
i 
 

Differentiation of effector and memory  

CD8+ T cells during HSV1 infection  

 

 

 

A Thesis 

Submitted for the Degree of 

Doctor of Philosophy 

In the Faculty of Science 

By 

Dhaneshwar Kumar 

 

 

 

 

 

 

 

Department of Biological Sciences, 

Indian Institute of Science Education and Research (IISER) Mohali 

Sector 81, Knowledge City, S. A. S. Nagar, Manauli PO, Mohali, 140306. 

Punjab, India. 

 

2019 

 



ii 
 

 

 

 

 

 

 

 

 

Dedicated to  
Mummy and Papa 

 

 

  



iii 
 

 

 

 

 

DECLARATION 

 

I hereby declare that the matter embodied in this thesis entitled “Differentiation of effector 

and memory CD8+ T cells during HSV1 infection” is the result of investigations carried 

out by me under the supervision of Dr. Sharvan Sehrawat at the Department of Biological 

Sciences, Indian Institute of Science Education and Research (IISER) Mohali, SAS Nagar 

Mohali, India. This work has not been submitted in part or full for the award of any degree, a 

diploma or a fellowship to any other university or institute. Whenever contributions of others 

are involved, every effort is made to indicate it clearly with due acknowledgments. In 

keeping with the general practice of reporting scientific observations, acknowledgments have 

been made whenever the work was described based on the findings of other investigators. 

Any omission that might have occurred due to oversight or error in judgment is regretted. A 

complete bibliography of the books and journals referred to is given at respective section of 

the thesis. 

 

                                                                                                                   Dhaneshwar Kumar 

Date: 

Place: 

In my capacity as the supervisor of the candidate’s thesis work, I certify that the above 

statements by the candidate are true to the best of my knowledge.       

 

                                                                                               

Dr. Sharvan Sehrawat 

Assistant Professor 

Department of Biological Sciences 

Indian Institute of Science Education and Research Mohali 

Date: 

Place: 

INDIAN INSTITUTE OF SCIENCE EDUCATION AND 

RESEARCH MOHALI 

Sector - 81, Knowledge City, P.O. Manauli 

S.A.S. Nagar, Mohali, Punjab - 140 306, India 



iv 
 

ACKNOWLEDGEMENTS 

Writing this thesis has been fascinating and extremely rewarding. As I reached to the end 

of this journey, I recollect lot of memories of all the people who have helped me in 

bringing this journey to a fruitful end. Though the written words have a general tendency 

to mislead the feeling of gratitude to bland formality, it is the only means to make the 

feeling of “Thanks”. I would like to thank a number of people who have contributed to 

the final result in many different ways:  

To commence with, I pay my obeisance to the almighty GOD to have bestowed 

upon me good health, courage, inspiration, zeal and the light. With high esteems and 

profound regards, I take this opportunity to express my indebtedness to my supervisor, 

Dr. Sharvan Sehrawat, for his invaluable expert guidance, unremitting encouragement, 

avid interest and outstanding help throughout the course of my study for carving 

another milestone in my academic journey. I would like to genuinely acknowledge his 

enlightening guidance and support and for being a tremendous mentor for me. I 

sincerely thank him for immense help in planning and execution of the research work. 

Apart from my mentor I will always be indebted to my doctoral committee 

members Dr. Rajesh Ramachandran and Dr. Mahak Sharma for providing me their 

scholarly suggestions, scientific advice, encouragement and constant inspiration during 

my whole research work. 

I take it as an opportunity to thank the Director IISER Mohali for providing all the 

necessary facilities required for a conducive research environment.  

I would like to extend my profound gratitude to the staff of animal house facility, 

Dr. Chander Shekhar, Bhavin Kansara, Devender Kumar and Guru Prasad for their 

constant and timeless support. 

I also wish to thank Prateek Arora for his timeless technical help in conducting my flow 

cytometry experiments. 

I extend my grateful thanks to my lab mates Manpreet Kaur, Sramona Kar, 

Roman Sarkar, Sudhakar Singh, Inamur Rahman, Surbhi Dahiya, Syed Azeez Tehseen, 

Yashu Sharma, Jasreen Kaur and Abhishek Dubey for their cooperation and creating a 

wonderful working environment. 



v 
 

Apart from IISER Mohali, I express my thanks to Dr. Ranjai Kumar, Dr. Parveen 

Kaushik, Dr. Manish Patel, Dr. Vijay Kumar, Dr. Ashish Dubey, Shubham Chauhan, 

Ramandeep Sharma, Paramveer Singh Dhillon and Amal Mathew for their timely help 

and kind assistance during my research work simultaneously creating a stimulating and 

fun environment to learn and grow.  

I wish to express my gratitude to my power backup Abhishek, Swapnil, Anil, 

Dhiraj, Divya, Pooja, Narendra and Radha who were there whenever I was in need, 

worked as stress relievers and played a crucial role in sustaining the zeal in my 

professional as well as personal life. 

 I thank my friends for always backing me up and recharging me whenever I was 

down. 

 I acknowledge the Department of Science and Technology (DST) for providing me 

Scholarship to perform my work comfortably and a platform where I can scale the 

greatest heights in my carrier. 

Words are insufficient to express my indebtedness to my family who supported 

me all the way. All the blessings and inspiration from my Mummy, Papa and Bhabhi 

(Sunita & Puja) made it possible to complete the present work. A very special thanks to 

my niece Harshit and Ishaan for cheering my mood always. I thank to my elder brothers 

Randhir and Pintu for their constant care and love which acted as energy booster. I am 

also thankful to new member of our family Aashi as she brought the bundle of happiness 

back in our family. 

Apart from the above mentioned there are many hands, learned minds and good 

hearts that have helped me to walk on the right track of life. I shall ever remain indebted 

to all of them. 

 

 

 

DHANESHWAR KUMAR 

  



vi 
 

Preamble 
 

All human population worldwide is infected with herpesviruses and most individuals develop 

one or the other immunopathological conditions manifested in critical organs. Such reactions 

are generally treated using glucocorticoids but their effects on virus-specific CD8+ T cells 

remain less well explored. CD8+ T cells are crucial for viral control. We show a dichotomy in 

the effects of dexamethasone, a synthetic analogue of glucocorticoid, on virus-specific 

quiescent (naive and memory) and effector CD8+ T cells. Accordingly, dexamethasone 

induced apoptosis in naïve as well as virus-specific memory CD8+ T cells but spared effector 

cells from killing as the latter population downregulated Nr3c1, a specific receptor for the 

glucocorticoids. Dexamethasone induced attrition of naïve and memory CD8+ T cells 

compromised anti-viral CD8+ T cells immunity against a subsequent infection but at the same 

time its transient exposure of effector cells augmented their function, inflammatory tissue 

homing potential as well as their transition into memory cells. The effects observed were 

generic as the differentiating CD8+ T cells during both α-HSV1 and γ-MHV68 herpesvirus 

infections downregulated their Nr3c1. Surprisingly, dexamethasone also activated CD8+ T 

cells in the absence of an overt TCR stimulation. Our study therefore calls into question the 

logic of corticosteroid therapy used for managing persistent inflammatory reactions. At the 

same time we also described a strategy to harness their untapped potential in promoting 

immunological memory. 

In the second part of the study, we identified and characterized HSV1 specific CD8+ T cells 

in experimentally infected zebrafish, a model system that offers a real time tracking of 

cellular dynamics in vivo. We generated class I MHC tetramer for probing the kinetics of 

virus-specific CD8+ T cells during HSV1 infection and demonstrated a rapid expansion of 

virus-specific CD8+ T cells both in the acute stage as well as upon their recall with a 

secondary homologous challenge. The expanded cells upregulated effector molecules and 
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helped control the viral growth. Therefore, zebrafish could potentially serve as a model 

system to decipher the differentiation pathways of antigen-specific CD8+ T cells and their 

dynamics in live animals. Our results further suggest for an evolutionary conserved and 

functional adaptive immune cell homeostatic mechanisms activated during viral infection 

across vertebrates.    
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Herpes simplex virus infection 

Herpes simplex viruses are neurotropic viruses that belong to alphaherpesvirinae 

subfamily. More than 75% of human population worldwide is infected with these viruses. 

HSV1 and HSV2 are alphaherpesviruses that infect human beings. HSV1 causes skin, 

oral, ocular and also genital infections, whereas HSV2 predominantly causes genital 

infections. Both the viruses share approximately 74 of their homologous open reading 

frames, which allow them to infect both the sites i.e., orofacial and genitalia. As per the 

world health organization (WHO) report 2017, approximately 67% of human population 

(3.7 billion people) worldwide is infected with HSV1, and close to 11% population (417 

million) is infected with HSV2. Most of the infected immunocompetent individuals 

remain asymptomatic. After primary infection both the viruses can adopt to an alternative 

life style known as latency established in the sensory nerve ganglia such as trigeminal 

ganglia (TG) or dorsal root ganglia (DRG) present in the lumbosacral region where these 

viruses remain hidden life-long. The latent virus can undergo reactivation that could be 

contributed by several factors such as stress, fever, menstrual cycle, radiation etc. HSV1 

mainly reactivates from TG whereas HSV2 reactivates from DRG1. Both the primary and 

reactivated herpesviruses can migrate to CNS and cause encephalitis and/or meningitis 

particularly in immunocompromised individuals. HSV1 mainly causes encephalitis while 

HSV2 is primarily responsible for meningitis2. HSV1 can establish a successful infection 

in most of the cells types3. HSV1 has linear genome of 152 kb dsDNA rich in high GC 

content (~67%) and has ~84 open reading frames (ORFs)4,5. The core genomic material is 

encapsulated by nucleocapsid, which is surrounded by heterogeneous group of proteins 

referred to as tegument proteins. The tegument proteins are covered by lipid-protein (viral 

envelope) interspersed by several other glycoproteins. These glycoproteins help in the 

viral attachment and entry into the susceptible host cells6,7. HSV1 employs multiple entry 
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pathways for infection and spread. HSV1 can enter the host either by a pH independent, 

direct cell fusion with the plasma membrane or by the endocytic pathways. During 

endocytic entry HSV1 fuses with host cell membrane and this step follows its 

internalization. The process could either occur in a pH dependent or pH independent 

manner depending on the cell type involved. The same set of glycoproteins (gB, gD, 

gH/gL) are required for both of these processes. Glycoprotein D is critically required for 

the fusion process8. At low pH, gB undergoes conformational changes and might 

facilitate the process of virus fusion with the host cell9. Glycoprotein D internalizes 

nectin-1 and promotes the viral endocytosis, similarly the interaction of gB with paired 

immunoglobulin-like type 2 receptor-a (PILRa) facilitates the endocytic mode of 

entry3,10. 

The presence of multiple glycoproteins such as gB, gC, gD, gH/gL on the virus 

surface facilitate the adsorption, attachment, rolling and entry into the host cells. 

HSV1 entry 

HSV1 entry into the host cells involves multiple steps and requires the interaction 

of multiple viral glycoproteins (gB, gC, gD, gH and gL) with several receptors expressed 

by host cell surface. These include heparan sulfate proteoglycans (HSPG), herpesvirus 

entry mediator (HVEM), nectin-1, nectin-2, PILRα, Myelin associated glycoprotein 

(MAG), Non-muscle myosin heavy chain IIA (NMHC-IIA), B5 protein, αvβ3 integrin. 

The first step of viral entry is initiated by the attachment of viral gB and/or gC to the host 

cell’s heparan sulfate proteoglycans (HSPG). The viral glycoproteins have positive 

charge and can efficiently interact with the negatively charged HSPG11. Although it is 

evident that the presence of gB/gC promotes the viral attachment and infection but the 

removal of gC and/or heparin sulphate (HS) do not abrogate the infectivity. As compared 

to gB, gC has more affinity to HSPG during the viral attachment, but gB is necessary 
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protein for the host cell-viral fusion step. The attachment of viral particles to the host 

cells concentrates the viral load on to the host cells. After initial attachment viral particles 

begins to surf (rolling) for additional receptors present on the host cell surface. 

Subsequently viral gD interacts with its different receptors (HVEM, nectin-1, nectin-2, 3-

O-Sulfated heparan sulfate proteoglycan (3-OS-HS) present on the host cell surface. 

HVEM is a member of TNF (tumor necrosis factor) receptor family and expressed on a 

variety of cells such as leukocytes (including B and T lymphocytes), fibroblasts, 

epithelial cells and several human tissues (lungs, kidney, liver and some brain cells). 

Nectin-1 interacts with gD of both HSV1 and HSV2, whereas nectin-2 specifically 

recognizes the gD of HSV2 and promotes the viral entry. Nectin-1 is expressed in several 

tissues including skin, trachea, liver, ganglia and CNS. Another receptor which 

recognizes HSV1 gD is 3-OS-HS expressed in endothelial cells, liver, heart, kidney, 

pancreas and placenta. As opposed to nectin-2, 3-OS-HS specifically recognizes HSV1 

gD. The interaction of gD with its receptor permits tight anchoring of viral envelope to 

the host cell membrane and helps bring both the virus and the host cells in juxtaposition. 

Crystal structure of gD ectodomain revealed that it has V-like immunoglobulin (IgV) 

core covered by N and C terminal extensions. The N terminus extension has distinct 

binding sites for different receptors whereas C terminus is involved in triggering the 

membrane and viral fusion11. The gD binding to its receptors induces some 

conformational changes and may also activate signal involving the gB and gH/gL 

molecules. These interactions eventually lead to the fusion of virus to the membrane3,12. 

Accordingly, it has been confirmed that the generation of a multiprotein complex 

(fusogen - comprised of glycoprotein D, gB and gH/gL) is required for the viral and host 

cells fusion. Some other molecules such as PILR-α, MAG and NMHC-IIA are additional 

known receptors for gB protein that facilitate the binding and fusion of the virus to cells. 
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Diseases caused by HSV1 

After primary infection or the one precipitated by reactivated HSV1, 

asymptomatic or symptomatic clinical disease may result. The symptomatic diseases are 

manifested in various body parts of humans that involve skin, eye, oral, genitalia and 

central nervous system (CNS). The diseases caused by HSV1 infection are summarized in 

table 1.  

 

Table 1. 

Infection site Disease 

Skin Cutaneous herpes 

Genital herpes 

Ocular HSK 

Uveitis 

Acute retinal necrosis 

Orolabial Oral ulcers 

Cold sores 

Central nervous system Encephalitis 

Meningitis 

Alzheimer 

 

HSV1 recognition and response by immune cells 

HSV1 is a double stranded DNA (dsDNA) virus and replicates in the nucleus. The 

virus has evolved several host immune response evading mechanisms. Virus recognition 

is an essential event to elicit strong immune responses for clearing the infection. The host 
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immune cells recognize several pathogens associated molecular patterns (PAMPs) 

expressed by HSV1. The PAMPs expressed by HSV1 include glycoproteins, tegument 

proteins, genomic DNA and RNAs expressed during productive infection. The receptors 

for recognizing PAMPs are termed as pattern recognition receptors (PRRs) and several 

such specific receptors for HSV1 recognition include: Toll like receptor (TLR) 2, TLR3, 

TLR9, Interferon gamma inducible protein 16 (IFI16), DAN-dependent activator of 

interferon-regulatory factors (DAI), DHX36, DEAH box 9 (DHX9), Ku70, DDX60, 

RNA polymerase III via retinoic acid-inducible gene I (RIG-I) and melanoma 

differentiation associated gene 5 (MDA5). Till date at least 6 different pathways have 

been suggested for HSV1 recognition by the host immune cells. These include:  

(1) Interaction of host receptors with HSV1 surface proteins. TLR2 and mannose 

receptors (MR) interact with several glycoproteins present on viral surface, which 

ultimately induce an upregulation of several cytokines during HSV1 infection. The role 

of TLR2 signaling in HSV1 and HSV2 is well established.  HSV1 infection is known to 

induce TLR2 in infected peritoneal cells13. Chinese hamster ovary cells that are normally 

resistant to HSV1 infection can respond to the virus upon their transfection with TLR2 

leading to the activation of nuclear factor-κB (NF-κB) pathway14,15. The TLR2 

interaction with the virus promotes apoptosis16 and causes the induction of several 

chemokines and cytokines such as CCL2, IL-614, IFN-α/β and TNF-α17–19.  

(2) HSV1 proteins such as VP16, ICP0 and ICP27 induce several immune cells 

activation pathways. Thus, VP16 promotes c-Jun N-terminal kinase (JNK)-MAPK 

pathway20 and ICP27 mediates the induction of p38/JNK and NF-κB pathways21,22. 

Similarly, the role of viral protein ICP0 in JNK, NF-κB as well as AP-1 activation has 

been reported23–25.  
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(3) Viral DNA recognition either in the cytoplasm or nucleus by the host RNA 

polymerase III. The data obtained from HSV1 infection of RAW264.7 cells 

(macrophages) showed that the recognition of cytosolic DNA is mediated by RNA 

polymerase III and is followed by IFN-β production26. Another report showed that the 

interaction of PYHIN protein, IFI16 senses the cytosolic DNA and it is directly 

associated with IFN-β-inducible motifs to upregulate the IFN-β production27. In addition 

to RNA polymerase III, other proteins such as IFI16, DAI, DHX9, DHX36, DDX60 or 

Ku70 recognize cytoplasmic viral genomic DNA and mediate the induction of IFN-α/β/λ 

as well as TNF-α28–31 after HSV1 infection.  

(4) Viral RNA is recognized by MDA5 in the cytoplasm. In human macrophages, the 

recognition of viral RNA occurs via MDA5/MAVS dependent pathway that eventually 

produces type III IFN (IFN-λ1) as an effector molecule.  

(5) HSV1 viral DNA is recognized by TLR9 in the endosome of infected cells. Since 

TLR9 is usually expressed by only some cell types such as, pDC (plasmacytoid dendritic 

cells), myeloid cells and B cells, it is not considered as the universal PRR for HSV1. 

Nonetheless, TLR9 recognizes HSV DNA at its unmethylated CpG motifs and induces 

the expression of IL-12, IFN-α and IFN-λ to generate an efficient immune responses32–36.  

(6) Viral dsRNA formed as an intermediary during replication is recognized by TLR3 

expressed by endosome in the host cells. During active replication of HSV1, the dsRNA 

accumulates and is recognized by TLR3. This interaction induces the expression of 

various cytokines such as IL-6, type I IFN (IFN-α/β) and type III IFN (IFN-λ)36–40. HSV1 

infected individuals lacking in TLR3 expression either because of a genetic deficiency or 

as a results of certain mutations are invariably more prone to encephalitis and exhibit an 

impaired expression of anti-viral cytokines41. Some studies focusing to elucidate the role 

of TLR3 in HSV1 infection suggest that the presence of TLR3 in antigen presenting cells 
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(DCs) help recognize the virus infected cells and induce signals to cytotoxic T cells by 

promoting antigen cross presentation, a process through which CD8+ T cell response is 

induced as a result of exogenous antigen uptake42.  

Role of NK cells during HSV1 infection 

Natural killer (NK) cells are one of the earlier cell types that respond to HSV1 

infection. NK cells mediate their function by releasing effector molecules such as the 

preformed perforins and granzymes either by their direct contact with the virus leading to 

signaling in these cells or by an antibody-dependent cell-mediated cytotoxicity (ADCC) 

mechanism. In addition to presenting the antigenic peptide to the cytotoxic T cells, class I 

MHC molecule also serve as a ligand for the surface molecules of NK cells that include, 

Killer cell immunoglobulin-like receptors (KIRs), Ly49 and lectin-like receptor 

CD94/NKG2a. These molecules either act as activating or inhibitory receptors43. Since 

class I MHC molecule is ubiquitously present on most of the nucleated cells (except 

neurons), their ligation with inhibitory receptors present on NK cells prevents activation 

and therefore healthy cells are spared from killing44. US12 of HSV1 encodes for a soluble 

cytosolic protein (ICP47) that has 88 amino acids45. ICP47 forms helical hairpin structure 

and gets inserted into the central cavity of two TAP (transporter of antigen processing 

and presentation proteins) subunits and in so doing impairs the cytosolic peptide 

trafficking to the endoplasmic reticulum (ER). This results in the down regulation of 

peptide-class I MHC complex on the plasma membrane of infected cells46. The down 

regulation of class I MHC molecule during HSV1 infection particularly in humans 

release NK cells from self-inhibition and results in their activation for clearing the virus 

infected cells47. However, murine TAP subunits poorly interact with viral ICP47 protein 

and does not impair the class I MHC transport to the cell surface48. The  herpesviruses 

such as murine cytomegalovirus (MCMV) encoded m152 and human CMV (HCMV) 
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encoded US11 have been shown to down regulate class I MHC expression to activate NK 

cells. NKG2D, a receptor present on NK cells, is involved in the identification and 

elimination of tumor cells as well as virally infected cells49. It recognizes various ligands 

such as UL16-binding proteins 1-6 (ULBP1-6) and class I MHC polypeptide-related 

sequence A and B also known as MICA and MICB50. NK cells isolated from patients that 

have an active HSV1 replication display a higher level of NKG2D receptor expression51.  

In addition to the above-discussed contact mediated signaling events, NK cells exert anti-

viral defense by ADCC mechanism. To perform this function NK cells use type I 

transmembrane protein CD16a, which binds at the hinge region (Fcγ portion) of 

antibodies generated against the pathogens52. The interaction transduces signal and 

induces tyrosine phosphorylation in CD3ζ chain to activate NK cells53–55. In well-

established classical model of ADCC, NK cells expressed CD16a interacted with Fcγ 

portion of IgG1, IgG2 and IgG4 generated against the pathogen to induce cell killing. 

Antibody mediated cytotoxicity could be regulated by a mechanism known as antibody 

bipolar bridging wherein antibody IgG isotype generated against HSV1 infection could 

form a bipolar bridge between gE and gI proteins of the virus that are expressed on the 

surface of infected cells. Such an interaction could block the ligation of NK cells 

expressed CD16a to the Fcγ region of anti-HSV1 specific IgG antibody and in so doing 

abrogates ADCC56. This process could promote the viral resistance against the host 

defense mechanisms. 

Role of T cells in HSV 1 infection and pathogenesis 

T lymphocytes are the major player of adaptive immune response and contribute 

significant role by HSV1 mediated disease, viral clearance, establishing and maintaining 

viral latency as well as precipitating reactivation episodes. After any infection, T cells 

recognize pathogen derived peptides displayed by either class I or class II MHC 
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molecules present on the surface of infected and/or antigen presenting cells (APCs) to 

activate CD8+ and CD4+ T cells, respectively. Activated CD8+ T cells mediate the 

efficient elimination of the pathogen whereas activated CD4+ T cells help the former cells 

for their optimal activation and function. After HSV1 infection, cytotoxic T cells play a 

significant role in the pathogen elimination and also in blocking its reactivation form 

sensory ganglia. 

T cells reside in the T cell zone of lymphoid organs in un-manipulated mice 

whereas DCs reside in the B cell follicles, T cell zone along with some areas of 

subcapsular sinus by forming extensive networks57. Although naive CD8+ T cells mainly 

reside in the T cell zone but as soon as the presence of pathogens is detected in the lymph 

nodes, DCs and CD8+ T cells populate the peripheral region58,59. Shortly after infection 

the pathogens/particulate antigen carried by APCs particularly those macrophages that 

express CD169 reach to the subcapsular sinus via lymphatics. Although a higher 

pathogen load is present in the macrophages but naive CD8+ T cells preferentially make 

their initial contact with DCs and this process initiates the activation and differentiation 

of naïve CD8+ T cells into effector cytotoxic T cells60. Although in the course of a 

primary infection with certain pathogens such as the one caused by Toxoplasma gondii, 

the relocation of naive CD8+ T cell is antigen independent and is majorly dependent on 

chemokines build up as well as the lymph node architecture remodeling, the reinfection 

with T. gondii induces an antigen dependent migration of memory CD8+ T cells to the 

subcapsular region to initiate their contacts with DCs for their re-stimulation61. On the 

other hand during vesicular stomatitis virus (VSV) and vaccinia virus (VV) infections, 

the activation and migratory behavior of CD8+ T cells is majorly antigen driven58. 

Therefore, after any peripheral infection, the dramatic change in the lymphoid organs, 

chemokines and the gradient of cognate antigen induce the migration of naïve CD8+ T 
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cells toward the subcapsular sinus region. At the same time CD8+ DCs express XCR1 

molecule a receptor for the XCL1 ligand specifically produced by recently activated 

CD8+ T cells. The XCR1-XCL1 interaction helps induce the migration of DCs toward the 

lymph node region which then present pathogen derived peptide to naive CD8+ T cell for 

their differentiation into effector cells62.  

TCR mediated T cell activation 

The recognition of pathogen derived antigenic peptides by T cell receptor (TCR) 

transmits the first signal for the activation of CD8+ T cells. The engagement of T cells 

expressed co-stimulatory molecules such as CD28 and the members of B7 family (B7.1 

and B7.2) expressed by APCs provide the second signal, whereas the third signal for 

inducing efficient activation and differentiation of CD8+ T cells comes from the ligation 

of various cytokine receptors by their respective cytokines that are initially produced by 

APCs and later on by T cells themselves. Once three signals are induced appropriately, T 

cells get activated optimally to eliminate the pathogen from the host.  

Role of first signal 

The T cell receptor expressed by  T cells comprises of one α and one β chain 

and the dimer directly interacts with cognate peptide displayed by either the class I or the 

class II MHC molecules for the activation of CD8+ T cells and CD4+ T cells, 

respectively. The TCR is associated with CD3 chains. CD3 molecule consists of one 

chain each of CD3ε, CD3δ and CD3γ and three chains of CD3ζ, the latter having 

immunoreceptor tyrosine-based activation motifs (ITAM) which are phosphorylated 

during T cell activation63. The formation of TCR-MHC-peptide complexes induce 

structural changes in cytoplasmic tail of CD3 and the TCR chains to make buried ITAM 

tyrosine molecules accessible for Lck (a Src kinase protein) mediated phosphorylation. 

Thereafter, CD8 or the CD4 molecules interact with the respective MHC chains outside 
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the peptide binding region to mediate Y(394) phosphorylation by CD8/CD4 associated 

Lck molecule either by trans or auto phosphorylation. This can also be brought about by 

the activity of Fyn (another Src kinase) expressed in T cells. The phosphorylation 

stabilizes the active conformation and helps facilitate in making its interaction with the 

catalytic domain of Zap70 protein63. Then Lck activates Zap70 by phosphorylating it at 

Y(319) in the interdomain B region, thereby relieving the Zap70 from auto-inhibition 

which in turn creates a binding site for the SH2 domain of Lck to stabilize Lck in active 

conformation64. Zap70 then phosphorylates it in either a trans or self manner to induce 

the catalytic activity. The activated Zap70 in turn phosphorylates the intracytoplasmic 

segment of Lat (linker for the activation of T cells) and CD6 to amplify the signal as well 

as diversify modules for an effective differentiation of the T cells so that such cells could 

exert their specific functions63,65–67. Recognition of foreign peptide-MHC complex by 

TCR transmit a very rapid signaling events and the induction of phosphorylation in TCR-

proximal region begins within 4 seconds, the secondary messengers such as calcium and 

diacylglycerol are produced within 6-7 seconds and the cytoskeletal rearrangements start 

within 10 seconds of TCR engagement68,69. 

Role of second signal during T cell activation 

The interaction of T cell expressed CD28 with CD80 (B7.1) and CD86 (B7.2) 

expressed on APCs, such as dendritic cells, macrophages and activated B cells constitute 

second signal during the activation of T cells. Both CD80 and CD86 are only highly 

expressed on fully activated but not by the unstimulated APCs, to keep a check on the 

activation of T cells during homeostatic conditions70. These molecules are induced on 

APCs by infection or the inflammation. The co-stimulation via CD28 is required for the 

optimal activation of T cells and such a step can lower down the activation threshold 

involving MHC-TCRs interactions71 as well as prevents anergy in T cells. This is 
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achieved by enhancing the production of cytokines such as IL-2 to promote T cell 

proliferation72. Additionally, the co-stimulation can either interfere with or enhance 

multiple signaling pathways to fine tune several gene expression pathways73,74. The 

ligation of CD3/CD28 induces the phosphorylation of cytosolic region in CD28 that has 

highly conserved proline and tyrosine rich residues and thereby creating the docking sites 

for SH2 and/or SH3 domain of various downstream factors that include PI3K, Itk and Tec 

protein-tyrosine kinases, Lck,  PKCθ, NF-κB inducing kinase, growth factor receptor 

bound protein 2(Grb2), Grb2-related adaptor protein (Gads), phosphatidylinositol 4,5-

biphosphate kinase α (PIP5Kα) and guanine-nucleotide exchange factor Vav-175-83. This 

signaling not only lowers the activation threshold through TCR but also enhances the 

production of cytokines but also promotes the membrane raft clustering via Vav-1 

proteins to help facilitate the formation of immunological synapse for an optimal 

activation of T cells84,85. 

Role of third signal during T cell induction 

The third signal for T cell activation is provided by the cytokines produced either 

from the neighboring cells; APCs or the T cells themselves. The availability of cytokines 

dictates the extent of activation, proliferation, effector function and survival of T cells. 

The cytokines that could provide signal 3 for cytotoxic T cell responses are IL-12, type I 

IFN (IFN-α and β) and type II IFN (IFN-γ). IL-12 either directly or in a synergy with IL-

18 promotes immune function of CD8+ T cells86,87. IL-12 mediated direct effects on CD8+ 

T cell have been shown to enhance the proliferation, survival and differentiation of naïve 

cells into terminal effector cells that carry out their cytolytic function88,89. IL-12 could 

also induce T-bet engaging mTOR-dependent mechanisms90.  The timing and the 

duration of IL-12 exposure determine the optimal effector function of CD8+ T cells91. IL-

12 signaling in CD8+ T cells helps induce an effector function as well as upregulates the 
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anti-apoptotic protein Bcl-392 and inhibits the pro-apoptotic enzyme caspase-393  to 

promote their effector function. 

An important role of IFN-α as a third signal in promoting CD8+ T cell expansion 

and lytic function has been demonstrated. Adoptively transferred IFN-αβ receptor 

deficient LCMV specific CD8+ T cells (P14 TCR-tg CD8+ T cells) showed a severe 

defect in the expansion and memory generation during LCMV infection94,95. Similar to 

the role of type I IFN cytokines in T cell activation-differentiation, IFN-γR1 deficient 

P14 TCR-tg CD8+ T and CD4+ TCR-tg cells displayed an impaired expansion during 

LCMV infection96,97. Several members of TNFR family such as CD27, OX40 and 4-1BB 

transmit important co-stimulatory signals for the activation of CD8+ T cells98. The roles 

of IL-2 in CD8+ T cell effector function and memory generation are well documented. 

During initial stages of CD8+ T cell activation, these cells produce IL-2 as one of their 

effector molecules but subsequently there is a loss of IL-2 production99. However, in 

order for their survival, CD8+ T cells use IL-2 produced by CD4+ T cells100. During the 

primary response IL-2 signaling in CD8+ T cells is critical for their programming and 

generation of functional memory CD8+ T cells101,102. CD8+ T cells recognize and respond 

to IL-2 by three dynamically expressing surface receptor chains; IL-2Rα (CD25), IL-2Rβ 

(CD122) and IL-2Rγ (CD132). The impact of IL-2 during the differentiation of CD8+ T 

cells has been elucidated using IL-2R deficient and wild type mixed chimeric 

experiments102-104. A deletion of IL-2Rα was shown to slightly diminish the expansion of 

CD8+ T cells but the altered functionality and phenotype were significantly manifested 

during the memory generation102,103. The relative abundance of IL-2 during the activation 

of CD8+ T cells had differential effects in the formation of effectors as compared to 

memory cells. The presence of high levels of IL-2 in the microenvironment during CD8+ 

T cells activation enhanced the frequency of short-lived effector cells but compromised 
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memory precursor cells. Similarly the lower IL-2 levels in the microenvironment 

promoted effector cells to differentiate into memory precursors104. 

CD8+ T cells are optimally activated when all three signals are induced 

appropriately and T cells subsequently divide extensively. Accordingly, such cells were 

shown to undergo more than 15 divisions in the week of pathogen-mediated stimulation 

thereby exhibiting up to 500,000-fold expansion. Although the rate of maximum cell 

division for CD8+ T cell is thought to occur every 4-6 hrs, but one report estimated it to 

be shorter i.e., approximately 2 hr for one cycle105. After activation of CD8+ T cells, there 

occurs a rapid metabolic change such as the enhanced utilization of amino acids, glucose 

and iron to meet out the sudden but enhanced demand for the building blocks such as 

nucleic acids, proteins, lipids. This is achieved by switching from oxidative 

phosphorylation to aerobic glycolysis106. After the activation, CD8+ T cells differentiate 

into effector and/or memory cells depending on the relative abundance of various factors, 

such as the strength of TCR-MHC interaction, the level of different cytokines in the 

microenvironment, the expression profile of surface molecules and the transcription 

factors, metabolic regulators, the state of chromatin organization and their ability to 

undergo asymmetric division107. 

Migration of activated CD8+ T cell to infection site 

In an uninfected host, naïve CD8+ T cells circulate between blood and lymph 

node via efferent lymphatics. The migratory behavior of CD8+ T cells is dictated by 

several molecules such as the chemokine receptors and their ligands that includes the CC-

chemokine receptor 7 (CCR7), L-selectin (CD62L) and sphingosine-1-phosphate receptor 

1 (S1P1). Fibroblast reticular cells (FRCs) of the lymphoid organs produce ligands such 

as CC-chemokine ligand 19 (CCL19) and CCL21 which interact with CCR7 expressed 

by CD8+ T cell and this helps their retention in the lymph node108–110. Whereas the 
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interaction of CD62L with P-selectin glycoprotein ligand 1 (PSGL-1) expressed on high 

endothelial venules (HEVs) helps promote CD8+ T cell migration to lymph nodes111.  

During the viral infection induced activation of CD8+ T cells there is a 

coordinated modulation of lymphoid tissue homing molecules (CCR7, CD62L and S1P1) 

and those that facilitate their migration to infected or the inflammatory tissue sites. Some 

of these molecules include CXCR3, CCR5, very late antigen 4 (VLA4) and the ligands 

for P-selectin and E-selectin112–114. Effector CD8+ T cells upregulate the AKT activity 

which help downregulate the expression of Kruppel-like factor 2 (KLF2), a key 

regulatory transcription factor required for the expression of lymph node homing 

molecules (CD62L, S1P1 and CCR7) that ultimately helps retain activated T cells in the 

lymph nodes111,115–119. This provides enough time for activated cells to undergo a few 

rounds of divisions. Simultaneously the level of a transcription factor Tbx21 (T-bet) is 

upregulated in activated CD8+ T cells which in turn upregulates CXC-chemokine 

receptor 3 (CXCR3)113,120 a receptor for proinflammatory chemokines, such as CXC-

ligand 9 (CXCL9), CXCL10 and CXCL11. The enhanced expression of CXCR3 helps 

promote the exit of activated cytotoxic T cells from lymph node to the infection/inflamed 

tissue site for viral clearance.  

Role of CD8+ T cells during HSV1 infection 

Nash et al first indicated the involvement of CD8+ T cells and their killing activity during 

HSV1 infection in 1980. They successfully collected cytotoxic T cells from the draining 

lymph node of infected mice as early as 4 dpi and reported maximum activity between 6 

to 9 dpi. CD8+ T cells recognize HSV1 specific peptides and differentiate into effector 

cells that produce effector molecules such as perforin, granzyme A (GrA), GrB, IFN-γ 

and TNF-α to help eliminate the virus infected cells from the host. After virus load 

declines, the activated CD8+ T cells undergo contraction leaving behind a pool of ~5-10% 
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of the activated cells that further differentiate into memory CD8+ T cells. Some of the 

residual cells exhibit CD103 expression and are preferentially retained at or near the 

infection tissue sites such as skin and/or trigeminal ganglia. Other CD8+ T cell 

populations differentially express molecules such as CD103, CD62L and CD127. Of 

these cells some home to the lymph node as central memory (TCM) cells, some remain in 

the circulation as effector memory (TEM) and some at infection tissue site as resident 

memory (TRM) cells to confer to the host a quick and efficient protection against the 

secondary infection with the virus. CD8+ T cells retained in the sensory ganglia 

block/suppress the reactivation of viral particles from latency121,122. 

During some viral infections, a group of the activated CD8+ T cells upregulate 

transcription factor Blimp1 and start producing an anti-inflammatory cytokine IL-10 

which is likely to control their hyper-activation to prevent the host from excessive tissue 

damage123–125. However IL-10 producing CD8+ T cells are shown to have superior killing 

activity and such cells also produce more IFN-γ, TNF-α and granzyme B level as 

compared to IL-10-ve CD8+ T cells. But such cells rapidly disappear after the clearance of 

viral load126. The transient superior activity of these cells could suggest that these cells 

are better at eliminating the pathogen from the system without causing extensive damage 

to the host. 

Immunopathology during/after HSV1 infection 

  Initially after HSV1 infection, the innate immune cells such as neutrophils, NK 

cells and macrophages are recruited to the response. The primary and presumed roles of 

macrophages and NK cells are thought to achieve viral clearance127.  Recognizing HSV1, 

innate immune cells begin to produce several proinflammatory cytokines, such as IFN-

α/β/γ, TNF-α, TGF-β, IL-1α, IL-1β, IL-6, IL-8, IL-12 and IL-17128,129 and in so doing 

play important roles in the disease control or its exacerbation. Among all the infiltrating 
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immune cells, Th17 CD4+ T cells and neutrophils are the major known players in causing 

angiogenesis and corneal opacity that eventually lead to blindness. Studies measuring the 

infiltration of immune cells clearly demonstrated an enhanced infiltration of CD4+ T cells 

and neutrophils in the cornea of infected animals. In a mouse model of HSK, a biphasic 

infiltration of Th17 cells to the infection site was demonstrated and this correlated with 

the disease appearance and progression130. Some proinflammatory molecules such as IL-

6, IL-8, IL-17, CC-chemokine ligand 20 (CCL20), macrophage inflammatory protein 1α 

(MIP-1α) and MIP2 help in the migration of neutrophils and Th17 cells to the infected 

tissue site. IL-17 cytokine produced by Th17 cells and/or neutrophil not only help attract 

neutrophils but also promote their survival and their ability to produce matrix 

metalloproteinases (MMP) and oxy-radicals that cause tissue damage130,131.  In normal 

cornea vesicular endothelial growth factor (VEGF) molecules remains bound to the 

soluble VEGF receptor 1 (sVEGFR-1) and thereby sequestering it from binding with the 

membrane tethered VEGF receptors. In so doing it abrogates the formation of new blood 

vessels. After HSV1 infection higher level of IL-17 induces the production of matrix 

metalloproteinases, such as MMP-2, MMP-7, MMP-8 and MMP-9 which degrade the 

soluble VEGF receptors and promote VEGF binding to bound VEGF receptors130,132–135. 

Simultaneously an enhanced level of IL-1, IL-6 and IL-17 cytokines promotes the 

production of VEGF which can then bind to its membranous receptors130,135. As a result 

of unavailability of enough soluble VEGF receptors and a higher level of the ligand the 

angiogenesis occurs in HSV1 infected corneal stroma. 

Immunoregulatory strategies to dampen immunopathology  

The immune cells detect and eliminate the pathogen, but their aberrant or 

uncontrolled activation lead to immunopathology. Immune regulatory mechanisms are 

put in place to regulate these immune responses and some such mechanisms include 
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different types of suppressor cells. The examples include CD4+ regulatory T cells (Treg), 

CD8+ regulatory T cells and myeloid derived suppressor cells (MDSCs). Anti-

inflammatory molecules produced by different immune cells could also help dampen pro-

inflammatory reactions. The examples of such molecules are IL-10, TGF-, IL-35. Many 

such endogenous immunoregulatory mechanisms establish immune regulation to 

maintain homeostasis. This can be achieved by strategies such as promoting the functions 

of regulatory cells, infusing in vitro generated regulatory cells or by injecting 

immunosuppressive drugs or molecules from exogenous source in the host.  

Immunosuppression by endogenous mechanisms 

One of the most prominent and well characterized suppressive cell type of 

adaptive immune system is CD4+ T cells and expresses the master transcription factor, 

forkhead box P3 (FoxP3). These cells additionally express some other surface receptors 

such as CD25, cytotoxic T-lymphocyte antigen 4 (CTLA4), lymphocyte-activation gene 

3 (LAG3), CD39, CD73, OX40 (CD134), glucocorticoid induced tumor necrosis factor 

(GITR) and folate receptor 4 (FR4) in un-manipulated mice136–138. The constellation of 

molecules expressed by these regulatory T cells varies between humans and mice. Treg 

cells perform their suppressive function via several mechanisms that include the 

sequestration of available IL-2 and making it less available for the effector cells. Tregs 

express high affinity IL-2 receptor (CD25) on their surface in the absence of any 

antigenic stimulation139,140. The other mechanisms of inducing suppression include either 

a contact dependent or independent mechanisms between Tregs and the target cells. The 

contact dependent inhibition involves the interaction between cell surface expressed 

receptor and ligand pairs such as CTLA4 and CD80/CD86, LAG3 and class II MHC141–

145. The contact independent inhibition includes the production of anti-inflammatory 

cytokines IL-10 and TGF-β146–150 and/or molecules such as perforin and granzyme B by 
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the regulators that could inhibit the proliferation of effector cells or mediate killing of  T 

cells, B cells, DCs and monocytes151–153. A recent study also showed that Tregs could 

suppress effector T cells in an antigen specific manner. Accordingly, Tregs 

downregulated cognate peptide displaying MHC II molecules on the surface of dendritic 

cells to cause an antigen specific inhibition while bystander activation of naive T cells 

remain unaffected154.  

CD4+ regulatory T cells are broadly categorized into natural (nTreg) and induced 

(iTreg) regulatory T cells. Natural regulatory T cells originate in thymus and express 

surface CD25. Such cells circulate in the periphery to control self-reactive effector T or 

NK cells. The expression of intra nuclear transcription factor FoxP3 and surface CD25 

serve as the key molecules for the identification of nTreg cells. Such cells constitute 5-

10% of peripheral CD4+ T cells in normal un-manipulated mice155–158. The protective 

roles of CD25+ Tregs are well established during HSV1 pathogenesis and the corneal 

stromal keratitis159. Another type of T cells that are CD25-ve (in both CD4+ and CD8+) 

originates from thymus could differentiate into regulatory T cells upon their appropriate 

stimulation in an environment that consists of cytokines such as IL-2 and TGF-β. Such 

cells are referred to as inducible T regulatory (iTreg) cells and upon their activation these 

cells produce IL-10 and/or TGF-β to mediate immunosuppressive function by inhibiting 

the production of cytokines and proliferative capacity of effector TH1, TH2, CD8+ T cells 

and NK cells156,160,161. CD4+CD25- T cells activated upon recognition of self/foreign 

antigen could also differentiate into either TGF-β or IL-10 producing T helper 3 (TH3) or 

T regulatory 1 (TR1) cells respectively158,162,163. 

MDSCs develop from the cells of myeloid origin and comprise of a 

heterogeneous cell population that includes myeloid progenitor, immature macrophages, 

immature dendritic cells and immature granulocytes. MDSCs are usually characterized by 
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their expression of CD11b+CD33+ in human and CD11b+Gr1+ phenotypes in mice. 

MDSCs expand during tumor development and their involvement in the progression of 

tumorigenesis is well established and such cells are known to potently suppress T cell 

functionality. MDSCs mediate their immunosuppressive function in both innate and 

adaptive immune cells by producing various molecules such as argininase 1, inducible 

nitric oxide synthase (iNOS), reactive oxygen species (ROS) and IL-10164,165. Some 

studies suggest their potential role in converting Treg cells from non-Tregs to mediate 

long-term immunosuppression of CD4+ and CD8+ T cells166 (Sarkar et al., submitted). 

The potential immunosuppressive function of MDSCs is reported in diseases such as 

multiple sclerosis, systemic lupus erythematosus, type 1 diabetes, inflammatory bowel 

disease and rheumatoid arthritis167–172. 

Strategies to boost immunosuppressive mechanisms 

The situation where endogenous mechanisms fail to maintain a balance between 

immune reactions and immunosuppression necessitate the use of exogenous 

immunosuppressive strategies. This can be achieved either by promoting endogenous 

regulatory mechanisms, depleting effector cells or by blunting the activity of effector T 

cells. The common modalities include an administration of biological reagents such as 

antibodies or chemical compounds into the host. The generation and injection of 

antithymocyte globulin (ATG) polyclonal antibody preparations into patients are known 

to target a wide range of surface molecules expressed by various immune cells to dampen 

the hyperactivity of such cells. The antibodies against molecules such as CD2, CD3, 

CD8, CD11a, CD18, CD25, CD44, HLA-DR, HLA I expressed by various cells have 

been used to modulate the activity of different cells including T cells, B cells, NK cells, 

dendritic cells and endothelial cells173. In order to achieve specificity monoclonal 

antibodies generated against CD3 (moromonab - OKT3), CD20 (Rituximab), CD22 
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(epratuzumab), CD25 (basiliximab), CD40 (ASKP1240) CD52 (alemtuzumab), IL-6 

(tocilizumab), IL-17 (secukinumab), TNF-α and complement C5 protein (eculizumab) 

have been shown to effectively manage various immunopathological conditions174,175. 

Not only antibodies but also chemical drugs that affect the cell fate and functions 

have been used to control inflammatory reactions. These include evrolimus, a rapamycin 

derivative, sirolimus (regulator of mTOR pathway), fingolimod (that impairs the cell 

trafficking and Treg induction), azacytidine (an anolog of purine in DNA synthesis to 

alter epigenetic architecture of nucleic acid), 2-deoxy-D-glucose (2DG - glycolysis 

inhibitor), cyclosporine and tacrolimus (calcineurin inhibitors) and leflunomide (inhibitor 

of dihydroorotate dehydrogenase - pyrimidine synthesizing enzyme) and 

cyclophosphamide. All these chemicals have been tested in preclinical studies to 

influence the outcome of immunopathological condition caused by HSV1 infections as 

well as other inflammatory conditions175–178. Additionally, glucocorticoids serve as potent 

inhibitor of inflammation and are used as the drug of choice for controlling disease 

conditions such as leukemia, autoimmune diseases and inflammatory reactions such as 

arthritis, multiple sclerosis, HSV1 induced corneal inflammation commonly known as 

herpetic stromal keratitis (HSK).  

Dexamethasone as an immunosuppressant 

Endogenous glucocorticoids such as corticosterone in rodents and cortisol in 

humans play essential role in the developmental and physiological processes179–184. 

Glucocorticoids (GC) are synthesized in mitochondria and are generally produced in the 

adrenal gland and to some extent in other tissues such as thymus, intestine, skin and 

lungs. Adrenal steroidogenesis induced via hypothalamic-pituitary-adrenal (HPA) axis, a 

neuro-endocrine network coordinates between physiological responses and the external 

stimuli. Physical strain, psychological stress, alteration in circadian rhythms and the 
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production of inflammatory cytokines such as IL-1, IL-6 and TNF-α trigger an enhanced 

glucocorticoid synthesis from the adrenal gland. Hypothalamus recognizes these signals 

and releases corticotropin-releasing hormone and arginine vasopressin (AVP), which in 

turn activate anterior pituitary gland to induce the production and release of 

adrenocorticotropin hormone (ACTH). ACTH then enters into the circulation and binds 

to their specific receptors on adrenocortical cells and induces the conversion of 11-

dehydrocorticosterone and cortisone to corticosterone (in rodents) and cortisol (in 

human), respectively. Adrenocortical cells can also produce glucocorticoids upon their 

ligation of TLR2 and TLR4 agonists. Secreted glucocorticoids feed back to the 

hypothalamus, pituitary gland and inflammatory cytokines producing immune cells to 

exert inhibition of steroidogenesis185. The level of 11β-hydroxysteroid dehydrogenase 

enzymes (11β-HSD1 and 11β-HSD2) control the inter conversion of biologically active 

cortisol and inactive cortisone in the GC producing cells. 11β-HSD1 enzyme generates 

active form whereas 11β-HSD2 generates inactive form of glucocorticoids186,187. 

Dexamethasone, a synthetic glucocorticoid is resistant to inactivation by 11β-

HSD2 and therefore exerts its immunosuppressive function for longer duration. It is 

internalized by the cells owing to its lipophilic nature and exhibits its function both 

through genomic and/or non-genomic mechanisms. While acting through its non-

genomic mechanisms, GCs intercalate into the cells membrane and alter the cationic 

transport and in so doing promote the proton leakage from mitochondria188,189. Ligation 

of GCs to cytoplasmic GR-chaperone complex displaces the chaperone protein, thereafter 

the GC-GR complex translocates to the mitochondria to induce apoptosis189,190. 

Dexamethasone binds with the cytoplasmic glucocorticoid receptor (Nr3c1 – 

nuclear receptor subfamily 3 group C member 1) to cause immunosuppressive functions 

and performs its various activities through genomic mechanisms. The glucocorticoid 
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receptor (GR) has numerous sites for post translational modifications, such as acetylation, 

phosphorylation, sumoylation and ubiquitylation and such alterations play important roles 

in their cytoplasmic/nuclear transport, receptor degradation and gene regulation190. After 

internalization, GC interacts with cytosolic GR and the GC-GR complexes translocate to 

nucleus so as to modulate gene expression. Dexamethasone employs three different 

strategies to perform these functions. i) GC-GR complex could make direct interaction 

with GC response elements (GRE) in the genome for regulating the gene expression191–

193. ii) The complex interacts first with the transcription factors (tethering) without 

making any direct contact with genomic DNA followed by an alteration in their 

respective gene expression194. The major immunosuppressive functions of GC are 

observed via second mode of regulation, where it interferes with various transcription 

factors responsible for pro-inflammatory cytokine production such as the activator 

protein (AP-1), nuclear factor-κB (NF-κB), signal transducer and activator of 

transcription (STAT) and nuclear factor of activated T cells (NFAT)185. iii) the third 

mode of GC response includes an alteration in the gene expression by involving 

composite GRE binding, where GC-GR complexes first bind with the transcription factor 

and then to the respective GRE to  regulate the gene expression195. It is reported that all 

of the three modes of gene regulation by dexamethasone can cause immunosuppressive 

functions either by trans repression or by transactivation to enhance the expression of 

target genes, depending on the structure of downstream interacting partners194,196–199. 

Some of the known immunosuppressive effects of corticosteroids include a modulation of 

cytokine production by immune cells, apoptosis induction, an altered cellular trafficking, 

the promotion of phagocytosis as well as an enhancement of regulatory T cell functions. 
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The existing models of HSV1 infection and the resulting pathologies 

HSV1 infection is a major cause of infectious blindness and encephalitis 

worldwide. The route of infection dictates the pathology caused, the disease outcome as 

well as the site of viral latency. HSV1 can infect a wide range of body parts such as 

cornea (to cause stromal keratitis and/or encephalitis) that eventually end up attaining 

latency in the trigeminal ganglia (TG) of the survived immunocompetent host, the 

intracerebral injection leads to encephalitis, oral/intranasal infection being the major 

cause of herpetic labialis and the virus resides in TG life long, cutaneous infection leads 

to zosteriform lesions and the subcutaneous foot pad infection causes peripheral 

infection200. After primary infection caused by both the cutaneous and subcutaneous 

infections, the virus remains in latency in lumbosacral dorsal root ganglia (DRG). Many 

animal model systems that include mice, rat, rabbit, guinea pig and macaques have been 

used for investigating virus induced pathological conditions and to elucidate the 

mechanisms of viral pathogenesis, the host responses triggered to clear/diminish the viral 

load, viral immune evasion mechanisms, latency establishment, maintenance and the viral 

reactivation from latency as well as the associated disease outcomes. The first report of 

HSV1 infection in any model system came from the experiments of Teague and 

Goodpasture in 1923. They demonstrated a zosteriform infection in the flank of rabbits 

and guinea pig and the vesicular lesion started to appear within 72hr of infection201. Later 

on the HSV1 infection in mice model202 was shown by Sydiskis and Schultz in 1965. 

Thereafter, Simmons and Nash highlighted a significant role of T cells in controlling the 

zosteriform lesion spread and indicated the processes of latency establishment and 

maintenance203. Mouse model systems have been extensively studied because of its well-

characterized genetic system, the availability and accessibility of immunological and 

molecular biological reagents, the availability and generation of number of multiple 
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genetic knock-in and knock-out strains and a low cost of maintenance. Despite having 

advantages, mouse models also suffer from some limitations as well. Thus, the phenotype 

of the disease or the lesion does not mimic the phenotype in humans. In HSV1 induced 

encephalitis, a focal patterns of viral and neuroinflammatory lesions is usually observed 

in humans but such lesions exhibit more diffusive pattern of viral load and inflammation 

the in mice brain204,205. Similarly the viral reactivation is not readily observed in mouse 

models. Guinea pig, rabbit and macaque provide better model of HSV1 reactivation and 

any recurrent ulcerative studies but suffer from other disadvantages such as the lack of 

reagents and ethical issues involved206–208. 

Zebrafish as a promising model for addressing unresolved questions 

Zebrafish (Danio rerio) is an established model organism for investigating issues related 

to development, regeneration and drug discovery209–211. There are several unique 

advantages that zebrafish can offer as a model system211–214. Some are summarized 

below.  

 Zebrafishes are prolific breeders and one breeding pair could give rise to ~200 

offspring each week thereby making large numbers of animals available in short 

time scale. 

 Zebrafish has high degree of similarity to the human at genomic level that 

facilitates understanding the mechanisms that could also be similar in 

pathophysiology of humans. 

 The small size of animals allows for their easy maintenance and experimental 

designs and serves as a cost effective tool. 

 Ex-utero fertilization allows for better understanding of developmental processes 

even in the early embryonic stages. 
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 Wild type animals are optically transparent upto an early adult stage and that 

could facilitate the direct visualization of internal organs and ongoing biological 

events. 

 The development of transparent animals, such as casper (nacre-/-; roy-/-) and 

crystal (nacre-/-; roy-/-; alb-/-) that do not produce any pigment and therefore could 

provide the accessibility of visual observation even in the adult stages. 

 They have fully developed spatiotemporally distinct immune system. At early 

adult stage (upto ~30 days post fertilization) they do not have a developed 

adaptive immune system, which allow the investigators to study the role of innate 

immune cells in as any infection/disease condition. 

 Morpholino based easier knock down (suppression) of specific protein function 

during early developmental stage help facilitate investigations involving target 

proteins in any biological pathway. 

Since zebrafish has remarkable advantages over existing model systems therefore it 

has encouraged investigators to explore the immune reactions in a better way during 

various kinds of infections. Kidney marrow is the site of haematopoiesis and most of the 

immune cell lineages such as lymphoid, myeloid and erythroid have been discovered 

using transgenic approaches. After developing fluorescent or tractable T cells the origin 

and distribution of T cells have been discovered in zebrafish. Simultaneously the 

presence and the development of most of the immune organs (kidney marrow, thymus, 

spleen, pancreas - for B cells development) and immune cells, such as APC like cells, 

regulatory like T cells, B cells and neutrophils have been discovered. The immune cells 

produced in this animal model has the potential to generate various effector molecules 

such as IFN-γ, TNF-α, interleukins (IL), complement proteins, CC and CXC chemokines 

to mount an efficient immune response during infection and diseases215–218. 



28 
 

For investigating immunity and lesions caused by infectious diseases such as 

tuberculosis induced granulomatous lesions, infected zebrafishes demonstrated close 

similarity to what is observed in the human patients219,220. The receptors required for 

causing patent infection upon HSV1 inoculation are present in zebrafishes. The entry 

receptors for HSV1 glycoprotein D, such as 3-O sulfated heparan sulfate (3-OS HS), 

herpesvirus entry mediator (HVEM) as a member of tumor necrosis factor receptor 

superfamily member 14 like receptor and nectins (nectin-1a and nectin-1b) have been 

described221. One study showed the HSV1 infectivity (by DNA content determination in 

dorsal-ventral mid body and encephalon) and the presence by immunostaining for the 

viral particles expressing VP16 protein in HSV1 injected zebrafish222. All these features 

and the associated advantages clued us to use zebrafish as a model system for 

investigating HSV1 pathogenesis and immune response induced. Moreover, the cellular 

dynamics of innate and antigen-specific immune cells could be deciphered and visualized 

in live animals. 

Conclusions 

Cytotoxic T cells serve as one of the critical constituents providing protection 

against HSV1 infection and can help clear or reduce the viral load in infected host. Apart 

from providing protection in the acute phase of response and controlling replicative viral 

particles, these cells also suppress the viral reactivation from sensory ganglia. 

Additionally other immune cells such as neutrophils and CD4+ T cells that produce IFN- 

(Th1 cells) or IL-17 (Th17) cells also get activated during corneal infection and reach to 

the infection site to produce and secrete proinflammatory molecules and other tissue 

damaging enzymes to initiate new blood vessels formation (angiogenesis) leading to 

corneal tissue inflammation that can eventually results in blindness. In order to mitigate 

such situations, patients are prescribed immunosuppressive drugs. 
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The work reported in dissertation explored the cytotoxic T cell responses after 

HSV1 infection in mouse and zebrafish model system, and explored the effect of one of 

the immunosuppressive drugs (glucocorticoid) on differentiation of virus specific 

cytotoxic T cells. In first half, the impact of glucocorticoid (dexamethasone being a 

candidate drug) on differentiating CD8+ T cells after HSV1 infection is explored using an 

established mouse model. The transient dexamethasone treatment exhibited duality of 

function on the quiescent and effector CD8+ T cells. The immunosuppressive 

corticosteroid therapy specifically eliminated naive and memory CD8+ T cells while 

activated cells were spared. This made the host more susceptible to subsequent infection. 

The drug treatment induced the tissue migratory molecules in persisting cells and 

promoted their migration toward infection tissue sites. Additionally dexamethasone 

treatment also promoted the bystander activation of naive cytotoxic T cells that were not 

eliminated. This suggests for a limited immunosuppressive potential of the drug. A brief 

exposure of dexamethasone to activated CD8+ T cells promoted the proliferation that 

eventually formed more memory generation in the adoptively transferred animals. In 

second half the feasibility of using zebrafish as a model organism to study cytotoxic T 

cell responses against HSV1 infection was explored. MHCI-tetramer (Uda-tet) were 

generated and used for measuring the kinetics and dynamics of cytotoxic T cells 

responses. These experiments therefore developed zebrafish as a model organism to study 

virus-specific CD8+ T cells response.   
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Figure 1. 1 HSV1 induced stromal keratitis and its management by 

immunosuppressive therapy. 

Following ocular HSV1 infection, immune cells (polymorphonuclear leukocyts (PMN) 

and CD4+ T lymphocytes) infiltration help induce neovascularization and various 

immunosuppressive therapies have been used to ameliorate the disease condition. 
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The research work described in this part is a slight modification of a paper submitted for 

publication in Frontiers in Immunology by Dhaneshwar Kumar and Sharvan Sehrawat. 

Divergent effects of a transient corticosteroid therapy on quiescent and effector virus-

specific CD8 T cells.  

In this chapter the words “our” and “we” allude to me and co-author. My contribution in 

the project includes (1) Selection of the topic (2) Designing and performing the 

experiments (3) Preparation of figures and graphs (4) Results interpretation (5) 

Compiling and elucidation of the literature (6) Writing and editing of the literature (7) 

Bestowing comprehensive structure to the paper  

Abstract 

We investigated the influence of a transient treatment of immunosuppressive 

corticosteroid in determining the fate and function of CD8+ T cells during herpesvirus 

infections. Dexamethasone, a synthetic corticosteroid, induced apoptosis of naïve and 

virus-specific memory CD8+ T cells but spared effector cells as the latter down regulated 

Nr3c1, a specific receptor for glucocorticoids. Dexamethasone induced attrition of naïve 

CD8+ T cells compromised anti-viral CD8+ T cells immunity against a subsequent 

infection but augmented the effector functions, inflammatory tissue homing potential as 

well as transition of effector cells into memory. Antibody-neutralization of CXCR3 

drastically diminished dexamethasone mediated CD8+ T cells migration to tissue sites 

that led to poor virus control. CD8+ T cells expanded during both α-(HSV1) and γ-

(MHV68) herpesvirus infections down regulated Nr3c1. Dexamethasone also activated 

CD8+ T cells in the absence of an overt TCR stimulation. Our study therefore calls into 

question the logic of corticosteroid therapy used to manage persistent inflammatory 

conditions but at the same time also describes the strategy to harness untapped potential 

of corticosteroids in promoting differentiation of immune memory cells. 
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Introduction 

Natural and synthetic glucocorticoids cause immunosuppression and are used to 

ameliorate inflammation resulting from infections, autoimmunities and leukemia1. 

Synthetic glucocorticoids are also administered in patients to ensure the success of tissue 

transplantations procedures2,3. Synthetic analogs of glucocorticoids such as 

dexamethasone, prednisolones are used clinically because of their prolonged activity, 

which is due to their resistance to 11 β-hydroxysteroid dehydrogenase 2 (11 β-HSD2), the 

enzyme that can easily inactivate endogenous glucocorticoids. These drugs act primarily 

through intracellular glucocorticoid receptors (GR), encoded by nr3c1 gene. GRs 

normally reside in the cytosol and upon binding to the ligands are translocated to nucleus 

to alter gene expression2,4,5. Glucocorticoid drugs have pleotropic effects on most cell 

types and organ systems5. Endogenous glucocorticoids are induced during infections, 

cancer development as well as in various stress responses and are involved in regulating 

neuroendocrine processes via hypothalamic pituitary adrenal axis (HPA) that maintains 

homeostasis6. During some systemic herpesviruses and influenza virus infection, the 

HPA axis could help reduce the disease severity by balancing the immunity and 

immunopathological responses7–9. Some of the known immunosuppressive effects of 

corticosteroids include a modulation of cytokine production by immune cells, an altered 

cellular trafficking, the promotion of phagocytosis as well as an enhancement of 

regulatory T cell functions2,10. The mechanism by which corticosteroids dictate the fate 

and function of virus-specific CD8+ T cells still remain less well explored and therefore 

we investigated this issue in the current study. As synthetic analogs of glucocorticoids are 

commonly used to reduce inflammatory responses during herpesvirus infections, we 

focused our analysis to measure the influence of such a therapy using dexamethasone as 

the candidate drug in dictating virus-specific CD8+ T cells fate and functionality. CD8+ T 
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cells are critically involved in controlling the primary infection as well as maintaining the 

viral latency11–14.  

We showed that the expression of nr3c1 is tightly regulated during the 

differentiation of naïve CD8+ T cells into effector and memory cells during herpesvirus 

infections. Both α-(HSV1) and γ-(MHV68) herpesvirus infections expanded CD8+ T cells 

down regulated their nr3c1 expression in the acute phase of response but the 

differentiated memory cells regained the expression. Nr3c1 expression levels in CD8+ T 

cells enhanced the susceptibility of naïve and memory cells to dexamethasone-induced 

apoptosis. This led to a skewed virus-specific CD8+ T cell response in the acute phase of 

response. Dexamethasone mediated preferential killing of naïve CD8+ T cells 

compromised anti-viral CD8+ T cell immunity during a subsequent infection. The 

residual CD8+ T cells however exhibited enhanced effector functions and preferentially 

homed to inflammatory tissue sites due to their expression of molecules such as CD103 

and CXCR3 as well as the transcription factor, Tbet that regulates CXCR3 and IFN-γ 

expression in CD8+ T cells. Additionally, in the absence of an overt TCR ligation, CD8+ 

T cells exposed to dexamethasone up regulated molecules such as CD69, KLRG1, 

CXCR3, PD1 and the transcription factor, Tbet. These molecules are associated with 

TCR stimulation and therefore suggest for a bystander activation of CD8+ T cells. 

Activated CD8+ T cells that were briefly exposed to dexamethasone proliferated more 

and survived longer as memory cells. Our results therefore suggest that the distinct 

homing pattern induced in CD8+ T cells as well as their elevated functionality might limit 

the utility of immunosuppressive corticosteroids in managing chronic inflammatory 

diseases. Furthermore, corticosteroids could enhance hosts’ susceptibility to subsequent 

infections as a result of preferential elimination of as naïve as well as memory CD8+ T 
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cells. While dexamethasone depletes pre-existing memory, the transition of effector cells 

into memory could actually be promoted by its brief exposure.  

 

Materials and Methods 

Mice, and viruses  

C57BL/6, TCR Tg OT-IxRag1-/-  and CD45.1 mice were procured from Jackson 

laboratory, USA and bred in individual ventilated caging system at the Small Animal 

Facility for Experimentation (SAFE), IISER Mohali. HSV1-KOS and MHV68-M2-

SIINFEKL viruses were grown and titrated using Vero cells (ATCC) as described 

earlier15. Institutional Animal Ethics Committee (IAEC) of IISER Mohali set up by the 

Committee for the Purpose of Control and Supervision of Experiments on Animals 

(CPCSEA), which is established under Chapter 4, Section 15(1) of the Prevention of 

Cruelty to Animals Act 1960. IAEC approved all the animal experimental protocols. The 

numbers of protocols are IISERM/SAFE/PRT/2016/09 and 011. All the procedures 

performed were strictly according to the approved protocols.  

Antibodies, T cells isolation kits and other pharmacological reagents 

MHC class I tetramers used in this study were synthesized in house, where H-2Kb heavy 

chain protein was loaded with SIINFEKL and SSIEFARL peptide as described earlier15–

17. Dexamethasone, Mifepristone, 2,2,2- tribromoethanol, hematoxylin and eosin Y were 

purchased from Sigma Aldrich. Tissue OCT compound was procured from Fischer 

Scientific. CD8+ T cell untouched Dynabeads kit, CFSE, Intracellular fixation-

permeabilization buffer, annexin V and streptavidin-PE were purchased from 

thermofisher. Antibodies against CD45.1 (A20), CD45.2 (104), CD8 (53-6.7), CD44 

(IM7), KLRG1 (2F1), CD11b (M1/70) and TNF-α (TN3-19) and the propidium iodide 

were purchased from BD pharmingen. Antibodies against CD45 (30-F11), CD69 
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(H1.2F3), CD11c (N418), PD1 (J43.1), CD16/32 (2.4G2), CD127 (A7R34) and IFN-γ 

(XMG1.2) were purchased from Tonbo Biosciences. Monensin, Brefeldin A, purified 

anti-CD3 (17A2) and anti-CD28 (37.51), antibodies against CXCR3 (173), CXCR4 

(2B11), CCR7 (4B12) and CD103 (2E7) were procured from eBioscience. CXCR3 

neutralizing antibody (CXCR3-173) was purchased from BioXcell.  

Cell staining for flow cytometry 

Blood samples were collected from different mice in heparin containing micro centrifuge 

tubes. 50 µl blood was aliquoted directly in a centrifuge tube and 10 µl of antibody mix 

along with SSIEFARL-tetramer (the final concentration should be 1:100 in 60 µl) was 

added followed by the incubation of cells at 4 oC for 45 min in dark. After incubation 640 

µl of 1x ACK solution (155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA, pH 7.3) was 

added to lyse RBCs. The cocktail was kept at room temperature for 15 min. Then 600 µl 

PBS was added into it and cells were centrifuged at 1500 rpm at 4 oC for 5 min. After 2 

more washing in cold PBS, cells were suspended in 200 µl of PBS and 100 µl of total 

volume was acquired and analyzed. Similarly, after HSV1 infection through footpad 

route, mice were treated with dexamethasone and diluent from 4 to 6 dpi. Peripheral 

blood samples at 6 dpi and PLNs at 7 dpi were collected and analyzed using antibodies 

against a panel of antibodies against CD8, KLRG1, CD103, CXCR3, CXCR4 and CCR7. 

Additionally, the cells were stained with HSV1 H-2Kb-gB498-505 tetramers measuring the 

phenotypic profile of differentiating antigen specific CD8+ T cell. The levels of different 

migratory receptors (CXCR3, CXCR4 and CCR7) were measured on HSV1 specific H2-

Kb-gB498-505-tetramer positive CD8+ T cells. Similarly staining of cells from different 

lymphoid organs was performed and stained cells were analyzed using BD Accuri C6 

flow cytometer. 
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Measuring the influence of neutralizing anti-CXCR3 antibody on cellular migration 

to inflammatory tissues in dexamethasone treated mice 

10x103 OT-I cells (from OT-I TCR tg mice) were adoptively transferred in C57BL/6 

mice, which were then infected one day later with MHV68-SIINFEKL via intranasal 

route. The animals were then divided into three groups. One groups was injected with 

dexamethasone and anti-CXCR3 antibody on 6 and 7 days post infection and other group 

received only dexamethasone. The lymphoid organs, lung tissues and bronchoalveolar 

lavage were analyzed one day later for cellular analysis and viral load determination.  

Intracellular cytokine staining (ICCS) of CD8+ T cell 

Single cell suspension was prepared from the lymphoid organs of HSV1 or MHV68-M2 

SIINFEKL infected animals. 1x106 cells were incubated with 1x brefeldin A and 20 

ng/ml of IL-2 in the absence or presence of cognate peptide (1 µg/ml of SSIEFARL or 

SIINFEKL) for 4 hrs. After incubation period was over, cells were surface stained with 

anti-CD8 and anti-CD44 antibodies as described earlier. After 3 washings, cells were 

fixed in IC fixation buffer for 25 min at room temperature and then permeablized in 1x 

permeabilization buffer for 5 min at room temperature (RT). After 2 more washings and 

Fc blocking, cells were stained with anti-IFN-γ and anti-TNF-α antibodies for 25 mins in 

dark at RT. To remove unbound antibodies, cells were washed thrice and acquired using 

a flow cytometer.  

Degranulation staining 

For measuring the degranulation of CD8+ T cells, anti-CD107a antibody (1:500 dilution) 

was added to the SSIEFARL peptide pulsed cells having 1x monensin solution in 

complete RPMI. Similarly controls cells were cultured in the absence of SSIEFARL 

peptide. After 4 hrs of incubation cells were surface stained with anti-CD8 and HSV1 H-
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2Kb-gB498-505 tetramers at 4 oC in dark for 45 mins. Thereafter cells were acquired for 

degranulation. 

Ki67 staining 

PBMCs and lymph node cells were surface stained with anti-CD45, anti-CD8 antibodies 

and H-2Kb-gB498-505-tetramers as described earlier. The unbound antibody was washed 

off and cells were fix-permeabilized. Thereafter Fc blocking was done and then the cells 

were stained with anti-Ki67 antibody for 25 mins in dark at RT and acquired using BD 

Accuri C6 flow cytometer. 

Analysis of mRNA expression for different molecules in CD8+ T cell subsets upon 

dexamethasone treatment 

1x105 OT-I cells were adoptively transferred into gender matched C57BL/6 mice. The 

recipient mice were intraperitoneally infected next day with 1x106 pfu of MHV68-

SIINFEKL virus. At 9 dpi, spleens were removed from euthanized mice to prepare 

splenocytes which were then stained with fluorescent H-2Kb-SIINFEKL-tetramers, anti-

CD44 and anti-CD8 antibodies. The stained cells were FACS sorted to isolate RNA for 

measuring the expression of different molecules. Similarly endogenous H-2Kb-

SSSIFERAL-tet +ve cells reactive to HSV1 were analyzed for mRNA analysis of different 

genes. RNA was isolated from sorted CD8+ T cells using a kit from Promega (Cat. No. 

Z6011). After DNAse treatment of the RNA samples, cDNA was synthesized using 50ng 

of RNA using SuperScript IV first strand synthesis system cDNA synthesis kit from 

Invitrogen (Cat. No.18091050). Qualitative real time PCR (qPCR) reaction was setup 

using 2x-DyNamo ColorFlash SYBR Green qPCR kit from Thermofisher (Cat. F416L). 

The reaction was carried out using QuantStudio Real-Time PCR system from 

Thermofisher. GAPDH gene primers were used as endogenous control and the relative 

expression of different genes were calculated by 2-ΔΔ CT values. The reaction conditions 
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for qPCR were as following: initial denaturation (95oC for 7 min), denaturation (95oC for 

10 sec), annealing and extension (60oC for 30 sec) for 40 cycles. Subsequently melt curve 

analysis was performed. The primers used and the products size were; nr3c1 (FP: 5'-

AGTGATTGCCGCAGTGAAAT-3' & RP: 5'-GCCATGAGAAACATCCATGA-3') = 

105bp, Tbet (FP: 5' CAATGTGACCCAGATGATCG 3' & RP: 5' 

GCGTTCTGGTAGGCAGTCAC 3') = 168bp, Eomesodermin (FP: 5’ 

TCCTAACACTGGCTCCCACT 3’ & RP 5' GTCACTTCCACGATGTGCAG 3') = 

153bp, PD1 (FP: 5' CCAAGGAACCTGCTTTTCAA 3' & RP: 5' 

GGCATTCTTGGGAACTGTGT 3') = 144bp, Bcl2 (FP: 5' 

GCAGATTGCCCTGGATGTAT 3' & RP: 5' AGAAAAGTCAGCCAGCCAGA 3') = 

156bp, CXCR3 (FP: 5' TACCTTGAGGTTAGTGAACGTCA 3' & RP: 5' 

CGCTCTCGTTTTCCCCATAATC 3') = 100bp, GAPDH (FP: 5'-

AAATGGTGAAGGTCGGTGTGAAC-3' & RP: 5'-

CAACAATCTCCACTTTGCCACTG-3') = 90bp.  

Ex vivo and in vivo assays to measure differential killing of CD8+ T cell subsets 

C57BL/6 female mice were infected with 5x105 pfu of HSV1-KOS per footpad. Draining 

popliteal lymph nodes (PLNs) were collected on 6 dpi or 30 dpi to prepare single cell 

suspension. Single cell suspensions thus prepared were incubated with graded doses of 

dexamethasone (0.1 to 10 µM) in the presence or absence of 5 µM mifepristone, a 

specific inhibitor for dexamethasone.  Subsequently, the kinetics of cell killing activity 

for 1 µM of dexamethasone for cells that were either pretreated with 5 µM of 

mifepristone or not exposed to mifepristone was measured. Diluent controls were 

invariably included in such experiments. The mifepristone treatment was preceded one 

hour by dexamethasone treatment. Cell death was measured by staining of cells with 

annexin V at indicated time points. Naive CD8+ T cells were isolated from CD45.1 mice 
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using untouched Dynabeads and subsequently activated with 1µg/ml of anti-CD3 (plate 

bound) and anti-CD28 (soluble) antibodies at 37 oC in CO2 incubator for 20 hours. 

Thereafter, some cells were analyzed for their activation profile using anti-CD69 

antibody and rest of the cells were stained with low concentration of CFSE (0.1 µM). 

Simultaneously, naive CD8+ T cells isolated and purified from CD45.1 mice were stained 

with a high concentration of CFSE (5 µM). Both the activated (CFSElo) and naive 

(CFSEhi) CD8+ T cells were mixed in 1:1 ratio and 4x106 cells were injected in gender 

matched CD45.2 mice. After 30 minutes of cell transfer one group of animals was treated 

with 10 mg/kg of dexamethasone and another group with diluent. After 36 hr of treatment 

the frequencies of transferred (CD45.1+ve) naive and activated CD8+ T cells were 

measured in different lymphoid organs and peripheral circulation from sham and 

dexamethasone treated animals. Equivalent numbers of naive (CFSEhi) CD8+ T cells and 

activated (CFSElo) CD8+ T cells were injected and determined post transfer. The altered 

frequencies of naive cells in dexamethasone treated mice was determined as follows.  

(Average frequency of naive CD8+ T cells in sham treated group – frequency of naive 

CD8+ T cells in dexamethasone treated mice). 

In dexamethasone treated (compared to sham treatment) animals the percent specific 

elimination of naive CD8+ T cells was calculated as: 

% Killing of naïve cells = [(Reduced frequency of naive CD8+ T cells in dexamethasone 

group / average frequency of naive CD8+ T cells in sham group) x 100]. 

Measuring the influence of dexamethasone on immune cell population in HSV 1 

infected animals 

C57BL/6 female mice were infected in footpad with HSV1-KOS as described earlier. Six 

mice were treated intraperitoneally with dexamethasone (10 mg/Kg body weight), 

whereas 6 mice received diluent on 4, 5 and 6 dpi. To determine the distribution of 
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different cellular populations and their phenotype in peripheral blood circulation, blood 

samples were collected. The PBMCs were stained for different surface molecules using 

fluorochrome labelled antibodies and were then analyzed by Accuri C6 flow cytometer. 

At 7 dpi all the animals were sacrificed and draining PLNs were processed to isolate cells 

which were then analyzed by H-2Kb-SSIFERAL-tetramer for antigen-specific CD8+ T 

cells. The functionality of the cells was determined by intracellular cytokine staining 

assays (ICCS) for the production of cytokines. Surface staining for different molecules 

was performed cytofluorimetrically. The virus titers in footpad tissues were measured by 

plaque forming assays.  

For some experiments, we in vitro stimulated OT-I cells with anti-CD3 and anti-

CD28 for 16 hours and thereafter a fraction of these cells were treated with 1 µM of 

dexamethasone and the other fraction with only the diluent for 1 hour. The cells were 

then washed extensively and transferred in separate groups of animals to measure the 

survival of these cells. The recipient animals were then analyzed for analyzing donor 

cells for different parameters. A recall response of the surviving cells was analyzed by 

infecting recipient animals intranasally with MHV68-M2-SIINFEKL after 30 days of 

transfer. The expanding cells were analyzed 8 days later by flow cytometry. The lung 

samples were analyzed histologically and the virus titration was done.  

Measuring the responsiveness of dexamethasone pre-treated animals to a 

subsequent infection  

Gender matched CD45.1 C57BL/6 mice received 10000 naive and purified OT-I cells. 

The next day these mice were injected with CFA in hind footpad to induce the non-

specific inflammation. After transient (4-6 dpi) treatment of dexamethasone (10 mg/Kg 

body weight) and sham, at day 30 post cell transfer these mice were infected intranasally 

with 2x105 pfu of MHV68-SIINFEKL virus and simultaneously CFA was injected in the 
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hind foot pad. At 10 dpi of MHV68 infection the cell types were analyzed in blood 

circulation and these mice were sacrificed at 11 dpi to collect BAL, mediastinal lymph 

nodes and spleens for cellular analysis. 

In vivo CTL assay 

Splenocytes were collected from naïve gender matched C57BL/6 mice, to make target 

cells. 50% of splenocytes were incubated with 5 µM SSIEFARL peptide at 37 oC for 45 

min. After 2 times of washing, the peptide pulsed cells were stained with high CFSE (5 

µM) whereas un-pulsed splenocytes were stained with low CFSE (0.5 µM). After 

counting both the cell populations were mixed in 1:1 proportion and a total of 1x107 cells 

were injected intravenously into uninfected and 4 dpi of memory recalled gender matched 

C57BL/6 mice. Peripheral blood was collected from recipient mice after 1 hr of transfer 

and analyzed for target cells killing. Assuming that equal numbers of unpulsed and 

peptide-pulsed cells were injected. 

The percent killing of target cells in uninfected animals was determined as: 

[(%CFSElow – %CFSEhigh) x 100]/% CFSElow] 

In infected animals the percent killing of target cells was calculated as: 

Ratio = (% CFSElow /% CFSEhigh). 

% specific lysis = [1- (ratio uninfected/ratio infected) x 100]. 

Histopathology  

Lungs samples were collected from infected mice that were injected with diluent or 

dexamethasone treated cells. The caudal right lobes of lungs from each group of mice 

were fixed overnight at 4 oC in 4% PFA prepared in 10 mM PBS. On next day the lung 

tissues were dehydrated using sucrose gradient (5 - 20% prepared in 10 mM PBS) at 

room temperature and embedded in tissue blocks in OCT compound and frozen at -80oC. 

10 μM tissue sections were prepared using Leica cryotome and slides were stored at -
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20oC until further use. H&E staining were performed. The stained sections were dried at 

room temperature and coverslip were mounted with medium. After drying, the sections 

were photographed on Leica DMi8 microscope and the images were analysed for size and 

scale bar using ImageJ software. 

Plaque forming assays  

To determine the viral load in mice organs (foot pad and lungs), Vero cells were plated in 

24 well plates. Next day, when cells attained 90-100% confluency, tissues were 

homogenized in serum free DMEM. After centrifugation, supernatants were collected and 

different dilutions prepared in serum free DMEM were added onto the monolayers of 

Vero cells. After two hrs, the supernatants were removed and low melting agar prepared 

in 10% DMEM was gently poured on the surface of cells. The plates were incubated at 37 

oC in CO2 incubator for 4-5 days. Once plaques were visible under microscope, cells 

were fixed with 10% paraformaldehyde overnight at RT. Next day the fixation buffer and 

agar plugs were removed to stain the fixed cells with 0.2% crystal violet and the numbers 

of plaques were counted for each dilution. The number plaque forming units per ml of 

solution were calculated as: 

pfu/ml = (No. of plaques/volume plated) x dilution factor 

pfu/ml in target tissue was represented as pfu/gm of the tissue. 

Statistical analysis 

Graph pad prism software version 7 was used for statistical analysis. Data with similar 

variances and having Gaussian distribution were analyzed with two tailed unpaired 

Student’s t-tests. Data not following Gaussian distribution were analyzed with two tailed 

Mann-Whitney U tests. For multiple comparisons two-way ANOVA test with Bonferroni 

post hoc analysis were used. The P value below 0.05 considered as significant. * <0.05, 

** <0.01 and *** <0.001.  
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Results 

 1. Dexamethasone alters the distribution of CD8+ T cells during herpesvirus 

infection. 

Dexamethasone is commonly used as an immunosuppressive therapy for 

managing inflammatory reactions caused by infections. The mechanism by which the 

differentiation of virus-specific CD8+ T cells is affected by such therapies is not known. 

We investigated how a transient treatment with dexamethasone influences different 

immune cell populations in HSV1 infected mice. We observed reduced frequencies and 

numbers of leukocytes (CD45+ cells and CD8+ T cells) in the peripheral circulation (Fig 

2.1A-C and Fig 2.2A-B). The frequencies of CD11b+ myeloid cells within leukocytes 

(CD45+ve cells) were two fold higher in the peripheral circulation of dexamethasone 

treated mice as compared to controls (Fig 2.2A-E). The total numbers of virus-specific 

CD8+ T cells (Kb-gB498-505-tetramer+ve cells) in the peripheral blood were lower but the 

frequencies of tetramer+veCD8+ T cells were more than two fold higher in the 

dexamethasone treated animals as compared to control animals (Fig 2.1A-C). The 

frequencies of tetramer+ CD8+ T cells were more than two fold higher (Fig 2.1D and E), 

but the absolute numbers of CD8+ T cells as well as tetramer+ CD8+ T cells were reduced 

in the draining popliteal lymph nodes (PLNs) at 7dpi in treated group as compared to 

control (Fig 2.1F). We also measured the frequencies and total numbers of cytokine 

producing CD8+ T cells that responded to an immunodominant H-2Kb restricted gB498-505-

(SSIEFARL) peptide of HSV1 using intracellular cytokine staining  (ICCS) assays. 

While the frequencies of IFN-γ+CD8+ T cells were more than two fold higher in drug 

treated animals as compared to controls, there were no significant differences in the 

frequencies of either the TNF-α+CD8+ T cells or the double positive (IFN-γ+TNF-α+) 

CD8+ T cell population between two groups (Fig 2.1G-I). More CD8+ T cells produced 
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IFN-γ on a per cell basis in dexamethasone group as compared to control (Fig 2.1M). The 

frequencies of total degranulating (CD107a+) CD8+ T cells as well as tetramer+veCD107a+ 

were higher in dexamethasone treated animals as compared to controls (Fig 2.1J-K). The 

expression of CD107a was also higher on a per cell basis in dexamethasone group as 

compared to control (Fig 2.1L). The expression of CD107a as well as cytokine 

production by CD8+ T cells are associated with their superior functionality18. Our data 

suggests that under the influence of a transient dexamethasone therapy, residual 

herpesvirus specific CD8+ T cells exhibit greater functionality. We therefore investigated 

whether or not the better functionality of surviving virus-specific CD8+ T cells controls 

viral infection. We quantified the virus loads in the footpads of animals from two groups. 

More replicating virus particles were observed at 7dpi in dexamethasone treated animals 

in comparison to controls (Fig 2.1N). However, by 10 dpi all the animals cleared the 

replicating virus from footpad tissues. Therefore, we conclude that the dexamethasone 

skews the response towards greater frequencies of functional virus-specific CD8+ T cells 

but their total numbers were reduced, which resulted in a delayed viral control.  

Experiments aimed at measuring the influence of different doses of 

dexamethasone on various immune cell population revealed that a 1000 fold lower dose 

(0.01 mg/Kg B Wt) did not change the function and phenotype of different subsets of 

CD8+ T cells, but 100 fold lower doses (0.1 mg/Kg B Wt) demonstrated a trend similar to 

what was observed for 1x dose (10 mg/kg B Wt) in the total numbers and frequencies of 

virus-specific CD8+ T cells. The results were not significantly different for the associated 

effector functions and phenotype of CD8+ T cells isolated from the peripheral circulation 

as well as PLNs (Fig 2.3A-N). Therefore, the observed effects of dexamethasone on 

differentiating herpesvirus specific CD8+ T cells are highly dose dependent.   
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2. Dexamethasone promotes CXCR3 mediated migration of CD8+ T cells to 

inflammatory sites.  

We observed greater frequencies of virus-specific CD8+ T cells but not the 

numbers in HSV1 infected mice receiving a transient dexamethasone treatment as 

compared to diluent controls. We therefore speculated that the observed effects could be 

either because of the drug induced distinct homing pattern in CD8+ T cells or their 

differential survival or a combination of two. That dexamethasone treatment enhances 

CXCR4 mediated migration of naive T cells as well as monocytes was shown earlier, but 

such effects on virus-expanded CD8+ T cells remain unexplored19,20. We therefore 

investigated whether or not dexamethasone modulates the expression of homing 

molecules such as CXCR3, CXCR4, CCR7 and CD103 in virus expanded CD8+ T cells. 

These molecules either help CD8+ T cells to preferentially migrate to tissue sites 

(CXCR3, CXCR4, CD103) or sequester them to lymphoid organs (CCR7). The MFI of 

CXCR4 and CCR7 on HSV1 reactive cells as well as their frequencies were unchanged 

(~11% for CXCR4 and ~1% for CCR7) in the peripheral blood and (~6% for CXCR4 and 

45% for CCR7) in the PLNs of both the groups (Fig 2.5). The frequencies of CXCR3+Kb-

gB495-505-tetramer+veCD8+ T cells were significantly higher in dexamethasone treated 

mice (83%) as compared to controls (72.4%) in PBMCs and so were the MFI values for 

CXCR3 on Kb-gB495-505-tetramer+ve (~1.5 fold higher) (Fig 2.4A-C). Interestingly, the 

proportions of CXCR3+Kb-gB495-505-tetramer–veCD8+ T cells were also higher in 

dexamethasone (46%) as compared to control (33%) group (Fig 2.4A-B). The expression 

of CXCR3 on a per cells basis was also higher on Kb-gB495-505-tetramer+veCD8+ T cells in 

PBMCs of dexamethasone group as compared to control (Fig 2.4C). Not only in the 

peripheral blood but also in the draining popliteal LN, more frequencies of CXCR3+Kb-

gB495-505-tetramer+veCD8+ T cells (66% in dexamethasone group vs 49% in sham group) 
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as well as higher MFI values for CXCR3 expression were observed for dexamethasone 

group (Fig 2.4D-F). Kb-gB495-505-tetramer-veCD8+ T cells also had higher expression of 

CXCR3 on a per cell basis in dexamethasone treated mice as compared to controls (Fig 

2.4F). The moderate alteration in the percent positive cells in draining LNs CD8+ T cells 

could suggest that a majority of CXCR3+CD8+ T cells might have migrated to tissue 

sites. A further phenotypic analysis of virus-specific CD8+ T cells in HSV1 infected mice 

revealed a greater proportions of KLRG1-CD103+Kb-gB498-505-tetramer+veCD8+ T cells in 

the draining LNs of dexamethasone treated animals as compared to those of controls 

(~1.5 fold higher, Fig 2.4G-I). Similarly, the MFI values for CD103 integrin were higher 

but for KLRG1 were lower in Kb-gB498-505-tetramer+veCD8+ T cells isolated from 

dexamethasone group (Fig 2.4J). Some have showed that activated CD8+ T cells that are 

likely to give rise to tissue resident memory precursor cells display a similar phenotype 

(i.e. CD103+KLRG1-)21. Therefore, a transient treatment with dexamethasone causes 

virus-expanded CD8+ T cells to preferentially home to tissue sites. 

The migration of CD8+ T cells to inflammatory tissues was promoted by their 

expression of CXCR3 was elucidated by our additional experiments that involved 

administration of neutralizing anti-CXCR3 antibody in infected and dexamethasone 

treated mice (Fig 2.6). 10x103 OT-I cells were transferred into mice followed by their 

intranasal infection with MHV68 SIINFEKL. On 6 and 7dpi mice were treated with 

dexamethasone. Some of the dexamethasone treated animals were additionally injected 

with a neutralizing anti-CXCR3 antibody22. The responses were measured in the 

peripheral circulation, bronchoalveolar lavage samples, draining mediastinal LNs and 

spleens (Fig 2.6A). Upto 3 fold more Kb-SIINFEKL-tetramer+veCD8+ T cells (13% in 

dexamethasone gp vs 4% in sham Tx gp) were recovered from the peripheral blood (Fig 

2.6B and C) and upto 3 fold more from the bronchoalveolar tissue lavages (Fig 2.6D and 



74 
 

E) of dexamethasone treated animals as compared to the sham group (26% in dexa Tx vs 

9% in sham Tx gp). The frequencies of Kb-SIINFEKL-tet+ve CD8+ T cells increased 

moderately in the spleens of dexamethasone treated group as compared to control but no 

significant differences were observed in their frequencies in the draining mediastinal LNs 

of two groups of animals (Fig 2.6F-I). This further corroborated our findings that specific 

upregulation of chemokine receptors by dexamethasone treated CD8+ T cells induces 

their exit from lymphoid organs and migration to periphery. The administration of anti-

CXCR3 antibodies alongside dexamethasone drastically reduced the frequencies of 

antigen-specific (Kb-SIINFEKL-tetramer+ve) CD8+ T cells in peripheral blood and 

bronchoalveolar lavages and the frequencies reached similar levels as observed for sham 

treated group (Fig 2.6B-E). The antibody therapy simultaneously increased the 

frequencies of Kb-SIINFEKL-tetramer+veCD8+ T cells in spleens and draining mediastinal 

LNs (Fig 2.6F-I). Therefore our data strongly suggest that dexamethasone induced 

upregulation of CXCR3 mediated CD8+ T cells migration to inflammatory tissue site. We 

also considered the possibility that a reduced migration of CD8+ T cells would lead to an 

inefficient viral control. The replicating virus was quantified in lung tissues of animals 

from different groups. While significantly different, but slightly more replicating virus 

load was present in the lung tissues of dexamethasone group as compared to sham treated 

group (more than 2 fold), the viral burden increased greatly (more than 20 fold) in 

antibody-injected animals (Fig 2.6J).  

Taken together, our results demonstrate that dexamethasone enhances the 

expression of chemokine receptors CXCR3, on CD8+ T cells to facilitate their migration 

to the infection sites.  
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3. Dexamethasone preferentially induces apoptosis of naive CD8+ T cells. 

The observed skewed frequencies of CD8+ T cell subsets in the dexamethasone 

treated mice could also be due to their differential survivability. To explore this 

possibility we isolated draining popliteal LN cells from HSV1 infected animals in the 

acute phase of response and exposed these cells to graded doses of dexamethasone (0.1, 1 

and 10 µM). Some of the cells were pretreated with mifepristone, a specific competitive 

inhibitor of glucocorticoid receptors23. Dexamethasone induced the apoptosis of CD8+ T 

cells in a dose dependent manner and the effect was significantly rescued by their pre-

treatment with mifepristone (Fig 2.7A and B). We then measured the apoptosis (annexin 

V+ve) in different subsets of CD8+ T cells isolated from HSV1 infected mice and 

subsequently exposed to dexamethasone. While the virus-specific activated CD8+ T cells 

(tetramer+veCD44hi CD8+ T cells) were not affected by dexamethasone (84.8 ± 3.45% in 

sham vs 83.3 ± 2.5% annexin V+ve in dexa gp), a significant proportion of naive CD8+ T 

cells (tetramer-veCD44loCD8+ T cells) exhibited an enhanced apoptosis (48.5 ± 7.1% in 

sham vs 89.9 ± 1.2% annexin V+ve in dexa group) after 24 hrs (Fig 2.7C upper and lower 

panel, 2.7D-F). Tetramer-veCD44hiCD8+ T cells were also killed to a greater extent in 

similar experiments (57.3 ± 4.7% annexin V+ve cells in sham vs 81.7 ± 1.2% annexin 

V+vecells in dexamethasone group) (Fig 2.7C middle panel and F). We however observed 

differences in the kinetics of apoptosis among tetramer+veCD44hiCD8+ T cells and 

tetramer–veCD44hiCD8+ T cells (Fig 2.7E and F). Tetramer–veCD44hiCD8+ T cells 

constitute a heterogeneous population of cells with some reactive to the viral epitopes 

other than SSIEFARL, or other cells in different stages of their activation and 

differentiation states. Therefore, some of these cells could exhibit relatively different 

susceptibility to dexamethasone-induced apoptosis (Fig 2.7E and F). A prior treatment of 

mifepristone greatly rescued susceptible CD8+ T cells from drug induced for both CD44lo 
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and CD44hi but tetramer-ve at all the time points investigated (Fig 2.7B-F). This suggested 

that the receptor ligation is crucial for the observed effects.  

In order to test whether or not ex vivo results could be recapitulated in vivo, we 

measured the dexamethasone induced differential killing of naïve and activated CD8+ T 

cells using an adoptive transfer approach. CD8+ T cells were activated in vitro using co-

receptor stimulation. More than 80% cells were CD69+. The activated cells and the 

freshly isolated naïve CD8+ T cells (both being CD45.1+ve) were labeled with two 

different concentrations of CFSE (CFSEhi and CFSElo) and their equal numbers were 

transferred into CD45.2 congenic mice. One group of recipient mice was administered 

with dexamethasone and the surviving CD45.1+ve cells frequencies were measured (Fig 

2.7G). Only a single dose of dexamethasone (10 mg/Kg B Wt) significantly reduced 

transferred naïve CD8+ T cells as compared to their activated counterparts (Fig 2.7H-I). 

This confirms the enhanced susceptibility of naïve cells to dexamethasone-induced 

apoptosis. Varying frequencies of surviving naive cells in different lymphoid organs 

could be due to differential bioavailability of the injected drug. However this issue was 

not investigated further.  

We conclude that the susceptibility of naive cells to dexamethasone-induced 

apoptosis could contribute to a skewed response pattern towards virus-specific CD8+ T 

cells in HSV1 infected mice that received a transient dexamethasone therapy. While the 

virus expanded CD8+ T cells resist apoptosis, naïve cells are more prone to 

dexamethasone induced apoptosis. 

4. A transient dexamethasone therapy compromised hosts’ ability to respond to a 

subsequent infection. 

Having demonstrated that dexamethasone preferentially kill naive CD8+ T cells, 

we tested whether such a scenario would have functional consequences and compromises 
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host’s ability to generate an efficient antigen-specific CD8+ T cells immunity to a 

subsequent infections. A schematic of these experiments is shown in Figure 2.8A. We 

transferred 10x103 OT-I cells (CD45.2+ve) in CD45.1+ mice one day prior to injecting 

with complete Freund’s adjuvants (CFA) in their hind footpads to induce a non-specific 

inflammatory response whose severity could be controlled by dexamethasone therapy. 

This could serve as a surrogate mimic to clinical situations that would call for a 

corticosteroids therapy. One group of mice was then given a transient dexamethasone 

treatment on 4-6 day post CFA injection and another group was injected with the diluent 

only. We hypothesized that if indeed a prior administration of dexamethasone for a short 

duration reduced the frequencies of naïve OT-I cells and in the absence of their de novo 

generation by hematopoiesis, a subsequent MHV68-SIINFEKL virus infection would 

inefficiently expand such cells. After 30 day of OT-I cell transfer, we infected these 

animals with MHV68-SIINFEKL virus through intranasal route to measure the response 

of persisting donor cells. CFA was again injected in their hind footpads to neutralize the 

effect of a local inflammation induced by the virus in the respiratory tract that could 

potentially alter cellular homing irrespective of their antigen driven responsiveness. 

Donor Kb-SIINFEKL-tetramer+veCD8+ T cells (CD45.2+ve) were indeed recruited to a 

lesser extent in the peripheral blood (18% in sham Tx group vs 12% in dexa Tx group; 

reduced by 1.5 fold), bronchoalveolar lavage (BAL) (23% in sham Tx group vs 11% in 

dexa Tx group; reduced by more than 2 fold) and spleens (14% in sham Tx group vs 6.7% 

in dexa Tx group; reduced by more than 2 fold) (Fig 2.8B and C). The total numbers of 

Kb-SIINFEKL-tetramer+veCD8+ T cells were reduced by three fold in the peripheral 

circulation and two fold lower in the spleens and mediastinal LNs of dexamethasone 

treated animals as compared to controls (Fig 2.8D and E). Not only the magnitudes but 

also IFN-γ+CD45.2+ cells were lower in the spleens (up to 1.5 fold) of dexamethasone 
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group as compared to the sham treated mice (Fig 2.8F-H). No significant differences 

were observed in the frequencies of TNF-α producing CD8+ donor T cells in the sham 

and dexa treated animals (Fig 2.8F - lower panel, 2.8I and 2.8J).   

Thus, our results show that dexamethasone induces a preferential elimination of 

naïve cells, critical for controlling the subsequent infection and in doing so hosts’ ability 

to mount an efficient anti-viral CD8+ T cell immunity is compromised.  

5. Virus-specific CD8+ T cells modulate the expression of glucocorticoid receptor, 

Nr3c1 during their differentiation.  

Dexamethasone acts primarily through receptor Nr3c14,5. We, therefore measured 

whether herpesvirus expanded CD8+ T cells modulate their Nr3c1 expression levels to 

account for their observed characteristics such as differential susceptibility to 

dexamethasone induced apoptosis or their preferential migration pattern. We analyzed 

naive and activated TCR transgenic OT-I cells, TCR transnuclear (TN) MHV68-ORF8 

specific cells as well as endogenous CD8+ T cells that were expanded in the course of 

infections by γ-(MHV68-M2-SIINFEKL) and α-(HSV1) herpesviruses to establish a 

causal association of Nr3c1 expression to dexamethasone induced effects. We considered 

the possibilities that CD8+ T could respond differently depending on the affinity of their 

antigen receptor, the procedures used for their genesis, pathogen specific elements, the 

microenvironment in which such cells get activated as well as their functional and 

phenotypic heterogeneity. In the first set of experiments, OT-I cells were transferred in 

C57BL/6 mice followed by their infection with MHV68-M2-SIINFEKL. On 10 dpi, 

different subsets of CD8+ T cells were FACS sorted. Sorted CD8+ T cell population were: 

CD44hiKb-SIINFEKL-tetramer+veCD8+ T cells, CD44hiKb-SIINFEKL-tetramer+veCD8+ T 

cells and un-activated CD44loKb-SIINFEKL-tetramer+veCD8+ T cells (Fig 2.9A). The 

purity of different subsets of CD8+ T cells were more than 98% (Fig 2.10A). MHV68 
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expanded cells down regulated Nr3c1 mRNA levels by 1.5 fold as compared to the un-

activated cells (Fig 2.9B). MHV68 virus infection expanded transnuclear (TN) CD8+ T 

cells specific to an epitope of the wild type virus (Kb-ORF8-(KNYIFEKL)-

tetramer+veCD8+ TN T cells) also showed a 2 fold down regulation of Nr3c1 expression 

as compared to their naïve counterparts when measured by RNAseq (Fig 2.9C)24. The 

expression of Nr3c1 and other molecules associated with CD8+ T cell activation and 

differentiation were also simultaneously measured for endogenous virus-specific CD8+ T 

cells isolated from HSV1 infected mice in the acute phase of their response at 7 dpi (Fig 

2.9D and E). The expression levels of Bcl2, an anti-apoptotic molecule; PD1, a molecule 

that was initially found upregulated in cells undergoing apoptosis25; the chemokine 

receptor CXCR3 that facilitates cellular migration to inflammatory tissues26,27 as well as 

transcription factors, such as Tbet and Eomes, that control differentiation of CD8+ T 

cells28 were measured. Tbet also regulates CXCR3 and IFN-γ expression in virus-specific 

CD8+ T cells27,29. The cross-contamination in sorted populations was less than 0.5% (Fig 

2.10). While the expression of Nr3c1 was ~2 fold lower in activated Kb-gB495-505-

tet+CD44hiCD8+ T cells as compared to naïve cells (Fig 2.9E), Bcl2 expression was ~2 

fold higher in these cells (Fig 2.9E). A fraction of activated cells differentiate to become 

long-lived memory cells, therefore an up regulation of Bcl2 was not surprizing.  Antigen 

reactive Kb-gB495-505-tetramer+veCD44hi CD8+ T cells also upregulated PD1 by 28 fold, 

CXCR3 by 70 fold, Tbet by 24 fold and the Eomes by two fold (Fig 2.9E). Similar results 

were reported in earlier studies24,30–32. 

 Our earlier data showed that Kb-gB495-505-tetramer-veCD44hiCD8+ T cells also 

showed enhanced apoptosis as a result of dexamethasone exposure (Fig 2.7C-F). This 

population is likely to carry an effector memory population as well. Therefore, we 

compared the expression levels of Nr3c1 in naïve, activated as well as HSV1-specific 
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CD8+ T cells in the memory stage at 60 dpi. Antigen reactive Kb-gB495-505-

tetramer+veCD44hiCD8+ T cells at 60dpi expressed relatively higher levels of Nr3c1 as 

compared to those in the acute phase of their response and their expression levels were 

not significantly different from the naïve cells (Fig 2.9F). The expression pattern of 

Nr3c1 could also suggest that both naïve and memory cells formed by a resolving 

infection could similarly respond to an exposure to dexamethasone. This could lead to an 

attrition of immunological memory generated in response to a previous infection or 

immunization as a consequence to dexamethasone therapy. We therefore evaluated 

whether dexamethasone could also cause the apoptosis of memory cells generated during 

HSV1 infection. Draining LN cells were collected from HSV1 infected mice (30 dpi) and 

treated with 1 µM conc. of dexamethasone. In some of the wells mifepristone pre-treated 

cells were added. After 8 hrs of incubation, Kb-gB495-505-tetramer+ve and Kb-gB495-505-

tetramer-veCD8+ T cells were analysed for the frequencies of annexin V+ve cells (Fig 2.9G 

and H). Virus specific memory CD8+ T cells (tetramer +veCD8+ T cells) exhibited 

enhanced apoptosis (10.5 ± 1.2% in sham vs 35.1 ± 2.5% annexin V+ in dexa group; 3 

fold increase) after 8 hrs (Fig 2.9G upper panel and H). Tetramer-veCD8+ T cells were 

also displayed greater apoptosis in similar experiments (40.3 ± 2.7% in sham vs 73.4 ± 

3.2% annexin V+vecells in dexamethasone group; >1.5 fold increase) (Fig 2.9G lower 

panel and H).  

Taken together, our results show that CD8+ T cells differentiating during 

herpesviruses infection tightly regulate their Nr3c1 expression. While the virus expanded 

cells downregulate Nr3c1 as compared to naïve cells, memory cells regain the expression. 

Moreover, the expression pattern of Nr3c1 is directly proportional to their susceptibility 

to dexamethasone induced apoptosis and hence naïve and memory cells are more prone to 

their elimination by even a transient dexamethasone therapy.  
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6. A transient dexamethasone treatment causes bystander activation of CD8+ T cells. 

To get further insights into the differentiation of virus-specific CD8+ T cells under 

the influence of a transient corticosteroid therapy, we measured mRNA levels of different 

molecules in HSV1 specific (Kb-gB495-505-tetramer+veCD44hi) and HSV1 non-responsive 

(Kb-gB495-505-tetramer–veCD44lo) CD8+ T cells isolated from infected mice that were 

either treated with dexamethasone or given a sham treatment (Fig 2.11A).  The cross 

contamination in sorted cells was less than 0.5 % (Fig 2.10C). Although Kb-gB495-505-

tetramer+ve CD44hiCD8+ T cells downregulated Nr3c1 expression (Fig 2.9D,F) but 

dexamethasone did not alter its expression further in either cell types (Fig 2.10C,D). The 

expression levels of Bcl2 and Eomes also did not change significantly in the two cell 

populations isolated from dexamethasone treated and control animals (Fig 2.10C, E and 

F). Naïve CD8+ T cells upregulated PD1 to a staggering 10 fold but its expression 

remained unaltered in CD44hi Kb-gB495-505-tetramer+veCD8+ T cells isolated from control 

and dexamethasone treated mice (Fig 2.11B). PD1 expression is induced in TCR or the 

co-receptor stimulated cells33. Therefore an enhanced expression of PD1 in naïve CD8+ T 

cells was rather surprizing and could suggest for their alternate activation program 

induced by dexamethasone. CXCR3 was also further up regulated both in activated Kb-

gB495-505-tetramer+veCD44hiCD8+ T cells (by 2 fold) and naïve cells (by more than 5 

folds) isolated from dexamethasone treated group as compared sham treated cells (Fig 

2.11C). The transcription factor, Tbet, which governs the differentiation of CD8+ T cells 

and also plays a role in controlling CXCR3 was upregulated both in CD44hiKb-gB495-505-

tetramer+veCD8+ T cells (1.3 fold) and naïve cells (more than two folds) of 

dexamethasone treated group as compared control (Fig 2.11D). These results suggest that 

dexamethasone not only induces a specific transcriptional program in antigen responsive 
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cells but also activates naïve cells to acquire an alternate transcriptionally regulated 

phenotype that could suggest for their apparent bystander activation.  

 We further tested whether or not dexamethasone treatment could activate CD8+ T 

cells independent of their TCR ligation. We transferred 5x106 OT-I cells (obtained from 

naïve OT-I x Rag1-/- mice, CD45.2+ve) in congenic mice (CD45.1) one-day prior to their 

administration of dexamethasone. Some animals were given sham treatment only. One 

dose of dexamethasone was injected, as the aim of these experiments was to investigate 

the activation profile of CD8+ T cells rather than inducing their apoptosis. Both the donor 

and the endogenous CD8+ T cells were then analyzed for activation markers such as 

CD69, PD1, KLRG1 and CXCR3 by flow cytometry (Fig 2.11E-M). The frequencies of 

OT-I cells (CD45.2+) in control and dexamethasone treated groups were ~2% and 1.2% 

respectively (Fig 2.11F and G). These observations were in accordance with our data 

shown in figure 2.7G-I. Both the endogenous (5% in sham Tx vs 11% in dexa Tx) and 

donor OT-I cells (3.5% in sham Tx vs 17% in dexa Tx) up regulated CD69 in response to 

dexamethasone treatment as compared to those from control group (Fig 2.11H and I). The 

expression of KLRG1, an activation marker for CD8+ T cells, was also upregulated by 

approximately two fold in donor OT-I cells (10% in sham Tx vs 20% in dexa Tx) and 1.5 

fold (4% in sham Tx vs 6 % in dexa Tx) in endogenous cells isolated from the drug treated 

group as compared to those from sham treated (Fig 2.11J and K). Upto 7 fold more OT-I 

cells upregulated PD1 (2% in sham Tx vs 15 % in dexa Tx) in response to dexamethasone 

treatment (Fig 2.11L and M). A large majority of PD1 positive cells also expressed 

CXCR3 (Fig 2.11N and O).  

The results described in this section demonstrate that dexamethasone could 

potentially activate naïve CD8+ T cells in the absence of overt antigen stimulation. 

However the physiological relevance of such processes is yet to be discovered.   
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7. A brief exposure of activated CD8+ T cells to dexamethasone alters their 

proliferating potential and conversion into effector memory cells. 

 We investigated whether or not dexamethasone exposure of activated CD8+ T 

cells influences their potential to form memory cells. Treatment of mice with 

dexamethasone causes the apoptosis of precursor naïve cells, some of which are also 

likely to get recruited during the course of viral infection and make a transition to become 

memory cells. Therefore, the overall magnitude of memory cells might not be different in 

control and dexamethasone treated groups. Our results indeed confirmed this notion as 

we did not find significantly different numbers of memory cells in the two groups (Fig 

2.12). However, a significantly higher proportion of CD8+ T cells (both Kb-gB495-505-

tetramer+ve and Kb-gB495-505-tetramer-ve) isolated from HSV1 infected mice expressed 

Ki67, a marker for dividing cells, in the peripheral blood samples of dexamethasone 

treated animals as compared to those in controls (Fig 2.13 A-D). Thus ~1.5 fold more 

tetramer+ve (60% in sham Tx vs 78% in dexamethasone Tx gp) and 2 fold more tetramer-ve  

(21% in sham Tx vs 41% in dexamethasone Tx gp) cells expressed Ki67 in the blood 

samples of dexamethasone treated gp as compared to control (Fig 2.13B-D). Similarly, a 

greater proportion of tetramer+ve CD8+ T cells acquired a phenotype of CD127+veKLRG1- 

(35% in sham vs 50% in dexamethasone gp) (Fig 2.13E,F). This phenotype of CD8+ T 

cells has been shown to predominantly give rise to memory cell populations30,34. The 

analysis of draining mediastinal LNs cells also showed that a significantly higher 

proportions of tetramer+veCD8+ T cells expressed Ki67 in dexamethasone treated animals 

as compared to controls (Fig 2.13G-I). But the expression levels of Ki67 by tetramer-

CD8+ T cells and CD127 or KLRG1 by tetramer+ve CD8+ T cells were similar in the two 

groups (Fig 2.13G-K). The possible reason for this anomaly could be attributed to the exit 

of cells from lymphoid tissues due to their enhanced CD103 and CXCR3 expression 
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(Fig 2.4). Therefore, dexamethasone-induced greater proliferative potential and 

acquisition of a phenotype associated with memory precursor cells led us to believe that 

dexamethasone treatment could promote memory generation.   

We used an adoptive transfer approach to test this possibility. In vitro stimulated 

CD8+ T cells (OT-I cells) were either exposed for one hour to dexamethasone or to 

diluent. Equal numbers of these cells were then separately transferred in gender-matched 

mice and their fates were tracked in the recipient animals subsequently (Fig 2.14 and Fig 

2.15). More than 90% of the in vitro stimulated cells were CD69+ve, suggesting for their 

activation (Fig 2.14H). More than two fold higher frequencies as well as numbers were 

obtained for dexamethasone treated cells in comparison the control cells (Fig 2.14B-D). 

Furthermore, the dexamethasone-exposed cells expressed more Ki67 on a per cell basis 

(Fig 2.14E-G). We then investigated their recall potential by infecting animals with 

MHV68-SIINFEKL (Fig 2.15A). The frequencies of transferred cells were similar in the 

circulation for control and dexamethasone treated cells (Fig 2.15B-D). After 30 days of 

transfer, all the animals were infected with MHV68-SIINFEKL to induce a recall 

response of the surviving OT-I cells. Expanded cells were analyzed in different lymphoid 

organs and BAL samples eight days later (Fig 2.15E-I).  Significantly greater frequencies 

and numbers of dexamethasone pre-treated Kb-SIINFEKL-tetramer+ve CD8+ T cells were 

found in the BAL and spleens as compared to the cells only treated with diluent (Fig 

2.15E-I). Slight but significantly increased frequencies and numbers of Kb-SIINFEKL-

tetramer+ve cells were also found in the mediastinal LNs of animals that received 

dexamethasone treated cells (Fig 2.15F and I). We did not find the increase in either the 

frequencies or their numbers in cervical LNs (Fig 2.15L-N). Greater numbers of IFN-γ 

producing CD8+ T cells in response to SIINFEKL stimulation were recovered from the 

group that received dexamethasone treated cells as compared to diluent treated cells (Fig 
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2.15O-R). The greater magnitudes and effector cytokine producing CD8+ T cells also led 

to a better viral control in the animals receiving dexamethasone treated cells as compared 

to those administered with only diluent treated OT-I cells. Thus more than 20 fold more 

replicating viral particles were present in animals receiving only diluent treated cells as 

compared to those that received dexamethasone treated cells (Fig 2.15J).  We also 

analyzed the lung tissue sections histologically. Animals receiving dexamethasone treated 

OT-I cells displayed lesser disruption in the integrity of lung parenchyma, lesser cellular 

infiltrates and more alveolar spaces as compared to those receiving diluent treated OT-I 

cells (Fig 2.15K).  

Taken together, our results suggest that stimulated CD8+ T cells that were briefly 

exposed to dexamethasone have a greater propensity to populate and survive in the host 

that can be recalled to a greater extent upon secondary infection. A greater proportion of 

these cells were able to migrate to infection sites, controlled viral infection better and 

help maintain tissue integrity.      

Discussion 

Immunosuppressive glucocorticoids are commonly used to control 

immunoinflammatory reactions caused by infections, autoimmune diseases and some 

cancers. The long lasting bioactive synthetic analogs of glucocorticoids act through 

Nr3c1 receptors that are ubiquitously expressed by most immune cells. The receptor 

ligation induces its translocation to nucleus to alter gene expression pattern in the 

responding cells to execute various anti-inflammatory functions. We explored the 

influence of a transient treatment of dexamethasone on differentiating virus-specific 

CD8+ T cells in herpesvirus-infected mice. The virus-expanded CD8+ T cells resisted 

dexamethasone induced apoptosis. A greater propensity of naïve and memory CD8+ T 

cells to undergo dexamethasone-induced apoptosis as compared to virus-specific 



86 
 

activated cells directly correlated with their higher nr3c1expression levels. More of the 

persisting virus-specific CD8+ T cells produced effector molecules and preferentially 

homed to inflammatory tissue sites owing to their expression of CD103 and CXCR3. The 

CXCR3 expression induced by dexamethasone promoted their migration to inflammatory 

tissue sites was shown by anti-CXCR3 neutralizing antibody that greatly reduced their 

migration to periphery. Surprisingly, virus unresponsive CD8+ T cells exposed to 

dexamethasone also up regulated molecules such as CD69, KLRG1, CXCR3, PD1 and 

the transcription factor (Tbet), which are commonly associated with TCR stimulation of 

CD8+ T cells. Therefore, dexamethasone could potentially contribute to bystander 

activation of CD8+ T cells. Interestingly, a brief exposure of dexamethasone to activated 

cells enhanced their proliferation and transition into functionally protective memory cell 

populations that could be efficiently recalled by a subsequent infection.   

 The animals receiving dexamethasone therapy only for a short duration mounted a 

subdued virus-specific CD8+ T cell response later on. A reduction in the precursor 

frequencies of naïve cells could be the likely reason. This scenario could have 

considerable implication for patients with hematopoietic deficiencies where the output of 

specific CD8+ T is limited. Therefore the available pool of naïve CD8+ T cells could be 

greatly reduced as a consequence of corticosteroid therapy. Similarly immunosuppressive 

corticosteroids are likely to make organ transplant patients or those with autoimmune 

conditions more susceptible to infections encountered subsequently. Of note in many of 

these situations corticosteroids are usually prescribed2,35. Therefore, a therapeutic 

regimen involving the use of corticosteroids has to be carefully evaluated in the backdrop 

of their ability to induce a less efficient immune response in the host later on. Another 

situation where these observations would be of relevance and worth a revisit is in aged 

individuals, who invariably have a compromised hematopoiesis and thymopoiesis. Our 
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findings that dexamethasone causes the depletion of a pre-existing virus-specific memory 

CD8+ T cells could also be of major interest to vaccinologists. Thus, memory cells reside 

in the host for longer duration and provide a pool of cells to effect a quick protection 

against re-exposure with the same pathogen36–38. If such a pool is eliminated, the host 

could become greatly susceptible to re-emerging infections to which one would otherwise 

give little importance.  

We demonstrate a pronounced activity of viral reactive CD8+ T cells during an 

ongoing infection from animals receiving a transient dexamethasone treatment. This was 

evident both in terms of their enhanced ability to produce secretory effector molecules 

such as IFN-γ and CD107a, in addition to their up regulation of molecules such as 

CXCR3 and CD103 that facilitate cellular migration to inflammatory sites (Fig 2.1, 2.4 

and 2.6)26. While both of these properties of CD8+ T cells are considered favorable in 

providing a better anti-viral defense but the purpose for which corticosteroid therapy is 

prescribed would be defeated. Thus, inflammatory cell migration to inflamed tissue sites 

may not achieve the intended anti-inflammatory effects. CD8+ T cells exposed to 

dexamethasone in the absence of an overt TCR stimulation up regulated activation 

markers such as CD69, KLRG1, PD1 and CXCR3 in addition to the transcription factor, 

Tbet. Therefore it could be speculated that corticosteroids or the endogenous 

glucocorticoids might induce a bystander T cell activation of CD8+ T cells independent of 

their specific TCR ligation. Not only the chemokine receptor, CXCR3 triggers CD8+ T 

cells to migrate to inflamed tissue site but is also responsible for the generation of short-

lived effector cells as is also suggested by their high expression of KLRG126–28. It is 

likely that a simultaneous engagement of TCR expressed by CD8+ T cells and nr3c1 

ligation mediates a speciation program to facilitate their better functionality at 

inflammatory tissue sites, while CD8+ T cells not able to receive signals through TCR 
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undergo a preferential glucocorticoid induced apoptosis (Fig 2.7). The expression of both 

CXCR3 and PD1 would suggest that to be the likely scenario as both of these molecules 

are associated with short-lived effector cells28. Alternatively, while the antigen-driven 

activation of CD8+ T cells predominantly provide a protective role and help remove the 

infection, a bystander activation of cells could contribute significantly to a tissue 

damaging response before the demise of such cells. Whether such activated cells could 

have either protective or pathological roles is not evident yet and constitutes part of our 

ongoing studies. However, it points to a larger question, whether or not endogenous 

glucocorticoids, which are commonly produced during many virus infections, 

tumorigenesis and autoimmune diseases could play a yet unexplored but potentially 

critical role in dictating the fate and function of antigen-specific CD8+ T cells or those 

activated independent of their TCRs. This issue has been well documented for CD4+ T 

cell activation during herpesvirus infections13,39,40. A recent study provided evidence that 

in tumor bearing patients, CD8+ T cells that are not specific to tumor antigen but to many 

unrelated antigens infiltrate to tumor tissues and many such cells also produced effector 

molecules41. Furthermore, it is well known now that subsequent to a virus infection, the 

host becomes more susceptible to secondary infections and the potential reduction of 

granulocytes could account for such a susceptibility phenotype42. Whether or not 

elimination of naïve cells by the activity of endogenous glucocorticoids could contribute 

to the enhanced susceptibility of host to subsequent infections remains less explored and 

could indeed be one of the key factors.   

The levels of glucocorticoids in the microenvironment could also affect the 

magnitude of effector cells and memory precursor cells and could impart them with a 

distinct phenotype (Fig 2.13 and 2.15). We did not find significantly more virus-specific 

memory cells in dexamethasone treated as compared to controls in HSV1 infected mice 
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(Fig 2.12). This could either be explained by large animal to animal variations or it can be 

attributed to the pleotropic effects of dexamethasone such as an induction of apoptosis of 

naïve CD8+ T cells. Apoptosis would reduce the availability of overall antigen-reactive 

cells thereby giving rise to a limited pool of effector cells some of which make memory. 

However, the magnitudes of virus-specific memory CD8+ T cells in two groups were 

similar suggesting that in fact more cells might differentiate into memory cells under the 

influence of dexamethasone. Alternatively, the overall variation of available antigen in 

the two groups could stimulate newly generated cells to become activated and eventually 

some also contributing to the memory pool.  In order to account for all these possibilities, 

we contrived a system where only activated cells were briefly exposed to dexamethasone 

and then adoptively transferred into mice. In these experiments we did find that 

dexamethasone treated activated cells gave rise to memory cells that were protective 

when recalled by a subsequent infection. A phenotype that is likely to give rise to tissue 

resident memory cells was also evident among virus-specific CD8+ T cells in 

dexamethasone treated mice (Fig 2.4G-J). For many infections this population serves as 

the initial responder and eventually help resolve the infection quickly13,21,43.  

Glucocorticoids levels in the microenvironment could serve as a potentially 

important factor to help dictate a specific differentiation program of CD8+ T cells and 

possibly other cell types as well. The relative expression levels of transcription factors, 

Tbet and Eomes, regulates differentiating effector and memory cells populations during 

some infections29. Naïve or the activated CD8+ T cells isolated from dexamethasone 

treated animals did not show alteration in Eomes mRNA levels but that of Tbet was 

induced greatly. This could suggest for the critical contribution of endogenous 

glucocorticoids present in the microenvironment during infection in deciding the 

speciation program of T cells44,45. Clearly a thorough investigation is essential to better 
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understand such issues that influence disease outcome during infections. Many of these 

issues are currently under investigation. A very recent study implicated the role of 

endogenous glucocorticoids in NK cells activation during some herpesvirus 

infections46,47. Not only during pathological but also during physiological situations the 

levels of corticosteroids change and whether this could serve as one potential variable in 

T cells speciation program to subsequent infection could also be a topical issue for 

investigation. 

Our study could have many implications i.e., i) dexamethasone induced 

differentiation program in CD8+ T cells that limits intended acute anti-inflammatory 

effects ii) dexamethasone could enhance the host susceptibility to subsequent infections 

as it depletes innocuous naïve cells iii) dexamethasone could potentially cause an attrition 

of pre-existing immunological memory generated either as a result of a natural infection 

or vaccination iv) optimized exposure of recently activated CD8+ T cells to 

immunosuppressive corticosteroids could enhance their proliferative capacity and 

transition into memory cells that efficiently home to infected tissue sites to control 

intracellular infections (Fig 2.16). Therefore, unharnessed potential of 

immunosuppressive corticosteroids or their synthetic analogs could be tapped into 

improved antigen-specific memory CD8+ T cells generation. 
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Fig. 2.1 Dexamethasone therapy induces altered response in HSV1 infected animals. 

C57BL/6 mice were infected with HSV1-KOS (5x105 pfu/foot pad) and were then injected with 

the diluent or dexamethasone (10 mg/Kg Bwt) intraperitoneally from 4 to 6 dpi. Distribution and 

phenotype of immune cells were analyzed in the peripheral blood circulation at 6 dpi (A-C) and 

draining popliteal lymph node (PLN) at 7 dpi (D-M). A. Representative FACS plots from two 

groups show the frequency and phenotype of HSV-1 specific (H-2Kb-gB498-505-Tet+) CD8+ T cells 

in the peripheral circulation. B. Bar diagrams show the frequencies of total CD8+ T cells out of 

CD45+ leukocytes and HSV1 specific (H-2Kb-gB498-505-Tet+) CD8+ T cells in peripheral blood. C. 

Bar diagrams show the numbers of CD8+ T cells and HSV1-specific (H-2Kb-gB498-505-Tet+) CD8+ 

T cells per ml of blood. D. Representative FACS plots from two groups show the frequencies of 

HSV1 specific (H-2Kb-gB498-505-Tet+) CD8+ T cells among CD45+ leukocytes present in draining 

popliteal LNs. E. Percentage of total CD8+ T cells and HSV1 specific (H-2Kb-gB498-505-Tet+) 

CD8+ T cells among CD45+ leukocytes present in draining popliteal LNs are shown by bar 

diagrams. F. Total numbers of CD8+ T cells and HSV1 specific (H-2Kb-gB498-505-Tet+) CD8+ T 

cells among CD45+ leukocytes present in draining popliteal LNs are shown by bar diagrams. G-I 

& M. ICCS assays were performed by stimulating PLN cells with SSIFERAL peptide to measure 

cytokine producing CD8+ T cells in the PLNs of HSV1 infected and dexamethasone treated 

animals. The percentages and numbers of cytokine producing CD8+ T cells in PLN are shown by 

representative FACS plots (G) and bar diagrams (H). I. Total numbers of CD8+ T cells that 

produced indicated cytokines are shown by bar diagrams. M. The mean fluorescence intensities 

(MFI) for IFN-γ production by peptide stimulated CD8+ T cells from control and dexamethasone 

group are shown by bar diagrams. Representative FACS plots (J) and bar diagrams (K) show the 

frequencies of de-granulating (CD107a+) CD8+ T cells isolated from dexamethasone and control 

groups of animals. L. The mean fluorescence intensities (MFI) for CD107a by CD8+ T cells from 

control and dexamethasone group are shown by bar diagrams. N. Viral loads measured from the 

extracted footpads of sham and dexamethasone treated mice are shown by bar diagram. Mean 

values and ± SD are shown. In each experimental group 5-6 animals were included. The 
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experiments were repeated with similar results. **P < 0.005; *P < 0.05 and NS (P > 0.05)- not 

significant (Mann-Whitney U test- two tailed). 
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Fig. 2.2 Effect of glucocorticoid on immune cells. 

Level of leukocytes and myeloid cells was measured in blood circulation of sham and 

dexa treated mice. (Experimental plan discussed in Fig 2.1). CD45+ leukocytes frequency 

(A,B)  and their numbers are shown (C). Similarly CD11b+ myeloid cells frequency 

(A,D) and their numbers in blood are shown (E) at 6 dpi of acute stage of infection setup 

as discussed in Fig 2.1 legend. Each symbol shows an individual animal, where error bars 

indicate ± SD. **P < 0.005 and NS (P > 0.05)- not significant (Mann-Whitney U test- 

two tailed). 
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Fig. 2.3 Effect of different dose of dexamethasone on virus specific CD8+ T cells. 

C57BL/6 mice (n=15) were infected with HSV1. At 4-6 dpi these animals were treated 

with sham (3 mice), and graded dose of dexamethasone (10, 0.1 and 0.01 mg/kg – 4 mice 

in each group) through intraperitoneally route. On 6 dpi the cell types in blood circulation 

were counted. Frequency (A and B) and count/ml (C) of CD8+ T cells are shown by 

graphs. Similarly the percentage (D and E) and count/ml (F) of tetramer+ve CD8+ T cells 

are shown. Frequency (G) of CXCR3+tetramer+veCD8+ T cells are shown. Levels of HSV 

reactive cells at memory stage and recall infection were measured. Frequency and count 

(H-J) of CD8+ T cells in blood circulation at memory stage (30 dpi) are shown. At 4 dpi 

of recall infection the frequency and count of tetramer+ve CD8+ T cells (K-M), and count 

of CD8+ T cells (N) are shown. For recall response these mice were infected with 2x106 

PFU/foot pad of HSV1-KOS on 31 dpi and analyzed for CD8+ T cell subsets on 4 dpi in 

draining PLN. Each symbol shows an individual animal, where error bars indicate ± SD. 

*P < 0.05 and NS (P > 0.05)- not significant (Mann-Whitney U test- two tailed). 
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Fig. 2.4 Dexamethasone modulates tissue homing molecules in CD8+ T cells during 

HSV1 infection. C57BL/6 mice were infected with HSV1-KOS (5x105 pfu/foot pad) and 

were then injected with the diluent or dexamethasone (10 mg/Kg Bwt) intraperitoneally 

from 4 to 6 dpi. Expression levels of CXCR3 on CD8+ T cell subsets in blood (6 dpi) and 

draining popliteal LNs (7 dpi) isolated from diluent and dexamethasone treated mice 

were measured by flow cytometry. Representative FACS plots shows CXCR3 expression 

on Kb-gB498-505-tet+ve and Kb-gB498-505-tet-veCD8+ T cells in blood circulation (A) and 

draining PLN (D). B. The percentage of CXCR3+Kb- gB498-505-tet+ve and CXCR3+Kb- 

gB498-505-tet-vecells is shown by bar diagrams. C. Mean fluorescence intensities (MFI) for 

CXCR3 expression by Kb- gB498-505-tet+ve and Kb-gB498-505-tet-veCD8+ T cells are shown 

by bar diagrams. E. The percentage of CXCR3+Kb-gB498-505-tet+ve and CXCR3+Kb- gB498-

505-tet-ve cells is shown by bar diagrams. F. MFI for CXCR3 on Kb-gB498-505-tet+ve and Kb-

gB498-505-tet-veCD8+ T cells are shown by bar diagrams. G-J. The frequencies CD103+ 

KLRG1- T cells out of Kb-gB498-505-tet+veCD8+ T cells in sham and dexamethasone 

treated mice infected with HSV1 are shown by representative FACS plots (G and H) and 

bar graphs (I) in the draining popliteal LNs cells. J. MFI for the expression of CD103 and 

KLRG1 in HSV1 specific (Kb-gB498-505-tet+ve) CD8+ T cells at 7 dpi are shown by bar 

diagrams. Mean ± SD are represented. The experiments were repeated two times with 

similar results. In each experimental group 4-6 animals were included. ***P < 0.001; 

**P<0.005; *P < 0.05 and NS (P > 0.05)- not significant (Unpaired t test). 
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Fig. 2.5 Measuring chemokine receptors in CD8+ T cells HSV1 infected mice that 

received either the diluent or dexamethasone  

At acute stage of HSV1 infection CXCR4 and CCR7 expression on tetramer+ve and 

tetramer-ve CD8+ T cells in blood circulation (A-E) and draining popliteal LN (F-J) are 

shown. A Representative FACS plots and overlaid histograms for CXCR4 and CCR7 in 

tetramer+ve and tetramer-ve CD8+ T cells are shown from peripheral blood of sham and 

dexamethasone treated animals. The frequencies (B and D) and MFI values (C and E) for 

CXCR4 and CCR7 expression on tetramer+ve or tetramer -ve CD8+ T cells in peripheral 

blood are shown. F. Representative FACS plots and overlaid histograms for CXCR4 and 

CCR7 in tetramer +ve and tetramer -ve CD8+ T cells are shown from draining popliteal LNs 

of sham and dexamethasone treated animals. The frequencies (G and I) and MFI values 

(H and J) for CXCR4 and CCR7 expression on tetramer+ve or tetramer-ve CD8+ T cells in 

draining popliteal LNs are shown. Data is represented as mean ± SD. **P < 0.005; *P < 

0.05 and NS (P > 0.05)- not significant (Mann-Whitney U test- two tailed). 
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Fig. 2.6 A transient dexamethasone therapy induces CXCR3 mediated CD8+ T cells 

migration to tissue sites. A. A schematic of the experiments is shown. 10x103 OT-I cells 

were transferred in C57BL/6 mice. Recipient animals were infected with MHV68 M2-

SIINFEKL virus the following day. Infected animals were then divided into three groups. 

One group received diluent. The second group received dexamethasone (10 mg/kg B Wt) 

and the third group received both dexamethasone and anti-CXCR3 antibody at day 6 and 

7 post infection. The response of CD8+ T cells and viral load were analyzed at 8 dpi. B 

and C. The frequencies and phenotype of Kb-SIINFEKL-tet+veCD8+ T cells are shown by 

representative FACS plots (B) and bar diagrams (C) in the peripheral blood of animals in 

different groups. D and E. The frequencies of Kb-SIINFEKL-tet+veCD8+ T cells are 

shown by representative FACS plots (D) and bar diagrams (E) in bronchoalveolar tissue 

lavage samples of animals from different groups. F and G. The frequencies and 

phenotype of Kb-SIINFEKL-tet+veCD8+ T cells are shown by representative FACS plots 

(F) and bar diagrams (G) in the draining mediastinal LNs of animals in different groups. 

H and I. The frequencies and phenotype of Kb-SIINFEKL-tet+veCD8+ T cells are shown 

by representative FACS plots (H) and bar diagrams (I) in the spleens of animals in 

different groups. J. Viral load was measured from lung homogenates of different groups 

of animals by plaque forming assays. The replicating virus load is shown by bar diagrams 

in different groups. In each experimental group >3 animals were included. ***P < 0.001; 

**P<0.005; *P < 0.05 and NS (P > 0.05)- not significant (Unpaired t test). 
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Fig. 2.7 Naive CD8+ T cell are more susceptible to glucocorticoid-induced cell death. 

Single cells suspension prepared from the draining popliteal LN cells of HSV1 infected 

mice were incubated with diluent and dexamethasone for the indicated time points. Some 

cells were pretreated with 5 µM mifepristone. The frequencies of apoptotic cells were 

measured by annexin V staining after incubation period was over. A. Representative 

overlaid histograms show annexin V+ve cells from dexamethasone and dexamethasone 

combined with mifepristone treated samples B. Bar diagrams show the percentage of 

annexin V+ve cells in different groups. C, Annexin V+ve cells in boxed CD8+ T cells 

(naïve, CD44+Tet-ve and CD44+-Tet+ve) that were incubated with diluent, dexamethasone 

(1 µM) and dexamethasone (1 µM) + mifepristone (5 µM) are shown. D-F. Kinetics of 

annexin V+ve cells in different CD8+ T cell subsets is shown. Mean and ± SD are shown. 

***P≤0.001, **P≤0.005, *P≤0.05 (Bonferroni test-Two-way ANOVA). G-I. in vivo 

killing of different subsets of CD8 T cells was measured. G. Schematic of the 

experiments to measure in vivo killing of identifiable cells is shown. H. Population of 

naive (CFSEhi) and activated (CFSElo) CD45.1+CD8+ T cells in different tissues (BM, 

Spleen and PBMCs) of sham (upper panel) and dexamethasone (lower panel) treated 

CD45.2 mice are shown by histograms. I. % Specific elimination of naive CD8+ T cells 

in different tissue sites of dexamethasone treated mice as compared to diluent treatment 

group is shown by bar diagrams. The percent specific elimination was calculated as 

described in material and methods section. In each experimental group 6 animals were 

included.  
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Fig. 2.8 Glucocorticoid treatment compromises the host’s ability to mount an 

efficient CD8+ T cells response to a subsequent infection. A. Schematic of the 

experiments is shown. Congenic CD45.1 mice were injected 10x103 OT-I cells one day 

prior to injecting complete Freund’s adjuvant (CFA) to induce a non-specific 

inflammation in footpads. The animals were subsequently treated on day 4-6 either with 

dexamethasone or sham. One 30 days, mice were infected with MHV68-M2 SIINFEKL 

via intranasal route and simultaneously CFA was injected in the footpad to neutralize the 

influence of any inflammation induced cellular migration. The response of remaining 

OT-I cells was measured at 10 and 11 dpi in the peripheral circulation (at 10 dpi) and 

different lymphoid organs and tissue sites (at 11 dpi).  B and C. The frequencies and 

numbers of SIINFEKL specific CD45.2+CD8+ T cells in blood circulation, 

Bronchoalveolar lavage, spleen and mediastinal LNs are shown by representative FACS 

plots and bar diagrams. D. The numbers of H-2Kb-SIINFEKL-Tet+ cells /ml of blood are 

shown by bar diagrams. E. The numbers of H-2Kb-SIINFEKL-Tet+ cells in spleen and 

mediastinal LNs are shown by bar diagrams. F-J. Single cell suspensions prepared from 

spleens and mediastinal LNs were subjected to ICCS assays to measure SIINFEKL-

specific CD8+ T cells that produced IFN-γ and TNF-α. The frequencies and numbers of 

IFN-γ+CD8+ T cells or TNF-α+CD8+ T cells in spleen and mediastinal LNs are shown by 

representative FACS plots (F) and bar diagrams (G-J). Bar diagrams shown the 

frequencies (G) and numbers (H) of IFN-γ+CD8+ T cells in spleen and MLN samples. Bar 

diagrams shown the frequencies (I) and numbers (J) of TNF-α+CD8+ T cells in spleen and 

MLN samples. Mean ± SD for each bars are depicted. In each experimental group 5 

animals were included and the experiments were repeated two times.**P < 0.005, *P < 

0.05 and ns (P > 0.05)- not significant (Mann-Whitney U test- two tailed). 
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Fig. 2.9 Transcriptional profile of virus expanded CD8+ T cells and susceptibility of 

memory CD8+ T cells to dexamethasone. Different subsets of CD8+ T cells were FACS 

sorted from C57BL/6 mice that were transferred with 1x105 of OT-I cells and infected with 

MHV68-M2-SIINFEKL. Indicated cell populations were FACS sorted. A. Sorted CD8+ T 

cell subsets (naive - CD44lo; Kb-SIINFEKL tet-veCD44hi and Kb-SIINFEKL-tet+CD44+) from 

spleens of MHV68-M2-SIINFEKL infected mice. B. Quantitative RT-PCR data for 

glucocorticoid receptor (Nr3c1) expression in sorted CD8+ T cell subsets as shown as fold 

change of naïve Kb-SIINFEKL tetramer+ve. C. RPKM values of Nr3c1 in naïve and activated 

MHV68 specific TCR transnuclear (TN) CD8+ T cells as measured by RNAseq are shown. D 

and E. HSV1 expanded endogenous CD8+ T cells of indicated phenotype were FACS-sorted 

from the draining popliteal LNs at 7 dpi of HSV1 infected mice.  D. A representative FACS 

plot show the sorted cell population. E. RT-PCR was performed for measuring mRNA of 

indicated gene expression in naive and virus specific (Kb-gB498-505-tet+ve) CD8+ T cell subsets 

activated and expanded by HSV1 infection. Relative expression as fold change for different 

gene is shown. F. RT-PCR was performed for measuring the mRNA of nr3c1 gene 

expression in naïve, HSV1 specific (Kb- gB498-505-tet+ve) CD8+ T cells in the acute (7 dpi) and 

memory stage (60 dpi) of the response in HSV1 infected mice. Relative fold change is shown 

by bar diagram. G-H. Single cells suspension prepared from the draining popliteal LN cells 

of HSV1 infected mice (30 dpi) were incubated with diluent and dexamethasone (1 µM) for 

eight hours. Some cells were pretreated with 5 µM mifepristone then dexamethasone was 

added and apoptosis was measured by annexin V staining after incubation period was over. 

G. Annexin V+ve cells in boxed CD8+ T cells populations (tetramer-ve and tetramer+ve) that 

were incubated with diluent, dexamethasone (1 µM) and dexamethasone (1 µM) + 

mifepristone (5 µM) are shown by representative FACS plots. H. Annexin V+ve cells in 

different CD8+ T cell subsets are shown by bar diagrams. Mean and ± SD are shown. 

***P≤0.001, **P≤0.005, *P≤0.05 (Bonferroni test-Two-way ANOVA). 
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Fig. 2.10 mRNA expression on naive and activated CD8+ T cells. 

A. FACS plots show sorted populations and the post sort purity in sorted cells for 

different subsets of cells used in Fig. 2.9(A,B). B. Post sort purity of naive and 

tetramer+ve cells sorted from sham and dexa treated group mice is shown. Impact of 

dexamethasone treatment on mRNA level in naive and tetramer+ve cells for Nr3c1 (D), 

Bcl2 (E) and Eomes (F) isolated from HSV1 infected mice. The qPCR was performed in 

triplicates. **P < 0.005; *P < 0.05 and NS (P > 0.05)- not significant (Unpaired Student’s 

t-test two tailed). 
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Fig. 2.11 Dexamethasone therapy causes bystander activation of CD8+ T cells. A. A 

schematic of the experiments is shown. B-D. Naïve and activated HSV1 specific (Kb-

SSIFERAL-tet+ve) CD8+ T cells were isolated from control and dexamethasone HSV1 

infected animals (7 dpi). The expression levels PD1 (B), CXCR3 (C) and T-bet (D) were 

measured by quantitative RT-PCR. Bar diagrams show the relative fold change in the 

expression for different genes. Mean ± SD are shown. ***P < 0.001; **P<0.005; *P < 

0.05 and NS (P > 0.05)- not significant (Unpaired t test).  E. A schematic of the 

experiments to measure the influence of dexamethasone treatment on naïve identifiable 

C8+ T cells (OT1 cells) is shown. Congenic CD45.1 mice were injected with 5x106 OT-I 

cells (CD45.2+ve).  Next day recipient animals were administered with dexamethasone (10 

mg/kg B Wt) or the diluent and the following day CD8+ T cell responses were analyzed 

for the expression of activation markers such as CD69, KLRG1, PD1 and CXCR3 in 

peripheral blood, LNs and spleens. F-G. The representation of donor cells is shown in the 

spleens of sham and dexamethasone treated animals. F. Representative overlaid 

histograms show for the frequencies of donor (OT-I) cells in two groups. G. The 

percentage of donor cells is shown in the spleen samples of sham and dexamethasone 

treated mice. H-O. Endogenous (CD45.2-ve) and donor (CD45.2+ve) cells were analyzed 

for the expression of different molecules. Representative FACS plots show the 

frequencies of endogenous (left panels) and donor (right panels) CD8+ T cells that 

express CD69 (H), KLRG1 (J), PD1 (L) and CXCR3 (N) in sham and dexamethasone 

treated animals. Bar diagrams show the frequencies of CD69 (I), KLRG1 (K), PD1 (M) 

and CXCR3 (O) in both the endogenous and donor cells of sham and dexamethasone 

treated animals. Mean ± SD are shown. ***P < 0.001; **P<0.005; *P < 0.05 and NS (P > 

0.05) not significant (n > 4 in each group, Unpaired t test). 
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Fig 2.12 Treatment of HSV1 infected mice with dexamethasone does not alter CD8+ 

T cell memory generation.  

CD8+ T cells frequencies (A, B) and count/PLN (C) HSV1-gB498-505
+ve CD8+ T cells 

frequency (A,D)  and count/PLN (E) at 4 dpi of recall infection are shown. The 

frequencies (F, G, I), and count/PLN (H, J) of cytokines producing CD8+ T cell after 

pulsing with SSIEFARL peptide and 1x-brefeldin A for 4 hrs at 37oC are shown. Each 

symbol shows an individual animal, where error bars indicate ± SD, NS (P > 0.05)- not 

significant (Mann-Whitney U test- two tailed). K and L. In vivo CTL assay, where CFSE 

labelled cells transferred in HSV1 infected animals to recall the response were 

determined in peripheral circulation for target (CFSE-high) and non-target (CFSE-low) 

cells in uninfected and HSV1 recall (4 dpi) infected (sham and dexa treated at 4-6 dpi of 

acute stage of infection) mice. The frequencies (K) of peptide (SSIEFARL) pulsed (High 

CFSE) target cells in uninfected (naive) and recall infected (sham and dexa treated) mice 

are shown. Percent specific lysis (L) of target cells in sham and dexa treated group 

animals are shown. Error bars indicate ± SD, NS (P > 0.05)- not significant (Unpaired 

Student’s t-tests, n = 4 in each group). 
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Fig 2.13 A transient dexamethasone therapy induces enhanced proliferation and 

memory precursor phenotype in CD8+ T cells. A. Schematic of the experiments is 

shown. C57BL/6 mice were infected with HSV1-KOS (5x105 pfu/foot pad) and were 

then injected with the diluent or dexamethasone (10 mg/Kg Bwt) intraperitoneally from 4 

to 6 dpi. Expression levels of Ki67, CD127 and KLRG1 in CD8+ T cell subsets in the 

peripheral blood (7 dpi) and draining popliteal LNs (8 dpi) isolated from diluent and 

dexamethasone treated mice were measured by flow cytometry. Representative overlaid 

histograms (B and C) and bar diagrams (D) show Ki67 expression in Kb-gB498-505-Tet+ve 

and Kb-gB498-505-Tet-veCD8+ T cells obtained from PBMCs. Representative FACS plots 

(E) and bar diagrams (F) show CD127 and KLRG1 expression in Kb-gB498-505-

Tet+veCD8+ T cells obtained from PBMCs. Representative overlaid histograms (G and H) 

and bar diagrams (I) show Ki67 expression in Kb-gB498-505-Tet+ve and Kb-gB498-505-Tet-

veCD8+ T cells obtained from draining popliteal LNs. Representative FACS plots (J) and 

bar diagrams (K) show CD127 and KLRG1 expression in Kb-gB498-505-Tet+veCD8+ T cells 

obtained from draining popliteal LNs. Mean ± SD are represented. The experiments were 

repeated two times with similar results. In each experimental group 6 animals were 

included. ***P < 0.001; **P<0.005; *P < 0.05 and NS (P > 0.05)- not significant 

(Unpaired t test). 
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Fig 2.14 A demonstration that brief exposure of in vitro stimulated CD8+ T cells 

enhances their proliferation potential.  A. Schematic of the experiments is shown. OT-I 

cells were stimulated in vitro with anti-CD3 and CD28 antibodies for 16 hours. These 

cells were then exposed for one hour either to dexamethasone (1 µM) or to the diluent 

only. 2x106 cells per mouse were adoptively transferred separately in gender-matched 

mice and The Kb-SIINFEKL-Tet+veCD8+ T cells were measured for their frequencies and 

phenotype in the peripheral blood of recipient animals on 6 days post transfer. 

Representative FACS plots (B) and bar diagrams (C and D) show the frequencies and 

numbers of transferred cells 6 day later in the peripheral circulation. Overlaid histograms 

(E) and bar diagrams (F) show the frequencies of Ki67+ve Kb-SIINFEKL-Tet+veCD8+ T 

cells in PBMCs. (G). Bar diagrams show the MFI values for Ki67 expression in control 

and dexamethasone treated transferred cells at 6 days post transfer in the circulation. (H) 

Activation profile of OT-I cells post stimulation (CD3 and CD28 as discussed in 

experiment schematics). The experiments were repeated two times with similar results. In 

each experimental group 6 animals were included. ***P < 0.001; **P<0.005; *P < 0.05 

and NS (P > 0.05) - not significant (Unpaired Student t test). 
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Fig 2.15 A brief exposure of activated CD8+ T cells with dexamethasone enhance their 

survival and conversion into protective effector memory cells. A. Schematic of the 

experiments is shown. OT-I cells were stimulated in vitro with anti-CD3 and CD28 

antibodies for 16 hours (cells activation profile shown in Fig 2.14H). These cells were then 

exposed for one hour either to dexamethasone (1 µM) or to the diluent only. 2x106 cells per 

mouse were adoptively transferred separately in gender-matched mice and their fates were 

tracked in the recipient animals subsequently. Representative FACS plots (B) and bar 

diagrams (C and D) show the status of transferred cells one day later in the peripheral 

circulation. One-month post transfer all the animals were infected intranasally with MHV68-

SIINFEKL virus to recall surviving cells and the phenotypic analysis for the recalled cells (E-

I) and lung tissues for viral load measurement (J) as well as the histology of lung tissues (K) 

were performed. Representative FACS plots from two groups of mice show the frequencies 

of expanded Kb-SIINFEKL-Tet+ve cells obtained from bronchoalveolar lavage samples (E), 

draining mediastinal LNs (F), spleens (G) and cervical LNs (L). The cumulative data is 

shown for the frequencies (H and M) and total numbers (I and N) of expanded Kb-

SIINFEKL-Tet+ve cells for two groups of animals. J. Lung tissues were quantified for the viral 

loads from two groups and pfu/g of lung tissues are shown by bar diagrams. K. 

Representative sections of lung tissues stained by H&E are shown as histological 

micrographs from different groups of animals. The cytokines (IFN-γ and TNF-α) production 

by CD8+ T cells in draining mediastinal LNs and Spleen samples (O-R). Representative 

FACS plots from two groups of mice show the frequencies of IFN-γ and TNF-α producing 

CD8+ T cells after pulsing with SIINFEKL peptide for 4 hrs in draining mediastinal LNs (O) 

and spleens (P). The cumulative data is shown for the frequencies (Q) and total numbers (R) 

of cytokines producing CD8+ T cells for two groups of animals. The experiments were 

repeated two times with similar results. In each experimental group 6 animals were included. 

***P < 0.001; **P<0.005; *P < 0.05 and NS (P > 0.05)- not significant (Unpaired t test). 
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Fig 2.16 A proposed model to elucidate the role of glucocorticoids during 

differentiation of CD8+ T cells.  Naïve CD8+ T cells upon their activation downregulate 

the Nr3c1 receptor. However as the effector cells further differentiate to become memory 

cells, Nr3c1 receptor is up regulated. Naïve and memory cells owing to their enhanced 

expression for glucocorticoids undergo dexamethasone induced apoptosis while the 

effector cells only have limited pool of Nr3c1 available for ligating to dexamethasone. 

The receptor ligation induces translocation of complexed Nr3c1 to nucleus where the 

relative abundance of such complexes dictates the cell function and fate by transcriptional 

regulation.       
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Identifying and characterizing virus-specific CD8+ T 
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The research work described in this part is a slight modification of a paper in preparation 

for publication. Identifying and characterizing virus-specific CD8+ T cells in herpes 

simplex virus 1 infected zebrafish. 

In this chapter the words “our” and “we” allude to me and co-authors. My contribution in 

the project includes (1) Selection of the topic (2) Designing and performing the 

experiments (3) Preparation of figures and graphs (4) Results interpretation (5) 

Compiling and elucidation of the literature (6) Writing and editing of the manuscript (7) 

Bestowing comprehensive structure to the paper  

Abstract 

We sought to identify and characterize the HSV1 specific CD8+ T cells in 

experimentally infected zebrafish, a model system that offers a real time tracking of 

cellular dynamics in vivo. We generated class I MHC tetramer (Uda-tet) for zebrafish and 

used this technology to measure the kinetics of viral epitope specific CD8+ T cells during 

HSV1 infection. We demonstrate that infected animals rapidly expanded virus-specific 

CD8+ T cells in the spleens and such cells were abundantly recovered from non-lymphoid 

organs such as liver. Lymphocytes isolated from spleen and liver of infected animals in 

the acute and memory phase of the infection expanded enormously in response to the 

virus re-stimulation. The memory cells generated during primary infection could be 

efficiently recalled. The expanded cells upregulated effector molecules such as IFN-γ and 

TNF-α and effectively controlled viral growth. Therefore, zebrafish could serve as a 

model organism to decipher antigen-specific CD8+ T cell differentiation and cellular 

dynamics in live animals. Furthermore, the dynamics of virus-specific CD8+ T cells in 

zebrafish suggests for an evolutionary conserved yet functional adaptive immune cell 

homeostatic mechanisms in response to viral infection across vertebrates. 
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Introduction 

Zebrafish (Danio rerio) has been extensively used  as a model system to study 

development, regeneration, haematopoiesis and to elucidate immunological phenomena 

in  small vertebrates1–5. Kidney marrow is the major site of haematopoiesis in zebrafish 

and most lineages of hematopoietic cells such as erythroid, myeloid and lymphoid cells 

have been demonstrated using genetically tractable fluorescent markers6–9. T cells 

develop in kidney marrow while B cells were shown to develop in pancreas of 

developing zebrafish10–13. Not only the cellular components of immune system but the 

complement system components, other inflammatory proteins, antibodies and different 

types of MHC molecules have been described in zebrafish3,4,14,15. Despite the availability 

of some data to demonstrate the presence of immune cells by transgenesis approaches, 

the immunophenotyping, functionality and differentiation of helper and cytotoxic T cells 

have not been elucidated in zebrafish. Furthermore, the data on T cell activation, 

differentiation and migration during infectious diseases particularly those caused by viral 

infections are altogether lacking.  

Visual transparency of developing zebrafish provides unmatched advantages for 

cellular tracking in real-time, efficient visualization of cellular interactions and migratory 

potential of cells from the immune inductive sites to infection sites. Thus, up to one 

month post fertilization (pf), larvae of zebrafish survive with only the innate immune 

responses and adaptive immune system matures both morphologically and functionally 

after 4-6 weeks pf3,15. This temporal distinction in innate and adaptive immune 

parameters can also help decipher the relative contribution of two branches of immunity 

during the pathogenesis of infectious diseases. The other attributes which make adult 

zebrafish a better biological model system include its smaller size, relatively short life 

cycle, ease of handling, the requirement of smaller doses of inoculum as well as the 
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availability and employability of a growing list of molecular tools used for genome 

editing. Zebrafish has been used as a valuable model for elucidating events involved in 

innate immune responses and inflammation16. Recent scattered studies demonstrated the 

presence of dendritic cells (DCs) as the antigen presenting cells (APCs), γδ T cells and 

Treg-like cells in zebrafish17-19.  

The unavailability of reagents to detect antigen-specific CD8+ and CD4+ T cells in 

zebrafish however still remain a major hurdle in utilizing its optimal potential as a model 

system to study the differentiation and function of T cells during inflammatory and 

infectious diseases. Therefore, we focused our investigation to elucidate antigen-specific 

CD8+ T cell responses during a herpesvirus infection. Understanding events involved in 

the activation and differentiation of cytotoxic CD8+ T cells leading to the control of 

pathogens and capturing such events in live animals is a topical issue for investigation. 

We generated class I MHC tetramers as fluorescent probes for zebrafish to detect and 

characterize antigen-specific CD8+ T cell responses against viral infection. Using these 

tetramers we then measured the kinetics of HSV1 specific CD8+ T cells in experimentally 

infected zebrafishes. We further determined the differentiation of such cells into memory 

cells and established their effector functions during HSV1 infection. These studies pave 

the way for extensive utility of zebrafish as a model system for elucidating differentiation 

and dynamics of antigen-specific CD8+ T cells responses during different diseases. 
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Materials and methods 

Zebrafish husbandry and their infection with HSV1 

Zebrafish were obtained from local vendors and were bred at 25 ± 2 oC in house in clean 

rooms for multiple generations and were then used for experiments. HSV1 was cultivated 

and titrated using Vero cells as described earlier20. Zebrafish was infected 

intraperitoneally (IP) by injecting 2x106 pfu of HSV1 in 10 µl volumes. At different days 

post infection (dpi), spleens and liver samples were isolated and single cell suspensions 

were prepared for further analysis.  

In vitro proliferation assays 

Single cells suspensions were prepared from isolated spleen and liver samples of HSV1 

infected zebrafishes. The single cell suspensions thus obtained were labelled with 1 µM 

CFSE as described earlier. The labelled cells were then stimulated in U bottomed well of 

tissue culture plates for different durations in the presence or the absence of UV 

inactivated HSV1. The gated lymphocytes were then analyzed by flow cytometry.  

Sequence analysis of class I MHC molecules and their comparison with  

mouse H-2Kb 

The amino acid sequence of mouse MHC class I HC, H-2Kb was aligned with U and Z 

lineages (classical MHC I molecules) of MHC class I HC of zebrafish.  The sequence 

used for the alignment were as follows: H-2Kb  (U_47328.1), Ula (NP_001304679.1), 

Uma (XP_005161940.1), Uaa (CAA86731.1), Uba (AAH74095.1), Uda (AAI28863.1, 

Uka (AGL92230.1), Uia (AGL92229.1), Uea (NP_571780.1), Ufa (CAD58763.1), Uga 

(NP_956879.1; formerly known as Uxa 2), Uca (XP_005159526.1), Uha 

(NP_001070109.1), Uja (NP_956700.1); Zaa (NM_194425.1), Zba (NM_001110118.1), 

Zca (NM_001083545.1), Zda (NM_001287097.1), Zea (NM_001089550.2), Zfa 

(XM_003197994.1), Zga (AJ420975.1), Zha (XM_001919256.3), Zia (AJ420977.1), Zja 
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(NM_001109718.1), Zka (AJ420976.1) and Zla (AJ420954.1). The accession number 

used for Z lineage of heavy chains were described earlier21. The α1 and α2 sequences of 

all the HCs were aligned with mouse H-2Kb α1 and α2 regions by Clustal Omega 

program and the phylogenetic tree was constructed from FigTree v1.4.4 software. The top 

five genes showing closer similarity with H-2Kb HC were further aligned with H-2Kb HC 

(using T-Coffee and BoxShade) to identify the HSV1-gB-SSIEFARL peptide interacting 

amino acid residues. The tertiary structure of Uda heavy chain was predicted using I-

TASSER and the best model of tertiary structure that had a confidence score of 1.07, 

expected TM-score of 0.86 ± 0.7, expected RMSD of 3.9 ± 2.6 was selected.  For 

determining the SSIEFARL binding pocket present on Uda HC, the tertiary structure 

obtained from I-TASSER was overlaid on crystal structure of H-2Kb-SSIEFARL (PDB id 

– 1T0M) molecule, using VMD software. 

Cloning, expression and purification of zebrafish class I MHC molecule 

Total RNA from zebrafish liver was isolated using trizol method and cDNA was 

synthesized using oligo d(T) and random hexamer primers. The Uda genes (heavy chain 

(HC) of class I MHC molecule) and β2 microglobulin (β2m) were PCR amplified. The 

sequences for the forward and reverse primers used were as follows: Uda HC, FP; 

5’GGAATTCCATATGGGTACACACTCTCTGAGATACTTCTACACTGCTG3’ and 

RP;5’ATGGGATCCTAATCGCGCAGCTCCATCTTCATAGCCTCGAAGATACC

ACCCAGGGGAACAGAAACTTCGTTTGTCC3’. The primers used for amplifying 

β2m,FP; 5’GGAATTCCATATGAAAGTCTCCACTCCGAAAGTTCATGTGTACAG3’ 

and RP; 5’ACGCGGATCCTTACATGTTGGGCTCCCA3’. The nucleotide sequence for 

biotin acceptor peptide was incorporated (bold) at the C’ terminal end of Uda HC. The 

PCR product for both the heavy chain and β2m were truncated to remove signal 

sequences. The cytoplasmic and transmembrane domains for Uda HC were also removed 
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for generating the monomer. In addition to cloning and expressing truncated product, full 

length sequence for the Uda HC was also amplified and cloned separately. The PCR 

products were cloned into pET22b vector. The plasmid encoding for Uda HC and β2m 

were then transformed into BL21 strain of E. coli. Both the Uda HC and β2m proteins 

were expressed in E. coli and purified from the inclusion bodies. 

Generation of class I MHC tetramers 

The class I MHC monomers were generated using rapid dilution method as per the 

protocol described elsewhere22–25. Briefly, the Uda HC and β2m were rapidly diluted with 

separate peptides that include SSIFERAL of HSV1 gB protein, a conditional ligand, 

FAPG(Anp)YPAL the peptide is a derivative of sendi virus gp having a UV 

photocleavable artificial amino acid, amononitrophenyl and SIINFEKL. The composition 

of refolding solution was 100mM Tris, 400mM L-Arginine-HCl, 2mM EDTA, 0.5mM 

oxidized glutathione, 5mM reduced glutathione and 1mM phenylmethylsulphonyl 

fluoride (PMSF).  The sequence in which different components were injected in the 

refolding buffer includes PMSF, respective peptides, β2m and Uda HC. The same 

sequence was followed three times after an interval of 12 hours each time. After 48 hrs of 

refolding reaction, the whole content was filtered and concentrated using 10 kDa cutoff 

centriprep filters in the final volume of up to 1 ml. The concentrated solution was then 

subjected to size exclusion chromatography using S200 sephadex columns and fractions 

of 0.5 ml (of different peaks) were collected using AKTA pureTM apparatus. The desired 

fractions of class I MHC monomers were collected, concentrated and biotinylated at 

room temperature for overnight. After biotinylation, the monomers were again subjected 

to size exclusion chromatography. The purified biotinylated class I MHC monomers were 

collected, concentrated and stored at -80 °C until use. The biotinylation was confirmed by 

western blotting using streptavidin HRP conjugate. For the generation of class I MHC 
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tetramer 1nM of PE conjugated streptavidin was incubated with 4nM of class I MHC 

monomers at 4°C in dark in ten different aliquots separated by 30 minutes each.  

Analysis of single cell suspension using flow cytometry 

Spleens and liver were collected from the control and HSV1 infected zebrafishes. The 

single cell suspensions from these organs were prepared in FACS buffer containing 2% 

FBS. The cells were prepared and surface stained cells were analyzed using flow 

cytometry.  

Detection and characterization of antigen-specific T cell using flow cytometry 

Isolated spleens from HSV1 infected zebrafishes at different time intervals were 

processed to prepare single cell suspension. The single cell suspensions were incubated 

with PE conjugated tetramer at 4°C for 30min. After three washes the cell suspensions 

were analyzed using a flow cytometer. 

Quantitative PCR for effector molecules and viral load determination 

Total lymphocytes and Uda-tetramer+ve cells were FACS sorted using FACS Aria on 

different time points post HSV1 infection. The total RNA was isolated using trizol 

method as per the manufacturer protocol and treated with DNAse to remove any DNA 

contamination. cDNA was synthesized by using 25 ng of total RNA using SuperScript IV 

cDNA synthesis kit (Cat. No. 18091050; Invitrogen). The qPCR reactions were 

performed using thermofisher SYBR Green qPCR kit (Cat. F416L) in QuantStudio Real-

Time PCR system from Thermofisher. The primers for genes analysed and the product 

sizes for the amplification were as follows; β-Actin (FP: 5' 

CGAGCAGGAGATGGGAACC 3' & RP: 5' CAACGGAAACGCTCATTGC 3') = 

102bp, CD3e (FP: 5' ACAGCGTTTCCATCCTTTCG 3' & RP: 5' 

GCTCATCTCCATCACCCACA 3') = 116 bp, CD8α (FP: 5' 

GGAGCAAAGCCCATGTTG 3' & RP: 5' GTGGGGACATCGTCTTGT 3') = 132 bp, 
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IFN-γ1 (FP: 5' TATGGGCGATCAAGGAAAAC 3' & RP: 5' 

GCCGTCTCTTGCGTTCTTTA 3') = 120bp, TNF-α (FP: 5' 

AGGCTGCCATCCATTTAACA 3' & RP: 5' CAAGCCACCTGAAGAAAAGG 3') = 95 

bp, IL-15 (FP: 5' TGTGCTTTGAGAATCACATGG 3' & RP: 5' 

TGTTCTGGATGTCCTGCTTG 3') = 121bp and HSV1 DNA polymerase (UL30) 

catalytic subunit (gene id 2703462) (FP: 5′-CATCACCGACCCGGAGAGGGAC & RP: 

5′-GGGCCAGGCGCTTGTTGGTGTA-3′) = 92bp. The relative mRNA expression for 

different molecules was calculated as per 2-ΔΔ CT values. The reaction conditions used 

for qPCR were as follows: initial denaturation (95°C for 7 min), denaturation (95°C for 

10 sec) then annealing and extension (60°C for 30 sec) for total 40 cycles, followed by a 

melt curve analysis. For viral load determination, the total RNA was isolated from spleen 

samples of uninfected and at different time intervals after infection i.e. 1, 24, 48 and 72 

hrs post infection (hpi) from HSV1 infected zebrafishes. All the steps for measuring viral 

mRNA were as described above.  

Viral load determination using plaque assays 

Spleen and the whole body from HSV1 infected and control zebrafishes were collected, 

dipped in 70% ethanol and extensively washed with sterile PBS and homogenized using a 

tissue ruptor at 4°C. Spleens and remaining body of zebrafishes were homogenized in one 

and two ml serum free cold DMEM, respectively. The lysates were centrifuged at 5000 

rpm 4°C for 15 min and the supernatants were collected. After preparing different 

dilutions in serum free DMEM, 300 µl of homogenates were plated on to Vero cells 

monolayer. The viral load in these organs calculated as per the mentioned formula: 

Pfu/ml = Number of plaque/amount plated (0.3 ml) x dilution of supernatant used 

Pfu/spleen or pfu/ml 

Pfu/whole fish = (pfu/ml) x 2 
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Statistics analysis 

To determine the levels of significance between samples obtained from different groups, 

student t test and ANOVA were used. The results shown represent mean ± SD. The level 

of significance are represented as NS>0.05, *, P<0.05, **, P<0.01 and ***P<0.001. 

 

Results and Discussion 

1. HSV1 infection of zebrafishes  

Zebrafish is an established model for studying pathogenesis during some 

infections but its susceptibility to HSV1 infection is ill explored26–28. We first determined 

whether or not zebrafish is infectable by HSV1 and the replicating virus could be 

recovered from infected animals. We infected zebrafishes with 2x106 pfu of HSV1 

through intraperitoneal (IP) route. This is because a lower dose of virus resulted in a rapid 

clearance and replicating virus was not recovered beyond 24 hours. In HSV1 infected 

zebrafishes, we measured the replicating virus particles in spleen as well as the remaining 

body parts by preparing the homogenates at different time points post infection (Fig 

3.1A). We recovered increasing concentration of replicating virus in spleens until 48 hrs 

post infection (hpi) (Fig 3.1B, upper panel). As early as 1hpi, the splenic tissues 

demonstrated replicating HSV1 and the level increased until 24 hpi (Fig 3.1B, upper 

panel). Thereafter, the virus titers were reduced and by 72 hours no detectable replicating 

viral particles were present in the splenic tissues (Fig 3.1B,C). The replicating viral 

particles in the homogenates of sacrificed zebrafishes after the removal of spleens were in 

fact recovered at a greater level as compared to those obtained from spleens. Upto 72 hpi 

the viral load were detectable to a very low level and no replicating HSV1 was recovered 

by 96 hpi (Fig 3.1B lower panel and Fig 3.1C).  
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We then observed the mRNA for viral DNA polymerase gene (UL30), a crucial 

molecule for the viral replication in the host29 and its presence after 24 and 48 hrs of 

infection suggested that the virus was able to infect and replicate in the host. The 

presence of HSV1 mRNA at 24 and 48 hrs post infection (Fig 3.1D) and the detection of 

measurable replicating virus subsequent to infection support the notion that HSV1 

replicated in experimentally infected zebrafish. In some of the earlier studies HSV1 

infection was reported in zebrafish26,27. The presence of HSV1 DNA was quantified by 

PCR and viral antigens derived from a tegument protein (VP16) were detectable by 

immunofluorescence25. The maximum viral genomic load was measured at 48 and 72 hpi 

in encephalon of infected animals. Therefore our finding are in concordance with the 

published results but we additionally demonstrated replicating viral particles in spleens 

and elsewhere in zebrafish for upto 72 hpi. The susceptibility for HSV1 infection was 

also supported by a recent study where liposome encapsulation of HSV1 enhanced the 

ocular infectivity in 3 day old zebrafish30.  

Our data therefore show that HSV1 infection of zebrafish allows for the virus 

replication in the infected animals. 

2. Measuring anti-HSV1 immunity in infected zebrafishes 

We sought to first measure the in vitro responsiveness of immune cells isolated 

from uninfected and HSV1 infected animals. We measured the proliferation of 

splenocytes obtained from uninfected and infected fishes at 4 and 28 dpi. The single cell 

suspension prepared from splenic tissues were labelled with CFSE and incubated in the 

presence or absence of UV inactivated HSV1. After 72 hrs of incubation, the cells were 

analysed flow cytometrically. We observed a significant alteration in the morphology as 

well as scattering characteristics of HSV1 antigen pulsed cells as compared to those 

cultured without viral antigens (Fig 3.1E). The frequencies of live cells that were 
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predominantly present in the lymphocyte region were increased by seven fold (12% in 

control vs 84% in virus pulsed splenocytes) in the HSV1 antigen pulsed splenocytes as 

compared to no virus control (Fig 3.1E). Furthermore a greater proportion of HSV1 

pulsed splenocytes (were collected at 4 dpi in the acute phase of response and at 28 dpi in 

the memory stage of the infection) diluted CFSE content suggesting for their extensive 

proliferation (Fig 3.1F). We also measured the proliferation of liver infiltrating immune 

cells obtained from the HSV1 infected fishes at 4 dpi in the acute phase of response (Fig 

3.1H). The splenocytes and liver infiltrating lymphocytes (LILs) were CFSE labelled and 

pulsed with inactivated HSV1. Similar to what was observed for splenocytes collected in 

the acute phase of response at 4 dpi, the splenocytes extensively diluted CFSE on 28 dpi 

(Fig 3.1F and G). Lymphocytes of spleen and liver samples were pulsed with inactivated 

virus undergone activation and might have started IL-2 expression, whereas those cells 

kept without any pulsing were not able to produce it for their survival-expansion, 

henceforth we got a lower number of cells (as shown in forward and side scatter plot) 

from unpulsed samples.  The LILs also divided in response to HSV1 antigens when 

analyzed by in vitro assays in the acute stage (4 dpi) (Fig 3.1H) of HSV1 infection as an 

extensive dilution of their CFSE content was observed. 

 Our results therefore demonstrate that HSV1 expanded immune cells could be 

recovered from splenic as well as liver tissues. Furthermore, the immune cells extensively 

proliferated in vitro upon their re-stimulation with the viral antigens.  

 3. Generation of Uda-MHCI tetramer for detecting HSV1 specific CD8+ T cell 

Having established the infectivity and immune reactivity of zebrafish to HSV1, we 

sought to measure and quantify the antigen-specific CD8+ T cell responses. We 

developed class I MHC (Uda)-tetramers that could identify virus-specific cytotoxic T 

cells in the HSV1 infected zebrafishes. First, we aligned the sequence of MHC class I 
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heavy chain of zebrafish (U and Z lineages) with H-2Kb (MHC class I heavy chain of 

C57BL/6 mice), the latter displays one of the major immunodominant viral peptide gB498-

505(SSIEFARL)31,32. The U lineage MHC class I molecules showed closer similarity with 

H-2Kb (Fig 3.2A). Then, we selected top five MHC class I molecules of zebrafish i.e., 

Ula, Uma, Uda, Uaa and Uba that exhibited greater sequence homology to H-2Kb and 

analyzed their peptide binding sites in the α1 and α2 domains for comparing the amino 

acid sequence with those in mouse H-2Kb. Specifically we searched for similarities in the 

amino acid residues that could serve as the anchor for the SSIEFARL peptide33 (Fig 

3.2B). The maximum number of H-2Kb amino acids which make contacts with 

SSIEFARL peptide were also present on zebrafish Uda HC, however all of the five U 

lineage HC of zebrafish showed some of the similar amino acids that interacts with S1 

and L8 residues as well. Additionally, H-2Kb and Uda HC having more of the shared 

interacting partners for S1, R7 and L8 of SSIEFARL peptide (which serve as a dominant 

anchor residues for the HC of class I MHC) were present at similar positions. Although 

S1 of SSIEFARL peptide interacts with Uda Y7, Y157, W165, Y169; yet Y7 also the 

binding affinity with S2 amino acid as well. An amino acid, W144 showed interaction 

with R7 and L8 residues of the SSIEFARL peptide. Amino acids such as T140, K143 and 

W144 displayed strong interaction with L8 residue of the peptide. Along with some of the 

shared amino acids present in H-2Kb and all the five U lineage HCs, the presence of 

additional amino acids such as V74 and D75 that interacted with R7 and L8 of the 

SSIEFARL peptide, were present only in H-2Kb and Uda HC binding pockets. These 

results suggested that Uda molecule could present gB-SSIEFARL peptide of HSV1, the 

immunodominant peptide in C57BL/6 mice. 

The docking of SSIEFARL peptide on the overlaid H-2Kb and Uda HCs revealed 

conservation in the majority of the interacting anchor residues (either same amino acid or 
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those having similar biochemical characteristics present at similar or contiguous 

positions) for the SSIEFARL peptide (Fig 3.2C). This suggested that Uda HC could yield 

us a refolded heterotrimeric monomer consisting of SSIEFARL peptide, β2m and the Uda 

molecule. If tetramerized using a fluorescent probe, such reagents could be used for 

detecting HSV1 specific CD8+ T cells in HSV1 infected zebrafishes.  

We PCR amplified the extracellular domains of Uda HC and β2m using 

synthesized cDNA as template converted from zebrafish liver RNA (Fig. 3.3A). A biotin 

acceptor peptide sequence was incorporated in the reverse primer to modify the C 

terminus of Uda HC. This allows for a site specific labelling with biotin using BirA 

enzyme24. We then cloned the Uda amplicon (883 bp) in pET22b plasmid for its bacterial 

expression (Fig 3.3B). After cloning and sequence verification, we expressed Uda (~35 

kDa MW) in E. coli and purified it from the inclusion bodies as described in the materials 

and methods section (Fig 3.3C and D). Similarly we also cloned zebrafish β2m (353 bp) 

in pET22b plasmid and expressed it to purify from the inclusion bodies (Fig 3.3E-G). 

Both the Uda and β2m were refolded in the presence of SSIEFARL peptide by a rapid 

dilution method followed by fractionation by size exclusion chromatography24,25. We 

obtained four peaks in the size exclusion chromatogram and observed upon their 

electrophoretic separation the major portion of the refolded MHC I monomer in peak no 

2 that had the polypeptide bands of Uda (~35 kDa) and β2m (~13 kDa) (Fig 3.3H and I). 

The peptide being smaller in size could not be detected. In order to ensure the refolding 

of monomer, we analyzed the pooled and concentrated fraction by circular dichroism 

(CD) spectra and observed β sheets (47.11%) and α helical structures (3.66%) that further 

confirmed our results for the refolded monomer (Fig 3.3J). We also tested the possibility 

of refolding Uda HC and β2m in the presence of two more H-2Kb restricted epitopes i.e., 

SIINFEKL and FAPG(Anp)YPAL, a conditional ligand that can be cleaved upon 
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exposure with the UV rays at 365 nm wavelength. The latter peptide could help generate 

tetramers for a high throughput screening of immunogenic epitopes34,35. We show that 

indeed both of these peptides resulted in the formation of refolded monomeric products 

albeit with varying degrees (Fig 3.6). We then biotinylated the refolded Uda-SSIEFARL-

monomers using BirA ligase as per the manufacturer (Avidity, LLC) protocol and 

removed the excess of biotin and other reaction components from the biotinylated-

monomer using size exclusion chromatography. Thereafter, the biotinylated monomers 

were incubated with PE conjugated streptavidin in 4:1 ratio at 4°C for tetramerization and 

the biotinylation efficiency of monomers and the tetramerization levels were analyzed by 

resolving such refolded products on a 12% gel in reducing SDS-PAGE (Fig 3.3K) and 

native PAGE (Fig 3.3L) followed by probing the electroblotted membranes using 

streptavidin-HRP conjugate (Fig 3.3K and L). We observed a band corresponding to 

~35kDa in reducing (Fig 3.3K) and ~48kDa in native PAGE corresponding to the 

biotinylated Uda HC and the tetramers having a MW of ~200kDa (Fig 3.3L). Our results 

therefore show the generation of Uda-SSIEFARL-tetramer and such reagents could 

potentially help detect HSV1 specific CD8+ T cells in the infected zebrafishes.  

4. Detecting and measuring the kinetics of HSV1 specific CD8+ T cells during virus 

infection 

Till date studies focusing on the development and detection of T cells have used 

transgenic zebrafish lines10. Based on the scattering properties of lymphocytes isolated 

from transgenic zebrafish expressing GFP under Lck promoter, the presence of T cells 

was demonstrated10. However, approaches involving transgenesis could have limitations 

when used to measure the homeostasis of T cells during infections. Since we generated 

Uda-SSIEFARL-tetramers which could potentially identify HSV1 specific CD8+ T cells 

in zebrafish, we aimed at detecting and measuring the kinetics of HSV1 specific CD8+ T 
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cell response. We infected zebrafish with 2x106 PFU of HSV1 intraperitoneally, collected 

spleens at 5 dpi and stained splenocytes with PE conjugated Uda-SSIEFARL-tetramer 

(Fig 3.4A). The cells were then analyzed by flow cytometry. The total live cell gate from 

the forward and side scatter plots were analyzed for the presence of tetramer+ve cells. We 

could detect 6-8% tetramer+ve cells in infected and 1-2% in uninfected fishes (Fig 

3.4B,D). We confirmed these cells by backgating to measure the forward and side 

scattering characteristics to find out the origin of these cells. As expected the backgating 

showed that ~94% of tetramer+ve cells originated from lymphocyte region. These results 

showed the functionality of tetramers and their ability to identify HSV1 reactive CD8+ T 

cells. We then aimed at measuring the kinetics of virus-specific CD8+ T cells in HSV1 

infected zebrafishes (Fig 3.4 A,C,D). We collected splenocytes at different days post 

infection infection (dpi). After HSV1 infection the antigen-specific CD8+ T cells 

increased until 5-6 dpi (~7% tetramer+ve of total live cells). Thereafter, the frequencies of 

tetramer+ve cells decreased and stabilized by 45 dpi at ~2.0% tetramer+ve. Once the 

primary infection with HSV1 is cleared in the vertebrate hosts, the magnitude of 

expanded CD8+ T cells contracts leaving behind a pool of memory CD8+ T cells that are 

recruited in the response, should the host is infected subsequently with the same 

infectious agent to provide a quick protection36–38. The observed slightly higher 

frequency of antigen-reactive CD8+ T cells in this model could be because of the 

generation of memory CD8+ T cells. We then re-infected zebrafishes on 45 day post 

primary infection and measured Uda-SSIEFARL-tetramer+ve cells at 7 days of secondary 

infection. Elevated levels of HSV1 reactive cells were observed at 7 dpi of secondary 

infection suggesting for the recall of memory CD8+ T cells in this model organism. The 

lower responsiveness of memory cells could be attributed to the same virus used for the 

recall response. Thus, the neutralizing antibodies might limit the overall antigen load39,40. 
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A similar pattern and magnitude of recall response is observed in the murine model of 

HSV1 infection under similar experimental conditions41. Taken together, our results 

suggest for a similar kinetics of antigen-specific CD8+ T cell expansion, contraction and 

memory formation that can be recalled in response to the same infection as is observed 

for higher vertebrates such as rodents and humans. Our results therefore attest to the fact 

that zebrafish could serve as an alternative and probably better model system for 

investigating virus-specific CD8+ T cells responses.  

5. HSV1 expanded lymphocytes express effector molecules  

Having successfully demonstrated the HSV1 infectivity in zebrafish and the utility of 

generated Uda-tetramer to identify and measure the kinetics of T cells response, we next 

aimed to explore the adaptive immune function of such cells by measuring their 

production of effector molecules that are associated with functional CD8+ T cells post 

herpesvirus infection. To this end we infected zebrafishes with HSV1 and sort purified 

the total lymphocytes from the spleens of uninfected and different days post infected 

fishes (Fig 3.5), the isolated RNA was converted into cDNA from these cells. The mRNA 

levels for different effector molecules such as IFN-γ1, TNF-α, IL-15, CD3e and CD8α 

were quantified using quantitative PCR We detected enhanced levels of pro-

inflammatory cytokines, such as IFN-γ1 (~4 fold) and TNF-α (~2 fold) at 4 dpi and 2 dpi, 

respectively post HSV1 infection whereas the expression of  IL-15 was reduced (two 

fold) at 2 dpi but reached at a similar levels as observed in the uninfected animals at 7 dpi 

(Fig 3.5D). We also determined whether the cytokines produced were indeed contributed 

by T cells at 4dpi, in the sorted immune cells by measuring the mRNA expression of 

CD3e, a marker for T cells and CD8α, a predominant marker of cytotoxic T lymphocytes 

at mRNA levels. This is because the specific monoclonal antibodies for these molecules 

to detect their surface expression are not available currently for zebrafish. In sorted 
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lymphocytes as compared to the total splenocytes we observed a higher expression of 

these molecules (CD3, up by 20 fold and CD8 up by 50 fold) as compared to the total 

splenocytes (Fig 3.5E). These results further attested to the fact that the sorted cell 

population were mainly cytotoxic T lymphocytes. Upregulation of pro-inflammatory 

cytokines post HSV1 infection support the adaptive immune function of T cells in 

zebrafish. So these molecules might contribute to the protection of the host from HSV1 

infection. 

 

  Conclusions 

 We showed here the HSV1 infectivity and a successful recovery of the replicating 

virus particles from the zebrafishes, a model organism that allows investigating cellular 

dynamics with ease in vivo. The maximum viral load was observed in spleen after 24 hpi 

as quantified by both the plaque forming assays and qPCR for viral DNA polymerase, a 

key molecule for the virus replication in the host. Splenocytes and liver infiltrating 

immune cells collected from HSV1 infected animals when pulsed with the virus antigens 

proliferated extensively that implies their initial responsiveness to antigens during 

infection.  

CD8+ T cells constitute an important arm of adaptive immune system and are 

critical for controlling intracellular pathogens. T cell receptor confers the antigen-

specificity to CD8+ T cells and it recognizes peptides derived from the pathogen in 

context of class I MHC products45–49. Receiving three signals (TCR-p-MHC, co-

stimulatory molecules and cytokines in the milieu) during induction phase of response, 

CD8+ T cells get activated and proliferate profoundly to lyse target cells. As infected/ 

target cells are killed, intracellular pathogen is also controlled. Multiple mechanisms then 

control the magnitude of CD8+ T cells not only to establish homeostasis but also to limit 
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any possible damage caused by immune cells. Many of these mechanisms are still less 

well defined. A minor fraction of memory population from the responding cells remains 

only to be efficiently recalled to confer a quick protection, should the host encounters the 

same pathogenic exposure at a later time.  

For studying cytotoxic T cell response in these animals, we first identified the 

class I MHC molecule of zebrafish that had most of the interacting residues for the HSV1 

derived SSIEFARL peptide, the most immunodominant peptide in C57BL/6 strain of 

mouse presented by H-2Kb HC. This lead us to believe that a probing reagent (the 

monomer of class I MHC trimeric complex consisting of the SSIEFARL peptide, 2m 

and the HC of Uda molecule) for detecting HSV1 specific cytotoxic T cells could be 

generated for zebrafish. We scanned all of the known classical MHC I HCs of zebrafish 

and found Uda molecule as the most appropriate candidate. In addition we also explored 

the feasibility of generating Uda monomer with different peptides including a conditional 

ligand (FAPG(Anp)YPAL ; UV cleavable peptide) which can be replaced with other 

peptides and allows for a high-throughput screening of immunogenic peptides eliciting 

specific T cell response in zebrafish. We obtained a varying degree of refolded Uda 

monomers depending on the peptides used (Fig 3.6), highlighting the involvement of 

preferential interacting partners and were able to generate monomers with SSIEFARL, 

SIINFEKL and conditional ligand (FAPG(Anp)YPAL). 

The Uda-SSIEFARL monomers were tetramerized with fluorochrome conjugated 

streptavidin and such a reagent could successfully identify the HSV1 specific T cells in 

flow cytometric analysis. Furthermore, the analysis involving the kinetics of tetramer+ve 

cells post HSV1 injection in zebrafish revealed their previously undocumented close 

similarity to higher vertebrates such as mice and humans suggesting for the existence of 

an evolutionary conserved mechanism involving T cells in these organism that diverged 
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400 million years ago. Thus the very same HSV1 peptide could be displayed by zebrafish 

Uda molecule that serves as one of the most immunodominant epitope in C57BL/6 mice. 

Our study also provides a further impetus to the usability of this model system in 

studying HSV1 infection and its clearance by cytotoxic T cells. We further determined 

the cytokines production by cytotoxic T cells in HSV1 infected zebrafish and observed an 

upregulation of message for pro-inflammatory cytokines such as IFN-γ1 and TNF-α in 

the lymphocytes collected from 2 and 4 dpi. The higher level of CD3e and CD8α mRNA 

in lymphocytes (sorted from different days post HSV1 infection) as compared to the total 

splenocytes (of uninfected animals) counterparts, supports the notion that a major portion 

of such cells constitute cytotoxic T cells. Therefore this study established HSV1 

infectivity in zebrafish, and the generation of class I MHC-tetramers that could identify 

the virus-specific cytotoxic T cells. The detection of mRNA for the effector molecules 

highlights the cytokine producing ability of T lymphocytes in HSV1 infected zebrafishes. 

The present study therefore, pave the way for using zebrafish as an in vivo tractable 

animal model system whose potential can be optimally harnessed for visualization of the 

cellular dynamics during virus infections such as the one caused by HSV1. 

The ease of performing experiments, the requirement of smaller doses of 

inoculum and the availability of biological reagents additionally make zebrafish as a 

favored vertebrate animal model for investigating host pathogen interactions. For 

deciphering the pathogenesis and mediators of granulomatous lesion during tuberculosis, 

zebrafish model has provided greater insights into the contribution of immune cells as 

compared to other vertebrate animals42–44. Therefore, zebrafish as an in vivo model 

system certainly has the potential to change the current thinking how we study host-

pathogen interaction in vertebrates.   
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Fig. 3.1 HSV1 infection in zebrafish and viral reactivity of immune cells. 

Zebrafishes were infected with HSV1-KOS (2x106 pfu) intraperitoneally and their 

spleens and remaining body parts were collected at 1, 24, 48 and 72 hpi (hour post 

infection) for viral load determination and some of the infected animals were sacrificed at 

4 and 28 dpi and spleen were collected for in vitro cell proliferation experiments (A). B. 

Representative images for the plaques formed by virus recovered from the spleen and 

remaining body parts of zebrafishes collected at indicated time points post infection. The 

images for spleen (upper panel) and whole fish except spleen (lower panel) at indicated 

different dilution of plated samples are shown. C. The cumulative data for the virus load 

determination is shown in the spleens and whole zebrafishes (except spleen) at given time 

point post HSV1 infection. D. Viral mRNA levels were measured by qPCR in the spleen 

samples of HSV1 infected animals and relative fold changes in the expression of DNA 

polymerase (UL30) is shown by bar graphs. E. Gating strategy of CFSE labelled 

splenocytes analysed in proliferation experiment (as shown in Fig 3.1F and G). F. The 

representative FACS plots show the proliferation of splenocytes isolated from HSV1 

infected animals at 4 and 28 dpi, labelled with 1µM CFSE and cultured in the absence 

(unpulsed) or the presence of UV-inactivated HSV1 at 28°C in CO2 incubator for 72 hrs. 

G. The cumulative data for the total number of cells observed in live cell gate (Fig 3.1E) 

of splenocytes which were obtained from the HSV1 pulsed and unpulsed samples of 4 

and 28 dpi animals. H. Representative figure shows the CFSE dilution by liver infiltrating 

cells collected from 4 dpi and setup for in vitro proliferation experiment as setup for the 

splenocytes. For pulsing CFSE labelled splenocytes and/or liver cells were incubated 

with 1 MOI of inactivated virus. At each time points N>8 animals, where error bars 

indicate ± SD. ***P < 0.001, **P<0.01, *P<0.05 and NS (P>0.05)- not significant 

(Unpaired t test). 
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Fig. 3.2 Identification of putative binding MHCI molecule for SSIEFARL peptide. 

Alignment of zebrafish class I MHC molecules with the mouse H-2Kb heavy chain to 

search for the interacting partners for the anchor residues of SSIEFARL peptide. A. 

Phylogenetic tree is shown to demonstrate the similarity between H-2Kb and zebrafish 

class I MHC molecules. the top five homologous sequences for class I MHC molecules of 

zebrafish with the H-2Kb molecule are in the U lineage HC and are shown in the figure 

by red boxes. B. Amino acid sequence analysis aimed at finding find out the interacting 

amino acids in class I HC with HSV1-gB-SSIEFARL peptide in five of the U lineage of 

class I MHC HC. Uda is shown in lowest line and unique amino acids shared between H-

2Kb and Uda molecule crucial for making interaction with SSIEFARL peptide are shown 

in bold red box. The α1 and α2 domains of Uda is shown in different colored arrow. C. 

An overlaid image of putative Uda tertiary structure with H-2Kb-SSIEFARL monomer 

for the presence of SSIEFARL binding pocket in Uda HC. 
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Fig. 3.3 Generation of MHCI tetramer for HSV1 specific T cell detection. 

For generating class I MHC tetramers Uda HC and β2 microglobulin of zebrafish were 

cloned, expressed and purified. The purified proteins were refolded in presence of HSV1 

derived peptide (SSIEFARL) and the refolded monomers were purified using size 

exclusion chromatography. After biotinylation and fractionation the monomers were 

tetramerized using streptavidin-PE and the tetramer generation was assessed using 

denaturing and native PAGE followed by western blotting using streptavidin-HRP (A-L). 

A. PCR amplification of Uda heavy chain and β2m. The Uda heavy chain and β2m were 

cloned in pET22b plasmid (B and E). MHC class I molecule proteins were expressed in 

E. coli BL21 strain by IPTG induction (C and F). Expressed heavy chain and β2m 

proteins were purified from inclusion bodies and the purity was assessed by 12% SDS-

PAGE (D and G). The purified proteins were refolded in the presence of SSIEFARL 

peptide and the monomer were purified using size exclusion chromatography. H. The 

chromatogram shows the elution profile of different polypeptides collected form the 

refolding buffer. I. The polypeptides present in different peaks collected from gel 

filtration column were analysed by 12% SDS-PAGE. J. Circular dichroism spectrum of 

peak 2 protein (class I MHC monomer) showing the refolded structure. K. Western 

blotting was performed using streptavidin-HRP for measuring the biotinylation efficiency 

of purified monomer before tetramerization. L. Western blotting was performed to 

measure the Uda-SSIEFARL-tetramer by native-PAGE using streptavidin-HRP.  
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Fig. 3.4 Identifying virus-specific T cells in response to HSV1 infection in zebrafish. 

A. Experimental plan for the detection and kinetics of HSV1 specific CD8+ T cell 

response in HSV1 infected zebrafish. The total splenocytes were collected at indicated 

time points and stained with Uda-SSIEFARL-tetramer. B. Detection of virus-specific 

CD8+ T cells in uninfected and HSV1 infected (5 dpi) from the splenocytes of 

zebrafishes. tetramer+ve cells backgated to identify their source in forward and side scatter 

plots. C. Representative FACS plots showing tetramer+ve cells in from different groups of 

animals are shown. The frequencies of the gated tetramer+ve cells is shown in the FACS 

plots D. Cumulative data is shown for the frequencies of virus-specific T cells in HSV1 

infected zebrafishes.  
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Fig. 3.5 Cytokines production abilities of lymphocytes isolated from HSV1 infected 

zebrafish. 

The expression of genes encoding for pro-inflammatory cytokines was measured in 

lymphocytes sorted from uninfected and HSV1 infected animals using quantitative RT-

PCR. A. A schematic of the experimental plan for measuring the cytokine level post 

HSV1 infection is shown. B. After singlet discrimination the total lymphocytes were sort 

purified on the basis of scattering properties. C. Representative FACS plot show the post 

sort purity check for sorted cells. D. Cytokines mRNA level in sorted lymphocytes at 

mentioned time point of HSV1 infection is shown by bar graphs. E. qPCR was performed 

to measure CD3e and CD8α mRNA molecules in the gated lymphocyte population of 

sorted cells and the comparative expression for the total live splenocytes is shown. At 

each time points N>15 animals, where error bars indicate ± SD. ***P < 0.001, **P<0.01, 

*P<0.05 and NS (P>0.05)- not significant (One way ANOVA, Tukey’s test ). 
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Fig. 3.6 Uda monomer generation with other peptides 

Different peptides were used for refolding Uda HC and β2m as using the similar 

experimental conditions that were used for SSIEFARL peptide. The representative 

chromatograms show the refolding of Uda with A. FAPG(Anp)YPAL and B. SIINFEKL 

peptide. 
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Summary and conclusions 

Herpes simplex viruses are neurotropic viruses that belong to the 

alphaherpesvirinae subfamily under herpesviridae family. More than 75% of human 

population worldwide is infected with these viruses and many develop one or the other 

kind of overt diseases as the virus reactivates from the latent sensory neurons. Two types 

of α-herpesviruses, HSV1 and HSV2 infect humans. HSV1 causes skin, oral, ocular and 

genital infections, whereas HSV2 is predominantly responsible for genital infections. As 

the herpesviruses can alternately switch between two modes of life cycles these viruses 

are considered as the most successful pathogens. Depending on the immune status of 

host, the virus could adopt either a lytic or a latent life style. CD8+ T cells are critically 

involved in either clearing the virus or keeping it in the latent stage in sensory neurons. 

The immune response generated by other immune cells such as CD4+ T cells and 

neutrophils is considered as a major contributor to tissue damaging immunoinflammatory 

reactions. Infected individuals developing immunopathologies are generally treated with 

glucocorticoids but how do these regimens affect the differentiation of CD8+ T cells is 

not well understood. The experiments were planned to investigate the influence of a 

transient therapy with a synthetic analogue of glucocorticoid, dexamethasone, in 

influencing the differentiation of herpesvirus-specific CD8+ T cells in a mouse model as 

the first part of the dissertation. In the second part, the feasibility of using zebrafish as a 

model system for measuring the differentiation and dynamics of HSV1 expanded 

cytotoxic T cell response was explored. Zebrafish could allow for real time in vivo 

tracking of immune cell during herpesviral infections.  

 Glucocorticoids cause immunosuppression and their synthetic analogues are 

generally administered in patients not only to control inflammations caused by infections, 

autoimmune diseases but also to ensure the success of tissue transplantations procedures. 
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This is because of their enhanced bioavailability as such analogues are resistant to the 

enzyme, β-hydroxysteroid dehydrogenase 2 (11β-HSD2). Some of the known 

immunosuppressive effects of corticosteroids include a modulation of cytokine 

production by immune cells, an altered cellular trafficking, the promotion of phagocytosis 

as well as the enhancement of regulatory T cell functions. How corticosteroids dictate the 

fate and function of virus-specific CD8+ T cells still remain ill explored and this issue 

was investigated in the current study. CD8+ T cells are critically involved in controlling 

viral infection. Therefore, the effect of an immunosuppressive corticosteroid therapy was 

investigated on differentiating CD8+ T cells during HSV1 infection. 

A transient dexamethasone therapy differentially affected the counts of immune 

cells as well their functionality during HSV1 infection. Although the treatment of 

infected mice reduced the total leukocytes (CD45+ cells) in the host but myeloid cells 

remained unaffected. The drug treatment reduced the count of leukocytes as well as naïve 

CD8+ T cells, but more frequency of the antigen activated CD8+ T cells persisted. This 

observation further led us to decipher divergent effects of dexamethasone therapy in 

various subsets of CD8+ T cells. Dexamethasone exerts its effect via genomic and non-

genomic mechanisms. The genome mechanisms are likely to exert enhanced and a wide 

varieties of regulatory functions. So we focused to elucidate the role of the genomic 

pathway that require the ligation of glucocorticoid receptor (Nr3c1) in the cytosol. The 

complex then translocates to the nucleus to alter gene expression.  

The results show that the expression of Nr3c1 is tightly regulated during the 

differentiation of naïve CD8+ T cells into effector and memory generation during 

herpesvirus infections. Both α- (HSV1) and γ- (MHV68) herpesvirus infection-expanded 

CD8+ T cells (activated) down regulated their Nr3c1 expression in the acute phase of the 

response.  Nr3c1 expression levels in CD8+ T cells enhanced their susceptibility to 
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dexamethasone-induced apoptosis that led to a skewed virus-specific CD8+ T cell 

response in the acute phase of infection. Dexamethasone mediated preferential killing of 

quiescent CD8+ T cells led to an inefficient anti-virus CD8+ T cell immunity during a 

subsequent infection. The residual cells preferentially however preferentially homed to 

inflammatory tissue sites due to their enhanced expression of molecules such as CD103 

and CXCR3 as well as the transcription factor, Tbet that regulates CXCR3 and IFN-γ 

expression in CD8+ T cells. Surprisingly the transient drug treatment induced an 

activation of surviving CD8+ T cells in the absence of an overt TCR stimulation and 

additionally enhanced memory precursor generation potential as well as their 

proliferation. Therefore the dexamethasone exposed activated CD8+ T cells survived 

longer as memory cells and exerted an enhanced protective potential to clear the viral 

infection upon a challenge. Our study therefore calls into question the logic of 

corticosteroid therapy for managing persistent inflammatory conditions but at the same 

time also describes the strategy to harness untapped potential of corticosteroids in 

promoting differentiation of immune memory cells. 

 In the second half of the dissertation, the feasibility of using zebrafish as a model 

organism to explore the differentiation of virus-specific CD8+ T cells was investigated. 

Zebrafish (Danio rerio) has been extensively used as a model system to study 

development and regeneration, haematopoiesis and to also elucidate different 

immunological phenomena in lower vertebrates. Despite some data to demonstrate the 

presence of immune cells by transgenesis approaches, the immunophenotyping, the 

functionality and differentiation of cytotoxic T cells have not been described in zebrafish. 

Visual transparency of the developing zebrafish provides unmatched advantages 

for cellular tracking in real-time, efficient visualization of cellular interactions and 

migratory potential of cells from the immune inductive sites to infection sites. The other 
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attributes which make adult zebrafish a better biological model system is its smaller size, 

relatively short life cycle, ease of handling, the requirement of smaller doses of inoculum 

as well as the availability of a growing list of molecular tools and reagents to manipulate 

its genome. Zebrafish has been used as a valuable model for elucidating events involved 

in innate immune responses and inflammation. A demonstration in some recent studies 

that the cells of adaptive immune system such as γδ T cells and Treg-like cells occurs in 

zebrafish further provides support to our studies aimed at exploring their potential as a 

model system to investigate cytotoxic T cells dynamics during viral infections. 

The unavailability of reagents to detect antigen-specific CD8+ and CD4+ T cells in 

zebrafish however still remains a major hurdle in utilizing the optimal potential of this 

model and to study the differentiation and function of T cells. Therefore, the investigation 

focused to first generate class I MHC tetramers to identify antigen-specific CD8+ T cells 

and then to measure their kinetics during a herpesvirus infection. Understanding events 

involved in the activation and differentiation of cytotoxic CD8+ T cells that contribute to 

the eradication of pathogens and capturing such events in live animals is topical. 

Therefore class I MHC tetramers as fluorescent probes for zebrafish were generated to 

detect and characterize antigen-specific CD8+ T cells during herpesvirus infection. These 

tetramers were then used to measure the kinetics of HSV1 specific CD8+ T cells and their 

ability to produce effector molecules such as IFN-γ and TNF-α in experimentally infected 

zebrafishes. These studies pave the way for extensive utility of zebrafish as a model 

system for elucidating the differentiation pathways of antigen-specific CD8+ T cells 

responses. 

 

 


