectors and memory T cells in the aged individuals is accompanied with a concomitant decline 

in the response against new antigens and consequently poor response to vaccination is noticed 

(137-139). The milieu conducive for the differentiation of Th2 over Th1 cells exists in aged host 

(104, 105, 140-142). Comparative analysis of the response of regulatory T cells in aged and young 

host has provided inconsistent results (143, 144). Numbers of CD4+CD25+ or CD4+Foxp3+ were 

comparable in young and aged individuals but such cells from the aged individuals efficiently 

inhibited the production of IL-10 in when added to the co-culture of effector CD4+ T cells. Th17 

responses were more abundant in the aged individuals, and this could be attributed to increased 
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IL-6 levels (145). The downstream signaling via TCR was hampered in the T cells of aged host 

which could be due to reduced IL-2 production as well as impaired recruitment of molecules at the 

immune synapse. These observations were made for the cells of murine as well as humans (146-

153). Enhanced levels oxidative stress in the T cells from aged host could also partially account 

for such results (150-153). 

Molecular understanding of cellular senescence 

HSCs are reduced by 2-10-fold in aged humans as well as mice and such cells are additionally 

compromised in their proliferation and differentiation (154-158). Both cell-intrinsic factors such 

as DNA damage, production of ROS, changes in polarity and cell extrinsic factors such as 

hematopoietic niche or the microenvironment could cause such effects (154, 159). Dysfunctional 

HSCs lead to declining immunity and precipitate various diseases such as myeloid and lymphoid 

leukemia, autoimmunities and enhanced susceptibility of the host to acquire infections and 

controlling it poorly (160, 156 and 167). Senescence of BM cells is also driven by the reduced 

response of cells to nutrient sensing via mTOR axis. GM-CSF promotes the growth and survival 

of precursor BM cells by engaging PI3K-mTOR pathways and subsequently such cells 

differentiate into BMDCs by engaging STAT5. Development, maturation and functionality of 

aging cells is compromised (161). A limitation of growth factors leads to the inhibition of 

MAPK/mTOR pathway and consequently cell cycle is arrested. Such cells show impaired 

metabolism, protein synthesis and cellular functions (161). Cell cycle arrest in the aging cells could 

also be caused by dysregulated autophagy, mitochondrial oxidative phosphorylation, or systemic 

inflammation. An active mTOR signal in the absence of growth factors leads to direct or indirect 

inhibition of cyclin-dependent kinase (CDK) such as p21 and p16 that causes arrest of cells in G1 

phase, while the cells remain metabolically active via mTOR pathway (161, 162). The mTOR 
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activation in the cells arrested in G1 phase promotes cellular senescence and such cells show 

hypertrophic changes with flattened morphology in addition to producing pro-inflammatory 

molecules. The irreversible cell cycle arrest in the G1 phase promotes cell injury, decreasing 

physiological cell capacities, leading to an unnatural aging process. A hyper activation of mTOR 

also promotes neoplastic cell transformation so inhibiting mTOR might prevent age associated 

neoplastic disease (163). Therefore, a regulated expression of mTOR is necessary for the growth 

and development of cells.  

It is known that mTOR exists as multiprotein complex (mTORC1 and mTORC2) and 

constitutes a central integrator of cell metabolism and promotes lineage commitment in T cells 

(164). mTORC1 promotes the transcription of genes involved in cellular metabolism and affects 

glycolysis, pentose phosphate pathway (PPP) and de novo lipogenesis as it was evident in both 

Tsc1/Tsc2 depleted or rapamycin treated cells (165). mTORC1 signaling increases flux through 

oxidative PPP to generate NADPH, which provides the reducing environment for many 

biosynthetic processes. The production of ribose sugar required for synthesis of nucleotides is also 

enhanced which promotes anabolic cell growth and proliferation (165). A dramatic up-regulation 

of glucose consumption through PPP was observed which further increased myc- and mTORC1-

dependent activation of T cells. The deletion of myc impeded glutamine oxidation which is 

essential for the growth of T cells through the mTOR pathway (166).  

Inhibition of mTOR induces T-cell anergy even in the presence of an adequate co-

stimulation which can be attributed to down-regulation of the metabolic machinery (168, 169) and 

such cells are preferentially retained in lymphoid tissues (170, 171). That the signaling via mTOR 

affects differentiation of CD4+ helper T cells was shown.  While an inhibition of mTORC1 impairs 

the differentiation of Th1 and Th17 cells without affecting Th2 response, a deficiency of mTORC2 
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in T cells impairs the differentiation of Th2 cells with no effect of the differentiation of Th1 and 

Th17 cells (172). An inhibition of mTOR also influences the differentiation of T regulatory cells 

(Tregs) (173, 174) by promoting the expansion of naturally occurring Tregs (CD4+CD25+FoxP3+) 

as well as by generating inducible Tregs from conventional CD4+ T cells (173-176). While the 

mTOR inhibition suppresses the proliferation of activated CD4+ T cells in addition to enhancing 

their susceptibility to apoptosis, the response of memory CD8+ T cells is promoted (177, 179). 

Studies involving murine model of acute LCMV infection revealed significant enhancement in the 

frequencies of CD127 (IL-7Rα), CD62L (lymph node homing marker) and the anti-apoptotic 

molecule, B-cell lymphoma 2 (Bcl2), expressing cells following mTOR targeting by 

pharmacological antagonism with rapamycin and or its genetic ablation (178). The mTOR depleted 

cells showed reduced expression of T-bet, a master regulator of Th1 and CD8+ T cells activity and 

such cells preferentially generated memory T cells (179, 180). 

Inhibition of mTOR by using rapamycin has significant effects on DCs biology. The 

mTOR inhibited cells were compromised in phenotypic and functional maturation of DCs 

following addition of IL-4, LPS or CD40 ligation (181-183) as well as upon their fms-like tyrosine 

3 kinase ligand (Flt3L) induced differentiation (184, 185). Additionally, mTOR-inhibition also 

promoted apoptosis of human monocyte and CD34+ derived DCs, without affecting other immune 

cells such as macrophages or myeloid cells (186). However, mTOR inhibition enhanced CCR7 

expression on DCs which is required for migration of DCs to the secondary lymphoid organs (187). 

Furthermore, mTOR inhibition also regulated the plasmacytoid DCs (pDC) which are responsible 

for the anti-viral immune response and produce enormous amounts of type I IFN during viral 

infection and activate NK cells (188). mTOR inhibitors can also regulates the functional fate of 
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antigen presenting cells by upregulating ILT3 and ILT4 and downregulating CD40. This results in 

the increase in the frequency of circulating CD8+CD28−T cells as well as Tregs (189). 

Differentiation of BMDCs from precursor cells 

Generation of dendritic cells (DCs) from bone marrow is required for the maintenance of DCs pool 

in the host throughout the life-time of an individual (191). Since DCs are relatively short-lived 

cells, a continuous replenishment from bone marrow, blood or tissue-derived precursors is required 

(192). Hematopoietic stem cells (HSCs) generate the precursor cells such as CMP (common 

myeloid progenitor) and MDP (macrophage and DC progenitors) whose proliferation, survival and 

functional differentiation are required for efficient generation of DCs (190). It has been shown that 

the GM-CSF is required for in vitro induction and efficient development of DCs in both humans 

and mice (193, 194). A significant increase in the number of DCs in spleen and thymus of mice 

was observed following supplementation of GM-CSF suggesting its critical role in vivo for the 

expansion of DCs (195, 196). A substantial decrease in the number of migratory DCs in skin and 

gut of mice lacking GM-CSF or the GM-CSF receptor (CSFR), supports the hypothesis that this 

subset requires GM-CSF under steady-state conditions (197-199). Additionally, GM-CSF is 

known to inhibit the differentiation of BM precursors to plasmacytoid DCs but supports the 

survival and terminal differentiation of circulating interferon (IFN)-producing cells, also known 

as precursors of pDCs (200, 201). DCs expand following infection or an inflammatory response 

which can be attributed to the increased GM-CSF secretion (202). Additionally, GM-CSF is also 

known to induce the development of immunogenic DCs which produce NOS and TNF-α (203, 

205). Bone marrow differentiation to BMDCs is initiated following sensing of GM-CSF by the 

GM-CSF receptor (GM-CSFR) which comprises of 2 distinct subunits, GM-CSFRα or CD116 and 

a shared β-receptor (βc; CD131). While CD116 is unique to GM-CSF receptor, CD131 is shared 
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between GM-CSFR, IL-3R and IL-5R receptor (205, 207). Downstream signaling cascades starts 

with the ligation of GM-CSF and interaction of different effector proteins with the common βc 

subunit. Initiation of signaling starts with the activation of a cytoplasmic tyrosine kinase janus 

kinase 2 (JAK2), which leads to the activation of different downstream proteins such as STAT5 

(JAK/STAT) pathway, MAPK pathway, PI3K pathway and canonical NF-κβ pathway (205-208). 

It was also observed that a direct activation of canonical NF-κβ pathway in which βc-bound 

TRAF6 mediates the translocation of NF-κβ by degrading Iκβα. This step also promotes a direct 

interaction between Iκβ kinase (IKK) and GM-CSFRα unit which demonstrates that this signaling 

is triggered as a direct consequence of GM-CSFR engagement (209, 210). 

JAK/STAT mediated DCs differentiation 

JAK/STAT pathway is required for proper differentiation of DCs. Accordingly, it was shown that 

a conditional ablation of JAK2 in adult mice significantly impaired the number of splenic DCs. 

Similarly, the GM-CSF supplemented cultures of bone marrow cells of JAK2 deficient mice 

generated reduced number of conventional DCs (cDCs) (211). GM-CSF induced the activation of 

STAT3 and 5. STAT3 response was found to be critically involved in differentiation of DCs with 

Flt3L but was not necessary for DCs generated by GM-CSF (212, 213). However, STAT5 has 

been studied to support GM-CSF mediated differentiation of human migratory and murine bone 

marrow derived conventional DCs. (214-218). The STAT5 promotes differentiation of interstitial 

DCs (iDCs) from human CD34+ hematopoietic progenitor cells (HPCs) with GM-CSF but its 

inhibition facilitates the development of CD34- HPCs to become Langerhans cells which suggests 

a subset-specific regulation of migratory DCs (216). Additionally ectopic expression of STAT5 

leads to the reduced production of cDCs in vitro in addition to negatively impacting the 

differentiation of human CD34+ HPCs to become iDCs and Langerhans cells. Elevated STAT5 



 26 

activity also promotes the terminal differentiation of human CD34-derived pre-iDCs (CD14+CD1a-

) and pre-Langerhans cells (CD14-CD1a+) (216, 219). Studies in murine models have also shown 

the GM-CSF induced activation of STAT5 which eventually promoted the development of 

migratory and cDCs but inhibits the generation of pDCs (200, 214 and 215). It was also observed 

that treatment of IFN-producing pDCs with GM-CSF helped promote their terminal differentiation 

which attested to the critical role of context and temporally regulated processes in generation of 

different subsets of DCs. 

PI3K/PKB and DCs differentiation 

Sensing of extracellular GM-CSF produced during an inflammatory response or that supplemented 

to the culture media induced activation of phosphatidylinositol 3-kinase class I- serine/threonine 

protein kinase B (PI3K-PKB) or (PI3K-Akt) pathways. Activation of PI3K-PKB cascade is 

dependent upon the downstream molecules such as phosphatidylinositol-3,4,5-triphosphate 

(PtdIns(3,4,5)P3), a secondary messenger whose response is inhibited by phosphatases,  PTEN and 

SHIP. A reduction in the number of splenic DCs was recorded in the mice lacking p85α subunit 

of class IA PI3K (220). The phenotype could be copied with the specific deletion of PTEN in the 

bone marrow precursors as well as their reconstitution in the irradiated mice (220, 221). Such mice 

showed high frequencies of DCs. Similarly, SHIP−/− mice showed increased population of splenic 

CD11C+ DCs indicating the role of PI3K activity in the development of DCs (222). Protein kinase 

B (PKB/c-AKT), is the major target of PI3K which gets activated upon phosphorylation by 

phosphoinositide-dependent kinase-1 (PDK1). Increased number of human BDCA-1+ DCs in β2-

microglobulin−/−NOD/SCID mice transplanted with human CD34+ HPCs expressing constitutively 

active mutant of PKB than the control HPCs indicating the supportive role of PKB in DCs’ 

development (223). Inhibition of mTOR using rapamycin resulted in reduced numbers of DCs 
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which suggested the role of downstream effectors of PI3K/PKB axis in activating of mTOR 

complex 1 (mTORC1) (224). Furthermore, a pharmacological inhibition of PI3K or mTOR 

inhibited GM-CSF induced DC differentiation in-vitro from monocytes as well as hematopoietic 

precursors (223-226). An enhanced activity of PI3K promotes the survival of DCs and their 

precursors in addition to inhibiting the apoptosis because of GM-CSF deprivation (223, 227 and 

228). Even though it is known that the survival of most DC lineages is supported by PI3K-

dependent signaling, its effect varies between distinct subsets and the phase of differentiation. The 

survival of human derivatives of CD34- iDCs and pre-Langerhans was dependent on activity of 

PI3K but the survival of terminally differentiated DCs did not show PI3K or mTOR dependency 

(223, 225). Similarly, the survival of monocyte derived DCs was dependent on the PI3K signaling 

but that of monocytes was independent on either PI3K or mTOR in humans (225, 226). A reduced 

number of DCs with normal phenotype but impaired functionality was observed in GM-CSF added 

cultures of PI3K or mTOR inhibited cells which attested to the role of PI3K-PKB axis in promoting 

the survival and proliferation (224, 225, 229 and 230).  

MAPK pathway in DCs differentiation 

GM-CSF mediated activation of MAPK pathway in the development of DCs involve signaling 

events, regulated by MEK/ERK pathway. Accordingly, the generated DCs from bone marrow of 

ERK-/- mice showed increased expression of surface molecules such as MHC-II and CD86 

suggested that ERK negatively regulated the functional differentiation of DCs (231). 

Pharmacological inhibition of MEK or ERK impaired the survival and differentiation of human 

monocyte-derived DC (226, 232).  It was also observed that the activation of p38 of MAPK59 by 

factors secreted in tumor microenvironment induced DCs differentiation while the effect was 

reversed upon pharmacological inhibition p38 MAPK (232-234). Above results suggest that the 
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GM-CSF induces the activation of MEK/ERK signaling cascade and promotes the development 

of DCs by regulating the survival, proliferation, and differentiation. 

NF-κβ in the differentiation of DCs 

Addition of GM-CSF in the culture to generate differentiation of BMDCs triggers signaling via 

NF-kβ pathway. Studies involving individual knockout of canonical NF-κβ proteins such as RelA, 

c-Rel, or p50 did not affect the frequency of splenic DCs in mice but a combined deficiency of 

RelA and p50 led to the reduced population of CD11c+DCs. An impaired differentiation of DCs 

was also observed from RelA−/−p50−/− hematopoietic progenitors subjected to GM-CSF induced 

cultures (235). It was also shown that the addition of GM-CSF induced activation of canonical 

NF-κβ pathway and its critical involvement in generating migratory DCs either from monocytes 

or from CD34+ hematopoietic progenitors in humans (223, 236 and 237). Pharmacological or 

shRNA mediated inhibition of NF-κβ reduces the yields of BMDCs in GM-CSF added culture of 

hematopoietic progenitors of mice or human (235, 190). The role of canonical NF-κβ signaling in 

the survival of both precursors as well as the differentiated DCs was also shown (236, 237) (190, 

238). Further the role NF-κβ in the impacting the functionality of cDCs has also been shown and 

BMDCs from p50−/−c-Rel−/− mice showed a reduced ability to produce IL-12 (235). Whereas a 

continued NF-κβ inhibition in BMDCs leads to an impaired functionality of DC and such cells 

induce compromised activation of T cells through different signals induced by pathogens and 

inflammatory cytokines. (239).  

Age related impairment in the differentiation of BMDCs  

Immunosenescence can lead to a decreased expression of key molecules that are essential for the 

growth, survival, and development of bone marrow-derived dendritic cells (BMDCs) (240, 241). 
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Sensing of GM-CSF through growth factor receptors follows activation of downstream molecules, 

Rab8a, an adaptor molecules that helps recruit PI3K to the receptor complex. Such signaling events 

lead to the activation and phosphorylation of Akt proteins which causes the suppression of TSC1 

and TSC2 proteins to activate mToRC1 complex. Active mTORC1 eventually leads to the 

phosphorylation of S6 kinase (S6K) which is the positive regulator of cellular survival and 

maintaining homeostasis (242). Impaired differentiation of DCs from aging precursors upon GM-

CSF addition has been observed (243). Some studies have reported reduced capacity for the 

differentiation of DCs from progenitors or the monocytes of aged individuals as compared to the 

younger individuals in GM-CSF supplemented cultures (244, 245). Aging can result in 

dysregulated expression of signaling molecules and transcription factors critical for inducing an 

optimal response following GM-CSF ligation. Furthermore, altered microenvironment and cellular 

interactions within the bone marrow or peripheral tissues can contribute to the impaired 

differentiation and functionality of DCs in older population (246-250). DCs are crucial for 

initiating and modulating immune responses, and their impaired differentiation can reduce antigen 

presentation, altered immune cell activation, and compromised immune surveillance (251, 252). 

Understanding the mechanisms underlying dysfunctionality in DCs is important for improving 

their differentiation and functionality in older individuals. Approaches such as targeting specific 

signaling pathways or modifying the microenvironment could enhance generation and activation 

of DCs in aging individuals. The study described in this thesis involve restoration in the 

functionality and differentiation of aged BMDCs upon reconstitution of a small GTPase Rab8a. It 

is also shown earlier that overexpression of Ras kinase promotes the expression of anti-apoptotic 

molecules Bcl2 and promotes the survival of the cells. Depletion of PI3K which is an upstream 

mediator of Rab8a leads to reduced production of IFNβ from bone marrow derived macrophages 
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(241). Depletion of Rab8a also inhibits the cilliogenesis and fusion of exocytic vesicles to the 

plasma membrane (253, 255). These observations indicated a crucial role of Rab8a in biology of 

DCs. 

Conclusion 

The immune response against invading pathogens in healthy individuals involves the coordinated 

action of both innate and adaptive immune systems. The innate immune system provides 

immediate, non-specific defense while the adaptive immune system mounts a more targeted 

response and generates immunological memory. DCs capture antigens and process them into small 

peptide fragments, which are then presented on their cell surface in context with major 

histocompatibility complex (MHC) molecules. During the interaction of DCs and T cells, three 

signals are required for T cell activation and differentiation. Signal 1 involves the interaction 

between the T cell receptor (TCR) on the surface of T cells and the peptide-MHC complex 

presented by the APC. Signal 2 and signal 3 involve co-stimulation and cytokines, respectively. 

Naïve T cells following sensing the three signals expand and differentiate into effector T cells, 

which have specialized functions such as killing infected cells or secreting cytokines to control 

infection. After the infection is resolved, most effector T cells are removed by apoptosis leaving 

behind a pool as memory T cells which exhibit longevity and provide the basis for immunological 

memory. In subsequent encounters with the same pathogen, memory T cells are rapidly 

reactivated, leading to a faster and more robust immune response, thereby conferring a quick 

protection against reinfection. Long-term protection against viral infections relies on the ability of 

DCs to effectively prime antigen specific T cells to generate lasting memory.  However, age-

related perturbation in antigen processing and presentation can result in attenuation of antigen-

specific T cell responses leading to a weaker immune response against the invading pathogens or 
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vaccination in elderlies. Therefore, for improving immunity in the elderlies it becomes imperative 

to understand the molecular mechanisms underlying age-related immune impairment of DCs. This 

could provide critical insights in devising strategies to restore immune functions. Following 

objectives were defined for the investigations. 

 1. Transcriptomic analysis of DCs of naïve young and aged host.  

2. Phenotypic and functional analysis of DCs from aged and young host. 

3. Investigating the role of Rab8a, a small GTPase in differentiation and function of DCs 

 (a) Depletion of Rab8a in DCs of young animals and studying its functional effects 

 (b) Reconstitution of Rab8a in DCs of aged animals to restore functionality  
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The research work described in the thesis is a slight modification of the manuscript entitled, 

“Rab8a restores function in dendritic cells of an aging host” submitted for publication. 

The terms “our” and “we” refers to me and the co-authors. My contribution includes  

(1) Selection of the topic  

(2) Compiling and interpretation of the literature  

(3) Designing experiments  

(4) Understanding the literature and interpretation of the results  

(5) Providing comprehensible structure to the paper  

(6) Preparation of graphs and figures  

(7) Writing and editing of the manuscript. 
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Abstract 

Dendritic cells (DCs) of un-manipulated aged (>20 months) and young (2 months) mice when 

subjected to genome wide RNAseq analysis revealed a compromised IFN response. Influenza A 

virus (IAV) or a γ-herpesvirus (MHV68) stimulated DCs from aged humans and mice mounted 

inhibited type I IFN response. Furthermore, DCs of aged animals were found deficient in 

processing and presentation of exogenous antigens that led to poor expansion of ovalbumin 

specific TCR transgenic CD8+ T cells (OT1 cells) in vitro as well as in vivo in DC-immunization 

protocols. Reconstituting DCs with Rab8a, a small GTPase, acting downstream to growth factor 

receptor and known to enhance membrane trafficking restored impaired differentiation and 

maturation of DCs from aging host. Such DCs induced potent anti-viral IFNs response and more 

vigorously activated specific CD8+ T cells to efficiently control IAV infection. Rab8a colocalized 

with Rab11 marked endosomal recycling compartment (ERC) that preferentially stored the 

generated peptide-MHC I complexes for their efficient surface display to engage with specific 

CD8+ T cells. We therefore demonstrated Rab8a as a critical regulator of DCs in aging host 

controlling their differentiation and functionality and its immune potentiating effects following 

reconstitution.   

  

  



 70 

Introduction 

Dendritic cells (DCs) serve as the sentinel cells of the immune system because of their strategic 

location at tissue sites. Following recognition of invading pathogens, these cells produce effector 

molecules such as type I IFNs that have direct anti-viral functions. A compromised type I IFN 

response due to genetic deficiencies in the innate immune receptors or their downstream adaptor 

molecules results in poor viral control and sets the stage for a protracted immunopathological 

reaction. DCs are also crucial for an efficient activation of T cells, a subset of which exhibits 

cytolytic activity against the infected targets (1). A progressive loss of immune functions is also 

evident in the aging population and consequently this group shows enhanced mortality following 

viral infection (2). Therefore, the molecular analysis of DCs in contributing to the process of 

immunosenescence could help understand better the age related aberrations leading to immune 

impairment, and it can further help devise strategies not only to improve the outcome of infection 

but also in enhancing the efficacy of vaccines in the aging population. 

Several factors such as the altered architecture of lymphoid organs, dysregulated migratory 

patterns of immune cells, inefficient production of soluble and cellular mediators, altered 

composition of milieu in secondary lymphoid tissues leading to an impaired T cell priming could 

all contribute to compromised immune functions in the aging host (3). Absolute numbers as well 

as the clonal diversity of adaptive immune cells are reduced in an aging host (4). Furthermore, the 

turnover rates and functionality of the residual cells of adaptive immune system are also 

diminished (5). The age-related impairment also occurs in innate immune cells and such cells 

exhibit impaired cytokine signalling, phagocytosis as well as antigen-uptake (6). Immunosenence, 

therefore, is a complex process and its reversal is challenging. While the consequences of 

immunosenescence have been studied, molecular mechanisms underlying such processes remain 
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largely unexplored that we aimed at investigating in this study. Given the critical roles of DCs in 

linking innate and adaptive immune defenses, we performed a genome-wide transcriptomic 

analysis of CD11b+CD11c+ DCs isolated from lymphoid organs of unmanipulated young and aged 

mice. 

Genes encoding the products of multiple pathways known to drive the differentiation, 

maturation and functionality of DCs were downregulated in the aged animals. Majority of genes 

in type I IFN signalling pathway showed significantly reduced expression in DCs of aged animals 

as well as humans as compared to their younger counterparts. Since IFN response critically 

controls the maturation of DCs, we analyzed the effects that a lack of IFN signalling might have 

in their differentiation and functionality in aged mice. Bone marrow derived DCs (BMDCs) as 

well as splenic DCs (spDCs) of animals depleted of IFN signalling (IFNRKO) expressed lower 

level of costimulatory as well as class I and II MHC molecules and antigen pulsed DCs form 

IFNRKO failed to efficiently prime specific CD8+ T cells in vitro as well as in vivo. Further 

analysis revealed that both spDCs and BMDCs of aged mice had reduced expression of Rab8a, a 

Ras-related small GTPase, which acts downstream to the growth factor receptor signalling. That 

the expression of Rab8a controlled the differentiation and functionality of DCs was shown by gene 

knockdown as well as reconstitution experiments. Accordingly, Rab8a depleted bone marrow 

precursors of young animals were not only compromised in ability to differentiate into mature DCs 

but also in their associated functions such as the production of cytokines, expression of 

costimulatory and homing molecules as well as antigen-presentation to stimulate antigen-specific 

CD8+ T cells. DCs from aging animals reconstituted of Rab8a largely regained all the associated 

functions and conferred to the host an enhanced protection during respiratory virus infection with 

IAV. Rab8a reconstitution of DCs of aged animals showed enhanced levels of peptide-MHC I 
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complexes carrying Rab8a marked ERCs for an efficient surface display of antigenic peptides to 

induce CD8+ T cell response. Our data, therefore, underpin a critical role of Rab8a in the response 

pattern of DCs in the aging host and showed that a reversal of immune functions could be achieved 

by reconstituting this molecule to improve outcome of viral infection.   
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Material and Methods  

Mice, viruses and cells 

The animal experiments were performed strictly in accordance with the protocols 

(IISERM/SAFE/PRT/2022/015, IISERM/SAFE/PRT/2022/028, IISERM/SAFE/PRT/2022/016 

and IISERM/SAFE/PRT/2022/016) approved by the Institute Animal Ethics Committee (IAEC). 

The IAEC was constituted under the aegis of the Committee for the Purpose of Control and 

Supervision of Experiments on Animals (CPCSEA). Wild type C57BL/6 (Stock No. 000664), 

IFNR-KO (B6.Cg-Ifngr1tm1Agt Ifnar1tm1.2Ees/J; Stock no- 029098) and OT1 (C57BL/6-Tg 

(TcraTcrb)1100Mjb/J; Stock No. 003831) mice were obtained from Jackson laboratory, USA and 

bred at the Small Animal Facility for Experimentation (SAFE), IISER Mohali. Aged mice used 

for the experiments were between 18-24 months old. For adoptive transfer experiments, sex-

matched CD45.1+ (B6.SJL-Ptprca Pepcb/BoyJ; Stock No. 002014) congenic mice were used. 

MHV68-SIINFEKL and IAV-WSN-SIINFEKL were grown and titrated using Vero and MDCK 

cells, respectively as described earlier (45, 46).  

Ethics statement for human study 

All the work with humans was approved by the institute ethics committee (IEC/2022/05) of the 

Indian Institute of Science Education and Research.  

Antibody and other reagents  

Antibodies used for measuring the expression of different molecules were obtained from BD 

biosciences, eBiosciences, Tonbo biosciences and BioLegend. The antibodies were against 

CD11c-PE-Cy7/PE (N418) (Dendritic cells marker), CD11b-FITC (M1/70), CCR5-(HM-CCR5), 
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CCR7-(4B12) CD80-PE (16-10A1), CD86-APC (GL-1), CD8-PerCP-Cy5.5 (530-6.7), CD44-

APC (IM7), CD45.2-FITC, CD45.2-PE (104), CXCR3-FITC (173), TNFα-APC (TN3-19.12), 

IFNγ-PE (XMG1.2), MHCI-APC (28-8-6) and MHCII-APC (M5/114.15.2). CFSE 

(Carboxyfluorescein succinimidyl ester) and Cell-TraceTM Far Red to label the live CD8+ T cells 

and BMDCs respectively were obtained from Invitrogen. PI staining was also done for assessing 

apoptotic cell frequency. Alexa FluorTM 488 Phalloidin (A12379) used for actin staining was 

obtained from Invitrogen. Anti-mouse-GAPDH (GA1R), anti-Akt pan (40D4), anti-Pakt1 

(D25E6), anti-Rab11 (5589S), anti-mouse-Rab8a (261CT1.3.1) along with anti-mouse Alexa-

Flour568 (A11004) were used in western blotting. GM-CSF (315-03) and IL-4 (214-14) cytokine 

obtained from peprotech were used in differentiation of BMDCs. The BMDCs were generated in 

10% RPMI (10% FBS, and 10% Pen-strep). The HEK293T, VeroE6 and MDCK cells were 

maintained in 10% DMEM. Lentiviruses for knockdown (Rab8a-shRNA) and overexpression 

(Rab8a-OE) of Rab8a were generated using HEK293T cells and concentrated using PEG-NaCl 

(20% PEG-8000 and 1.2M NaCl). 

Next-Generation Sequencing and differential gene expression  

Total RNA samples from CD11b+CD11c+ splenic dendritic cells of young and aged mice 

were sequenced using next generation sequencing. cDNA library preparation from the RNA 

samples was done using Illumina® TruSeq® Sample Preparation protocol. The generated cDNA 

libraries were sequenced using Illumina Hi-Seq-2000 platform. The data generated was analyzed 

by Tuxedo protocol where raw reads which were in of FAST-Q format were aligned to the 

reference genome of Mus musculus (mm9) using Tophat. Only high-quality reads with QC score 

of more than 20 were used for alignment. The obtained BAM (Binary version of SAM file) and 

SAM (Sequence alignment mapping) files, which were processed for abundance estimation by 
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cufflinks. For generating the list of differentially expressed genes the files were processed using 

Cuffdiff.  

Functional annotation and network analysis of differentially expressed genes in DCs of aged 

mice 

RNA-seq data was generated as described earlier (45). A threshold of 5 RPKM in either condition 

was set to narrow down the differentially expressed genes. To obtain a list of significantly 

differentially expressed (SDE) genes between the groups, another cut off of 1.5-fold change in 

young vs aged condition was applied. The functional annotation and gene ontology was performed 

using WEB-based Gene SeT AnaLysis Toolkit (Webgestalt, (http://webgestalt.org/option.php by 

considering Mus musculus genome as a reference genome. All the SDE genes were used as input 

for network analysis using STRING database (Search Tool for the Retrieval of Interacting Genes, 

https://string-db.org/). All the networks were generated using STRING default parameters (45). 

In vitro BMDC generation 

Young (4–6-week-old), aged (>18 months old) Wild Type and IFNR-KO mice were sacrificed 

and bone marrow cells were isolated by flushing the femur and tibia with 10% RPMI. This was 

followed by RBC lysis using 1x RBC lysis buffer (155mM NH4Cl, 12mM NaHCO3, 0.1mM 

EDTA, pH 7.3). 15x106 of the bone marrow cells were then re-suspended in 15 mL of 10% 

RPMI supplemented with 5ng/mL of GM-CSF and IL-4 and seeded in 100 mm petri dish for 6 

days in a humidified CO2 incubator. On alternate days after seeding, half of the culture medium 

was replaced with complete RPMI supplemented with 5ng/ml of IL-4 and GM-CSF. 5 days after 

culture the cells were harvested using a cell scrapper and washed twice with 10% RPMI at 4°C 

for 5 minutes at 200xg. Viability of the in-vitro generated BMDCs was assessed using trypan 

http://webgestalt.org/option.php
https://string-db.org/
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blue staining. These cells were used for further characterisation as described below.  Additionally 

15 million bone marrow cells from young, aged and Rab8a-OE conditions were re-suspended in 

15 mL of 10% RPMI supplemented with 20ng/mL of Flt3l and seeded in 100 mm petri dish for 6 

days in a humidified CO2 incubator. On alternate day’s medium change with 10%RPMI and 

20ng/mL FLT3l was similar as expalained above. 

Cloning of Rab8a-shRNA into pLKO.1GFP for knockdown and Rab8a into pLenti-GFP for 

overexpression and generation of lentiviruses and transduction of bone marrow cells 

For the knockdown of Rab8a in bone marrow of young WT (C57BL/6) mice, shRNA sequences 

for Rab8a and scramble control were designed using default settings on www-data@wi.mit.edu 

site and cloned into a modified pLKO.1-GFP RNAi cloning vector (Figure 2.9.H). For generating 

lentiviruses 100-mm petri-dish seeded with HEK293T cells at 80% confluency were co-transfected 

with 5 plasmids, viz. 10μg Rab8a shRNA/scrambled construct, 9.8μg pCMVR8.74 (packaging 

vector), 6μg pMD2.G (envelope vector), 6μg Tat and 6μg Rev plasmids. The transfection mixture 

was prepared by mixing the plasmids in 1 mL of serum free DMEM containing PEI in a 1:3 ratio 

(DNA: PEI). The mixture was immediately vortexed for 20 seconds and then incubated at room 

temperature for 15 minutes. Post of incubation, the transfection mixture was overlaid carefully 

onto the HEK293T cells and plates were kept in humidified CO2 incubator for 6 hours, following 

which the media was replaced with 10% DMEM and plates were left in the CO2 incubator for 72 

hours. Transfection of HEK293T cells were checked by visualization of GFP (Figure 2.9.H and 

2.10.A). 72 hours post transfection, the supernatant was collected and centrifuged at 200g to 

remove cell debris. The generated lentiviruses were then concentrated using PEG-NaCl. The 

concentrated lentiviruses were used for the knockdown of Rab8a using spin transduction and GFP 

mailto:www-data@wi.mit.edu
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positive cells used for measuring the for the further analysis (Figure 2.9.K) .Knockdown was 

confirmed by Western Blotting and qRT-PCR (47).  

Rab8a gene was cloned between XbaI and BamHI sites in pLenti-GFP vector for 

overexpression in bone marrow cells of aged mice (Figure 2.10.A). Lentivirus generation and 

concentration was performed as described earlier (47). Expression of Rab8a in lentiviral soup was 

measured by PCR (Figure 2.10.B). Overexpression was confirmed by qPCR and western blot.   

Staining of samples and flow cytometric analysis 

 Peripheral blood samples were collected in 1.5mL of micro-centrifuge tubes containing in 10μL 

500mM EDTA. 35μL of the blood samples were taken and incubated with 7μL of antibody mix 

for 30 minutes on ice. The Red blood cells were then lysed by adding 400μL of RBC lysis buffer 

(155mM NH4Cl, 12mM NaHCO3, 0.1mM EDTA, pH 7.3). The cells were analysed flow 

cytometrically using BD C6 Flow cytometer.  

For surface staining of the cells from different organs of were harvested in 10% RPMI, and 

single cell suspensions were made by placing the organs in a 70μm strainer and gently crushing 

them using a 2mL syringe plunger. In case of spleen RBC lysis was also performed. The cells were 

stained using the indicated antibodies on ice for 30 minutes. The cells were then washed by 

centrifugation at 200g for 5 minutes in 1x PBS at 4ºC and acquired using BD C6 flow cytometer. 

For surface staining of immune cells from lungs, the tissue was first digested with collagenase 

(0.5mg/mL) for 1hr at 37°C. The single cell suspensions were then made as described. The cells 

were then stained using the indicated fluorescent antibodies at 4ºC for 30 minutes.  
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For phenotyping of the in-vitro generated BMDCs, cells were gently removed from the 

culture plate using a cell scrapper and washed twice using complete RPMI by centrifugation at 

200g for 5 minutes at 4°C. The staining was performed as described. Similarly, splenic DCs were 

phenotypically characterized. Single-cell suspensions for splenic DC characterisation were 

prepared as described (48).  

For the intracellular cytokine staining (ICCS) assays, equal number (5x105) of cells from different 

organs were pulsed with 10μg/mL of Ova257-264 (SIINFEKL) for 4 hours at 37ºC for 4hrs. This was 

followed by incubation with 1x Brefeldin A for 4 hours at 37ºC. The cells were then surface stained 

and treated with IC fixation buffer for 30 minutes on ice. This was followed by permeabilization 

using IC permeabilization buffer for 15 minutes. The intracellular cytokines were stained by 

incubating the surface-stained cells with the antibody cocktail prepared in permeabilization buffer 

for 45 minutes on ice. The cells were the washed twice with 1X-PBS and acquired using BD C6 

flow cytometer. 

For sorting of BMDCs, in-vitro generated BMDCs were harvested and washed twice in 10%RPMI. 

The cells were then incubated with the antibody cocktail for 30 minutes on ice. The cells were then 

washed and sorted based on CD11b and CD11c staining using BD FACSAria Fusion III.  

Additionally for some experiments in-vitro generated BMDCs were first stained with 

CD11b/CD11c for double positive dendritic cells then double positive cells were stained with 

F4/80 and GR1 (Ly6G and Ly6C) and in other case double positive cells were stained NK1.1 and 

GR1 (Ly6G and Ly6C). Followed by the double negative cells NKD (NK1.1-/GR1-) or MKD 

(F4/80-/GR1-) CD11b+/CD11c+ cells were sorted. 
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For measuring the expression of Rab8a along with Akt1 and Pakt1 in bone marrow and BMDCs, 

the cells were first surface stained with CD11b. This was followed by Fc blocking. The cells were 

then fixed and permeabilized using IC fixation and permeabilization buffer. The primary 

antibodies against Akt1 and p-Akt1 were then added for 30 minutes at room temperature. The cells 

were then washed, and the bound primary antibodies were then probed with secondary antibodies 

tagged with Alexa-Fluor 568. Similar analysis was performed on Rab8a-KD BM/BMDCs cells 

along with their scrambled control. A similar approach was employed to detect the expression of 

Rab8a and Rab11 upon antigenic stimulation (Ova pulsed) in BMDCs generated from young, aged 

and Rab8a overexpressing aged BM cells. 

qRT-PCR for measuring the mRNA levels of different genes 

In vitro generated BMDCs (from young or aged mice) or PBMCs (from young or aged humans) 

were stimulated with UV inactivated Influenza-A Virus (IAV-WSN-SIINFEKL) and γ-

herpesvirus (MHV-68-SIINFEKL) for 3 different time points (30minutes, 3hrs and 6hrs). 

Unstimulated cells from each group were taken as a control for normalization of the expression 

data. At the indicated time points, RNA was isolated using Trizol. The concentration and quality 

of the RNA preparation was assessed using OD280 and OD260/280 measurements, respectively. Equal 

concentration of RNA was then used for cDNA preparation using verso cDNA kit (Thermo Fisher 

Scientific). qPCR was then performed using 2X-DyNamo ColorFlash SYBR Green qPCR kit 

(ThermoFisher). The relative expression of HPRT or 18s rRNA were taken as the endogenous 

control for estimating the transcript abundance using 2-ddCT method (49). 

To measure type I IFN response, in-vitro generated BMDCs from young and aged mice were sorted 

as double positive cells using CD11b and CD11c staining. Equal number of the sorted DCs were 
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then pulsed in vitro with 0.5 multiplicity of infection (MOI) of IAV (WSN-SIINFEKL) or 

MHV68-SIINFEKL for different time intervals (30 minutes, 3hrs and 6hrs). RNA was then 

isolated at the indicated time points and cDNA was prepared. Expression of genes involved in type 

I IFN pathway was measured by qRT-PCR as described in the previous sections. Human blood 

samples were collected from from young (~25 years) and aged (>65 years) healthy donors in 

EDTA tubes followed by isolating PBMCs using histopaque. Equal numbers of the isolated 

PBMCs were pulsed with 0.5 MOI of IAV for 30 minutes, 3hrs and 6hrs. The cells were then 

harvested for RNA isolation and analysed for measuring the expression of different genes involved 

in type I IFN pathway by qRT-PCR. 

Bone marrow cells of young mice were subjected to shRNA mediated knockdown of Rab8a 

by spin transduction of lentiviruses containing the Rab8a shRNA constructs. The cells were then 

used for generation of BMDCs by culturing them in media supplemented with 5ng/mL GM-CSF 

and IL-4. Five days later, the cells were harvested and equal number of the cells were pulsed with 

0.5MOI of IAV for 6hrs. The cells were processed for RNA isolation to measure the expression 

of different genes by qRT-PCR. BMDCs generated from scrambled control transduced BM cells 

served as control for normalization. 

In separate experiments, Rab8a expression was reconstituted in aged BM cells by 

transduction with viruses containing the Rab8a overexpression construct. The transduced cells 

were then used for BMDC generation by culturing them in media supplemented with GM-CSF 

and IL-4 for 5 days. Equal number of the sorted BMDCs were then pulsed with 0.5MOI of either 

live or UV-inactivated IAV for 6hrs. The cells were then used for RNA isolation followed by 

cDNA preparation. qRT-PCR was then performed to measure the expression of various genes. 

BMDCs from aged and young animals were also generated for comparison. For assessing the 
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kinetics of expression of genes encoding for IGF1R and Rab8a, BM cells from young and aged 

mice were cultured in the presence of 5ng/mL of IL-4 and GM-CSF for 12, 24 and 48 hrs. At the 

indicated time points, the cells were isolated to prepare RNA samples. qRT-PCR was performed 

onto the converted cDNA to measure the transcript abundance. Additionally in separate 

experiments in-vitro generated CD11b+/CD11c+ BMDCs were sorted which were double negative 

for NK1.1 and GR1 (Ly6G and Ly6C) NKD (NK1.1-/GR1-) or MKD (F4/80-/GR1-). Followed by 

these NKD or MKD cells were pulsed with 0.5MOI of IAV and the expression of Rab8a along 

with IFNα, IFNβ and IFNγ were measured. Separately in order to show the expression of Rab8a 

along with the interferons such as IFNα, IFNβ and IFNγ from bonafide cDC2s (CD11b+/CD11c+) 

Flt3l was used to generate DCs and were also pulsed in similar fashion. 

Antigen presentation assay 

In-vitro generated BMDCs from young and aged animals were sorted as double positive cells using 

anti-CD11b and anti-CD11c antibodies. The sorted BMDCs were then pulsed with 25μg/mL of 

Ova257-264 (SIINFEKL) for 45 minutes or 200μg/mL of chicken ovalbumin protein for 2hrs. The 

cells were then washed twice using complete RPMI. These cells were used for co-culture with 

CFSE labelled OT-I cells to assess antigen presentation. 72hrs after co-culture, the cells were 

washed twice with 1xPBS and stained with anti-CD8 antibody. The stained samples were acquired 

using BD Accuri C6 flow cytometer and the data was analysed using flowJo (BD Biosciences) 

software. Additionally CD11b+/CD11c+ dendritic cells were also stained with F4/80 and GR1 

(Ly6G and Ly6C) in one case and in other double positive cells were stained NK1.1 and GR1 

(Ly6G and Ly6C) and then the double negative cells, NKD (NK1.1-/GR1-) or MKD (F4/80-/GR1-

) CD11b+/CD11c+ cells were sorted. Above NKD/MKD depleted cells were also pulsed with 

ovalbumin and were co-cultured with CellTrace Far RedTM labelled OT1 cells. 
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DC immunization assay 

In-vitro generated BMDCs from young, aged and IFNR-KO mice were sorted based upon CD11b 

and CD11c staining. The sorted BMDCS were washed once with complete RPMI and equal 

numbers of cells from each group were pulsed with OVA protein (200μg/ml) for 2 hrs. The cells 

were then washed thrice with 1xPBS and adoptively transferred into sex matched CD45.1+ mice 

previously infused with OT1 cells. The frequency of OT-I cells were checked in circulation of the 

recipients at 7- and 14-days post transfer. The recipients were then infected intranasally with WSN-

SIINFEKL to recall persisting OT-1 cells generated following DC immunization. The kinetics of 

the expansion of OT-I cells was measured at different days post infection (dpi). The animals were 

sacrificed at 8 dpi for cellular analysis. ICCS assays were performed to assess the functionality of 

the recruited OT-I cells. The abundance of replicating virus particles in the lungs was gauged by 

performing viral titration on MDCK cells and qRT-PCR to measure abundance of viral 

nucleoprotein (NP) and RNA dependent RNA polymerase (RdRP). 

Rab8a reconstitution in BM cells of aged mice and functional characterization of Rab8a-OE 

BMDCs 

BM cells of aged mice were transduced with lentiviruses harbouring the Rab8a overexpression 

construct by spin transduction (48). The cells were then cultured in media supplemented with 

5ng/mL of GM-CSF and IL4 for 5 days for differentiation of BMDCs. 5 days post onset of culture, 

the BMDCs were harvested by gently scraping and DCs were sorted based upon CD11c staining. 

The cells were then pulsed with 200μg/mL of OVA for 2 hours and washed twice with 1xPBS. 

The pulsed cells were then co-cultured with CFSE labelled OT1 cells for 72 hours to assess antigen 

presentation as a function of OT-I cell proliferation.  
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In another set of experiments, equal number of BMDCs from young, aged and Rab8a-

Overexpressing conditions were pulsed with Ovalbumin (200μg/mL) for 2 hours, washed twice 

and transferred into gender matched CD45.1 mice which were previously infused with CFSE 

labelled OT1 cells. 72 hours post BMDCs transfer, peripheral blood was collected to check the 

expansion of the CFSE labelled OT1 cells. The animals were left for one month for generation of 

memory. The efficiency of priming was then assessed by recalling the memory OT-I cells by 

infecting the recipients intranasally (i.n) with 200 pfu of WSN-SIINFEKL. The animals were then 

sacrificed and subjected to cellular analysis. Viral load assessment was performed by plaque assays 

and qRT-PCR for measuring the transcript abundance viral NP and RdRP. Additionally similar 

experimental setup was used for Flt3l based DCs and virus specific expanded donor cells was 

measured in IAV infected different DCs recepients upon recall of infection. 

In an additional experiment, 3x104 of BMDCs differentiated from aged and young animals 

as well as those from aged mice but overexpressing Rab8a (Rab8a-OE) were pulsed with different 

concentrations of either ovalbumin or Ova257-264 (SIINFEKL) peptide. The cells were then washed 

twice and co-cultured with 1.5x104 CFSE labelled OT1 cells for assessment of proliferation of 

OT1 cells using flow cytometry.  

In a separate experiment, BMDCs generated from different conditions were pulsed with ovalbumin 

(200μg/mL) for 2 hours, washed twice with 1xPBS and transferred into sex matched congenic 

(CD45.1+) mice which were previously infused with CFSE labelled OT1 cells. 72 hours post 

BMDC transfer, different lymphoid organs were collected to check the expansion of CFSE labelled 

OT1 cells. In the same experiment, the distribution of the BMDCs within the organs was also 

assessed using CD45.2 and CD11c staining. The expression of chemokine receptors such as CCR5 

and CCR7 was also measured on IAV pulsed BMDCs from each group.  Additionally Flt3l based 
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DCs were also generated from young, aged and Rab8a-OE bone marrow cells. Later on the OVA 

pulsed BMDCs were from above conditions were infused into gender matched CD45.1+ congenic 

mice which were already transferred with CFSE labelled OT1 cells. After 72hrs of post DCs 

transfer these animals were sacrificed and different lymphoid and non-lymphoid organs along with 

peripheral blood was collected in order to measure in vivo antigen presentation.  

Measuring surface expression of H-2kb bound to SIINFEKL on antigen pulsed BMDCs 

BMDCs were generated as described above from young, aged and Rab8aOE conditions and pulsed 

with different concentrations of either complete ovalbumin or Ova257-274 (SIINFEKL) peptide for 

6- and 24-hrs. The pulsed cells were then stained with antibodies against CD11c, class I MHC and 

H2Kb-SIINFEKL for 30 minutes on room temperature for detection of H-2Kb-SIINFEKL positive 

DCs out of class I MHC positive cells. The stained cells were washed twice with 1xPBS and then 

acquired using BD Acuri C6 flow cytometer. 

 In-vitro immune synapse formation assay by flow cytometry 

BMDCs were generated from young, aged and Rab8a reconstituted aged BM cells by culturing 

them in media supplemented with 5ng/mL of GM-CSF and IL-4 for 5 days for generation of 

BMDCs. The BMDCs were sorted and labelled with cell-TraceTM Far Red and pulsed with either 

complete ovalbumin or Ova257-274 (SIINFEKL) peptide. The cells were then washed twice with 

1xPBS and co-cultured with CFSE labelled OT1 cells for two different time points (6hrs and 

16hrs). The cells were then washed and acquired using BD Accuri C6 flow cytometer.  
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Confocal microscopy 

BM cells from young and aged animals were isolated and those from aged mice were then either 

transduced with lentiviruses packaged with Rab8a overexpressing constructs or vector controls. 

Following transduction, the young and aged cells were used to generate BMDCs by culturing them 

in the presence of GM-CSF and IL-4 as mentioned earlier. The frequency of CD11c+ cells were 

assessed using flow cytometry and the cells were then seeded onto gelatin coated coverslips 

overnight. The cells were then pulsed with 200g/mL concentration of ovalbumin for different 

time intervals (0hrs, 2hrs, 6hrs, 12hrs and 24hrs). The cells were then washed twice with 1x PBS 

followed by fixation with 4% PFA for 20 minutes at room temperature. This was followed by 

blocking with 1% BSA in 1x PBS for 45 minutes. The cells were then washed and the Fc receptors 

were blocked using Fc block reagent for 1 hour at room temperature. Fc blocking was followed by 

incubation with primary antibodies against Rab8a (mouse IgG) and Rab11 (rabbit IgG) for 2 hours. 

The primary antibody cocktail was prepared in IC permeabilization solution procured from 

Invitrogen. The coverslips were then washed thrice with 1xPBS. This was followed by incubation 

with a cocktail of Hoechst, fluorescent tagged secondary antibodies (anti-mouse IgG-Alex Fluor 

488 and anti-Rabbit IgG-Alexa Fluor 647) and anti-H-2kb-SIINFEKL-PE prepared in IC 

permeabilization buffer for 2 hours. Following the incubation, the cells were washed thrice with 

1xPBS and mounted on slides for image acquisition. The images were acquired using Nikon A1 

confocal microscope at 60x magnification. All the captured images were analysed by using ImageJ 

software.  In the same experiment in order to visualize the total actin content inside the cells CD11c 

positive cells generated from different conditions were fixed, permeabilized and stained with 

Alexa FluorTM 488 Phalloidin and acquired using BD Accuri C6 flow cytometer. 
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Fluorescence microscopy 

Successful transfection of HEK293T cells for generation of Rab8a-shRNA and Rab8a-OE 

lentiviruses was confirmed using fluorescence microscopy after 72hrs of transfection. All the 

images were captured using Leica microscope and analyzed using ImageJ software. 

Cell lysate preparation and western blotting 

Cell lysates were prepared from the indicated cells by using a hypotonic lysis buffer (20mM 

HEPES, 0.2mM EDTA, 1.5mM MgCl2, 100mM KCl, 20 % (V/V) glycerol, 0.02% (V/V) NP-40, 

pH 7.5). The lysates were normalized using OD280 and resolved through SDS-PAGE (15% 

resolving, 4% stacking). The gels were transferred onto a PVDF membrane and blocked overnight 

at 4ºC using 5% skim milk in 0.05% PBST solution under slow rotation. On next day, the 

membranes were washed thrice for 5 minutes each using 0.05% PBST solution and the blot was 

incubated with primary antibodies against Rab8a, Akt1, and pAkt1 (1:2000 dilution) for 1 hr at 

room temperature. GAPDH was used as an endogenous loading control. Following primary 

antibody incubation, the blot was washed 5 times with 0.05% PBST and the blot was incubated 

with alkaline phosphatase conjugated secondary antibodies for 45 minutes at room temperature. 

Following secondary antibody incubation, the blots were washed 5 times using 0.05% PBST and 

probed using femtolucent AP substrate solution. Additionally, cell lysate from ova pulsed BMDCs 

from young, aged and Rab8a-OE were probed using primary anti-Rab8a and anti-Rab11 

antibodies.  
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Plaque assay to measure the viral titer 

For measuring the viral load in the lungs of infected mice, lungs were homogenized in serum free 

DMEM using a tissue homogenizer. The homogenized samples were spun at 13,000rpm for 10 

minutes at 4ºC and the supernatants were collected for viral titration on MDCK cells.  After 5 days 

of infection, the plaques were developed by staining with crystal violet. 

Statistical analysis 

GraphPad Prism 9 was used for statistical analysis. The data was analyzed either by one way 

ANOVA or by two way ANOVA (in case of multiple variables) and for some data type non-

parametric t test was also done as indicated in the figure legends. All the data represents mean ± 

SEM and the level of statistical significance was determined as; ∗∗∗∗p < 0.0001, ∗∗∗p < 0.001, ∗p 

< 0.01 and ∗p < 0.05. 
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Results 

Transcriptome analysis of DCs reveals compromised function in aging host  

To gain insights into the molecular mechanisms responsible for impaired functions of DCs of an 

aging host, we performed transcriptional analysis of CD11c+CD11b+ cells sorted from the 

lymphoid tissues of unmanipulated aged (>24 months) and young (2 months) mice (Fig 2.1.A). 

Out of 21519 genes, those showing an FPKM value of >5 in either of the samples were analyzed 

for differential expression (Fig 2.1.A and 2.2.A). A cutoff value of 1.5-fold change was set to 

classify significantly differentially expressed (SDE) gene as the samples were obtained from 

unmanipulated young and aged animals (Fig 2.2.A). We identified 44 genes upregulated by DCs 

of young animals while 123 genes were upregulated in the DCs of aged animals (Figure 2.1.A and 

2.2.A). Of the upregulated genes, a large majority were involved in regulation of signal 

transduction, regulation of biological processes and cell to cell communication, protein-protein or 

protein-nucleic acid interaction and hence were predominantly shown to localise in membrane or 

nucleus (Fig 2.2.B-G). Genes upregulated in DCs of aged animals included inhibitory molecules 

such as CD160 (5-fold), Klrb1b (3-fold), Klrb1c (4.5-fold), Klrc1 (3.8 fold) and Klre1(3.2-fold) 

(Figure 2.1.B) (7,8). Genes encoding for GTPase associated nucleotide binding proteins were 

upregulated in DCs of aged animals. These included GIMAP3 (4.15-fold), GIMAP4 (3.7-fold), 

GIMAP7 (3.6-fold), GIMAP5 (3.3-fold), GIMAP8 (3.2-fold), GIMAP6 (2.9-fold), GIMAP9 (2.3-

fold), GIMAP1 (2.19-fold) (Fig 2.1.C). GIMAPs were shown to be critical for T cells survival but 

their influence in DCs physiology is not established (9). Arl4d, a GTPase shown to negatively 

regulate the function in CD8+ T cells, was increased in the expression by ~3.6-fold in the DCs of 

aged mice (10). Hic1, a gene that directly suppresses class II trans-activator (CIITA) to modulate 

the expression of class II MHC molecule was increased in expression by ~3.5-fold in the DCs of 
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aged mice (Fig 2.1.B) (11). The functional annotation, network and pathway analysis of the genes 

significantly downregulated in DCs of aged animals revealed compromised anti-viral functions, 

tissue remodeling as well as those involved in fine-tuning immune responses such as Th1, Th2 and 

Th17 cell differentiation, functioning of NK cells, cytokine receptor as well as TCR signaling, 

migration of leukocytes from lymphoid organs to tissue sites (Figure 2.3.A-D). A lower expression 

of multiple surface and endosomal Toll-like receptors (TLRs) such as TLR1, TLR2 and TLR4 

along with TLR-7, TLR8 and TLR9 were significantly downregulated in cDC2s of aged animals 

upon IAV stimulation. The downstream adaptor molecules such as MyD88 and other downstream 

mediator such TRAF6 and IRF7 which eventually leads to the production of pro-inflammatory 

(IL6 and IL1β) and anti-inflammatory (IL4 and IL10) molecules were also compromised in IAV 

pulsed DCs from aged individuals (Figure 2.4). Expression of several anti-viral genes such as 

IFITM1 (~2.4 fold), IFI27l2a (2 fold), IFIT3 (1.74 fold), IFIT1 (1.7 fold), OAS1a (2.5 fold), OASl2 

(2.27 fold) and OAS2 (1.9-fold), was observed in DCs of aged mice which indicated their 

inefficiency in responding to viral infections (Fig 2.1.D, 2.3.I). PLSCR1 encodes a product that 

control HCMV infection via IFN, was reduced in expression by ~1.73-fold. Genes of 

PI3K/MtorC1 signaling axis such as Rab8a, Akt1 and S6K responsible for growth, differentiation 

and functioning of DCs were downregulated in the aging animals (Fig 2.1.E). Following an initial 

interaction with the invading pathogen at infection sites DCs migrate to secondary lymphoid 

organs to activate T cells. Molecules involved in modulating the migratory properties of DCs such 

as CD103 (1.5-fold), CCR7, Nr1h3 (1.5-fold) showed reduced expression in DCs of aged mice 

(Fig 2.1.A and D) (12,13).  

Since the IFN pathway was severely compromised in DCs of aged animals as compared to 

their counterparts from younger animals, we analyzed its impact in their differentiation and 
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responsiveness to viral recognition. We first compared the IFN response in BMDCs generated in-

vitro from young (~6-8 weeks old) and aged (>18 months old) mice. Sorted double positive 

(CD11b+CD11c+) DCs (purity ~95%) were pulsed with two different viruses viz., Influenza A 

virus (WSN-SIINFEKL) and a γ-herpesvirus (MHV68-SIINFEKL) and the mRNA expression of 

genes involved in type I IFN pathway was measured (Fig 2.1.F-J and 2.3.E-H). We observed 

significantly reduced expression levels of several IFN genes and the effectors of IFN signaling in 

IAV pulsed BMDCs (Fig 2.1.G-J). IFNα, IFNβ and IFNγ levels were reduced by more than 15, 12 

and 2-fold at all the time points in the cells differentiated from precursors of aged as compared to 

the younger animals (Fig 2.1.F). Similar results were obtained for the MHV68-stimulated BMDCs 

(Fig 2.3.E-H). Following IFNR ligation, signal is transduced via JAK/STAT pathway (14). The 

expression levels of transcription factors STAT1, 2 and IRF9 were significantly lower in BMDCs 

of aged as compared to their younger counterparts following a pulse with either IAV or MHV68 

(Fig 2.1.H and 2.3.F). The expression profile of downstream effectors induced following signaling 

via IFNR was measured in IAV as well as MHV68 pulsed BMDCs differentiated from precursor 

cells of aged and young animals. BMDCs of aged animals pulsed with either IAV or MHV68 

showed reduced expression of OAS1A (80 and 140-fold), OAS1G (8 and 4-fold), OAS2 (5 and 4-

fold), OAS3 (9 and 4-fold), respectively (Fig 2.1.I and 2.3.H). Similarly, IFIT1 (3 and 3-fold), 

IFITM1 (6 and 2-fold) and ISG15 (6.4 and 4-fold) were also significantly downregulated in the 

IAV or MHV68-pulsed cells of aged mice, respectively (Fig 2.1.J, Fig 2.3.G). To assess whether 

such a downregulation was specific to murine cells or occurred in a generic manner, we performed 

a similar analysis on human PBMCs isolated from healthy young (<25 years) and aged (>65 years) 

individuals following pulsing with IAV (Figure 2.1.K-N). PBMCs of aged individuals showed 

reduction in the expression levels of most of the genes of IFN pathways albeit at varying levels 
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following IAV pulsing. Therefore, DCs of aged mice as well as humans exhibited compromised 

IFN signaling following recognition of two distinct viral agents which could account for the 

enhanced susceptibility of an aging host to viral infections. 

Figure2.1 

 

 

 

 

 

 

 

 

 

 

0.01 0.1 1 10 100 1000

0.1

1

10

100

1000

log10(RPKM)-Young

lo
g
1
0
(R

P
K

M
)-

A
g
e
d Nr4a1

Egr1

Ppp1r14a
Ifi27l2a

Ifitm1

AW112010

Bcl2a1a

Xcl1

Spon1

S100a9

Ncr1

Snord8

Cd160

Oas1g

Cpne7

C
D
16

0

Klrb
1b

K
lrb

1c

K
lrc

1

K
lre

1

H
ic
1

0

5

10

15

20

25
Young Aged

R
P

K
M

G
IM

A
P
1

G
IM

A
P
3

G
IM

A
P
4

G
IM

A
P
5

G
IM

A
P
6

G
IM

A
P
7

G
IM

A
P
8

G
IM

A
P
9

0

10

20

30

40

50
Young Aged

R
P

K
M

A B C 

D E 

Ifn
g

Ifn
gr

1

Ifn
gr

2
M

x1
Ifi

h1

N
r1

h3
Itg

ae Ifi
t1

Ifi
t3

O
as

1a

O
as

l2

Ifi
27

l2
a

O
as

2

IF
IT

M
1

STAT1

STAT2

0

1

2

3
Young Aged

lo
g

1
0
R

P
K

M

IG
F1r

R
ab

8a
pi

3k
m

to
r

m
ls
t8

ric
to

r

SIN
1

ts
c1

TSC
2

s6
k

ak
t1

ak
t2

ak
t3

0

20

40

60

80

100

R
P

K
M

Young Aged

G H F 

BM cells  
(Young/Aged 

mice) 
(n=3) 

Day 

0 

GMCSF+I
L4 

(5ng/mL) 
Sort BMDCS  

and  
pulsed with 

IAV  
(0.5 MOI) 

5 

6 qPCR 

0.5h 3 hrs 6 hrs 0.5h 3 hrs 6 hrs 0.5h 3 hrs 6 hrs

0

20

40

60

80

F
o
ld

 c
h
a
n
g
e
(m

R
N

A
)

Young Aged

IFIT1 IFITM1 ISG15

✱

✱✱✱✱

✱✱✱✱

✱✱ ✱
✱✱✱✱

ns

✱

✱✱✱✱

0.5h 3 hrs 6 hrs 0.5h 3 hrs 6 hrs 0.5h 3 hrs 6 hrs 0.5h 3 hrs 6 hrs

0

10

20

30

40

F
o
ld

 c
h
a
n
g
e
(m

R
N

A
)

Young Aged

OAS1A OAS1G OAS2 OAS3

✱✱✱✱
✱✱✱✱ ✱✱

✱✱✱✱ ✱✱✱✱ ✱✱✱✱

✱✱✱

✱✱

✱✱

ns ns

✱✱✱✱



 92 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 DCs of aging host mount an inhibited type I IFN response.  

A. Dot plot shows the expression of genes in DCs of aged and young animals. B. Bar graph for 

show the expression of key inhibitory genes in aged and young DCs. C. Bar-graph show the 

expression of a cluster of GIMAP genes. D. Line graph showing the log10 RPKM value for genes 

involved in type I IFN pathway of DCs of young and aged animals. E. Bar graph shows the RPKM 
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of different genes in DCs of aged and young animals. F-J. Assessing the expression of IFNs and 

ISGs in virus stimulated BMDCs of young and aged mice. F. A schematic of the experiments is 

shown. The generated BMDCs from young and aged mice were pulsed with IAV for different time 

points. The cells were then processed for RNA isolation and cDNA preparation. The relative 

abundance of different genes of type I IFN pathways was then measured by qRT-PCR. G-J. Bar 

graph show the relative expression of different genes of type I IFN pathway is shown. K-N. 

Assessing the expression of IFNs and ISGs in virus stimulated PBMCs of young and aged humans. 

K. Schematic for the experiment is shown. PBMCs isolated from aged and young individuals were 

pulsed with IAV for the indicated time points and were then analysed for the expression of different 

genes. L-N. Bar graphs show the expression data of different genes of type I IFN pathways in IAV 

pulsed human PBMCs is shown. The experiments were repeated at least three times and 

representative data from one of the experiment is shown (n=3 for animal experiments and for 

human PBMCs analysis n=6 donor were considered). Mean ± SEM values are shown and the levels 

of statistical significance was analysed by two way ANOVA. ****p<0.0001; 

***p<0.001;**p<0.01;*p<0.05, ns p>0.05. 
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Figure2.2: Transcriptome profiling of dendritic cells of young and aged mice reveals the 

downregulation of antiviral genes.  

A. Schematic for RNA-seq data analysis to obtain significantly differently expressed (SDE) genes 

in DCs of aged and young mice. B-G. Bar-graph represents the functional annotations using go-

slim analysis of 44 SDE genes upregulated in young or downregulated in aged animals (B-D) or 

123 SDE genes upregulated in aged or downregulated in young animals (E-G) using Webgestalt. 

H. Bar graph show the expression profile of different genes of interferon pathways at basal level 

in BMDCs generated from young and aged animals. I-J. Bar graphs show the gene expression 

profile of Rab8a along with Rab11a and Rab11b in human PBMCs both at basal level (I) and upon 

stimulation with 0.5 MOI IAV. Cumulative data is summarized by bar diagram (n=3). Mean ± 

SEM values are shown and non-parametric t test was used to assess statistical differences. 

****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05. 
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Figure2.3 
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Figure2.3: Functional annotation and network analysis of SDE genes expressed in dendritic 

cells of aged animals reveals down regulation of antiviral pathways.  

A-B. Represents the pathway analysis of 44 SDE genes upregulated in young or downregulated in 

aged animals (A) or 123 SDE genes upregulated in aged or downregulated in young animals (B). 

C-D. STRING based network analysis of total SDE genes upregulated in young or downregulated 

in aged animals. E-H. Bar graph show the expression data in terms of fold change of different 

genes of type I IFN pathways in each group. The experiments were repeated at least three times 

and representative data from one of the experiment is shown. Data represents Means ± SEM. 

****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (two way ANOVA). I. Expression data 

of genes of type I IFN pathways are shown in a pathway where genes labelled with red dots 

represents downregulation of SDE in aged animals, green shows the upregulation whereas blue 

dot shows no significance. 
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Figure2.4 
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Figure 2.4: Reconstitution of Rab8a in bone marrow cells of aged animals restored the TLR 

related function. 

A. Bar graphs shows the expression of surface TLRs such as TLR1, TLR2 and TLR4 from IAV 

stimulated DCs at different time points in indicated groups. B. Bar graphs shows the expression of 

endosomal TLRs such as TLR3, TLR7, TLR8 and TLR9 from IAV stimulated DCs at different 

time points. C. Bar graphs revealing the expression pattern of Rab8a in young, aged, and Rab8a-

OE DCs upon pulsing them with IAV. D. Bar Graphs shows the transcript abundance of different 

adaptor and downstream mediator of TLRs such as MYD88, TRAF6, IRF7 and NFKβ in different 

indicated groups. E. Bar graphs shows the expression profile of pro-inflammatory cytokines such 

as IL6 and IL1β. F. Bar graphs shows the expression profile of anti-inflammatory cytokines such 

as IL4 and IL10. Cumulative data is summarized by bar diagram (n=3). Mean ± SEM values are 

shown and two way ANOVA was used to assess statistical differences. ****p<0.0001; 

***p<0.001;**p<0.01;*p<0.05, ns p>0.05. 
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DCs of an aging host are phenotypically and functionally impaired 

We compared the phenotype of splenic DCs of aged, young and IFNRKO mice. As DCs of aged 

animals were compromised in their response via IFN signaling, we also evaluated its role in the 

DC maturation by including young IFNRKO animals in the analysis. The frequencies of splenic 

DCs (CD11b+CD11c+ cells) in aged (~6.62% ± 0.2) as compared to young (~1.14% ± 0.2) and 

IFNR-KO mice (~1.91% ± 0.47) had significantly higher frequencies (Figure 2.6.A and B). While 

the expression levels of class II MHC molecules were comparable in all the groups, those of class 

I MHC were significantly reduced in the DCs of aged (~ 69.16 % ± 1.2) and IFNRKO animals 

(~59.9% ± 1.4) as compared to those from the young (~79.9% ± 2.17) mice (Figure 2.6.C and D). 

DCs from aged mice showed significantly reduced expression levels of co-stimulatory molecules 

and the CD80+CD86+ cells among CD11b+CD11c+ were ~49.03% ± 7.3 in young and 35.43% ± 

1.5 in aged animals (Fig 2.6.E and F). These results were indicative of compromised activity of 

DCs from aged as well as young IFNRKO animals in activating antigen specific T cells despite 

their elevated frequencies. 

Does IFN signaling in DCs impact their ability to prime CD8+ T cells?  BMDCs were 

differentiated from young, aged and IFNRKO mice. Thereafter, the ovalbumin pulsed BMDCs 

(purity ~95%) were co-cultured with OT1 cells to analyze their responsiveness. The frequency of 

CD11b+CD11c+ DCs from young (~39.67% ± 3.51), aged (~44.5% ± 0.55), and IFNRKO (~45.1% 

± 0.26) were comparable, but those expressing CD80 and CD86 were significantly decreased in 

aged (~17.3% ± 0.36) and IFNRKO (~27.2% ± 0.15) in comparison to young (~35.0% ± 1.2) mice 

(Figure 2.5.A and 2.6.G, H and J). Per cell basis expression as measured by MFI values showed a 

similar trend (Figure 2.6.J).  Significant differences in the expression of CD80 and CD86 by 

BMDCs of the age matched WT and IFNRKO mice attested to the role of IFN signaling in their 



 102 

maturation. We also measured the frequencies of CD11b+CD11c+ DCs expressing class I and II 

MHC molecules and observed significant reduction in the frequencies of cells expressing both the 

molecules in IFNRKO (class I MHC+ve cells ~42.0% ± 1.04, class II MHC+ve cells ~56.07% ± 

0.15) as compared to those in the WT young (class I MHC+ve cells ~84.60% ± 0.17, class II MHC+ve 

cells ~82.7% ± 0.37) mice. The cells from WT aged mice preferentially showed reduction in levels 

of class I MHC (~70.60% ± 1.68 vs 84.60% ± 0.17) than those of class II MHC (~77.3% ± 0.89 vs 

82.7% ± 0.37) molecules in both percent positivity and MFI values in a head-to-head comparison 

with their younger counterparts (Figure 2.5.A and 2.6.I and J). DCs are particularly efficient in 

uptake and cross-presentation of exogenous antigens to activate specific CD8+ T cells, a process 

more relevant during vaccination and resolution of infection with some viruses (15,16). 

Frequencies of proliferating OT1 cells co-cultured with the Ova-pulsed BMDCs from young vs 

aged and IFNRKO vs young mice, respectively, were five-fold (7.48% ± 0.51 versus ~36.3% ± 

3.2) and two-fold (21.7% ± 1.90 versus 36.3% ± 3.2) lower when compared with those from young 

animals (Figure 2.5.B and C). Additionally we also compared the antigen presentation ability of 

OVA pulsed cDC2s for two different time points viz 2hr and 24hrs which were generated from 

young, aged and IFNRKO animals. The CFSE dilution was plotted for individual peaks from 

different conditions and found a significant decrease in the CFSE diluting cells in the last peak 

where cDC2s were generated from aged and IFNRKO animals than young animals (Figure 2.5D, 

E and 2.7A-B). These results indicated that impaired IFN response in the DCs of aging animals 

could partly help explain the diminished activity of DCs to cross-present antigens in stimulating 

CD8+ T cells.  
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Figure2.5 
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Figure 2.5 DCs of an aging host exhibits phenotypic and functional impairment 

Bone marrow from young, aged and IFNR-KO mice were cultured in the presence of GM-CSF 

and IL-4 for 6 days to differentiate into DCs. The cells were then phenotypically characterized. A. 

Representative bar graphs summarize the frequency of cells stained for the indicated markers. B-

C. In-vitro generated BMDCs were harvested and sorted as double positive cells by staining with 

anti-CD11b and CD11c antibodies. The sorted cells were pulsed with ovalbumin for 2 hours and 

were co-cultured with CFSE labelled OT1 cells for 72 hours. The extent of proliferating cells was 

measured by CFSE dilution. B. Representative offset histograms show the frequency of 

proliferating CD8+ T cells in the indicated conditions. C. Cumulative data is summarised by bar 

diagram (n=3). Mean ± SEM values are shown and one way ANOVA was used to assess statistical 

differences. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05.(One way ANOVA). D. 

Representative overlaid histogram show the frequency of CFSE diluting OT1 cells D-E. Bar graph 

showing the fold change expression of IGF1R (D) and Rab8a (E) in the cytokine mediated 

differentiation of BMDCs at indicated time post culture using qRT-PCR (n=3). Means ± SEM 

values are shown and the data are analysed by two way ANOVA. ****p<0.0001; 

***p<0.001;**p<0.01;*p<0.05, ns p>0.05. G. In-vitro generated BMDCs were sorted and equal 

number of BMDCs were pulsed with ovalbumin for 2 hours. The cells were then washed and 

5x105 cells were transferred into CD45.1+ animals which were previously infused with OT1 cells. 

The mice were infected intranasally with an IAV (WSN-SIINFEKL) two weeks later to assess 

cellular and viral parameters. H. Bar diagram summarize the frequency of expanded donor cells at 

7 and 14 days post DC transfer. I. Line graph shows the change in body weights of different groups 

of animals at different dpi. J. Line graph show the kinetics of virus specific donor CD8+ T cell 

expansion in the blood of BMDCs recipients (n=3). Data are shown as Mean ± SEM values and 

analysed by one way ANOVA. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05. K. 

Representative FACS plot from different lymphoid and non-lymphoid organs are shown for 

assessing specific donor cells. L. Bar graph summarizes the cumulative data for the frequencies of 

donor cells in different organs. M. Bar graph represents the frequency of CXCR3+CD45.2+ cells 

out of total CD8+ T cells in different organs of BMDCs recipients. N-P. Bar graphs summarize the 

data from ICCS assays to assess the functionality of expanded donor cells in draining MLN (N), 

spleen (O) and lungs (P) are shown. Q. Bar graph shows the viral load in the lungs of infected 
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animals using influenza NP and RdRP specific primers. R. Dot plots show the viral titres in the 

lungs as measured by plaque forming assays. S. Representative gross images of lungs of each 

recipients are shown (n=3). Data are shown as Mean ± SEM and analysed by two way ANOVA. 

****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05.. The experiments were repeated at 

least twice and representative data from one of the experiment is shown. 
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Figure2.6: Phenotypic profiling of splenic DCs and BMDCs reveals downregulation of key 

molecules required for CD8+ T cells priming.  

A. Representative FACS plot show the frequency of DCs in the spleens of young, aged and 

IFNRKO mice. B. Bar graph show the cumulative data of frequency and MFI of (A). C. Overlaid 

histogram show the frequency of MHCI and MHCII expression on DCs from young, aged and 

IFNRKO mice. D. Bar graphs show the cumulative data of frequency and MFI of indicted 

molecules of (C). E. Representative FACS plots show the frequency and MFI of DCs staining for 

costimulatory molecules CD80 and CD86. F. Bar graphs show the cumulative data of (E). Data 

represents Means ± SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (one way 

ANOVA). G. Representative FACS plot show the frequency of BMDCs generated from aged, 

young and IFNRKO bone marrow. H.  Representative FACS plot show the frequency of BMDCs 

staining for the costimulatory receptors CD80 and CD86. I. Overlaid histogram show the 

frequency of MHCI and MHCII positive BMDCs from each group is shown. J. Bar diagrams 

summarize the expression of the indicated molecule on a per cell basis in each group are shown. 

Data represents Means ± SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (one 

way ANOVA). The experiments were repeated at least three times and representative data from 

one of the experiment is shown. 
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Figure2.7: Sorting strategy for BMDCs and OT1 transfer status for in-vivo DCs 

immunization experiments.  

A. Representative overlaid histogram show the frequency of CFSE diluted cells at the level of 

different peaks in indicated conditions. B. Bar graph show the MFI of CFSE diluting cells in 

indicated conditions. C. FACS plot show the frequency of CD45.2+CD8+ T (OT1) transferred cells 

in individual biological replicates before the transfer of ovalbumin pulsed BMDCs. D. FACS plot 

showing the pre-sort (Top panel) and post sort purity of sorted BMDCs. E. FACS plot show the 

frequency of donor OT-I cells at 7 and 14 days post BMDC immunisation. F. Representative FACS 

plot show the frequency of expanded donor cells in the blood at different days of post infection in 

each group of animals is shown. G. Representative FACS plot show the frequency of 

CXCR3+CD45.2+CD8+ T cells in different cellular compartments of different BMDCs recipient 

animals. 

DCs immunization impaired cross-presentation by DCs of aged mice 

Having assessed the phenotypic differences and reduced ex vivo cross-priming potential of DCs 

from aged mice, we evaluated in vivo activity in a normalized environment. Antigen-pulsed DCs 

(5x105 of the sorted CD11b+CD11c+ BMDCs) (purity ~95%) from young, aged and IFNRKO 

young mice were injected in congenic CD45.1+ young animals that were adoptively transferred 

with 6x104 of CD45.2+ OT1 cells one day earlier (Figure 2.7.C and 2.7.D). The recipients showed 

equal distribution of OT1 cells the following day (Figure 2.7.D). We observed upto a two-fold 

increase in the frequencies of OT1 cells in the peripheral blood of animals receiving DC-therapy 

of young animals’ origin as compared to those injected with DC of aged animals 15 days later 

(Figure 2.5.H and 2.6.E). The animals were then infected with IAV (WSN-SIINFEKL) intranasally 

to recall OT1 cells. The recipients of the aged and IFNRKO DCs showed a sharp decline in body 

weights in the acute phase of infection, while those receiving DC-therapy of young animals’ origin 

showed only a slight and transient reduction in body weights (Figure 2.5.I). A rapid recovery in 
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body weights of animals in the latter group of animals could be due to an efficient viral control by 

the activity of the expanded OT1 cells. Frequencies of OT1 cells in the peripheral blood were 

5.20% ± 0.34, 0.21% ± 0.29 and 0.52% ± 0.10 in the group that received ovalbumin pulsed DCs 

of young, aged and IFNRKO mice, respectively (Figure 2.5.J-K and 2.7.E). We then analysed the 

distribution of CD8+ T cells in different lymphoid and non-lymphoid organs the next day (Figure 

2.5.K and L). Such cells were >10, 5 and 7-fold more abundant in medLN, spleen and lungs of 

animals receiving DCs from young as compared to those infused with DCs from aged and 

IFNRKO animals, respectively (Figure 2.5.K and L). Recalled OT1 cells expressing CXCR3 were 

significantly reduced in the recipients of DC-therapy from aged and IFNRKO in comparison to 

those from younger mice (Figure 2.5.M and 2.7.F). CXCR3 is expressed on inflammatory tissue 

homing CD8+ T cells (17). Cognate peptide stimulated OT1 cells that produced IFN-γ, TNF-α or 

both the cytokines were 20-times more abundant in the medLN of animals receiving DC-therapy 

of young as compared to that from aged animals (Figure 2.5.N, O and P). We then assessed the 

anti-viral effects of differentially expanded CD8+ T cells and observed significantly reduced titres 

of IAV as well as the expression of viral genes in the lungs of the animals receiving DC-therapy 

from aged and IFNRKO mice as compared to the animals receiving DC-therapy from young 

animals (Figure 2.5.Q and R). Furthermore, haemorrhagic, and inflammatory lesions were more 

pronounced in the animals receiving DC-therapy from aged and IFNRKO mice as compared to the 

recipients of young animals’ origin (Figure 2.5.S). Therefore, we show that DCs of aged animals 

are compromised in their ability to provide anti-viral protection and a diminished IFN response in 

the DCs of aged individuals could in part contribute to the observed effects. However, factors other 

than the compromised IFN response, which is more likely to occur in the aging innate immune 
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cells such DCs, could also contribute to poor priming of antigen specific CD8+ T cells leading to 

an inefficient protection to the aging host against viral infections.  

Rab8a dependent deficit in differentiation program and type I IFN response in DCs of an 

aging host  

Next, we focused our analysis on the differentiation of DCs from precursor cells in the aged and 

young animals as the maturation status directly impacts their function. Bone marrow cells from 

aged and young animals cultured in the presence of GM-CSF and IL-4 were processed for RNA 

isolation to analyze the expression profile of genes downstream to the growth factor receptor such 

as CSF2Ra and IGFR. Bone marrow cells of young as compared to the aged animals expressed 

significantly higher levels of CSF2Ra, IGF1R and Rab8a (Figure 2.5.E and 2.9.A-E). During the 

differentiation of BMDCs the expression of IGF1R and Rab8a was increased by upto 3-fold in 

younger animals but remain unchanged in those of aged and IFNRKO mice (Figure 2.5. E). Several 

other genes involved in mTOR signaling viz. PI3K, mTOR, SIN1, Akt1, 2 and 3, S6K and PRAS40 

were significantly downregulated whereas the inhibitors of mTORC1 signaling, Tsc1 and Tsc2 

were found significantly upregulated in bone marrow cells of aged animals (Figure 2.9.F-G). This 

was indicative of diminished proliferative, survival and differentiation potential of aged bone 

marrow cells. As IGF1R-PI3K pathway critically controls the differentiation program of DCs, we 

further elucidated its role by shRNA mediated knock down (KD) of Rab8a, an adaptor molecule 

downstream to IGF1R in the bone marrow cells (Figure 2.9.H-J). Following disruption of Rab8a 

function in DCs of young mice, the expression of gene encoding for the receptor IGF1R (~30-fold) 

and a downstream kinase, Akt1 (~17-fold) were significantly reduced (Figure 2.9.J). That a 

knockdown of Rab8a also downregulates expression of IGF1R was shown previously (18). The 
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data suggest that the cytokine mediated impaired differentiation of precursor cells into DCs is 

critically dependent on Rab8a. 

Does the deficiency of Rab8a in DCs affect their function?  We firstly characterised the 

Rab8a-depleted BMDCs and the control counterparts phenotypically. The frequencies of 

CD11b+CD11c+ cells were significantly reduced following Rab8a deficiency in the cells during 

their differentiation (Rab8a-KD ~33.17% ± 0.37, Control >39.97 % ± 0.72) (Figure 2.8.A-C). 

Among CD11b+CD11c+ cells, those expressing costimulatory molecules (CD80 and CD86) were 

also significantly reduced in the Rab8a-KD cells (~24.17% ± 0.86) as compared to the scrambled 

controls (~49.3% ± 0.75) (Figure 2.8.C and 2.9.L and M). Not only the percent positive but also 

the MFI values for CD86 were significantly lower in the shRNA treated group (Figure 2.9.N). 

Furthermore, the frequency of class I and II MHC expressing DCs were significantly reduced in 

the Rab8a-KD cells (Figure 2.8.C, and 2.9.N-O). Frequencies of live cells were comparable within 

control and the Rab8a-KD cells negating the toxic effects of the shRNA mediated KD of Rab8a 

(Figure 2.9.P-R). Therefore, Rab8a deficiency resulted in impaired differentiation as well as 

maturation of DCs. Given an essential role of DCs in mounting the first anti-viral response 

following an infection, we compared the expression levels of genes of type I IFN pathway in 

control and Rab8a deficient cells following stimulation with IAV (Figure 2.8.D and E). Rab8a 

deficient cells were drastically reduced in the expression of IFNα (70-fold), IFNβ (50-fold), IFNγ 

46-fold), STAT1 (80-fold) and STAT2 (4-fold) (Figure 2.8.D-E). Therefore, a reduced expression 

of Rab8a in DCs impedes not only the differentiation program but also their virus sensing and the 

production anti-viral IFNs. 
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Figure 2.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 

CD11c 

C
D

1
1

b
 

RAb8a-shRNA Rab8a-scRNA 

A C 

C
D
11

b/
C
D
11

c

C
D
80

/C
D
86

M
H
C
I

M
H
C
II

0

20

40

60

80

100

%
 p

o
s
it
iv

e
 D

C
s

Rab8a-shRNA Rab8a-SCRNA

✱✱✱
✱✱✱✱

✱✱✱✱

✱✱✱✱

E D 

IFN IFN IFN

1

2

3

4

5

20
40
60
80

F
o
ld

 c
h
a
n
g
e
(m

R
N

A
)

Rab8a-shRNA Rab8a-ScRNA

✱✱✱✱

✱✱✱✱ ✱✱✱

STAT1 STAT2

1

2

3

4

5

20
40
60
80

100

F
o
ld

 c
h
a
n
g
e
(m

R
N

A
)

Rab8a-shRNA Rab8a-ScRNA

✱✱✱✱

✱✱✱

Repeat transduction 

WT mouse 
(C57BL/6) (n=3) 

Analysis 
• Phenotype 
• Functionality 

(Cytokine and T cell 
response) 

Days 

0 

1 

3 

8 

GMCSF+IL-4 
(5ng/ml) 

Spin transduction  of  
oBM cells with LV(Rab8a) 
(Rab8a-OE) 

yBM or oBM cells 

F G 

CD11C 

C
D

1
1

b
 

yDC oDC oDC+Rab8a-OE 



 115 

 

 

 

 

 

 

 

 

 

       

 

 

 

 

 

 

 

CD11b/CD11c CD80 CD86 MHCI MHCII

0

20

40

60

80

%
 P

o
s
it
v
e
 D

C
s

Young Rab8a-OE Aged

✱✱✱✱

✱✱✱✱

✱✱✱✱

ns
✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

ns

ns

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

CD11b CD11c CD80 CD86 MHCI MHCII

0

5×104

1×105

1.5×105

2×105

3×105

4×105

5×105

6×105

Young Rab8a-OE Aged

✱✱

✱✱

ns

✱✱✱

✱✱✱✱

✱✱✱✱

ns ns

ns

✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

M
F

I

H I 

IFN IFN Ifn

0.2

0.4

0.6

0.8

1.0

5

10

15

F
o

ld
 c

h
a

n
g

e
(m

R
N

A
)

Young RAB8A-OE Aged

✱✱✱✱

✱✱✱✱

✱✱

✱✱✱✱

✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱

STAT1 STAT2 Rab8a Bcl2

0.2

0.4

0.6

0.8

1.0

10
20
30
40

F
o
ld

 c
h
a
n
g
e
(m

R
N

A
)

Young RAB8A-OE Aged

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱

✱✱✱✱

✱✱✱✱
✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱

✱✱✱✱

K J 

M L 

0 1 2 3 4 5 6 7

0

20

40

60

80

Divisions

%
 o

f 
C

e
lls

Young Aged
Rab8a-OE

✱✱✱✱

✱✱✱✱

✱✱

✱✱✱✱

✱✱✱✱

✱✱

✱✱✱✱

✱✱✱✱

ns

✱✱✱✱

✱✱✱✱

ns

✱✱✱✱

✱✱✱✱

ns

✱✱✱✱

✱✱✱✱

ns

✱✱✱✱

✱✱✱✱

ns

✱✱✱✱

✱✱✱✱

ns

CFSE 

No of division 0 1 2 3 4 5 6 7 

Young-ctrl 

Young-OVA 

Rab8a-OE-ctrl 

Rab8a-OE-OVA 

Aged-ctrl 

Aged-OVA 



 116 

Figure 2.8: Rab8a critically influences the differentiation and functionality of DCs.  

A. Schematic of experiments is shown. Bone marrow cells from young animals were spin 

transduced to knockdown the expression of Rab8a. The cells lacking Rab8a were then cultured 

in media supplemented with GM-CSF and IL-4 for 6 days and were then assessed for phenotypic 

profiling and functionality. B. Representative FACS plots show the frequency of DCs 

(CD11b+/CD11c+) in shRNA and scrambled-construct transduced cells. C. Bar-graph show the 

frequency of different molecules on the surface of dendritic cells. D-E. Bar-graph show the 

expression of different key genes involved in type I IFN response upon pulsing with influenza 

A virus (n=3). Data represents Means ± SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, 

ns p>0.05. (one way ANOVA). F. Schematic of experiments where bone marrow cells from aged 

mice were transduced for Rab8a overexpression and then allowed to differentiate into DCs in 

presence of GMCSF and IL4 for 6 days. The cells were harvested and phenotypic profiling along 

with their functionality assays were performed. G. Representative FACS plot showing the 

frequency of dendritic cells (CD11b+/CD11c+) in the indicated groups are shown. H.  Bar-graph 

show the frequency of DCs staining for different markers are shown. I. Bar-graph show the MFI 

of data represented in (H). J-K. Bar-graph show the expression of different key genes involved 

in Type I IFN response upon pulsing with influenza-A virus. L. Representative histogram show 

the proliferation of OTI cells co-incubated with ovalbumin stimulated BMDCs generated from 

young, aged and Rab8a-OE is shown. M. Bar-graph summarizing the frequency of proliferating 

CD8+ T cells in the indicated conditions is shown (n=3). Data represents Means ± SEM. 

****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05. (one way ANOVA). The 

experiments were repeated at least three times and representative data from one of each 

experiment is shown. 
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Figure 2.9: Knocking down of Rab8a in bone marrow cells of young mice compromised the 

differentiation and functionality of BMDCs. 

 A. Bar graph show the RPKM of Rab8a in DCs of aged and young mice. B. Bar graph shows the 

expression of CSF2Ra in absence and presence of GMCSF and IL4. C. Bar graph show the 

expression of IGF1R and Rab8a using qPCR in young and aged mice. D-E. Bar graph showing the 

expression of IGF1R (D) and Rab8a (E) in terms of fold change after pulsing with GMCSF and 

IL4 in young and aged mice at different time intervals. F. Schematic of experiments wherein BM 

from young and aged animals were culture in media supplemented with GMCSF and IL4 for 24hrs 

along with control cells (cultured in normal media) were collected, and transcript abundance of 

different key genes required for the growth and functional differentiation of DCs were measured. 

G. Bar graph showing the expression data in terms of fold change in each group. Data represents 

Means ± SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (one way ANOVA). H. 

Schematic of cloning strategy for cloning of Rab8a in pLKO.1-GFP vector where shRNA and 

scrambled sequences for Rab8a were cloned downstream of the U6 promoter, between AgeI and 

EcoRI sites and fluorescence microscopy images showing GFP signal in HEK293T transfected for 

shRNA/Scrambled construct harbouring lentiviruses. Scale bar: 160μm. I. Western blot showing 

the knockdown efficiency at protein level using anti-Rab8a antibody. GAPDH served as an 

endogenous loading control J. Bar graph show the expression data to show the knockdown of 

Rab8a at mRNA level and other key genes using qPCR in the indicated groups. Data represents 

Means ± SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (two way ANOVA). K. 

Overlaid histograms showing the transduction efficiency of BM cells in each group. L. FACS plot 

show the frequency of BMDCs staining for CD80 and CD86 generated from Rab8a-shRNA/SC-

RNA BM cells. M-N Bar graph show the MFI of different molecules in the indicated groups. O. 

Overlaid histograms show the frequency of BMDCs expressing MHCI and MHCII molecules in 

the indicated groups. P. Representative FACS plot show the frequency of PI positive cells in each 

group. Q-R. Bar graphs show the frequency (Q) and MFI (R) of PI positive cells. The experiments 

were repeated at least three times and representative data from one of the experiment is shown. 
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Figure 2.10 
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Figure 2.10: BMDCs of aged mice reconstituted of Rab8a regain functionality.  

A. Schematic of strategy for cloning Rab8a in pLenti-GFP vector for the overexpression of Rab8a 

is shown (upper panel) and fluorescence microscopic images of transfected HEK293T cells to 

produce lentiviruses expressing Rab8a. Scale bar: 160μm. B. Agarose gel electrophoresis gel 

image shows Rab8a specific amplification in Rab8a (R) transduced cells and blank (B). C. Bar 

graph show the overexpression of Rab8a in lentivirus transduced bone marrow cells of aged mice 

and their control counterparts as assessed by qPCR. Mean ± SEM values are shown and the 

statistical analysis was performed by non-parametric t test. ****p<0.0001; 

***p<0.001;**p<0.01;*p<0.05, ns p>0.05. D. Western blot shows the polypeptide bands of Rab8a 

~22kDa in the indicated conditions. GAPDH was used as an endogenous loading control. E. Bar 

graph shows the abundance of transcripts for IGF1R, Akt1 and Bcl2 in Rab8a overexpressing aged 

bone marrow cells in comparison to aged bone marrow cells. Mean ± SEM values are shown and 

statistical analysis was done non-parametric t test.  ****p<0.0001; 

***p<0.001;**p<0.01;*p<0.05, ns p>0.05. F.  Bar graph showing the ct value of Bcl2 and 18s 

rRNA in indicated groups. G. Offset histograms show the expression of indicated markers in 

BMDCs derived from different conditions. H and I. BMDCs generated from young, aged and aged 
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cells reconstituted of Rab8a were pulsed with IAV for 6 hours. Thereafter, the cells were processed 

for RNA isolation. The expression profile of genes involved in the type I IFN pathways was 

measured by qRT-PCR. Bar graphs show the expression of IFNα, IFNβ and IFN-γ (H), and STAT1 

and STAT2 (I). J-K. Bar-graphs show the transcript abundance of different genes of type I IFN 

pathways from aged and Rab8a-OE BMDCs which were pulsed with UV inactivated IAV for 6hrs. 

L. Representative FACS plots show the frequency of PI positive cells in each group. M. Bar graphs 

show the frequency of PI positive cells in BMDCs generated from each group. N-O Representaive 

histogram and Bar graphs shows the frequency of CFSE dilution in respective case. Mean ± SEM 

values are shown and one way ANOVA was applied for calculating the level of statistical 

significance. ****p<0.0001; ***p<0.001; **p<0.01; *p<0.05, ns p>0.05.   

Restoring functional competence in aging DCs by Rab8a reconstitution 

We next investigated whether a reconstitution of Rab8a in bone marrow cells of aged individuals 

could help restore function. Bone marrow cells of aged animals were transduced with non-

replicating lentivirus (LV) encoding Rab8a and the overexpression was established by qRT-PCR 

and western blotting (Figure 2.10.C and D). Rab8a reconstituted bone marrow cells of aged 

animals upregulated the expression of genes involved in nutrient sensing such as Akt1 (upto 2-

fold) and a cell survival factor, Bcl2 (>3-fold) (Figure 2.10.E and F). The frequency of 

CD11b+CD11c+ cells increased among the differentiated bone marrow cells of aged animals that 

over expressed Rab8a (Rab8a-OE) (~38.93% ± 01.0) as compared to the control aged cells 

(~27.7% ± 0.51) while such cells were 51.87% ± 0.51 in young animals (Figure 2.8.G, H and I). 

CD11b+CD11c+ cells expressing co-stimulatory molecules were also increased significantly 

following Rab8a overexpression with the frequencies of CD80+ cells increasing from 29.7% ± 

1.13 to 43.20% ± 0.60 and those of CD86+ cells from 31.67% ± 0.56 to 50.7% ± 0.86) (Figure 

2.8.H, I and 2.10.K). Surprisingly, the increased frequencies of CD80+ and CD86+ cells following 

Rab8a overexpression in bone marrow precursors of aged animals were comparable to those in the 
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differentiated DCs from young animals in which such cells were ~47.7% ± 0.15 and 49.70% ± 0.5, 

respectively (Figure 2.8.H, I and 2.10.K ). Rab8a overexpression also increased the frequencies of 

class I MHC expressing cells from 39% ± 0.75 to 64.53% ± 1.02 in the BMDCs of aged animals 

(Fig 2.8.H, I and 2.10.K). That the overexpression of Rab8a did not cause toxicity of cells was 

shown by PI staining (Figure 2.10.L and M). Rab8a reconstituted BMDCs from aged animals 

mounted significantly improved IFN response when stimulated with either UV-inactivated or the 

replicating IAV (Fig 2.8.J-K and 2.10.G-J). Following Rab8a reconstitution of bone marrow cells 

of aged animals, IFNα (6.6-fold), IFNβ (11.6-fold), IFNγ (16.6-fold), STAT1 (24.4-fold), STAT2 

(41.6-fold) and an anti-apoptotic molecule, Bcl2 (35.7-fold) were increased in the expression in 

comparison to the control cells from aged animals (Figure 2.8.J-K). As compared to the Rab8a-

OE cells from aged animals, the cells from younger animals expressed upto a 10-fold higher level 

of these molecules suggesting for a partial regain of their direct anti-viral functions following 

reconstitution of Rab8a (Figure 2.8.J-K). Similar trends were also observed for the expression of 

genes involved in the type I IFN pathway such as IFNα, IFNβ, IFNγ, STAT1 and STAT2 in the 

BMDCs pulsed with replication incompetent or heat inactivated viruses (Figure 2.10.G-J). The 

above obtained results were also confirmed on bonafide cDC2s (CD11b+/CD11c+) which were 

generated using Flt3l and pulsed with IAV for 3hrs, a similar trend were observed for the 

expression of Rab8a along with IFN genes (IFNα, IFNβ, and IFNγ) as it was observed for IAV 

pulsed GMCSF derived cDC2s (Figure 2.15.E and J). Addionally while profiling the splenic 

cDC2s we observed a significant expression of F4/80, NK1.1 and GR1 (Ly6G/Ly6C) onto the 

cDC2s (Figure 2.13.A) later on the cDC2s differentiated from bone marrow precursor of young, 

aged and RAb8a-OE conditions using GMCSF+IL4 (Figure 2.13.B-E) were also checked for the 

expression above mentioned molecules. In order to observe the influence of these molecules on in 



 125 

vitro generated cDC2s, the above CD11b+/CD11c+ cDC2s were depleted for the NK cells, 

monocytes and Neutrophils (NKD: NK1.1-/GR1-) markers in one case and in other case 

monocytes, neutrophils and macrophages (MKD: F4/80-/GR1-) (Figure 2.14.A-B). Followed by 

these NKD and MKD cDC2s were pulsed with IAV and the expression of interferons was 

measured and a similar trend was observed for these depleted as was observed un-depleted cells, 

however the intensity was lower which suggested that indeed the expression of above molecules 

influenced the expression of genes upon viral pulsing (Figure 2.14.C). Our data suggested that the 

DCs of aged animals regained functional competence and mounted elevated IFN response 

following Rab8a reconstitution. Additionally we also observed an enhanced expression of TLR 

related genes and their downstream mediator which could dictates the gain in the functionality of 

aged DCs upon overexpression of Rab8a (Figure 2.4). While we did not establish a direct role of 

Rab8a in a compromised IFN response leading to reduced functions of DCs of aging host, such 

events might be connected given its defined role in facilitating cellular secretions. Our data suggest 

that the DCs of aged animals regained functional competence and mounted elevated response of 

IFNs following Rab8a reconstitution.   

Reconstitution of Rab8a in aging DCs enhances antigen cross-presentation and facilitates 

their homing to secondary lymphoid organs (SLO) 

As the cytokine production by the Rab8a reconstituted DCs was enhanced, we assessed whether 

such cells had improved antigen-presentation potential. In-vitro generated BMDCs from aged 

animals and those reconstituted of Rab8a along with the cells from the younger animals were 

FACS sorted (purity ~95%) (Figure 2.17.B). Equal number of cells from different groups were 

pulsed with ovalbumin for two hours and then co-cultured with CFSE labelled OT1 cells for 72 

hours to measure the proliferating T cells. We observed a four-fold increase in the frequencies of 
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OT1 cells that divided at least once when co-cultured with the antigen-pulsed DCs from young 

(~65.0% ± 0.56) and the Rab8a-OE aged DCs (~60.37% ± 0.30) as compared to the control aged 

cells (~16.53% ± 0.15) (Figure 2.8.L and M). In separate experiments, we measured the ability of 

BMDCs from different groups to display antigenic peptide by pulsing them with varying 

concentration of SIINFEKL peptide or ovalbumin. We did observe significantly increased 

frequencies of proliferating CD8+ T cells when DCs of aged mice were reconstituted with Rab8a 

as compared to the control cells but the effects were milder (Figure 2.11.B-C, 2.10.N-O, 2.12 A-

D). Addionally in vitro generated NKD (NK1.1-/GR1-), MKD (F4/80-/GR1-) depleted cDC2s were 

also pulsed with ovalbumin and co-cultured with OT1 cells. After 72 hrs post co-culture OT1 cell 

proliferation was measured using flow cytometry and the proliferated CFSE diluting OT1 cells are 

plotted as individual peaks. CSFE diluting OT1 cells were comparable in different peaks of OT1 

cells when cDC2s from young and Rab8a-OE were used as compared to aged cDC2s from both 

NKD and MKD condition. However the frequency of CFSE diluting cells from aged condition 

were maximum at peak 0, 1, and 2 indicated that these cells divided least in further divisions 

indicating the dysfunctionality of cDC2s of aged animals. Interestingly we observed a clear 6th 

peak in Rab8a-OE and young conditions in MKD (where NK cells were not depleted but 

monocytes, macrophages and granulocytes were depleted) suggested that expression of NK1.1 by 

cDC2s might be influencing the antigen presentation ability of cDC2s.  (Figure 2.14.D-E and 

2.14.F-G)). A similar trend in OT1 cells proliferation was also visualized as observed for non-

depleted cells (Figure 2.15A-D). The above observation suggested that there might be influence 

of above molecules on the cDC2s because in case of MKD cDC2s differential CD8+ T cells 

proliferation was observed in comparison to NKD and un-depleted cells from aged animals than 

young and Rab8a-OE. 
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Separately BMDCs generated from young, aged and Rab8a-OE conditions by using GMCSF+IL4 

(GDCs) and Flt3l (FDCs) were also pulsed with OVA for 2hrs and 24hrs and followed these cells 

were co-cultured with CFSE labelled OT1 cells for 72 hrs and cell division was acquired using 

flow cytometer. CFSE proliferation from each condition was plotted as individual peak to 

determine the frequency of CFSE diluting cells at each division and a total of 6 division was found. 

However in both the case where cDC2s were generated either from GMCSF+IL4 or Flt3l and 

pulsed for 2hrs, maximum OT1 cells were present at peak 0 and 1 in a setup where aged cDC2s 

were co-cultured with OT1 cells than young and Rab8a-OE DCs condition whose proliferation 

were comparable at different division (Figure 2.15.A-D and 2.15.F-I). Additionally we observed a 

small restoration in in vitro antigen presentation from aged cDC2s when they were pulsed for 24hrs 

where OT1 cells divided from peak 0 to 2 but could not compensate in further cell divisions 

suggests dysfunctionality of cDC2s in aged animals are cell intrinsic (Figure 2.15.A-D and 2.15.F-

I).  

Rab8a reconstituted DCs of aged animals presented exogenous antigens more efficiently 

to activate antigen specific CD8+ T cells ex vivo, we therefore evaluated their immune potentiation 

effects in vivo. Schematic of the experiments is shown in Figure 2.11.D. CD45.1+ congenic animals 

that were previously injected with CFSE labelled OT1 cells (1x106) were transferred with Ova-

pulsed control BMDCs or those reconstituted with Rab8a from aged mice. In a separate group, 

similarly prepared Ova-pulsed BMDCs from young animals were injected. All the recipients 

showed equal distribution of OT1 cells the following day of transfer (Figure 2.18.A). Three days 

later, frequencies of the divided donor OT1 cells were measured in the peripheral blood as well as 

different lymphoid organs. The percentage of divided OT1 cells in the peripheral blood and splenic 

tissues of recipients of aged DCs were 33.3% and 25.3%, respectively (Fig 2.11.E and F). We 
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observed upto a two-fold increase in their frequencies in Rab8a-OE DCs (48.2% and 54.4%) and 

young DCs (47.5% and 36.1%) in peripheral blood and splenic tissues (Figure 2.11.E and F). In 

other lymphoid organs, the recipients of aged DCs had the lowest frequencies of OT1 cells while 

those receiving Rab8a-OE DCs and young DCs had upto 10-fold increase in the proportion of such 

cells in different lymph nodes (Figure 2.11.G and 2.18C). The OT1 cells in different organs 

showed the highest proliferation rates in the recipients of Rab8a-OE DCs and young DCs and those 

transfused with BMDCs of aged animals showing the least division rates (Figure 2.11.G and 

2.18.C). In the same experiment we also measured the frequency of transferred BMDCs 

(CD45.2+CD11C+ cells) from different groups to assess homing potential. The recipients of 

BMDCs from aged animals (0.59%) had two-fold higher frequencies of these cells in comparison 

to the recipients of young (0.29%) and Rab8a-OE (0.23%) animals (Figure 2.11.H and 2.18.D and 

E). The distribution of DCs could be dictated by their expressed chemokine receptors such as 

CCR7 (13). Lower frequencies of BMDCs expressing CCR7 from aged mice as compared to those 

of young and Rab8a-OE cells could explain their poor homing to SLO (Figure 2.11.I and 2.18.G). 

Similarly, the transferred DCs of young animals and those reconstituted with Rab8a populated 

spleen in comparable frequencies but were ~2-fold lower than those from aged animals (Figure 

2.18.D and E). The expanded OT1 cells and the distribution of Ova-pulsed DCs showed a direct 

correlation (Figure 2.11.G, 2.18.D and E). To explain the differential distribution of BMDCs of 

aged, Rab8a-OE and young animals, we measured the expression of molecules such as CCR5 and 

CCR7. For measuring the expression of CCR7 on BMDCs, cells were first ex-vivo pulsed with 

IAV for 16 hours to simulate a situation encountered during infection of mice. CD11b+CD11c+ 

cells that expressed CCR7 were more abundant among Rab8a-OE (37.50 ± 0.36 %) and those from 

young animals (~41 ± 0.20 %) as compared to those of aged animals (26.5 ± 0.5 (Figure 2.11.I). 
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Similar trends were observed for the expression of CCR5, a chemokine receptor that facilitates the 

migration of DCs to inflamed tissues. Therefore, Rab8a reconstitution enhanced homing potential 

of DCs to both SLO and at the inflammatory tissues. Addionally similar experimental setup was 

used as where DCs from young, aged and Rab8a-OE conditions were generated using Flt3l and 

transferred into gender matched congenic mice which were already transferred with CFSE labelled 

OT1 cells and in vivo antigen presentation was measured and comparable CFSE dilution was 

measured in young and Rab8a-OE DCs recipients than aged DCs recipients (Figure 2.16A-C). 

The data, therefore, showed that Rab8a over expression of DCs of an aging host not only 

promotes cross antigen-presentation but also enhances their migratory potential for efficient 

sensing of pathogens and priming of antigen specific CD8+ T cells. 
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Figure 2.11: Restoration of Rab8a in bone marrow cells of aged mice enhances the antigen 

presentation ability of aged BMDCs.  

A. Schematic representation of the experiment is shown.  BMDCs were generated from young, 

aged and Rab8a-OE bone marrow cells. 6 days post onset of culture, the cells were harvested and 

the BMDCs were sorted based on CD11c staining. The sorted BMDCs were pulsed with varying 

concentrations of ovalbumin for 2hrs. The antigen stimulated BMDCs were then co-cultured with 
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CFSE labelled OTI cells in order to measure the antigen presentation ability as a function of OTI 

cell proliferation. B. Overlaid histograms show the CSFE dilution in each condition. C. Bar graph 

show the cumulative data for (B). D.  A schematic of the experiment is shown. 2x105 ovalbumin 

pulsed BMDCs generated from young, aged and Rab8a-OE BM cells were transferred into CD45.1 

animals which were already infused with CSFE labelled OT1 cells. 72hrs post BMDC transfer, the 

animals were then sacrificed and in-vivo CD8 T cells proliferation was measured. E. Overlaid 

histograms showing the frequency of CSFE diluting CD8 T cells in blood and spleen. F. Bar graph 

showing the cumulative data of (E) (n=3). Data represents Means ± SEM. ****p<0.0001; 

***p<0.001;**p<0.01;*p<0.05, ns p>0.05. (One way ANOVA). G. Bar graph show the 

cumulative data of percent CFSE dilution in different lymph-nodes. H. Bar graph show the percent 

CD45.2+CD11c+ donor BMDCs in the peripheral blood of each group. Bar graph show the 

frequency of CCR5+CD11c+ and CCR7+CD11c+ BMDCs generated from different conditions is 

shown. The experiments were repeated at least twice and representative data from one of the 

experiment is shown. 
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Figure 2.12 Reconstitution of Rab8a in aged BMDCs promotes antigen cross presentation. 

A-B. Representative offset histograms show the proliferating OT1 cells in in-vitro culture when 

BMDCs were pulsed with varying concentrations of SIINFEKL peptide (A) or ovalbumin (B). C-

D. Bar graphs show the cumulative data on frequencies of cells in each division. Mean ± SEM 

values are shown and one way ANOVA was used to assess statistical differences. ****p<0.0001; 

***p<0.001;**p<0.01;*p<0.05, ns p>0.05. 
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Figure 2.13 

 

 

 

 

 

 

                                                                                                                                   

 

 

 

 

 

 

 

S
S

c
-A

 

FSc-A S
S

c
-A

 

CD3 

Ly6G 

Ly6C 

NK1.1 

C
D

1
1
c
 

CD11b 

Youn
g 

Aged 

CD11b+
CD11c+ 

0

20

40

60

80

%
L
y6

G
+
ce

lls

✱✱✱

0

20

40

60

80

%
L
y6

C
+
ce

lls

✱✱✱✱

Young Aged
0

5

10

15

%
N

K
1
.1

+
ce

lls

✱✱✱✱

FMO 

Aged 
Young 

FMO 

Aged 
Young 

FMO 

Aged 
Young 

Scatter gate Gating CD3
-ve

 cells 

Splenic DCs A 

B C 

D 

Young Aged Rab8a-OE 

CD11b 

C
D

1
1
c
 

FMO 

You
ng

 

Age
d 

R
ab

8a
-O

E

0

20

40

60

80

100

%
C

D
1
1
b

+
C

D
1
1
c

+

ns
ns

ns

NK1.1 F4/80 Gr1 

FMO 

Aged 

Rab8a-OE 

Young 

CD11c
+
CD11b

+
 gate 



 134 

 

 

 

 

 

 

 

Figure 2.13: Phenotypic profiling of splenic DCs and BMDCs generated using GM-CSF/IL4. 

A. Gating strategy to analyse the expression of Ly6C (monocytic marker), Ly6G (neutrophil 

marker) and NK1.1 (NK cell marker) cells by splenic CD11c+CD11b+ DCs. The analysis was used 

using four animals in each group. The experiments were repeated two times and data from one 

such experiment are shown by representative FACS plots. B. Representative FACS plots show the 

frequencies of CD11c+CD11b+ BMDCs generated from using GM-CSF/IL-4 cultures. C. Bar 

Graph shows the cumulative data of a representative experiment. D. Representative offset 

histograms show the expression of markers associated with NK cells (NK1.1), macrophages 

(F4/80) and granulocytes (GR1; Ly6C/Ly6G) on CD11c+CD11b+ cDC2s. E-F. Bar graphs show 

the cumulative data for frequency of such cells (E) and the MFI values (F) for the expression of 

each of the markers. Experiments were repeated three times data from one such experiment is 

shown as Mean ± SEM values. One way ANOVA was used to assess statistical differences. 

****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05. 
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Figure 2.14 
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Figure 2.14:  Gating strategy and depletion of key molecules (Ly6G/Ly6C/F4/80/NK1.1) 

expressing cDC2s in order to reveals its role in antigen presentation.   

A. Gating strategy to discriminate the singlet population out of total live cells. B. Representative 

FACS plot show the frequency of CD11b+/CD11c+ DCs in indicated conditions out of which the 

double negative population in one case (F4/80-/ GR1-) and in other (NK1.1-/GR1-) were sorted out. 

Post sort is also shown for the respective samples. C. CD11b+/CD11c+ DCs depleted for indicated 

condition along with un-depleted GMCSF+IL4 derived DCs were pulsed with 0.5 MOI IAV for 

3hrs and then the above cells were used for isolating RNA and qPCR was done to amplify the 

genes shown in the bar graphs. D. Representative overlaid histogram show the frequency of CFSE 

dilution of OT1 cells upon co-culture with CD11b+/CD11c+ but F4/80-/ GR1- ovalbumin pulsed 
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cells which were depleted for the cells expressing molecules for monocytes, macrophages and 

granulocytes. E. Bar graph show the cumulative data of (D). F. Representative overlaid histogram 

show the frequency of CFSE diluting OT1 cells upon co-culture with CD11b+/CD11c+ but NK1.1-

/GR1- ovalbumin pulsed cells which were depleted for the cells expressing molecules for 

monocytes, granulocytes and NK cells. G. Bar graph show the cumulative data of (G). Cumulative 

data is summarized by bar diagram (n=3). Mean ± SEM values are shown and one way ANOVA 

was used to assess statistical differences. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns 

p>0.05. 
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Figure 2.15: A comparative analysis of GM-CSF/IL-4 and Flt-3l induced BMDCs 

reconstituted of Rab8a in enhancing in-vitro antigen presentation.  

Young, aged and Rab8a-OE bone marrow cells were cultured for 6 days with either GM-CSF/IL-

4 or Flt3l to generate CD11c+CD11b+ cDC2s. The cells were then pulsed with OVA for 2hrs and 

24hrs and co-cultured with CFSE labelled OT1 cells for 72 hrs to assay CFSE dilution by the 

proliferating OT1 cells. A and B. Representative FACS plots (A) and bar graphs (B) show the 

frequencies of cDC2s as indicated. C. Representative offset histograms show the frequencies of 

CFSE diluting OT1 cells co-cultured with GM-CSF/IL-4 induced ova pulsed BMDCs in indicated 

conditions. D. Bar graphs show the frequencies of CFSE diluted cells within each division of CFSE 
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diluted OT1 cells. E. cDC2s generated using GM-CSF/IL-4 were pulsed with 0.5MOI IAV for 

3hrs and the transcript abundance of IFNα, IFNβ, and IFNγ along with Rab8a was measured and 

is shown by bar graphs. F and G. Representative FACS plots (F) and bar graphs (G) show the 

frequencies of cDC2s as indicated. H. Representative offset histograms show the frequencies of 

CFSE diluting OT1 cells co-cultured with Flt-3l induced ova pulsed BMDCs in indicated 

conditions. I. Bar graphs show the frequencies of CFSE diluted cells within each division of CFSE 

diluted OT1 cells. J. cDC2s generated using Flt-3l were pulsed with 0.5MOI IAV for 3hrs and the 

transcript abundance of IFNα, IFNβ, and IFNγ along with Rab8a was measured and is shown by 

bar graphs. The experiments were performed four times and data from one such representative 

experiment is shown. Mean ± SEM values are shown and one way ANOVA was used to assess 

statistical differences. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05.Rab8a 

reconstituted DCs generate effective antigen-specific memory CD8+ T cell response 

 

We evaluated how Rab8a reconstituted DCs generate memory response of CD8+ T cells. We 

transferred CD45.1+ congenic animals with CFSE labelled OT1 cells (1x106) and the recipients 

were analyzed for equal distribution of OT1 cells the next day (Figure 2.19.A-B). In the randomly 

distributed groups of OT1 recipients, 5x105 of the sorted Ova-pulsed BMDC from aged animals, 

Rab8a-OE aged cells and young animals were infused and the expansion kinetics of OT1 cells was 

measured. Blood form the mice was collected at three and six days of BMDCs transfer, and 

expanded donor OT1 cells were analysed. As compared to the animals receiving DCs of aged 

animals, recipients of Rab8a-OE cells and DCs of young animals had >3-fold increase in the 

frequencies of donor OT1 cells in their peripheral blood at 3days post transfer (dpt). An increase 

was also evident at 6dpt (Figure 2.17.B-C, 2.19.D and E). The expanded cells were allowed to 

further differentiate into memory cells for a month and the persisting donor cells were then recalled 

by intranasal infection of animals with IAV (WSN-SIINFEKL) to assess their anti-viral properties. 

All the infected animals showed a transient reduction in body weight (Figure 2.19.F). Frequency 
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of CD44hiCD45.2+ CD8+ T cells in the peripheral blood of animals receiving Rab8a-OE DC 

(10.6%) and the young DCs (11%) in comparison to the recipients of aged DCs (1.3%) were upto 

a 10-fold higher on 6 dpi (Figure 2.17.D). Sacrificed animals were then analysed for different 

lymphoid and non-lymphoid organs for enumerating the frequency of expanded donor cells. The 

recipients of BMDCs from aged, Rab8a-OE and young animals had 0.64%, 4.34%, and 7.87% of 

OT1 cells in medLN, 1.46%, 3.06% and 3.3% in spleens and 25.70%, 80% and 48.70% in lungs, 

respectively (Figure 2.17.E, 2.19.G). Thus, OT1 cells were upto ~10-fold higher in the draining 

LN and upto 4-fold higher in lung tissues of animals receiving aged DCs reconstituted of Rab8a 

or young animals as compared to those receiving such cells from of aged animals. The functionality 

of the expanded cells was monitored by stimulating such cells with cognate peptide and performing 

ICCS assays. IFNγ+CD8+ T cells in the recipients of BMDCs from aged, Rab8a-OE and young 

animals were 7.58%, 23.56% and 28.8% and in medLN, 29.43%, 51.9% and 45.42% in spleens 

and 5.66%, 41.81% and 67.7% in lungs, respectively (Figure 2.17.F, 2.19.H-J). Similar results 

were obtained for IFN-γ-TNF-α+ and IFN-γ+TNF-α+ donor cells with the more frequencies of cells 

recovered from the recipients of young and Rab8a-OE DC than those receiving such cells from 

the aged animals (Figure 2.19.H-J). The viral loads in the lung tissues were better controlled in the 

recipients of Rab8a-OE BMDCs and those of young animals as compared to those receiving the 

control cells from aged animals as determined by plaque assays and qRT-PCR (Figure 2.17.G and 

H). Recipients of BMDCs overexpressing Rab8a and as well as those of young animals in 

comparison to those receiving control cells from aged animals had viral titres reduced by >100-

fold (Figure 2.17.H). Furthermore, lung tissues in the recipients of BMDCs from aged animals as 

compared to those receiving Rab8a-OE BMDCs as well as those from young animals displayed 

extensive haemorrhagic lesions, indicating a pronounced tissue damaging response due to less 
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efficient viral control (Figure 2.17.I). Addionally Flt3l based DCs generated from young, aged and 

Rab8a-OE conditions were ovalbumin pulsed and adoptively transferred into gender matched 

congenic mice which were already transferred with OT1 cells, followed by these animals were left 

for 1 month to generate persisting memory cells. Later on these persisting cells were recalled and 

expanded donor cells were measured in spleen and lungs. A significant increase in the frequency 

of expanded donor cells was measured in Rab8a-OE DCs recipients than aged DCs recipients. 

However a comparable frequency virus specific donor cells was present in young DCs recipients 

(Figure 2.16.E-G). ICCS assay also revealed a significant increase in the frequency of cytokine 

producing donor cells in lungs and spleen or Rab8a-OE DCs recipients than aged DCs recipients 

however a comparable frequency of expanded donor cells was observed in Rab8a-OE vs young 

DCs recipients (Figure 2.16.H-J). 

Therefore, Rab8a reconstituted BMDCs from aged animals restored the age-related 

impairment in their antigen presentation potential to prime CD8+ T cells to confer to the host a 

better protection against viral infection.  

Figure 2.16 
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Figure 2.16: Reconstitution of Rab8a in bone marrow cells of aged animals restored the 

functionality of Flt3l derived cDC2s in-vivo. 

A. Schematic of experiment showing the details of timeline used for measuring the in vivo antigen 

presentation ability of Flt3l derived cDC2s in CD45.1 congenic animals. B. Young, aged and 

Rab8a-OE bone marrow cells were added with Flt3l for 6 days in order to generate cDC2s 

(CD11b+/CD11c+) (n=3). Later on these cDC2s were pulsed with ovalbumin and adoptively 

transferred into gender matched CD45.1 animals (n=3) which were already transferred with CFSE 

labelled OT1 cells and then post 72hrs post DCs transfer these animals were sacrificed and 

different lymph-nodes (ALN, CLN, ILN and MLN), spleen and peripheral blood were collected 

and then the CFSE dilution was measured and shown in the form of representative overlaid 

histogram. C. Bar graphs showing the cumulative data of (B). D. Schematic of experiment used 

for measuring the generation and expansion of memory CD8+ T cells at tissue site of infection 

(n=4) upon recall with IAV. E Representative FACS plot show the expanded virus specific donor 

cells in the lungs of different DCs recipients. F-G. Bar graphs show the frequency (F) and counts 

(G) of total expended donor cells in different organs of mice. H. Representative overlaid FACS 

plot shown to reveal the frequency of IFNγ positive donor OT1 cells in lungs of infected mice 

upon pulsing them with cognate peptide. I-J. Bar graphs show the frequency (I) and counts (J) of 

IFNγ+CD45.2+ CD8+ T cells in spleen and lungs determined by ICCS. Mean ± SEM values are 

shown and one way ANOVA was used to assess statistical differences. ****p<0.0001; 

***p<0.001;**p<0.01;*p<0.05, ns p>0.05. 
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Figure 2.17 
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+ yDCs + oDCs + oDC (Rab8a-OE)  

 

 

 

 

Figure 2.17: Reconstitution of Rab8a in the bone marrow of aged animals led to the 

restoration of the priming and presentation abilities to T cells in the BMDCs recipient 

animals   

A. Schematic of the experiment is shown. In-vitro generated BMDCs from young, aged and 

Rab8a-OE BM cells were sorted, pulsed with ovalbumin for 2hrs, washed and adoptively 

transferred into sex matched congenic CD45.1+ animals infused with CFSE OT1 cells for 

measuring the antigen presentation ability of different BMDCs in-vivo. B. Overlaid histogram 

show the expansion of the transferred CFSE labelled CD8+ T cells post 3 days post BMDCs 

transfer. C. Bar-graph show the cumulative data of (B). D. Line graph show the kinetics of 

expanded virus specific donor CD8+ T cells in the peripheral blood of BMDCs recipient animals 

post WSN-SIINFEKL infection (n=3). Data represents Means ± SEM. ****p<0.0001; 

***p<0.001;**p<0.01;*p<0.05, ns p>0.05. (One way ANOVA). E. Bar graph showing the 

frequency of expanded virus specific donor CD8 T cells in indicated lymphoid and non-lymphoid 

organs post WSN-SIINFEKL infection. F. Bar graphs show the results of ICCS assays for 

functionality assessment are shown. G. Bar graph show the viral titer in the lungs of infected mice 

using influenza NP and RdRP specific primers. H. Summary plot showing the viral titre in infected 

lungs using plaque assay. I. Representative images of lungs of each group showing the relative 

haemorrhagic lesions in different BMDCs recipient animals is shown. The experiments were 

repeated at least two times and representative data from one of the experiment is shown (n=3). 

Data represents Means ± SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05. (two 

way ANOVA). 
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Figure 2.18 
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Figure 2.18: OT1 transfer status for in-vivo DCs immunization experiment and in-vitro 

antigen presentation ability of DCs generated from Rab8a overexpressing BM cells of aged 

mice.  

A. Overlaid histogram showing the % GFP+ BM cells in order to show the transduction efficiency 

of Rab8a-OE lentiviruses. B-C. FACS plot and bar graph showing the CFSE+ cells and transfer 

status of CFSE+ cells in CD45.1 mice before transferring the ovalbumin pulsed BMDCs.                  
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D. Representative overlaid histogram show the proliferating OT-I cells in the peripheral circulation 

at 6 days post DC transfer. E. Bar graph show the cumulative data of (D). Data represents Means 

± SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (one way ANOVA). F. Line 

graph show the change in bodyweight of recipient animals after intranasal WSN-SIINFEKL 

infection in each group. G. Representative FACS plot show the frequency of expanded virus 

specific donor OT-I cells in different organs of BMDC recipients after WSN-SIINFEKL infection. 

H. Representative FACS plot show the frequency of cytokine (TNFα and IFNγ) producing donor 

cells in different organs of recipients. I-J. Bar graph show the frequency of TNFα-IFNγ double 

positive (I) and TNFα positive (J) cells in different organs of BMDC recipients. K-L. 

Representative overlaid histogram show the proliferating CD8+T cells in in-vitro culture when 

BMDCs from different conditions were pulsed with varying concentration of SIINFEKL peptide 

(K) or ovalbumin (L). M-N. Bar graph show the cumulative data of K-L. Data represents Means 

± SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (two way ANOVA). The 

experiments were repeated at least three times and representative data from one of the experiment 

is shown. 

Figure 2.19 
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Figure 2.19: Rab8a overexpressing DCs of aged animals expand antigen-specific CD8+ T cells 

in vivo.          

A. Overlaid histogram showing the % GFP+ BM cells in order to show the transduction efficiency 

of Rab8a-OE lentiviruses. B-C. FACS plot and bar graph showing the CFSE+ cells and transfer 

status of CFSE+ cells in CD45.1 mice before transferring the ovalbumin pulsed BMDCs.                  

D. Representative overlaid histogram show the proliferating OT-I cells in the peripheral circulation 

at 6 days post DC transfer. E. Bar graph show the cumulative data of (D). Data represents Means 

± SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (one way ANOVA). F. Line 

graph showing the change in bodyweight of recipient animals after intranasal WSN-SIINFEKL 

infection in each group. G. Representative FACS plot show the frequency of expanded virus 

specific donor OT-I cells in different organs of BMDC recipients after WSN-SIINFEKL infection. 

H. Representative FACS plot show the frequency of cytokine (TNFα and IFNγ) producing donor 

cells in different organs of recipients. I-J. Bar graph show the frequency of TNFα-IFNγ double 

positive (I) and TNFα positive (J) cells in different organs of BMDC recipients. Data represents 

Means ± SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (two way ANOVA). 

The experiments were repeated at least three times and representative data from one of the 

experiment is shown. 
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Rab8a reconstitution in bone marrow cells promoted signalling via mTOR pathway for 

enhancing survival  

To gain insights into the molecular events following depletion or the overexpression of 

Rab8a in bone marrow cells differentiated into BMDCs, transcriptional changes and signalling 

events were analysed. Rab8a depleted bone marrow cells had significantly reduced expression of 

IGF1R and PI3K, both constituting the complex required for cellular growth and survival (Figure 

2.20.B). A significant decrease in the expression of Akt1, Akt2 and Akt3 was also observed in the 

Rab8a depleted cells (Figure 2.20.C). However, the expression of Tsc1 and Tsc2 was significantly 

increased in the BMDCs knockdown of Rab8a (Figure 2.20.D). Other key genes involved in 

nutrient sensing such as mTOR, and the components of mTORC1 and mTOC2 such as Rictor, 

Raptor and SIN1 along with S6K, a positive regulator of cellular growth and survival were also 

downregulated in Rab8a depleted cells (Figure 2.20.D-E). Following a reconstitution of Rab8a in 

bone marrow cells of aged animals, the expression of all the genes except for Raptor and Rictor 

was upregulated. Raptor and Rictor were further enhanced in expression following addition of 

GM-CSF and IL-4 in the differentiating cells (Figure 2.20.F-J).  

To measure the expression of key molecules required for differentiation of bone marrow 

cells into BMDCs, cell lysate from different conditions were subjected to immunoblotting. 

Depletion of Rab8a was confirmed using anti-Rab8a antibody (Figure 2.20.J).  While the baseline 

expression levels of Akt1 and its phosphorylated version (pAkt1) were high in bone marrow cells 

of young animals as compared to those from aged animals, both were further increased in 

differentiated BMDCs (Figure 2.20.J). Following Rab8a depletion, the expression levels of Akt1 

as well as pAkt1 were reduced in bone marrow cells as well as BMDCs (Figure 2.20.K). A 

reconstitution of Rab8a led to the increased expression of both Akt1 and pAkt1 in steady state 
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conditions as well as after differentiation into BMDCs (Figure 2.20.J). GAPDH signal served as 

loading controls for different samples. To quantify the levels of Akt1 and pAkt1, flow cytometric 

analysis was also performed (Figure 2.20.K-P). Differentiated DCs of young animals expressed 

higher levels of Akt1, pAkt1 as well as Rab8a (Figure 2.20.K and N). An over expression of Rab8a 

in BMDCs of aged animals upregulated the expression of both Akt1 and pAkt1 and its genetic 

depletion reduced the expression (Figure 2.20.K and N). Rab8a induced modulation of expression 

were more evident for pAkt1 which could indicate their rapid response to enhance cytokine 

production, antigen-presentation as well as longevity (Figure 2.20.L-P). Taken together, the 

expression data showed that a reconstitution of Rab8a promoted cellular growth and survival due 

to signalling events involving mTOR pathway.  

Figure 2.20 
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Figure 2.20: Rab8a is critically required for functional differentiation of BMDCs. 

 A. Schematic of experiment where WT young and aged animals were sacrificed and their bone 

marrow cells were spin transduced using Rab8a-shRNA or scrambled construct harbouring 

lentiviruses for knockdown of Rab8a. Additionally Rab8a was overexpressed in aged bone marrow 

using Rab8a overexpression construct harbouring lentiviruses. The Rab8a-knocked down and 

overexpressing bone marrow cells along with their controls were cultured in media supplemented 

with GMCSF and IL4 for 24hrs. This was followed by RNA isolation and cDNA preparation and 

the transcript abundance of different genes involved in the functional differentiation of BMDCs 

was measured by qRT-PCR. B-I. Bar graphs showing the expression data in terms of fold change 

for different genes in each group. Data represents Means ± SEM. ****p<0.0001; 

***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (two way ANOVA). J. Western blots show the protein 

levels of Akt1, pAkt1, Rab8a and GAPDH in the indicated groups are shown. K. Representative 

overlaid histogram show the expression of Akt1, Pakt1 and Rab8a at basal level in BM cells and 
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in BMDCs after addition of cytokines for 24hrs. L. Representative overlaid histogram show the 

expression of Akt, Pakt1 and Rab8a upon overexpression of Rab8a in aged BM cells and after 

addition of cytokines for 24hrs. M. Representative overlaid histogram revealing the expression of 

Akt, Pakt1 and Rab8a upon knockdown of Rab8a in young BM cells and after addition of cytokines 

for 24hrs. N-P. Bar graphs show the cumulative data of K-M. Data represents Means ± SEM. 

****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (two way ANOVA). The experiments 

were repeated twice and representative data from one of the experiment is shown. 

Rab8a controls the turnover of class I MHC molecules to enhance antigen presentation.  

 Rab8a reconstituted BMDCs preferentially expanded CD8+ T cells. We reasoned that the 

effects could be due to differential turnover or the trafficking pattern of class I MHC molecule 

following Rab8a expression. BMDCs from young, aged and Rab8a-OE aged cells were generated 

and pulsed with graded concentrations of SIINFEKL peptide or the whole protein. CD11c+ cells 

were analysed for display of peptide-MHC class I (H-2Kb-SIINFEKL) by flow cytometry. A 

significant increase in the H-2Kb-SIINFEKL displaying DCs was evident in BMDCs from young 

as well as Rab8a-OE cells in comparison to the those from aged animals (Figure 2.21A-B and 

2.22.A-C). DCs displaying p-MHC class I engage with specific CD8+ T cells for activating CTLs. 

We, therefore, captured initial events involving OT1 cells and cognate antigen-pulsed DCs 

generated from young, aged and Rab8a-OE cells. In-vitro generated BMDCs from different 

conditions were sorted and labelled with CellTrace™ Far Red dye. The labelled BMDCs were 

pulsed with either SIINFEKL peptide for 45 minutes or with OVA for 2hrs and then co-incubated 

with CFSE labelled OT1 cells for 6 or 12hrs and conjugates with double positivity were analysed. 

Rab8a-OE BMDCs as well as the cells from young animals formed such conjugates more 

frequently as compared to those from the aged mice following SIINFEKL-peptide and ovalbumin 

pulse (Figure 2.21.C, 2.22.D).  
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To understand the role of subcellular compartments in facilitating Rab8a-driven cross 

antigen presentation, we performed confocal analysis of DCs from young and aged animals as well 

as those overexpressing (Rab8a-OE aged) with and without antigen-pulsing. A significant increase 

in the expression of Rab8a was observed after pulsing BMDCs with ovalbumin (Figure 2.21.D, E 

and 2.23.A). BMDCs generated from the cells of both young and Rab8a-OE condition but not 

those from aged mice displayed elevated expression of Rab8a following an antigen-pulse (Figure 

2.21.D, 2.21.F and 2.23.A). Rab11 is preferentially localized in recycling endosome, a 

compartment where class I MHC molecules are abundantly present 19. Following an exogenous 

antigen pulse, the processed peptides displaying class I MHC molecule are exported to plasma 

membrane via phagosome for engaging specific TCRs of CD8+ T cells. We, therefore, assessed 

the levels of Rab11 in BMDCs generated from young, Rab8a-OE aged cells and the control aged 

cells. A significant increase in the expression of Rab11 was observed following Rab8a 

overexpression in the aging BMDCs which further increased following ovalbumin pulse (Figure 

2.21.D-F and 2.23.A). Both Rab8a and Rab11 showed a significantly higher co-localization in 

BMDCs generated from young and Rab8a-OE aged cells than the control aged BMDCs (Figure 

2.21.D, H and 2.23.A). Therefore, Rab8a reconstituted DCs of aged animals were enriched with 

endosomal recycling compartment (ERC) that can then promote efficient trafficking of class I 

MHC molecules to plasma membrane. Whether or not the ERCs are enriched in peptide-MHC 

complexes following Rab8a reconstitution of aged BMDCs pulsed with Ova was also analysed. 

While the un-pulsed BMDCs showed no staining for H-2Kb-SIINFEKL, ovalbumin pulsed cells 

showed substantially increased levels (Figure 2.21.D, G and 2.23.A). Interestingly, a significant 

increase in the expression of H-2Kb-SIINFEKL was observed in BMDCs generated from young 

and Rab8a-OE aged cells than the control aged BMDCs (Figure 2.21.D, G and 2.23.A). We also 
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observed higher co-localization of H2-Kb-SIINFEKL with both Rab8a and Rab11 in OVA-pulsed 

BMDCs of young and Rab8a-OE BMDCs when compared with those from the BMDCs of aged 

mice (Figure 2.21.D, H and 2.23.A). We also observed an increase in the expression of both Rab8a 

and Rab11 in BMDCs of young and those of aged animals that overexpressed Rab8a (Rab8a-OE) 

following Ova pulse using western blotting and flow cytometry (Figure 2.21 I, J and 2.23.B). 

Taken together, we conclude that after internalization of Ova protein, Rab8a modulates the 

expression of Rab11 and promotes the transport of peptide-MHC class I to the ERCs which 

eventually display such complexes on the surface of DCs to enhance cross antigen-presentation.  

We observed an altered shape of BMDCs from aged mice upon pulsing with Ova while no such 

differences were evident in the cells from young and Rab8a-OE conditions (unpublished 

observation). Such alteration could be driven by differential actin polymerization, a highly energy 

dependent process (20). We performed intracellular staining with Alexa FluorTM 488 Phalloidin 

(Thermo Fisher Scientific) to quantify the total actin content of cells and observed a significant 

increase in the frequency of phalloidin-Alexa Fluor 488 positive cells in BMDCs generated from 

Rab8a-OE (~60%) than aged (~27%) and young BM cells (~43.2%) (Figure 2.21.K-M). The above 

data were also supported by a significantly lower expression of phalloidin on per cell expression 

basis (Figure 2.21.M). Our results also correlated with earlier reports where formation of cell 

protrusion and dorsal ruffle upon overexpression of Rab8a was observed (21). Above results 

suggested that overexpressing Rab8a in aged BM cells also restored their shape and probably the 

migratory potential of differentiated BMDCs for efficient functionality and homing. 
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Figure 2.21 
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Figure 2.21: Rab8a is critical for the formation of immunological synapse using DCs and 

CD8 T cells.  

A-B. Bar graphs summarizing the frequency of BMDCs of each group expressing SIINFEKL 

bound MHC-I complexes upon antigen pulse are shown. C. Bar graph summarizing the analysis 

for in vitro immune synapse formation assay are shown (n=3). Data represents Means ± SEM. 

****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (two way ANOVA). D. Confocal 

microscopy images show the mean expression of Rab8a, Rab11 and H-2Kb-SIINFEKL upon 

pulsing with ovalbumin for different time points in indicated conditions. Scale bar = 10μm. E-H. 

Bar graphs shows the cumulative data of mean expression (E) of Rab8a (E), Rab11 (F) and H-

2Kb-SIINFEKL (G) and their co-localization (H) in terms of Pearson’s coefficient in BMDCs of 

each group upon pulsing with ovalbumin for different time points (n=3). Data represents Means ± 

SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns p>0.05. (two way ANOVA). I. 

Representative overlaid histogram show the relative abundance of Rab8a and Rab11 upon pulsing 

with ovalbumin in different indicated conditions. J. Bar graph show the cumulative data of I. K. 

Overlaid histogram showing the frequency of Phalloidin-AF488 positive dendritic cells from each 

group. L-M. Bar graph show the cumulative data of frequency (L) and MFI (M) of data presented 

in K (n=3). Data represents Mean ± SEM. ****p<0.0001; ***p<0.001;**p<0.01;*p<0.05, ns 

p>0.05. (one way ANOVA). The experiments were repeated twice and representative data from 

one of the experiment is shown.   
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Figure 2.22 
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Figure 2.22: Reconstitution of Rab8a in BM cells of aged mice restore the antigen display on 

BMDCs. A. Representative FACS plot show the frequency of H-2Kb-SIINFEKL positive BMDCs 

out of total MHCI positive cells upon pulsing with varying concentration SIINFEKL peptide or 

ovalbumin for different time intervals. B-C. Bar graph show the cumulative data of SIINFEKL (B) 

or ovalbumin (C) pulsed BMDCs in each group. Data represents Means ± SEM. ****p<0.0001; 

***p<0.001;**p<0.01;*p<0.05, ns p>0.05 (two way ANOVA). D. Representative FACS plot 

showing the in-vitro immune synapse formation which was measured by co-culturing the Cell 

trace far Red labelled pulsed BMDCs with CFSE labelled OT-I cells for indicated time points. The 

experiments were repeated at least three times and representative data from one of the experiment 

is shown. 
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Figure 2.23 
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Figure 2.23: Overexpression of Rab8a in BM cells of aged mice modulates the expression of 

Rab11 and H-2Kb-SIINFEKL upon pulsing with ovalbumin.  

A. Confocal microscopic images show the expression of Rab8a, Rab11 and H-2kb-SIINFEKL 

upon pulsing with ovalbumin. In-vitro generated BMDCs from young, aged and Rab8a-OE 

conditions were pulsed with ovalbumin for 0hrs, 2hrs, 6hrs, 12hrs and 24hrs and then were stained 

for the aforementioned markers and the images were acquired using Nikon A1 confocal 

microscope at 60x magnification. Scale bar=10μm.  B. Western blot show the relative abundance 

of Rab8a and Rab11 upon pulsing with ovalbumin at different time intervals in indicated 

conditions. C. Bar graphs show the relative intensity of Rab11 and Rab8a normalized to control in 

indicated conditions. E. STRING network showing the co-expression of Rab8a with Rab11. The 

experiments were repeated at least three times and representative data from one of the experiment 

is shown. 
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 Discussion 

WHO estimates that by 2030, one out of six people will be above 60 years 

(https://www.who.int/news-room/fact-sheets/detail/ageing-and-health). This poses a great 

challenge to health care system since aged population exhibit higher susceptibility to infection and 

respond poorly to vaccination (22). Therefore, it becomes imperative to devise immune 

potentiating strategies in the aging population. We attempted to elucidate the molecular intricacies 

associated with loss of DCs’ function in the aging host since these cells are involved in the 

initiation of an antigen specific T cell response and thus link innate and adaptive systems (23). 

Conventional dendritic cells are divided into two subset viz CDC1s and CDC2s. Out of them 

CDC1s are widely widely known for its role in cross presenting antigenic epitope to CD8+ T cells 

in clearing the viral infection and supress the growth of tumor (24). Age associated impaired 

function of CDC1s are observed which involved dimished Type I IFN production along with 

compromised cross antigen presentation (25). Transcriptomic analysis of CD11b+/CD11c+ cDC2s 

from aged and young mice showed an attrition of the type I IFN pathway. Accordingly, BMDCs 

as well as splenic DCs from mice lacking type I IFN response because of IFN receptor knockout 

exhibited impaired differentiation and functionality as was also observed in DCs of aged humans. 

Additionally, molecules downstream to growth factor receptors that influence differentiation of 

DCs were also reduced in the expression in DCs of both aged and IFNRKO mice. One such 

molecule Rab8a, a small GTPase was shown to be critically involved in the differentiation and 

functionality of DCs. Rab8a depleted bone marrow precursors of young animals failed to 

efficiently differentiate into DCs while its reconstitution in those of aged mice reversed the 

phenotype. Furthermore, Rab8a reconstituted BMDCs displayed better functionality that involved 

https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
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survival, cytokine production, homing and efficiency in engaging with T cells. Therefore, 

reconstitution of Rab8a can induce immune potentiation in aged individuals. 

Type I IFNs (IFNα/β) are a major class of antivirals that act by inducing IFN stimulated 

genes (ISGs) that makes the susceptible cells refractory to viral propagation. Other functions of 

Type I IFNs are promoting upregulation of MHC and costimulatory molecules (CD80 and CD86) 

both required for efficiently priming T cells (26, 27). IFNs response in DCs enhances cross-

presentation of antigens during viral infection in addition to promoting cellular migration (28). 

Respiratory viral pathogens such as SARS-CoV2 and IAV cause severe lesions in aged 

individuals29, 30). COVID-19 caused a more severe disease in individuals above the age of 80 

years as compared to those below 50 years (31, 32). A comparative analysis of SARS-CoV infected 

young and aged macaques showed an enhanced immune-mediated pulmonary pathologies and 

elevated levels of IL-8 but significantly reduced levels of IFNβ in the infected lung tissues of the 

latter group (31). Furthermore, an exogenously administered IFNβ ameliorated pulmonary lesions 

in the infected animals (34). Diminished type I IFN response was also evident in patients with 

severe COVID-19 (35). A compromised type I IFN response initially after infection could fail to 

control the viral load and paved the way for a protracted pathology and poor prognosis of viral 

infection. We observed an attenuation of type I IFN signalling in DCs of aged mice and humans 

which could in part help explain the vulnerability of aging population to develop severe disease 

following viral infection. 

Cytokine (GM-CSF and IL-4) induced differentiation of DCs recruits molecules such as 

Rab8a and triggers Akt activation by PI3K (36, 37). Akt inhibits the expression of Tsc1 and 2 

which regulate signalling via mTORC1. With the negative regulation removed, mTORC1 

promotes proliferation, survival and differentiation of DCs (37, 38). Our RNA seq data showed a 
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downregulation of genes involved in mTOR signalling within the aged bone marrow cells. 

Additionally, the growth factor receptors, CSFRA, IGF1R, and their downstream adaptor, Rab8a, 

were reduced in expression in the bone marrow of aged as well as IFNRKO mice (37). To directly 

test the role of signalling via growth receptors, we modulated the levels of Rab8a and assessed 

responsiveness of DCs. While an shRNA mediated knockdown of Rab8a in young bone marrow 

cells resulted in impaired differentiation, a reconstitution of bone marrow cells of aged mice with 

Rab8a generated functionally competent DCs by potentially involving PI3K-AKT-mTORC1 axis. 

The investigated functional properties that were regained by the Rab8a reconstituted DCs of aging 

host included efficient expression of type I IFNs and ISGs, MHC and costimulatory molecules and 

antigen uptake, processing and presentation and leading to an efficient viral control. Therefore, 

reconstitution of Rab8a largely restored function of incapacitated DCs of an aging host. However, 

we did not establish a direct role of Rab8 mediated events and a compromised IFN response 

leading to reduced functions of DCs of aging host but at subcellular level such events might be 

connected given its role in facilitating cellular secretions.      

Rab8a localize in different cellular compartments such as plasma membrane (39), 

macropinosomes (40), recycling endosomes (41) microtubules and pseudopodia as well as the 

exocytic vesicles. It is also essential for the fusion of exocytic vesicles to the plasma membrane 

(42). Overexpression of Rab8a is known to promote the formation of cell protrusion and dorsal 

ruffles (43) and enhances membrane trafficking (40). A colocalization of Rab8a with Rab11 as 

well as Rab22a was evident (41, 40). Since Rab11 and Rab22a have been implicated in antigen 

cross-presentation, our observation that Rab8a overexpressing aged DCs exhibit not only an 

enhanced expression of Rab11 but also their efficient colocalization with the peptide-MHC 

complexes following an antigen pulse (19, 4). This could help explain the underlying subcellular 



 168 

trafficking events of immune potentiation achieved by Rab8a overexpressing DCs. An increase in 

the MFI of Rab8a around the cell periphery upon antigen stimulation further suggested its role in 

transport and fusion of peptide-MHCI complex containing vesicles to the plasma membrane, thus 

mediating antigen presentation. Consequently, such DCs better engaged with the cognate TCR 

expressing CD8+ T cells. With the expansion of antigen specific CD8+ T cells, the virus infection 

could be better resolved generating a pool of persisting memory. We indeed observed enhanced 

early immunological memory in the recipients of Rab8a overexpressing DCs as compared to those 

receiving DCs of aged animals. These observations therefore could have implications not only in 

managing viral infections but also enhancing vaccine efficacy along with anti-tumour response in 

the aging population. That the modified DCs induced immune potentiation by expansion of 

effector CD8+ T cells and the generation of memory pool obviate the need to have persisting DCs 

in the host. DCs being short lived population are unlikely to pose long-term toxicity because of 

genetic modification. Our observation that Rab8a critically controls the functionality and 

differentiation of DCs and reconstitution of the same in DCs from aged individuals could, 

therefore, represent a viable option to reconstitute immune function and improve the existing 

strategies to provide aged individuals with long-term protection against viral infections.  
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2006. Characterization of the Rab8-specific membrane traffic route linked to protrusion 

formation. Journal of cell science, 119(23), pp.4866-4877. 

41. Rowe, R.K., Suszko, J.W. and Pekosz, A., 2008. Roles for the recycling endosome, Rab8, 

and Rab11 in hantavirus release from epithelial cells. Virology, 382(2), pp.239-249. 

42. Grigoriev, I., Yu, K.L., Martinez-Sanchez, E., Serra-Marques, A., Smal, I., Meijering, E., 

Demmers, J., Peränen, J., Pasterkamp, R.J., van der Sluijs, P. and Hoogenraad, C.C., 2011. 

Rab6, Rab8, and MICAL3 cooperate in controlling docking and fusion of exocytotic 

carriers. Current Biology, 21(11), pp.967-974. 

43. Peränen, J., 2011. Rab8 GTPase as a regulator of cell shape. Cytoskeleton, 68(10), pp.527-

539. 



 175 

44. Cebrian, I., Croce, C., Guerrero, N.A., Blanchard, N. and Mayorga, L.S., 2016. Rab22a 

controls MHC‐I intracellular trafficking and antigen cross‐presentation by dendritic cells. 

EMBO reports, 17(12), pp.1753-1765. 

45. Kaur, M., Kumar, D., Butty, V., Singh, S., Esteban, A., Fink, G.R., Ploegh, H.L. and 

Sehrawat, S., 2018. Galectin-3 regulates γ-herpesvirus specific CD8 T cell immunity. 

IScience, 9, pp.101-119. 

46. Sehrawat, S., Kirak, O., Koenig, P.A., Isaacson, M.K., Marques, S., Bozkurt, G., Simas, 

J.P., Jaenisch, R. and Ploegh, H.L., 2012. CD8+ T cells from mice transnuclear for a TCR 

that recognizes a single H-2Kb-restricted MHV68 epitope derived from gB-ORF8 help 

control infection. Cell Reports, 1(5), pp.461-471. 

47. Singh, S., Dahiya, S., Singh, Y.J., Beeton, K., Jain, A., Sarkar, R., Dubey, A., Tehseen, A. 

and Sehrawat, S., 2022. Robust anti-SARS-CoV2 single domain antibodies cross neutralize 

multiple viruses. IScience, 25(7). 

48. Sharma, Y., Sarkar, R., Jain, A., Singh, S., Shekhar, C., Shanmugam, C., Dhanavelu, M., 

Tembhurne, P., Kaul, R. and Sehrawat, S., 2021. A mouse model of PPRV infection for 

elucidating protective and pathological roles of immune cells. Frontiers in Immunology, 

12, p.630307. 

49. Schmittgen, T.D. and Livak, K.J., 2008. Analyzing real-time PCR data by the comparative 

CT method. Nature protocols, 3(6), pp.1101-1108. 

50. Tehseen, A., Kumar, D., Sarkar, R., Singh, S., Dubey, A. and Sehrawat, S., 2022. 

Glucocorticoid signaling mediates CD8+ T cell memory differentiation. bioRxiv, pp.2022-

07. 

 



 176 

 

 

 

 

 

 

Appendix 

 

 

 

 

 



 177 

Table1. List of qPCR primers (5’-3’) used for measuring the expression of respective genes 

in mouse cDNA 

Gene name Forward Primer Reverse Primer Product 

Size 

IFNα GGACTTTGGATTCCCGCAGGA GTGGAGGTCATTGCAGAATGAG 169 

IFNβ CCAGCTCCAAGAAAGGACGA CGCCCTGTAGGTGAGGTTGAT 85 

IFNγ TTCTTCAGCAACAGCAAGGC TCAGCAGCGACTCCTTTTCC 165 

IFITM1 CGACAGCCACCACAATCAAC CCCACCATCTTCCTGTCCCT 148 

IFIT1 AGCACACATTGAAGAAGCCCT GTAGCCAGAGGAAGGTGATGC 148 

ISG15 ACGATTTCCTGGTGTCCGTG AGGGTAAGACCGTCCTGGAG 136 

OAS1A TGCCCTATCTGACACATTAGC TTTCATCATATCTATGGTCCCCCAG 130 

OAS1g GCCCTTGAGTGGCTACAACA TGTGATAAAGCTGATCGTTGCT 127 

OAS2 AGTGACATGGTGGGAGTGTT TCCAGAGCTGAATGGACTCCTA 157 

OAS3 TGACCCGACAGGCAACCT TCACACAGCGGCCTTTACC 139 

STAT1 CGTGCAGTGAGTGAGTGAGAG GAGTTGGGCAAGCGATCCG 151 

STAT2 TCCGCTGTTCGCTATCTTGG TGCGCCATTTGGACTCTTCT 138 

IRF9 GCAAAGAGGGGTATGGTAAGGA TCGGAAGTCTTGCTTGCCTG 180 

HPRT CTGGAGCAAGTCTTACAGTCC GCGTCGTGATTAGCCATGATG 135 
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Table2. List of qPCR primers (5’-3’) used for assessing the expression of respective genes in 

human PBMCs  

Primer name Forward Primer Reverse Primer Product 

size 

IFITM1 CCGTGAAGTCTAGGGACAGG TGTCACAGAGCCGAATACCA 152 

ISG15 GTGGACAAATGCGACGAACC TCGAAGGTCAGCCAGAACAG 158 

OAS2 GAGAAAAGCCAAAGAAGCGGG ATCAGGGTATGGGGGAGAAGT 176 

STAT1 TGTGAAGTTGAGAGATGTGAATGAG TCGTTCTGGTGCCAGCATTT 173 

STAT2 GCTGCACTTGGGAGTGATGA TCCTGAATGTCCCGGCAGAA 149 

OAS3 AGAAGCCCAGGCCTATCATC GGATGCCATTCCGTCCCAT 135 

IFIT1 CTCTGCCTATCGCCTGGATG AGCTTCAGGGCAAGGAGAAC 132 

IRF9 CCTCCAGCCAAGACAATGGAA CCAGCAAGTATCGGGCAAAG 180 

IFNα TCGTATGCCAGCTCACCTTTT CAGCATGGTCCTCTGTAAGGG 158 

IFNβ ACGCCGCATTGACCATCTAT AGCCAGGAGGTTCTCAACAAT 107 

IFNγ TGAATGTCCAACGCAAAGCA CTGGGATGCTCTTCGACCTC 122 

18s rRNA GGCCCTGTAATTGGAATGAGTC CCAAGATCCAACTACGAGCTT 150 

 

 

 



 179 

Table3. List of qPCR primers (5’-3’) used for measuring the expression of genes of mTOR 

pathway 

Primer Name Forward Primer Reverse Primer Product 

Size 

RAB8A CCATGGGTATCATGCTGGTCT AGTCGAGTGCCAGCTTTTCTC 186 

IGF1R AATCCTCCAACTCTGCCCAA TTCTGATGGGTATTTTGTCTTTGGA 121 

Pi3k TGGGACCACTTGGTAGAAGAAC GGGGCAGTGTTTGCAGG 115 

Akt1 CCGCCTGATCAAGTTCTCCT TGCCCACAGTAGAAACATCCT 200 

Akt2 TCCACAAACGTGAATGCCAG AGGCAGCGTATGACAAAGGT 173 

Akt3 ACACCACCTGAAAAGTATGACGA GGAACTTATTCCCGTCCGCT 107 

TSc1 CTGAGCCGCTGCAAGCTA TGCAGTGGTACCAAAGGCTTTAC 128 

TSc2 ATGAGAGACCCAAAAGCAGAA GGAGAACACATATCGGGCCA 151 

S6k AGGGGGCTATGGAAAGGTTTT ATGTTCCGCTCTGCTTTCGT 141 

mTOR TTGGCATAACAGATCCTGACCCTG GGTCATTCAGAGCCACAAACAG 100 

Rictor CGCTCGTGGGCAGGTATTAT AGCAGACCTCGCCTTATTTCC 109 

Raptor CAGAAGTGCGTGAGTCTGGT AAAGAATGGGCTGTGCCTGA 141 

SIN1 GGGACTTCCGGGCTTCA GAGCTTGCCCAGGATGTATGT 142 
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Table4. List of PCR primers (5’-3’) used for the cloning of Rab8a shRNA into pLKO.1-GFP 

and cDNA sequences into pLenti-GFP vector. 

Primer Sequences 

RAB8a_FP CGACTCTAGAATGGCGAAGACCTACGATTAC 

RAB8a_RP GGTGGATCCTGCAGATCCTCTTCAGAGATGAGTTTCTGCTCCAGGAGACTGCACCGGAAG 

RAB8a_TS1 CCGGACCGGTCCGGACTCGATTGAGAAATTCAAGAGATTTCTCAATCGAGTCCGGGAATTCC 

RAB8a_BS1 GGAATTCCCGGACTCGATTGAGAAATCTCTTGAATTTCTCAATCGAGTCCGGACCGGTCCGG 

RAB8a_TS2 CCGGACCGGTGCCTTCAACTCCACATTCATCAAGAGTGAATGTGGAGTTGAAGGCGAATTCC 

RAB8a_BS2 GGAATTCGCCTTCAACTCCACATTCACTCTTGATGAATGTGGAGTTGAAGGCACCGGTCCGG 

RAB8a_SC.TS1 CCGGACCGGTGAGCGATTGGACATACATCTCAAGAGGATGTATGTCCAATCGCTCGAATTCC 

RAB8a_SC.BS1 GGAATTCGAGCGATTGGACATACATCCTCTTGAGATGTATGTCCAATCGCTCACCGGTCCGG 

RAB8a_SC.TS2 CCGGACCGGTACTTTTGCACACCACTACCTCAAGAGGGTAGTGGTGTGCAAAAGTGAATTCC 

RAB8a_SC.BS2 GGAATTCACTTTTGCACACCACTACCCTCTTGAGGTAGTGGTGTGCAAAAGTACCGGTCCGG 

 

 

 

 


