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ABSTRACT OF THE DISSERTATION 

 

Regulation of Asymmetric Division and CD8-positive 

T Lymphocyte Fate Specification by Atypical Protein Kinase C 

 

by 

 

Patrick John Metz 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California, San Diego, 2015 

 

Professor John Chang, Chair 

 

 During an immune response against a microbial pathogen, activated naïve T 

lymphocytes give rise to effector cells that provide acute host defense and memory 

cells that provide long-lived immunity. It has been shown that T lymphocytes can 

undergo asymmetric division, enabling the nascent daughter cells to inherit unequal 

amounts of fate-determining proteins and thereby acquire distinct fates from their
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 inception. Here, we show that the atypical protein kinase C (aPKC) isoforms, PKCζ 

and PKCλ/ι, have compensatory roles in regulating asymmetric CD8+ T lymphocyte 

division. Individual or complete loss of aPKC disrupts asymmetric division by 

activated CD8+ T lymphocytes and results in aberrant acquisition of a ‘pre-effector’ 

transcriptional program in lymphocytes that have undergone their first division in vivo. 

These alterations were associated with reduced molecular heterogeneity, detected by 

single-cell gene expression analyses, and increased proportions of daughter cells that 

inherited high amounts of effector fate-associated factors including interleukin-2 

receptor α, T-bet, interferon-γ receptor, and interferon regulatory factor 4. The 

increased presence of pre-effector daughter cells at the first division enhances 

differentiation toward the effector fates, and the corresponding loss of ‘pre-memory’ 

daughter cells that exclude these important effector fate-associated factors 

subsequently decreases acquisition of the memory fates. Together, these results 

demonstrate an important role for aPKC in regulating asymmetric division and the 

specification of divergent CD8+ T lymphocyte fates at the initiation of the adaptive 

immune response. 
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INTRODUCTION 

 

 Single naïve CD8+ T lymphocytes give rise to both effector and memory T cell 

subsets upon activation during a microbial infection (1, 2). Terminal effector T cells 

provide acute host defense early during the immune response and rapidly undergo 

apoptosis following clearance of the infection (3). Despite this propensity to undergo 

apoptosis, some effector T cells can survive into the memory phase of an adaptive 

immune response (4, 5). These long-lived effector cells exert a potent protective 

response against re-infection but maintain a poor recall response (4, 5). Memory T 

lymphocytes persist long-term following an infection (3). Two populations, effector 

memory T (TEM) cells and central memory T (TCM) cells, comprise the circulating 

memory lymphocyte pool. TEM cells circulate through the peripheral tissues and 

provide immediate effector function upon rechallenge, whereas TCM cells maintain a 

capacity for robust proliferation upon antigen re-encounter (6).  

 Differentiation into the effector and memory T lymphocyte subsets depends on 

signaling through key cytokine receptors and the expression of important transcription 

factors (7). Interleukin-2 (IL-2) and interferon (IFN)γ are two such cytokines, and 

signals downstream of the receptors for either cytokine, IL-2Rα and IFNγR, reinforce 

differentiation into the effector fates via upregulation of the transcription factor, T-bet 

(8-11), which is an essential transcription factor for terminal effector formation (12). 

Conversely, a closely related T-box protein, Eomesodermin (Eomes), is thought to be 

responsible for controlling memory differentiation, upregulating anti-apoptotic 

molecules, such as B cell lymphoma 2 (Bcl2) (13), which prevent premature cell death 
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as T lymphocytes progress through the immune response (14). Recently, interferon 

regulatory factor 4 (IRF4) has been shown to be important for differentiation into the 

terminal effector T cell subset (15-17). IRF4 has been found to negatively regulate the 

expression of Eomes (18), suggesting that differentiation into the memory T cell 

subsets may require the exclusion or loss of effector fate-associated factors. 

While it has been shown that a single activated naïve CD8+ T cell can generate 

all of the diverse cellular fates necessary for a robust immune response (1, 2), it 

remains unclear when the differentiation pathways leading to these disparate cellular 

fates diverge. One possibility is that the progeny of an activated CD8+ T lymphocyte 

progress along a linear differentiation pathway, initially becoming effector cells, with 

a subset of these cells later diverging to acquire the memory fate (19). Another 

possibility is that an activated CD8+ T cell might undergo asymmetric division, 

thereby enabling lymphocyte fates to diverge early during an immune response (20-

22). During asymmetric division, cellular components and fate determinants are 

unequally partitioned into the two daughter cells, which may subsequently acquire 

distinct fates as a result of differences in size, morphology, gene expression, or protein 

abundance (23). In T lymphocytes, potential fate determinants that undergo 

asymmetric partitioning during the first division include T-bet, IL-2Rα, and IFNγR 

(20-22). Because signals downstream of these pathways have been implicated in 

effector CD8+ T cell differentiation (8-12, 24), these observations suggest a key role 

for asymmetric division in regulating CD8+ T lymphocyte fate specification. 

Asymmetric division has been shown to control fate specification of many 

different cell types and tissues in C. elegans embryos and Drosophila neuroblasts (23, 
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25, 26). In these model systems, evolutionarily conserved polarity proteins, most 

notably atypical protein kinase C (aPKC), have been shown to regulate asymmetric 

cell division and, in turn, control the balance between terminal differentiation and self-

renewal (27-29). Chemical inhibition and siRNA knockdown approaches have 

suggested a similar role for aPKC in the regulation of asymmetric division by CD8+ T 

cells (21, 30), but the extent and specific role of each aPKC isoform, PKCζ or PKCλ/ι, 

remain unanswered. Additionally, while both PKCζ and PKCλ/ι have been implicated 

in CD4+ T cell differentiation (31, 32), it remains to be seen whether the aPKC 

isoforms regulate differentiation of CD8+ T cells.  

Here, we show that PKCζ and PKCλ/ι regulate asymmetric localization of 

effector fate-associated factors during the first CD8+ T cell division in vivo, thereby 

influencing the specification of T lymphocyte fates. We first show that PKCζ and 

PKCλ/ι are not required for peripheral T cell development, activation to environmental 

antigens, or activation following antigen-specific stimulation (Chapter I). However, 

individual loss of either aPKC isoform disrupted asymmetric T lymphocyte division 

and resulted in increased acquisition of a pre-effector transcriptional profile in first 

division cells (Chapter II). Alterations to the balance of effector-fated and memory-

fated precursor cells in the absence of one aPKC isoform resulted in an increase in 

CD8+ T lymphocyte differentiation toward the long-lived effector fate at the expense 

of the memory fates (Chapter III).  

We next sought to understand the full effect of PKCζ and PKCλ/ι in regulating 

asymmetric division and fate specification of CD8+ T lymphocytes and therefore 

generated mice with a T cell-specific deletion of both aPKC isoforms. Complete loss 
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of aPKC resulted in significantly impaired rates of asymmetric division by activated 

naïve CD8+ T lymphocytes. Impairment in asymmetric division resulted in further 

increases to the proportions of effector-fated daughter cells, a consequence of more 

daughter cells acquiring high amounts of effector fate-associated molecules, 

suggesting that PKCζ and PKCλ/ι have compensatory roles in regulating asymmetric 

CD8+ T lymphocyte division (Chapter IV). CD8+ T lymphocyte differentiation in the 

absence of both aPKC isoforms was increased toward the terminal effector fate at the 

expense of all three long-lived fates, owing to the further increase in the ratio of 

effector-fated to memory-fated precursors at the first division (Chapter V). Taken 

together, these findings suggest that differentiation into effector or memory T 

lymphocyte subsets diverges following the first division by an activated CD8+ T 

lymphocyte. Our data, thus, indicate an important function for asymmetric division, 

mediated via aPKC, in controlling early CD8+ T lymphocyte fate specification by 

regulating the balance between effector-fated and memory-fated precursor cells. 
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RESULTS 

 

CHAPTER I: LOSS OF ATYPICAL PROTEIN KINASE C DOES NOT AFFECT 

CD8+ T LYMPHOCYTE ACTIVATION 

 

To study the role of PKCζ and PKCλ/ι in CD8+ T lymphocyte asymmetric 

division and differentiation, we used Prkcz+/+ (wild-type) and Prkcz-/- (PKCζ-

deficient) mice, Prckifl/fl (wild-type) and Cd4CrePrkcifl/fl (PKCλ/ι-deficient) mice, or 

Prkczfl/flPrkcifl/fl (wild-type) and CD4CrePrkczfl/flPrkcifl/fl (aPKC-deficient) mice. PKCζ-

deficient mice have been shown to develop a normal immune system (33), whereas 

conditional Prkcifl/fl mice (34), which were used to overcome the previously reported 

embryonic lethality of germline Prkci-/- mice (35), and conditional Prkczfl/flPrkcifl/fl 

mice have yet to be characterized. To assess T cell development and homeostasis, 

thymus, spleen, and lymph nodes from pairs of wild-type and PKCζ-deficient mice, 

wild-type and PKCλ/ι-deficient mice, or wild-type and aPKC-deficient mice were 

analyzed. We observed similar percentages of double-negative, double-positive, and 

single-positive CD4 and CD8 T cells in the thymus (Fig. 1.1) and similar percentages 

of CD4+ and CD8+ T cells in the spleen and lymph nodes (Fig. 1.2). Previous 

activation of CD8+ T cells to environmental antigens was assessed by staining for 

CD44 and CD62L to delineate between naïve (CD44loCD62Lhi) and antigen-

experienced (CD44hi) cells. Compared to wild-type controls, PKCζ- , PKCλ/ι-, and 

aPKC-deficient mice exhibited normal percentages of naïve and antigen-experienced 

CD8+ T cells in the spleen and lymph nodes (Fig. 1.3).  
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A previous report has suggested that aPKC activity is required in T 

lymphocytes for effective scanning of dendritic cells (36), raising the possibility that 

loss of PKCζ or PKCλ/ι might affect antigen-induced activation and proliferation of 

naïve CD8+ T cells. We bred wild-type, PKCζ-deficient, PKCλ/ι-deficient, and aPKC-

deficient mice with OT-I T cell receptor (TCR) transgenic mice to generate mice with 

CD8+ T cells that recognize amino acids 257-264 (SIINFEKL) of chicken ovalbumin 

(OVA) (37). Expression of the OT-I TCR did not affect CD8+ T cell activation to 

environmental antigens in PKCζ-, PKCλ/ι-, or aPKC-deficient mice (Fig. 1.4). To 

assess the ability of naïve PKCζ-, PKCλ/ι-, or aPKC-deficient CD8+ T cells to respond 

to antigen following dendritic cell engagement, purified CD8+ T cells of each 

genotype were labeled with carboxyfluorescein succinimidyl ester (CFSE) and 

cultured in vitro with OVA peptide-pulsed splenocytes. We observed that PKCζ-, 

PKCλ/ι-, aPKC-deficient CD8+ T cells proliferated comparably to wild-type controls 

(Fig. 1.5), suggesting that antigen-induced activation of naïve CD8+ T cells is not 

affected by the loss of either isoform. Together, these data show that loss of PKCζ or 

PKCλ/ι does not alter development or activation of naïve CD8+ T cells. 

 Chapter I, in full, is an adapted version of the material originally published in 

The Journal of Immunology (http://www.jimmunol.org/content/194/5/2249.long). 

Metz, Patrick J.; Aresnio, Janilyn; Kakaradov, Boyko; Kim, Stephanie H.; Remedios, 

Kelly A.; Oakley, Katherine; Akimoto, Kazunori; Ohno, Shigeo; Yeo, Gene W.; 

Chang, John T. 2015. Regulation of asymmetric division and CD8+ T lymphocyte fate 

specification by Protein Kinase Cζ and Protein Kinase Cλ/ι. J. Immunol. 194(5):2249-

2259. Copyright © [2015] The American Association of Immunologists, Inc. and of 
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the material that has been submitted for publication, Metz, Patrick J.; Lopez, Justine; 

Kim, Stephanie H.; Akimoto, Kazunori; Ohno, Shigeo; Chang, John T. The 

dissertation author was the primary author of all material.
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Figure 1.1 Individual or complete loss of PKCζ  and PKCλ/ι  does not affect 
thymic CD8+ T lymphocyte development. Frequencies of double-negative, double-
positive, and single-positive CD4 and CD8 T cells from thymi of (A) wild-type or 
PKCζ-deficient mice, (B) wild-type or PKCλ/ι-deficient mice, and (C) wild-type or 
aPKC-deficient mice. 
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Figure 1.2 PKCζ-, PKCλ/ι-, and aPKC-deficient mice develop normal immune 
systems. Frequencies of CD4+ and CD8+ T cells from spleens and lymph nodes of (A) 
wild-type or PKCζ-deficient mice, (B) wild-type or PKCλ/ι-deficient mice, and (C) 
wild-type or aPKC-deficient mice. 
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Figure 1.3 Individual or complete loss of PKCζ  and PKCλ/ι  does not affect CD8+ 
T lymphocyte activation to environmental antigens. Frequencies of naïve CD8+ T 
cells (CD62LhiCD44lo) and effector memory or central memory CD8+ T cells 
(CD62LloCD44hi and CD62LhiCD44hi, respectively) from spleens and lymph nodes of 
(A) wild-type or PKCζ-deficient mice, (B) wild-type or PKCλ/ι-deficient mice, and 
(C) wild-type or aPKC-deficient mice. 
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Figure 1.4 Expression of the OT-I T cell receptor does not affect activation of 
PKCζ-, PKCλ/ι-, or aPKC-deficient CD8+ T lymphocytes in response to 
environmental antigens. Frequencies of naïve CD8+ T cells (CD62LhiCD44lo) and 
effector memory or central memory CD8+ T cells (CD62LloCD44hi and 
CD62LhiCD44hi, respectively) from spleens and lymph nodes of (A) wild-type or 
PKCζ-deficient OT-I TCR transgenic mice, (B) wild-type or PKCλ/ι-deficient OT-I 
TCR transgenic mice, and (C) wild-type or aPKC-deficient OT-I TCR transgenic 
mice.  
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Figure 1.5 aPKC is not required for proliferation following antigen-specific 
activation. CFSE dilution of (A) unstimulated (gray filled), wild-type (solid black), 
and PKCζ-deficient (dashed black) CD8+ OT-I TCR transgenic T cells, (B) 
unstimulated (gray filled), wild-type (solid black), and PKCλ/ι-deficient (dashed 
black) CD8+ OT-I TCR transgenic T cells, or (C) unstimulated (gray filled), wild-type 
(solid black), and aPKC-deficient (dashed black) CD8+ OT-I TCR transgenic T cells 
after 3 days in vitro culture with IL-2 and irradiated, T cell-depleted splenocytes 
pulsed with 1µM OVA peptide. 
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CHAPTER II: PKCζ AND PKCλ/ι REGULATE ASYMMETRIC DIVISION AND 

CD8+ T LYMPHOCYTE FATE SPECIFICATION 

 

Loss of PKCζ or PKCλ/ι does not affect immune synapse formation 

 

 In model organisms, aPKC is involved in the establishment and maintenance 

of asymmetry (38). In T cells, the initial symmetry breaking event is thought to 

involve polarization of the immune synapse upon engagement with a dendritic cell 

(39, 40), and previous reports have suggested that aPKC activity is required for 

polarization of surface receptors and T cell secretory machinery toward the 

immunological synapse in activated T cells (41-43). To investigate the formation of 

immunological synapses, purified wild-type, PKCζ-deficient, or PKCλ/ι-deficient 

naïve CD8+ T cells were incubated in vitro for 30 minutes with purified ovalbumin 

peptide-pulsed CD11c+ dendritic cells labeled with CellTracker Blue CMAC Dye. 

Examination via confocal microscopy of lymphocyte function-associated antigen 

(LFA)-1 and the microtubule-organizing center (MTOC), polarization of which 

indicate a fully formed immunological synapse (44), revealed no deficiency in the 

ability of PKCζ- or PKCλ/ι-deficient CD8+ T cells to polarize either component 

toward the interface shared with a dendritic cell compared to wild-type controls (Fig. 

2.1). This finding suggests that PKCζ and PKCλ/ι are not required for the 

establishment of a polarized immunological synapse by naïve CD8+ T cells. 
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Loss of PKCζ or PKCλ/ι impairs asymmetric CD8+ T cell division 

 

Previous reports have implicated aPKC in the regulation of asymmetric CD8+ 

T cell division (21, 30). It has been previously shown that asymmetric segregation of 

the proteasome degradation machinery during mitosis enables localized destruction of 

T-bet within a dividing CD8+ T lymphocyte, yielding daughter cells ‘proximal’ or 

‘distal’ to the immunological synapse that inherit different amounts of T-bet and the 

proteasome. Knockdown or pseudosubstrate inhibition of PKCζ resulted in a loss of 

proteasome asymmetry during mitosis, leading to the loss of preferential T-bet 

localization to the proximal daughter cell (21). To investigate the individual roles of 

PKCζ and PKCλ/ι in the localization of these two factors during asymmetric CD8+ T 

cell division, we used a previously established in vivo method to isolate activated 

naïve CD8+ T cells undergoing their first division in response to a microbial pathogen 

(22). OT-I CD8+ T cells of each genotype were labeled with CFSE and adoptively 

transferred into mice that had been infected 24 hours prior with recombinant Listeria 

monocytogenes expressing OVA (Lm-OVA). Undivided donor CD8+ T cells were 

isolated by flow cytometry 36 hours after adoptive transfer and examined by confocal 

microscopy. We observed a modest, but statistically insignificant, decrease in 

proteasome and T-bet asymmetry in cytokinetic PKCζ-deficient CD8+ T cells and a 

more prominent defect in asymmetry of these two components in cytokinetic PKCλ/ι-

deficient CD8+ T cells (Fig. 2.2). This result raises the possibility that the prior 

experimental approach (21) targeting aPKC may have affected both isoforms, which is 

unsurprising given the high degree of homology between PKCζ and PKCλ/ι (45). 
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Because aPKC has been established as a key regulator of asymmetric cell 

division in other model systems (46), we hypothesized that PKCζ and PKCλ/ι might 

regulate the segregation of other T cell components that are known to localize 

asymmetrically during the first division of an activated naïve T cell (20, 22). IL-2Rα 

and IFNγR are two such components and were selected for investigation because they 

have been shown to mediate signals that influence T cell fate decisions (8-11). 

Examination of these two cytokine receptors in pre-mitotic cells showed that both 

receptors were polarized similarly in wild-type, PKCζ-deficient, and PKCλ/ι-deficient 

CD8+ T cells early during activation, prior to division (Fig. 2.3). During the first CD8+ 

T cell division, however, a decrease in the asymmetric localization of both proteins in 

PKCζ- and PKCλ/ι-deficient CD8+ T cells was observed (Fig. 2.4), indicating that 

PKCζ and PKCλ/ι are important for maintaining polarity through the late stages of 

CD8+ T cell activation. Taken together, these results suggest that the function of aPKC 

as a regulator of asymmetric division is conserved in CD8+ T cells, but PKCζ and 

PKCλ/ι may have some non-redundant roles in segregating specific proteins unequally 

into the proximal or distal daughter cells. 

 

PKCζ and PKCλ/ι influence the transcriptional program of cells that have 

undergone their first division 

 

We hypothesized that the impaired asymmetric segregation of effector-

associated molecules we observed in mitotic PKCζ- and PKCλ/ι-deficient T 

lymphocytes (Figs. 2.2 and 2.4) might result in a subsequent alteration in the 
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transcriptional programs following the first division. To address this possibility, we 

performed single-cell gene expression analyses with Fluidigm 96.96 Dynamic Arrays 

in individual naïve PKCζ- or PKCλ/ι-deficient CD8+ T cells and cells that had 

completed their first division in vivo. We used principal component analysis (PCA) to 

analyze the gene expression patterns of single naïve and first division PKCζ- and 

PKCλ/ι-deficient CD8+ T cells compared to their wild-type counterparts. PCA is an 

unsupervised dimensionality reduction method that projects data into two dimensions 

by its coordinates in the first two principal components (PC1 and PC2). These 

principal components are linear combinations of the genes that account for the largest 

variations in the data. PCA revealed that naïve T cells from each genotype clustered 

together (Fig. 2.5), suggesting that any differences observed in the eventual fates of 

PKCζ- and PKCλ/ι-deficient CD8+ T cells were not due to differences present prior to 

activation. Wild-type first division cells exhibited substantial heterogeneity (Fig. 2.5), 

reflective of distinct predispositions towards the effector and memory fates (20). In 

contrast, the majority of PKCζ- and PKCλ/ι-deficient cells that had undergone their 

first division formed clusters that shared minimal overlap (Fig. 2.5). This observation 

suggested that most of these cells lacking PKCζ or PKCλ/ι were molecularly 

homogeneous and that the aPKC isoforms might have non-redundant roles in 

regulating asymmetric division. 

This loss of molecular heterogeneity was driven, in part, by increased mRNA 

expression of Irf4, Irf8, and Il2ra (Fig. 2.5), which encode molecules related to 

effector T cell differentiation (8, 10, 11, 15-17, 47). These changes in mRNA 

expression were accompanied by increased protein expression of IL-2Rα and IRF4 by 



21 
 

 
 

PKCζ- and PKCλ/ι-deficient first division CD8+ T cells (Fig. 2.6). We have previously 

shown that IL-2Rα, in particular, may represent an early molecular switch in the 

differentiation pathway of an activated naïve CD8+ T cell. First division cells adopt 

either a ‘pre-effector’ or a ‘pre-memory’ identity based on the high or low expression 

of IL-2Rα, respectively, following the first division (20). Pre-effector T lymphocytes 

are thought to give rise to the effector fates, whereas pre-memory cells give rise to the 

TEM and TCM cell fates (20). The finding of an increased proportion of IL-2Rαhi pre-

effector cells at the expense of IL-2Rαlo pre-memory cells, therefore, suggested that 

differentiation of CD8+ T lymphocytes in the setting of PKCζ or PKCλ/ι deficiency 

may be increased toward the terminal and long-lived effector fates at the expense of 

TEM and TCM formation. 

 Chapter II, in full, is an adapted version of the material originally published in 

The Journal of Immunology (http://www.jimmunol.org/content/194/5/2249.long). 

Metz, Patrick J.; Aresnio, Janilyn; Kakaradov, Boyko; Kim, Stephanie H.; Remedios, 

Kelly A.; Oakley, Katherine; Akimoto, Kazunori; Ohno, Shigeo; Yeo, Gene W.; 

Chang, John T. 2015. Regulation of asymmetric division and CD8+ T lymphocyte fate 

specification by Protein Kinase Cζ and Protein Kinase Cλ/ι. J. Immunol. 194(5):2249-

2259. Copyright © [2015] The American Association of Immunologists, Inc. The 

dissertation author was the primary author of this paper.
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Figure 2.1 PKCζ  and PKCλ/ι  are not required for immune synapse formation. 
(A) Confocal microscopy of LFA-1 (green) and β-tubulin (red) in wild-type, PKCζ-
deficient, or PKCλ/ι-deficient OT-I CD8+ T cells interacting with ovalbumin-pulsed 
CD11c+ dendritic cells labeled with CellTracker Blue CMAC Dye (blue) after 30 
minutes of incubation. (B) Incidence of polarized localization of LFA-1 or the MTOC 
in wild-type (n=21), PKCζ-deficient (n=22), or PKCλ/ι-deficient (n=21) T cells 
toward a dendritic cell, as shown in (A).  
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Figure 2.2 Loss of PKCζ or PKCλ/ι impairs asymmetric segregation of 
proteasome and T-bet during the first division of an activated naïve CD8+ T cell. 
Confocal microscopy of (A) proteasome or (B) T-bet (green), β-tubulin (red), and 
DNA (blue; stained with the DNA-intercalating dye DAPI) in sorted wild-type, PKCζ-
deficient, or PKCλ/ι-deficient OT-I CD8+ T cells undergoing their first division after 
adoptive transfer into Lm-OVA infected recipient mice. (C) Incidence of asymmetric 
protein localization from T cells shown in (A) and (B). The number of dividing cells 
from two experiments is indicated in parenthesis as follows (wild-type, PKCζ-
deficient, PKCλ/ι-deficient): proteasome (58, 30, 27) and T-bet (28, 34, 43). ns, not 
significant; *P < 0.05 and **P < 0.01 (one-tailed unconditional Fisher’s exact test). 
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Figure 2.3 Loss of PKCζ or PKCλ/ι does not affect polarization of IL-2Rα  and 
IFNγR in activated pre-mitotic CD8+ T cells. Confocal microscopy of (A) IL-2Rα 
or (B) IFNγR (green), β-tubulin (red), and DNA (blue) in sorted wild-type, PKCζ-
deficient, or PKCλ/ι-deficient OT-I CD8+ T cells prior to undergoing their first 
division after adoptive transfer into Lm-OVA infected recipient mice. (C) Incidence of 
polarized protein localization from pre-mitotic T cells shown in (A) and (B). The 
number of pre-mitotic cells is indicated in parenthesis as follows (wild-type, PKCζ-
deficient, PKCλ/ι-deficient): IL-2Rα (61, 101, 80) and IFNγR (50, 58, 60).  
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Figure 2.4 PKCζ and PKCλ/ι regulate asymmetric localization of IL-2Rα  and 
IFNγR during the first division of an activated naïve CD8+ T cell. Confocal 
microscopy of (A) IL-2Rα or (B) IFNγR (green),  β-tubulin (red), and DNA (blue) in 
sorted wild-type, PKCζ-deficient, or PKCλ/ι-deficient OT-I CD8+ T cells prepared as 
in Figure 2.2 (C) Incidence of asymmetric protein localization from dividing T cells 
shown in (A) and (B). The number of dividing cells from two experiments is indicated 
in parentheses as follows (wild-type, PKCζ-deficient, PKCλ/ι-deficient): IL-2Rα (36, 
36, 32) and IFNγR (78, 30, 41). *P < 0.05 and **P < 0.01 (one-tailed unconditional 
Fisher’s exact test).  
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Figure 2.5 PKCζ and PKCλ/ι regulate early molecular heterogeneity in cells that 
have undergone their first division in vivo.  PC projections (PC1, horizontal axis; 
PC2, vertical axis) for single-cell gene-expression data derived from individual 
lymphocytes from populations of naïve wild-type (pink), naïve PKCζ-deficient 
(brown), naïve PKCλ/ι-deficient (yellow), first division wild-type (teal), first division 
PKCζ-deficient (orange), and first division PKCλ/ι-deficient (purple) OT-I CD8+ T 
cells sorted before or after adoptive transfer into Lm-OVA infected recipient mice. 
Each circle represents an individual cell; each vector emanating from the origin 
represents an individual gene. PC1 and PC2 account for 20% and 5% of the variance, 
respectively. 
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Figure 2.6 PKCζ and PKCλ/ι regulate the ratio of pre-effector to pre-memory 
first division cells (A) Expression of IL-2Rα and T-bet by wild-type (gray filled) and 
PKCζ-deficient (dashed black) first division OT-I CD8+ T cells (top) or wild-type 

(gray filled) and PKCλ/ι-deficient (dashed black) first division OT-I CD8+ T cells 
(bottom) after adoptive transfer into recipient mice and subsequent infection with Lm-
OVA. (B) Ratios of IL-2Rαhi and IL-2Rlo (top) or IRF4hi and IRF4lo (bottom) first 
division OT-I CD8+ T cells; bars represent mean ± SEM; n = 3-4/group; *P < 0.05 
(two-tailed unpaired t-test).  
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CHAPTER III: LOSS OF PKCζ OR PKCλ/ι INCREASES DIFFERENTIATION 

INTO THE LONG-LIVED EFFECTOR FATE AT THE EXPENSE OF MEMORY 

CD8+ T LYMPHOCYTE FORMATION 

 

PKCζ- and PKCλ/ι-deficient CD8+ T lymphocytes exhibit reduced differentiation 

into putative memory precursor T cells 

 

Because signals downstream of T-bet, IL-2Rα, and IFNγR facilitate the 

differentiation of effector T cells (8-12, 24), we hypothesized that the symmetric 

distribution of these determinants during the first division of an activated naïve CD8+ 

T cell, would, as a result of PKCζ or PKCλ/ι deficiency, alter subsequent 

differentiation into effector and memory T cells. To investigate this possibility, we 

adoptively transferred wild-type, PKCζ-deficient, or PKCλ/ι-deficient OT-I 

CD45.1+CD8+ T cells into separate CD45.2+ wild-type recipients, which were infected 

24 hours later with Lm-OVA. Compared to wild-type CD8+ T lymphocytes, we 

observed no difference in the kinetics of the PKCζ- or the PKCλ/ι-deficient CD8+ T 

cell response following infection (Fig. 3.1).  

It has been previously shown that CD8+ T lymphocytes responding to 

microbial infection can be divided into putative terminal effector T cells and putative 

memory precursor (TMP) cells at 7 days post-infection (48). Terminal effector T cells 

can be identified by high expression of the lectin-like receptor, KLRG1, and low 

expression of IL-7R (KLRG1hiIL-7Rlo), while TMP cells can be identified by 

reciprocally high expression of IL-7R and low expression of KLRG1 (KLRG1loIL-
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7Rhi) (48). We observed that mice that received PKCζ- or PKCλ/ι-deficient CD8+ T 

cells exhibited an increase in the percentage of putative terminal effector T cells and a 

decrease in the percentage of TMP cells in both the blood and spleen at day 7 post-

infection (Fig. 3.2). Additionally, increased numbers of terminal effector T cells and 

decreased numbers of TMP cells continued to be observed through day 35 post-

infection in mice that received PKCζ- or PKCλ/ι-deficient CD8+ T cells (Fig. 3.3). 

Despite these alterations in the differentiation patterns of PKCζ- and PKCλ/ι-deficient 

CD8+ T cells, examination of key transcription factors, T-bet (12) and Eomes (13, 49), 

the cytotoxic molecule, Granzyme B (50), and the anti-apoptotic molecule, Bcl2 (14), 

revealed no differences between PKCζ- or PKCλ/ι-deficient CD8+ T cells and wild-

type controls (Fig. 3.4). Together these results show that PKCζ and PKCλ/ι 

individually regulate CD8+ T lymphocyte differentiation without affecting 

proliferation or expression of key effector-associated molecules. 

 

PKCζ and PKCλ/ι regulate differentiation into long-lived CD8+ T lymphocyte 

fates 

 

Next, we investigated the differentiation of CD8+ T cells into memory 

lymphocytes. The decreased numbers of TMP cells through day 35 post-infection in 

mice that received PKCζ- and PKCλ/ι-deficient CD8+ T cells (Fig. 3.3) suggested that 

there might be a corresponding decrease in the formation of memory lymphocytes at 

later timepoints. Indeed, at day 50 post-infection, mice that received CD8+ T cells 

lacking PKCζ or PKCλ/ι displayed a 1.5- to 2-fold reduction of CD62Lhi TCM cells in 
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the blood and spleen with no changes in the percentages of total CD8+ T lymphocytes 

surviving into the memory phase (Fig. 3.5A). Recent reports describing an additional 

subset of effector-like CD8+ T lymphocytes, termed ‘long-lived effector’ T cells, that 

survives into the memory phase (4, 5) raised the possibility that the defective ability of 

PKCζ- and PKCλ/ι-deficient CD8+ T lymphocytes to become TCM cells might be a 

consequence of enhanced differentiation toward this long-lived effector fate. Long-

lived effector T cells are phenotypically KLRG1hiCD127loCD27loCD62Llo (4, 5). We 

confirmed that KLRG1hi lymphocytes at day 50 post-infection in our system were also 

CD62Llo and CD27lo (data not shown) and therefore used CD27 expression to 

distinguish between the long-lived effector (CD27loCD62Llo) and TEM 

(CD27hiCD62Llo) cell subsets. Assessment of these CD8+ T lymphocyte populations 

revealed that mice receiving PKCζ- or PKCλ/ι-deficient CD8+ T lymphocytes had 

increased percentages of long-lived effector T cells and decreased percentages of TEM 

cells (Fig. 3.5B).  

As a result of this altered differentiation pattern, we observed a 2-fold 

reduction of PKCζ- and PKCλ/ι-deficient CD8+ T lymphocytes in lymph nodes 

compared to wild-type controls (Fig. 3.6), consistent with the prior observation that 

CD62L expression is required for entry into secondary lymphoid organs (51). 

Moreover, because long-lived effector T cells mediate a more potent protective 

response while exhibiting minimal proliferation upon re-exposure to antigen (4, 5), we 

hypothesized that PKCζ- and PKCλ/ι-deficient CD8+ T lymphocytes surviving into the 

memory phase would maintain an ability to clear pathogen but generate an impaired 

secondary proliferative response to reinfection. Indeed, PKCζ- and PKCλ/ι-deficient 
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CD8+ T lymphocytes did not display any changes in their ability to produce cytokine 

compared to wild-type controls (Fig. 3.7A), and upon adoptive transfer of equal 

numbers of CD45.1+CD8+ T cells followed by secondary rechallenge, PKCζ- and 

PKCλ/ι-deficient CD8+ T lymphocytes displayed similar abilities to clear bacteria in 

the spleen at day 5 post-rechallenge compared to wild-type controls (Fig. 3.7B). 

However, PKCζ- and PKCλ/ι-deficient CD8+ T lymphocytes failed to proliferate in 

response to rechallenge as well as wild-type control cells (Fig. 3.8). Taken together, 

these results demonstrate that in the absence of PKCζ or PKCλ/ι, CD8+ T lymphocytes 

differentiate toward a long-lived effector fate at the expense of the TCM and TEM cell 

fates. 

We hypothesized that the altered differentiation patterns of PKCζ- and PKCλ/ι-

deficient CD8+ T lymphocytes might be due to a defect in the expression of key 

transcription factors and cell components within one or more of the long-lived T cell 

subsets. To investigate this possibility, we examined the expression of T-bet, Eomes, 

and Bcl2 in TCM, TEM, and long-lived effector T cells. We also assessed the expression 

of T cell factor 1 (Tcf-1), which is important for differentiation and persistence of 

memory CD8+ T cells (52). Expression of these factors was similar between PKCζ- or 

PKCλ/ι-deficient cells of each subset and their wild-type counterparts (Fig. 3.9), 

suggesting that the increased differentiation of aPKC-deficient T lymphocytes into the 

long-lived effector fate was not caused by changes in transcriptional profiles at later 

timepoints. 

The alterations in the types of effector and memory cells that differentiated in 

the absence of aPKC did not appear to be the result of defective expression of key 
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effector- and memory-associated transcription factors at days 7 or 50 post-infection 

(Figs. 3.4 and 3.9). Instead, the disruptions to the transcriptional programs of PKCζ- 

and PKCλ/ι-deficient T cells following the first division and the corresponding 

alterations to the balance of IL-2Rαhi effector-fated and IL-2Rαlo memory-fated 

precursor cells (Chapter II) appeared to be the only factors that subsequently 

influenced the differentiation patterns of CD8+ T lymphocytes.  

To test whether PKCζ or PKCλ/ι deficiency might also alter cell fate after T 

lymphocytes have already diverged with respect to IL-2Rα expression, sorted first 

division IL-2Rαlo pre-memory cells or IL-2Rαhi pre-effector cells from wild-type or 

PKCλ/ι-deficient donor mice were adoptively transferred into infection-matched 

recipients, followed by a secondary rechallenge at day 50 post-transfer. Regardless of 

genotype, IL-2Rαlo cells exhibited robust proliferation in response to rechallenge 

whereas IL-2Rαhi cells failed to do so (Fig. 3.10). These results suggest that deletion 

of one aPKC isoform does not alter the fate of T lymphocytes once they have acquired 

differential amounts of IL-2Rα. Instead, PKCζ and PKCλ/ι appear to specifically 

regulate asymmetric division, which may then allow each isoform to influence CD8+ T 

lymphocyte fate specification by controlling the relative proportion of IL-2Rαhi and 

IL-2Rαlo cells that are ultimately fated toward the effector and memory lineages. 

 Chapter III, in part, is an adapted version of the material originally published in 

The Journal of Immunology (http://www.jimmunol.org/content/194/5/2249.long). 

Metz, Patrick J.; Aresnio, Janilyn; Kakaradov, Boyko; Kim, Stephanie H.; Remedios, 

Kelly A.; Oakley, Katherine; Akimoto, Kazunori; Ohno, Shigeo; Yeo, Gene W.; 
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Chang, John T. 2015. Regulation of asymmetric division and CD8+ T lymphocyte fate 

specification by Protein Kinase Cζ and Protein Kinase Cλ/ι. J. Immunol. 194(5):2249-

2259. Copyright © [2015] The American Association of Immunologists, Inc. The 

dissertation author was the primary author of this paper.
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Figure 3.1 Loss of PKCζ or PKCλ/ι does not affect the kinetics of the CD8+ T 
lymphocyte immune response. Percentages of CD45.1+ cells of CD8+ T cells on days 
7, 14, and 35 in the blood of mice that received 5x103 (A) wild-type (closed circles) or 
PKCζ-deficient (open squares) OT-I CD45.1+CD8+ T cells or (B) wild-type (closed 
circles) or PKCλ/ι-deficient (open squares) OT-I CD45.1+CD8+ T cells and were 
infected with Lm-OVA; points represent mean ± SEM; n ≥ 4/group.  
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Figure 3.2 PKCζ- and PKCλ/ι-deficient CD8+ T cells give rise to reduced 
KLRG1loIL-7Rhi T cells at day 7 post-infection (A) Expression of KLRG1 and IL-
7R by CD45.1+CD8+ T cells in the spleen on day 7 post-infection (top). Frequencies 
of KLRG1hiIL-7Rlo and KLRG1loIL-7Rhi cells (bottom); each point represents an 
individual mouse and lines indicate the mean ± SEM; n = 4/group. (B) Frequencies of 
KLRG1hiIL-7Rlo (left) and KLRG1loIL-7Rhi (right) CD45.1+CD8+ T cells in the blood 
on day 7 post-infection. Bars represent mean ± SEM, n ≥ 4/group. *P < 0.05, **P < 
0.01, and ***P < 0.001 (two-tailed unpaired t-test).  
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Figure 3.3 PKCζ- and PKCλ/ι-deficient CD8+ T cells give rise to reduced 
numbers of KLRG1loIL-7Rhi T cells through day 35 post-infection (A) Expression 
of KLRG1 and IL-7R by CD45.1+CD8+ T cells in the spleen on day 7 post-infection 
(top). Frequencies of KLRG1hiIL-7Rlo and KLRG1loIL-7Rhi cells (bottom); each point 
represents an individual mouse and lines indicate the mean ± SEM; n = 4/group. (B) 
Frequencies of KLRG1hiIL-7Rlo (left) and KLRG1loIL-7Rhi (right) CD45.1+CD8+ T 
cells in the blood on day 7 post-infection. Bars represent mean ± SEM, n ≥ 4/group. 
*P < 0.05, **P < 0.01, and ***P < 0.001 (two-tailed unpaired t-test).  
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Figure 3.4 No difference in the expression of key transcription factors and 
molecules by PKCζ- or PKCλ/ι-deficient CD8+ T cells at day 7 post-infection. 
Expression of T-bet, Eomes, Granzyme B, and Bcl2 by wild-type (gray filled) and 
PKCζ-deficient (dashed black) CD45.1+CD8+ T cells (top) or wild-type (gray filled) 
and PKCλ/ι-deficient (dashed black) CD45.1+CD8+ T cells (bottom) in the spleen on 
day 7 post-infection. 
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Figure 3.5 PKCζ and PKCλ/ι regulate central and effector memory CD8+ T cell 
differentiation. (A) Frequencies of CD45.1+CD8+ T cells and CD62LhiCD45.1+CD8+ 
TCM cells in the blood and spleen on day 50 post-infection; each point represents an 
individual mouse and lines indicate the mean ± SEM; n = 6-7/group. (B) Frequencies 
of CD27loCD62LloCD45.1+CD8+ long-lived effector T cells (top) and 
CD27hiCD62LloCD45.1+CD8+ TEM cells (bottom) in the spleen on day 50 post-
infection; each point represents an individual mouse and lines indicate the mean ± 
SEM; n = 7-8/group. 
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Figure 3.6 PKCζ- and PKCλ/ι-deficient long-lived CD8+ T cells display reduced 
migration into lymph nodes. Frequencies of CD45.1+CD8+ T cells in the lymph 
nodes on day 50 post-infection; each point represents an individual mouse and lines 
indicate the mean ± SEM; n = 6-7/group.  
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Figure 3.7 Long-lived PKCζ- and PKCλ/ι-deficient CD8+ T cells exhibit no 
defects in cytokine production or bacterial clearance. (A) Frequencies of 
expression of 0, 1, 2, or 3 cytokines (IFNγ, TNFα, IL-2) by wild-type or PKCζ-
deficient (left) or wild-type or PKCλ/ι-deficient (right) OT-I CD45.1+CD8+ T cells 
following restimulation ex vivo for 6 hours with ovalbumin peptide on day 50 post-
infection. Bars represent mean ± SEM, n=3-4/group. (B) The number of Lm-OVA 
colony forming units (CFU) on day 5 in the spleen of mice that received 104 wild-
type, PKCζ-deficient, or PKCλ/ι-deficient OT-I CD45.1+CD8+ T cells on day 50 post-
infection and were subsequently challenged with 105 CFU Lm-OVA. Each point 
represents an individual mouse and lines indicate the mean ± SEM; n = 2-3/group. The 
dotted line indicates that the limit of detection for accurate measurement in this 
experiment is 100 CFU.  
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Figure 3.8 Long-lived PKCζ- and PKCλ/ι-deficient CD8+ T cells generate an 
impaired secondary response to bacterial rechallenge. Frequencies of 
CD45.1+CD8+ T cells on day 8 in the blood of mice that received 104 wild-type, 
PKCζ-deficient, or PKCλ/ι-deficient CD45.1+CD8+ T cells on day 50 post-infection 
and were subsequently challenged with 105 CFU Lm-OVA. Bars indicate the mean ± 
SEM; n = 4/group.  
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Figure 3.9 Long-lived PKCζ- and PKCλ/ι-deficient CD8+ T cell subsets express 
normal levels of key transcription factors. Expression of T-bet, Eomes, Tcf-1, and 
Bcl2: (A) wild-type (gray filled) and PKCζ-deficient (dashed black) CD45.1+CD8+ 
TCM cells (top), TEM cells (middle), and long-lived effector T cells (bottom) (B) wild-
type (gray filled) and PKCλ/ι-deficient (dashed black) CD45.1+CD8+ TCM cells (top), 
TEM cells (middle), and long-lived effector T cells (bottom) in the spleen on day 50 
post-infection
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Figure 3.10 PKCζ and PKCλ/ι are dispensable following the first division by 
activated naïve CD8+ T lymphocytes. Population expansion of CD45.1+CD8+ T cells 
on days 3, 4, 5, 6, 7, and 14 post-rechallenge in blood obtained from Lm-OVA 
infected CD45.2+ mice that received 500 sort-purified wild-type IL-2Rαlo (closed 
circles), wild-type IL-2Rαhi (closed triangles), PKCλ/ι -deficient IL-2Rαlo (open 
squares), or PKCλ/ι -deficient IL-2Rαhi (open circles) first division CD45.1+CD8+ 
OT-I T cells on day 2 post-infection and were rechallenged with 105 CFU Lm-OVA 
on day 50 post-transfer; points represent mean ± SEM; n = 3-4/group.  
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CHAPTER IV: PKCζ AND PKCλ/ι HAVE COMPENSATORY ROLES IN THE 

REGULATION OF ASYMMETRIC DIVISION BY NAÏVE CD8+ T 

LYMPHOCYTES 

 

 Loss of either PKCζ or PKCλ/ι resulted in decreased asymmetric localization 

of important effector fate-associated molecules, IL-2Rα, IFNγR, and T-bet, and the 

proteasome degradation machinery (Chapter II). To investigate the full effect of both 

aPKC isoforms in the localization of these proteins, we used the same in vivo method 

described in Chapter II to isolate activated naïve CD8+ T cells undergoing their first 

division in response to a microbial pathogen. Examination by confocal microscopy of 

wild-type and aPKC-deficient undivided donor CD8+ T lymphocytes responding to 

Lm-OVA revealed a substantial decrease in the ability of aPKC-deficient CD8+ T cells 

to maintain the unequal localization of IL-2Rα, IFNγR, T-bet, and the proteasome 

(Fig. 4.1). Additionally, previous studies have suggested that IRF4 is an important 

regulatory factor in determining the terminal effector fate (15-17), and the results from 

the single-cell gene expression assay described in Chapter II indicated that expression 

of IRF4 in first daughter T cells might be regulated by asymmetric division. Indeed, 

examination of activated wild-type CD8+ T cells undergoing their first division 

revealed a high rate of asymmetric localization of IRF4, whereas examination of 

activated aPKC-deficient CD8+ T cells showed a marked decreased in the asymmetric 

distribution of IRF4 through cytokinesis (Fig. 4.1).   

 Symmetric inheritance of these important effector fate-associated factors by 

aPKC-deficient daughter cells was likely to increase the percentage of first division 
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CD8+ T lymphocytes predisposed toward the effector fates. Within the population of 

cells that had undergone the first division, we observed an increased percentage of 

aPKC-deficient CD8+ T lymphocytes that not only expressed high levels of IL-2Rα 

but also high levels of T-bet and IRF4 compared to wild-type controls (Fig. 4.2). 

Furthermore, this increased expression of effector fate-associated proteins by aPKC-

deficient T cells was indicative of a 2.5- to 3-fold increase in the ratio of pre-effector 

to pre-memory first daughter cells (Fig. 4.3). Compared to the 1.5- to 2-fold increase 

in pre-effector to pre-memory ratios by PKCζ- and PKCλ/ι-deficient cells (Fig. 4.3), 

this result suggests that the aPKC isoforms have compensatory roles in regulating 

asymmetric CD8+ T lymphocyte division. Together, these findings indicate that 

disruption of asymmetric division in the complete absence of aPKC increases 

acquisition of effector fate-associated molecules by first division cells and increases 

disposition toward the pre-effector pathway of differentiation. 

 Chapter IV, in part, is an adapted version of the material that has been 

submitted for publication, Metz, Patrick J.; Lopez, Justine; Kim, Stephanie H.; 

Akimoto, Kazunori; Ohno, Shigeo; Chang, John T. The dissertation author was the 

primary author of this material.
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Figure 4.1 Loss of aPKC impairs asymmetric segregation of effector fate-
associated factors during the first division of an activated naïve CD8+ T cell. 
Confocal microscopy of (A) IL-2Rα, (B) IFNγR, (C) T-bet, (D) proteasome or (E) 
IRF4 (green), β-tubulin (red), and DNA (blue) in sorted wild-type or aPKC-deficient 
OT-I CD8+ T cells undergoing their first division after adoptive transfer into Lm-OVA 
infected recipient mice. (F) Incidence of asymmetric protein localization from T cells 
shown in (A-E). The number of dividing cells from two experiments is indicated in 
parenthesis as follows (wild-type, aPKC-deficient): IL-2Rα (44, 32), IFNγR (38, 64), 
T-bet (59, 63), proteasome (54, 60), and IRF4 (18, 34). **P < 0.01, ***P < 0.001 
(one-tailed Fisher’s exact test). 
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Figure 4.2 aPKC regulates the balance of pre-effector and pre-memory first 
division cells in vivo. Expression of IL-2Rα, T-bet, and IRF4 by wild-type and aPKC-
deficient first division OT-I CD8+ T cells after adoptive transfer into recipient mice 
and subsequent infection with Lm-OVA. 
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Figure 4.3 PKCζ  and PKCλ/ι  have compensatory roles in the regulation of 
asymmetric division by naïve CD8+ T lymphocytes. Ratios of high and low 
expression of the indicated protein from first division OT-I CD8+ T cells in Figs. 2.6 
and 4.2 normalized to respective wild-type controls; bars represent mean ± SEM; n = 
3/group; *P < 0.05, **P < 0.01 (two-tailed unpaired t-test).  
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CHAPTER V: COMPLETE LOSS OF ATYPICAL PROTEIN KINASE C 

INCREASES CD8+ T LYMPHOCYTE DIFFERENTIATION INTO THE 

TERMINAL EFFECTOR FATE 

 

Deficiency of aPKC promotes differentiation towards the terminal effector fate 

early during the immune response 

 

 The findings from Chapter III demonstrated that alterations to the ratio of pre-

effector and pre-memory cells, as a result of defective asymmetric division, increase 

CD8+ T lymphocyte differentiation toward the effector fates at the expense of the 

memory fates following infection. Because mice that received aPKC-deficient cells 

further increased the ratio of pre-effector to pre-memory cells compared to mice that 

received PKCζ- and PKCλ/ι-deficient cells (Chapter IV), we hypothesized that 

complete loss of aPKC would further enhance differentiation into the effector fates. To 

investigate the effect that complete loss of aPKC has on the CD8+ T cell response, we 

adoptively transferred wild-type or aPKC-deficient OT-I CD45.1+CD8+ T cells into 

separate CD45.2+ wild-type recipients, which were infected 24 hours later with Lm-

OVA. Unlike CD8+ T lymphocytes deficient in only one aPKC isoform (Chapter III), 

complete loss of aPKC resulted in a 1.3-fold reduction in the percentage and number 

of CD45.1+CD8+ T lymphocytes at 7 days post-infection compared to wild-type CD8+ 

T lymphocytes (Fig. 5.1A, B). Moreover, mice that received aPKC-deficient CD8+ T 

cells unexpectedly exhibited decreased numbers of putative terminal effector and TMP 

cells in the spleen at day 7 post-infection (Fig. 5.1C, D).  
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The magnitude of the peak of the immune response is known to be influenced 

by the rates of proliferation and cell death (53). The decreased numbers of aPKC-

deficient cells at day 7 post-infection, therefore, suggested that aPKC-deficient cells 

would exhibit altered rates of proliferation or cell death relative to wild-type cells prior 

to day 7 post-infection. To understand why aPKC-deficient CD8+ T lymphocytes 

would give rise to reduced numbers of putative terminal effector cells in addition to 

the expected reduction in TMP cells, we assessed proliferation and apoptosis at day 5 

post-infection. Although CFSE dilution was normal following activation in vitro 

(Chapter I), aPKC-deficient T cells may not have maintained a normal rate of division 

leading up to the peak of the immune response. To address this possibility, we 

performed a bromodeoxyuridine (BrdU) pulse-chase experiment, in which actively 

dividing cells are able to incorporate BrdU into replicating DNA during S phase (54). 

Following a 1-hour pulse-chase at 5 days post-infection, we observed a similar 

percentage of aPKC-deficient cells that were BrdU+ compared to wild-type control 

cells (Fig. 5.2), suggesting that aPKC-deficient cells did not have a defect in their 

ability to divide during the immune response. To assess the rates of apoptosis, we used 

7-AAD uptake (55), cleaved caspase-3/-7 (56), and maintenance of mitochondrial 

membrane potential (Δψm) (57) as indicators of cells that were primed for or 

undergoing cell death. Examination of CD8+ T lymphocytes at 5 days post-infection 

using these three metrics revealed that aPKC-deficient cells were more likely to 

undergo apoptosis compared to wild-type cells (Fig. 5.3).  

As apoptosis is one hallmark of the terminal effector fate (3), these findings 

suggested that despite a decrease in the number of cells expressing putative 
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phenotypic markers, aPKC-deficient CD8+ T lymphocyte differentiation had actually 

increased towards the terminal effector fate. Terminal effector T cells are 

characterized by high levels of T-bet and Granzyme B and low levels of Eomes and 

Bcl2 (12, 49, 58-60). Examination of T-bet and Granzyme B revealed no differences 

between wild-type and aPKC-deficient CD8+ T cells; however, aPKC-deficient CD8+ 

T lymphocytes did display decreased expression of Eomes and Bcl2 compared to 

wild-type control cells at both 5 and 7 days post-infection (Fig. 5.4). Together, these 

data suggest that increased adoption of the terminal effector fate by aPKC-deficient 

CD8+ T cells resulted in premature cell death of effector cells, thus reducing the total 

number of CD8+ T lymphocytes present at the peak of the immune response. 

 

aPKC controls specification of memory CD8+ T lymphocyte fates 

 

Because aPKC-deficient T cell differentiation appeared to be increased toward 

the terminal effector cell fate, we predicted that differentiation of aPKC-deficient 

CD8+ T lymphocytes into the long-lived effector and memory fates would be 

correspondingly decreased compared to wild-type cells. Indeed, at day 50 post-

infection, we observed that mice that received aPKC-deficient CD8+ T lymphocytes 

now displayed a 2- to 3-fold reduction in the percentages of CD8+ T cells present in 

the blood, spleen, and lymph nodes compared to mice that received wild-type cells 

(Fig. 5.5A). Additionally, mice that received aPKC-deficient CD8+ T lymphocytes 

exhibited a decrease in the total number of OT-I cells and the total number of long-

lived effector, TEM, and TCM CD8+ T cells present in the spleen (Fig. 5.5B).  
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 Although the percentage and number of aPKC-deficient CD8+ T cells was 

decreased, expression of T-bet, Eomes, Bcl2, and Tcf-1 was similar within wild-type 

and aPKC-deficient CD8+ T lymphocytes (Fig 5.6). Additionally, the ability to 

produce IFNγ, TNFα, and IL-2 was unaffected in aPKC-deficient CD8+ T 

lymphocytes at 50 days post-infection (Fig. 5.7). Upon adoptive transfer of equal 

numbers of long-lived CD45.1+ T cells into wild-type recipients and subsequent 

rechallenge, aPKC-deficient CD8+ T lymphocytes were equally capable of 

proliferating during a secondary infection compared to wild-type control cells (Fig. 

5.8). Together, these results indicate that aPKC is required for optimal formation of 

the long-lived CD8+ T lymphocyte compartments. However, once formed, long-lived 

aPKC-deficient T cells function normally on a per cell basis. 

 

aPKC is required selectively at the first division for fate specification 

 

 While loss of aPKC resulted in a substantial loss of asymmetry during the first 

cell division (Chapter IV), leading to impaired generation of memory lymphocytes 

(Fig. 5.5), it remained possible that aPKC might also have a functional role after the 

first division. To address this possibility, we adoptively transferred CFSE-labeled 

wild-type or aPKC-deficient OT-I CD45.1+CD8+ T cells into CD45.2+ wild-type 

recipients, which were infected 24 hours later with Lm-OVA. First division IL-2Rαhi 

pre-effector or IL-2Rαlo pre-memory wild-type or aPKC-deficient cells were sorted 

and then adoptively transferred into infection-matched recipients, followed by 

challenge 50 days post-transfer. IL-2Rαlo pre-memory cells of either genotype 
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proliferated robustly in response to rechallenge, whereas both wild-type and aPKC-

deficient IL-2Rαhi pre-effector cells failed to do so (Fig. 5.9). As with the findings in 

Chapter III, these data suggest that both isoforms of aPKC are dispensable once cells 

have acquired differential amounts of IL-2Rα. Instead, aPKC appears to play a critical 

role during the first CD8+ T cell division by regulating the balance of terminal 

effector- and memory-fated precursor cells that arise via asymmetric distribution of 

important effector fate-associated molecules. Taken together, our findings indicate that 

aPKC is an important regulator of CD8+ T lymphocyte asymmetric division and early 

cell fate specification. 

 Chapter V, in part, is an adapted version of the material that has been 

submitted for publication, Metz, Patrick J.; Lopez, Justine; Kim, Stephanie H.; 

Akimoto, Kazunori; Ohno, Shigeo; Chang, John T. The dissertation author was the 

primary author of all material. 
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Figure 5.1 aPKC-deficient CD8+ T cells give rise to an impaired adaptive immune 
response at day 7 post-infection. (A) Percentages of CD45.1+ cells of CD8+ T cells 
on days 7, 14, and 35 in the blood of mice that received 5x103 wild-type (closed 
circles) or aPKC-deficient (open circles) OT-I CD45.1+CD8+ T cells and were infected 
with Lm-OVA; points represent mean ± SEM; n ≥ 4/group. Total number of (B) OT-I 
(top), (C) KLRG1hiIL-7Rlo effector (middle), and (D) KLRG1loIL-7Rhi TMP (bottom) 
CD8+ T cells on day 7 post-infection in the spleens of mice that received 5x103 wild-
type or aPKC-deficient OT-I CD45.1+CD8+ T cells and were subsequently infected 
with Lm-OVA; bars represent the mean ± SEM; n = 3-4/group.  
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Figure 5.2 aPKC-deficient CD8+ T lymphocytes show normal rates of 
proliferation at day 5 post-infection. BrdU incorporation by wild-type or aPKC-
deficient OT-I CD8+ T cells on day 5 post-infection in the spleen of mice prepared as 
in Fig. 5.1 after a 1 hour pulse-chase. 
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Figure 5.3 aPKC-deficient CD8+ T lymphocytes exhibit increased rates of 
apoptosis at day 5 post-infection. (A) 7-AAD uptake (top), active caspase 3/7 
(middle), and mitochrondrial membrane potential (Δψm) (bottom) of wild-type or 
aPKC-deficient OT-I CD8+ T cells in the spleens of mice on day 5 post-infection. (B) 
Frequencies of apoptotic (7-AAD+, Caspase 3/7+, or Δψmlo) wild-type or aPKC-
deficient OT-I CD8+ T cells from mice shown in (B). Bars represent mean ± SEM, 
n=4/group. *P < 0.05 (two-tailed unpaired t-test)
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Figure 5.4 Fewer aPKC-deficient CD8+ T lymphocytes express Eomes and Bcl2 at 
5 and 7 days post-infection. (A) Expression of T-bet, Granzyme B, Eomes, and Bcl2 
by wild-type (gray filled) and aPKC-deficient (dashed black) CD45.1+CD8+ T cells in 
the spleen on day 5 post-infection. (B) Frequencies of expression of T-bet, Granzyme 
B, Eomes, and Bcl2 from mice shown in (A). (C) Expression of T-bet, Granzyme B, 
Eomes, and Bcl2 by wild-type (gray filled) and aPKC-deficient (dashed black) 
CD45.1+CD8+ T cells in the spleen on day 7 post-infection. (D) Frequencies of 
expression of T-bet, Granzyme B, Eomes, and Bcl2 from mice shown in (C). Bars 
represent mean ± SEM, n=3-4/group. *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed 
unpaired t-test) 
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Figure 5.5 aPKC regulates long-lived CD8+ T cell differentiation. (A) Frequencies 
of CD45.1+CD8+ T cells in the blood (left), spleen (middle), and lymph nodes (right) 
on day 50 post-infection; each point represents an individual mouse and lines indicate 
the mean ± SEM; n = 7-8/group. (B) Total number of OT-I (top left), CD62Lhi TCM 
(top right), CD27hiCD62Llo TEM (bottom left), and CD27loCD62Llo long-lived effector 
(bottom right) CD45.1+CD8+ T cells in the spleen on day 50 post-infection; bars 
represent mean ± SEM; n = 7-8/group. *P < 0.05, **P < 0.01, and ***P < 0.001 (two-
tailed unpaired t-test). 
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Figure 5.6 Expression of key transcription factors and molecules by long-lived 
CD8+ T lymphocytes is unaffected by the absence of aPKC. Expression of T-bet, 
Eomes, Tcf-1, and Bcl2 in wild-type (gray filled) and aPKC-deficient (dashed black) 
CD45.1+CD8+ cells in the spleen on day 50 post-infection. 
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Figure 5.7 Long-lived aPKC-deficient CD8+ T lymphocytes display normal 
cytokine production. Expression of IFNγ, TNFα, and IL-2 by wild-type or aPKC-
deficient OT-I CD45.1+CD8+ T cells following restimulation ex vivo for 6 hours with 
ovalbumin peptide on day 50 post-infection. 
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Figure 5.8 Proliferation in response to secondary rechallenge is unaffected by the 
complete loss of aPKC. Frequencies of CD45.1+CD8+ T cells on days 5, 6, 7, and 8 in 
the blood of mice that received 104 wild-type or aPKC-deficient CD45.1+CD8+ T cells 
on day 50 post-infection and were subsequently challenged with 105 CFU Lm-OVA. 
Points represent mean ± SEM; n = 4/group. 
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Figure 5.9 aPKC acts selectively at the first division by activated CD8+ T 
lymphocytes. Population expansion of CD45.1+CD8+ T cells on days 3, 4, 5, 6, 7, and 
14 post-rechallenge in blood obtained from Lm-OVA infected CD45.2+ mice that 
received 500 sort-purified wild-type IL-2Rαlo (closed triangles), wild-type IL-2Rαhi 
(closed circles), aPKC-deficient IL-2Rαlo (open triangles), or aPKC-deficient IL-
2Rαhi (open squares) first division CD45.1+CD8+ OT-I T cells on day 2 post-infection 
and were rechallenged with 105 CFU Lm-OVA on day 50 post-transfer; points 
represent mean ± SEM; n = 3-4/group.  
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DISCUSSION 

  

Asymmetric cell division has been previously observed in activated naïve and 

memory lymphocytes (20-22, 30, 61-63), yet evidence for a functional role of 

asymmetric division in lymphocyte differentiation has been limited (64, 65). Our work 

here suggests that asymmetric division by activated naïve CD8+ T lymphocytes is an 

important first step in regulating effector and memory fate determination. Asymmetric 

division by activated naïve CD8+ T cells responding to a microbial infection may 

serve to exclude effector fate-promoting factors, such as T-bet and IRF4, from distal 

daughter cells, thereby enabling them to initiate a ‘pre-memory’ transcriptional 

program. In the setting of impaired asymmetric division, owing to the absence of one 

or both aPKC isoforms, symmetric inheritance of key effector fate-promoting factors 

by both daughter cells predisposes more cells toward the ‘pre-effector’ pathway of 

differentiation, which is detectable by single-cell gene expression analyses and 

increased expression of IL-2Rα, T-bet, and IRF4. This reduction in cells that would 

otherwise have acquired a pre-memory transcriptional program appears to yield an 

increased proportion of effector T cells at the expense of TCM and TEM cell formation. 

Our results show that PKCζ and PKCλ/ι are regulators of asymmetric CD8+ T 

cell division and indicate that each isoform may have some non-redundant roles. 

Regulation of proteasome and T-bet asymmetry during the first division appears to be 

PKCλ/ι-specific. Nonetheless, loss of either isoform yields similar functional 

consequences with respect to CD8+ T lymphocyte differentiation during an immune 

response. Both PKCζ and PKCλ/ι influence asymmetric partitioning of IL-2Rα and 
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IFNγR in activated naïve CD8+ T cells undergoing their first division in vivo. 

Moreover, the absence of PKCζ or PKCλ/ι in first division CD8+ T cells seems to 

result in similar alterations in their transcriptional programs with a gain of genes that 

promote effector differentiation. Furthermore, deletion of both aPKC isoforms further 

increases acquisition of the pre-effector program at the first division, indicating that 

one isoform compensates in the absence of the other. Taken together, these results 

suggest that the shared functions of PKCζ and PKCλ/ι may be more significant in 

determining CD8+ T lymphocyte fate than any unique role of either isoform. 

Through these shared functions in regulating asymmetric division, PKCζ and 

PKCλ/ι may enable the generation of first division CD8+ T lymphocytes that are 

molecularly heterogeneous at the single-cell level. Our recent work suggested that this 

molecular heterogeneity may be indicative of pre-effector and pre-memory 

transcriptional programs that are predictive of the eventual fates of the cells (20). 

Lymphocytes that transition through a pre-effector state can undergo further 

differentiation to acquire the terminal effector fate, whereas cells transitioning through 

a pre-memory state can further diverge to give rise to TCM or TEM cells (20). The 

present findings suggest that disruption of asymmetric division by the absence of 

aPKC results in an increased proportion of first division cells expressing high levels of 

IL-2Rα, T-bet, and IRF4 and exhibiting a pre-effector transcriptional program. The 

levels of expression of these proteins in PKCζ-, PKCλ/ι-, and aPKC-deficient pre-

effector cells appeared to be similar to the levels expressed by wild-type pre-effector 

cells, rather than being expressed at intermediate levels, which might be expected to 

result from symmetric divisions. One possible explanation for this potential 
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discrepancy pertains to feed-forward mechanisms that some effector fate-associated 

factors utilize to promote their own continued upregulation (9, 66). In this scenario, 

symmetric distribution of effector fate-associated molecules may result in intermediate 

levels of protein, but expression at these levels may still be sufficient to initiate these 

feed-forward mechanisms, thereby allowing protein levels in both aPKC-deficient 

daughter cells to increase to high levels of expression. Regardless, individual and 

complete loss of aPKC increased the proportion of pre-effector precursor cells present 

after the first division, thereby resulting in increased differentiation of effector T cells. 

 Interestingly, the increased proportion of pre-effector cells in the setting of 

PKCζ or PKCλ/ι deficiency was associated with increased differentiation into the 

long-lived effector fate, whereas complete loss of aPKC resulted in increased 

differentiation of terminal effector T cells. In both instances, impaired asymmetric 

division increased specification of the pre-effector fate following the first division; 

however, complete loss of aPKC altered the balance of pre-effector to pre-memory 

cells at a 2.5- to 3-fold rate compared to the 1.5- to 2-fold rate of single knockout 

cells. Furthermore, aPKC-deficient CD8+ T lymphocytes displayed decreased levels of 

expression of Eomes and Bcl2 early during the immune response whereas single 

knockout cells did not, suggesting a possible divergence between the terminal and 

long-lived effector fates that may hinge on the maintenance or upregulation of both 

factors.  

High expression of KLRG1 is thought to mark terminal effector T cells at the 

peak of the response, and commitment to the terminal effector fate is thought to 

correlate with increased proliferation of CD8+ T cells (67) and increased apoptosis 
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following clearance of an infection (12); however, higher percentages of PKCζ- and 

PKCλ/ι-deficient CD8+ T lymphocytes expressed high levels of KLRG1 at the peak of 

the immune response, yet the kinetics of the immune response were unchanged. 

Moreover, the increased differentiation of aPKC-deficient cells into the terminal 

effector fate, as evidenced by the increased rates of apoptosis early during the immune 

response, did not correspond with an increase in the expression of KLRG1 at the peak 

of the response. These data, together with the findings that overexpression of IL-7R 

does not increase survival into the memory phase (68) and that KLRG1hi cells clearly 

survive into later stages of the immune response (4, 5), suggest that expression of 

these markers is not suitable for predicting cell death or survival. Alternative markers 

should therefore be explored to more precisely study the heterogeneous populations of 

CD8+ T lymphocytes present during an adaptive immune response. 

 Although PKCζ-, PKCλ/ι-, and aPKC-deficient CD8+ T lymphocytes 

exhibited increased differentiation towards the effector (terminal and long-lived) fates, 

the absence of aPKC did not result in a complete loss of memory (TCM and TEM) cells. 

The continued generation of aPKC-deficient TCM and TEM cells is likely due to the 

continued presence of aPKC-deficient IL-2Rαlo pre-memory cells, which, unlike IL-

2Rαhi pre-effector cells, maintain the capacity to differentiate into the memory fates 

following the first division in vivo. These pre-memory cells may be the product of 

asymmetric divisions still exhibited by some PKCζ-, PKCλ/ι-, and aPKC-deficient 

cells, as the absence of aPKC isoforms did not completely disrupt the unequal 

segregation of IL-2Rα or other effector fate-associated molecules. As such, aPKC-

deficient naïve CD8+ T cells appear to give rise to reduced frequencies of IL-2Rαlo 
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pre-memory cells, which subsequently reduces, rather than completely eliminates, 

memory differentiation.  

 The continued presence of PKCζ-, PKCλ/ι-, and aPKC-deficient cells 

undergoing asymmetric division may be a result of cell type-specific functions of 

aPKC, which may serve to maintain polarity as an activated CD8+ T cell divides rather 

than to establish polarity, as is the case in model organisms (23, 25, 26). If aPKC is 

only active during mitosis, some proteins may already be polarized prior to mitosis 

and the absence of aPKC may only partially affect maintenance of this asymmetry 

through the completion of division. Because asymmetric division may require contact 

with an antigen-presenting cell (30), it is also possible that stochastic interactions with 

an antigen-presenting cell during T cell division could allow proteins that function to 

establish and maintain a polarized immune synapse (44) to maintain asymmetry during 

some divisions in the absence of aPKC. Alternatively, other polarity proteins and 

polarity networks (43, 69-72) may function to regulate asymmetry in CD8+ T cells and 

compensate in the absence of aPKC. 

 Our data indicate that aPKC plays a critical role only during the first CD8+ T 

lymphocyte division. Adoptive transfer of PKCζ-, PKCλ/ι-, and aPKC-deficient pre-

effector or pre-memory first division cells at equal numbers revealed no intrinsic 

defect in these cells. Moreover, the phenotype caused by aPKC deficiency appeared to 

only have been a function of alterations in the differentiation patterns of effector and 

memory cells. Long-lived PKCζ- and PKCλ/ι-deficient CD8+ T lymphocytes 

displayed normal expression of transcription factors and cytokines compared to wild-

type cells, and with the continued decline of aPKC-deficient cells into the memory 
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phase (i.e. following the death of terminal effector cells), any defects present early 

during the response were no longer apparent, indicating that loss of aPKC did not 

affect the functionality of memory T lymphocytes. It is likely that aPKC-deficient pre-

effector and pre-memory cells would still be exposed to important extrinsic signals 

(73, 74), allowing these precursor cells to progress into fully mature cell fates after the 

initial balance of effector- and memory-fated first division cells had been altered. 

Nonetheless, our results suggest that disruption of asymmetric division, via deletion of 

PKCζ and PKCλ/ι, alters the ratio of pre-effector and pre-memory cells, thereby 

influencing the transcriptional programming of first division CD8+ T lymphocytes and 

the specification of effector and memory CD8+ T cell fates.  

The finding that CD8+ T cells undergo asymmetric division (21, 22) suggested 

the possibility that lymphocyte fates may diverge early during an immune response to 

a microbial infection. Single-cell gene expression analyses revealed distinct molecular 

patterns, predictive of eventual fates, within lymphocytes that had undergone their first 

division in vivo (20). Here we provide some of the first experimental evidence that an 

evolutionarily conserved regulator of asymmetric cell division influences CD8+ T 

lymphocyte fate specification by controlling unequal partitioning of fate-influencing 

molecules during mitosis. Disruption of asymmetric CD8+ T cell division, as a result 

of aPKC deficiency, was associated with striking changes in the transcriptional 

patterns exhibited by first division lymphocytes and appeared to alter the balance of 

effector- and memory-fated progeny. Altering this initial balance of pre-effector to 

pre-memory first division cells increased differentiation into the effector fates at the 

expense of memory T cell formation. These findings provide new evidence in support 
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of the proposal that asymmetric division mediates a divergence in lymphocyte fates at 

the initiation of an adaptive immune response to microbial infection. Although the role 

of each CD8+ T cell subset in maintaining a long-term protective response is still being 

explored and debated (5, 75), the finding that asymmetric division plays a functional 

role in lymphocyte fate specification and generation of an optimal adaptive immune 

response is likely to be important in understanding how to generate robust 

immunological protection against a variety of infectious diseases.



 

74 
 

MATERIALS AND METHODS 

 

Mice 

 

All animal work was done in accordance with the Institutional Animal Care 

and Use Guidelines of the University of California, San Diego. All mice were housed 

in specific pathogen-free conditions prior to use. Prkcz-/- mice were obtained from the 

European Conditional Mouse Mutagenesis Program (EUCOMM). Prckifl/fl mice were 

provided by Dr. Shigeo Ohno (Yokohama City University, Kanazawa, Yokohama, 

Japan) and bred to Cd4Cre mice. To generate Cd4CrePrkczfl/flPrkcifl/fl mice, Prkcz-/-, 

which had a “knockout first, conditional second” design in which flippase (Flp) 

recognition target (FRT) sites flank the gene targeting cassettes, were first bred to 

mice that expressed Flp recombinase to reveal the loxP sites surround the Prkcz exon. 

Prkczfl/fl were then bred with Cd4CrePrkcifl/fl mice. Prkcz-/-, Cd4CrePrkcifl/fl, and 

Cd4CrePrkczfl/flPrkcifl/fl mice were bred with OT-I T cell receptor (TCR) transgenic 

mice that recognize chicken ovalbumin peptide SIINFEKL (residues 257-264)/Kb. 

Wild-type C57BL/6J recipient mice were purchased from the Jackson Laboratory. 

Mice were sacrificed (CO2 suffocation and cervical dislocation) as indicated, 

and spleens, lymph nodes, and thymi were harvested into 5mL Hank’s Balanced Salt 

Solution (HBSS) (Mediatech, Inc.) containing 1% fetal bovine serum (FBS) (Life 

Technologies). Organs were then mashed and washed with an additional 5mL HBSS + 

1% FBS through a 70µm cell strainer (Fisherbrand). Red blood cells were lysed by 

adding 1mL of Red Blood Cell Lysing Buffer (Sigma) to each pellet and incubating 
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for 4 minutes at room temperature (RT). Reactions were quenched with 9mL HBSS + 

1% FBS. Splenocytes and thymocytes were then processed according to the specific 

protocols below. 

 

Flow cytometry 

 

All samples were analyzed on an Accuri C6 or FACS Canto (BD Biosciences) 

flow cytometer. Cells were sorted on a MoFlo (Beckman Coulter) or FACS Aria II 

(BD Biosciences) flow cytometer. FlowJo software (Treestar) was used to analyze the 

data.  

Following splenocyte isolation, cells were resuspended in 1mL phosphate 

buffered solution (PBS) (Mediatech, Inc.). Ten (10)µL of this suspension was 

transferred to 90µL or 990µL of PBS and mixed thoroughly. Ten (10)µL of the 

sample were then run on an Accuri C6 flow cytometer on medium speed and cell 

counts were calculated according to the following equation: 

 

 

 

 Between 105 and 107 cells were used for fluorescence-activated cell sorting 

(FACS) analysis. Cells were washed once with PBS before staining in 100µL PBS 

containing the following antibodies where indicated: T-bet (4B10), Eomes 

(Dan11mag), Bcl2 (BCL/10C4), IRF4 (IRF4.3E4), CD27 (LG.7F9), CD8a (53-6.7), 
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CD45.1 (A20), CD62L (MEL-14), IL-2Rα (3C7), KLRG1 (2F1), IL-7R (A7R34), 

CD44 (1M7), Vα2 (B20.1), CD4 (RM4-5), IFNγ (XMG1.2), TNFα (MP6-XT22), IL-

2 (JES6-5H4) and F(abʹ′)2 anti-rabbit anti-IgG and were obtained from Biolegend or 

eBioscience. Rabbit anti-Tcf-1 (C63D9) antibody was obtained from Cell Signaling 

Technology. Anti-human PE-conjugated Granzyme B (GB11) was obtained from Life 

Technologies. All stains were performed at 1:100 concentrations. Cells were incubated 

for 15-30 minutes at RT, washed once, and resuspended in 300µL PBS before 

analysis. 

For intracellular detection of IFNγ, TNFα, and IL-2, splenocytes were 

stimulated in 200µL T cell medium (TCM) for 6 hrs at 37°C ex vivo with 1µM OT-I 

peptide (AnaSpec) in the presence of 10µg/mL brefeldin A (BFA) (Cell Signaling). 

TCM was prepared with Iscove’s Modification of Dulbecco’s Modified eagle Medium 

(IMDM) (Mediatech, Inc.) containing 10% FBS, 100U/mL penicillin/streptomycin 

(Life Technologies), 2mM L-glutamine (Mediatech, Inc.), and 55µM 2-

mercaptoethanol (Life Technologies). Cells were washed once in PBS and stained for 

surface markers. Cells were then washed once and fixed with 100µL 4% 

paraformaldehyde (PFA) (Electron Microscopy Services) for 10 minutes at RT. Cells 

were washed once and permeabilized with 100µL FACS Permeablization (Perm) 

buffer (PBS + 1% FBS + 1g saponin + 0.5g NaN3) containing the indicated antibodies 

for 20 minutes at RT. Cells were then washed once and resuspended in 300µL PBS for 

FACS analysis. 
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For intracellular staining of T-bet, Eomes, Bcl2, Tcf-1, IRF4, and Granzyme B, 

FoxP3/Transcription Factor Staining Buffer Kit was used (eBioscience). Following 

splenocyte isolation, cells were washed once in PBS and stained for surface markers. 

Cells were then washed once and fixed with 100µL of a 1:3 mixture of Fixation/Perm 

Concentrate and Fixation/Perm Diluent for 30 minutes at RT. Cells were washed once 

and permeablized with 10µL of 10X Perm Buffer and 90µL H2O containing the 

indicated antibodies for 30 minutes at RT. Cells were then washed once and 

resuspended in 300µL PBS for FACS analysis. 

 

Magnetic bead isolations and depletions 

 

Magnetic-activated cell sorting (MACS) buffer was prepared with PBS 

containing 0.5% FBS and 2mM ethylenediamine tetraacetate acid (EDTA) (Fisher 

Scientific). 

CD8+ T cells were isolated with a negative selection magnetic microbeads kit 

(Miltenyi Biotec). Splenocytes were harvested from OT-I mice, and red blood cells 

were lysed, as above. Cells were then resuspended in 45µL MACS buffer and 5µL 

biotin-antibody cocktail per 107 cells and incubated at 4°C for 10 minutes. Following 

incubation, cells were washed with 500µL MACS buffer, resuspended in 40µL MACS 

buffer and 10µL anti-biotin microbeads per 107 cells, and incubated at 4°C for an 

additional 10 minutes. During incubation, LS MACS separation columns (Miltenyi 

Biotec) were equilibrated with 3mL MACS buffer. Following incubation, cells were 

washed with 500µL MACS buffer, resuspended in 500µL MACS buffer, and 
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transferred to separation columns. Columns were then washed 3 times with 3mL 

MACS buffer and CD8+ T cells were collected. 

CD3+ T cells were depleted with a positive selection magnetic microbeads kit 

(Miltenyi Biotec). Splenocytes were harvested from wild-type mice, and the same 

protocol above was followed with CD3ε-biotin antibody substituted for the biotin-

antibody cocktail during the first incubation. T cell depleted splenocytes were 

collected from the separation columns following completion of the protocol. 

CD11c+ dendritic cells were isolated with a positive selection magnetic 

microbeads kit (Miltenyi Biotec). Splenocytes were harvested from wild-type mice 

and red blood cells were lysed. Cells were resuspended in 40µL MACS buffer and 

10µL CD11c microbeads per 107 cells and incubated at 4°C for 15 minutes. Following 

incubation, cells were washed and transferred to separation columns as above. After 

the third wash, CD11c+ dendritic cells were flushed off the column with 5mL MACS 

buffer. 

 

T lymphocyte confocal microscopy 

 

Twelve (12) mm circular coverslips (Fisherbrand) were coated with poly-L-

lysine (Sigma) overnight at 4°C. Coverslips were washed twice with H2O and dried at 

55°C for 3 hours before use. 

A 0.3% Triton X-100 Perm buffer was prepared by adding 750µL 1% Triton 

X-100 (Promega) to 250mL PBS.  
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A 50mM NH4Cl Quench buffer was prepared by adding 1.34g of NH4Cl (EM 

Science) to 500mL PBS. 

A 5X Block buffer of PBS containing 0.01% saponin, 0.25% fish skin gelatin, 

and 0.02% NaN3 was prepared by adding 0.5g saponin (Sigma), 1g NaN3 (Sigma), and 

12.5mL fish skin gelatin (Sigma) to 1L PBS. A working solution of 1X Block buffer 

was prepared by diluting 100mL 5X Block buffer in 400mL PBS.  

Immunofluorescence of T cells was performed with the following antibodies: 

anti-β-tubulin (T8328) (Sigma; 1:500 dilution); anti-IL-2Rα (PC61.5) (1:50 dilution), 

anti-T-bet (4B10) (1:50 dilution), anti-LFA-1 (M17/4) (eBioscience; 1:200 dilution); 

anti-proteasome 20S C2 (ab3325) (Abcam; 1:200 dilution); anti-IFNγR (2E2) (1:200 

dilution), anti-IRF4 (IRF4.3E4) (Biolegend; 1:50 dilution); and anti-mouse Alexa 

Fluor 488, anti-rat Alexa Fluor 488, anti-mouse Alexa Fluor 647, anti-rabbit Alex 

Fluor 647, streptavidin Alexa Fluor 647, and anti-rat Alexa Fluor 647 (Life 

Technologies). All secondary antibodies were used at a 1:500 dilution. 

To prepare cells for immunofluorescence, cells were resuspended in PBS at a 

concentration of 105 to 106 cells per 50µL, and 50µL drops were placed in the center 

of 12mm circular poly-L-lysine coated coverslips. Coverslips were incubated at 37°C 

to allow cells to settle and then placed cell-side down on 50µL drops of 3% PFA for 

20 minutes.  

Coverslips were then placed on 50µL drops of Quench buffer for 3 minutes for 

a total of 3 washes. After the third wash, coverslips were placed on 50µL drops of 

Perm buffer for 1 minute.  
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After permeablization, coverslips were washed for 1 second on a 50µL drop of 

PBS and placed on a 50µL drop of Block buffer for 20 minutes. Coverslips were then 

placed on 50µL drops of Block buffer containing primary antibodies of interest and 

incubated overnight at 4°C.  

Following overnight incubation, coverslips were placed on 50µL drops of 

Block buffer for a total of 5 washes and placed on 50µL drops of Block buffer 

containing the appropriate secondary antibody at a 1:500 dilution for 1 hour at RT. 

Coverslips were placed on 50µL drops of Block buffer for a total of 5 washes. 

Additional incubations with primary antibodies and secondary antibodies were 

performed as needed and were followed by 5 washes with 50µL drops of Block buffer.  

Following the final wash, coverslips were placed on 50µL drops of Block 

buffer containing 5µg/mL 4',6-diamidino-2-phenylindole (DAPI) for 5 minutes to 

stain for deoxyribonucleic acid (DNA). Coverslips were then washed 5 times for 30 

seconds on 50µL drops of Block buffer. To mount coverslips onto slides, small drops 

of ProLong Gold antifade reagent (Life Technologies) were placed on slides, followed 

by placement of the coverslips.  

To assess asymmetric localization of proteins before and during mitosis, pre-

mitotic cells were identified by a single microtubule organizing center (MTOC) with 

β-tubulin staining, mitotic blasts were identified by the presence of two MTOCs, and 

cells undergoing cytokinesis were identified by dual nuclei and pronounced 

cytoplasmic cleft by brightfield.  
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Acquisition of image stacks was performed as previously described (22) using 

a FV1000 laser scanning confocal microscope (Olympus). The volume of 3D pixels 

(voxels) containing the designated protein fluorescence was quantified within each 

hemisphere or within nascent daughter in cytokinetic cells as previously described 

(22) using ImageJ software. 

 

Immune synapse assay 

 

Flt3-ligand secreting B16 tumor cells were provided by Dr. Glenn Dranoff 

(Dana Farber Cancer Institute, Boston, MA) and have been previously described (76). 

Cells were grown in 100mm x 15mm polystyrene petri dishes (Fisherbrand) with 

IMDM containing 10% FBS and 100U/mL penicillin/streptomycin. Cells were 

detached by treatment with 1mL 0.25% Trypsin, 2.21mM EDTA in HBSS 

(Mediatech, Inc.) for 10 minutes at 37°C before washing with normal medium. Cells 

were passaged every 2 days or when above 90% confluence. 

Wild-type mice were injected intraperitoneally with 106 Flt3-ligand secreting 

B16 tumor cells. Ten (10) days post-injection, spleens were harvested and CD11c+ 

dendritic cells were isolated, as above. Following isolation, cells were labeled with 

1µM 7-amino-4-chloromethylcoumarin (CMAC) (Life Technologies) for 30 min at 

37°C. Reactions were quenched with FBS, and cells were pulsed with 1µM OT-I 

peptide for 1 hr at 37°C.  

Spleens and lymph nodes were extracted from OT-I mice and CD8+ T cells 

were isolated, as above.  
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CD11c+ cells and CD8+ T cells were incubated together for 30 min at 37°C and 

then prepared for immunofluorescence, as above. Dendritic cell-T cell conjugates 

were identified via confocal microscopy by the presence of an unlabeled cell (T cell) 

contacting a CMAC labeled cell (dendritic cell). 

 

In vitro proliferation assay 

 

 Spleens and lymph nodes were harvested from OT-I mice and processed, as 

above. Following red blood cell lysis, splenocytes were labeled with 5µM 

carboxyfluorescein succinimidyl ester (CFSE) (Life Technologies) for 9 minutes at 

37°C in 1mL PBS. Reactions were quenched with 500µL FBS, and CD8+ T cells were 

isolated, as above.  

 To isolate antigen presenting cells, spleens were harvested from wild-type 

mice and processed, as above. Following red blood cell lysis, splenocytes were 

irradiated for 15 minutes at 3000 rads, and T cells were depleted, as above. Following 

T cell depletion, the remaining splenocytes were resuspended in 1mL TCM. Twenty 

million (2x107) cells were pulsed with 1µM OT-I peptide for 1 hour at 37°C in 1mL 

TCM, and 2x107 cells were incubated without peptide (unpulsed) for 1 hour at 37°C in 

1mL TCM. Following incubation, pulsed and unpulsed cells were washed 3 times with 

1mL TCM. 

One million (106) CD8+ T cells were cultured in vitro with 5x106 pulsed 

splenocytes or 5x106 unpulsed splenocytes for 3 days in 2mL TCM with IL-2 

(100U/mL) provided by the Nation Institute of Health (NIH) (Bethesda, MD). Rates of 
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proliferation were analyzed based on dilution of CFSE detected by FACS analysis in 

the FL1 channel. 

 

Adoptive cell transfers and infections 

 

 Listeria monocytogenes expressing full-length chicken ovalbumin (Lm-OVA) 

was grown in 2mL brain-heart infusion (BHI) medium (BD Biosciences) containing 

5µg/mL erythromycin (Teknova, Inc.) overnight at 37°C. Colony forming units (CFU) 

was calculated by measuring OD600 using an Ultrospec 10 Cell Density Meter (GE 

Healthcare Life Sciences). 

 For primary infections, 5 x 103 OT-I CD45.1+CD8+ T cells were adoptively 

transferred into wild-type CD45.2+ recipients, followed by infection intravenously one 

day later with 5 x 103 CFU of Lm-OVA. Blood was collected from mice at 7, 14, 35, 

or 50 days post-infection in 5mM EDTA solution. Blood samples were lysed with Red 

Cell Lysing Buffer (Sigma) for 15 minutes before staining for indicated markers. 

Splenocytes were isolated from recipient mice at 5, 7, 14, 35, or 50 days post-

infection. 

 To isolate cells that had undergone their first division, 2 x 106 OT-I CD8+ T 

cells were first labeled with CFSE, as above, prior to adoptive transfer, and 

splenocytes from recipient mice were harvested at 48 hours post-infection. 

 Lymphocyte fate-tracking experiments were performed as previously described 

(20). Briefly, 500 sorted IL-2Rαhi or IL-2Rαlo first division cells were adoptively 

transferred into infection-matched recipients. At day 50 post-transfer, recipients were 
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rechallenged with 105 CFU Lm-OVA, and population expansion was tracked in the 

blood at days 3, 4, 5, 6, 7, and 14, as above.  

 For rechallenge experiments, 104 memory OT-I CD45.1+CD8+ T cells were 

adoptively transferred into wild-type CD45.2+ recipients, followed by infection 

intravenously one day later with 105 CFU of Lm-OVA. Blood was collected on days 

5, 6, 7, and 8 post-rechallenge and analyzed as above. 

 To measure bacterial burden, spleens were removed on day 5 post-rechallenge 

and homogenized. Duplicate serial dilutions were plated on BHI (BD Biosciences) 

agar plates containing 1µg/mL erythromycin, and bacterial colonies were counted 

following incubation for ~36 hrs at 37°C. 

 

BrdU pulse-chase and apoptosis assays 

 

 For bromodeoxyuridine (BrdU) pulse-chase experiments, mice were injected 

intraperitoneally with 1mg BrdU solution (BD Biosciences). After 1 hour, spleens 

were harvested, as described above, and cells were stained for BrdU using the BrdU 

flow kit obtained from BD Biosciences, according to the manufacturer’s protocol 

(http://www.bdbiosciences.com/ds//pm/others/23-12721.pdf). Apoptosis was assessed 

following incubation with 7-Aminoactinomycin D (7-AAD) viability staining solution 

(Biolegend) for 15 minutes at RT or incubation with CellEvent Caspase-3/7 Green 

Flow Cytometry Assay kit (eBioscience), according to manufacturer’s protocol 

(https://tools.lifetechnologies.com/content/sfs/manuals/mp10423.pdf). Mitochondrial 

membrane potential (Δψm) was assessed using Mitoflow (Cell Technology, Inc.), 
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according to the manufacturer’s protocol (http://www.celltechnology.com/mito-

flowtm.html).  

 

Single cell gene expression assay, data processing, and analysis 

 

Single CD8+ T cells were sorted and analyzed in 96.96 Dynamic Arrays on a 

BioMark system (Fluidigm) by Dr. Janilyn Arsenio as previously described (20). 

BioMark data processing and principal component analysis were performed by Dr. 

Boyko Kakaradov as previously described (20).
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