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Abstract

Immunological protection against microbial pathogens is dependent on robust generation of 

functionally diverse T lymphocyte subsets. Upon microbial infection, naïve CD4+ or CD8+ T 

lymphocytes can give rise to effector- and memory-fated progeny that together mediate a potent 

immune response. Recent advances in single-cell immunological and genomic profiling 

technologies have helped elucidate early and late diversification mechanisms that enable the 

generation of heterogeneity from single T lymphocytes. We discuss these findings here and argue 

that one such mechanism, asymmetric cell division, creates an early divergence in T lymphocyte 

fates by giving rise to daughter cells with a propensity towards the terminally differentiated 

effector or self-renewing memory lineages, with cell-intrinsic and -extrinsic cues from the 

microenvironment driving the final maturation steps.
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Diversification of T lymphocyte fates in the immune response to infection

Heterogeneity in T lymphocyte responses to microbial infection is essential for establishing 

protective immunity. Upon activation, naïve antigen-specific T cells differentiate into two 

distinct classes of cellular progeny: terminal effector cells that mediate acute protection and 

self-renewing memory cells that provide long-term protective immunity. It is now well 

appreciated that substantial heterogeneity in effector and memory subsets can arise from a 

single activated T lymphocyte. However, a fundamental question in the field remains 

unanswered: how does this cellular diversity arise from a single cell?

Various models incorporating the influence of TCR signal-strength, environmental cues, and 

transcriptional changes on T cell differentiation have been proposed and discussed 

extensively by others (reviewed by Kaech and Cui [1] and discussed by Ahmed, et al. [2]). 
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One possibility is that the progeny of an activated T lymphocyte differentiate along a linear 

pathway, with cells transiting through an equipotent effector phase before a subset of these 

cells later diverges to form the memory lymphocyte pool [3, 4]. This model can be 

envisioned as one of late divergence, such that diversification into distinct T cell fates does 

not occur until later stages of the immune response. The signal-strength model proposes that 

the initial strength of TCR and cytokine signals received during priming dictate whether the 

progeny of an activated naïve T cell will adopt a terminal effector or memory cell fate. The 

decreasing-potential model proposes that memory-fated T cells arise as a result of fewer 

cumulative encounters with antigen and cytokines during the immune response, and are 

therefore less differentiated than effector-fated T cells. A fourth model is an early divergent 

model of T lymphocyte diversification whereby a propensity towards terminal effector or 

self-renewing memory fates can be conferred as early as the first cell division owing to 

asymmetric division [5], with continued maturation toward the final cell fates controlled by 

a combination of cell-intrinsic and -extrinsic signals. During an asymmetric cell division, 

important fate determinants and cellular components, including protein, RNA, and 

organelles, are unequally inherited by the two nascent daughter cells, thus enabling them to 

adopt distinct fates [6]. Importantly, it should be emphasized that these models are not 

mutually exclusive, and data supporting one model do not necessarily rule out other models.

Differentiation into CD4+ and CD8+ T cell effector and memory fates is driven, in part, by 

the expression and activities of several transcription factors, as demonstrated by prior 

investigation of the transcriptional networks and molecular mechanisms that control T 

lymphocyte fate specification [7–11]. While the traditional microarray approaches used by 

these studies have provided fundamental insights into the molecular basis and timing in gene 

expression changes underlying the functional differences in effector and memory CD4+ and 

CD8+ T cell subsets, it should be noted that these analyses were performed on bulk cell 

populations. As such, conclusions from these studies have been restricted to the cell 

population level, and cell-to-cell differences in gene expression may have been hidden as a 

result of averaged gene expression from seemingly homogeneous populations of cells. 

Recent technological advances in high-throughput single-cell gene expression profiling, 

such as microfluidics-based qRT-PCR analyses and RNA sequencing, have been combined 

with computational analyses to analyze the in vivo transcriptional changes in thousands of 

single cells in an array of diverse biological systems [12–15]. Systematic modeling of 

temporal changes in single-cell transcription pattern dynamics has uncovered substantial 

heterogeneity within a number of diverse cell populations, including immune cells [16, 17], 

murine embryonic tissue [14], human colon tumors [13] and primary glioblastomas [18]. 

Moreover, cell-intrinsic fate determinants critical in driving the formation of cellular 

diversity have been identified [14, 19]. For instance, high expression of Id2 and Sox2 have 

been found to indicate early fate commitment into the outer and inner cell lineages, 

respectively, during mouse embryogenesis [14], thus highlighting the importance of 

dissecting gene expression heterogeneity at the single-cell level.

Tracking individual lymphocytes as they progress through the early stages of the immune 

response has been difficult due to biological and technical constraints, such as the inability 

to sample adequate endogenous antigen-experienced cell numbers due to low precursor 
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frequencies of cells specific for a particular antigen (on the order of 10 to 100) [20, 21]. 

Recent advances in magnetic bead-based strategies have enabled the enrichment of antigen-

specific T cells at early phases of the immune response, during which these cells are 

virtually undetectable [20]. Combining the approaches described above has recently made it 

possible to analyze transcriptional changes in individual T lymphocytes early after microbial 

infection [16], thereby providing some initial insights into two fundamental questions: how 

is T cell diversification achieved and when does this divergence in fates occur?

Here, we explore these questions as we discuss recent studies aimed at interrogating the 

pathways by which single activated T cells differentiate towards effector- and memory-fated 

lineages. We highlight how asymmetric division is exploited by T lymphocytes to yield 

robust immune responses and draw attention to several gaps in our current understanding of 

how asymmetric division may shape T lymphocyte diversification. A detailed understanding 

of how and when T lymphocyte fate specification occurs may have far-reaching implications 

in the design of vaccination and therapeutic approaches to enhance long-term protective 

immunity against infectious agents.

Generating T lymphocyte diversity from a single cell

It is well established that heterogeneity in CD8+ and CD4+ T cell responses is required for 

robust immunity [22]. For the purposes of this review, we will focus on terminal effector 

CD8+ T cells, long-lived central memory (TCM) and effector memory (TEM) CD8+ T cells 

(see Glossary), CD4+ T helper type 1 (TH1) cells, and CD4+ follicular helper T (TFH) cells. 

Pioneering in vivo cell tracing studies provided the first experimental evidence to support the 

idea that heterogeneous cellular progeny can be derived from a single activated naïve T cell. 

Terminal effector (KLRG1hiIL-7Rlo), TEM (CD44hiCD62Llo), and TCM (CD44hiCD62Lhi) 

CD8+ T lymphocyte subsets were shown to arise from a single T cell receptor (TCR) 

transgenic OT-1 CD8+ T cell adoptively transferred into a congenic recipient infected with 

Listeria monocytogenes expressing ovalbumin (Lm-OVA) [23]. The development of ‘DNA-

barcode’ technologies, in which DNA sequences (barcodes) are retrovirally introduced into 

thymocytes, has permitted the generation of naïve T cells harboring genetic tags [24]. This 

strategy has allowed a single barcode-labeled naïve T cell and its progeny to be traced 

following in vivo infection to better understand the developmental histories of individual 

cells [24, 25]. Applications of limiting dilution strategies have shown that pathogen-induced 

environmental cues influence the differentiation path of single activated CD8+ T cells 

responding to Lm-OVA or vesicular stomatitis virus infection [26] and that diversity derived 

from single CD4+ T lymphocytes can also be achieved in response to several attenuated Lm 

strains [27]. In the latter study, single naïve CD4+ T lymphocytes were capable of producing 

each of the TH1, TFH, and germinal center TFH effector subsets; however, the ratios of these 

subsets within the generated effector pool were found to be influenced by the 

peptide:MHCII dwell times specific to unique TCRs [27].

The aforementioned studies have undoubtedly illustrated the capacity of a single lymphocyte 

to give rise to differentially fated cellular progeny and have highlighted the influence of 

TCR avidity, pathogen-specific differences, and the cytokine milieu on the generation of 

cellular diversity. However, single-cell transfer experiments using limiting dilution 
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approaches should be interpreted with caution as the adoptive transfer of a single cell is 

dependent on Poisson probabilities [26] and the assumption that ~20% of transferred cells 

will survive in recipient mice [27]; thus, it is a challenge to guarantee the transfer of an 

individual cell. Nonetheless, a key question remains unanswered – how do the progeny of a 

single activated T cell differentiate into effector and memory cells? While the analysis of 

antigen-specific T cell populations during the early (days 6–8 post-infection) and late (days 

30 and later post-infection) phases of the immune response in these studies [23, 24, 26, 27] 

has informed us that single activated naïve T lymphocytes can give rise to distinct subsets 

during primary and secondary infections, they do not reveal how or when terminal effector 

and memory subsets are formed.

Early acquisition of disparate transcriptional programs

In recent years, improvements in T cell enrichment techniques along with advances in 

single-cell genomics approaches and computational modeling analyses have made it 

possible to begin to dissect how and when single T lymphocytes differentiate into terminal 

effector and memory subsets. We recently investigated how an activated naïve CD8+ T 

lymphocyte differentiates in vivo into one of three fates: terminal effector, TCM, and TEM 

cell [16]. Single-cell gene expression analyses of activated CD8+ T cells at sequential 

timepoints following Lm-OVA infection suggested that an early divergent model may be the 

most likely pathway that underlies T lymphocyte fate specification, at least in this 

experimental system [16] (Figure 1A; Key Figure). Unsupervised clustering analysis 

revealed that single CD8+ T cells exhibit marked molecular heterogeneity during early 

phases of the immune response (at the first division and at day 3 post-infection), owing to 

acquisition of distinct transcriptional programs conferring disparate propensities towards the 

terminal effector versus memory cell fates. Our findings raised the possibility that T 

lymphocyte fates may already begin to be specified prior to the onset of phenotypic 

differences in cell surface marker expression, such as KLRG1 and IL-7R, that are observed 

only at later stages of infection [28].

To test this possibility, we applied a Hidden Markov Model (HMM) approach to capture 

dynamic changes in gene expression patterns of single activated CD8+ T lymphocytes 

derived at multiple intermediate time points (first division, days 3 and 5 post-infection) 

between the naïve ‘state’ and a differentiated ‘fate’ (terminal effector, TCM, or TEM cell). 

Coordinated changes in the transcriptional profiles of antigen-experienced CD8+ T cells 

were associated with the progression towards disparate transitional states and eventual fates. 

Most notably, high and low expression of Il2ra were predictive of cells that had adopted a 

pre-terminal effector versus pre-memory path of differentiation, respectively. In support of 

this observation, CD62LloIL-2Rαhi CD8+ T cells within the population of cells that had 

undergone their first division in vivo exhibited enhanced production of IFNγ and Granzyme 

B upon ex vivo stimulation. Conversely, first division CD62LhiIL-2Rαlo cells appeared to 

represent pre-memory cells, as they survived long-term following adoptive transfer into 

infection-matched recipients and mounted a robust proliferative response to rechallenge. The 

observation of asymmetric IL-2Rα segregation in CD8+ T lymphocytes undergoing their 

first division in vivo suggested that asymmetric division might play a role in mediating this 

early divergence in transcriptional programming.
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Asymmetric division regulates early T lymphocyte fate diversification

Our recent work characterizing CD8+ T lymphocytes deficient in either isoform of the 

evolutionary conserved polarity protein, atypical protein kinase C (aPKC), has provided 

some of the first evidence suggesting that asymmetric division is an important first step in 

specifying T lymphocyte fates [29]. The aPKC isoforms - PKCζ and PKλ/ι - have been 

identified as important regulators of asymmetry in Drosophila and C. elegans (Box 1) and 

function during the first division of activated naïve CD8+ T lymphocytes to mediate 

asymmetric segregation of effector fate-associated factors, including IL-2Rα, IFNγR, and T-

bet. Loss of either aPKC isoform increased the symmetric distribution of these effector fate-

associated molecules, resulting in a striking reduction in the molecular heterogeneity 

exhibited by individual cells that had undergone their first division and increased the 

proportion of effector-fated precursor cells. Although asymmetric division was only partially 

reduced, the subsequent alterations to the initial balance of effector-versus memory-fated 

precursor cells increased differentiation towards the effector T lymphocyte fates at the 

expense of memory T cell formation [29]. While complete ablation of asymmetric division 

would be necessary to definitively test the full extent of its role in cell fate specification, the 

currently available data suggest that asymmetric division, by virtue of excluding important 

effector fate-associated factors from one of the two nascent daughter cells, enables the 

simultaneous generation of effector- and memory-fated precursor cells.

Asymmetric division has been observed in CD4+ T cells responding in vivo to Leishmania 

infection [5], raising the possibility that asymmetric division may also regulate an early 

divergence in CD4+ T lymphocyte fates. During an immune response to LCMV or Lm, TH1 

effector cells, identified by high expression of IL-2Rα and T-bet, and TFH cells, identified 

by high expression of CXCR5 and Bcl6, were detected as early as the second division [30, 

31], suggesting that divergence of these two cell fates occurs early during the immune 

response. Moreover, the adoptive transfer of CXCR5loT-bethi TH1 cells or CXCR5hiT-betlo 

TFH cells into recipient mice at 7 days post-infection showed that a subset of TH1 effector 

cells can survive to become TEM cells, while a subset of CXCR5hi cells forms the TCM pool 

[31] (Figure 1B). T-bet can be asymmetrically degraded during the first division by 

activated naïve CD4+ T cells as a result of unequal distribution of the proteasome 

degradation machinery [32]. Because pseudo-substrate inhibition of PKCζ has been shown 

to reduce asymmetric division in CD4+ T lymphocytes [32], it is intriguing to speculate that 

asymmetric division may play a functionally important role in CD4+ T cell fate 

specification, similar to that observed in CD8+ T cells [29]. In this way, asymmetric division 

might also specify heterogeneous CD4+ T cell fates at the first division and potentiate 

divergent pathways of differentiation into TH1/TEM or TFH/TCM cell fates; this hypothesis, 

however, remains to be addressed experimentally. Moreover, whether other CD4+ TH 

subsets follow similar divergent pathways of differentiation as TH1 and TFH cells remains to 

be investigated (see Outstanding Questions Box). There is evidence to suggest that the 

various effector TH subsets can exhibit reversible plasticity between fates [33], indicating 

that effector TH cells may be derived from the same precursor cells. Furthermore, TFH cells 

have been shown to upregulate the lineage-defining transcription factors of other TH subsets, 

depending on the type of infection [34–36]. It is therefore possible that the inflammatory 
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environment produced in the presence of a particular pathogen could dictate the production 

of the appropriate effector TH subset, whereas asymmetric division by activated naïve CD4+ 

T lymphocytes may serve as a mechanism to preserve TCM and TFH cell differentiation 

regardless of the type of infection. Alternatively, CD4+ T cells can modulate their 

differentiation programs through repeated encounters with antigen-presenting cells after the 

first division [37], which raises the possibility that CD4+ T lymphocytes could undergo 

successive rounds of asymmetric division to produce a full spectrum of TH subsets 

responding to any given infection.

Additional lymphocyte subsets, including non-circulating tissue resident memory T cells 

[38, 39] and long-lived effector CD8+ T lymphocytes [29, 40, 41], have also been identified 

after acute infection; however, the ontogeny of these subsets remains less defined (Figure 

1A). The observation that memory CD8+ T lymphocytes can undergo asymmetric division 

upon rechallenge [42] raises the possibility that additional asymmetric divisions during the 

primary immune response may mediate further divergence of early responding T cells into 

these additional effector and memory lineages. However, aPKC does not appear to be 

involved in CD8+ T cell fate determination after the first division, based on the observation 

that wild-type and aPKC-deficient pre-memory cells, when adoptively transferred in equal 

numbers into infection-matched recipients, were capable of responding robustly to 

rechallenge [29]. If additional rounds of asymmetric division were to occur, therefore, it is 

possible that other members of the polarity network could be involved. Studies of these 

polarity proteins, however, have not yet addressed their role in asymmetric T lymphocyte 

division or have been limited to previously activated T lymphocyte populations [43–53]. 

Moreover, loss of Scribble does not appear to affect CD8+ T cell responses to influenza 

virus [53]. Characterization of immune responses in which polarity proteins are absent prior 

to the first division would yield insights into how T lymphocytes regulate asymmetric 

division, how polarity network proteins impact the generation of functional immune 

responses, and whether they are required for further asymmetric divisions after the first cell 

division. Investigating the precise role of polarity proteins in T lymphocytes may also 

enhance our understanding of these proteins in regulating cell fate decisions in other 

immune cells (Box 2)

Our work has also provided insight into the cell biology underlying asymmetric division by 

T lymphocytes. Contrary to findings from Drosophila neuroblasts and C. elegans embryos 

(Box 1), symmetry breaking and establishment of asymmetry in activated naïve CD4+ and 

CD8+ T lymphocytes does not appear to involve the Scribble or PAR polarity complexes, as 

Scribble is polarized late following activation [54] and loss of PKCζ or PKCλ/ιdid not affect 

immune synapse formation [29]. Instead, two important functions of the immune synapse 

are required: TCR engagement and integrin-binding interactions. Adoptive transfer of naïve 

CD8+ T cells into RAG-deficient mice [5], which led to TCR-independent homeostatic 

expansion [55], or into ICAM1-deficient mice, in which dendritic cells exhibit impaired 

binding to T cells [56], followed by microbial infection [5] resulted in greatly reduced 

asymmetric division. Moreover, King et al. have demonstrated that low affinity TCR 

interactions were unable to induce asymmetric division [57], which suggests that a T 

lymphocyte must overcome a certain threshold to undergo an asymmetric division. This 
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threshold effect may be related to T lymphocyte conjugation time with dendritic cells, as 

sustained contact with an antigen-presenting cell is thought to be required for asymmetric 

division [58] and low affinity TCR interactions decreased conjugation times with dendritic 

cells [57]. As noted above, the maintenance of asymmetry through the completion of mitosis 

requires aPKC [29], suggesting an important role for the polarity complexes in regulating 

this latter stage of asymmetric division. Together, these findings suggest a model of 

asymmetric division whereby an antigen-presenting cell provides an initial extrinsic polarity 

cue to establish a polarized immune synapse and orient the plane of asymmetry, while 

polarity complex proteins provide further intrinsic cues to maintain this asymmetry through 

the completion of mitosis (Figure 1C). Although many proteins involved in immune synapse 

formation have been identified, additional studies will be required to fully elucidate their 

impact in controlling asymmetric T cell division and T lymphocyte fate.

Extrinsic signals contribute to late diversification of single-cell derived 

progeny

While asymmetric segregation of fate-determining factors in mitotic T cells can direct the 

divergence of daughter cells towards different lineages early in the immune response, cell-

extrinsic signals derived from the microenvironment may help shape the development of 

single-cell derived progenies into terminal effector and long-lived memory subsets at the 

population level during later stages of a primary infection. In two recent studies that 

combined single-cell lineage tracing methodologies (DNA-barcode labeling [25] or cell 

tracking by the detection of combinations of congenic markers [4]) with mathematical 

modeling approaches, the progenies of individual activated naïve T lymphocytes responding 

to microbial infection in vivo were found to differ in their size and expression of KLRG1, 

CD27, and CD62L. These data suggested that individual naïve T cells may contribute 

differentially to the terminal effector and self-renewing memory T cell subsets, and that the 

functional heterogeneity observed at the population level during the immune response may 

be the result of averaging stochastic behaviors of individual cells, such that multiple 

activated naïve cells may be required to yield a uniform reproducible immune response. 

Mathematical modeling of the differentiation path of activated CD8+ T lymphocytes were 

suggestive of a linear model of differentiation, i.e. naïve→TCM → TEM→effector cells [4], 

rather than an early divergent model. One limitation of these studies, however, was that 

analysis of the proliferative activities [4] or T cell family size [25] of single-cell derived 

progenies were performed only at late time points after infection (days 5–8 post-infection) 

using a limited set of phenotypic markers to distinguish between putative pre-effector and 

pre-memory cells. Thus, these limitations may have precluded the ability of these studies to 

detect an early divergence in T cell fates.

The use of selected phenotypic markers in the preceding studies highlights a current 

challenge for the field of linking phenotypic diversity with functional heterogeneity. 

Phenotypic heterogeneity in T cell subsets is typically distinguished by differences in the 

expression of cell surface molecules, such as CD27, KLRG1, and IL-7R, during the 

expansion phase of the immune response [4, 28, 59, 60]. For instance, KLRG1 and IL-7R 

are used to distinguish terminal effector (KLRG1hiIL-7Rlo) and putative memory precursor 
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(KLRG1loIL-7Rhi) T lymphocyte subsets that are presumed to be destined for death or 

survival after pathogen clearance, respectively [28, 60]. While these markers can be useful, 

they are not always predictive of cell death and survival [28]. At the single-cell 

transcriptional level, individual CD8+ T cells with high IL-7R protein expression at day 7 

post-infection were found to comprise a mixture of terminal effector and memory cells [16]. 

Thus, similarity in the expression of phenotypic markers, particularly at later stages of the 

immune response, does not necessarily equate with functional similarity. These findings 

underscore the importance of identifying alternative molecular and phenotypic markers early 

in the immune response that are more predictive of distinct cell fates.

Understanding diversification using single-cell technologies

A comprehensive understanding of the ontogeny of effector and memory T lymphocytes 

responding to infection will require a temporal analysis that combines in vivo single-cell 

lineage tracing technologies with high-throughput transcriptomic, epigenetic, proteomic, and 

metabolomics approaches (Figure 2). Resolving the precise differentiation path of individual 

T lymphocytes into different effector and memory cell fates will necessitate the tracking and 

sampling of molecules (DNA, RNA, protein) within the same cell of single-cell progenies 

over time and at different anatomical locations. While this is not yet technically feasible, in 

vivo lineage tracking methods [24] and emerging single-cell technologies (Box 3) are 

available to interrogate individual activated T cells at sequential time points in the immune 

response. MARS-Seq and Drop-Seq approaches have recently been applied to analyze 

heterogeneity in the hematopoietic system and mouse retinal tissue composition [61, 62], 

respectively, using dissociation of lymphoid and non-lymphoid tissues followed by single-

cell RNA sequencing and analysis in parallel. Because these approaches employ multiple 

levels of barcoding (molecular and cellular) prior to RNA sequencing and subsequent 

computational analyses, the cell of origin for a single transcript can be delineated. Thus, 

cellular heterogeneity can be dissected at single-cell resolution in an unbiased way by 

integrating the transcriptional networks of non-preselected cell types. These deconstructive 

[61] methods, coupled with model systems of infectious disease and the analysis of different 

anatomical locations, could be applied to create a time-series snapshot of how individual 

precursor T lymphocytes differentiate into effector, memory, and tissue resident memory T 

lymphocytes, and may provide additional information about their respective migratory 

patterns.

The finding that distinct transcriptional signatures predictive of an effector- or memory-fated 

lineage can be identified in single cells early after infection [16] suggests that disparate fate 

propensities may be imprinted into the two daughter cells at the first cell division. In recent 

years, there has been considerable interest in understanding the epigenetic landscape of 

memory T lymphocyte transcription patterning (reviewed by Weng et al. [63] and 

Youngblood et al. [64]) and the role of regulatory noncoding RNAs in CD4+ (reviewed by 

Pagani et al. [65]) and CD8+ T cell differentiation [66]. Recent profiling of the dynamics of 

chromatin modifications during different stages of hematopoietic differentiation has 

identified chromatin patterns that are lineage-specific [67]. Whether terminal effector and 

memory T lymphocytes display lineage-specific patterns of epigenetic imprinting and 

whether an asymmetry in the epigenetic landscape of T lymphocytes can be detected early 
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during an immune response remain to be determined. Future exploration into the temporal 

dynamics of transcription networks and gene expression regulatory mechanisms will be 

needed to yield mechanistic insights underlying differential gene expression [16], cell 

proliferation [68], homing [69], and functional diversity [70] that, collectively, underpin the 

differentiation of T lymphocytes into distinct fates.

In addition to potential transcriptional regulatory ‘programs’, metabolic changes have 

recently been implicated in driving differentiation into effector and memory T lymphocyte 

fates [22, 71, 72]. Genes that encode for molecules of the glycolysis, glutaminolysis, and 

lipid biosynthesis pathways are highly expressed in effector T cells but downregulated in 

memory T cells [72, 73], and these distinct metabolic programs have been shown to sustain 

the respective functions of terminal effector and memory cells [71, 72]. As fate-associated 

molecules that are asymmetrically segregated in dividing T cells begin to be uncovered, can 

an early asymmetry in cellular metabolic processes be identified at the single-cell level? 

Measuring metabolites in single T lymphocytes early in the immune response using high-

throughput microfluidic cytometry, single-cell microarrays, and single-cell mass 

spectrometry [74, 75] will be key to understanding whether disparate metabolic processes 

drive T cell fate formation or are solely a product of differentiation into the effector or 

memory lineages. This knowledge will be important for the rational design of metabolically 

targeted immunotherapies that enhance immune responses.

Further study of how asymmetric division contributes to T lymphocyte diversity will require 

an experimental system with the capacity to trace multigenerational lineages in vivo at the 

single-cell level for downstream transcriptomic, epigenetic, and proteomic analyses on the 

cellular progenies. Applications of fluorescent protein technologies have allowed the 

progeny of Drosophila germline stem cells and neuroblasts to be traced following an 

asymmetric division [76–78]. To effectively study the role of asymmetric division in the 

immune response, an ideal system would employ a genetically encoded fluorescent reporter 

to follow the expression of a fate-determining gene or protein that is asymmetrically 

segregated in dividing T cells, maintained during subsequent divisions, and is detectable in 

the progenies of only one daughter cell (Figure 2A). However, considerable overlap in gene 

expression between naïve and memory cells [63] and rapid upregulation of effector-

associated molecules in activated naïve CD8+ T cells, such as Granzyme B and T-bet [80], 

even prior to their first division will make fluorescent labeling specifically in early effector- 

or memory-fated daughter cells challenging to implement and interpret. Nonetheless, future 

studies investigating the role of asymmetric division in the immune response will benefit 

from the application of sophisticated microscopy tools that can visually track cell division 

events and potential asymmetric signaling molecules in dividing T cells after infection. Such 

technologies include intravital microscopy, dynamic in situ cytometry (DISC) [79], 

intravital dynamics-immunosignal correlative microscopy [80], which have been used to 

analyze single T cell dynamic behavior in situ, and high-throughput two-photon microscopy 

[81] for in vivo imaging of T cells at different anatomical locations. Future studies 

combining the aforementioned techniques should allow for an in-depth analysis of the role 

of asymmetric division in shaping heterogeneous T lymphocyte responses.

Arsenio et al. Page 9

Trends Immunol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Concluding remarks

The findings reviewed here have suggested that early and late diversification mechanisms 

[3–5, 16, 25, 29, 32, 57, 58, 69, 82, 83] likely cooperate to shape heterogeneous adaptive 

immune responses to infection, ultimately resulting in the formation of terminally 

differentiated effector and self-renewing memory T lymphocytes that are required for 

durable immunity (Figure 1). However, several gaps in our understanding remain. If 

asymmetric division is completely ablated, can memory cells still form? Additionally, while 

asymmetric division appears to result in daughter cells with distinct fate predispositions, to 

what extent does asymmetric division modulate other aspect of T lymphocyte biology? First 

division daughter cells can inherit differential amounts of homing receptors, CD62L and 

LFA-1 [5, 16], but how this affects the subsequent function of effector- and memory-fated 

precursors is unknown. Similarly, beyond early specification of the effector and memory 

fates, does asymmetric division function to specify other fates, including tissue resident 

memory cells and “virtual” memory cells, which may arise via non-antigenic stimulation 

[84–87]? Whether a T lymphocyte is capable of undergoing multiple rounds of asymmetric 

division to potentiate additional heterogeneity within an adaptive immune response remains 

to be determined. While these questions require further exploration, understanding the 

process of T lymphocyte differentiation warrants continued application of single-cell 

technologies to analyze differences in gene expression and associated regulatory 

mechanisms at early and late times after microbial infection (Figure 2). Such studies will be 

crucial to identifying novel T cell fate-associated markers and will yield new insights into 

how heterogeneous T lymphocyte fates are specified during the complex orchestration of an 

immune response.
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Glossary Box

Atypical protein 
kinase C (aPKC)

An evolutionarily conserved polarity protein that regulates 

asymmetric division

Hidden Markov 
Model (HMM)

A statistical Markov model that ascertains hidden states that remain 

unobserved during biological processes

Long-lived effector 
T lymphocyte

Subset of effector T cells that survives into the memory phase of 

the adaptive immune response, exerts potent protective responses, 

but exhibits poor proliferative capacities; ontogeny is less defined

Partitioning 
defective (PAR) 
polarity complex

Important polarity complex known to regulate asymmetric division; 

members include PAR3, PAR6, and aPKC

Proximal and 
distal daughter 
cells

Upon activation, a T lymphocyte forms an immune synapse with an 

antigen-presenting cell (APC); the T lymphocyte maintains this 

contact as the cell divides. The nascent daughter cell that was in 

close proximity to the APC has been termed the ‘proximal’ 

daughter cell. whereas the nascent daughter cell away from the 

APC and distal to the immune synapse has been called the ‘distal’ 

daughter cell [5]. It has been hypothesized that proximal daughter 

cells have a predisposition towards the terminal effector fate. 

whereas distal daughter cells have a predisposition towards the 

memory fates

Scribble polarity 
complex

Antagonist of the PAR polarity complex to maintain asymmetry 

within a cell: members include Scribble, Discs large (Dlg), and 

Lethal giant larvae (Lgl)

TCM central memory T lymphocyte Long-lived memory subset defined 

by high expression of CD62L and CCR7; TCM cells patrol 

lymphoid organs and undergo robust proliferation upon antigen 

rechallenge

TEM, effector 
memory T 
lymphocyte

Long-lived memory subset defined by low expression of CD62L 

and CCR7; TEM cells exert immediate effector function upon 

antigen rechallenge

Terminal effector 
T lymphocyte

Mediates cytotoxic activities to provide acute protection against 

microbial infection; characterized by high rates of proliferation 

early during the immune response; followed by rapid apoptosis 

after pathogen clearance
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TRMtissue resident 
memory T 
lymphocyte

T lymphocyte subset defined by high expression of αE integrin 

CD103 and CD69 for both CD4+ and CD8+ TRM cells; TRM cells 

reside within peripheral tissues to mediate host protective responses 

(reviewed by Park et al [130]); ontogeny is less defined
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Box 1. Asymmetric cell division in Drosophila and C. elegans

Asymmetric division has been well studied in Drosophila neuroblasts [95] and C. 

elegans embryos, which undergo one or more rounds of asymmetric division to yield 

self-renewing and terminally differentiating cell lineages [96]. Intrinsic and extrinsic 

polarity and spatial cues regulate the initiation and advancement into and through an 

asymmetric division [97]. The process is often guided by a pair of evolutionarily 

conserved polarity complexes, including the Scribble complex, which contains Scribble, 

Discs large (Dlg), and Lethal giant larvae (Lgl), and the partition defective (Par) 

complex, which contains Par3, Par6, and atypical protein kinase C (aPKC) [98–100]. In 

Drosophila and C. elegans model systems, these polarity proteins play fundamental roles 

in both establishing and maintaining asymmetry following an initial symmetry breaking 

event [101].

In a dividing Drosophila neuroblast, aPKC phosphorylates Lgl [99, 102], which serves to 

inactivate Lgl and restrict its localization to one pole of the dividing cell [103]. 

Conversely, Lgl can bind to aPKC, repressing its activity and restricting aPKC to the 

opposite pole [104, 105]. Thus, an antagonistic relationship between the Scribble and Par 

complexes serves to establish and maintain an axis of polarity within a dividing 

neuroblast following an initial extrinsic polarity cue [6]. In addition to Lgl, aPKC can 

phosphorylate Numb [106], which is an inhibitor of Notch signaling [107], and Miranda 

[98], which binds to the fate determinants, Prospero and Brain tumor (Brat) [108], 

causing these proteins to segregate into the daughter cell destined for terminal 

differentiation. In this manner, aPKC functions to direct protein localization during 

division and regulate the balance between self-renewal and terminal differentiation [6, 

94].

Activating proteins upstream of the Par polarity complex in Drosophila may exert a 

threshold effect that regulates asymmetric division [109] similar to that induced by TCR 

signal strength in T lymphocytes [57]. The cell cycle kinase, Cdc2, can activate Aurora A 

[110], which in turn can activate aPKC [111]. Furthermore, the levels of Cdc2 within a 

dividing Drosophila neuroblast determine whether or not a cell divides and whether or 

not the division is asymmetric [109]. While it remains unclear whether intrinsic or 

extrinsic cues are responsible for setting the levels of Cdc2, these types of threshold 

effects may be important for dictating cell fate by balancing the frequencies of 

asymmetric versus symmetric divisions. Future studies that utilize lessons in polarity 

learned from Drosophila and C. elegans model systems will be critical for understanding 

the biology of asymmetric division by T lymphocytes.
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Box 2. Polarity protein regulation of asymmetric division in hematopoietic 
cell lineages

T lymphocytes are not the only cells of the hematopoietic system that have been shown 

to undergo asymmetric division. Hematopoietic stem cells (HSCs) undergo symmetric 

and asymmetric divisions to balance self-renewal and differentiation [112, 113]. 

Thymocytes have long been proposed to undergo asymmetric division on the basis of 

cell-kinetic and morphological studies [114, 115]. B lymphocytes have also been 

observed to undergo asymmetric divisions during germinal center reactions [116] and can 

asymmetrically distribute antigen following activation [117]. However, a functional role 

of asymmetric division, regulated by the evolutionarily conserved polarity complexes, in 

determining cell fate choices in these hematopoietic lineages has been elusive.

In HSCs, an RNA interference screen identified Pard6a (Par6) and Prkcz (PKCζ) as 

important players in retaining HSC self-renewal capabilities [118], while deficiency of 

Lgl1, a phosphorylation target of aPKC in Drosophila [99, 102], increased the number of 

HSCs with a capacity for self-renewal [119]. However, studies of PKCζ and PKλ/ι in 

HSCs have shown that aPKC may be dispensable for HSC function and differentiation 

[120]. In thymocytes, knockdown of Scribble blocks T cell development at the double 

negative 3 (DN3) stage [121], but Dlg1 and PKCζ knockout mice display normal 

numbers and percentages of peripheral T cells [45, 122] and Scribble-deficient, Dlg1-

deficient, or Lgl1-deficient fetal liver cells generate normal percentages of CD3+ T cells 

in the blood 6–10 weeks after transfer into recipient mice [53]. In B cells, deletion of 

Scribble, Dlg1, and Lgl1 did not appear to have an effect on B cell development or B cell 

antibody production in vitro or in vivo, following immunization with influenza antigen 

[53].

Notably, because the aforementioned studies did not investigate an impact on asymmetric 

division in the absence of the studied polarity proteins, it remains unclear whether 

asymmetric division has a functional impact on cell fate determination in these cell 

lineages. The discovery of an additional related polarity protein, Par3-like, that acts 

independently of the normal polarity complexes to regulate mammary stem cell 

maintenance [123, 124] suggests that regulation of asymmetric division in mammalian 

cells may be more complex than previously appreciated. Moreover, while often 

expressed as single genes in lower organisms, vertebrate species often express multiple 

isoforms and multiple splice variants of a given polarity protein [123, 125], further 

complicating the interpretations of single knockout studies in mammalian systems, as 

compensatory mechanisms could be at play. Future studies that correlate alterations in 

asymmetric division with readouts of cell fate determination will be necessary to fully 

understand the role of asymmetric division and polarity proteins in hematopoietic-derived 

cell lineages.
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Box 3. Emerging single-cell technologies

As a growing number of complex biological systems have been found to consist of 

coordinated effects of individual behaviors of single cells [12–19], new technologies are 

being developed to assess the transcriptomic, epigenetic, and metabolic composition of 

individual cells in order to predict subsequent behavior and cell fate choices. Massively 

parallel single-cell RNA-sequencing (MARS-seq) is an automated high-throughput 

platform that combines molecular barcoding with single-cell RNA sequencing, which 

allows for the assessment of molecular heterogeneity without making a priori 

assumptions based on surface markers or previously defined cell types [61]. Similarly, 

newly developed Drop-seq technologies encapsulate single cells into nanoliter-sized 

aqueous droplets with different DNA-barcoded material for high-throughput sequencing 

of thousands of cells in parallel, helping to reveal population structure, gene regulatory 

linkages, and rare sub-populations within any given system [62, 126]. Regarding 

epigenetic regulation, assays for transposase-accessible chromatin with high-throughput 

sequencing (ATAC-Seq) have now reached single-cell resolution, allowing accessible 

regions of chromatin to be probed in individual cells. Single-cell ATAC-Seq has been 

applied to human and mouse cells, revealing regulatory elements that might be 

responsible for the cell-to-cell variability in gene expression and heterogeneity observed 

within a given population [127, 128]. Additionally, mass cytometry techniques have been 

developed that combine time-of-flight mass spectrometry with metal-labeling technology 

for multiparameter protein expression analyses at the single-cell level, allowing for 

extensive investigation of cellular heterogeneity and developmental processes [129]. 

Finally, single-cell mass spectrometry has been developed and used to investigate 

metabolic and small-molecule networks that underlie commitment to neuronal, 

epidermal, and hindgut fates in single cells of developing Xenopus embryos [75]. 

Applications of these emerging technologies during T lymphocyte differentiation will 

prove invaluable in revealing mechanistic insights controlling lymphocyte diversification 

and fate decisions.
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Outstanding Questions Box

• Can a multi-faceted asymmetry of cell fate-determining mechanisms in the 

progeny of initial responding T lymphocytes be identified early in the immune 

response?

• How are the distinct gene expression patterns that are found in effector- and 

memory-fated first daughter T cells regulated by RNA- and epigenetic-based 

mechanisms?

• Can a disparity in metabolic function be detected amongst differentially fated T 

lymphocytes early in the immune response?

• What molecules are responsible for transmitting the initial polarity cue 

downstream to activate aPKC during the first division by activated T 

lymphocytes?

• Do naïve CD4+ T lymphocytes make use of asymmetric division to differentiate 

into TH subsets (TH17, TH9, TH2, regulatory T cells, etc.) in response to 

different pathogens?

• Is asymmetric division by CD8+ T lymphocytes compromised in the absence of 

CD4+ T cells?

• Can surface markers be found earlier in the immune response that better predict 

and represent functional heterogeneity?

• What is the function of evolutionarily conserved polarity proteins in regulating 

asymmetric division and fate specification of CD8+ T lymphocytes?
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Trends Box

• Recent studies using limiting dilution strategies or novel cell tracing techniques 

have demonstrated that a single naïve CD4+ or CD8+ T lymphocyte can 

generate a heterogeneous adaptive immune response.

• Application of emerging single-cell technologies has revealed an early 

divergence of terminal effector and self-renewing memory lymphocyte fates that 

can only be observed at the single-cell level.

• Impaired asymmetric division at the initiation of the adaptive immune response 

reduces early molecular heterogeneity of CD8+ T lymphocytes, thus altering the 

balance of effector- and memory-fated precursor cells and reducing 

differentiation into the memory T lymphocyte fates.

• Single-cell approaches will be essential to improving our understanding of T 

lymphocyte fate determination and advancing vaccination and therapeutic 

approaches that enhance long-term protective immune responses.
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Figure 1. 
T lymphocyte differentiation into diverse fates. (A) Hypothetical model of CD8+ T 

lymphocyte fate specification. Asymmetric division of an activated naïve cell (white) gives 

rise to pre-effector (teal) and pre-memory (yellow) daughter cells, while environmental cues, 

such as cytokines and metabolites, may differentially affect progression into the terminal 

effector (blue) or TEM (orange) and TCM (light orange) cell fates, respectively. Dotted lines 

indicate the proposed ontogeny of long-lived effector (dark blue) and TRM (red) cells. (B) 
Hypothetical model of CD4+ T lymphocyte fate specification. Differentiation into TH1 

effector (light green) and TFH (gray) cells diverges early during an immune response to 

Arsenio et al. Page 23

Trends Immunol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intracellular pathogens, as a possible result of asymmetric division. A subset of TH1 effector 

cells survives to form the TEM pool (dark green), while a subset of TFH cells survive to form 

TCM cells (black). It remains to be determined whether infections by extracellular pathogens 

induce divergent pathways of differentiation into TH2 or TH17 effector cells (blue) and 

TFH/TCM cells. (C) Potential mechanisms regulating establishment and maintenance of 

asymmetric T lymphocyte division. (i) An antigen-presenting cell provides an initial polarity 

cue (MHC/peptide and ICAM) to a T lymphocyte through interaction with the TCR and 

LFA-1 [5, 57], leading to (ii) formation of an immune synapse and establishment of 

asymmetry. (iii) Critical components of the immune synapse, including PDK1 [88], PI3K 

[89], and Cdc42 [90], which have been previously shown to be activators of aPKC in 

adipocytes and Drosophila and C. elegans [91–93], may function similarly in T 

lymphocytes to transmit the initial polarity cue to aPKC. (iv) Activated aPKC, bound with 

PAR3 and PAR6 [58], can then phosphorylate, and thereby exclude, important fate 

determinants that enter the distal pole (red) of the T lymphocyte, thus (v) maintaining 

asymmetry through the completion of division. In Drosophila and C. elegans, the Scribble 

and PAR complexes have an antagonistic relationship (i.e. aPKC phosphorylates Lgl to 

induce polarization, whereas Lgl represses aPKC activity), which serves to restrict aPKC 

activity to one pole of a dividing cell and coordinate the maintenance of asymmetry [94]. It 

remains to be determined whether a similar antagonistic mechanism functions in T 

lymphocytes to facilitate (vi) the generation of effector-fated daughter cells, which express 

IL-2Ra, IFNγR, and T-bet (blue), and memory-fated daughter cells via asymmetric division. 

Abbreviations: TEM, effector memory cell; TCM, central memory cell; TRM, tissue resident 

memory cell; TH, helper T cell; TFH, follicular helper T cell; TCR, T cell receptor; LFA, 

lymphocyte function-associated antigen; aPKC, atypical protein kinase C; PDK1, 

phosphoinositide-dependent kinase-1; PI3K, phosphoinositide-3 kinase; Cdc42, cell division 

control protein 42; PAR, partitioning defective; Lgl, lethal giant larvae; IL-2Rα, 

interleukin-2 receptor α; IFNγR, interferon-γ receptor.
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Figure 2. 
Possible approach to study T lymphocyte differentiation combining in vivo fate mapping 

with single-cell technologies. Microbial infection triggers the adaptive immune response. T 

lymphocytes are activated and undergo multiple rounds of cell division for clonal expansion 

and differentiation into effector and memory subsets. (A) Asymmetric division at the first 

cell division of an activated naïve T cell (white) results in unequal inheritance of a 

hypothetical fate-associated molecule (small green or pink circles) into one of the two 

daughter cells (pre-memory cells (yellow); pre-effector cells (teal)). Fusion of the fate-

determining molecule to a fluorescent protein could enable the tracking of progenies 

throughout the immune response, if expression of the fate-determining molecule is 

maintained and detectable in the progenies of only one daughter cell. (B) Single cells sorted 

on the basis of fusion fluorescent protein expression at early and late times post-infection, 

together with cell surface markers that distinguish terminal effector cells (dark blue) at days 

7–8 post-infection and memory cell subsets at day 30 post-infection and beyond (long-lived 

effector (purple), TCM (light orange), TEM (orange), TRM (red)) by flow cytometry. (C) 
Single-cell technologies enable the interrogation of individual responding T lymphocytes at 

multiple levels of regulation: RNA, gene expression, epigenetic, cellular metabolism, and 

protein expression. Combinatorial analyses of these approaches with computational 

modeling create a global overview of when and how T cell fates are acquired during an 

immune response. Abbreviations: TCM, central memory cell; TEM, effector memory cell; 

TRM, tissue resident memory cell; miRNA, microRNA; MARS-Seq, Massively Parallel 

Single-Cell RNA-Seq; ATAC-Seq, Assay for Transposase-Accessible Chromatin with high-

throughput sequencing; ChIP, chromatin immunoprecipitation; Seq, sequencing.
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