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Abstract 

CASPASE-8 SHAPES THE PATTERNS OF 
ANTIVIRAL CD8 T CELL AND NATURAL KILLER CELL RESPONSES 

 
By Yanjun Feng 

 
An optimal lymphocyte response against virus infection is dictated by a delicate balance between 
cell proliferation and death. Infection triggers lymphocytes to undergo a dramatic proliferation 
resulting in an exponential accumulation. This process must be tightly regulated to prevent 
immunoproliferative diseases. As the central mediator of extrinsic death, caspase-8 (Casp8) can 
initiate apoptosis, suppress necroptosis, and regulate death-independent signaling transduction. 
Understanding of Casp8 function in lymphocyte activation was confounded by an unleashing of 
RIPK3-mediated necroptosis in the absence of Casp8. Casp8–/–Ripk3–/– (DKO) mice that lack this 
dysregulation open the way to study Casp8 function in lymphocytes. In this dissertation, murine 
cytomegalovirus (MCMV) is utilized to trigger a natural and robust adaptive Ly49H+ natural killer 
(NK) and T cell responses. I describe my work evaluating the role of Casp8 in the generation of 
antiviral immunity, and demonstrate an unexpected death-independent function of Casp8 in 
suppressing NK and CD8 T cell expansion.  

 
DKO mice are immunocompetent and capable of controlling MCMV infection; however, detailed 
characterizations of innate and adaptive immune responses have not been reported. I found that 
Casp8 and RIPK3 signaling is dispensable for the generation of antiviral immunity against MCMV. 
Enhanced NK and T cell expansion indicates that Casp8 normally dampens the accumulation of 
these cells during the acute phase of MCMV infection. 
 
Elimination of Casp8 (together with RIPK3) leads to virus-specific CD8 T cell hyperaccumulation. 
I found that this is due to an increase in proliferation due to Casp8-deficiency in T cells 
independent of environmental cues in DKO mice following infection. Notably, the Ly49H+ NK 
cell response drives this hyperaccumulation by promoting the T cell survival. This study highlights 
an antiviral natural killer cell function that promotes effector T cell expansion unless kept in check 
by T cell-autonomous Casp8 function. 
 
The function of Casp8 in NK cell regulation beyond suppressing necroptosis remains unknown. I 
found that Casp8 has a Ly49H+ NK cell-autonomous function in restricting expansion. Strikingly, 
NK cell responses are ablated once RIPK1 is eliminated along with Casp8 and RIPK3. Thus, Casp8 
and RIPK1 dictate the magnitude of this NK cell subset following MCMV infection.  
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Chapter 1: Introduction 

1.1   T cell responses following MCMV infection 

Human (h) cytomegalovirus (CMV) is a betaherpesvirus that infects overwhelming 

majority of the world’s population by adulthood, with age of acquisition trending older in more 

developed countries. This virus establishes a life-long persistence in immunocompetent hosts (1). 

Although HCMV infection is generally asymptomatic, it can cause substantial pathology in 

immunocompromised hosts, such as AIDS patients and organ transplantation recipients (1). In 

addition, it is the most common congenital virus infection that can cause neurological defects in 

neonates (1). Therefore, understanding the mechanism that regulates anti-CMV immune response 

has significant clinical relevance. The understanding of virology and immunology of HCMV has 

been significantly enhanced by murine (M)CMV infection models in mice (1). MCMV is a natural 

mouse pathogen that reliably simulates disease and antiviral responses observed with HCMV in 

human. Both viruses use similar mechanisms to counteract the immune surveillance and help 

establish lifelong persistence in the host. Importantly, both HCMV and MCMV infection result in 

the hallmark T cell memory inflation (2). The phenotype, kinetics, and function of HCMV- and 

MCMV-specific T cell responses are similar, indicating that MCMV is an outstanding tool to 

explore immune mechanisms controlling HCMV infection. In this section, we are going to discuss 

the phenotypes of MCMV-specific CD8 T cells and the key factors that regulate this response.   

1.1.1   Priming MCMV-specific CD8 T cell responses  

The first cells infected by MCMV following intraperitoneal inoculation are splenic 

marginal zone stromal cells (3). Infection of these stromal cells results in a rapid burst of type I 

IFN in serum at around 8 hours post-infection (hpi) produced by infected cells through a 
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lymphotoxin-β-dependent pathway (4). The second wave of type I IFN occurs between 36-48 hr 

and is mainly produced by plasmacytoid(p) DCs and CD8α–CD11b+ conventional DC (cDC2) (5-

7). Type I IFNs are potent antiviral cytokines that can act directly on the infected cells to inhibit 

virus replication and can trigger NK cell activation (5-7), a critical innate immune cell for early 

control of MCMV (8). In addition, MCMV infection induces proinflammatory cytokines (such as 

IL-12 and IL-18), which improves innate and adaptive immune cell activation (3). 

DCs are critical for activating the CD8 T cell antiviral immune response. The magnitude 

of this response and phenotype of T cells are dictated by i) TCR stimulation by epitope-bounded 

MHC class molecules, ii) co-stimulation and iii) cytokine milieu. MCMV has evolved to encode 

viral-inhibitors that suppress DC antigen presentation and co-stimulation (1). Numerous in vitro 

co-culture studies have shown that MCMV infection paralyzes DC function, leading to impaired 

T cell proliferation (9). To impair antigen presentation in DCs, MCMV encodes m04, m06 and 

m152 viral proteins to retain the MHC-I molecules in ER/Golgi (10). Additionally, the MCMV is 

also capable of suppressing expression of co-stimulation. The virus-encoded m138 protein 

prevents CD80 expression on cell surface by retaining CD80 inside the lysosomal associated 

membrane glycoprotein-1 (LAMP-1)+ intracellular compartment (11). Viral protein m147.5 

inhibits CD86 expression on infected cell surface (12). Furthermore, CD40 is downregulated by 

viral glycoprotein m155 (13). While the virus restricts co-stimulatory molecule expression, the 

infection leads to an upregulation of programmed death ligand-1 (PD-L1) (14). Combined, MCMV 

inhibits antigen presentation and alters the balance between co-stimulatory and co-inhibitory 

molecules to impair priming of adaptive immune responses. 

Although virus inhibitors severely impair antigen presentation, nevertheless the infection 

elicits robust T cell responses that are capable of controlling the infection. This begs the question 
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- how does the host immune system generate a powerful CD8 T cell response when the infected 

DCs are functionally paralyzed? MCMV infects a small fraction of DCs, less than 5% of DCs in 

vivo (15), allowing for the majority of these cells remain functional and successfully upregulate 

MHC class molecules and co-stimulatory molecules. These uninfected DCs, especially 

conventional CD8α+CD11b– cDC (cDC1) subsets, cross-present viral antigens to trigger a robust 

antiviral CD8 T cell expansion during the acute phase of MCMV infection (16-20). This is 

supported by data showing that bulk splenic DCs from infected animals trigger T cells undergoing 

robust proliferation in culture (9). The importance of cross-presentation has been further reinforced 

by the observation that a spread-defective MCMV mutant is able to trigger robust antiviral CD8 T 

cell responses. BATF3 is a critical transcriptional factor for cDC1 development (18). The impaired 

acute CD8 T cell responses observed in MCMV-infected Batf3–/– mice strongly support the role 

of cross-presenting cDC1 for CD8 T cell priming. Important to note, a later work has shown that 

cDC1 in Batf3–/– mice is restored in certain infection setting via a BATF2-dependent pathway (21), 

an important caveat that may affect the interpretation of the contribution of cDC1 during long-

term MCMV infection in the setting of using Batf3–/– mice. Besides cDC1, the tissue-localized 

CD103+ DC is another subset capable of cross-presentation (18); however, the contribution of this 

population during MCMV infection remains unclear (16). Taken together, cDC1s cross-present 

viral antigens to trigger MCMV-specific CD8 T cell responses. This is an effective host 

counterstrategy to the viral immune-suppressing functions.  

1.1.2   Features of MCMV-specific CD8 T cell responses  

A classical pattern of virus-specific CD8 T cell responses includes stages of expansion, 

contraction, and memory formation. Virus infection triggers CD8 T cells to undergo an exponential 

expansion and differentiation into highly heterogeneous subsets in term of effector function, 
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differentiation plasticity and longevity (22). Different virus-specific CD8 T cell subsets can be 

loosely defined by the expression levels of killer cell lectin-like receptor G1 (KLRG1) and IL-7Rα 

(or CD127). KLRG1 was first recognized as a terminal differentiation marker on NK and activated 

T cells (23, 24) and later studies demonstrated its function in cell cycle inhibition (25). IL-7 is a 

critical cytokine for CD8 T cell survival during homeostasis and following infection. CD8 T cells 

expressing CD127, which is the high-affinity α chain of IL-7 receptor, exhibit an enhanced 

response to this pro-survival cytokine (26). Upon activation, KLRG1loCD127hi naïve CD8 T cells 

downregulate CD127 to become KLRG1loCD127lo early effector cells (EECs) (27, 28). These 

EECs have potential to differentiate into KLRG1hiCD127lo short-lived effector cells (SLEC), or 

KLRG1hiCD127lo memory precursor effector cells (MPEC), or KLRG1hiCD127hi double positive 

effector cells (DPEC) (28, 29). SLECs differentiation is promoted by cumulative T cell receptor 

signals and proinflammatory cytokines (28, 30, 31). Adoptive transfer analysis has shown the 

limited differentiation plasticity of the SLEC subset (30, 32, 33). In contrast, KLRG1loCD127hi 

MPECs display increased survival and retain the differentiation potential to become EECs or 

SLECs (28). While SLECs and MPECs both exhibit a comparable capacity of cytotoxicity and 

IFNγ production (28, 34), the majority of SLECs contract following the peak of the acute phase, 

leaving MPECs to further differentiate into memory T cells that protect the host from subsequent 

infection (32). Although DPECs were initially thought of as terminally differentiated (28), a recent 

study highlights that these cells can down-regulate KLRG1 and differentiate into different memory 

lineages (33). Conventionally, memory CD8 T cells are grouped into T effector memory (Tem) 

cells and T central memory (Tcm) cells, based on their distinct features such as effector function, 

localization, migration and longevity (35). Tcm cells display high expression of CD62L and CCR7 

but low levels of CCR5, suggesting that this subset preferentially homes to secondary lymphoid 
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organs. In contrast, Tem cells express low levels of CD62L and CCR7 but high levels of CCR5, 

and preferentially migrate to non-lymphoid tissues. Further, Tcm cells have higher proliferation 

capacity and can give rise to effector cells following stimuli; whereas, Tem cells have lower 

proliferation capacity but can mount fast responses to invading pathogens with high cytotoxicity 

capacity (36). These two subsets circulate through different organs and function complementary 

fashion in the antiviral host defense. Taken together, this highly heterogeneous effector and 

memory pool confers protective antiviral-immunity during acute and chronic/persistent phases of 

virus infection. 

MCMV infection triggers CD8 T cell responses against a broad spectrum of epitopes. In 

C57BL/6 mice, CD8 T cells specific to more than 26 viral epitopes from 18 viral proteins have 

been identified (19). The epitopes recognized by T cells are categorized as either conventional or 

inflationary subset based on their distinct antiviral response patterns (19). Conventional epitope-

specific CD8 T cells follow a classical pattern of expansion, contraction and stable memory (37). 

They predominantly exhibit SLEC phenotype during the acute phase, with 15% to 20% of the 

population as MPECs (37). Following the peak of the acute phase, the majority of  the KLRG1hi 

subsets contract, leaving MPECs, DPECs, and the remaining SLECs differentiated into the 

memory subsets (37). Most of these cells exhibit CD62LhiKLRG1loCD127hi Tcm phenotype in 

latently infected mice. Inflationary epitope-specific cells may also expand during the acute phase 

(19); however, unlike conventional CD8 T cells, inflationary cells continue to expand during 

latency, that is to say in the absence of active virus replication in any organ (19, 37). This subset 

mostly displays CD62LloKLRG1hiCD127lo Tem phenotype, reflecting the continuous recruitment 

from naïve or Tcm pool (37). This is consistent with the memory inflation observed in HCMV 

serologically positive humans. An infected healthy adult may commit as much as 30% of total 
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peripheral blood CD8 T cells to HCMV specific epitopes, although the percentages vary widely 

between individuals (38). Similar to inflationary populations during MCMV infection, HCMV-

specific memory cells display a Tem phenotype, including upregulated expression of T cell 

activation and differentiation markers CD57, KLRG1, and CD45RA, downregulated expression 

of CD27 and CD28; however, theses HCMV-specific memory T cells lack classical signs of T cell 

exhaustion as the MCMV-specific T cells (39). 

The essential role of CD8 T cells in the control of MCMV infection has been clarified in 

different mouse strains. In BALB/c mice, IE1 is the dominant epitope that triggers CD8 T cell 

responses with an inflationary pattern (40). A recombinant vaccine containing IE1 epitope confers 

sufficient antiviral CD8 T cell immunity to protect against MCMV challenge (41). In line with this 

observation, transferring the inflationary M38-specific CD8 T cells is sufficient for virus control 

in C57BL/6 mice. In contrast, the conventional M45-specific CD8 T cells fail to control the 

infection in vivo (42), even though M45 is the immunodominant epitope that triggers a robust CD8 

T cell expansion during the acute phase of MCMV infection in C57BL/6 mice. Importantly, this 

conventional subset confers protection to ∆m152 MCMV mutant that lacks an MHC-I evasion 

gene (42), suggesting that the failure of protection is attributable to the susceptibility of this 

conventional epitope to MCMV immunoevasive inhibitors. In other words, efficient presentation 

of inflationary epitopes (e.g., M38 or IE1) on the infected cells results in recognition by the 

corresponding inflationary epitope-specific CD8 T cell subsets. The differences between 

conventional and inflationary subsets indicate another competing strategy between host and 

MCMV – while the host develops epitope-specific CD8 T cells in order to kill virus infected cells, 

the virus evolves a counterstrategy by luring its host to mount robust CD8 T cell responses that 

recognize certain epitopes not present on infected cells. Two-photon confocal microscopy reveals 
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a similar scenario (43), where multiple CD8 T cells collaborate to effectively kill an MCMV-

infected cell, even though infection-induced MHC-I downregulation delays the target cell from 

being recognized and killed. Human CD8 T cell antiviral function also plays a critical role in 

controlling HCMV infection. This is supported by studies that adoptive transferring HCMV-

specific CD8 T cells effectively ameliorates HCMV-related diseases in immunocompromised 

patients (44).  

Antigen stimulation is essential for priming and sustaining conventional and inflationary 

CD8 T cell responses. cDC1-dependent cross-presentation triggers antiviral CD8 T cell expansion 

during the acute phase but is dispensable for the memory inflation (17, 20). Instead, infected non-

hematopoietic cells in lymph nodes directly present viral antigens to simulate the epitope-specific 

inflationary cells to undergo proliferation, differentiation, and migration out of lymph nodes. This 

mechanism is thought to maintain the inflationary population at high levels in blood circulation 

and non-lymphoid organs (37). A recent study, however, suggests that circulating inflationary cells 

may be maintained by the latently infected endothelial cells that line the interior surface of blood 

vessel (45), consistent with previous studies showing endothelial cells are a major site for MCMV 

latency (46). These two models are not necessarily mutually exclusive; instead, both embrace the 

importance of direct presentation in support of memory inflation. In addition, the magnitude of 

this response is positively correlated to inoculum dose (16, 17, 47) and is enhanced upon each 

successive challenge (48).  

In response to MCMV infection, only certain antigen-specific CD8 T cells undergo 

memory inflation, whereas others follow more classical kinetics. Understanding the mechanism 

behind these two response patterns is important for developing any CMV-based vaccine. One 

theory is that gene expression kinetics determine which epitope-specific CD8 T cells undergo 
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inflation. This is supported by a study showing that fusing a herpes simplex virus (HSV)-1 protein 

to different MCMV gene induces conventional or inflationary responses. Fusion to the ie3 gene, a 

conventional inflationary epitope, lead to HSV-1-specific CD8 T cells undergoing memory 

inflation; whereas fusion to the m45 gene, which follows a conventional pattern lead to a 

conventional response pattern to the same HSV-1 epitope (49). This result is consistent with the 

fact that ie3, like its splice variant ie1, is an immediate early gene expressed sporadically in latently 

infected cells (50), contrasting to m45 as an early gene. A second theory is that the dependence on 

immunoproteasome determines whether an epitope triggers conventional or inflationary response. 

Processing of conventional epitopes is highly dependent on the immunoproteasome compared to 

inflationary epitopes (51). A study shows that moving the conventional HGIRNASFI 1  M45 

epitope to the C-terminus of this protein triggers a robust inflationary response, because processing 

of this C-terminus-localized peptide does not require the immunoproteasome (52).  

In addition to antigen presentation, co-stimulation plays an important role in regulating the 

magnitude and kinetics of MCMV-specific CD8 T cell responses. Most co-stimulatory molecules 

belong to immunoglobulin superfamily (e.g., the CD28 and CD80/CD86 family) or TNFR 

superfamily (e.g., CD40 and CD40L, OX40 and OX40L, 4-1BB and 4-1BBL).  Interactions 

between CD80/86 and CD28 are required for the robust expansion of both conventional and 

inflationary subsets during the acute phase but are dispensable for memory inflation during latency 

(53). In contrast, engagement of OX40 with OX40L has no impact on the MCMV-specific CD8 T 

cell response magnitude during the acute phase; however, the interaction is crucial for the optimal 

inflationary responses (54).  In addition, interactions between CD70 and CD27 (55), 4-1BBL and 

4-1BB (56) support both conventional and inflationary subsets during the acute and latent phases. 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1 HGIRNASFI is the amino acid sequence of the epitope.  
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Interestingly, elimination of 4-1BB enhances CD8 T cell levels during the acute phase but leads 

to a decrease in memory inflation during long-term infection, suggesting a unique bi-phasic role 

of this co-stimulatory receptor in regulating MCMV-specific CD8 T cells. These data together 

indicate the importance of co-stimulation for regulating MCMV-specific CD8 T cell responses. 

 Appropriate signaling generated by the cytokine milieu and transcriptional regulation are 

important regulatory mechanism in the generation of MCMV-specific CD8 T cell responses. For 

example, IL-12 promotes MCMV-specific CD8 T cell responses (5), whereas IL-10 and IL-33 

suppress the magnitude of this adaptive immune response (57, 58). Signal through IL-2 amplifies 

TCR signaling and improves virus-specific T cell proliferation. Elimination of IL-2 receptor lead 

to a decrease in the numbers of MCMV-specific CD8 T cells during both acute and latent phases 

(59), re-enforcing the crucial contribution of this cytokine for driving a robust MCMV-specific 

CD8 T cell response. The pro-survival cytokine IL-15 rather than IL-7 supports T cell levels during 

latency, through a CD122-mediated, STAT5 transcription factor-dependent mechanism (60). CD8 

T cell differentiation is determined by the balance of distinct transcriptional factors, which have 

been mostly studied in models of infection, such as lymphocytic choriomeningitis virus (LCMV) 

(22). Transcription factors T-bet and eomesodermin (EOMES) function together to program 

effector cell fates. T-bet drives SLEC differentiation, while EOMES is required for MPEC 

differentiation. While neither is the suppressor for the other molecule, T-bet: EOMES ratio or the 

gradient of expression levels of both proteins determines cell differentiation fate. Transcriptional 

factors that are involved in MCMV-specific T cell regulation remain to be explored. However, a 

recent study has shown that elimination of transcription factor FOXO1 results in a hypo-response 

of MCMV-specific CD8 T cells during the acute phase and long-term infection, attributed to an 

increase in cell death rather than defective proliferation (61). In addition, MCMV-specific Foxo1–
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/– T cells exhibit an impaired Tcm phenotypes during latency, an alteration that is also observed in 

LCMV-specific CD8 T cells (62). These data indicate that some established understanding of 

transcription factors in other infection models may inspire the work of MCMV. The contribution 

of T-bet and EOMES to MCMV-specific T cell differentiation remain unclear. Notably, loss of 

FOXO1 alters T-bet:EOMES ratio in CD8 T cells following MCMV infection, suggesting the 

importance of these two transcriptional factors for MCMV-specific CD8 T cell differentiation. 

Future studies in T-bet- or EOMES-modulated mice is required for evaluation.  

1.1.3   CD4 T cell responses following MCMV infection.  

Following MCMV infection, CD4 T cells can function in three ways – i) act as helper cells 

to promote CD8 T cell function, ii) promote antibody (Ab) production, and iii) act directly on 

infected cells for virus control. In contrast to the large numbers of MCMV-specific CD8 T cells 

following the inflationary response pattern, most of CD4 T cells follow the classical kinetics, with 

the exception of the m09 epitope-specific CD4 T cells in C57BL/6 strain that are low during the 

acute phase but increase substantially by 40 dpi (63). MCMV-specific CD4 T cells produce IL-2, 

IFNγ, and TNF. CD4 T cells drive memory inflation through secreting IL-2 and through 

engagement of 4-1BBL and 4-1BB (56, 59). Moreover, these cells improve Ab production from B 

cells through CD28-CD80/86 interactions (64). The importance of CD4 T cells for MCMV control 

was initially shown in BALB/c mice, where CD4 T cell depletion lead to continuous viral 

replication in salivary gland (SG)s (65), a major site of MCMV shedding. The importance of IFNγ 

in inhibiting virus replication in SGs was shown by using bone marrow chimera (66). MCMV 

infection leads to MHC class I molecule downregulation from the surface of acinar glandular 

epithelial cells in SGs to avoid CD8 T cell immunosurveillance (66). Thus, the study proposed that 

bystander APCs that express MHC class II molecules activate tissue-resident CD4 T cells to 
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produce IFNγ for virus control. Additionally, granzyme B producing MCMV-specific CD4 T cells 

was shown to directly kill infected cells within the liver but not in spleen or lungs (67). In 

accordance, adoptive transfer of CD4 T cells specific to the MCMV epitope M25 confers sufficient 

protection to MCMV infection (68). The importance of CD4 T cells has also been shown in HCMV 

studies. Adoptively transferring ex vivo activated CD4 T cells into transplant recipients conferred 

sufficient protection against HCMV reactivation (69). Together, CD4 T cells are important for 

controlling the infection of MCMV and HCMV.  

1.1.4   Tissue-resident CD8 T cells following MCMV infection. 

Increasing amounts of literature have emphasized the importance of resident memory T 

(Trm) cells in controlling CMV infection. Trm is a group of memory T cell localizing in a specific 

tissue and conferring first-line protection (35). In contrast to the circulating memory subsets, Trm 

cells show limited levels of re-circulation to blood and preferentially migrate and take up residence 

in tissues. HCMV-specific CD8 T cells reside in diverse tissue sites, including spleens, bone 

marrow, lymph nodes, lungs, colon and so on (70). These cells all exhibit a prompt cytotoxic 

cytokine production upon stimulation. Consistently, MCMV infection induces both CD8- and 

CD4-positive Trm cell accumulation in multiple organs (71). Tissue-specific homing receptors 

direct Trm cells to these specific organs. CD69+CD103– lung-resident CD8 Trm cells are observed 

following MCMV infection (72). MCMV infection in all organs can be effectively controlled 

within two to three weeks, with the exception of SG where active virus replication persists for 

more than a month. Previous studies have emphasized that viral control in the SG is specifically 

dependent on CD4 T cells rather than CD8 T cells (65, 66), based on the result that has showed 

CD4 T cell-depletion lead to virus persistent replication in SGs. This observation is consistant with 

the effective MHC-I molecule down-regulation on infected acinar glandular epithelial cells of the 
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SG (66, 73). A recent study defines the SG-resident CD4 and CD8 Trm cells following MCMV 

infection (74). These cells exhibit upregulated expression of CD103 and/or CD69, and have lower 

turnover rate in comparison with lung- or spleen-resident cells (74, 75). The formation of the SG-

resident CD4 and CD8 Trm cells requires a continuous recruitment of CD8 and CD4 Tem cells 

from circulation (74). Interestingly, the formation and maintenance of the SG-resident Trm cells 

is independent of TGF-β, IL-33 or TNF (74), which are the cytokines essential for Trm cell 

formation during other virus infections (76, 77). Unexpectedly, these SG-resident CD8 Trm cells 

sufficient antiviral function to against the SG-localized MCMV challenge (71, 75). This 

observation indicates a previously under-appreciated anti-MCMV function of SG-resident CD8 T 

cells. Alternatively, persistent viral replication in SGs following CD4 cell-depletion may be due 

to a defect in CD8 Trm development, given that CD4 T cells are important for supporting the 

development of CD8 Trm (78). Further studies are needed to understand the mechanism of Trm 

cell formation as well as the cell function in different organs.  
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1.2   NK cell responses following MCMV infection. 

NK cells belong to the group of type I innate lymphoid cells (ILCs) (8). These innate 

immune cells control virus infections and provide tumor immunosurveillance through a rapid 

production of cytokines as well as cytotoxic activity (79). NK cell activation is determined by the 

balance between germline-encoded activating receptors and inhibitory receptors. The activating 

receptors are stimulated by stress-induced ligands along with the down-regulation of MHC class 

molecules (i.e., “missing self”). The inhibitory receptors recognize MHC class molecules (i.e., 

“self”). This dual sensing system allows NK cells to recognize and kill infected or transformed 

cells that down-regulate MHC molecules to evade cytotoxic T cell surveillance. While NK cells 

are classically described as a member of the innate immune compartment, increasing evidence has 

emerged suggesting that these innate immune cells also possess adaptive immune cell features. 

This session summarizes the factors that regulate the innate and adaptive immune responses of NK 

cells.  

1.2.1   NK cell activation is determined by the balance between activating and inhibitory receptor 

signals 

NK cells express a large repertoire of inhibitory receptors on the cell surface that recognize 

MHC class and some non-MHC class I ligands (80). The inhibitory receptors belong to different 

superfamilies based on their structure. Killer cell immunoglobulin-like receptors (KIRs) and 

leukocyte immunoglobulin-like receptors (LILRs) are classified as type I glycoproteins which are 

part of the immunoglobulin superfamily, and Ly49 and CD94/NKG2A receptors are type II 

glycoproteins belonging to C-type lectin-like domain superfamily. Despite differences in 

extracellular structures, these receptors all possess a common signaling motif, immunoreceptor 

tyrosine-based inhibitory motif (ITIM), at their cytosolic tails (80). Receptor ligation results in 
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phosphorylation of ITIM at the tyrosine residue and subsequent recruitment of phosphatases that 

suppress NK cell activation.  

NK cell activating receptors recognize a wide array of ligands that are either constitutively 

(eg. HLA-E) or transiently (eg. stress-induced ligands) expressed on target cells. NK cell activation 

occurs when activating signals override inhibitory signals (79). NK cell activating receptors 

typically have short cytosolic tails that associate with a signaling subunit for transducing activation 

signals. DAP-12 is a transmembrane-anchored signaling subunit that contains immunoreceptor 

tyrosine-based activation motifs (ITAMs). DAP-12 associates with activating receptors, such as 

NKG2C/CD94, Ly49H and Ly49D, NK1.1 and CD16 (79). Mouse Ly49 receptor family members 

contain both inhibitory and activating receptors that recognize H-2D, H-2K as well as the MCMV 

m157 viral protein. The inhibitory Ly49 receptors contain an ITIM in their cytosolic tail that 

transduces a suppressive signal. The two activating Ly49H and Ly49D receptors that lack ITIMs 

associate with the ITAM-containing DAP12 for NK cell activation (81). The ligation of the 

activating receptor triggers ITAM phosphorylation, which recruits ZAP-70 and Syk to the plasma 

membrane, leading to subsequent activation of PLC-γ ultimately triggering NFAT, NF-κB and 

MAP kinase activation (80).  Similar to T cells, NK cell activating receptor-induced ITAM 

phosphorylation can also lead to the subsequent formation of CARMA-MALT1-BCL10 complex 

(82, 83). The cytokine production triggered by NK1.1 and Ly49H stimulation is compromised 

from Bcl10–/–, Malt1–/–, Carma–/–, and Card9–/– NK cells (82), indicating the important role of the 

CARMA-MALT1-BCL10 complex for signal transduction in NK cells. Thus, despite being 

categorized as innate immune cells, NK cells activation induce highly similar signaling cascades 

to T cells. 
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1.2.2   Adaptive immune features of NK cells  

Although NK cells have been defined as innate immune cells, increasing evidence has 

shown that they possess some adaptive immune features, including education during development, 

antigen-specific clonal expansion in response to virus infection, and immunological memory 

formation. T cells development in thymus requires positive and negative selection in thymus 

through the interactions between TCR and autoantigens present by MHC class molecules on 

thymic epithelial cells. These processes select T cells that recognize host MHC class molecules 

but not self-react (80). NK cells develop primarily in bone marrow (79), with a small portion of 

cells that arises from the liver (84). Similar to T cell development, NK cell development also 

requires the positive and negative selections. Immature NK cells express a vast repertoire of 

inhibitory receptors that recognize host MHC class ligands (80). Ligation of these receptors 

educates NK cells how to recognize “missing self”, an important mechanism for triggering NK 

cell-mediated cytotoxicity function when they recognize host cells that have lost MHC molecule 

expression on cell surface (85-87). Those NK cells expressing the inhibitory receptors that lack 

the cognate MHC class molecules or cells lacking inhibitory receptors will become hypo-

responsive or anergic (88). Further, the strength of NK cell responses has a positive correlation 

with the number of inhibitory receptors that recognize self MHCs (89, 90). Notably, NK cell 

developmental programming is not fixed (91); indeed, those impaired cells can be re-educated in 

periphery to become functional again (92, 93).   

The adaptive immune features of NK cells during virus infection has been best 

characterized following MCMV infection. The activating receptor Ly49H recognizes the MCMV 

m157 glycoprotein expressed on the surface of the infected cells, triggering this NK cell subset to 

undergo robust activation, a clonal expansion-like response and memory formation in C57BL/6 
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strain (94, 95). Although infected WT mice exhibit only three- to ten-fold increase in Ly49H+ cell 

numbers by day 7 post infection (96), Ly49H+ NK cells have been shown to expand 100- to 1000-

fold when adoptively transferred into a Ly49H-eliminated mouse (95), suggesting a clonal 

expansion-like accumulation triggered by this activating receptor. This response is antigen-

specific and only occurs during m157-competent virus infection (97) or upon encountering m157-

expressing tumor cells (98). The signaling pathway downstream of the Ly49H receptor is highly 

analogous to TCR, given that both triggers the phosphorylation of ITAM at cytosolic tail of the 

accessary protein to drive the formation of the CARMA-MALT1-BCL10 complex to signal 

through ZAP-70 to activate the transcription factors NFAT and NF-κB, as well as MAPK signaling 

(83). However, it is unclear why other ITAM-bearing NK cell activating receptors cannot trigger 

a similar adaptive NK cell response. Adaptive immune features of NK cells have been reported in 

HCMV seropositive humans. CD94+NKG2C+ NK cells typically constitute around 1% of the total 

NK cell population in HCMV serological negative human; this percentage increases to 5% to 50% 

in the seropositive group (99, 100). Longevity studies have shown a clonal expansion-like response 

of CD94+NKG2C+ NK cells in immunocompromised patients who received solid organ 

transplantation (101) and in a B and T cell-deficient newborn who had an HCMV infection (102). 

However, whether this adaptive immune-like response is antigen-specific remains to be 

determined.  

Co-stimulation and cytokines both contribute to the NK cell adaptive immune responses. 

Stimulation of CD80 (103), 4-1BB or GITR (104) enhances NK cell cytotoxicity. The co-

inhibitory receptor PD-1 is upregulated on NK cells localized in tumor microenvironment. 

Additionally, the disruption of PD-1/PD-L1 interaction enhances NK killing function against 

tumor cells (105). CD28 stimulation enhances NK cell proliferation but has no contribution to the 
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cytotoxic function of cells in culture (106). Some NK cell receptors also confer co-stimulatory 

functions. Signaling through NKG2D enhances Ly49H+ NK expansion, even though triggering 

this receptor by itself is not sufficient for driving NK cell proliferation (107). Moreover, 

proinflammatory and pro-survival cytokines have a profound impact on NK cell responses. IL-12 

and type I IFN improve NK cell cytotoxicity and IFNγ production (5, 108) and drive Ly49H+ NK 

cell expansion (109). Type I IFNs regulate NK cell activation by upregulating transcriptional 

factors including STAT1, STAT2, IRF8, IRF9 (110, 111). In addition, cytokines IL-18- and IL-

33-driven MyD88 activation enhances Ly49H+ NK cell proliferation (112, 113). Taken together, 

similar to other adaptive immune cells, NK cell function and response are affected by co-

stimulatory molecule signaling and cytokine milieu.   
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1.3   Cell death pathways 

1.3.1   Intrinsic cell death pathway  

The key process of intrinsic cell apoptosis is mitochondria outer membrane 

permeabilization (MOMP), which leads to the release of mitochondrial intermembrane space 

(IMS) proteins that trigger subsequent effector caspase activation (114). This process is tightly 

regulated by Bcl-2 family proteins, through a balance or pro-apoptotic and anti-apoptotic members 

(115). The pro-apoptotic members include those that initiate apoptosis (i.e., Bim, Bid, Noxa, 

Puma) and those that function on mitochondria member (i.e., Bax, Bak and Bok) to result in 

MOMP. In addition, there are the anti-apoptotic members (i.e., Bcl-2, Bcl-XL, Mcl-1) that inhibit 

apoptosis (116, 117). Anti-apoptotic members normally bind the apoptosis initiators to sequester 

them from the effector proteins (118, 119). Expression of pro-apoptotic proteins can be induced 

by mitochondrial damage, cell stress, DNA damage, or hypoxia. Growth factor deprivation leads 

to FOXO3-driven Bim expression (120). In addition, DNA damage induces p56-dependent Noxa 

and Puma upregulation (121). Insertion of Bax and Bak onto mitochondria membrane induces 

MOMP activation (122), releasing IMS proteins, such as cytochrome c, Apaf 1 and Casp9, to the 

cytosol where they form a complex termed apoptosome (123). Activated Casp9 further cleaves 

and activates the two apoptosis executioners Casp3 and Casp7 (123) which then initiate a cascade 

of events, including phosphatidylserine externalization, DNA degradation and cytoplasmic 

condensation, and the release of apoptotic bodies that are taken up by phagocytes (114).  

1.3.2   Extrinsic apoptotic pathway.  

Extrinsic apoptosis pathway is best characterized following the activation of the cell 

surface TNF superfamily death receptor (DR), such as TNFR-1, Fas, TNF- related apoptosis-

inducing ligand (TRAIL) receptor-1 and -2 (TRAIL-R1 and TRAIL-R2), DR2 and DR6 in mice. 



 19 

This family of receptors contains a death domain (DD) at the cytosolic tail that is essential for 

activating the death pathway (124). As the key adaptor, Fas-associated protein with death domain 

(FADD) consists of a carboxyl-terminal DD and an amino-terminal death effector domain (DED) 

(Figure 1.2.). Following DR trimerization, the DDs at DR cytosolic tails recruit FADD through 

the DD domain interactions, leading to the formation of a death-inducing signaling complex 

(DISC) (or ripoptosome). The conformational changes of FADD allowing for  the DED to be 

exposed and recruit Casp8 (125).  

Casp8 is the central initiator of extrinsic apoptosis. Procaspase-8 is expressed as a zymogen, 

which consists of amino-terminal pro-domain comprising two DED domains, followed by one 

large proteolytic subunit (p20/p18), a short linker region and one small proteolytic subunit 

(p12/p10) (Figure. 1.2.). Once a procaspase-8 is recruited to FADD through DED interactions, 

additional recruitment of this procaspase leads to the formation an oligomerized structure (126). 

Procaspase-8 oligomerization allows the proteolytic domains to dimerize, which triggers auto-

cleavage (127) to release the large and small subunits resulting in full Casp8 activation (125). The 

specific isoform of cellular Fas-associated death domain-like interleukin-1-β-converting enzyme-

inhibitory protein (cFLIP) association with Caps8 in the cytosolic complex determines cell death 

fate. cFLIP is expressed in long form (cFLIPL) or short form (cFLIPs) depending on mRNA 

splicing (Figure. 1.2.). cFLIPs comprises the two DEDs and acts as a Casp8 inhibitor by blocking 

the formation of procaspase-8 dimerizers (128). cFLIPL is an inactive procaspase-8 homologue. 

Low levels of cFLIPL favor Casp8-initiated apoptosis, whereas high levels of the protein inhibit 

this pathway (129). Interestingly, Casp8 auto-processing mutation (D387A) only delays rather than 

preventing Casp3 activation upon Fas stimulation (130). This suggests that Casp8 self-cleavage 

contributes but is not essential for initiating extrinsic apoptosis. Once activated, Casp8 may cleaves 
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Casp3 directly, the step where intrinsic and extrinsic death pathways converge. In addition, when 

is present at lower levels Casp8 may cleave Bid to activate Bax and Bak (124), a process similar 

to the intrinsic pathway that has been called mitochondrial amplification. The fact that Bak–/–Bax–

/– (131) or Bid–/– (132) mice resist Fas-induced hepatitis is consistent with Bid-dependent crosstalk 

between extrinsic and intrinsic pathways.  

Ligation of DRs can trigger death or promote cell survival. Receptor interacting protein kinase 

(RIPK)1 is the key regulator that determines which of the two possible outcomes will be fulfilled 

(133).  RIPK1 comprises an N-terminal kinase domain (KD) followed by the central region that 

includes a RIP homotypic interaction motif (RHIM), and a carboxyl-terminal DD (Figure 1.2.). 

Upon TNFR-1 activation, RIPK1 is recruited by TRADD to form a membrane-associated 

complex, where RIPK1 is heavily ubiquitinated by the E3 ligase cIAP (134-136). RIPK1 

polyubiquitination builds a platform for NEMO, TAK1 and TAB2 interactions, which lead to NF-

κB and MAPK activation. NF-κB induces the expression of cFLIPL and cIAP which further 

promotes cell survival. Cell stress, inhibition of cIAP, or activation of deubiquitinases (such as 

A20 or CYLD) results in RIPK1 deubiquitination (137) and the formation of the cytosolic DISC 

platform that switches the fate of the cell in favor of apoptosis (138).  

1.3.3   Necroptosis 

Necrosis is conventionally viewed as unprogrammed cell death induced by chemical 

toxicity or physical stress, resulting from swelling organelles and plasma membrane rupture. 

However, necrosis may be programmed and concisely regulated (139). DR-triggered necroptosis 

requires RIPK1-RIPK3 interactions through RHIM, which leads to the formation of a cytosolic 

amyloid structure. RIPK3 or/and RIPK1 in this complex undergo activation and subsequent 

recruitment of mixed lineage kinase domain-like pseudokinase (MLKL) (140) (Figure 1.2.). Once 
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activated by RIPK3, MLKL translocates to plasma membrane, where this effector protein 

oligomerizes to create membrane nanopores that eventually lead to osmotic force-induced 

membrane rupture (141, 142).  

Necroptosis is normally inhibited by Casp8. Following DR activation, lack of survival 

signals favors the cytosolic DISC formation. When Casp8 function is intact, evidence suggests 

that this protease cleaves RIPK1 (143) and RIPK3 (144) to prevent necroptosis. Notably, 

unprocessed procaspases-8-cFLIPL heterodimers are also enzymatically active and are capable of 

suppressing necroptosis (145). Elimination of Casp8 or mutation that compromises its catalytic 

activities (Casp8C362A in mouse or Casp8R248W in human) ((145, 146), Newton et al. poster 2018) 

unleashes necroptosis (Figure 1.2.). This unleashing of necroptosis can be inhibited by mutations 

(147, 148) or pharmacological inhibitors (146, 148) that compromise RIPK kinases activities 

responsible for MLKL activation, or by MLKL elimination (149). Morever, RIPK1 or RIPK3 

inhibition can favor Casp8-mediated apoptosis activation. RIPK1-elimination leads to prenatal 

lethality, which is fully rescued by knocking out RIPK3 together with Casp8 (or FADD) (150-

153); whereas catalytically inactive mutation of RIPK1 (D138N) has no impact on the mouse 

development (147). These suggest that the scaffolding function of RIPK1 suppresses apoptosis 

and necroptosis during development. A kinase inactive RIPK3 D161N mutant strain exhibits 

embryonic lethality, which is rescued by Casp8 elimination (147), suggesting a vital RIPK3 kinase 

function in the suppression of Casp8-dependent apoptosis. However, Ripk3–/– mice develop with 

no evident abnormality. These confounding results were later clarified by work from Mocarski lab 

showing that cells obstaaining K51A, D161G, and D143N RIPK3 kinase inactive mutants retain 

viability (148), challenging the notion that RIPK3 kinase activities naturally promote survival 

(147). Instead, a kinase activity-independent, conformation-dependent role of RIPK3 drives 
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Casp8-cFLIPL-RIPK1 death complex activation (148). In line with these observations, inducible 

dimerization of RIPK1 or RIPK3 triggers Casp8-dependent apoptosis when of MLKL is absent 

(154, 155). Combined, although a precise spatial and temporal mechanism remains to be explored, 

it is clear that a balance between extrinsic apoptosis and necroptosis is critical for development 

and appropriate responses to danger signals.  

Extrinsic necroptosis and apoptosis can also be initiated independently of DRs, through 

pathogen recognition receptors such as Toll-like receptor (TLR)3, TLR4, Z-form nucleic acid 

binding protein (ZBP)1 (also called as DAI or DLM1). TLR3 and TLR4 recruit RIPK1 and RIPK3 

through the adaptor of the RHIM containing protein TRIF (156), while ZBP1 is a RHIM containing 

protein and can directly recruit both kinases (157, 158). RHIM interaction-triggered necroptosis is 

potent host defense mechanism used to eliminate infected cells, such that these interactions are 

naturally targeted by virus-encoded inhibitors such that progeny can be produced (159). 

Surprisingly, the RIPK1 RHIM mutation-induced perinatal lethality is delayed by knocking out 

RIPK3 or MLKL and fully rescued by knocking out ZBP1 (160, 161). These data suggest that the 

RHIM of RIPK1 functions as a brake to prevent ZBP1 initiated, RIPK3/MLKL-dependent 

necroptosis during development. In addition, a DISC-like structure forms associations with RIG-

I, an innate immune sensor for RNA viruses. Casp8-dependent cleavage of RIPK1 restricts IRF3 

activation (162). RIG-I can also trigger necroptosis when Casp8 is inhibited (163). Furthermore, 

stimulation of T cell receptor and certain NK cell activating receptors (e.g., CD16 and 2B4) (164-

167) initiates necroptosis when Casp8 function is compromised. Taken together, this core platform 

regulating extrinsic apoptosis and necroptosis has a very broad distribution in different cell types 

and can be activated in multiple ways for the regulation of development, immune cell homeostasis, 

and cell-autonomous host defense.  
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1.3.4   Extrinsic cell death and host defense  

2Considerable experimental evidence supports physiological interplay between alternate 

Casp8-mediated apoptosis and RIPK3-mediated necroptosis in host defense against multiple virus 

infection. As a natural mouse viral pathogen, MCMV has provided unambiguous evidence 

showing that interactions of Casp8 (168) and RIPK3 (157, 158, 169) build the first line of host 

defense (170). In return, the MCMV encode viral proteins function to inhibit cell death signaling 

for sustaining infection, dissemination, and persistence. The viral gene M36-encoded vICA 

inhibits basal activity as well as auto-cleavage activation of Casp8 (171, 172). The viral gene M45-

encoded vIRA (169) acts as a natural RHIM competitor to suppress RIPK3 being recruited by 

ZBP1 (157). Viruses with single mutation on M36 or M45, or with double mutations are 

susceptible to premature death of infected cells through Casp8- and RIPK3-dependent pathways 

and fail to sustain infection in the host (169, 170, 173). Importantly, attenuation of these viruses is 

reversed in Casp8 and RIPK3 are eliminated in the host (170), reinforcing the critical role of these 

two pathways in host defense to virus infection. Overall, Casp8 and RIPK3 sustain potent cell-

autonomous innate host defense to stop the spread of virus infection such that both pathways are 

inhibited by virus-encoded cell death suppressors. 

1.3.5   Death-independent function of Casp8  

As the central mediator of extrinsic pathway, Casp8 has been shown to support host 

development and lymphocyte and activation. Elimination of Casp8 or FADD in mice results in 

embryonic lethality. Genetic defects in human that result in catalytic activity-mutated Casp8 are 

immunocompromised, due to a sever lymphocyte activation defect (164, 165). NK, B and T cells 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
2 This paragraph is adapted from a publish paper “Remarkably Robust Antiviral Immune 
Response despite Combined Deficiency in Caspase-8 and RIPK3” (Feng et. al. 2018). 
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from these patients are resistant to Fas-triggered death but exhibit impaired NF-κB activation 

following stimulation. In line with this observation, mice with Casp8 or FADD eliminated 

specifically in T cells fail to mount antiviral T cell responses needed in the control of virus 

infections (166). However, this pro-survival function during development and lymphocyte 

activation has been confounded by its role of restricting necroptosis. Combined RIPK3 or MLKL 

elimination rescues these developmental and T cell activation defects (145, 147-149, 174, 175). 

This implicates necroptosis suppression as an essential death-regulating function of Casp8 beyond 

driving apoptosis (166, 167, 176).  

 Numerous publications in the last few years have demonstrated the death-independent 

function of Casp8 in innate immune signaling transduction. RIG-I activation assembles a complex 

that comprises Casp8, FADD, RIPK1 and RIPK3 (162). Casp8 catalytic activity keeps RIPK1 

functions in check by cleaving the kinase to restrict the duration of IRF-3 activation. Another study 

has shown that Casp8 can directly cleave IRF-3 and result in its degradation by proteasome (177). 

Mice with Casp8 knocked out in the myeloid compartment (LysMCre-Casp8flox/flox or CD11cCre-

Casp8flox/flox) develop splenomegaly, autoantibody deposition, and lymphocyte infiltration into 

multiple organs (178, 179). While RIPK3 elimination can rescue the dysregulation in LysMCre-

Casp8flox/flox mice, abnormality in CD11cCre-Casp8flox/flox mice is reversed by knocking out MyD88, 

suggesting death-independent function of Casp8 in suppressing the MyD88-dependent signaling 

pathways (178). Some studies have shown the supportive role of Casp8 in signal transduction 

downstream of ZBP1, TLR3, and TLR4 (125). Casp8–/–Ripk3–/– mice exhibit a severe defect in 

pro-inflammatory cytokine production in response to infectious insult including Citrobacter 

rodentium, Yersinia, and influenza A infection (180-185). Notably, this defect is independent of 

Casp8-autoprocessing, given that Casp8-autoprocessing mutant bone marrow-derived 
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macrophages (BMDM) produce WT levels of proinflammatory cytokines (182). Whether the 

scaffolding function or catalytic function of Casp8 regulates innate immune signal transduction 

requires future study.  

Casp8 function also impacts inflammasome regulation. Pathogen sensed by cell surface or 

cytosolic receptors induces the expression of inflammasome components, a step named “priming”. 

Subsequent processing of pro-IL-1β and pro-IL-18 by Casp1 or Casp11 generates the active form 

of these proinflammatory cytokines, another step named “trigger” (186). When both Casp1 and 

Casp11 are eliminated in bone marrow-derived DC (BMDC), the NLRP3-ASC inflammasome 

recruits Casp8 to process IL-1β (187). Interestingly, this inflammasome platform triggers Casp8-

dependent apoptosis in mouse tubular epithelial cells (188). These data suggest that these two 

pathways are regulated by crosstalk in different cell types. Casp8-dependent processing of IL-1β 

also occurs downstream of Dectin-1, also known as CLEC7A (189). Dectin-1 ligation triggers 

assembly of the CARD9-MALT1-BCL10 complex that induces pro-IL-1β expression. This 

complex subsequently recruits Casp8 through ASC for processing pro-IL-1β to its active form 

(189). In addition to Dectin-1, Casp8 is also involved in the priming stage downstream of TLR3 

and TLR4 (181, 190). Following recruitment to inflammasome, Casp1 and Casp11 activate 

gasdermin (GSDM) D to induce pore formation in the plasma membrane. This highly 

inflammatory cell death is termed pyroptosis (186). A recent study shows that Casp8 can directly 

cleave GSDMD in response to Yersinia infection, leading to a pyroptosis-like cell death (191).    

1.4   Casp8 and extrinsic death pathway in the regulation of T cells and NK cells 

T cells and NK cells are the two critical immune cell types for combating virus infection. 

While these cells perform robust cytotoxic function to clear infection and develop immune 
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memory, uncontrolled responses cause immunoproliferative diseases. Therefore, the balance 

between proliferation and death is required for maintaining a healthy immune system.  

1.4.1   Intrinsic death regulates T cell and NK cell during homeostasis and infection.  

Intrinsic apoptosis is critical during various development processes such that disruption of 

the death may lead to severe developmental disorders during development. Casp3–/– mice born at 

lower frequencies and often die before 3 week old (192), while Casp3–/–Casp7–/– mice die rapidly 

within 10 days of birth (193). These data suggest an additive effect of multiple cell death effectors, 

even though eliminating Casp7 by itself in mice has no evident impact during development (193). 

In line with these observations, Bax-deficiency results in lymphoid hyperplasia and reproductive 

abnormality (194), while most Bak–/–Bax–/– mice die perinatally, with less than 10% survival into 

adulthood (195). Surviving adults develop multiple disorders of the central nervous, hematopoietic 

compartment, and reproductive systems (195). Mice lacking Bim survive to adulthood but 

progressively accumulate lymphoid and myeloid cells with age, and have severe autoimmune 

kidney diseases (196). It is clear that intrinsic apoptosis removes undesired cells to maintain a 

balance during development. 

Intrinsic apoptosis plays the dominant role in controlling T cell numbers following 

pathogen infection. The importance of this form of death in eliminating activated T cells was first 

shown by using superantigen to treat Bim-deficient mice (197). Later studies have demonstrated 

the importance of Bim (198-200), Puma (200), Bax and Bak (201) in driving both KLRG1hi and 

KLRG1lo antigen-specific T cell contraction. Pro-survival cytokine IL-7 supports naïve and 

effector T cell survival, through promoting STAT5 signaling-mediated Bcl-2 expression (202). 

CD8 T cell contraction is thought to be induced by a decrease in pro-survival signals. While Bcl-

2 or Bcl-XL over-expression prolongs activated T cell survival (203), neutralizing IL-7 or IL-15 
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accelerates the contraction of both KLRG1hiCD127lo and KLRG1loCD127hi CD8 T cell subsets 

(204). However, treatment of IL-15, but not IL-7, delays antigen-specific CD8 T cell contraction 

(205), suggesting a more important role of IL-15 in supporting CD8 T cell survival during virus 

infection. Further, STAT5 elimination impairs antiviral T cells responses (204), in line with the 

known role of the STAT-Bcl-2 pathway in supporting T cell survival.    

IL-15 is the critical pro-survival cytokine for NK cell development and response of the 

Ly49H+ subset to MCMV m157 (206). IL-15 maintains Mcl-1 expression and suppresses Bim 

expression. Deprivation of IL-15 leads to NK cell death, which is rescued by eliminating Bim 

(206). Elimination of Bim results in slower contraction of Ly49H+ NK cells and impaired memory 

development (207). 

1.4.2   Casp8 and extrinsic death pathway in the regulation of T cell homeostasis.  

The importance of Fas-mediated extrinsic T cell death, also termed as activation-induced 

cell death (AICD), was initially reported in vitro culture (208-210). Anti-CD3/CD28 stimulation 

results in T cell undergoing apoptosis, which can be rescued by preventing Fas-FasL interactions. 

In accordance to these observations, lpr or gld mice that have mutations in Fas or FasL, 

respectively, progressively accumulate the abnormal CD3+B220+CD4–CD8– T cells, as well as 

conventional CD4 and CD8 T cells in peripheral lymphoid organs with age (211-214). These 

abnormal T cells are thought to be derived from previously activated CD4 and CD8 T cells, a 

hypothesis based on their high expression levels of activation markers (215). In contrast to Bim, 

Fas signaling has no impact on T cell development in the thymus. Autoimmune 

lymphoproliferative syndrome (ALPS) patients with Fas mutation develop similar symptoms as 

observed in lpr and gld mice, with enlarged lymph nodes, spleen, thymus, and liver attributable to 

immune cell infiltration and accumulation (216). The peripheral lymphoid organs and the 
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circulating cell population contain an unusually high number of the abnormal T cells. Although 

elimination of TNFR1 or TRAIL dose not confer any significant phenotype, knocking out TNFR1 

together Fas exacerbates the homeostatic abnormality (217). These observations together point to 

the critical role of Fas-mediated cell death in eliminating activated T cells during homeostasis.  

Based on the findings described above, restriction of abnormal T cell accumulation and 

lymphoid hyperplasia is dependent on extrinsic cell death. Notably, Fas death domain-deficient 

mice exhibit accelerated development of lymphadenopathy (218) in comparison with lpr mice with 

a DD mutation on Fas (213), demonstrating the importance of adaptor function of Fas in restricting 

ALPS development. Moreover, palmitoylation-defective Fas is defective in inducing apoptosis, 

but does not progress to lymphoid hyperplasia and abnormal T cell accumulation that develops in 

lpr mice (219). These observations suggest a death-independent function of Fas in suppressing 

ALPS.   

Casp8 is the critical apoptosis initiator downstream of Fas; however, Casp8 (or FADD) 

elimination in mice leads to embryonic lethality, an outcome completely different from the 

phenotype in lpr mice (220). This suggests that the most important role of Casp8 during 

development is to suppress necroptosis. However, evaluation of this pro-survival role of Casp8 is 

confounded by the unleashing of necroptosis; Casp8-eliminated mice survive into fertile adult once 

on a necroptosis removed background (e.g. Casp8–/–Ripk3–/– or Casp8–/–Mlkl–/–) (145, 147-149, 

166, 167, 174, 221, 222). These genotypes with combined deficiency of extrinsic apoptosis and 

necroptosis all develop lymphoid hyperplasia and exhibit the abnormal T cell accumulation with 

age, in line with the crucial role of Casp8 functions directly downstream of Fas. Elimination of 

Casp8 (or FADD) within T cells along with germline loss of RIPK3 is sufficient to cause the 

abnormal T cell accumulation (166, 222); whereas disrupting only Casp8 (or FADD)  in T cells 
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confers no evident phenotype (223-225). This implicates the RIPK3-mediated pathway in the 

removal of the abnormal T cells when extrinsic apoptosis is disrupted. Interestingly, Casp8–/–Mlkl–

/– mice exhibit accelerated lymphadenopathy and abnormal T cell accumulation above what is seen 

in Casp8–/–Ripk3–/– (149). Further, this abnormality is less severe once RIPK1 is eliminated along 

with Casp8 (or FADD) and RIPK3 (150, 151, 153). It is possible that certain death-independent 

roles of these extrinsic pathway members regulate the development of this lpr-related diseases.   

1.4.3   Casp8 and extrinsic death pathway in the regulation of virus-specific T cell responses.  

Although extrinsic cell death was initially implicated in T cell contraction, numerous 

studies have now shown that the intrinsic apoptosis pathway plays the dominant role during this 

process (226). The first in vivo study using Bim-deficient mice shows a defect in CD8 T cell 

contraction in response to staphylococcal enterotoxin B, contrasting to the competent T cell 

contraction in lpr, lprTnfr1–/– and lprTnfr2–/– mice (197). These findings were extended with 

studies that compared antiviral CD8 T cell responses in lpr and Bim-deficient mice, as well as the 

mice with the combined deficiency of both pathways following infection of herpesviruses. 

Interestingly, virus-specific CD8 T cell contraction during HSV-1 infection solely depends on Bim, 

whereas contraction following murine γ-herpesvirus-68 (MHV-68) infection requires the 

collaboration between Bim- and Fas-dependent death (116, 227). Notably, elimination of Bid also 

leads to a slower antiviral CD8 T cell contraction in response to MHV-68 infection (228). lprTnfr1–

/– mice exhibit slower clearance of MCMV in multiple organs; whether this is due to a defect in T 

cell antiviral function or a failure of the infected cell clearance remains to be clarified (229). These 

data together indicate that the Bim-mediated pathway is critical for T cell contraction during acute 

infection, such as HSV-1 infection, whereas eliminating the expanded T cells following persistent 
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virus infection (such as MHV-68) depends on a collaboration between Fas-and Bim-mediated 

pathways, probably through the connection by Bid.  

One shortcoming of the previous studies using DR knockout mice is that multiple DRs can 

trigger the same downstream pathway used in the initiation of apoptosis. Thus, mutation of a 

common downstream key member, like Casp8 or FADD, helps to eliminate the entire death 

pathway without having to eliminate each of the DRs capable of triggering extrinsic death (176). 

One major difficulty of studying Casp8 and FADD in T cell is that compromising the function of 

either molecule leads to defective T cell activation (164, 165, 223-225). This defect was initially 

attributed to a pro-survival role of Casp8 and FADD by supporting NF-κB activation. Multiple 

papers have shown that TCR stimulation leads to the recruitment of Casp8 by the CARMA-

MALT1-BCL10 complex (230, 231). TCR activation triggers the downstream formation of the 

CARMA-MALT1-BCL10 signaling complex, which creates a polyubiquitin scaffold used to 

recruit and phosphorylate the IκB kinases (IKK) for activating NF-κB. CARMA-MALT1-BCL10 

can recruit FADD and Casp8 (231), possibly through the DD homotypic interactions between 

FADD and MALT1 (83, 165, 232). A study shows that the paracaspase domain of MALT1 directly 

suppresses the Casp8 pro-apoptotic function during T cell activation (230). Although a wealth of 

studies focused on the death-independent function of Casp8 in activated T cells, most of these 

previous experiments were performed in Casp8-deficient T cells, and were confounded by the 

unleashed necroptotic death following TCR activation. Careful analysis indicates that there is 

intact NF-κB activation despite the Casp8 or FADD deficiency (167, 232). Later studies show that 

removing RIPK3 completely rescue this proliferation defect, given that Cd4CreCasp8–/–Ripk3–/– 

and LckCreFaddddRipk3–/– mice mount robust antigen-specific T cell expansion following virus 

infection (166, 222). Similar to the mice with Casp8 specifically disrupted in T cell, Casp8–/–Ripk3–



 31 

/– mice exhibited robust and functional CD8 T cell immunity following MCMV infection (150, 

174, 233). These results strongly support the conclusion that a critical function of Casp8 in 

activated T cells is to restrict the induction of necroptosis. Importantly, now we have these T cells 

lacking the confounding necroptosis dysregulation, which can be used to ask more definitive 

questions about the roles of Casp8 in T cell regulation.  

Little evidence has shown the Casp8 contributes a specific function within NK cells. 

Mutation within the catalytic site of Casp8 leads to an activation defect within NK cells following 

2B4 or CD16 stimulation, similar to that observed in activated T cells (164, 165). This suggests 

that Casp8 keeps necroptotic death in check in NK cells. It is introduced above that stimulation of 

NK cell activating receptors induces a signaling cascade similar to that following TCR activation, 

including the CARMA-MALT1-BCL10 complex formation that subsequently triggers NF-κB 

activation (83). Whether Casp8 can be recruited to this plasma membrane-associated complex in 

NK cells remains to be explored.  

1.4.4   Casp8 and extrinsic death pathway in proliferation. 

The death-independent role of the extrinsic apoptosis pathway in regulating T cell 

proliferation has primarily been studies downstream of Fas (234). Fas can act as a co-stimulation 

receptor to regulate T cell proliferation. Low dose Fas agonist improves T cell proliferation, along 

with enhanced IL-2, IFNγ, TNF secretion (235). While low doses of Fas agonist improves T cell 

proliferation, high doses inhibit proliferation through interfering the recruitment of protein kinase 

C-ϴ to TCR (236). This defect in proliferation can be rescued by PMA/inomycin treatment which 

can circumvent TCR-associated signaling complex and directly trigger T cell activation. These 

data indicate that the regulation of Fas on T cell proliferation engages the signaling platform 

proximal to TCR.  
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Recent studies used cells lacking Casp8 (or FADD) on a necroptosis-deficient background 

to investigate the death-independent role of Casp8. A few publications have shown that elimination 

of both Casp8 and RIPK3 enhances the accumulation of live, divided CD8 T cells following 

stimulation in culture (151, 152, 222, 233). However, whether this is due to a decrease in T cell 

death or enhanced proliferation remains to be determined. Mice with Casp8 specifically deleted in 

hepatocytes have improved liver regenerative capacity, which has been attributed to an enhanced 

NF-κB activation that induces the earlier expression of cell cycle progression proteins (237). 

Compromising Casp8 catalytic activities also leads to sustained NF-κB and Erk activation 

depending on RIPK1 and RIPK3 kinase functions in myeloid cells, resulting in enhanced cytokine 

production following TLR3 and TLR4 stimulation (238, 239). Together such observations suggest 

that Casp8 may function to keep RIPKs-mediated activation in check in certain cell types, such 

that elimination of this protease may result in prolonged NF-κB activation in these cells.  

Cell death pathways have been shown to crosstalk with proliferation pathways. Two cell 

cycle regulators p21 and p27 are natural substrates of Casp3 and Casp8 (240, 241). Previous 

studies have shown that Casp3 suppresses B cell proliferation through a p21-dependent mechanism 

(242). Notably, the abnormalities of T cell in lpr mice are reversed upon p21 overexpression (243), 

further suggesting crosstalk between proliferation and extrinsic death. In addition, a supportive 

role of Casp3 in proliferation has also been observed in hair follicle sebocytes (244). Anastasis is 

a process during which cells recover from apoptosis. These anastatic cells are widespread in the 

intestine, visceral muscle, eyes, antenna, central brain, nerve cords and reproductive system (245). 

For those cells that are difficult to regenerate, such as neurons or cardiomyocytes, this process 

helps to preserve them if they are not irreversibly damaged (246). Interestingly, a study using HeLa 
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cells showing that recovering cells exhibited enhanced proliferation capacity, indicated by the 

increase in cell numbers and upregulation of transcripts related to cell cycle progression (247).  

Studies in the last few years have revealed that extrinsic apoptotic and necroptotic 

pathways are regulated by shared core machinery, where Casp8 activities dictate the outcomes. A 

wealth of experiments have been conducted to explore how the pro-survival function of Casp8 

supports lymphocyte activation and proliferation. However, these studies have been confounded 

by the role of Casp8 in suppressing necroptosis, leaving many phenomena previously attributed to 

Casp8 needing reexamination. Mice with combined deficiency of Casp8 and RIPK3 lack this gross 

dysregulation and provide opportunities to more accurately determine the contribution of Casp8 

in lymphocytes following virus infection. Moreover, a series of publications have highlighted the 

crosstalk between Casp8-bearing DISC and innate immune signaling pathways, mostly shown in 

myeloid cells. This crosstalk involving Casp8 can lead to supportive or suppressive effect on innate 

immune signaling, depending on the receptor and complex engaged. Whether this function in 

myeloid cells regulates virus-specific lymphocyte responses remains to be explored.  Previous 

studies from our lab have shown that Casp8–/–Ripk3–/– (DKO) mice are immunocompetent and 

capable of controlling MCMV infection. In this dissertation, I undertook a detailed 

characterization of the innate and adaptive immune response parameters in these mice. Immune 

responses were evaluated following MCMV infection to explore the importance of Casp8 in 

different arms of host defense to this natural mouse pathogen. Further, I investigated the CD8 T 

cell- and NK cell-autonomous function of Casp8 in regulating proliferation or death in response 

to viral infection. 
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1.5   Figures and Figure Legends. 

 

Figure 1.13 Overview of conventional and inflationary CD8 T cell kinetics during the acute 

and latent phases of MCMV infection.  

Conventional CD8 T cells follow classical kinetics of expansion, contraction and stable memory. 

Following the peak of the acute phase, the majority of the KLRG1hiCD127lo SLECs contract, 

leaving the KLRG1loCD127hi MPECs that differentiate into memory subsets. Conventional CD8 

T cells mostly exhibit CD62LhiKLRG1loCD127hi Tcm phenotype during long-term infection. In 

contrast, inflationary CD8 T cells gradually accumulate in frequency over time even when no 

active virus replication is detectable in any organ. Inflationary CD8 cells mostly exhibit 

CD62LloKLRG1hiCD127lo Tem phenotype. 

  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
3 This figure is adapted from a published paper “Memory T cell inflation: understanding cause and 
effect” (O’Hara et. al. 2012). 



 35 

 

Figure 1.2 Casp8 determines the outcomes of extrinsic pathway.  

(A) Schematic diagram of proteins in DISC. (B)4 Following extrinsic pathway activation, FADD 

recruits Casp8, cFLIPL, RIPK1, and RIPK3 to form a DISC (or ripoptosome). Procaspase-8 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
4 Panel B derives from a published paper “Manipulation of apoptosis and necroptosis signaling by 
herpesviruses” (Guo et. al. 2015). 
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dimerization leads to auto-cleavage that releases both large and small subunits for full Casp8 

activation, and subsequent apoptosis initiation. Association with cFLIPL blocks procaspase-8 auto-

cleavage, which delays but not impairs apoptosis activation upon DR stimulation. cFLIPL-Casp8 

associatiation maintains Casp8 basal catalytic activities sufficient for suppressing RIP kinases-

dependent necroptosis. Casp8 catalytic activity inhibition initiates necroptosis. Activation of 

RIPK1 and RIPK3 by phosphorylation leads to the recruitment and activation of MLKL, which 

triggers necroptosis.  
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Chapter 2. 

Remarkably Robust Antiviral Immune Response 

Despite Combined Deficiency in Caspase-8 and RIPK3 

 

The data presented in this chapter was published in the Journal of Immunology as: 

Yanjun Feng, Devon Livingston-Rosanoff, Linda Roback, Aarthi Sundararajan, Samuel H. 

Speck, Edward S. Mocarski, Lisa P. Daley-Bauer (2018). “Remarkably Robust Antiviral 

Immune Response Despite Combined Deficiency in Caspase-8 and RIPK3.” J Immunol. 2018 

Oct 15;201(8):2244-2255. http://www.jimmunol.org/content/201/8/2244.long. 

The content is reproduced here in whole with permission from the publisher. Data not generated 

by the Ph.D. candidate is indicated in the figure legends. 
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2.1   Abstract 

Caspase-8 (Casp8)-mediated signaling triggers extrinsic apoptosis while suppressing receptor 

interacting protein kinase (RIPK)3-dependent necroptosis. Even though Casp8 is dispensable for 

the development of innate and adaptive immune compartments in mice, the importance of this 

proapoptotic protease in the orchestration of immune response to pathogens remains to be fully 

explored. Here, Casp8-/-Ripk3-/- C57BL/6 mice show robust innate and adaptive immune 

responses to the natural mouse pathogen, murine cytomegalovirus. When young, these mice lack 

lpr-like lymphoid hyperplasia and accumulation of either B220+CD3+ or B220-CD3+ CD4+ and 

CD8+ T cells with increased numbers of immature myeloid cells that are evident in older mice. 

Dendritic cell activation and cytokine production drive both NK and T cell responses to control 

viral infection in these mice, suggesting that Casp8 is dispensable to the generation of antiviral 

host defense. Curiously, NK and T cell expansion is amplified, with greater numbers observed by 

7 days post infection compared to either Casp8+/-Ripk3-/- or wild type (Casp8+/+Ripk3+/+) 

littermate controls. Casp8 and RIPK3 are natural targets of virus-encoded cell death suppressors 

that prevent infected cell apoptosis and necroptosis, respectively. It is clear from the current studies 

that the initiation of innate immunity and the execution of cytotoxic lymphocyte functions are all 

preserved despite the absence of Casp8 in responding cells. Thus, Casp8 and RIPK3 signaling is 

completely dispensable to the generation of immunity against this natural herpesvirus infection 

even though the pathways driven by these initiators serve as a crucial first line for host defense 

within virus-infected cells. 
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2.2   Introduction 

The self-activating protease Casp8 is an important cell signaling protease that controls 

alternate apoptotic and necroptotic cell death pathways (248) in host defense (249, 250). Casp8 

also influences the activation of cytokines and differentiation of myelomonocytic lineage cells 

(125, 186). Best characterized following TNF superfamily (TNFR1, TRAIL and Fas) DR 

activation (125, 251), soluble Casp8 has been shown to form a death-inducing signaling complex 

(also called complex II or ripoptosome) with FADD, cFLIPL, RIPK1 and RIPK3 (125) in the 

cytosol. In addition to DR activation, this complex controls signaling following either the 

activation of TLR3, TLR4 (156, 252, 253) or TCR (166, 167), or the induction of genotoxic stress 

(254). Several different outcomes may occur following complex formation: (i) cytokine activation 

via NF-kB, JNK and p38 signaling pathways, (ii) extrinsic apoptosis following autocleavage 

activation of Casp8, and, (iii) alternate RIPK3-dependent, MLKL-mediated necroptosis when 

Casp8 is compromised (125). Taken together, Casp8 is now recognized for its importance in 

integrating divergent cell death and inflammatory signals. 

Considerable experimental evidence supports the physiological interplay between alternate 

Casp8-mediated apoptosis and RIPK3-mediated necroptosis in host defense against HCMV (173, 

255) and MCMV (157, 158, 169-172), vaccinia virus (256-258), Sendai virus (163) as well as 

human influenza A virus (184, 185, 259, 260) and HSV (159, 261). Studies in a natural mouse 

pathogen MCMV have provided unambiguous evidence revealing the importance of Casp8 (168) 

and RIPK3 (157, 158, 169) interactions in anti-viral host defenses (170). These anti-viral host 

defenses are countered by the MCMV M36 and M45 gene-encoded that function to inhibit cell 

death signaling and sustain infection, dissemination, and persistence. MCMV M36 gene-encoded 

viral inhibitor of caspase 8 activation (vICA) blocks basal activity as well as auto-cleavage 
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activation of this protease (171, 172). The M45-encoded viral inhibitor of RIP activation (vIRA) 

(169) is a RIP homotypic interaction motif (RHIM) competitor that naturally suppresses 

recruitment of RIPK3 by ZBP1 (157) and blocks subsequent phosphorylation of MLKL (156). 

DM36, M45mutRHIM and combined ∆M36/M45mutRHIM mutant viruses fail to sustain infection 

in the host due to premature death of infected cells and certain non-death antiviral mechanism 

driven by Casp8 and RIPK3 (169, 170, 173). Importantly, the attenuation of these mutant viruses 

in wild type (WT) mice is reversed in Casp8-/-Ripk3-/- mice (170), reinforcing the importance of 

both pathways in restricting virus infection in vivo. HCMV and MCMV encode evolutionarily-

conserved Casp8 inhibitors (171, 172); although, these betaherpesviruses block different points in 

the necroptotic pathway (159, 255). The mechanism of cell death suppression by MCMV has 

remarkable similarity to HSV, an alphaherpesvirus (261, 262). Overall, Casp8 and RIPK3 

potentiate a potent cell-autonomous innate host defense to stop the spread of virus infection and 

so both pathways are targeted by virus-encoded cell death suppressors. 

Despite the importance in host defense, Casp8 function appears dispensable in the 

activation of immune cells that control MCMV infection (150, 174). Initially, Casp8 was thought 

to be critical for the activation of NF-kB in immune cells given that lymphocytes from either mice 

or patients with a disruption in Casp8 display defective translocation of this transcription factor 

into the nucleus (164, 231). These observations were later clarified in mouse studies revealing the 

important role of Casp8 as a suppressor of RIPK3-mediated necroptosis following TCR activation 

as, once on a RIPK3-eliminated background, Casp8-deficient cells become activated and exhibit 

intact functionality (166). Cd4CreCasp8flox/flox and LckCreFADDdd mice with intact RIPK3-mediated 

necroptotic function exhibit compromised antiviral responses (166, 222) aligning with the 

observed immune defect in controlling herpesvirus infection in human patients carrying a 
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destabilizing Casp8 mutation (Casp8C248T) (164). In contrast, the overall antiviral immunity is 

preserved in DKO and Ripk1-/-Casp8-/-Ripk3-/- mice despite the combined absence of Casp8 and 

RIPK3 (148, 150, 174). Further, Cd4CreCasp8flox/floxRipk3-/- (166) and LckCreFADDddRipk3-/- 

(222) mice that have T cell-specific genetic disruptions in Casp8 (or FADD) on a RIPK3-

eliminated background mount effective antiviral immunity suggesting that pathways driven by 

these molecules are dispensable to T cell expansion, contraction and cytotoxicity. In fact, like the 

lpr mice that have a disruption in the DR Fas that is upstream of Casp8, patients with ALPS are 

indeed immunocompetent (215). Neither lpr mice nor ALPS patients develop any opportunistic 

infection or other clinical signs of immunodeficiency (263) arguing strongly that anti-microbial 

immunity is intact when both Casp8 and RIPK3 signaling pathways are compromised. The 

combined evidence suggest that, in mice as well as humans, the pathways controlled by Casp8 are 

dispensable for the generation of antiviral immunity once RIPK3-mediated necroptosis is 

eliminated in parallel. Thus, DKO animals lack the confounding impact of unleashed necroptosis 

and therefore permit studies in a setting where Casp8 contribution to immune regulation may be 

assessed independent of necroptosis.  

Even with the strong immune activation, DKO mice exhibit higher MCMV titers at 7 dpi 

compared to WT mice (150, 174), reminiscent of the increased viral titers seen in animals lacking 

both Fas and TNFR1 signaling (229). In contrast, Ripk3-/- mice exhibit similar viral titers, 

infection-induced inflammation (157, 169) and antiviral T cell responses (150) compared to WT 

mice, suggesting that RIPK3 is dispensable for control of WT MCMV. Comparative assessment 

of Ripk3-/- and Casp8+/-Ripk3-/- (HET) mice did not reveal any additional impact on MCMV titers 

or antiviral immunity when one allele of Casp8 was deleted (unpublished data). Together, these 

studies suggest that increased WT MCMV titers in DKO mice (150) is attributable to the 
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elimination of both Casp8 alleles and raise the question of whether DKO mice mount effective 

immune responses at different stages of MCMV infection. 

In this study, we take advantage of viable Casp8-deficient DKO mice along with HET and WT 

controls to investigate Casp8-mediated regulation of antiviral immunity. We focused on young (6- 

to 8-week old) mice to circumvent confounding contributions of the lymphoid hyperplasia and 

accumulating abnormal B220+CD3+ T cells that develop as DKO mice age (145, 174), first 

reported in Fas signaling-deficient lpr mice (264). We report that DKO mice develop antiviral 

immune responses sufficient to control acute MCMV infection. Our investigation reveals the 

capacity of these mice to generate elevated dendritic cell (DC), NK cell as well as T cell numbers 

against MCMV even though control of acute MCMV infection appears comparable to WT mice. 

Thus, despite the contribution of Casp8 and RIPK3-mediated pathways to host defense within 

virus-infected cells, these signaling components are completely dispensable for the generation of 

anti-viral immunity. 
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2.3   Results 

Myeloid cell homeostasis in naïve DKO mice 

Prior to evaluating the response to MCMV infection, we set out to determine whether 

viable Casp8-deficient mice develop myeloid and lymphoid compartments sufficient to support 

antiviral immunity. DKO mice showed the expected lymphadenopathy that developed with age 

(145, 174). The immune compartments of 8-week-old naïve DKO mice were characterized, 

because this was a time when lymphoid organs appeared more normal (149). We compared these 

younger mice to older (16-week-old) adult mice as well as to age-matched WT and HET controls.  

Although young WT and DKO mouse spleens comprised similar frequencies (Fig. 2.1A, 

top panels) and numbers (Fig. 2.1B) of CD45+CD3−CD11c+MHC-IIlo pre-cDCs (265, 266), DKO 

cells expanded dramatically by 16 weeks of age to numbers six-fold greater than WT mice (Fig. 

2.1A, bottom panels and 2.1B). In contrast, the frequencies and numbers of more mature 

CD45+CD3−CD11c+MHC-IIhi cDCs in DKO mice were sustained at these ages; however, cell 

numbers were approximately twice that of WT controls regardless of age (Fig. 2.1C) due to 

increased numbers of CD8α+ cDC1 and CD11b+ cDC2 subsets (Fig. 2.1D - F). 

CD45+B220+SiglecH+ pDCs accumulated faster with age in DKO mice to levels greater than 2.5-

fold that of WT controls (Fig. 2.1G). Curiously, in HET mice, numbers of both cDCs and pDCs 

decreased with age to levels lower than observed in 16-week-old WT mice (Fig. 2.1C - G), 

suggesting that RIPK3 impacts DC numbers when Casp8 is present. Given the higher levels of 

DCs in DKO mice compared to HET mice, elimination of Casp8 appeared to reverse the reduced 

DC numbers in RIPK3-deficient mice. Thus, our data show that DKO mice develop the more 

mature DC subsets known to contribute to the antiviral immune response in WT mice, even though 
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the contribution of Casp8 to pre-cDCs and cDCs homeostasis appears similar to that shown in 

mice with CD11c-specific disruption of Casp8 (178, 267). 

Next, we investigated the impact of Casp8 and RIPK3 deficiency on the development of 

splenic monocyte subsets and CD45+CD11b+F4/80+CD11c− Macs. By 16 weeks of age, both 

CD45+CD115+CD11b+ Ly6C+Gr-1−F4/80+CD11c−CD62L– IMs (Fig. 2.1H) and 

CD45+CD115+CD11b+Ly6C− Gr-1− F4/80+CD11c+CD62L+ PMs (Fig. 2.1I) in DKO mice 

expanded to numbers that were 8-fold greater than WT controls. Importantly, this pattern was 

comparable to that observed with LysM-specific disruption of Casp8 or Fas (179, 220, 268), 

implicating the Fas-Casp8 axis in maintaining homeostasis of less mature myeloid cells. Mac 

numbers in younger DKO mice were greater than WT controls and expanded faster as animals 

aged (Fig. 2.1J). Interestingly, although Mac numbers were also greater in 8-week-old HET mice, 

the levels dropped over time to match the increase in WT animals by 16 weeks of age, indicating 

that RIPK3 impacts numbers of more mature myeloid cell. These data suggest that the myeloid 

compartment of DKO mice is relatively complete and may be expected to support MCMV 

infection and antiviral response even though Casp8 appears to contribute to the homeostatic 

equilibrium of less mature myeloid cells and Macs. 

T cells in naïve DKO mice accumulate and acquire activation markers with age 

Next, we sought to characterize T cells in naïve DKO mice. Consistent with previous 

observations (149), aberrant CD45+CD3+B220+ T cells are detectable by six weeks of age and 

continue to elevation in numbers over time (Fig. 2.2A). As expected (174), conventional 

CD45+B220–CD3+ CD4+ and CD8+ T cells accumulated to significantly greater numbers by 16 

weeks of age in DKO mice compared to controls. T cells in lpr mice express high levels of CD44 

ascribed to defective turnover in response to self-antigens or cytokines (264). Increasing 
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proportions of T cells from DKO mice expressed CD44 over time such that frequencies of CD44hi 

CD4 and CD44hi CD8 T cells reached 60% and 70%, respectively, by 12 weeks of age compared 

to the 30% levels in WT and HET controls (Fig. 2.2B). Notably, the increase in frequencies in 

DKO mice was less dramatic at 6 weeks of age compared to controls. Altogether, these data 

confirm that Casp8 is dispensable for T cell development (174) but may contribute to the 

suppression of T cell accumulation and homeostatic activation state in aging mice (269). 

Given the observed increase in activation state during homeostasis, we sought to 

investigate the capacity of T cells from DKO mice to respond to TCR engagement. Purified splenic 

conventional T cells from 6 and 12-week-old mice were labeled with CFSE, stimulated with CD3 

and CD28 Abs then analyzed at 72 h by flow cytometry for extent of proliferation. In contrast to 

observations made using young T cell-specific Cd4CreCasp8flox/floxRipk3–/–  mice (166), 

proliferating CD8 T cells accumulated to greater levels in DKO mice compared to WT controls 

regardless of age (Fig. 2.2C), consistent with the high proportion of CD44hi cells in DKO mice 

(Fig. 2.2B).  

To better understand how Casp8 and RIPK3 regulate cell death in CD8 T cells following 

TCR stimulation, we quantified 7-AAD+ events in cultures of CFSE-labelled cells purified from 

spleens of 6-week-old mice. Cells from WT mice had the highest proportion (Fig. 2.2D) and 

numbers (Fig. 2.2E) of dead, undivided (7-AAD+CFSEhi) CD8 T cells at 72 h post-stimulation 

whereas 20% of the population had remained alive and had divided (7-AAD−CFSElo). In contrast, 

the levels of dead, undivided cells in cultures from both HET and DKO mice were significantly 

reduced (Fig. 2.2D and E), suggesting a RIPK3-dependent but Casp8-independent contribution to 

cell death following TCR stimulation. of CD8 T cells. Upon entering the cell cycle, CFSElo DKO 

cells underwent extensive proliferation and, compared to controls, a smaller proportion of dead (7-
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AAD+CFSElo) cells was observed (Fig. 2.2D). Notably, similar numbers of these dead, divided 7-

AAD+CFSElo cells were recovered from all cultures (Fig. 2.2E). Thus, notwithstanding the 

heightened activation state, DKO CD8 T cells respond to TCR stimulation in vitro and undergo 

more extensive proliferation with dampened putative Casp8-dependent activation-induced-cell-

death (264).  

Virus-induced DC activation is robust in DKO mice 

Previously, DKO mice, similar to Cd4CreCasp8flox/floxRipk3–/– and Ripk1–/–Casp8–/–Ripk3–/–

mice, were found to be immunocompetent and capable of controlling viral infections (150, 166, 

174); however, detailed characterization of innate and adaptive immune response parameters have 

not been reported. We characterized the antiviral response to MCMV in young (6 to 8-week-old) 

DKO mice because they retained intact leukocyte populations without exhibiting the gross myeloid 

and lymphoid abnormalities that became apparent with age. Given their important role in 

activating NK cells and in being the predominant APCs responsible for priming adaptive immunity 

(15), we characterized the DC response in spleens of WT, HET and DKO mice at 1.5 dpi. Even 

though the cDC frequency was lower in infected DKO mice (Fig. 2.3A), the total numbers of cDC1 

and cDC2 subsets were greater in these mice than in littermate controls (Fig. 2.3B). WT and HET 

mice exhibited comparable numbers of both subsets, revealing that RIPK3 is dispensable for the 

cDC response to infection despite an apparent contribution to homeostasis (Fig. 2.1C-F). 

Importantly, cDC maturation following infection was evident in all three genotypes where CD80 

and CD86 were upregulated (Fig. 2.3C-D), indicating cDC activation in response to virus despite 

Casp8 and/or RIPK3 deficiency. 

IL-12 produced by DCs early after MCMV infection is critical for promoting cytotoxic NK 

and CD8 T effector cell activation (5, 15). Given that DCs are the major source of IL-12 (7), we 
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assessed concentrations in spleen and serum at 1.5 dpi to understand whether Casp8 and RIPK3 

influenced the production of this cytokine. Infection increased IL-12 levels in spleens regardless 

of genotype; although, levels in DKO mice were notably lower than controls even following 

infection (Fig. 2.3E). Thus, Casp8 contributes to the optimal production of this cytokine in 

splenocytes. As expected (5), systemic IL-12 production was undetectable in mock-treated WT 

mice but increased at 1.5 dpi (Fig. 2.3F) in a pattern that was independent of Casp8 and RIPK3. 

Even though splenic levels were lower in DKO mice, serum IL-12 levels were similar to controls. 

Thus, despite the absence of Casp8 and RIPK3, higher numbers of cDC appeared to be 

accompanied by sufficient systemic IL-12 production in response to MCMV infection.  

Antiviral NK cell response is robust in DKO mice 

Activated DCs collaborate with Ly49H activation by viral m157 to promote NK cell 

proliferation and maturation (94, 270), contributing to early control of MCMV infection in 

C57BL/6 mice. Here, CD45+B220−CD3−NK1.1+Ly49H+ NK cells responded more robustly 

between 1.5 and 7 dpi in the absence of Casp8 and RIPK3 than in controls (Fig. 2.4A and B). The 

percentages of Ly49H+ NK cells at 1.5 dpi appeared substantially lower in DKO mice than in 

infected WT or HET mice or mock-treated controls (Fig. 2.4A). Nevertheless, all three genotypes 

of mice showed increased percentages over mock by 7 dpi, indicating Ly49H+ NK cells respond 

to MCMV independent of Casp8. Consistent with the proportional assessment, the numbers of 

Ly49H+ NK cells expanded between 1.5 and 7 dpi in all three genotypes, with a more dramatic 

expansion in DKO mice (Fig. 2.4B and C). Despite differences in expansion, Ly49H+ NK cells 

exhibited comparable elevation of IFNγ and CD69 at 1.5 dpi in all mice (Fig. 2.4D), indicating 

that Casp8 deficiency did not impair NK cell activation. Virulence of MCMV depends on the 

source as well as preparation of virus stock (271, 272). Importantly, NK cells in DKO mice 
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exhibited both enhanced cell expansion (Fig. 2.4C) and robust activation (Fig. 2.4D) in response 

to either tissue culture-propagated strain K181-BAC or the more virulent SG-propagated strain 

V70. Thus, the patterns of NK cell response in DKO mice occurred independent of virus strain 

and preparation. 

Next, to assess the antiviral function of NK cells, we compared K181-BAC to Dm157 

mutant derivative that was unable to activate Ly49H+ NK cells (97). At 5 dpi, when NK cell-

mediated antiviral immunity is dominant, WT and DKO mice exhibited similar 10-fold lower virus 

titers with K181-BAC compared to ∆m157 (Fig 2.4E). Thus, competent NK cell function 

developed despite Casp8 and RIPK3 deficiency. The difference in titer was less pronounced at 7 

dpi, a time point when CD8 T cells contribute to control of this virus (97). Thus, DKO mice mount 

a robust NK cell response that controls MCMV early during infection; however, the pattern 

suggests that Casp8 may normally dampen NK cell expansion without impacting overall antiviral 

function. 

Antiviral T cell response is robust in DKO mice 

We sought to characterize the T cell response against MCMV given its importance in the 

ultimate control of virus replication and maintenance of latency (40). We compared the splenic 

CD8 T cell response in infected WT, HET and DKO mice by evaluating the virus-specific response 

to M45, the dominant epitope during acute infection, as well as the response to inflationary epitope 

IE3 (17), employing stimulation with specific peptides. CD8 T cells responded robustly to 

infection independent of Casp8 and/or RIPK3 deficiency (Fig. 2.5A and B). The three genotypes 

of mice exhibited similar frequencies of M45-specific CD8 T cells at either 5 or 14 dpi (Fig. 2.5A); 

however, at 7 dpi when the acute response peaked, significantly greater frequencies of Ag-specific 

T cell populations were present in DKO mice. Thus, Casp8 appears to restrict initial T cell 
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expansion without any apparent impact on contraction. Instead of an acute response, IE3-specific 

CD8 T cells are not detectable until at least three weeks post infection. Whereas WT and HET 

mice exhibited the expected low percentages of this subset by 14 dpi, DKO mice developed faster 

expansion of IE3-specific CD8 cells between 7 and 14 dpi (Fig. 2.5B). Similar patterns of CD8 T 

cell expansion were observed in DKO mice infected with MCMV K181-BAC (Fig. 2.5C and D). 

In summary, DKO mice mount a robust CD8 T cell response to MCMV infection, although the 

unexpected pattern suggests a role for Casp8 in restricting CD8 T cell expansion without affecting 

contraction.  

To evaluate CD8 T cell cytotoxic function, we injected 2 × 107 WT M45 peptide-pulsed 

and CFSE-labeled splenocytes into mice at 7 dpi. A comparable level of killing was observed over 

an 18 h time frame in all genotypes (Fig. 2.5E). Specific killing of Ag-pulsed cells was nearly 

complete in all mice regardless of whether infected with V70 or K181-BAC (Fig. 2.5F), indicating 

CD8 T cell cytotoxicity was preserved in DKO mice. The antiviral function of CD8 T cells in 

DKO mice was evaluated with Dm157 virus to circumvent the contribution of NK cells. DKO 

mice controlled MCMV infection by 14 dpi independent of NK cell activation by m157 (Fig. 2.4E). 

WT and DKO mice exhibited similar patterns of ∆m157 virus clearance, demonstrating intact T 

cell function in DKO mice. In addition, the sharper drop in titer between 5 and 7 dpi in all ∆m157 

virus-infected mice is consistent with enhanced T cell effector function in the absence of activated 

NK cells (97, 273). Taken together, mice mount cytotoxic CD8 T cell responses with full antiviral 

capacity independent of Casp8. 

Whereas acute MCMV infection is controlled via overlapping NK and CD8 T cell 

responses, CD4 T cells contribute to viral clearance from SGs, as well as the Ab response and 

establishment of latency (274). We evaluated the splenic CD4 T cell response at 14 dpi following 
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expression of CD11a and CD49d (67). Total CD4 T cells showed modest elevation in WT and 

HET mice (Fig. 2.5G); whereas, this population of cells started out higher in mock-treated DKO 

mice and increased significantly in response to infection. Ag-experienced CD49d+CD11a+ CD4 T 

cell frequencies increased significantly in WT and HET mice by 14 dpi; whereas, in DKO mice, 

this population again started three-fold higher and increased during infection, although with high 

animal-to-animal variability (Fig. 2.5H). When evaluated further, these Ag-experienced CD4 T 

cells showed proportionally increased intracellular cytokine staining for IFNγ+ as well as for 

IFNγ+TNF+ and IFNγ+TNF+IL-2+ (Fig. 2.5I). Consistent with this assessment, DKO mice 

developed significantly greater numbers of CD4 T cells producing single (Fig. 2.5J - L) and 

multiple cytokines (Fig. 2.5M), indicating the presence of high numbers of terminally 

differentiated CD4 T cells. The elevated cytokine production may be a phenotype already present 

in naïve cells, given that CD4 T cells in mock-treated DKO mice displayed increased activation 

markers and cytokine production. Thus, Casp8 appears to dampen the expansion of Ag-

experienced CD4 T cells but is dispensable for mounting a response to virus infection. 

Ab response patterns in DKO mice 

Although dispensable for limiting initial MCMV replication, Abs play a crucial role in 

preventing reinfection (275). We assessed the serum Ab response, comparing naïve to virus-

infected mice at 14 dpi. Consistent with previous observations (149), naïve 8-week-old DKO mice 

had had detectable levels of anti-dsDNA Abs (Fig. 2.6A) compared to HET and WT mice; however, 

these levels did not significantly increase after infection in either DKO or control mice, regardless 

of Ab isotype examined. We also observed higher levels of total Ig (IgM, IgG1, IgG2b and IgG2c) 

in DKO mice compared to WT or HET controls (Fig. 2.6B), correlating with enhanced anti-dsDNA 

Ab levels. Despite these differences in homeostasis, all genotypes exhibited an increase in total 
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IgG2c during infection. DKO and WT mice developed comparable MCMV-specific IgG2c titers 

(Fig. 2.6C); whereas HET mice had unexpectedly higher levels than WT controls. These data 

demonstrate that mice mount Ab in response to MCMV infection independent of Casp8 function.   
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2.4   Discussion 

Our study demonstrates that Casp8-deficient mice mount a robust and functional innate 

and adaptive immune response to natural virus infection so long as pro-necroptotic RIPK3 

signaling has been eliminated. This is remarkable because both Casp8 and RIPK3 execute potent 

antiviral activities in the WT mouse that eliminate virus-infected cells if not blocked by virus-

encoded cell death suppressors (249, 250). DKO mice survive MCMV infection and higher splenic 

titers are detected at 7 dpi (150) but are nevertheless controlled by 14 dpi (170), demonstrating 

that viral control is complete despite the absence of Casp8 and RIPK3 host defense pathways. 

Innate and adaptive immune control of this viral pathogen proceeds in even when both pathways 

are eliminated from the natural mammalian host. The cell-autonomous role of Casp8 and RIPK3 

in extrinsic cell death and innate immune host defense (125), together with the contribution of 

these pathways to inflammatory consequences of infection (170) remain clear evidences 

supporting our long-standing hypothesis that Casp8 and RIPK3 evolved to eliminate pathogens 

rather to regulate the immune response (249, 250). It is not yet clear whether this hypothesis applies 

to infections with other viruses or bacteria, but such studies are clearly warranted (125, 186). Innate 

DC activation along with the crucial antiviral cytotoxic function of NK and T cells proceeds 

independent of Casp8 and RIPK3 signaling pathways, with a pattern of faster and enhanced NK 

and T cell expansion. Given the strong immune response in these animals, the slower viral 

clearance showed in the previous literature (150) may in fact be the result of a deficiency in 

components necessary to control virus infection in target cells when Casp8 is lacking. 

Hyper-accumulation of virus-specific T cells in DKO mice was not observed in T cell-

specific Cd4CreCasp8flox/floxRipk3-/- mice (166), suggesting that the influence of Casp8 is not T 

cell-autonomous. A previous study indicates that DCs from Cd11cCreCasp8flox/floxRipk3–/– mice 
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exhibit improved ability to induce T cell proliferation in vitro (178). Separate studies demonstrate 

the resistance of Fas-deficient DCs to CTL killing in vivo, resulting in prolonged DC survival and 

enhanced antiviral T cell numbers (276, 277). These data suggest that disruption of the Fas-Casp8 

signaling axis may extend DC lifespan and promote T cell expansion. Furthermore, increased 

proportion of T cells in unchallenged DKO mice upregulate CD44, CD11a and CD49d, and 

produce cytokines, indicating that cells acquire an activation phenotype and are more prone to 

proliferation when stimulated by Ag (278). It was shown that Casp8 deficiency in DCs or Macs 

results in T cell hyperactivation in naive mice (178, 179), a dysregulation that is reversed by 

eliminating Myd88 instead of RIPK3 in these myeloid cells. The data indicate a TLR-dependent 

dysregulation in APCs contributing to T cell hyperactivation when Casp8 is absent. Similarly, 

hyperaccumulation of DKO NK cells in response to viral infection may be due to their enhanced 

activation during homeostasis, though a marker to confirm this is yet to be identified. Taken 

together, Casp8 is predicted to control APC survival and innate immune signaling, thereby 

contributing to homeostatic T cell activation as well as cell expansion in response to viral infection.  

DCs and Macs are among the most important host cell targets of MCMV infection, 

contributing to Ag presentation, virus dissemination and establishment of latency (15). It has 

become very clear that the success of infection in these virus-susceptible myeloid cell populations 

is dependent on virus-encoded Casp8 and RIPK3 inhibitors, vICA (171, 172, 279) and vIRA (157, 

158), responsible for suppression of cell death pathways to prolong infection enough to support 

pathogenesis. In other words, MCMV-mediated suppression of cell death pathways in WT Macs 

and DCs reflects the virus-host relationship in DKO DCs where apoptosis and necroptosis are 

absent. Nevertheless, infected DCs constitute only a small portion of total splenic DCs in vivo and 

are functionally paralyzed by additional viral suppressors of Ag presentation as well as cytokine 
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secretion (15). Indeed, activation of MCMV-specific CD8 T cells has been attributed to the role 

of uninfected DCs (>95% of total DCs in vivo) and Ag cross-presentation. Despite the Casp8 and 

RIPK3 deficiencies, both DC1s and DC2s undergo robust activation by 1.5 day after MCMV 

infection as indicated by the upregulation of co-stimulatory molecules that are critical for T cell 

activation (6, 15). Taken together, our data suggest that DCs retain their function in response to 

MCMV infection despite the absence of death-dependent and -independent functions of Casp8 

and/or RIPK3. 

Proinflammatory cytokines are produced through signal transduction downstream of innate 

pathogen sensors, playing a crucial role in DC maturation as well as cytotoxic effector cell 

activation. Cytokine production defects result in a compromised immune response that fails to 

protect hosts from pathogen invasion (3). The death-independent role of Casp8 contributes to 

innate immune signaling transduction directly downstream of TLR3, TLR4 and ZBP1, or 

indirectly through the engagement of DRs (125). Recently, this protease has been shown to 

regulate the priming process of inflammasome as well as to directly interact with the components 

in the complex (125, 280). Casp8-deficient mice exhibit low systematic cytokine levels in response 

to Citrobacter rodentium, Yersinia or influenza A infection (180, 181, 183, 184, 260), correlated 

with a defect in producing proinflammatory cytokines. Furthermore, a study of Yersinia reveals 

the consequence of low cytokine levels driving poor lymphocyte responses (183), especially Th1 

cells that are necessary for ultimate control of the invading bacteria (281). The manifestation of 

immune hypoactivation to bacterial infection in Casp8-deficient mice is likely an indication of the 

unique role that CD4 T cells play in such settings. Surprisingly, Casp8-deficient mice exhibited 

normal systemic IL-12 production sufficient to promote NK and CD8 T cell responses necessary 

for controlling acute MCMV infection. Thus, the contributions of Casp8 to anti-microbial immune 
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control may not be as clear cut as initially perceived as it is now evident that Casp8-dependent and 

independent functions in the host are likely dictated by the nature of the infecting pathogen. 

The discrepancy between current natural herpesvirus pathogen and previous cross-species 

bacterial and influenza studies in mice may be attributed to species-specific regulation of Casp8 

depending on the pathogen sensor(s) engaged. This hypothesis is supported by the defective 

cytokine secretion of DKO bone marrow-derived Macs in response to TLR3 and TLR4 stimulation 

but not to TLR2 stimulation or Sendai virus infection, which is TLR7-dependent (163, 183). 

Furthermore, multiple cell surface and cytosolic receptors sensing MCMV infection (282) 

coordinate a balanced outcome of cell survival, cell death and innate cytokine production to control 

infection. It is possible these sensors compensate for each other to overcome any signaling 

transduction defect that is a consequence of Casp8 deficiency, ensuring the induction of antiviral 

immunity that brings infection under control. Taken together, instead of a ubiquitous influence on 

innate immune signaling, Casp8 appears dispensable downstream of the innate sensors triggered 

by MCMV infection. 

Our study shows that RIPK3-deficient mice mount robust antiviral immunity despite 

dysregulated homeostasis. A previous study reports that both Ripk3–/– and Ripk3K51A/K51A (148) 

mice retain intact antiviral immunity, questioning whether adaptor function or kinase activity of 

RIPK3 is generally important for the anti-MCMV immune response. By using WT and RIPK3-

deficient HET mice as controls to compare with DKO mice, we have confirmed the requirement 

of Casp8 for suppressing the hyperaccumulation phenotype. However, the adaptor function of 

RIPK3 may certainly influence antiviral immunity in Casp8-deficient mice. Future studies 

comparing Casp8–/–Ripk3K51A/K51A or Casp8–/–MLKL–/– mice to Casp8–/–Ripk3–/– mice will help 
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dissect the necroptosis-independent contribution of RIPK3 to Casp8-deficient animal during 

infection. 

Although Casp8 function is critical for cell-autonomous host defense and innate signaling 

transduction, mice lacking Casp8 and/or RIPK3 trigger robust innate and adaptive immune 

response to MCMV infection. Importantly, the cytotoxic NK and CD8 T cells in DKO mice retain 

the full capacity to recognize and control virus, reinforcing long-standing principles in the immune 

control of herpesvirus infection. MCMV-infected mice develop enhanced NK and T cell 

expansion, possibly due to the Casp8-deficient APCs that elevate the activation state of these 

lymphocytes prior to the spread of infection. 
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2.5   Materials and Methods 

Mice, viruses and experimental infection 

DKO mice were derived as described previously (174) and backcrossed to >97% on the C57BL/6 

background as indicated by single nucleotide polymorphism scanning (Jackson Laboratories). 

DKO, HET and Casp8+/+Ripk3+/+ (WT) littermates were generated from mating Casp8+/-Ripk3+/- 

mice. C57BL/6 WT mice (Jackson Laboratories) used as controls for K181-BAC infection were 

bred and maintained in house. Mice were maintained at the Emory University Division of Animal 

Resources and experimental procedures were conducted in accordance with the National Institutes 

of Health and Emory University Institutional Animal Care and Use Committee guidelines. MCMV 

strain V70 (kindly provided by C. Biron, Brown University) (5) and was propagated in SGs as 

described (272). Briefly, BALB/c mice were inoculated intraperitoneally (i.p.) with 1 × 103 PFU 

V70 and SG were collected at 14 days post infection (dpi). Clarified supernatant (2700 × g at 4°C, 

10 min) was collected from sonicated SG (10% weight/volume in Dulbecco’s Modified Eagle 

Medium; DMEM with 10% FBS/1% penicillin/streptomycin). Strain K181-BAC (283) and K181-

BAC-derived Dm157 (kindly provided by W. Brune; Heinrich Pette Institute, Hamburg) (284) 

were propagated in NIH 3T3 murine fibroblasts (American Type Culture Collection CRL-1658) 

(169) and purified from clarified tissue culture medium. Aliquots of virus were stored at -80°C 

until use. Experimental mice were inoculated i.p. with either medium (mock control), 1 × 105 PFU 

V70, or 1 × 106 PFU tissue culture-propagated viruses.  

Plaque assay 

Tissues were homogenized in DMEM and overlaid onto 3T3 Swiss Albino murine fibroblasts 

(ATCC CCL-92). Virus titers were calculated at 4 days when cells were fixed with methanol and 

stained with Giemsa for plaque visualization (285). 
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Antibodies 

For flow cytometry, Abs to CD16/CD32 (FcγRII/III; Clone 2.4G2), Ly6C (Clone AL-21), CD80 

(Clone 16-10A1), IL-2 (Clone JES6-5H4), CD4 (Clone RM4-5), TNF (Clone MP6-XT22), 

CD62L (Clone MEL-14), NK1.1 (Clone PK136), B220 (Clone RA3-6B2), CD11b (Clone M1/70) 

and CD3ε (Clone 17A2) were purchased from BD PharMingen; IFNγ (Clone XMG1.2), CD49d 

(Clone R1-2), CD3ε (Clone 145-2C11), CD115, CD44 (Clone 1M7), CD86 (Clone GL-1) and I-

A/I-E (Clone M5/114.15.2) were purchased from BioLegend; and CD11c (Clone N418), CD69 

(Clone H1.2F3), CD3ε (Clone 145-2C11), Siglec H (Clone eBio440c), CD3ε (Clone 17A2), 

CD11b (Clone M1/70), Ly49H (Clone 3D10), Ly6C/6G (Gr-1; Clone RB6-8C5), CD11a (Clone 

M17/4) and CD28 (Clone 37.51) were purchased from eBioscience. The following Abs were 

purchased from Invitrogen: CD8α (Clone 5H10), F4/80 (Clone BM8) and CD45 (Clone 30-F11). 

For ELISA, purified mouse IgM, IgG1, IgG2b and IgG2c, and polyclonal nonconjugated and 

alkaline phosphatase (AP)-conjugated goat anti-mouse Ig isotypes were purchased from Southern 

Biotech. 

ELISA 

Total serum IgM and IgG isotypes were measured by ELISA (286). Well volumes were 50 µl, 

incubations were overnight at 4°C unless otherwise specified and plates were washed after each 

incubation. Polystyrene 96-well microtiter plates (Nunc ImmunoMaxisorp plates; Fisher 

Scientific) were coated with 10µg/ml goat anti-mouse Ig isotypes (Southern Biotech), blocked, 

then incubated 4 h at room temperature (RT) with three-fold serial dilutions of sera. Wells were 

then incubated with alkaline phosphatase -conjugated goat anti-mouse Ig isotypes. Binding was 

detected with p-nitrophenyl phosphate (Sigma) in diethanolamine buffer. Optical density readings 

were taken at 405 nm using a microplate reader (Biotek Synergy HT) and the associated Gen5 
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software. Concentrations were calculated from standard curves constructed with purified mouse 

Ig isotypes (Southern Biotech). 

MCMV-specific IgGs were detected using a modified version of the protocol described above. 

Microtiter plates were incubated with 0.5 µg/ml virion protein purified on a sucrose gradient and 

endpoint titers for bound IgG2c and IgG1 were determined as the reciprocal of the highest serum 

dilution from infected mice with greater than twice the optical density of the corresponding 

dilution from naïve mice. 

Serum dsDNA-specific Abs were assayed using a modified protocol described previously (150). 

Briefly, Immulon 1B plates (Fisher Scientific) were exposed to UV light overnight. Well volumes 

were 50 µl. Wells were incubated 1h at RT with 2 µg/ml calf-thymus DNA (Sigma), washed, 

blocked then incubated 4 h with three-fold serial dilutions of sera. Bound IgG was detected 

overnight at 4 °C using alkaline phosphatase-conjugated goat anti-mouse isotype-specific Ab and 

the assay was developed as above. 

IL12(p70) production in mice was evaluated at 40 hpi with MCMV. For spleens, tissues were 

disrupted by sonification in 1 ml DMEM and clarified supernatants were assayed. Sera were 

prepared from blood collected by cardiac puncture. ELISA was conducted by using the Mouse IL-

12 (p70) ELISA Set (BD OptEIA; BD Biosciences) following manufacturer's instructions. Briefly, 

96-well microtiter polystyrene plates (Costar) were coated overnight at 4 °C with capture Ab. 

Incubations were conducted at RT and followed by a washing step unless otherwise stated. Plates 

were blocked, incubated with samples and IL-12(p70) standard followed by the detection Ab-

HRP-SAv mixture then developed using the 3,3′,5,5′-tetramethylbenzidine substrate reagent set. 
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1M H3PO4 was added directly wells to stop the enzymatic reaction and optical density readings 

were taken at 450 nm with λ correction 570 nm. 

Flow cytometry 

Spleens were harvested from euthanized mice, disrupted by mashing through a metal sieve, 

incubated with erythrocyte lysis buffer then passed through a filter (100 mm mesh). Viable cell 

counts were performed on a hemocytometer using trypan blue dye exclusion. Cell surface 

FcγRII/III were blocked prior to incubating with surface Ag-specific Abs for multiparametric flow 

cytometric analyses. CD45+ leukocytes were gated to identify CD3−CD11c+MHC-IIlo pre-cDCs 

and more mature CD3−CD11c+MHC-IIhi cDCs that were further separated into CD8α+ cDC1 and 

CD11b+ cDC2 subsets. Leukocytes were also identified as B220+Siglec-H+ pDCs, 

CD115+CD11b+Ly6C+Gr1−F4/80+CD11c−CD62L– IMs, 

CD115+CD11b+Ly6C−Gr1−F4/80+CD11c+CD62L+ PMs and CD11b+F4/80+CD11c− Macs. CD45+ 

leukocytes were also gated to identify B220−CD3−NK1.1+ NK cells and the Ly49H+ subset, 

B220+CD3+ aberrant T cells, and conventional B220−CD3+CD8−CD4+ (CD4) and 

B220−CD3+CD4−CD8+ (CD8) T cell subsets. For intracellular cytokine staining (ICCS), cells were 

either evaluated directly ex vivo, as in the case of NK cells, or stimulated 5 h with anti-CD3/CD28 

or with M45, M38 or IE3 peptides (17) in the presence of brefeldin A, as was done for T cell 

analyses, using the Cytofix/Cytoperm kit (BD Biosciences). Data were acquired by flow cytometry 

(BD LSRII cytometer and FACSDiva Software; BD Biosciences), analyzed with FlowJo 

(TreeStar), and graphed with Prism 7 (GraphPad). 

T cell proliferation 

B220–CD3+ T cells were isolated by EasySep Mouse T Cell Isolation Kit (Stem Cell), labeled with 

0.5 µM CFSE in 0.1% BSA/PBS for 10 min at 37 °C then stimulated with plate-bound anti-CD3 
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and anti-CD28 for 3 days in a 37 °C incubator. Isolated T cells (2 × 105) were resuspended in 200 

µl RPMI 1640 with 10% FBS/1% penicillin/streptomycin (complete RPMI) as well as 50µM 2-

mercaptoethanol in 96-well plate. Cells were stained with 7-AAD for dead cell exclusion as well 

as Abs specific for surface markers. All samples were resuspended in an equal volume of FACS 

staining buffer and collected for the same amount of time on the flow cytometer (222). 

In vivo CTL killing assay 

CTL killing in spleens of MCMV-infected WT, HET and DKO mice was assessed at 7 dpi. To 

generate target cells, splenocytes from naïve C57BL/6 WT mice were pulsed with M45 peptide by 

one hour incubation at 37 °C in RPMI complete medium with 2-mercaptoethanol. The M45-

pulsed/unpulsed cells were labeled with 0.5µM/5µM CFSE, respectively, at 2 x 107 cells/ml 

concentration in PBS supplemented with 0.1% BSA. The CFSEhi and CFSElo cells were mixed at 

a 1:1 ratio to obtain 2 × 107 cells in 250 µl medium, and injected into tail vein. Spleens were 

harvested at 4 or 18 hour post transfer from recipient mice and frequencies of CFSE+ splenocytes 

were analyzed by flow cytometry (287). The specific killing was defined as 100 x [1 – Ratio (naïve) 

/ Ratio (infected)], with Ratio representing CFSEhi / CFSElo. 

Statistical analysis 

Statistical analysis was performed by unpaired one-way or two-way ANOVA with Tukey 

analysis, using GraphPad Prism 7. P £ 0.05 was considered significant. 
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2.6   Figures and Figure Legends 

 

Figure 0.1 Age-dependent impact of Casp8 and RIPK3 deficiency on myeloid cell 

homeostasis.  

(A - F) Analysis of developmentally (A - C) and functionally (D - F) distinct DCs in spleens of 

WT, HET and DKO mice at the indicated weeks of age. Splenic CD45+B220–CD3–leukocytes 

from 8 (top panels) and 16 (bottom panels) weeks-of-age were displayed to identify 

CD11c+MHCIIlo pre-cDCs and CD11c+MHC-IIhi cDCs. Representative flow cytometry plots 
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comparing frequencies of pre-cDCs and cDCs (A), and graphs showing the total numbers of the 

subsets represented as the mean ± S.E.M. (B and C). cDCs were then separated to identify CD8α+ 

cDC1 and CD11b+ cDC2 subsets. Representative plots comparing frequencies of cDC1s and 

cDC2s (D), and graphs showing the total mean numbers ± S.E.M. of the subsets (E and F). (G – 

J) Graphs showing total numbers of myeloid cell subsets represented as the mean ± S.E.M. CD45+ 

leukocytes were gated to identify B220+Siglec-H+ pDCs (G), CD115+CD11b+ Ly6C+Gr-

1−F4/80+CD11c−CD62L– IMs (H), CD115+CD11b+Ly6C− Gr-1− F4/80+CD11c+CD62L+ PMs (I) 

and CD11b+F4/80+CD11c−Macs (J). Combined data of n = 11 mice from up to three independent 

experiments are shown. Significant differences between DKO and WT (*) or HET (#) mice are 

indicated as * or #, p < 0.05; ** or ##, p < 0.01; *** or ###, p < 0.001, **** or ####, p < 0.0001. 

Data in this figure were generated by Y. Feng and L. Daley-Bauer. 
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Figure 0.2 Impact of Casp8 and RIPK3 deficiency on T cell homeostasis at different ages.  

(A and B) Graphs showing levels of T cell subsets represented as the mean ± S.E.M. in spleens of 

WT, HET and DKO mice at the indicated weeks of ages. Splenic CD45+ leukocytes were gated to 
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identify B220+CD3+ T cells, B220–CD3+CD8–CD4+ (CD4) and B220–CD3+CD4–CD8+ (CD8) T 

cells. Graphs showing the total numbers of the T cell subsets (A) and the frequencies of CD44hi 

CD4 and CD44hi CD8 T cells (B). Significant differences between DKO and WT (*) or HET (#) 

mice are indicated as * or #, respectively, * or #, p < 0.05; ** or ##, p < 0.01; *** or ###, p < 

0.001; **** or ####, p < 0.0001. 

(C - E) Flow cytometry plots showing CD8 T cell proliferation and death. CFSE dilution analyses 

of purified splenic T cells after stimulation with anti-CD3 and anti-CD28 for 72 hr. Representative 

histograms comparing CFSE distribution of 7-AAD– CD8 T cells from mice at the indicated ages 

(C). Representative plots showing CFSE vs. 7-AAD of cells from 6-week-old mice (D) and bar 

graphs showing the numbers of different cell population recovered in culture following 

stimulation, represented as the mean ± S.E.M. Combined data of n = 11 mice from up to three 

independent experiments are shown. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Figure 0.3 Impact of Casp8 and RIPK3 deficiency on DC activation following MCMV 

infection.  

(A and B) Representative contour plots showing frequencies of mature cDCs (A) and bar graphs 

showing total mean numbers ± S.E.M. of cDC1s and cDC2s (B) in spleens of infected mice. (C 

and D) Representative histograms showing CD80 and CD86 expression on cDC1s (C) and cDC2s 

(D) from either mock or infected mice. (E and F) Bar graphs showing concentrations ± S.E.M. of 

IL-12(p70) in spleen homogenate (E) and serum (F) as quantified by ELISA. Dash lines indicate 

limit of detection. Eight-week-old WT, HET and DKO mice were inoculated intraperitoneally 
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(i.p.) with 105 PFU MCMV (V70 strain) per mouse. Splenocytes were analyzed at 1.5 dpi by flow 

cytometry, as described in Figure 1. Spleen homogenates or sera were analyzed by ELISA. 

Combined data of n = 11 mice from up to three independent experiments are shown. *, p < 0.05; 

**, p < 0.01; ***, p < 0.001. Data in this figure were generated by Y. Feng and L. Daley-Bauer. 
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Figure 0.4 Impact of Casp8 and RIPK3 deficiency on NK cell responses following MCMV 

infection.  

(A – D) Graphs showing the levels and phenotype of Ly49H+ NK cells responding to MCMV 

infection. Splenic total CD45+CD3–B220–NK1.1+ (NK) cells gated to identify Ly49H+ NK cells 

from 8-week-old WT, HET and DKO mice infected for 1.5 or 7 days with MCMV as described in 

Figure 3. Representative flow cytometry contour plots comparing Ly49H+ NK cell frequencies (A) 

and graph showing mean total numbers ± S.E.M (B) in mock or MCMV V70-infected mice. Graph 

showing mean numbers ± S.E.M. of Ly49H+ NK cells in K181-BAC-infected mice (C). 
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Representative histograms showing frequencies of Ly49H+ NK cells expressing IFNγ or CD69 at 

day 1.5 post infection with strain V70 or K181-BAC (D).  

(E) Graph showing viral titers in spleens. WT and DKO mice were i.p.-inoculated with 106 PFU 

MCMV K181-BAC or Dm157. Tissues were harvested on day 5, 7 and 14 post infection and 

homogenates were analyzed by plaque assay. Dash line indicates limit of detection. * and # denote 

the significantly differences of DKO cells relative to WT and HET cells, respectively. ** or ##, p 

< 0.01; *** or ###, p < 0.001. Data represent two to three independent experiments using n = 4 – 

5 mice per group. Data in panels B and D were generated by L. Daley-Bauer. 
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Figure 0.5 Impact of Casp8 and RIPK3 deficiency on T cell antiviral responses. 

(A – D) Graphs comparing mean ± S.E.M. frequencies of MCMV-specific CD8 T cell subsets in 

spleens from 8-week-old WT, HET and DKO mice infected with MCMV. Frequencies of IFNγ+ 

CD8 T cells following ex vivo M45 (A) or IE3 (B) peptide stimulation at 5, 7 and 14 dpi with V70 

as described in Figure 3. Frequencies of M45 (C) or IE3 (D) tetramer-positive CD8 T cells in 
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K181-BAC-infected mice at 0, 7 or 14 dpi. Significant differences between DKO and WT (*) or 

HET (#) mice are indicated as * or #, p < 0.05; ** or ##, p < 0.01; *** or ###, p < 0.001; **** or 

####, p < 0.0001.  

(E and F) Bar graphs comparing mean ± S.D. CD8 T cell-specific killing. Non-pulsed CFSElo and 

M45 peptide-pulsed CFSEhi splenocytes were adoptively transferred into naïve or infected 

recipients by V70 (E) or K181BAC strain (F) at 7 dpi, and spleens were harvested at 18 (E) or 4 

(F) hour post transfer from recipient mice and frequencies of CFSE+ splenocytes were analyzed 

by flow cytometry.  

(G – M) Flow cytometric analyses of CD4 T cells in spleens at 14 dpi. Bar graphs showing the 

numbers of total (G) and CD11a+CD49d+ (H) CD4 T cells represented as the mean ± S.E.M.. Pie 

charts depicting mean percentages of indicated CD4 T cell subsets following stimulation of anti-

CD3/CD28 for 5h (I). Bar graphs showing mean ± S.E.M. total numbers of CD4 T cells that were 

IFNγ+(J), TNF+ (K), IL-2+ (L), or IFNγ+TNF+IL-2+ (M). Data represent two to three independent 

experiments using n = 5 mice per group.  

Data in panels A, B and D were generated by D. Livingston-Rosanoff. Data in panels G to M were 

generated by L. Daley-Bauer. 
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Figure 0.6 Impact of Casp8 and RIPK3 deficiency on Ab levels following MCMV infection. 

Mean ± S.E.M. concentrations of different Ig isotypes in sera from mice infected as described in 

Fig. 5H – N. Bars graph depict relative dsDNA-reactive IgG levels (A), total Ab concentrations 

(B) and MCMV-specific IgG2c endpoint titers (C) as derived by ELISA. *, p < 0.05; **, p < 0.01; 

***, p < 0.001. Data represent one experiment using n = 5 mice per group. Data in this figure were 

generated by A. Sundararajan and L. Daley-Bauer. 
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Chapter 3 

Caspase-8 Restricts Natural Killer Cell-triggered Antiviral CD8 T Cell Hyperaccumulation 

 

A version of this chapter has been submitted to Proc. Natl. Acad. Sci. as Yanjun Feng, Lisa P. 

Daley-Bauer, Linda Roback, Heather S. Koehler, Hongyan Guo, Marc Potempa, Lewis L. 

Lanier, Edward S. Mocarski, “Caspase-8 Restricts Natural Killer Cell-triggered Antiviral CD8 T 

Cell Hyperaccmulation”. 
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3.1   Abstract 

The magnitude of a CD8 T cell response against different viruses is checked by the balance of 

proliferation and death. This response is influenced by caspase-8 (Casp8) following T cell receptor 

(TCR) engagement – through apoptosis initiation, necroptosis suppression, and cell death-

independent modulation of signal transduction. The understanding of Casp8 function during T cell 

activation is confounded by unleashed RIPK3-mediated necroptosis. Casp8–/–Ripk3–/– (DKO) mice 

lack this confounding dysregulation and open the way to understand the contribution of Casp8 to 

antiviral CD8 T cell responses. Here, we show that these mice develop higher antiviral CD8 T cell 

numbers than Casp8+/–Ripk3–/– littermates or WT C57BL/6 mice during the acute phase of murine 

cytomegalovirus or herpes simplex virus-1 infection. This increase is ascribed to KLRG1hi effector 

subsets. DKO CD8 T cells hyperaccumulate even when transferred into WT recipients, attributable 

to an increase in proliferation. These data demonstrate a CD8 T cell-autonomous impact of Casp8 

on restricting proliferation upon stimulation. Notably, the m157-driven Ly49H+ natural killer (NK) 

cell response drives hyperaccumulation by promoting T cell survival in DKO mice. Interestingly, 

early inflationary DKO T cell responses are not sustained during long-term infection. Despite the 

absence of memory inflation, these mice are immune to secondary challenge. Combined, this study 

highlights a non-death role of Casp8 in restricting CD8 T cell proliferation. In the infected host, 

an aggressive antiviral NK cell response triggers effector T cell expansion that is kept in check by 

T cell-autonomous Casp8 activities. 
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3.2   Introduction 

In response to virus infection, naïve CD8 T cells expand dramatically and differentiate into 

heterogeneous subsets with different memory potential and effector function (22, 36). One 

important subset during the acute phase expresses high levels of KLRG1 and low levels of IL-7Rα 

(CD127), indicating that the population is terminally differentiated and short-lived. While these 

KLRG1hiCD127lo terminal effector cells perform robust cytotoxic killing to clear infection, their 

responses are effectively turned off through rapid cell contraction once the pathogen is controlled 

(202). In contrast, KLRG1loCD127hi memory precursor effector cells survive and differentiate into 

memory cell subsets. Further, KLRG1hiCD127hi effector cells downregulate KLRG1 during the 

contraction phase and retain plasticity of memory differentiation (33). Most of these features can 

be applied to the conventional epitope-specific CD8 T cells in response to MCMV, a natural mouse 

herpesvirus (39). The conventional T cell responses follow classical antiviral T cell kinetics, 

including phases of expansion, contraction and memory formation (37). Most of these cells exhibit 

Tcm phenotype (CD62LhiKLRG1loCD127hi) in latently infected mice. Meanwhile, another subset 

of MCMV-specific CD8 T cells shows sustained expansion during over the course of lifelong 

infection with patterns that largely exhibit Tem phenotype (CD62LloKLRG1hiCD127lo). This 

phenomenon termed “memory inflation” is a hallmark of CMV infection (39), and is thought to 

be driven by low level antigens through sporadic viral reactivation from latency in infected non-

hematopoietic cells (37, 288). The magnitude and phenotypes of these conventional and 

inflationary T cell subsets are dictated by antigen load, co-stimulatory molecule signaling and 

cytokine milieu (2). These factors together balance cell proliferation, death and differentiation to 

ensure an optimal antiviral T cell immunity.  
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T cell numbers are tightly regulated by two death pathways: intrinsic (or mitochondrial) 

and extrinsic pathways (115). Intrinsic death, regulated by Bcl-2 family members, predominates 

in the control of CD8 T cell numbers during the expansion and contraction phases (197, 201, 202). 

Elimination of pro-death Bcl-2 family member Bim, or Bax and Bak increases overall antiviral T 

cell numbers (197, 201). In contrast, extrinsic death plays subtle roles in T cell contraction, despite 

a key role in post-thymic homeostasis (124). Extrinsic death is triggered by ligation of cell surface 

TNF superfamily death receptor (DR), including TNFR1, TRAIL and Fas, which results in 

recruitment of Casp8 by the adaptor Fas-associated death domain protein (FADD) to form the 

DISC together with cFLIPL, RIPK1 and RIPK3 (125). A similar complex forms downstream of 

TLR3, TLR4 or TCR (125). In the DISC, auto-proteolytic cleavage following homodimerization 

activates Casp8 to trigger Casp3-mediated apoptosis. Casp8 function also keeps RIPK3-

dependent, MLKL-mediated necroptosis in check because elimination of Casp8 or inhibition of its 

basal enzymatic activities sensitizes cells to necroptotic death (133, 145, 174). Besides the roles in 

cell death regulation, Casp8 function influences cytokine production via NF-kB and MAP kinase 

signaling pathways (125). Casp8 was determined to support T cell proliferation (289), because 

cells with the enzyme eliminated or catalytic activity mutated show defective TCR-driven division 

(165, 290). A similar defect is observed in T cells with impaired FADD, the critical adaptor of 

Casp8 (223, 291). All of these studies are confounded by the crucial role of Casp8 in suppressing 

necroptosis, because the proliferation defect is restored in the absence of the pro-necroptotic kinase 

(166, 167, 222). Curiously, virus-specific CD8 T cell numbers trend higher in LckCreFaddddRipk3–

/– mice infected with murine hepatitis virus (222); however, no differences have been observed in 

CD4CreCasp8flox/floxRipk3–/– mice following lymphocytic choriomeningitis virus (LCMV) 

Armstrong infection (166). These results suggest that Casp8 may dampen T cell responses during 
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certain viral infections in addition to its function in initiating apoptosis and suppressing 

necroptosis. 

MCMV is a natural mouse pathogen where CD8 T cell immunity controls acute infection 

and prevents reactivation (39). To prolong virus persistence in the infected cells, MCMV encodes 

viral proteins that inhibit Casp8 and RIPK3 functions (133, 249). Disruption of either or both 

inhibitors attenuates virus replication and dissemination in the host, due to the pre-mature death of 

the infected cells and death-independent antiviral mechanisms (157, 169, 170). Despite the 

importance for first-line host defense, Casp8 appears dispensable for triggering immune cell 

activation following MCMV infection (150, 174, 233). Indeed, previous studies have showed that 

young adult DKO mice mount enhanced responses of conventional and inflationary CD8 T cells 

compared to HET littermate controls or WT C57BL/6 mice (174, 233), suggesting that Casp8 

normally dampens the magnitude of MCMV-specific CD8 T cell responses. Notably, DC numbers 

are also higher in DKO mice than controls when assessed during the acute phase of infection (233). 

Upon MCMV infection, uninfected cDC1s cross-present virus antigens to prime virus-specific 

CD8 T cells (6, 15). Greater cDC1 numbers may lead to enhanced CD8 T cell numbers during 

infection. In addition, Casp8 elimination in the myeloid compartment influences cytokine milieu 

during homeostasis and infection (178, 179, 184, 292, 293), a dysregulation that may influence the 

magnitude of T cell responses. Further, DKO mice exhibit enhanced response of the Ly49H+ NK 

cell (233), an NK cell subset known to regulate T cell numbers and function (294). Thus, it is 

unclear whether the T cell-autonomous dysregulation or extrinsic environmental factor alteration 

contributes to DKO CD8 T cell hyperaccumulation in response to MCMV infection.  

In the current study, we show that DKO CD8 T cells hyperaccumulate independently of 

the environmental milieu of DKO mice following MCMV infection, attributable to an increase in 
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proliferation rather than death deficit.  DKO mice exhibit enhanced levels of conventional and 

inflationary epitope-specific CD8 T cells during the acute phase of MCMV infection, due to the 

hyperaccumulation of KLRG1loCD127hi terminal effector subsets rather than memory precursors. 

While Casp8-elimination enhances CD8 T cell proliferation, the increase in cell numbers also 

requires m157-driven Ly49H+ NK cells that support DKO T cell survival. Paradoxically, the 

enhancement of inflationary T cell subset fails to sustain during long-term infection. Together, our 

data show a death-independent role of Casp8 in restricting cell proliferation during the expansion 

phase following virus infection. This T cell-autonomous mechanism of Casp8 together with the T 

cell-extrinsic regulation of NK cells oversee the proper antiviral effector T cell accumulation.  

  



 79 

3.3   Results 

Antiviral CD8 T cells in DKO mice hyperaccumulate during the acute phase of viral infection 

We have shown that DKO mice mount enhanced antiviral CD8 T cell responses during the 

acute phase of MCMV infection (233). To further investigate the contribution of Casp8 to CD8 T 

cell response kinetics, splenocytes from MCMV K181-BAC strain-infected WT, HET and DKO 

mice were analyzed on days 5, 7, 9 and 14 post infection. CD8 T cell numbers were comparable 

on day 5 (Fig. 3.1A), expanded to peak levels on day 7 that were higher in DKO mice than controls, 

as expected (233), and contracted through days 9 and 14 post infection. In contrast, CD4 T cell 

numbers as were generally comparable independent of genotype (Fig. 3.1B). The higher cell 

numbers in DKO mice at 9 days-post infection (dpi) eventually contracted to control levels by day 

14. This pattern reinforces the fact that Casp8 is dispensable for T cell contraction (115). Instead, 

Casp8 appears to restrain CD8 T cell expansion (233). 

To investigate the MCMV-specific CD8 T cell response, we used MHC-I tetramer-staining 

to measure the conventional M45-specific CD8 T cells that predominate in acute phase, as well as 

inflationary M38- and IE3-specific cells (17, 37). All epitope-specific subsets accumulated to 

significantly higher numbers and percentages during acute phase in DKO mice compared to WT 

or HET controls (Fig. 3.1C – E), suggesting an overall enhanced antiviral CD8 T cell response 

when mice lack Casp8 and RIPK3. The numbers (Fig. 3.1C, top panel) and percentages (Fig. 3.1C, 

bottom panel) of DKO M45-specific CD8 T cells peaked higher than controls at 7 dpi and 

contracted dramatically, reinforcing that Casp8 restrains conventional epitope-specific CD8 T cell 

expansion without contributing to contraction as reported (233). The M38- and IE3-specific CD8 

T cell numbers decreased from a peak at day 7 through days 9 and 14 post infection (Fig. 3.1D – 

E). The percentages of DKO IE3-specific cells continued to rise to higher levels than controls 
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throughout the observation period, attributable to the faster contraction of other epitopes-specific 

subsets. Taken together, these observations indicate that Casp8 plays a role in restraining 

hyperaccumulation of both conventional and inflationary epitope-specific T cells during the acute 

phase.  

Effector CD8 T cells exhibit heterogeneity in expression of surface markers, including 

KLRG1 and CD127 that have conventionally been used to define subsets with distinct 

differentiation potential (22, 202). Next, we sought to identify the subsets of virus-specific CD8 T 

cells that hyperaccumulate when Casp8 is absent. When M45-specific CD8 T cells were evaluated, 

DKO mice exhibited significantly greater numbers of the KLRG1hi subsets, especially the 

KLRG1hiCD127lo terminally differentiated effectors at 7 dpi (Fig. 3.1F); whereas, no impact was 

observed on the KLRG1lo subsets (KLRG1loCD127hi and KLRG1loCD127lo). Following the peak 

of the response, all populations contracted to numbers comparable to controls by 14 dpi 

independent of genotype. Consistent with this assessment of cell numbers, enhanced proportions 

of DKO M45-specific CD8 T cells were KLRG1hiCD127lo at 7 dpi (Fig. 3.1G) in comparison with 

WT or HET controls. Similar enhancement of KLRG1hi subsets was observed with the inflationary 

epitopes M38 (Fig. S3.1 A – B) and IE3 (Fig. S3.1 C – D) and this phenomenon was independent 

of IL-2 production from CD4 T cells (Fig. S3.1 E). Thus, the hyperaccumulation that occurs in 

DKO mice is mainly due to substantially elevated short-lived effector cell numbers. Taken 

together, Casp8 restrains the accumulation of terminally differentiated antiviral CD8 T cells in 

response to virus infection. 

To investigate whether Casp8-dependent antiviral CD8 T cell hyperaccumulation occurs 

with another Casp8-deficient strain, we assessed Casp8–/–Ripk3K51A/K51A (C8–/–R3K51A) mice (148) 

together with Ripk3K51A/K51A (R3K51A), DKO and Ripk3–/– mice. By 7 dpi, DKO and C8–/–R3K51A 



 81 

mice showed increased numbers and proportions of M45-specific CD8 T cells in comparison with 

all control Ripk3–/– and R3K51A and WT mice (Fig. 3.1H – I). Thus, Casp8 in general restricts 

antiviral T cell number once RIPK3 function is compromised.  

To assess whether Casp8 regulates CD8 T cell immunity to infection with another 

herpesvirus, C8–/–Ripk3K51A mice were inoculated with HSV-1. A similar enhanced pattern of total 

(Fig. 3.1J) as well as gB-specific CD8 T cells (Fig. 3.1K – L) was observed in the C8–/–R3K51A 

mice compared to R3K51A or WT controls. Thus, Casp8-dependent regulation of virus-specific CD8 

T cells is not restricted to MCMV infection. 

The early enhanced response of inflationary DKO CD8 T cells was not sustained during long-term 

infection 

The enhanced responses observed in DKO mice during acute phase infection prompted us 

to investigate whether similar patterns were sustained during long-term infection. Following 

contraction, the percentages (Fig. 3.2A) and numbers (Fig. 3.2B) of M45-specific CD8 T cells in 

spleens remained low in all genotypes. The population was largely KLRG1loCD127hi at 25 weeks 

post infection (wpi) (Fig. 3.2C), and exhibited the expected Tcm phenotype of conventional CD8 

T cells responding to long-term infection (37). IE3-specific CD8 T cells in WT and HET mice 

reached high frequencies (Fig. 3.2D) and numbers (Fig. 3.2E) by 25 wpi with the majority 

exhibiting the expected KLRG1hiCD127lo Tem phenotype (Fig. 3.2F). This inflationary T cell 

phenomenon is indicative of continuous replenishment by new effector cells that differentiate from 

naïve or central memory pools (37, 39). Strikingly, despite the enhanced response during acute 

phase, the IE3-specific subset in DKO mice showed a low percentage and number in spleens at 25 

wpi. In addition, lower proportions (Fig. 3.2F, left panel) and numbers (Fig. 3.2F, right panel) of 

these cells exhibited Tem phenotype when compared with controls, suggesting a failure to recruit 
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or sustain these recently differentiated effector cells during long-term infection (37, 39), even 

though DKO mice displayed enhanced KLRG1hi cell differentiation during acute phase (see Fig. 

S3.1 C – D). Furthermore, the patterns of the M45-, IE3- and M38-specific CD8 T cells in blood 

of DKO and C8–/–R3K51A mice (Fig. S3.2 A – C) reflected the patterns in spleens, indicating that 

Casp8-deficient mice have a global rather than organ-specific defect in memory inflation once 

RIPK3 function is compromised. DKO mice accumulate B220+CD3+ abnormal T cells during 

homeostasis (145, 150, 174, 233), reminiscent of mice lacking Fas death domain (DD) signaling 

(124, 213). These abnormal splenic T cell numbers would be expected to occupy space in the 

lymphoid organs, leading to the observed hypo-inflationary response. However, the numbers of 

these cells decreased from 400 million at 8 wpi to less than 10 million by 25 wpi (Fig. 3.2G). Thus, 

abnormal T cells did not crowd out the inflationary response. At 25 wpi, virus was consistently 

detected in the SGs (Fig. 3.2H) and sporadically in other organs of DKO mice, while control mice 

did not have detectable virus in any organ. Curiously, high virus titers in the SG occurred despite 

the enhanced IFNγ+ CD4 T cells (66) in spleen and blood of DKO mice (Fig. S3.2 D). Given a 

recent study showing the contribution of inflationary CD8 T cells to SG virus control (71), high 

virus titers in these mice is correlated with the hypo-memory inflation. It is also possible that active 

persistent virus replication dampened inflationary responses, which are driven by low level antigen 

presentation in latently infected mice (1). Whether MCMV infection actually dampens the 

abnormal T cell accumulation remains to be fully understood. Overall, Casp8 function helps 

sustain T cell inflation during long-term infection. Persistent infection may undermine splenic 

hyperplasia and accumulation of abnormal T cells.  

CD8 T cells, and particularly, inflationary subsets contribute to host protection against 

primary infection and reactivation (68, 295, 296). We sought to investigate whether long-term 
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infected DKO mice were protective from secondary challenge, even though inflationary responses 

were compromised. Mice at 20 wpi with K181-BAC (or mock treated) were challenged with V70, 

a more virulent strain of MCMV (Fig. 3.2J). Four days later, challenged mice had no detectable 

virus replication in spleen (Fig. 3.2K) or liver (Fig. 3.2L), in contrast to the high virus titers in 

organs of mice undergoing primary infection. Similar to DKO mice and C8+/–Ripk3K51A littermate 

controls, challenged C8–/–R3K51A mice had no detectable virus in either organ. Secondary infection 

did not alter persistent SG titers (Fig. 3.2M). Taken together, DKO mice developed immunological 

memory sufficient to combat secondary infection, despite a reduced inflationary response.  

The pattern of enhanced CD8 T cell accumulation is independent of viral replication levels 

Next, we sought to determine the mechanism that causes DKO CD8 T cell 

hyperaccumulation during acute phase of virus infection. Viral antigen load is a critical factor that 

determines the magnitude of antiviral CD8 T cell response (202). To reduce antigen load, mice 

were treated daily with the antiviral drug cidofovir (CDV) starting three days prior to MCMV 

infection through day 7 (Fig. 3.3A) (17, 297). PBS-treated mice showed the expected similar peak 

titers at 3 dpi (97) that became more variable at 7 dpi as virus was brought under control by CD8 

T cells (Fig. 3.3B, left panel). Following CDV treatment, virus was not detected in spleen (Fig. 

3.3B, right panel) or other organs (data not shown) regardless of genotype. CD8 T cells specific to 

the dominant epitope M45 were assessed at 7 dpi. Even with a compromised antigen load, the 

pattern of the enhanced total (Fig. 3.3C) and M45-specific (Fig. 3.3D and F) CD8 T cell responses 

in DKO mice was sustained. Taken together, the antiviral CD8 T cell hyperaccumulation in DKO 

mice occurs independently of viral antigen load.   

DKO CD8 T cell proliferative response  
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The enhanced accumulation of DKO CD8 T cells occurred between day 5 and 7 post 

infection, the period of clonal expansion. We sought to determine whether the enhancement was 

attributable to cell death or cell proliferation. Casp8 triggers apoptosis and also impedes T cell 

proliferation following TCR engagement, although this latter function has been ascribed to 

induction of necroptosis in the absence of Casp8 function (125, 166, 167). CD8 T cell proliferation 

was assessed using Ki67 (298). The percentages of Ki67+ (Fig. 3.4A) CD8 T cells in DKO mice 

were normal on days 0 and 3, but increased to significantly higher levels than WT controls on days 

5 and 7 post infection. These data indicate the enhanced proliferation of DKO cells during the 

expansion phase. Cell death was assessed using fixable viability staining (FVS), a cell-

impermeable dye that stains late stage dead cells. Upon infection, a similar increase in frequencies 

of FVS+ events were detected in WT and DKO spleens by 5 dpi (Fig. 3.4B). While the frequencies 

in WT mice dropped by 7dpi, the levels sustained in DKO spleens, suggesting that lacking Casp8 

and RIPK3 confers no cell survival benefit in general during virus infection. Casp8-initiated 

apoptosis depends on activation of Casp3 (125), an executioner caspase that is also associated with 

proliferating T cells (289). We used fluorescent-labeled inhibitor of caspases (FLICA) for active 

Casp3 measurement. The percentages of FLICA+ CD8 T cells in DKO mice were similar on days 

0 and 3, increased to peak levels at 5 dpi that were higher in DKO mice than WT controls, and 

decreased by 7 dpi (Fig. 3.4C). This increased dying cell events despite the lack of Casp8 and 

RIPK3 is most likely a consequence of Bim-dependent intrinsic death (124). Together, our data 

demonstrate that enhanced proliferation rather than cell death deficit confers the pattern of T cell 

hyperaccumulation during the expansion phase in DKO mice.  

MCMV-infected DKO mice mount enhanced T cell response, accompanied by increased 

DC and NK cell numbers (233) that may influence T cell response magnitude. To determine 
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whether CD8 T cell hyperaccumulation occurs independently of the DKO environment following 

virus infection, CFSE-labeled total splenocytes containing 1 × 106 CD8 T cells from CD45.2+ WT 

or DKO mice were transferred into CD45.1+ WT recipients, followed by MCMV infection 24 h 

later (Fig. 3.4D). CFSE dilution was assessed on days 5 and 6 post infection. Recipient WT T cell 

numbers were comparable at 6 dpi, indicating that the genotype of donor cells did not alter the 

endogenous response (Fig. 3.4E). Even in this WT-like environment, donor DKO CD8 T cells 

exhibited enhanced accumulation in comparison with WT donors. Furthermore, higher proportions 

of CFSElo DKO CD8 T cells on days 5 and 6 post infection (Fig. 3.4F), indicating increased cell 

divisions compared to WT. During infection, the enhanced proliferation of DKO CD8 T cells does 

not depend on the environmental milieu of DKO mice following virus infection.  

In accordance with observations in virus-infected mice, increased cell division is observed 

with CD8 T cells purified from DKO or LckCreFADDddRipk3-/- mice upon TCR stimulation (222, 

233). This suggests that T cell-specific disruption of Casp8 or FADD is sufficient to enhance cell 

proliferation. It is important to note that a greater proportion of CD8 T cells in these genotypes 

upregulates CD44 (233), indicating the cells already acquire activation state and may retain a 

greater proliferative potential. To determine whether CD44lo DKO CD8 T cells also proliferate 

better, purified splenic CD44lo CD8 T cells were labeled with CFSE, stimulated with anti-CD3 

and anti-CD28 antibodies then subjected to flow cytometry analysis at 72 h. The purity of CD44lo 

CD8 T cells was higher than 99% (data not shown). Upon TCR stimulation, naïve DKO CD8 T 

cells proliferated more vigorously than WT controls, correlating with a higher proportion of 

CFSElo cells (Fig. 3.4F) as well as numbers of CFSElo7-AADlo divided, live cells (Fig. 4G) in the 

culture. The data suggest that enhanced proliferation of DKO CD8 T cells is not dependent on 

their activation state prior to stimulation.  
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Upon recruitment to DISC, Casp8 undergoes dimerization and autoprocessing, which 

unleashes the full activities of the enzyme that results in apoptosis (133). Casp8 autoprocessing 

mutation (Casp8DA/DA) still retains the basal catalytic activities sufficient for suppressing 

necroptosis, leading to the robust T cell proliferation upon TCR stimulation (145, 299). Recent 

studies using Casp8DA/DA myeloid cells implicate the scaffolding function of Casp8 in regulating 

NF-κB signaling (182, 183). Casp8DA/DA CD8 cells exhibited proliferation capacity 

indistinguishable from WT controls and significantly lower than the Casp8-deficient DKO cells 

(Fig. 3.4 F and G), demonstrating that Casp8 autoprocessing has no contribution to CD8 T cell 

proliferation. Thus, these data suggest a potential contribution of Casp8 scaffolding function 

or/and its basal catalytic activities in restricting CD8 T cell proliferation. 

Ly49H+ NK cells driven by m157 are necessary for the DKO CD8 T cell hyperaccumulation 

After understanding the CD8 T cell-autonomous impact of Casp8, we sought to explore 

any extrinsic factors that support DKO CD8 T cell hyperaccumulation during the acute phase of 

virus infection. In C57BL/6 mice, NK cells expressing Ly49H receptor dominate the innate 

immune response and render early control of MCMV infection (1, 300). Ligation of this receptor 

to the MCMV-encoded MHC class I like glycoprotein m157 triggers activating signals that result 

in robust proliferation and cytotoxicity of Ly49H+ NK cells (94). Given that m157 specifically 

binds to Ly49H, which is only expressed by this NK cell subset, ∆m157 MCMV fails to trigger 

Ly49H+ NK cell expansion (301). Using these mutants, previous reports have shown the impact 

of Ly49H+ NK cells on antiviral CD8 T cell responses (97, 273, 302). We employed ∆m157 

MCMV infection and traced CD8 T cell responses. The mutant virus infection compromised 

splenic Ly49H+ NK cell numbers to comparable levels in all genotypes (Fig. 3.5A), even though 

the subset in K181-BAC-infected DKO mice accumulated to significantly higher numbers than 
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WT and HET controls at 7 dpi, as shown previously (233). Strikingly, the total (Fig. 3.5B) and the 

M45-specific (Fig. 3.5C – D) CD8 T cell responses in DKO mice returned to control levels when 

Ly49H+ NK cell numbers were compromised, and this was attributable to reduced numbers (Fig. 

3.5E) of KLRG1hiCD127lo and KLRG1hiCD127hi subsets. Cell death analysis showed that ∆m157 

virus infection led to higher frequencies of FVS+ dead cells in DKO spleens compared to K181-

BAC infection at 7 dpi (Fig. 3.5F). Consistently, this mutant virus infected DKO mice exhibited 

higher percentages CD8 T cells positive for annexin V staining when compared with K181-BAC 

infection (Fig. 3.5G), indicating elevated dying CD8 T cell events. Thus, m157-driven Ly49H+ 

NK cells is necessary for DKO T cell hyperaccumulation through supporting these T cells survival. 

To further assess the NK cell-dependent regulation of the antiviral CD8 T cell response, 

depletion was performed by i.p. inoculation of anti-NK1.1 Ab two days before as well as on days 

0 and 3 post infection with K181-BAC virus (Fig. S3.3 A) (303). All Ab-treated animals exhibited 

increased viral titers in liver and lungs at 7 dpi (Fig. S3.3 B – D), consistent with the expected 

compromised antiviral NK cell responses (97). Although NK cells were effectively reduced by 5 

dpi in all genotypes (Fig. S3.3 E), the numbers of total and Ly49H+ NK cells in DKO mice bounced 

back by 7 dpi to levels comparable to non-treated WT and HET controls (Fig. S3.3 F). This was 

different from ∆m157 infection which dampened Ly49H+ NK cell quantities throughout the 

observed period (See Fig. 3.5A). The reduction by 5 dpi was not sufficient for reversing 

hyperaccumulation of total CD8, CD4 T cells or M45-specific CD8 T cells (Fig. S3.3 G – J). 

Taken together, our data suggest that the Ly49H+ NK cell response between days 5 to 7 post 

infection is critical for enhancing DKO CD8 T cell accumulation. 

To understand whether WT Ly49H+ NK cells driven by m157 can also improve DKO CD8 

T cell accumulation, CFSE-labeled total CD45.2+ WT or DKO splenocytes that contained 1 × 106 
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CD8 T cells were transferred into congenic CD45.1+ recipients, followed by infection with K181-

BAC or ∆m157 virus 24 h later (Fig. 3.6A). The numbers of endogenous CD45.1+ Ly49H+ NK 

cells were comparable in all K181-BAC-infected recipients and equally decreased to similar levels 

upon ∆m157 infection (Fig. 3.6B). The data suggest that the numbers of responding Ly49H+ NK 

cells were generated independently of the donor cell genotype. Strikingly, hyperaccumulation of 

total and M45-specific DKO CD8 T cells returned to control levels when the mice were infected 

with mutant virus (Fig. 3.6C), indicating that WT Ly49H+ NK cells suffice to enhance DKO CD8 

T cell accumulation. Cell proliferation assessment using CFSE dilution revealed that the m157-

driven Ly49H+ NK cell response did not alter DKO CD8 T cell proliferation (Fig. 3.6D), 

reinforcing the cell-intrinsic dysregulation due to Casp8 deficiency in the capacity for hyper-

proliferation. Combined, Ly49H+ NK cells, regardless of genotype, support DKO CD8 T cell 

hyperaccumulation upon MCMV infection.  Further, this NK cell subset sustains survival of hyper-

proliferated DKO CD8 T cells rather than affecting proliferation.  
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3.4   Discussion 

This study demonstrates a vital death-independent role of Casp8 in suppression of CD8 T 

cell proliferation during the acute phase of virus infection. With the elimination of Casp8 (together 

with RIPK3), antiviral CD8 T cells, mainly the terminal effector subsets, accumulate to 

significantly higher levels due to an enhanced proliferation capacity. Although non-death functions 

of Casp8 has long been implicated in T cell activation (289), information drawn from Casp8-

deficient T cells is suspect owing to the confounding impact of necroptosis. Here, we use a system 

that eliminates Casp8 together with RIPK3 function to show that Casp8 suppresses rather than 

supports CD8 T cell proliferation following TCR stimulation. Importantly, while hyper-

proliferation a T cell-autonomous dysregulation due to Casp8-deficiency, the enhanced CD8 T cell 

numbers during MCMV infection requires a robust m157-driven Ly49H+ NK cell response that 

supports T cell survival. Modulation of the Ly49H+ NK cell response reverses DKO CD8 T cell 

hyperaccumulation through comprising the T cell survival. Here, we propose that the magnitude 

of this antiviral response is checked by T cell-autonomous Casp8 function along with T cell-

extrinsic regulation of NK cells.  

Upon infection, activated-naive CD8 T cells undergo 10,000- to 100,000-fold expansion 

and differentiation into different effector subsets (202). Following the elimination of virus, these 

expanded cells undergo an equally dramatic contraction, leaving a small percentage of memory 

precursors to survive and differentiate into memory subsets. This system ensures robust responses 

to combat pathogens as well as to avoid unnecessary cytotoxicity and inflammation that can harm 

the hosts. Antiviral CD8 T cell numbers are strictly controlled by cell death pathways. In contract 

to the dominant role of Bim-mediated intrinsic apoptosis, extrinsic pathway is less critical for the 

regulation of T cell death in response to virus infection (115). DKO CD8 T cells, which lack 
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extrinsic death pathway, retain the intrinsic death pathway that drives cells undergoing contraction. 

This observation reinforces two important points: i) the intrinsic pathway is sufficient for antiviral 

CD8 T cell elimination; and, ii) intrinsic and extrinsic death pathways proceed independently of 

each other in this infection setting.  

The CD8 T cell hyper-accumulation phenotype in DKO mice was initially thought to be 

independent of T cell-autonomous function of Casp8, given the normal LCMV Armstrong-specific 

CD8 T cell expansion in Cd4CreCasp8flox/floxRipk3–/– mice (166). However, adoptive transfer 

analysis in the current study has shown that a similar enhancement pattern of DKO CD8 T cells 

occurs in WT environment following MCMV infection. Perhaps this discrepancy can be ascribed 

to certain environmental milieu triggered by MCMV infection distinct from LCMV Armstrong, 

such as the robust activation and proliferation of Ly49H+ NK cells (96, 304). Previous studies have 

taken advantage of comparing WT and Δm157 virus to study the positive and negative impact of 

NK cells on CD8 T cell antiviral immunity (97, 273, 302). Utilizing the mutant virus, we have 

shown that a robust Ly49H+ NK cell response supports the survival of the hyper-proliferated DKO 

CD8 T cells, resulting in the cell hyperaccumulation. This positive impact is dependent on the 

Ly49H+ NK cell response between day 5 and 7 post infection.  Previous studies show that NK cells 

promote MCMV-specific CD8 T cell responses through regulating type I IFN levels (302) or DC 

numbers (97, 270, 273, 302). In addition, NK cells can directly dampen antiviral T cell responses 

through a TRAIL- or Fas-dependent elimination (305, 306). Combined deficiency of Casp8 and 

RIPK3 may induces a switch to a prosurvival response in CD8 T cells. HSV-1 infection results in 

a similarly, though less significant, enhanced pattern of antiviral CD8 T cells. This middle ground 

phenotype may be due to an NK cell-dependent mechanism, given that a study shows the 
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supportive impact of NK cell on HSV-1-specific CD8 T cells (307). Certainly, analysis of T cell-

specific knockout mice with different viruses will address this hypothesis in the future.  

Our study shows that the enhanced proliferation and hyperaccumulation of virus-specific 

CD8 T cells in DKO mice is independent of the cell activation state prior to infection. DCs and T 

cells from unchallenged CD11cCreCasp8flox/flox mice are activated, a dysregulation rescued by the 

elimination of MyD88 but not by elimination of RIPK3 (178). A recent study has further shown 

that these mice mount an enhanced CD8 T cell response to infection with LCMV clone 13 (292), 

suggesting Casp8 in DC can dampen the magnitude of T cell response during virus infection. On 

the other hand, T cells from LckCreFadddd/ddRipk3–/– mice also acquire enhanced activation 

phenotype during homeostasis and exhibit more robust proliferation upon TCR stimulation in vitro 

(222). These studies together point to a direction that elimination of Casp8 in T cells or APCs 

enhances CD8 T cell activation state during homeostasis, resulting in the amplified proliferation 

upon activation. Our current work, however, shows that CD44lo CD8 T cells from young DKO 

mice also proliferate more vigorously than WT controls, suggesting the hyper-proliferation 

capacity is independent of CD44 expression levels prior to stimulation. Certainly, CD44lo DKO 

CD8 T cell may have developed some abnormality that favors cell proliferation. A system that has 

Casp8-eliminated only in activated CD8 T cells will be useful to remove the confounding factors 

during development.  

The signaling complex involving Casp8 forms downstream of TCR or DR in T cells (308). 

Upton TCR activation, CARMA-MALT1-BCL10 complex forms at the plasma membrane 

associated with the receptor, triggering NF-kB, MAPK and NFAT pathways (309). Biochemical 

analysis has shown that FADD interacts with MALT1 through DD interaction (125, 310) and 

recruit components including Casp8, cFLIPL, RIPK1 and RIPK3 to the complex. TCR stimulation 
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triggers cleavage of Casp8 along with the subsequent activation of NF-kB and Casp3 (232). 

Whereas this signaling pathway occurs directly downstream of TCR stimulation, separate studies 

have shown that Fas acts as a co-stimulatory molecule receptor to enhance or suppress T cell 

proliferation depending on FasL concentration (234, 235). These data all point to the key role of 

Casp8 in T cell activation and align with known activation defects of Casp8-deficient T cells both 

in humans and mice (164, 165, 290). However, these conclusions were drawn prior to 

understanding the role of Casp8 in suppressing necroptosis and should be revisited. In the current 

study, the enhanced proliferation of DKO CD8 T cells suggests that Casp8 surprisingly plays a 

suppressive rather than supportive role following TCR activation. RIPK1 is a key molecule 

involved in cell activation, survival and necroptosis. Casp8-dependent cleavage of RIPK1 results 

in inhibition of these outcomes, depending on settings (143, 311). The increased proliferation of 

DKO cells may be due to the enhanced RIPK1-mediated NF-kB activation that is normally 

checked by Casp8. Interesting, Ripk1–/–Casp8–/–Ripk3–/– mice exhibited normal CD8 T cell 

response comparable WT mice in response to MCMV infection (150); however, no evidence has 

shown whether this is due to a T cell-autonomous impact or environmental alteration due to the 

lack of RIPK1. Studies have shown some cell cycle inhibitors, such as p21 and p27, are the 

substrate of Casp8 (240-242). It is possible that Casp8 restricts proliferation through inducing these 

inhibitors activation. Importantly, this enhancement does not occur in the Casp8-autoprocessing 

mutant cells, suggesting the key contribution of Casp8 scaffolding function or/and its basal 

catalytic activities (130, 299). Taken together, although the precise spatial and temporal 

relationships remain to be dissected, we show a novel role of Casp8 in restricting CD8 T cell 

proliferation besides its function in initiating apoptosis and suppressing necroptosis.  
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It is curious that the enhanced response of inflationary epitope-specific CD8 T cells is not 

sustained during long-term infection. Multiple factors are important for memory inflation. 

Previous studies have shown that Cd4–/– and IL-2rα–/– mice exhibit impaired inflationary CD8 T 

cell responses (312), suggesting the importance of IL-2 from CD4 T cells for memory inflation. 

However, in the current study, we observe no defect of IL-2 and CD4 T cell levels in DKO mice 

in different phases of infection. Further, as introduced earlier, a sustained response requires newly 

activated T effector cells differentiated from both naïve and Tcm pools, driven by sporadic viral 

reactivation. While inflationary epitope-specific CD8 T cells in Cd4–/– mice are largely Tem during 

long term infection, most of DKO inflationary CD8 T cells exhibited Tcm phenotype, a sign of 

reactivation defect independent of CD4 T cells. OX40 and 4-1BB, two co-stimulatory signaling 

TNF superfamily receptors, play important role for memory inflation. Interestingly, 4-1BB-

deficient mice mount enhanced response of the inflationary subsets that contract overtime (56), a 

phenotype similar to DKO mice. Although this receptor cannot recruit Casp8/FADD due to the 

lack of DD domain at cytosolic tail (133), Casp8 may contribute to the signaling transduction 

through other mechanisms. Curiously, DKO mice exhibit persistent virus replication, a phenotype 

that may be the cause or the result of hypo-inflationary response. Although the virus control in SG 

only depends on CD4 T cells (65, 66), a more recent work shows the crucial function of SG-

resident inflationary CD8 T cells to control re-infection (71). High antigen load during the early 

stage of infection improves inflationary T cell response (17); however, it is not yet clear whether 

persistent virus replication might suppress the inflationary response, as occurs with LCMV clone 

13. Furthermore, the B220+CD3+ abnormal T cells that accumulate in naïve aging DKO mice (174, 

233) surprisingly contract to low levels by 25 wpi, indicating an unexpected beneficial impact of 

MCMV on ameliorating autoimmunity. Together, our observation opens another very important 
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question for understanding Casp8-dependent mechanism that regulates inflationary response. 

Further, interruption of autoimmunity through persistent MCMV infection may offer some 

important therapeutic insight. 

We show an unexpected role of Casp8, a crucial regulator of extrinsic death pathway, in 

dampening CD8 T cell proliferation following TCR stimulation. In addition, our work indicates 

the combined contribution of T cell-autonomous function of Casp8 and T cell-extrinsic regulation 

by Ly49H+ NK cells to dampen antiviral CD8 T cell response magnitude. Further, our study points 

out the possible influence of persistent virus replication on compromising memory inflation and 

ameliorate abnormal autoimmunity marker accumulation; these will be critical topics for CMV-

based vaccine study as well as therapeutic development.  
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3.5   Materials and Methods: 

Mice, viruses and experimental infection 

DKO (174) and C8–/–R3K51A (148) were derived as described previously and backcrossed to > 98% 

on the C57BL/6 background, based on single nucleotide polymorphism scanning analysis (Jackson 

Laboratories). DKO and HET littermates were generated by mating DKO fathers and HET mothers 

and maintained in house. C8+/–R3K51A and C8–/–R3K51A used for long-term infection and memory 

challenge experiments were generated by mating C8+/–R3K51A parents. R3K51A mice used for HSV1 

infection were generated as described previously on C57BL/6 background (148). Casp8DA/DA  mice 

were derived as described previously (280). C57BL/6 WT and B6.SJL-Ptprca Pepcb/BoyJ 

(CD45.1) mice were purchased from Jackson Laboratories and maitained at the Emory University 

Division of Animal Resources. Mouse experimental procedures were conducted in accordance 

with the National Institutes of Health and Emory University Institutional Animal Care and Use 

Committee guidelines.  

Flow cytometry, proliferation, and cell death assays 

Spleens were harvested and disrupted by mashing through metal sieves. Cell mixture were the 

incubated with red blood cell lysis buffer to lyse erythrocytes and pass through 100 µm strainer. 

Cells numbers were determined by counting cells on a hemocytometer using trypan blue exclusion. 

Cells were stained with FVS for dead cell exclusion, and then incubated with anti-CD16/CD32 

plus 10% rat serum in FACS staining buffer for blocking Fc receptor as well as non-specific 

bindings. Cells were then stained with Abs specific for surface and intracellular antigens and 

prepared for multiparametric flow cytometric analysis. For intracellular cytokine staining, 

splenocytes were stimulated with peptides (M45, M38, IE3; JPT Peptide Technologies) or with 

anti-CD3 (10 µg/ml, Clone Clone 17A2, BD Pharmingen) and anti-CD28 (2 µg/ml, Clone 37.51, 
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eBioscience) for 5 hr in brefeldin A added RPMI 1640 with 10% FBS/1% penicillin/streptomycin 

(complete RPMI). Intracellular cytokines were stained with antibodies in the usage of the 

Cytofix/Cytoperm kit (BD Biosciences). Cells undergoing active proliferation were measured with 

intracellular staining for Ki67. For death assessment, splenocytes were stained with FVS for 

measurement of late stage dead cells. For FLICA or Annexin V positive event assessment, 

splenocytes were stained with FLICA or Annexin V for detecting dying cells. Data were acquired 

by flow cytometry (BD LSRII cytometer and FACSDiva Software; BD Biosciences), analyzed 

with FlowJo (TreeStar), and graphed with Prism 7 (GraphPad). 

Treatment of mice with CDV or depleting Ab 

CDV was dissolved in 1 × PBS and filtered through 0.2 µm to sterile. The solution was stored at 

-80°C until use. Mice were daily injected i.p. with 5 mg/kg CDV in PBS or PBS only (297), 

starting from 3 day prior to infection and sacrificed on days 3 and 7 post infection for viral titer 

and immune cell analysis.  

For NK cell depletion experiment, mice were i.p. inoculated with anti-NK1.1 (Clone PK136, 

kindly provided by J. Sun; Sloan Kettering Institute, New York) on days -2, 0 and 3 post 

infection (303). Depletion of NK cells were confirmed by co-staining leukocytes with anti-

CD49b, anti-NKp46 and anti-Ly49H mAbs. 

CD8 T cell adoptive transfer 

Total CD45.2+ spenocytes from naïve WT or DKO mice were labeled with 0.5 µM CFSE 

(Invitrogen) in 1 × PBS for 10 min at 37 °C. CD45.2+ Splenocytes that contained 1 × 106 CD8 T 

cells were transferred intravenously into CD45.1+ WT mice, followed with MCMV infection on 

recipient mice at one day post transfer.  
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In vitro CD8 T cell proliferation 

B220–CD3+CD4–CD44lo CD8 T cells were isolated by EasySep Mouse CD8 T Cell Isolation Kit 

(STEMCELL). Biotinylated anti-B220 (Clone RA3-6B2, STEMCELL) and anti-CD44 (Clone 

IM7, STEMCELL) Abs were spiked in to facilitate the removal of B220+CD3+ abnormal T cells 

and CD44hi cells. Purified cells were labeled with 0.5 µM CFSE in 1 × PBS for 10 min at 37 °C 

then stimulated with plate-bound anti-CD3 (10 µg/ml, Clone Clone 17A2, BD Pharmingen) and 

soluable anti-CD28 (2 µg/ml, Clone 37.51, eBioscience) for 72 hr in a 37 °C incubator. Cells were 

stained with Abs for specific surface markers as well as 7-AAD for dead cell detection. For 

comparing cell counts in the culture, all samples were suspended in an equal volume of FACS 

staining and collected for the same amount of time using flow cytometer.  

Virus infections  

K181-BAC (283) and K181-BAC-derived Dm157 (284) (kindly provided by W. Brune; Heinrich 

Pette Institute, Hamburg) were propagated in NIH 3T3 murine fibroblasts (American Type Culture 

Collection CRL-1658) in 10% weight/volume in Dulbecco’s Modified Eagle Medium (DMEM) 

with 10% FBS/1% penicillin/streptomycin. Viruses were collected from clarified tissue culture 

medium and stored at -80°C until use (169). MCMV V70 strain was kindly provided by C. Biron, 

Brown University and propagated in SG as described previously (272). Mice were injected 

intraperitoneally (i.p.) with either DMEM (mock control), 1 × 105 PFU V70 or 1 × 106 PFU tissue 

culture-propagated MCMV. HSV-1 (KOS strain) was provided by Dr. Sandra Weller (University 

of Connecticut Health Center). Virus was propagated and tittered in Vero cells as previously 

described (313). Mice were inoculated via footpad injection with 2 × 106 PFU virus in DMEM. 

Tissues collected in DMEM were homogenized via sonication and added onto NIH 3T3 cells. 
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Virus plaques were counted on day 4 post infection. Infected cells were fixed with methanol and 

stained with Giemsa for plaque visualization.  

Antibodies 

For flow cytometry, antibodies (Abs) to CD16/CD32 (FcγRII/III; Clone 2.4G2), CD45 (Clone 30-

F11), CD45.1 (Clone A20), CD45.2 (Clone 104), CD4 (Clone GK1.5), NK1.1 (Clone PK136), 

B220 (Clone RA3-6B2), CD3ε (Clone 17A2), CD3ε (Clone 145-2C11), CD8 (Clone 53-6.7), 

KLRG1 (Clone 2F1), CD127 (Clone SB/199), Ki67 (Clone SolA15), IFNγ (Clone XMG1.2), 

CD62L (MEL-14) were purchased from BD PharMingen; and CD3ε (Clone 17A2), CD44 (Clone 

IM7) were purchased from BioLegend; and Ly49H (Clone 3D10) was purchased from 

eBioscience.  

Statistical analysis 

Statistical analysis was performed by unpaired one-way or two-way ANOVA with Tukey analysis, 

using GraphPad Prism 7. P £ 0.05 was considered significant. 
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3.6   Figures and Figures Legends 

 
Figure 0.1 Impact of Casp8 on antiviral T cell responses during the acute phase of virus 

infection. 
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 (A – G) Six- to eight-week-old WT, HET and DKO mice were inoculated intraperitoneally (i.p.) 

with 1 × 106 PFU/mouse MCMV K181-BAC strain per mouse. Spleens were processed on day 5, 

7, 9 and 14 post infection and stained with tetramers and antibodies specific for the indicated cell-

surface markers. Graphs comparing total mean numbers ± S.E.M. of CD8 (A) and CD4 (B) T cells. 

Levels of M45 (C), M38 (D) or IE3 (E) tetramer-positive CD8 T cells were shown as mean 

numbers ± S.E.M. (top panels) and frequencies ± S.E.M. (lower panels). (F – G) Graphs showing 

total mean numbers ± S.E.M. of different effector subsets following gating on M45tet+ CD8 T 

cells on indicated days post infection (F). Representative zebra plots showing the percentages of 

indicated subsets following gating on M45tet+ CD8 T cells at 7 dpi (G). Data represent at least two 

independent experiments using n = 5 mice per group. Significant differences between DKO and 

WT (*) or HET (#) mice are indicated as * or #, p < 0.05; ** or ##, p < 0.01; *** or ###, p < 0.001; 

**** or ####, p < 0.0001. 

(H – I) WT, Ripk3–/–, R3K51A, DKO and C8–/–R3K51A mice were infected as indicated in Fig. 1A. 

Splenocytes were analyzed at 7 dpi by flow cytometry. Bar graphs showing numbers (H) and 

percentages (I) of CD8 T cells specific to M45 tetramer. Data are present as mean numbers ± 

S.E.M., and represent two independent experiments using n = 5 mice per group.  

(J – L) Mice were infected with 2 × 106 PFU/mouse HSV1 (KOS strain) via footpad inoculation 

route. Splenoctyes were analyzed at 7 dpi. Bar graphs showing total CD8 T cell numbers (J), as 

well as numbers (K) and percentages (L) of CD8 T cells specific to gB tetramer. Data are present 

as mean numbers ± S.E.M. and represent one experiment with n = 5 mice per group. 
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Figure 0.2 Impact of Casp8 on antiviral T cell responses during long-term infection. 

(A – H) Comparing levels and phenotype of T cells from WT, HET and DKO mice infected with 

K181-BAC as described in Fig. 1. Graphs showing frequencies and numbers of splenic CD8 T 

cells positive for M45 (A and B) or IE3 (D and E) tetramer staining at 1, 2, 4 and 25 wpi. Bar 

graphs showing the proportions and numbers of KLRG1hiCD127lo, KLRG1hiCD127hi, 

KLRG1loCD127hi or KLRG1loCD127hi subsets within the M45- (C) or IE3- (F) specific CD8 T 

cells at 25 wpi. Horizontal dash line depicts limit of detection of the assay. Graph showing mean 
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numbers ± S.E.M of B220+CD3+ abnormal T cells in spleens on indicated wpi (G). Data were 

represented as means ± S.E.M. Spleen, liver, lung and SG titers at 25 wpi obtained by plaque assay 

(H). Data represent at least two independent experiments with n d SG titers at  

(I – L) Mice at 20 wpi with K181-BAC or mocked treated were challenged with 1 × 105 V70 

MCMV through i.p. inoculation route (I). Graphs showing spleen (J), liver (K) and SG (L) titers 

at 4 dpi. Dash line showing limit of detection of the plaque assay. Data represent one experiment 

with n ≥ 5 per group. 
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Figure 0.3 Patterns of antiviral CD8 T cell responses when antigen levels are compromised.  

Mice were daily injected with 5 mg/kg CDV in PBS (or mock treated) via i.p. inoculation route, 

starting from 3 day prior to infection (A). Viral titers at 3 or 7 dpi in spleens of CDV or mock 

treated, K181-BAC infected mice obtained by plaque assay. Data represent two independent 

experiments with n ≥ 3 mice in each group. Dash line showing the limit of the detection (B).  

(C – E) Bar graphs showing numbers of total CD8 T cells (C), as well as numbers (D) and 

percentages (E) of M45 tetramer-positive CD8 T cells at 7 dpi. Data are presents as mean ± S.E.M. 

and represent two independent experiments with n = 4 mice per group. 
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Figure 0.4 Assessment of CD8 T cell proliferation and death. 

(A – C) Analysis of proliferation and death during the expansion phase following MCMV infection. 

Splenocytes from K181-BAC-infected WT and DKO mice at 0, 3, 5, 7 dpi were assessed. Graphs 

showing percentages ± S.E.M of Ki67+ CD8 T cells (A). Frequencies ± S.E.M of FVS+ dead cells 

in spleens of WT and DKO mice (B). Graphs showing percentages ± S.E.M of FLICA+ CD8 T 

cells. FVS+ dead cells were excluded from this analysis (C).  

(D – F) Proliferation analysis using adoptive transfer. CFSE-labeled CD45.2+ Splenocytes from 

WT or DKO mice that contained 1 × 106 total CD8 T cells were transferred into CD45.1+ WT 
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recipients via i.v. inoculation route, followed with infected the next day (D). Bar graphs comparing 

numbers of CD45.1+ endogenous CD8 T cells and CD45.2+ donor CD8 T cells at 6 dpi (E). 

Representative histograms comparing CFSE distribution of transferred CD8 T cells on days 5 and 

6 post infection (F). Data are present as mean ± S.E.M. and represent two independent experiments 

with n = 4 mice per group. 

(G – H) Assessment of proliferation and signaling mechanism following TCR stimulation. CFSE 

dilution analysis of purified splenic CD44loCD8 T cells after stimulation of anti-CD3 and CD28 

for 72 h. Representative plots comparing CFSE division of CD8 T cells from indicated genotypes 

(G). Bar graphs showing the mean numbers ± S.E.M. of CFSElo7-AAD– cells recovered in culture 

following stimulation (H). 
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Figure 0.5 Impact of m157-driven NK cells on antiviral CD8 T cell responses.  

WT, HET and DKO mice were i.p. inoculated with 1× 106 PFU/mouse K181-BAC or ∆m157 virus. 

Graph showing the numbers of Ly49H+ NK cells in spleens on days 1.5, 5, 7 and 14 post infection 

(A). (B – E) Expansion, contraction and phenotype of splenic CD8 T cell responding to infection. 

Graphs showing numbers of total CD8 T cells (B) as well as numbers (C) percentages (D) of M45-

specific cells on day 5, 7 and 14 post infection. Data were presents as mean ± S.E.M.. Bar graphs 

comparing numbers ± S.E.M. of different effector subsets (E, left panel) and representative zebra 

plots showing KLRG1 and CD127 expression (E, right panel) following gating on M45-specific 

CD8 T cells at 7 dpi.  

(F – G) Cell death analysis on day 7 post infection of K181-BAC or ∆m157 virus. Bar graphs 

comparing frequencies of FVS+ dead cells in spleens of WT and DKO mice (F). Bar graphs 

comparing percentages of Annexin V+ cells within CD8 T cells. FVS+ dead cells were excluded 



 107 

from this analysis (G). Data are present as mean ± S.E.M. and represent two independent 

experiments with n ≥ 4 mice per group. 
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Figure 0.6 Impact of WT m157-driven NK cells on antiviral CD8 T cell responses.  

CFSE-labeled total splenocytes containing 1× 106 total from naive WT (CD45.2+) or DKO mice 

(CD45.2+) mice were transferred into CD45.1+ WT mice, followed with infection of 1× 106 

PFU/mouse K181-BAC or ∆m157 derivative the next day. Splenocytes were analyzed at 6 dpi (A). 

Numbers of endogenous CD45.1+ Ly49H+ NK cells in the recipients (B). Bar graphs comparing 

numbers of donor CD45.2+ total CD8 T cells, and numbers as well as percentages of CD45.2+ M45 

specific cells (C). Bar graphs showing the percentages of CFSElo divided cells within the 

transferred donor CD45.2+ CD8 T cells in the recipients (D).  
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Supplemental Figure 0.1 T cell responses during the acute phase of virus infection.  

Splenotypes were analyzed on indicated days post infection of K181-BAC. Graphs showing the 

numbers ± S.E.M. (A and C) and the proportions ± S.E.M. (B and D) of KLRG1hiCD127lo, 

KLRG1hiCD127hi, KLRG1loCD127hi or KLRG1loCD127hi subsets following gating on CD8 T 

cells positive to M38 (A and B) or IE3 tetramers (C and D). Graphs showing the mean percentages 

± S.E.M of CD4 T cells that were IL-2+ following stimulation of anti-CD3/CD28 for 5 h (E). Data 

represent at least two independent experiments with n = 5 mice per group.  

  



 110 

 

Supplemental Figure 0.2 T cell responses during long-term infection.  

Conventional and inflationary CD8 T cell response in blood circulation on weeks 1, 2, 4, 25 post 

infection of K181-BAC, shown as percentages of M45- (A) and IE3- (B) specific subsets within 

the total CD8 T cell population. Bar graphs showing the percentages of blood circulating CD8 T 

cells specific to M45, M38 and IE3 tetramer staining at 16 wpi (C). Bar graphs showing mean 

percentages ± S.E.M of CD4 T cells that were IFNγ+ from spleen or blood following stimulation 

of anti-CD3/CD28 for 5 h (D).Data are present as mean ± S.E.M. and represent three independent 

experiments with n = 5 mice per group.  
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Supplemental Figure 0.3. Impact of NK cell on antiviral CD8 T cell responses.  

Diagram showing experiment design (A). Viral titers at 7 dpi in spleen (B), liver (C) and lung (D) 

from anti-NK1.1 Ab treated and untreated mice. Dash lines showing limit of detection. (E – F) 

Analysis of NK cell levels in mice with or without the depletion Ab treatment. Bar graphs showing 

the percentages of CD45+CD3–B220–NK1.1+ total NK cells within the CD45+ total leukocyte 

population in blood at 5 dpi (E, left panel) and in spleen at 7 dpi (E, right panel). Bar graphs 

showing the numbers of total and Ly49H+ NK cells in spleen at 7 dpi (F). (G – J) Numbers of total 

CD8 (G) and CD4 (H) T cells, as well as percentages (I) and numbers (J) of CD8 T cells positive 
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for M45 tetramer staining. Data were present as mean ± S.E.M. and represent one experiment with 

n = 5 mice in each group. 
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Chapter 4 

 

Caspase-8 Restricts Ly49H+ NK cell expansion following Murine Cytomegalovirus Infection 

 

Yanjun Feng, Lisa Daley-Bauer, Marc Potempa, Linda Roback, Lewis Lanier, Edward Mocarski. 

Data not generated by the Ph.D. candidate is indicated in the figure legends. 
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4.1   Abstract 

NK cells are a group of innate immune cells essential for early viral control. NK cells have recently 

been demonstrated to possess adaptive immune cell features. Ligation of Ly49H activating 

receptor by MCMV viral antigen m157 drives the Ly49H+ NK cells to undergo robust activation, 

a clonal expansion-like response, and subsequent memory formation. This process must be tightly 

controlled for the generation of an optimal antiviral immune response. As the central mediator of 

extrinsic death, caspase (Casp)8 drives apoptosis, keeps necroptosis in check, and regulates death-

independent signaling transduction. A previous study has shown that combined elimination of 

Casp8 and RIPK3 leads to an amplified Ly49H+ NK cells response when compared with Casp8+/–

Ripk3–/– littermates and WT C57BL/6 mice. Here, we invoke an NK cell-autonomous role of Casp8 

in restricting expansion during the acute phase of MCMV infection that is dispensable for memory 

development. Strikingly, total and Ly49H+ NK cell populations are completely ablated once 

RIPK1 is eliminated together with Casp8 and RIPK3 following MCMV infection, even though 

this NK cell subset develops normal independent of RIPK1. Thus, in response to MCMV infection, 

Casp8 normally regulates the magnitude of adaptive NK cell responses, while RIPK1 function 

promotes overall NK cell numbers.   
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4.2   Introduction 

NK cells are a population of innate lymphocytes that play an important role in early viral 

control. The NK antiviral response gain rapid control due to their capacity for a fast activation and 

a robust cytotoxic function (80). This fast activation, occurs without the requirement of a priming 

process, but instead depends on a signal transduced through the germline-encoded activating 

receptors that overrides the inhibitory signal induced by suppressive receptors (80). Although NK 

cells were initially defined as innate immune cells, several lines of evidence have indicated they 

also possess adaptive immune cell features following virus infection, including expansion, 

contraction, memory formation and a heightened recall responses (79). MCMV is a well-

established model used to investigate antiviral NK cells. In C57BL/6 mice, ligation of the MCMV-

encoded MHC class I like glycoprotein m157 to the Ly49H activating receptor triggers a robust 

proliferation of this NK cell subset and strong cytotoxic effector responses (94) that confer the 

early control of the virus (1, 300). Following the peak of the expansion, the majority of Ly49H+ 

NK cells contract, leaving a small population that differentiates into memory cells (95). These 

adaptive immune features of NK cells have been described in human. HCMV seropositive 

individuals have 5% to 50% of the total NK cells as CD94+NKG2C+ NK cells, comparing to levels 

around 1% in HCMV serological negative individuals (99, 100). This feature is reminiscent of 

immune memory wherein antigen-specific cells increase to readily detectable levels, contrasting 

to their low numbers prior to infection. Expansion and persistence of this population has been 

reported in immunocompromised transplantation recipients (101). Thus, studies in mice using 

MCMV offer valuable insights of NK cell adaptive immune features and gain knowledge that can 

be applied to HCMV. 
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In addition to the Ly49H receptor, NK cell expansion is regulated by proinflammatory 

cytokines and co-stimulatory receptors. IL-12, Type I IFNs, IL-18 and IL-33 all play critical roles 

in supporting NK cell proliferation, cytotoxic function and memory formation (301). IL-12-

triggered, STAT4-dependent signal transduction results in the upregulation of MyD88, which 

further induces IL-18 receptor upregulation for promoting NK cell proliferation (112). Type I IFN 

triggers the expression of transcription factors, including STAT1, STAT2, IRF8, IRF9, which are 

necessary to support the NK cell survival during the expansion phase (109-111). In addition, both 

IL-12 and type I IFN are important for NK cell cytotoxic function and IFNγ production (5, 108). 

NKG2D activation enhances Ly49H+ NK expansion, although the signal through NKG2D by itself 

is not sufficient for NK cell proliferation (107). These data highlight the similarities between NK 

and T cells - both require a series of collaborating signals to achieve an optimal antiviral response 

including, signal one (TCR or Ly49H receptor) for proliferation initiation, and signal two (co-

stimulation) and signal three (cytokines) (79). These factors combine to determine the levels, 

differentiation programs and longevity of NK cells through a balance of proliferation and death. 

Lymphocyte death can be regulated by the intrinsic pathway or the extrinsic pathway (125). 

Upon virus infection, activation of the pro-apoptotic protein Bim initiates intrinsic apoptosis that 

drives antiviral T cell contraction (124, 202). A recent study has shown that elimination of Bim in 

NK cell population delays Ly49H+ NK cell contraction and impairs memory pool generation (207, 

314). The data suggest the important role of the intrinsic pathway in the shutdown of the acute NK 

cell responses and promoting memory differentiation. Extrinsic cell death is activated by cell 

surface TNF receptor superfamily DRs (including TNFR1, Fas, TRAIL), which trigger the 

cytosolic DISC formation. Several outcomes can occur upon DISC formation - Casp3-dependent 

apoptosis, RIPK3-mediated necroptosis when Casp8 is inhibited, and death-independent signaling 



 117 

transduction (125). Casp8 was initially defined as a regulator that supports NK cell activation 

because cells carrying the enzymatic mutated Casp8 displayed defective NF-kB signaling 

following CD244 (or 2B4) and CD16 stimulation (164, 165). Later studies have indicated that this 

death-independent function of Casp8 has been confounded by its vital role in suppressing RIPK3-

mediated necroptosis. Our recent study of DKO mice that lack Casp8 and RIPK3 function shows 

an enhanced Ly49H+ NK cell accumulation compared to HET and WT controls during the acute 

phase of MCMV infection (233), suggesting an unexpected role of Casp8 in restricting Ly49H+ 

NK cell expansion in a necroptosis-deficient background. However, the interpretation of these 

results are complicated by other environmental dysregulation in these mice (233), including the 

abnormal T cell accumulation and enhanced DCs numbers during MCMV infection (233).  

In this study, we show that Casp8 plays a critical role in restricting Ly49H+ NK cell 

accumulation as well as effector differentiation but is dispensable for memory NK cell 

development. While the previous study has shown that Ly49H+ NK cell hyperaccumulation in 

DKO mice requires m157 MCMV antigen (Chapter 3), data from the current work demonstrates 

that this enhancement requires active virus replication. Further, using a co-transfer system, we 

demonstrate that Casp8 has a cell-autonomous function in restricting NK cell expansion. 

Strikingly, RIPK1 elimination together with Casp8 and RIPK3 completely ablates NK cell 

responses, even though Ripk1–/–Casp8–/–Ripk3–/– mice exhibit normal NK cell development during 

homeostasis (150). Finally, DKO NK cells have no defect in memory development, supported by 

the normal percentages of CD11bloCD27+ and higher percentages of Ly6C+ and KLRG1hi when 

compared with WT NK cells.  
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4.3   Results 

DKO NK cells hyperaccumulate in response MCMV infection but contract normally  

Previous studies have shown the enhanced accumulation of DKO Ly49H+ NK cells in 

response to MCMV infection (233). To further investigate whether this enhancement is Ly49H+ 

NK cell-specific, kinetics of Ly49H+ and Ly49H– NK cells were analyzed. Splenocytes from WT, 

HET, and DKO mice were collected on indicated days post infection of MCMV K181-BAC and 

were assessed for total numbers and phenotype of NK cells. Total NK cell numbers were 

comparable on days 1.5, 3 and 5 post infection (Fig.4.1A), expanded to peak levels at 7 dpi that 

were higher in DKO mice than HET and WT controls, and contracted through days 9 and 14 post 

infection. The data suggest that Casp8 restricts NK cell numbers during the expansion phase but 

is dispensable for cell contraction. The MCMV-driven NK cell expansion is specifically 

attributable to the subset expressing Ly49H activating receptor (94). The numbers of this subset in 

DKO mice increased to significantly higher levels by 7 dpi as expected (233) (Fig. 4.1B), whereas 

the numbers of Ly49H– NK cells stayed comparable throughout the observed period (Fig. 4.1C). 

Consistent with the cell count analysis, the percentages of Ly49H+ NK cells in DKO mice were 

significantly higher at 7 dpi compared to WT and HET controls, while the levels were comparable 

at 1.5 dpi independent of genotype (Fig. 4.1D). Upon infection, all three genotypes exhibited 

evident upregulation of KLRG1 on Ly49H+ NK cells, suggesting NK cell maturation is 

independent of Casp8 or RIPK3 (Fig. 4.1E). However, a higher proportion of DKO Ly49H+ NK 

cells upregulated KLRG1 at 7 dpi (Fig. 4.1E), a phenotype reminiscent of DKO CD8 T cells 

(Chapter 3, Fig. 3.1F). Taken together, Casp8 restricts Ly49H+ NK cell accumulation following 

MCMV infection but plays no role in the contraction phase. This regulation of Casp8 is Ly49H+ 

cell-specific.   
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DKO NK cell hyperaccumulation is dependent on MCMV replication levels   

Next, we sought to investigate whether this phenotype of NK cells is dependent on MCMV 

replication levels. Infected mice were treated with CDV to compromise virus replication. NK cell 

responses were investigated at 7 dpi. CDV effectively suppressed viral load to undetectable levels 

(see Chapter 4, Fig. 4.3). This compromised antigen load reversed the heightened numbers of total 

DKO NK cell numbers to control levels (Fig. 4.2A). Interestingly, the numbers of Ly49H+ cells in 

DKO mice trended lower than in WT and HET controls upon CDV treatment (Fig. 4.2B), in 

accordance with the reduced percentages (Fig. 4.2C). The decrease in virus replication 

compromised the extent of NK cell differentiation, indicated by the reduced percentages of 

KLRG1hi Ly49H+ NK cells in CDV-treated mice when compared with non-treated mice, 

regardless of genotype (Fig. 4.2D). Notably, independent of CDV treatment, DKO mice exhibited 

higher percentages of KLRG1hi Ly49H+ NK cells than control mice (Fig. 4.2D). These data suggest 

that the contribution of Casp8 to Ly49H+ NK cell numbers is dependent on active virus infection. 

In contrast, Casp8 suppresses the cell differentiation independent of antigen load. 

Casp8 has a cell-autonomous impact on NK cell accumulation 

  To further investigate whether Casp8 regulates NK cell through a cell-autonomous or cell-

extrinsic mechanism, we co-transferred equal numbers of CD45.1+ WT and CD45.2+ DKO NK 

cells into Ly49H-deficient mice. Expansion and contraction of Ly49H+ NK cells were measured 

in peripheral blood following MCMV infection. DKO cells exhibited increased expansion with a 

peak that was higher than WT controls (Fig. 4.3A). Following the peak of the NK cell response, 

Ly49H+ NK cells from both genotypes contracted between days 14 and 28 post infection. 

Consistent with the enhanced accumulation, DKO cells made up the majority of total Ly49H+ 
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population throughout the infection (Fig. 4.3B). Taken together, Casp8 has an NK cell-autonomous 

impact on restricting expansion but is dispensable for cell contraction.  

Contribution of Casp8 to NK cell proliferation and death. 

Lymphocyte numbers following virus infection are dictated by the balance between 

proliferation and death. We sought to investigate whether DKO NK cell hyperaccumulation is due 

to an increase in proliferation or a deficiency of death. Fas is an important DR that triggers Casp8-

dependent extrinsic pathway (124). Both Ly49H+ (Fig. 4.4A) and Ly49H– (Fig. 4.4B) NK cells 

upregulated Fas on the cell surface following infection, regardless of genotype. This increase was 

more evident on DKO Ly49H+ and Ly49H– NK cells compared to WT controls on days 5 and 7 

post infection. The Fas-Casp8 signaling axis regulates T cell proliferation and death upon TCR 

stimulation. Given the data from Chapter 3 showing that T cell hyperaccumulation is attributable 

to an increase in proliferation, we sought to investigate if enhanced Fas expression affects the NK 

cell proliferation when Casp8 is eliminated. Ki67 was utilized to measure dividing cells through 

day 7 post infection (298), the period of Ly49H+ NK cell expansion. Overall, WT and DKO 

Ly49H+ (Fig. 4.4C) and Ly49H– (Fig. 4.4D) NK cells exhibit comparable proliferation capacities 

throughout the observed period. Interestingly, while the proportions of Ki67+ cells within the 

Ly49H– population dropped by 7 dpi in WT mice, the levels were sustained in DKO mice.  These 

data show that Ly49H+ NK cell hyperaccumulation in DKO mice is not due an increase in 

proliferation. FLICA was used to measure active Casp3, the apoptotic executioner downstream of 

Casp8 (125). Strikingly, the percentages of FLICA+ cells within the Ly49H+ population (Fig. 4.4E) 

were significantly lower than the percentages within the Ly49H– population (Fig. 4.4F), regardless 

of genotype. This suggests that Ly49H signal is important for NK cell survival during the 

expansion phase following MCMV infection. Curiously, DKO mice displayed higher percentages 
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of FLICA+Ly49H– NK cells than WT controls throughout the observed period (Fig. 4.4D), most 

likely a consequence of Bim-dependent intrinsic death (124, 207). Taken together, DKO mice did 

not exhibit any death deficit or enhanced proliferation capacity that could account for the Ly49H+ 

NK cell hyperaccumulation. Further analysis methods, including CFSE cell division measurement 

should be performed to confirm and extend the observation.  

To investigate whether Ly49H+ NK cell hyperaccumulation occurs with another 

necroptosis incompetent and Casp8-deficient strain, NK cells in C8–/–R3K51A mice together with 

DKO and WT mice were analyzed at 7 dpi. Both Casp8-deficient mice developed higher numbers 

of total NK cells than the WT controls, ascribed to the enhanced Ly49H+ subset numbers. RIPK1 

is a pro-necroptotic kinase involved in regulating apoptosis and pro-survival signaling transduction 

(125). To understand whether RIPK1 contributes Ly49H+ NK cell responses, Ripk1–/–Casp8–/–

Ripk3–/– mice were infected, and splenocytes were analyzed at 7 dpi. Interestingly, both the total 

and Ly49H+ NK cell responses (Fig. 4.5A-D) were severely impaired in mice lacking RIPK1 at 7 

dpi, even though these mice exhibit normal NK cell development during homeostasis (150). 

Whether the defect is an NK cell-intrinsic dysregulation or is due to environmental alteration 

dependent on RIPK1 remains to be clarified. Taken together, we demonstrate that Casp8 generally 

restricts NK cell accumulation during MCMV infection. Additionally, RIPK1 is required for 

supporting the NK cell responses.  

DKO mice exhibited normal memory NK development during long-term MCMV infection. 

Cytokines together with m157-driven Ly49H receptor signaling results in memory NK cell 

formation after the phase of contraction (301). Compared to naïve NK cells, these memory cells 

express high levels of markers related to differentiation and maturation (95). We sought to 

investigate whether the heightened acute response of Casp8-deficient NK cells affects memory 
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formation. NK cell numbers and memory cell differentiation markers were assessed in WT, DKO 

and C8–/–R3K51A mice at 8 wpi. Both DKO and C8–/–R3K51A mice exhibited lower numbers and 

percentages of Ly49H+ NK cells than WT controls (Fig. 4.6A-B), despite the hyper-response 

during the acute phase of infection. Enhanced percentages of KLRG1hi Ly49H+ NK cells were 

observed in the two Casp8-deficient genotypes when compared with WT controls (Fig. 4.6C), 

while the percentages of Ly6C+ cells were comparable regardless of genotype (Fig. 4.6D), 

suggesting that there was no evident defect on the memory NK cell development despite Casp8-

deficiency. Consistent with this observation, over 90% of the cells had a mature NK cell phenotype 

of CD27loCD11bhi in all three genotypes (Fig. 4.6E). Thus, Casp8 is dispensable for memory NK 

cell formation.  
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4.4   Discussion 

Recent studies have highlighted the adaptive immune features of NK cells in mouse, human, 

and primate (79, 315). Like the virus-induced CD8 T cell response, signals through Ly49H 

receptor, cytokines and co-stimulatory molecules together induce NK cell proliferation, 

differentiation and memory development. However, the contribution of cell death pathway to NK 

cell responses remains to be fully explored (314). In the current study, we show that Casp8, a 

critical mediator of extrinsic death pathway (249), restricts NK cell expansion during the acute 

phase of MCMV infection but is dispensable for memory NK cell formation.  

The magnitude of virus-specific lymphocyte responses are regulated by two apoptotic 

pathways – intrinsic and extrinsic death pathways (124). As a critical pro-apoptotic member that 

drives T cell contraction (115, 197), Bim also plays an important role in controlling Ly49H+ NK 

cell numbers during the phase of expansion and memory development (207). The failure of NK 

cell contraction leads to a larger memory pool with a less mature phenotype. This work highlights 

that eliminating immature cells during the contraction helps to improve memory cell 

differentiation. Little work has been done to study the contribution of extrinsic pathway. Using 

DKO mice that have both the extrinsic apoptosis and necroptosis ablated (174), the current study 

shows an amplified Ly49H+ NK cell response that peaks higher but undergoes normal contraction, 

with a pattern of enhanced terminal differentiation. However, this enhanced response does not lead 

to better viral control (233), again indicating the importance of controlling cell numbers to improve 

efficacy. Despite the increase in cell numbers, Ly49H+ NK cells in DKO mice do not exhibit 

increased proliferation or death deficits. More experiments need to be conducted in the future for 

analysis of these two parameters.  
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Elimination of Bim or Casp8 together with RIPK3 enhances the magnitude of Ly49H+ NK 

cell responses (207). However, while Bim-deficiency impairs memory NK cell development (207), 

memory cells in DKO mice do not show any phenotypic abnormality related to memory 

development defect. Perhaps this discrepancy can be ascribed to certain memory precursor NK 

cells that are regulated by Bim but not Casp8. In line with this hypothesis, Bim-elimination in T 

cells affects both terminal differentiated effector subsets and memory precursors during the acute 

phase of virus infection (201), whereas Casp8-deficiency (together with RIPK3) only affects the 

terminal differentiated effector subsets without clear impact on the memory precursors (Chapter 

3). In addition, this discrepancy of memory NK cell formation may be attributable to a death-

independent role of Casp8 in regulating cell differentiation. Casp8 has been shown to crosstalk 

with Akt-mTOR pathway (316), which is important for NK cell activation (317, 318). Disruption 

of Casp8 may interfere with NK or other adaptive immune cell differentiation through the Akt-

mTOR signaling axis.  

The function of Casp8 in NK cells was initially described in patients with a Casp8 catalytic 

mutant (164, 165). NK cells from these individuals have a defect in NF-κB activation following 

CD16 or CD244 ligation. Later studies have clarified  attributable to the unleashed RIPK3-

mediated necroptosis due to Casp8-deficiency (166, 167, 176). The dual elimination of Casp8 

together with RIPK3 rescues this defect and leads to enhanced Ly49H+ NK cells response upon 

MCMV infection. These data support that a Casp8 function in NK cells beyond necroptosis 

suppression. Further experiments are needed to explore the precise spatial and temporal 

mechanism of Casp8 in the regulation of NK cell activation. Similar to TCR, Ly49H receptor 

activation triggers the formation of the CARMA-MALT1-BCL10 complex that subsequently 

drives NF-κB activation (83). Studies of T cells have shown that this complex recruits FADD and 
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Casp8 through the DD interactions between FADD and MALT1 (83, 165, 232). Given the 

similarity between TCR- and Ly49H - initiated pathways, a complex may form directly that is 

associated with Ly49H. Another hypothesis is that Casp8 locates downstream of DRs, which act 

as co-stimulatory receptors (234) to regulate Ly49H signaling transduction.  
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4.5   Materials and Methods 

Mice, viruses and experimental infection 

DKO (174) and C8–/–R3K51A (148) mice were generated as described previously and backcrossed 

to be > 97% C57BL/6 background. DKO and HET littermates were generated from mating DKO 

and HET mice. Ripk1–/–Casp8–/–Ripk3–/– mice were generated as described previously (150). 

C57BL/6 WT mice were from The Jackson Laboratory and maintained at Emory University 

Division of Animal Resources, and experimental procedures were conducted in accordance with 

the National Institutes of Health and Emory University Institutional Animal Care and Use 

Committee guidelines. K181-BAC virus strain was propagated in NIH3T3 fibroblasts. The cell 

culture medium was purified and concentrated for virus collection. The virus was stored at -80 °C 

until use. K181-BAC-derived ∆m157 was kindly provided by C. Biron (Brown University) and 

propagated the same way as K181-BAC strain. Mice were i.p. inoculated with 1 × 106 PFU virus 

per mouse.  

Plaque assay 

Homogenized tissue in DMEM medium were overlaid on NIH3T3 cells plated in 6-well plates. 

On day 4 post infection, cells were fixed with methanol and stained with Giemsa for visualizing 

plaques.  

Abs 

For flow cytometry, Abs to CD16/CD32 (FcγRII/III; Clone 2.4G2), CD45 (Clone 30-F11), 

CD45.1 (Clone A20), CD45.2 (Clone 104), CD11b (Clone M1/70), NK1.1 (Clone PK136), B220 

(Clone RA3-6B2), CD3ε (Clone 17A2), CD3ε (Clone 145-2C11), CD8 (Clone 53-6.7), KLRG1 

(Clone 2F1), Ki67 (Clone SolA15) were from BD PharMingen; and CD3ε (Clone 17A2) were 



 127 

from BioLegend; and Ly49H (Clone 3D10) was from eBioscience. For FLICA or Annexin V 

analysis, splenocytes harvested from mice were stained with FLICA (BD Bioscience) or Annexin 

V (BD Bioscience). 

NK cell adoptive transfer  

Equal numbers (1 × 106) of purified NK cells from naïve CD45.1+ WT or CD45.2+ DKO mice 

were mixed (1:1) and adoptively transfer through the intravenous route into Ly49H-deficient 

recipients on the day before MCMV infection (95).  

Flow cytometry  

Spleens were harvested from euthanized mice, and were mashed through metal sieves for organ 

disruption. Cells mixture were then incubated with red blood cell lysis buffer and then passed 

through a 100 mm strainer. In all experiments, 2 × 106 viable cells, as determined by on a 

hemacytometer by trypan blue exclusion, were stained with antibodies specific for surface and 

intracellular proteins and were prepared for detection by flow cytometer (BD LSRII cytometer and 

FACSDiva Software; BD Biosciences). For Ki67 detection, splenocytes were stained directly ex 

vivo, with antibodies for detection of surface markers and intracellular Ki67 protein. Data were 

analyzed with FlowJo (TreeStar), and graphed with Prism 7 (GraphPad). 
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4.6   Figures and Figure Legends 

 

Figure 0.1 NK cell expansion, contraction, and differentiation during the acute phase of 

MCMV infection.  

Six- to eight-week-old WT, HET, and DKO mice were i.p. inoculated with 1× 106 PFU/mouse 

MCMV K181-BAC strain per mouse. Spleens were processed on day 1.5, 3, 5, 7, 9 and 14 post 

infection and stained with antibodies specific for the indicated cell-surface markers. Splenic 
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CD45+B220–CD3–NK1.1+ NK cells were gated to identify Ly49H+ and Ly49H– NK cells. Graphs 

comparing numbers of total (A), Ly49H+ (B), and L49H– (C) NK cells. Data are present as mean 

numbers ± S.E.M.. Representative flow plots comparing the frequencies of Ly49H+ subset out of 

total NK cells (D). Representative histograms showing the frequencies of Ly49H+ NK cells 

expressing KLRG1 (E). Data represent at least two independent experiments using n = 5 mice per 

group. Significant differences between DKO and WT (*) or HET (#) mice are indicated as **, p < 

0.01; *** or ###, p < 0.001; **** or ####, p < 0.0001. 
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Figure 0.2 Patterns of NK cell responses when antigen levels were compromised.  

Mice were i.p. inoculated with 5 mg/kg/day CDV in PBS, starting from 3 day prior to infection. 

All groups were sacrificed and splenocytes were analyzed at 7 dpi. (A – B) Bar graphs comparing 

the numbers of total (A) and Ly49H+ (B) NK cells. Data are present as mean ± S.E.M. 

Representative flow plots showing the percentages of Ly49H+ cells within the total NK population 
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(C). Representative histograms showing the percentages Ly49H+ NK cells expressing KLRG1 (D). 

Data represent two independent experiments with n = 4 mice per group. 
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Figure 0.3 Cell-autonomous impact of Casp8 on NK cell expansion and contraction during 

the acute phase of MCMV infection.  

Equal numbers of the purified TCRβ–NK1.1+ cells from CD45.1+ WT mice and CD45.2+ DKO 

mice were co-transferred into Ly49H-deficient recipients, followed with MCMV infection the next 

day. Graph showing the percentages ± S.E.M. of Ly49H+ cells in blood on days 0, 7, 14, and 28 

post infection. Representative plots showing the ratios of WT and DKO Ly49H+ NK cells in blood 

of the recipients on the indicated days post infection. Data represent one experiment with n = 3 

mice per group. Data in this figure were generated by M. Potempa. 
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Figure 0.4 Impact of Casp8 on NK cell proliferation and death.  

WT and DKO mice were infected with K181-BAC as described in Figure 1. Splenocytes from 

mock treated or infected mice were assessed on days 3, 5, 7 post infection. Graphs and 

representative histograms showing the median fluorescent intensity levels of Fas on Ly49H+ (A), 

and L49H– (B) NK cells over time. Graphs comparing the percentages of Ki67+ cells within 

Ly49H+ (C), and L49H– (D) NK populations. Graphs comparing the percentages of FLICA+ cells 
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within Ly49H+ (E), and L49H– (F) NK populations. Data are present as mean ± S.E.M. and 

represent two independent experiments with mice n ≥ 3 in each group. 
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Figure 0.5 Assessment of NK cell responses in another Casp8-deficienct strain and the 

contribution of RIPK1 to the response.  

WT, DKO, C8–/–R3K51A and Ripk1–/–Casp8–/–Ripk3–/– mice were infected with MCMV as described 

in Fig. 1. Bar graphs comparing the mean numbers ± S.E.M. of the splenic total (A), Ly49H+ (B), 

and L49H– (C) NK cells at 7 dpi. Representative flow plots showing the percentages of 

CD45+CD3–B220– cells expressing NK1.1 (D) or Ly49H (E). Combined data of n = 7 mice from 

two independent experiments are shown. 
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Figure 0.6 Phenotype of NK cells in long-term infected Casp8-deficient mice.  

WT, DKO, C8–/–R3K51A mice were infected and splenocytes were analyzed at 60 dpi. Bar graphs 

comparing the numbers (A) and percentages (B) of Ly49H+ NK cells. Graphs comparing the 

percentages of KLRG1hi (C) and Ly6Chi (D) cells within the Ly49H+ NK population. 

Representative flow plots depicting CD27 versus CD11b expression on the NK cell subset (E). 

Data are present as mean ± S.E.M. and represent one experiment with mice n = 5 in each group. 
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Chapter 5. Discussion and future directions 

Virus infection triggers robust innate and adaptive immune cell activation and effector cell 

cytotoxic function for controlling infection. An optimal immune response is tightly regulated by 

cell proliferation and death. Casp8 is a key mediator in the generation of an optimal anti-viral 

immune responses.  Casp8 has the potential to initiate apoptosis, to suppresses necroptosis, and to 

regulate death-independent signaling transduction. In activated lymphocytes, one essential 

function of Casp8 is to restrict RIPK3-mediated necroptosis, given that compromised Casp8 

function leads to the unleashing of necroptosis following TCR stimulation. The assessment of any 

death-independent role of Casp8 following lymphocyte activation requires a necroptosis-deficient 

setting. In addition, recent studies have shown that Casp8-deficient mice exhibit hypocytokine 

responses to Yersinia and influenza A and with disparate susceptibility to bacterial versus viral 

infections. The crucial functions of Casp8 together with the observations in infected Casp8-

deficient mice leave the impression that Casp8 likely contributes significantly to the development 

of host immunity. In this dissertation, I used MCMV, natural mouse pathogen to study the 

contribution of Casp8 to antiviral immunity. In Chapter 2, I demonstrate that DKO mice exhibit 

robust innate and adaptive immune responses with functional cytotoxic NK and CD8 T cells that 

control MCMV infection. The striking differences between the current natural herpesvirus 

pathogen and previous cross-species bacterial and influenza studies is likely attributed to the 

species-specific regulation of Casp8. In Chapter 3 and 4, I demonstrate an unexpected NK and 

CD8 T cell-autonomous function of Casp8 in restricting the expansion of both cell types during 

the acute phase.  Notably, while the impact on proliferation is T cell-autonomous, the enhanced 

CD8 T cell numbers requires a robust m157-driven Ly49H+ NK cell response that supports T cell 

survival. Therefore, Chapter 3 highlights an unexpected T cell-autonomous Casp8 function that 
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facilitates crosstalk between NK and CD8 T cells and keeps CD8 T cells in check. Taken together, 

Casp8 contributes to the suppression of NK and CD8 T cell expansion but is dispensable for the 

generation of innate and adaptive immune responses during infection with this natural mouse 

pathogen.  

A similar contribution of Casp8 in NK cells and CD8 T cells. DKO mice mount enhanced 

responses of both virus-specific CD8 T cells and Ly49H+ NK cells during the acute phase of 

MCMV infection. Adoptive transfer experiments demonstrate that hyperaccumulation occurs 

independently of the DKO environment following infection, indicating that the cell-autonomous 

functions of Casp8 in NK and CD8 T cells act to restrict the magnitude of the response. Stimulation 

of TCR or Ly49H triggers a similar type of signaling cascade in both of these lymphocyte 

subpopulations (80, 83) where phosphorylation of ITAMs at receptor cytosolic tails leads to 

recruitment and activation of ZAP-70, which subsequently phosphorylates to activate PLC-γ for 

CARMA-MALT1-BCL10 formation. Elimination of CARMA, MALT1 or BCL10 impairs both 

NK and T cell activation (82, 83), suggesting the indispensable role of this platform for activation 

signaling transduction in both cell types. Studies of T cells have shown a DISC-like complex forms 

in association with CARMA-MALT1-BCL10 through the DD interactions between FADD and 

MALT1 (83, 165, 232). Given that a similar signaling platform is induced upon NK cell activation, 

FADD, together with Casp8, are likely to be recruited to the NK cell activating receptor-associated 

complex. Notably, mutations resulting in the disruptions of catalytic activities of Casp8 unleash 

necroptosis in the activated NK cells, a similar defect occurs within the activated T cells (165). 

This observation demonstrates that an important function of Casp8 in both lymphocyte subsets is 

suppressing necroptosis. Furthermore, these data also suggest that the mechanism behind the 

regulatory function of Casp8 and signaling platform involved is analogous in NK and T cell. It 
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remains unclear whether Casp8 regulates TCR or NK activating receptor signaling transduction 

independent of DRs (133, 249). It has been shown that elimination of Fas or TNFR1 does not 

rescue Casp8–/– T cells from necroptotic death upon TCR stimulation (personal communication 

with Hedrick, UCSD), indicating that DISC forms independent of these DRs. 

Intrinsic and extrinsic death pathways in controlling virus-specific T cell responses. Upon 

infection, antigen-specific CD8 T cells undergo dramatic clonal expansion and differentiation into 

effector subsets with either cytotoxic functions or memory differentiation potential (202). After 

the peak of the acute response, the vast majority of the terminal-differentiated cells contract, 

leaving the memory precursors that then differentiate into memory cells. MCMV antigen-specific 

Ly49H+ NK cells follow a kinetic similar virus-specific CD8 T cells (79). This system ensures a 

robust response to combat pathogens as well as induces shutdown of these activities to avoid 

excess tissue damage. Intrinsic apoptosis plays a dominant role in controlling NK and CD8 T cell 

numbers; elimination of Bim, or Bax together with Bak results in increased numbers of KLRG1hi 

and KLRG1lo subsets during the expansion and contraction phases (201). Bim-deficient Ly49H+ 

NK cells display a slower contraction and impaired memory differentiation (207). In contrast to 

the dominant role of intrinsic apoptosis, extrinsic pathway has a less prominent impact on the 

magnitude of T cell responses during viral infection (115). Earlier studies have shown that lpr 

mice exhibit normal CD8 T cell numbers throughout the acute phase of virus infection; however, 

elimination of virus-specific CD8 T cells during persistent virus infection (e.g., MHV-68) requires 

the collaboration of Bim with Fas (116, 227). This was supported by the data that mice with 

combined deficiency of Bim and Fas maintained higher MHV-68-specific CD8 T cell numbers in 

compared to levels in Bim- or Fas-eliminated strains (116, 227). One shortcoming of using lpr 

mice is that multiple DRs can trigger the same downstream pathway for initiating apoptosis. DKO 
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mice with the extrinsic pathway completely ablated avoid any problem of DR redundancy. Data 

in Chapters 3 and 4 showed that combined deficiency of Casp8 and RIPK3 leads to 

hyperaccumulation of antiviral CD8 T cells and Ly49H+ NK cells that peaked higher than WT 

mice, but had no impact on cell contraction. Further, the dying cell event assessment indicated no 

defect of Casp3 activation despite Casp8 and RIPK3 deficiency, suggesting that the cell death 

during contraction phase is driven by intrinsic pathway, a mechanism remaining intact in this 

genotype. These observations reinforce that the intrinsic pathway acts dominant in activing Casp3-

dependent apoptosis and driving both antiviral CD8 T cell and Ly49H+ NK cell contraction. 

An unexpected critical role of extrinsic cell death for suppressing proliferation. In Chapter 3, 

enhanced proliferation capacity of DKO CD8 T cells reveals a death-independent function of 

Casp8 in suppressing proliferation on a necroptosis-compromised background. Previous studies 

have indicated contribution of extrinsic pathway to suppress T cell homeostatic proliferation. The 

abnormal B220+CD3+ T cells and the normal CD8 T cells in DKO and lpr mice exhibit enhanced 

homeostatic proliferation (149, 243), leading to the accumulation of these lymphocytes and the 

development of ALPS. Notably, overexpression of cell cycle inhibitor p21 reverses this abnormal 

T cell accumulation in lpr mice (243), demonstrating that Fas-mediated signal normally dampens 

T cell homeostatic proliferation to prevent the lymphoid hyperplasia. Casp8 is placed directly 

downstream of Fas. In line with this hypothesis, Casp8 may normally dampen T cell proliferation 

through regulating p21 during homeostasis and virus infection. Certainly, challenges remain for 

distinguishing whether this increased accumulation is due to enhanced proliferation or defective 

death of the proliferated cells. Important to note, adult Casp3–/– or Casp3–/–Casp7–/– mice do not 

develop the abnormal B220+CD3+ T cells (242), suggesting that this dysregulation cannot be 



 141 

simply explained as an apoptotic defect. These data suggest that extrinsic pathway may regulate 

cell cycle regulators to suppress T cell proliferation. 

Casp8 elimination in hepatocytes improves liver regeneration, attributable to the enhanced 

NF-κB activation that drives earlier expression of cell cycle progression proteins (237). RIPK1 is 

an important pro-necroptotic kinase also involved in innate immune signaling transduction (150). 

Compromising Casp8 catalytic activities in myeloid cells leads to RIPK1- and RIPK3-dependent 

prolonged NF-κB and Erk activation and enhanced proinflammatory cytokine production (238, 

239). When signal transduction in DKO CD8 T cells was evaluated in a preliminary experiment, 

in comparison with WT and Casp8DA/DA (Fig. 5.1.), phosphorylated IκBα induced by TCR 

activation leads to the disassociation of p65/p50 heterodimers, which then translocate into nucleus 

to activate NF-κB, consistent with published observations (319). Phospho-IκBα expression was 

detected in all three genotypes by 5 min post stimulation with anti-CD3/CD28 or CD28 alone, 

although protein levels were higher in WT cells than DKO and Casp8DA/DA cells. This signal was 

transient and decreased by 15 min post stimulation. Similar to the pattern of phospho-IκBα, 

phospho-p65 expression was detected in by 5 min, when the levels were higher in WT cells and 

decreased with time. Notably, DKO CD8 T cells exhibited prolonged p65 phosphorylation, a 

pattern not observed with Casp8DA/DA cells. This prolonged phosphorylation of p65 correlated with 

enhanced DKO cell proliferation, suggesting that scaffold function or the basal catalytic activities 

of Casp8 contribute to the proper termination of signaling. Interesting, Ripk1–/–Casp8–/–Ripk3–/– 

mice exhibited normal CD8 T cell response comparable WT mice in response to MCMV infection 

(150); however, Ripk1–/–Casp8–/–Ripk3–/– or Ripk1–/–Fadd–/–Ripk3–/–  CD8 T cells exhibit enhanced 

proliferation (151, 152). These data suggest that Casp8 may be required for proper shutdown of 

NF-κB activation independent of RIPK1; certainly, assessment with more time points-post 
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stimulation is required for confirm this thought. The enhanced total and Ly49H+ NK cell responses 

in DKO mice is completely ablated to undetectable once RIPK1 is eliminated (Chapter 4), despite 

the normal NK cell numbers in naïve Ripk1–/–Casp8–/–Ripk3–/– mice (150). Given the critical role 

RIPK1 in regulating the cytokine milieu, this defect can be due to a NK cell-autonomous impact 

or environmental alteration due to the lack of RIPK1.  

DKO CD4 T cell defect that may lead to persistent virus replication in salivary glands of DKO 

mice. The lack of Casp8 together with RIPK3 enhances the accumulation of CD8 T cells but has 

no effect on CD4 T cells, suggesting a distinctive role of Casp8 in the two T cell subsets. 

Interestingly, preliminary data show a defect of DKO CD4 T cells in culture. While CD4 T cells 

from 6- to 8-week-old DKO mice proliferate robustly upon TCR stimulation in culture, cells 

isolated from ageing (age > 10-week-old) adults exhibit a profound defect in proliferation (Fig. 

5.2. A). T cell stimulation leads to the upregulation of IL-2 α-subunit CD25 that forms the high 

affinity IL-2R along with β-subunit CD122 and γ-subunit (320). CD4 T cell produces IL-2, which 

can act in an autocrine or paracrine fashion by binding to the IL-2R to promote T cell proliferation 

(320). Upregulation of CD25 on DKO CD4 T cells is impaired in comparison with WT and HET 

controls at 24 and 48 hr post stimulation (Fig. 5.2. C and D). Further, lower percentages of DKO 

CD4 T cells produce IL-2 (Fig. 5.2. E) as well as IFNγ (Fig. 5.2. F) and TNF (Fig. 5.2. G). This 

impaired IL-2 production and CD25 upregulation correlates with the observed DKO CD4 T cell 

hypo-proliferation. In contrast to the in vitro defect, DKO CD4 T cells respond robustly in mice 

following virus infection and display no defect in IL-2 production, suggesting certain 

environmental factors in vivo reverse the defect observed in vitro. MCMV control in SGs 

dependent on CD4 T cells, specifically IFNγ-producing CD4 T cells (65, 66). Notably, active virus 

replication is detected long-term (25 wpi) in the SGs of infected DKO mice, suggesting a possible 
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CD4 T cell tissue-specific defect that is not observed in spleens or blood circulation. A cell-

intrinsic function of ASC-Casp8 inflammation has been shown using the experimental 

autoimmune encephalomyelitis (EAE) model (321). ASC in CD4 T cells is required for sustaining 

Th17 proliferation and survival in the brain but not in secondary lymphoid organs. ASC-Casp8 

inflammasome-dependent IL-1β production from Th17 acts in an autocrine manner for supporting 

these helper cells (321). In line with this hypothesis, a Casp8-intrinsic function may support CD4 

T cell proliferation in SG but may be supplanted by some environmental factors in spleens and 

blood circulation. In contrast to CD4 T cells, DKO CD8 T cells proliferate robustly upon TCR 

stimulation in culture or in vivo. These data suggest that CD4 and CD8 T cells have different needs 

from Casp8 to respond to environmental stimuli, an intriguing result remains to be clarified.    

An opposite contribution of Casp8 to inflationary CD8 T cells during the acute phase versus long-

term infection. It is unclear why the enhanced inflationary CD8 T cell responses are not sustained 

in long-term infected DKO mice. Signaling through the two TNF superfamily receptors, OX40 

and 4-1BB, is required for an optimal inflationary CD8 T cell response (54, 56). 4-1BB-elimination 

leads to enhanced inflationary subsets accumulation by day 7 post infection that contract overtime 

(56), a phenotype similar to DKO mice. Although 4-1BB does not directly signal through 

FADD/Casp8 (133), stimulation of this receptor may increase cell surface expression of Fas, which 

subsequently recruits Casp8 to regulate inflationary CD8 T cell responses. Cytokine milieu makes 

a significant contribution to memory inflation. IL-2 is required for the optimal inflationary CD8 T 

cell responses (59), whereas IL-10 suppresses the magnitude (57). We observed no defect of IL-2 

secretion from CD4 T cell in DKO mice through the course of infection, suggesting the impaired 

memory inflation is independent of IL-2. DKO, as well as lpr mice, display increased serum IL-

10 levels as they age (149, 322), which may depress memory inflation. Curiously, DKO mice 
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exhibit persistent virus replication in SGs, a phenotype that may be a consequence or a cause of 

the hypo-inflationary CD8 T cell responses (75). A previous study has shown that virus persistence 

in SG is not required for the generation and maintenance of  the inflationary responses (323); 

however, whether persistent MCMV replication in this organ dampens memory inflation remains 

unclear.  

MCMV infection and the abnormal T cell generation. B220+CD3+ abnormal T cells accumulate in 

naïve aging DKO mice (174, 233), reminiscent of Fas signaling-deficient lpr mice (264). 

Surprisingly, MCMV infection depresses this accumulation by 25 wpi in DKO mice. This 

beneficial impact of MCMV on ameliorating the accumulation of the abnormal T cells was 

unexpected because previous studies suggested that herpesvirus infection (including HSV-1, 

MCMV or MHV-68) exacerbates this lymphoid hyperproliferative syndrome (116, 227, 229). 

However, previous studies all ended around 2 mpi, while we observed a decrease of the abnormal 

T cells later, by 4 to 6 mpi (16 to 25 wpi). Therefore, the discrepancy may be owing to the length 

of the infection. Strikingly, the abnormal T cells further decreased in numbers once IFNγ receptor 

is eliminated along with Casp8 and RIPK3 (Ifngr–/–Casp8–/–Ripk3–/–) (Fig. 5.3. A). This result is 

consistent with the known contribution of IFNγ in promoting abnormal T cell proliferation in lpr 

mice (324). However, Ifngr–/–Casp8–/–Ripk3–/– mice exhibited higher levels of persistent virus 

replication in SGs (Fig. 5.3. B) and lungs (Fig. 5.3. C) than DKO mice at 25 wpi. This observation 

adds more complexity to the question of whether the decrease in abnormal T cell numbers is due 

to IFNγ elimination or higher levels of virus replication. HCMV persistence has been shown to 

alter the immune response threshold to heterologous virus infection, which leads to an enhanced 

adaptive immune response to influenza vaccination or infection with either Listeria 

monocytogenes or Yersinia pestis infection (325, 326). No matter the mechanism, these data 
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suggest an underappreciated impact of this natural herpesvirus on ameliorating autoimmune 

syndromes.  

Conclusion. The magnitude of T cell responses to virus infection represents a balance of 

proliferation and death. Caspase-8 is an autoactivated protease that controls extrinsic cell death 

pathways. Any cell death-independent functions of caspase-8 remain to be fully explored. By 

modulating Casp8 on a RIPK3-eliminated background to avoid the confounding impact of 

necroptotic death, my work highlights a Casp8 function in restricting the extent of CD8 T cell 

proliferation in response to a natural mouse herpesvirus infection (Fig. 5.4). This regulation of 

Casp8 is dependent on NK cells, possibly through the crosstalk with DCs that dictate antigen 

stimulation to CD8 T cells. Similar to CD8 T cells, NK cells hyper-expand following MCMV 

infection in the lack of Casp8. This suppressive function of Casp8 is NK cell-autonomous. Taken 

together, my work shows that Casp8 has a crucial impact on lymphocyte population in general, 

significantly further our current understanding of Casp8 as a crucial player for innate cell defense 

and innate immune signaling transduction.  
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Figure 0.1. Assessment of signaling mechanism following TCR stimulation.  

Purified spleniCD44lo CD8 T cells were activated for 5, 10, 15 min using 10 µg/ml of plate-bound 

anti-CD3 and 2 µg/ml soluble anti-CD28. Cells were harvested for immunoblot analysis. Data 

represent two independent experiments.  
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Figure 0.2  CD4 T cell proliferation and cytokine production following TCR stimulation.  

CFSE-labeled purified splenic CD4 T cells from 12 week-old mice were stimulated by 10 µg/ml 

of plate-bound anti-CD3 and 2 µg/ml soluble anti-CD28 for 72 hr. Representative flow plots 

showing CFSE distribution of 7-AAD– CD4 T cells (A). (B – G) Surface marker and cytokine 

analysis. Purified splenic CD4 T cells from 12 week-old mice were stimulated by 10 µg/ml of 
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plate-bound anti-CD3 and 2 µg/ml soluble anti-CD28 for 0, 12, 24 or 48 hr. Brefeldin A was added 

in culture 5 hour before harvest (B). Graphs showing the percentages of CD25+ CD4 T cells (C) 

and the median fluorescent intensity of CD25 (D). Graphs showing the percentages of IL-2 (E), 

IFNγ (F), and TNF (G) producing CD4 T cells.  
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Figure 0.3  Assessment of the abnormal T cell and virus titers in long-term infected mice. 

WT, DKO, IfngR–/–  and IfngR–/–Casp8 –/– Ripk3 –/– mice were infected with K181-BAC for 25 

weeks. Representative flow plots showing the proportions of CD3+B220+ abnormal T cells and 

normal CD3+B220– T cells in spleens after gating on CD45+ leukocytes. Normal T cells were 

further broken down to CD4 and CD8 T cells (A). Graphs showing the virus titers in SGs (B) and 

lungs (C).  

  



 150 

 

Figure 5.4  Schematic of how Casp8 regulates CD8 T cell and NK cell. 
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