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Regulation of T cell activation and proliferation through cell-intrinsic cytoskeletal 

elements and cell-extrinsic cellular interactions 

 

Adriana Marie Mujal 

 

ABSTRACT 

An efficacious immune response requires both rapid clonal expansion of activated T 

cells and homeostatic turnover to maintain the T cell compartment. These various proliferative 

processes are driven by different stimuli such as T cell receptor signaling or cytokines that act 

independently or synergistically. Although it has been thought that these distinct cues result in 

similar use of cellular machinery to undergo cell division, we found that CD8+ T cell division 

selectively requires the septin cytoskeleton depending on the stimulus condition. Septin-

deficient CD8+ T cells undergo robust proliferation when activated by antigen-presenting cells 

(APCs) that provide co-stimulatory PI3K signaling, but these T cells exhibit cytokinetic failure 

following cytokine-driven division. This differential requirement for septins reveals previously 

unrecognized complexity of T cell proliferation with the potential for therapeutic modulation of 

context-specific T cell expansion. 

As specialized APCs, dendritic cells (DCs) play a central role in initiating and guiding 

antigen-specific T cells responses. For example, in the setting of cancer, a pro-stimulatory 

CD103+ DC population has been identified as required for driving effector CD8+ T cell activity. In 

addition to targeting CD8+ T cells, therapeutic modulation of effector CD4+ T cells may too have 

clinical benefit in augmenting anti-tumor responses. It has been unclear, however, which 

myeloid population is predominantly involved in initial priming of CD4+ T cells. To address this 

diversity in DC populations that participate in anti-tumor responses, we have employed single-

cell RNA-sequencing to investigate the heterogeneity present in the lymph node (LN) myeloid 

compartment and to better understand the migratory DC populations that traffic from the tumor 
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to the local draining LN. From this, we have used a combination of in vivo and in vitro assays to 

identify multiple tumor-antigen bearing CD11b+ DCs subsets in the lymph nodes that can 

contribute to anti-tumor T cell response. 
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INTRODUCTION 

 

I. INTERFACE BETWEEN INNATE AND ADAPTIVE IMMUNITY 

The immune system relies on adaptive antigen-specific immune cells to coordinate 

responses that attack and eliminate foreign entities (e.g. pathogens) while preserving non-

threatening self-expressing cells (e.g. host tissue cells). Burnet’s original theory of clonal 

selection posited the role for antigen-specific lymphocytes that could be triggered to expand in a 

clonal fashion1. This model was first centered on antibody-producing B cells, but was later 

extended to T cells, and here we will focus exclusively on the T cell arm of the adaptive immune 

system. T cells ultimately posses the potential to directly lyse and kill other target cells and 

regulation of T cell activation must fundamentally balance the need for antigen-specific 

protection and the danger of off-target autoimmunity. Initiation of T cell activation thus requires a 

series of sequential biological processes summarized below, with the collective T cell response 

resulting from the integration of multicellular and environmental cues.  

In brief, rearrangement of the variable domains of a given cellular clone’s T cell receptor 

(TCR) endows lymphocytes with antigen-specific recognition and these receptor permutations 

allow for a polyclonal repertoire that equips the immune system with broad coverage and 

versatility in responding to unknown antigens that have not yet been introduced to the host 

system2. Positive and negative selection processes against self-antigens in thymus generates a 

polyclonal repertoire of mature CD8+ and CD4+ T cells that are both self-MHC restricted and 

responsive to foreign antigen3. These naïve T cells home to peripheral secondary lymphoid 

organs (SLO) such as the lymph node (LN) or the spleen. Upon entry in a SLO, T cells localize 

to the T cell zone through expression of CCR74 where they receive survival factors like IL-7 and 

tonic TCR signaling through self-peptide-MHC (-pMHC)5. These processes maintain a diverse 

set of quiescent T cells that is critical to both ensure immunological readiness against 

pathogens or tumor outgrowths and to protect the host against spontaneous autoimmunity. 
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Triggering of T cell immunity is controlled by the innate immune system, and this 

relationship allows for cellular communication regarding the nature and magnitude of the 

immunological challenge and results in a tailored and systemic response distal to the insulted 

tissue. Antigen-specific T cell activation is typically initiated by dendritic cells (DCs) of the 

myeloid lineage, which were first identified by Ralph Steinman based on their morphology6. This 

cell population was soon demonstrated as superior in stimulating T cells and supporting 

cytotoxic T lymphocyte (CTL) development in mixed leukocyte reactions (MLRs) in vitro7,8. In 

support of this critical role in T cell activation, depletion of DCs with a Cd11c-DTR model 

abrogated CD8+ T cell priming in settings of bacterial and parasitic infections9. While this model 

results in broad ablation of Cd11c-expressing non-DC myeloid cells such as macrophages, 

more restricted depletion of DCs with Zbtb46-DTR mice again affirmed their key role in T cell 

priming10,11.  Notably, DCs express both MHC-I and MHC-II and initiate T cell responses through 

TCR binding to cognate pMHC. Although DCs express both MHC-I and MHC-II, different DC 

subset populations specialize in guiding CD8+ or CD4+ T cell activation and coordination likely 

allows for refined tuning of cellular immunity12,13. 

As a critical link between innate and adaptive immunity, DCs are considered 

‘professional’ APCs and process antigen to optimize for later loading on MHC molecules 

through multiple pathways14. As reviewed previously15, endogenous or viral cytosolic proteins in 

the DC are targeted to the proteasome for degradation and shuttled into the ER via the 

transporter TAP for loading onto MHC-I loading. Secretory proteins can also feed into this 

process through retrotranslocation from the ER to cytosolic processing by the proteasome. In 

addition, exogenous proteins can be processed in certain DC subsets for cross-presentation 

whereby antigen is transported from a phagosome to the cytosol through the translocon protein 

Sec61 and reimported into endosomes or the ER for MHC-I binding16. This process allows for 

antigen presentation of exogenous antigens to CD8+ T cells, which is especially critical during 

an ongoing viral or cancer response. Exogenous peptides that have been endocytosed are 
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similarly loaded on MHC-II, as are endogenous peptides processed within the endosomal 

network17. In addition, autophagy can shuttle cytosolic and extracellular antigens into 

lysosomes, which can enable loading on MHC-II, and may be especially relevant for viral 

responses and immune tolerance18,19.  

These antigen presentation pathways are in place to present both foreign- and self-

peptides. Several models have thus been put forth to explain how the immune system discerns 

between the two. DCs express a number of pathogen recognition receptors (PRRs) that bind to 

pathogen associated molecular patterns (PAMPs) that are specific to foreign pathogens and not 

host cells.  Charles Janeway proposed that these receptors signal the presence of pathogens 

and prompt DCs into action20. This model was later extended by Polly Matzinger to include 

damage associate molecular patterns (DAMPs), or signals generated from tissue damage and 

immunogenic cell death, as similarly stimulatory to DCs21. Indeed some of these DAMPs can 

signal through shared receptors as PAMPs. Although these models are not complete, they have 

served as a compelling framework for conceptualizing recognition of general tissue infection or 

damage. In these prototypical scenarios that pertain to a tissue or organ, ligation of surface or 

cytosolic PRRs triggers maturation of tissue-resident DCs. These activated DCs subsequently 

up-regulate CCR7 to migrate from peripheral tissue to draining LNs22. While immature DCs are 

relatively static in steady-state dermis, they become highly motile with activation and migrate 

toward lymphatic vessels where immobilized CCL21 has been observed at the basement 

membrane23.  

Upon arrival in the LN, DCs enter the subcapsular sinus region and descend along a 

CCL21 chemokine gradient through the floor to reach the parenchyma and T cell zone 24,25. 

Here in the T cell zone naïve T cells are highly motile and guided by the fibroblastic reticular cell 

(FRC) network as they use a combination of cell-intrinsic and –extrinsic mechanisms to search 

for the rare cognate pMHC-bearing DCs26. For example, myosin 1G has been demonstrated to 

facilitate a meandering walk pattern that optimizes efficient discovery of antigen-loaded DCs27. 
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In addition, chemotactic cues like CCL3 and CCL4 can attract naïve CD8 T cells to an ongoing 

response in the LN and increase the probability of successfully encountering a cognate pMHC-

bearing DC28.  Upon recognition of a cognate pMHC on a DC, T cells engage in stable contacts 

that persist for 12 hours, after which point they undergo rapid clonal expansion and swarm 

around the DCs29. Although sphingosine-1-phosphate (S1P) typically prompts T cells egress 

from the LN, activated T cells transcriptionally down-regulates S1pr1 and also up-regulates 

CD69 which further inhibits of S1P1R1 activity30. This initial retention in the LN allows for 

localized expansion and differentiation, after which point effector T cells egress from the LN and 

migrate to the site of immunogenic challenge. CD8+ T cells can differentiate into effector or 

memory cells and evidence suggests that programming of their fate can begin early during the 

activation process31,32. While CD4+ T cells contribute to a memory pool as well, they notably 

differentiate into functionally distinct helper T cell subsets that are tailored toward fighting 

particular classes of pathogens33.  

T cells are potent effectors of an adaptive immune response as they can augment 

immune activity of other immune cells, directly lyse target cells in an antigen-specific manner, 

and contribute to memory recall responses. Their activation thus must be tightly regulated by 

the innate immune arm as well as by other adaptive immune cells to appropriately tune a 

response to a given stimulus and achieve the appropriate magnitude of response. As illustrated 

above, T cell activation and expansion arises from cell-intrinsic mechanisms like T cell receptor 

(TCR) signaling pathways and cell division, but also is a product of cell-extrinsic interactions and 

signals from other immune cells. Further elucidation of the mechanisms that contribute to T cell 

responses and how external multicellular cues affect cell-intrinsic programming will contribute to 

a better understanding of how activated T cells are regulated in normal settings and how 

processes go awry in disease settings. 
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CHAPTER 1: T CELL ACTIVATION AND MAINTENANCE 

 

I. THE IMMUNOLOGICAL SYNAPSE AND T CELL RECEPTOR SIGNALING 

Cellular interactions between cognate pMHC-bearing APCs and antigen-specific T cells 

result in polarization of T cell receptors (TCRs) as well as associated surface receptors and 

signaling complexes at the region of contact, and this APC-T cell interface has been designated 

as the immunological synapse (IS)34,35,36. In early experiments the receptor components 

recruited to this interface exhibited a radially symmetric arrangement. First observed by 3D 

visualization of APC-T cell conjugates, TCR-pMHC clusters are found in the center encircled by 

the integrin LFA-1 to form an archetypal bull’s eye pattern37. These regions were defined as 

supramolecular activation complexes (SMACs) that include the central (c)SMAC of TCR and 

protein kinase C-θ, the peripheral (p)SMAC of LFA-1 and talin, and the distal (d)SMAC of CD45 

and F-actin38,39. Experiments with supported lipid bilayers that incorporate APC ligands like 

pMHC and ICAM-1 mimic the formation of these organized SMACs within T cells and have been 

a useful tool for visualizing and studying dynamics of IS generation40,41. While the prototypical IS 

is symmetrical and represents stably arrested cells, the IS can also exhibit various patterns in 

vitro and in vivo42,43,44. This variability is echoed by the findings that T cell activation can occur 

prior to stable arrest on an APC. Often T cells can remain motile for many hours as they engage 

in serial interactions with APCs and undergo active signaling and calcium flux before 

decelerating or stably arresting on an APC45,46,29,47. Contact dynamics with APCs are highly 

regulated and dependent on strength of TCR signaling and T cell cytoskeletal remodeling48,49,50. 

These motile contacts can be observed on lipid bilayers as well, especially as antigen dose is 

lowered51, and are referred to as “kinapses”52. Together these data suggest that IS dynamics 

and structure are flexible with a continuum of synapse formation structure as T cells accumulate 

signaling and eventually decelerate in velocity53.  
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T cells are exquisitely sensitive whereby a single pMHC can trigger recognition and 

downstream signaling, though sustained signaling requires 2-10 complexes54. While the 

molecular mechanism of pMHC discrimination by a TCR is still a source of active discussion, it 

has been proposed that the critical dwell time for a TCR to bind to an agonist pMHC and initiate 

signaling is ~2s39. Upon activation TCRs form microclusters and these are now considered the 

hub for initial signaling55. Peripheral microclusters emerge prior to the cSMAC and flow into the 

cSMAC, which may represent a site of TCR internalization and down-regulation instead of a 

defining event for T cell activation as originally presumed56. The TCR complex does not possess 

intrinsic catalytic activity but instead relies on phosphorylation of cytoplasmic immunoreceptor 

tyrosine-based activation motifs (ITAMs) by Lck upon productive pMHC-TCR binding, as well as 

recruitment and activation of effector kinases like ZAP-7057,58. To limit non-antigen-specific TCR 

signaling, negative regulation of signaling can occur through the Src kinase Csk and 

phosphatase activity of CD4555. Once set in motion, productive TCR signaling leads to 

phosphorylation and recruitment of the adaptor LAT. Here LAT acts as a scaffold to organize 

and generate critical downstream signaling events like intracellular calcium flux, key 

transcriptional programs through NFAT and NF-κβ, and cytoskeletal rearrangement59,55.   

A number of mechanisms may regulate initiation of TCR signaling in order to guard 

against spurious T cell activation60. As reviewed previously, different models propose that TCR 

triggering relies primarily on aggregation of signaling elements, conformational changes, or 

kinetic exclusion of inhibitory molecules from the TCR complex61. Aggregation refers to the need 

for physical accumulation of signaling components as a means to reinforce robust uninterrupted 

downstream signaling62. Other groups meanwhile have posited that productive p-MHC binding 

results in conformational changes that prompt TCR signaling. There is not consensus on the 

mechanism for this process, but studies have proposed that conformational changes occur in 

TCRαβ63 or the cytoplasmic tail of CD364,65,66. Finally, the kinetic segregation model has 

proposed that sustained TCR signaling occurs due to the segregation of vital regulatory 
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molecules at the immunological synapse67. This model rests on the argument that CD45’s 

relatively large and rigid extracellular domain may kinetically exclude it from the cSMAC where 

T-APC membranes are closely juxtaposed68,69,70, although additional mechanisms may be at 

play as well69. While still an active area of research, these different models may not be mutually 

exclusive from one another but instead represent a series of regulatory mechanisms in place to 

prevent off-target TCR activation.  

  

II. ROLE OF THE CYTOSKELETON IN EARLY T CELL ACTIVATION  

 The actin and microtubule cytoskeletal networks provide the underlying dynamic 

structure to organize processes fundamental to T cell activation: cellular polarity, immunological 

synapse formation, cell-cell adhesion, and directed secretion. While naïve T cells are highly 

motile in the LN, they must eventually transition from a migratory to arrested state as they form 

stable contacts with cognate antigen-bearing DCs and transfer signaling molecules through 

synaptic exchange. Naïve T cells migrate in a front-rear polarized fashion within the lymph node 

as they search for cognate antigen46,71. This high degree of motility, characterized by a 

meandering walk, allows the T cell ample but efficient opportunity to come across antigen-

bearing APCs27. Motile T cells exhibit ameboid morphology with a leading edge driven by Rac 

and Cdc42 GTPase activity and actin nucleation and a trailing uropod71. Retrograde cortical flow 

toward the uropod occurs in T cells72 and it is thought that myosin II motor proteins control this 

flow given their localization to the leading edge and subsequent retrograde flow toward the 

uropod as well73. This directional flow likely underlies the increased density of receptors like the 

TCR74, CD275, CD4376, and CD4477 at the uropod. Subsequent antigen recognition, however, 

can lead to T cell arrest through Ca2+-dependent and –independent mechanisms48,78,79,80 

whereby the T cell becomes spherical and absorbs its uropod81. It has been proposed that 

inactivation of myosin II executes this ‘stop signal’ as TCR signaling leads to changes in myosin 

II’s phosphorylation state and re-localization from the uropod to the synapse73. In accordance 
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with this model, inhibition of myosin II results in a loss of morphological polarity and motility. 

Although arrested T cells appear spherical morphologically, surface receptor distribution 

remains highly polarized with the IS at the APC-T cell interface and establishment of a distal 

pole complex82. To achieve this arrangement, TCR signaling reduces cellular rigidity and 

initiates surface receptor reorganization and clustering at the T-APC interface through 

dephosphorylation of ERM proteins and cleavage of actin-binding proteins like talin83,84,85. In 

addition to facilitating the clustering of integrins like LFA-1 at the IS, TCR “inside-out signaling” 

also induces high-affinity conformational changes in LFA-1 that augment binding to ICAM-1 on 

the APC surface and mediate strong cell-cell adhesion85,86. Together these processes organize 

T cell morphological and surface receptor polarity and coordinate shifts between motility and 

long durations of stable adhesion to APCs.  

 Immunological synapse formation is dependent on F-actin dynamics87,88,89 as actin 

retrograde flow drives TCR microcluster transport into the cSMAC and assembly of new 

microclusters90,91. TCR triggering results in localized actin-binding protein activity and actin 

polymerization at the IS. Although many actin regulators are involved in polarized actin 

nucleation92, critical factors include the guanine exchange factor (GEF) VAV1 and downstream 

effector GTPases CDC42 and RAC1. CDC42 and RAC1 regulate ARP2/3-mediated F-actin 

nucleation via WAVE2 and the WIP-WASP complex, as well as formin-driven nucleation. Actin 

regulation is undoubtedly complex, and concurrent actin depolymerization occurs to allow for 

inward TCR microcluster flow and cSMAC formation51, as reflected by the F-actin ring observed 

originally in the dSMAC. Although the complete regulatory mechanisms remain to be 

determined, TCR signaling also leads to polarization of the microtubule networks and 

centrosome, or, the microtubule-organizing center (MTOC)35,93,94. MTOC relocalization enables 

directed secretion of lytic granules through the synapse95 and the concomitant clearance of 

cortical actin in the synapse may facilitate centrosome docking and vesicle delivery96,97. In 
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addition to lytic granules, T cells can release certain cytokines like interferon-γ (IFNγ) in a 

directional manner that is dependent on microtubules98.  

 

III. CLONAL EXPANSION OF ACTIVATED T CELLS 

Robust proliferation of an antigen-specific T cell clone is critical to generate a pool of 

effector cells that can clear an immunological challenge as well as long-lived memory cells that 

can protect against future breaches. CD8+ T cells can divide rapidly with doubling times of 2-4 

hours99,100,101 and can achieve up to 50,000-fold increase in antigen-specific cell number102. 

Overall a number of factors contribute to the eventual T cell ‘burst size’ and these include the 

number of pre-existing antigen-specific cells in the naïve repertoire, the binding affinity of the 

TCR-pMHC, and the antigen density and stability, as reviewed by Tscharke and colleagues103. 

Yet, TCR signaling alone results in weak proliferation and anergy, and co-stimulatory signaling 

acts as ‘Signal 2’ to ensure and modulate complete T cell activation and effector 

generation104,105,106,107.  

For example, co-stimulatory CD28 signaling promotes activation and proliferation of T 

cells through several signaling pathways. The proximal YMNM motif on its cytoplasmic tail 

recruits the p85 subunit of phosphatidylinositol 3-kinase (PI3K) that induces activation of AKT108. 

This in turn activates downstream processes that support survival and hearty proliferation 

through kinases like mTOR, transcription factors like NF-κβ and NFAT, and other pro-survival 

factors like BCL-XL, GLUT1, and IL-2. In addition to the YMNM motif, CD28 contains a distal 

PYAP motif that recruits Lck and GRB2, which in turn activate PKCθ and increase NFAT-

mediated IL-2 production109. GRB2 can bind to both the YMNM and PYAP motifs and also 

activates c-Jun N-terminal kinases (JNKs) and extracellular signal-regulated kinases (ERKs)109. 

In terms of regulation, CD28 assembles in microclusters with the TCR where it initially recruits 

and activates PKCθ110. Following T cell activation, co-inhibitory molecules like CTLA-4 or PD-1 

are also recruited and can increase the threshold for CD28 signaling by excluding it from the 
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cSMAC as well as dephosphorylating TCR signaling machinery like TCRζ, ZAP70, and 

PKCθ111,112,113.  

Although CD28 has become one the best characterized co-stimulatory receptors, a large 

number of additional co-stimulatory molecules have also been identified. CD28, along with 

receptors such as CD27, OX40, and 4-1BB can help to boost proliferation and effector T cell 

function114,115,116,117. Functionally opposing co-inhibitory receptors like CTLA-4 are also 

expressed, and together these co-signaling molecules represent a diverse array of receptors 

that are primarily from the immunoglobulin superfamily (IgSF) and the tumor necrosis receptor 

superfamily (TNFRSF)118. Unsurprisingly, dynamic regulation of the co-signaling receptors is 

complex, and is achieved through a number of regulatory mechanisms that include 

spatiotemporal expression that fits a ‘tidal model’ of co-signaling119, interactions with multiple 

ligands, and binding competition to shared ligands109.  

Inflammatory cytokines such as IL-2, IFNγ, IL-12, and type I IFN notably serve as the 

‘Signal 3’ that shapes the magnitude of expansion and survival of effector T cells. Activated T 

cells up-regulate surface expression of IL-2R components120 and IL-2 signaling in turn supports 

T cell survival and proliferation following activation121. IFNγ too can regulate the expansion of 

activated CD8+ T cells122,123, though the effect of IFNγ can vary based on model studied124,125. 

Similarly, IL-12 is secreted by activated DCs and supports proliferation and CTL 

differentiation126,127,128, as can IL-27129,130 and  IFN-αβ131,132,133. Although these cytokines can 

share similar functionality with potential redundancy, the role of a given one may depend on the 

nature of the immune challenge and ensuing inflammation134.  

It should be noted that differentiation between effector and memory T cells is also a 

crucial process in T cell expansion that begins early following activation135. Asymmetric division, 

perhaps a holdover from the established polarity of the synapse, may contribute to early 

determination of effector or memory fate31, although this model is difficult to reconcile with other 

studies and may instead contribute alongside other processes136. Additional secondary cellular 
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interactions and delivery of cytokines like IL-2, IFNγ, or IL-7 may also influence the balance 

between effector and memory T cell generation137,138,32,139. 

 

IV. HOMEOSTATIC T CELL MAINTENANCE AND EXPANSION 

 Under homeostatic conditions both naïve and memory T cells must be maintained in a 

quiescent state such that they will be viable and responsive to antigen-specific activation when 

necessary. Upon exit from the thymus and prior to activation naïve T cells circulate through 

lymphoid organs where they receive the necessary survival signals of endogenous TCR-self-

pMHC interactions and IL-75. Although strongly self-reactive thymocytes are theoretically 

removed from the repertoire during negative selection, basal low-affinity recognition of self-

pMHC occurs in peripheral naïve T cells as evidenced by partial phosphorylation of the TCR 

CD3ζ chain140,141,142. A number of studies have demonstrated the importance of self-pMHC-I in 

naïve CD8+ T cell survival, although several of these initial studies are limited by the caveats of 

using lymphopenic conditions that can alter T cell homeostasis and proliferation 

dynamics143,144,145. There is evidence in non-lymphopenic settings, however, that self-pMHC-I 

and TCR signaling is required for naïve CD8+ T cell homeostasis146,147,148.  

Self-pMHC may be presented to T cells on DCs as well as stromal cells like FRCs149. 

Studies with irradiated bone marrow chimeras suggest that each are sufficient to support CD8+ 

T cell survival144,146 but DCs appear to be critical in maintaining T cell responsiveness150. In 

contrast to CD8 T cells, however, there are conflicting findings regarding the role and 

requirements of self-pMHC-II in CD4+ T cell survival141,151,152,153,154,155,156,157. Beyond survival, 

there is evidence that tonic self-p-MHC-II recognition can similarly tune CD4+ T cell sensitivity to 

foreign antigen150,158,159. Again, however, there are discrepancies amongst studies with some 

reporting increased reactivity following loss of self-TCR signaling159,160, and others observing 

decreased158 or no change in TCR responsiveness157. These conflicting results may arise from 
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different behavior in response to antigen levels or affinity, or altered cellular behavior 

independent of TCR signaling.  

While self-pMHC-TCR signaling can be required for survival, disparities in strength of 

this self-pMHC signaling also impart differential functional behavior upon a T cell’s recognition of 

foreign antigen. Surface CD5 levels are correlated with strength of self-pMHC-TCR signaling 

and heterogeneity within the T cell compartment exists at baseline146,160,161,162,163. Interestingly, 

CD8+ T cell clones with higher self-reactivity and CD5 expression are enhanced for genes 

associated with T cell effector generation and trafficking and are preferentially incorporated 

early in response to a pathogenic challenge164. Here the authors did not find the CD5hi and 

CD5lo clones to differ in affinity for foreign p-MHC-TCR binding based on tetramer binding. CD4+ 

T cells with stronger self-reactivity also have been demonstrated to dominate in responses 

against foreign antigen, although in these studies self-pMHC affinity directly correlated with 

foreign-pMHC affinity165. While this relationship between TCR affinity to self- and foreign-pMHC 

may reflect differences in CD8+ and CD4+ T cells, this association has not been consistently 

observed in CD4+ T cells166,167 and may instead be specific to tested conditions. Lastly, there are 

conflicting reports in which CD5lo CD4+ T cell clones outperform CD5hi clones in primary 

responses166,167. While more work is required to understand the underlying discrepancies, there 

may be immunological settings in which CD5lo T cells are better positioned to participate in a 

given response. What is clear from these collective studies, however, is that basal self-pMHC-

TCR signaling endows heterogeneity in responsiveness within the T cell repertoire and this 

diversity may have implications for incorporation of self-reactive clones, especially in settings of 

autoimmunity. 

In conjunction with TCR-self-pMHC signals, the cytokine IL-7 supports T cell survival 

through up-regulation of anti-apoptotic factors like BCL-2 and MCL-1 and down-regulation of 

apoptotic factors168,169,170. IL-7 also triggers PI3K-AKT signaling to induce mTOR and GLUT1 

expression171,172. Naïve T cell survival is thus diminished with blockade or absence of IL-
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7163,173,174,175. In line with this, IL-7 levels set a homeostatic limit on the T cell compartment size, 

and over-expression of IL-7 leads to an increase in T cell numbers176. This relationship may 

reflect competition that occurs at the basal state amongst T cell clones for both IL-7 and self-

pMHC signals, which serves as a mechanism to optimize clonal diversity within the T cell 

repertoire177,178,179,180. Unlike cytokines that promote proliferation of activated T cells, exposure 

to basal levels of IL-7 does not induce cell division as naive T cells generally persist without 

proliferation following exit from the thymus. In settings of lymphopenia, however, IL-7 levels are 

in excess to the current lymphocyte compartment, and T cells undergo a slow rate of T cell 

proliferation in an IL-7 dependent manner168,175,181. High levels of other cytokines like IL-2 and 

IL-15 concurrent with self-pMHC can also drive T cell proliferation182,183. 

In contrast to naïve T cells, CD4+ and CD8+ memory T cells can survive and proliferate 

without pMHC interactions, and instead rely on a combination of IL-7 and IL-15 for homeostatic 

maintenance184. It is thought that while IL-7 is critical for survival, IL-15 predominantly drives the 

basal rates of CD8+ T cell turnover that have been observed in non-lymphopenic settings185. 

The requirements for memory CD4+ T cells are largely similar to those of CD8+ T cells, though 

data supports a role for both IL-7 and IL-15 in homeostatic proliferation186,187 . IL-15 too has 

multiple sources of delivery with expression in stromal cells188 coupled by trans-presentation by 

IL-15Ra on DCs and macrophages189. Localization of T cells may also influence the balance of 

accessible IL-7 and IL-15 signals, as IL-15 appears to preferentially support CCR7- effector 

memory CD8+ T cell turnover in non-lymphoid tissue (NLT) while IL-7 maintains the CCR7+ 

pool190. 
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CHAPTER 2: THE SEPTIN CYTOSKELETON 

 

I. PROPERTIES OF SEPTIN COMPLEXES 

Septins consist of a family of GTPase proteins that forms a novel cytoskeletal network 

and that takes on non-canonical functions that complement and cross-regulate other 

cytoskeletal networks of actin and microtubules. Septin family members form hetero-oligomeric 

complexes that can then assemble into higher-order structure such as rings, gauzes, cage-like 

structures, and filaments191. These diverse structures can serve as scaffolds for protein 

recruitment and signaling, diffusion barriers, and architectural bulwarks that can coordinate a 

number of cellular tasks such as mitosis, cytokinesis, autophagy, ciliogenesis, dendritic 

branching, and cell shape. Four septin family members (cdc3, cdc10, cdc11, cdc12) were first 

identified in budding yeast Saccharomyces cerevisae192, with a fifth septin homolog Shs1 

identified later193. Although septins in S. cerevisae can implement some yeast-specific 

functionality, the family is highly conserved with representation across eukaryotic species.  

Septins share a central domain that contains a polybasic region through which they can bind 

directly to the plasma membrane, a GTP-binding domain, and an uncharacterized septin unique 

element (SUE)194,195,196,197.  

Although the number of septins in organisms can be variable, with humans having 13, 

septins can be categorized into four groups based on homology191,198,199. Complexes in different 

organisms may contain different numbers of septins, but these complexes are typically paired 

symmetrically. In S. cerevisae, septin complexes form octamers of Cdc11-Cdc12-Cdc3-Cdc10-

Cdc10-Cdc3-Cdc12-Cdc11 or Shs1-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-Cdc12-Shs1200,201. These 

Cdc11-capped complexes, or rods, form short filaments in vitro with high salt (300mM), but can 

assemble into long end-to-end paired filaments under lower salt conditions (<50mM)200,202.  

Complexes with Shs1 at the end instead assemble laterally and form curved bundled structures 

like rings in vitro201, which suggest that regulation of complex arrangement may impart 
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differential functionality. In contrast, human septins form hexameric complexes and the structure 

of SEPT7-SEPT6-SEPT2-SEPT2-SEPT6-SEPT7 has been solved203. Humans do have four 

groups of septins, however, which may allow for octamer complexes as well. Such structures 

with SEPT9 added at the end have been observed, but the role and regulation of hexamers 

versus octamers remain unclear204,205,206. Notably, SEPT7 is the one SEPT7 group member and 

is required for intact septin assembly. Although the mechanism remains unknown, there likely 

exists some form of ‘quality check’ for septin complexes as loss of SEPT7 is accompanied by 

reduced expression of other septin family members207,208,209,210. While SEPT7 is unique, other 

septins are likely exchangeable for those in their respective group. This level of optionality 

would allow for both functional diversification and a substantial degree of redundancy as noted 

by the emergence of substitute complexes or altered filaments with depletion of certain septin 

members in yeast201,211,212,213. 

 

II. SEPTIN FILAMENT ORGANIZATION AND INTERACTIONS WITH OTHER 

CYTOSKELETAL ELEMENTS  

Together septin complexes can assemble in nonpolar filaments that carry out critical 

functions, as demonstrated in budding yeast213. Although septins fall under the superclass of 

phosphate-binding (P-loop) NTPases that also contains RAS-like proteins214, septins are not 

canonical GTPases that convert between active GTP-bound and inactive GDP-bound forms. 

Rather, GTP hydrolysis occurs very slowly215,216,217 and septins’ GTP-binding capacity may 

instead contribute to filament organization. GTP hydrolysis results in conformational changes at 

the monomer interfaces203,218, and some members preferentially have GDP in their active 

sites198 whereas others like SEPT6 cannot even support GTP hydrolysis203. Once polymerized, 

filaments can assemble laterally and form bundles, which in turn can give rise to ring 

structures200,201,218,219,220. In contrast to actin or microtubule filaments, septin filaments are 

relatively stable since they are not subject to dynamic turnover221. 
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 Septins can interact with actin and microtubules and these interactions allow for cross-

regulation. Actin can provide a template for septin filament formation, and inhibition of actin 

polymerization with cytochalasin D disrupts septin filaments and results in cytoplasmic rings207. 

Close proximity with actin allows for interactions with other key actin-binding factors like myosin 

II and annilin, and cooperation may mediate critical cellular functions like cell shape and 

migration208,222, cell division223,224,225,226, or bacterial caging227. Septins can also influence actin 

structural dynamics by inducing bundling and curvature of actin228. As with actin, septins interact 

with microtubules229 and septin filaments are disrupted when microtubule polymerization is 

inhibited229,230,231. Conversely, use of taxol to stabilize microtubule filaments increases septin 

filament number and longevity230,232. Septins also regulate microtubule polymerization232 and 

turnover, with loss of septins leading to hyper-acteylation and -stabilization of microtubules that 

can interfere with processes like dendrite and axon growth209 and cytokinesis210,233. In these 

cases, septins may modulate microtubule stability by preventing the microtubule-associated 

protein MAP4 from binding and bundling microtubules233 or by recruiting HDAC6 to deacetylate 

microtubules209.  

 In addition to other cytoskeletal components, septins can also bind directly to membrane 

phospholipids through their polybasic domain194,195,234,235. For example, monolayers of 

phosphatidylinositol-4,5-biphosphate (PtdIns4,5P2) lipids can support septin filament formation 

and influence filament organization and architecture234. Annealing to the membrane may provide 

stability for the filaments and cellular proximity to enhance localized functionality at the cell 

cortex. Septins may even modulate membrane dynamics by inducing membrane tubulation235. It 

was also recently suggested that septins can recognize membrane curvature on a micron scale 

and that sensing does not require filament formation236. Given the association between regions 

of membrane curvature and septin ring function (i.e. cytokinetic furrow, sperm annulus, cilia, or 

phagocytic vesicle), it may be that detection of membrane curvature allows for subcellular 

localization of septins to carry out their functions237.  
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III. ROLE OF SEPTINS IN CELL SHAPE AND MOTILITY 

Septins localize to the cell cortex where they maintain cortical tension and membrane 

rigidity208,222,238. Loss of septins thus compromises cellular integrity, and defects are often linked 

to dysregulated cell shape and directional cell migration. SEPT2- and SEPT11-depleted HeLa 

cells manifest divergent phenotypes but each exhibit changes in overall cell morphology and 

membrane elasticity, with implications for surface receptor dynamics239. SEPT7-deficient T cells 

present with an increase in membrane blebbing and protrusion formation due to decreased 

membrane tension and retraction capacity208,222. In these cells, impaired cortical tension was 

accompanied with elongated uropods, although the functional consequences of such 

morphological change remain unclear. Persistent migration of septin-deficient T cells is also 

hindered, although surprisingly these cells exhibit an enhanced ability to migrate through small 

pores, perhaps to due increased cortical flexibility208. Similar phenotypes of blebbing have been 

observed in other cell types including Xenopus laevis, and septins regulate directional motility in 

Xenopus laevis embryos as well240. In sperm cells, septins form a membrane-associated ring, or 

annulus, that separates the sperm tail from the cell body. SEPT4-deficient sperm lose this 

annulus, and instead contain a structurally weak segment between the cell body and tail that 

lacks proper cortical organization and is susceptible to collapse. As with other cell types, septin-

depleted sperm cells have impaired motility, and this defect may be attributed to disorganization 

of cortical elements that would otherwise be associated with the annulus, though further work is 

required to test this hypothesis241. 

 

IV. SEPTIN FUNCTION IN ESTABLISHING DIFFUSION BARRIERS AND SUBCELLULAR 

DOMAINS 

One of the unique properties of septins is the creation of diffusion barriers that allows for 

specialized compartmentalization of membrane proteins to subcellular regions and enables 
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precise spatial regulation242. Septin diffusion barriers were first identified in dividing yeast243, but 

are present in non-dividing yeast, as well as other cell types. Septin rings at the base of primary 

cilia in mammalian cells have been identified and here septins are thought to restrict membrane 

protein traffic from the cilia membrane240,244. Depletion of septins hinders ciliogenesis and 

increases diffusion of membrane proteins at the cilia244. Indeed septins appear to facilitate the 

generation of cilia-specific complexes that are critical for creation of a diffusion barrier and cilia 

identity245. In sperm cells, the septin-driven annulus ring separates the anterior and posterior 

portion of the sperm tail241,246 and this structure allows for compartmentalization of cellular 

proteins247.  Septins similarly assemble into rings at the base of dendritic spines in neurons and 

are critical for dendritic branch morphology and length248,249, as well as restriction for membrane 

protein movement250. In addition to forming higher-order ring structures that enforce diffusion 

barriers, septins can establish signaling scaffolds within the plasma membrane by modulating 

surface receptor expression, localization, and internalization. For example, loss of septins 

limited the distribution of surface receptor MET and subsequent ligand-receptor interactions239, 

and septins bind directly to transmembrane protein glutamate aspartate transporter (GLAST) to 

regulate its localization and internalization251,252. Septins may also organize membrane lipid 

microdomains that permit stable signaling like store-operated Ca2+ entry in HeLa cells253. 

 

V. SEPTINS IN CELL DIVISION  

Lee Hartwell first discovered septins in S. cerevisiae budding yeast by screening for ‘cell 

division cycle’ mutants and found that loss of septin homologs cdc3, cdc10, cdc11, and cdc12 

resulted in defective cytokinesis and multinucleated cells192. Shs1, which was identified later, 

also is required for productive cytokinesis193. In S. cerevisiae two additional septins are 

produced during sporulation to form meiosis-specific complexes that aid in sporulation 

processes212,254,255,256,257, though here we will solely focus on mitotic septins. In early G1-phase, 

Cdc42 recruits septins to the destined bud site and the septins complexes that accrue form a 
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filamentous ring258,259,260. Once the bud initiates, the septin ring transitions into a highly stable 

hourglass collar that persists until mitosis261,262. At the onset of cytokinesis, the collar separates 

into two rings and the contractile actomyosin ring (AMR) forms between the septin rings to 

provide the constrictive force to facilitate membrane ingression and subsequent septum 

formation between mother-daughter cells263,264,265,266,267.Throughout cell division septin assembly 

is pivotal to recruit proteins to the bud neck that establish the bud site268,269, maintain polarity 

during bud growth270, and allow for progression through septin-dependent cell cycle 

checkpoints271,272,273. To prepare for cytokinesis in particular, septins recruit factors that will 

mediate mother-daughter cell separation such as chitin synthases for cell wall deposition274 and 

actomyosin ring elements275,276,277,278. Notably, septin-dependent establishment of a diffusion 

barrier helps to retain proteins at the bud site and maintain polarity during mitosis279,243. This 

barrier also prevents transfer of aging factors from the mother to daughter cell280, which while 

not critical for cytokinesis itself, affects daughter cell longevity.  

 Beyond yeast, septin requirements for cell division appear to be highly conserved in 

eukaryotic cells. Loss of septins results in mitotic or cytokinetic defects in Drosophila 

melanogaster281,282, Caenorhabditis. elegans283, and mammalian cells229,231,284. Septins are 

often, though not exclusively, found assembled at the cleavage furrow284,285,286. They have been 

suggested to be essential in organizing the contractile ring by coordinating myosin motor 

proteins223, and facilitating the transition from the contractile ring to the midbody ring287. As 

cytokinesis progresses, septins can remodel the membrane287 and anchor the midbody ring 

structure to the membrane225 as mother-daughter cell separation is resolved. In addition to 

mediating cytokinesis at the membrane, septins can be found in the cytosol as well, such as at 

the microtubule spindle during metaphase231. Septins at the mitotic midplane aid in centromere-

associated protein E (CENP-E) orientation and are thus crucial for chromosomal alignment and 

segregation288,289. Septins also modulate microtubule stability and depletion of septins leads to 

hyper-stable microtubules and cytokinetic failure in murine fibroblasts210. Regulation of cell 
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division by septins is complex and different septin members may have disproportionate roles in 

a given cell division process, perhaps driven by differential localization during cytokinesis290. In 

HeLa cells specific loss of SEPT2, SEPT11, and SEPT7 led to impaired cleavage furrow 

ingression, but loss of SEPT9 led to later-stage failure in midbody abscission286.  

 Although septins play a number of distinct roles during the course of mitosis and 

cytokinesis, several studies have revealed that some cells are able to divide independently of 

septins. Although septins localize to cytokinetic machinery in embryonic C. elegans and 

Drosophila, septin-deficient organisms undergo successful early embryogenesis with cell 

division defects emerging later in development and adulthood291. Different cell types appear to 

have distinct requirements in murine models as well. Septin-deficient fibroblasts undergo 

cytokinetic failure while deficient T cells and bone marrow-derived myeloid cells are competent 

in cell division, and the differential requirement observed was attributed to varied stathmin levels 

and microtubule stabilization210. Comparable proliferation in septin-deficient D10 cell lines208 and 

Jurkat cells204,210 have also been observed. Intriguingly, septin-dependency may also rely on 

context-specific uses within the same cell type. For example, neuroepithelial cells in Drosophila 

do not require septins for orthogonal cell division but do rely on septins for planar division in 

which septins mediate actomyosin contractility in order to overcome tension from neighboring 

cells and adhesion disengagement from adjacent cells226. 

 

VI. REGULATION OF SEPTINS  

Given the diversity in septin members and cellular functions, a complex level of genetic 

and spatiotemporal regulation is required for septin expression, localization, assembly, and 

disassembly within the cell. In yeast a number of proteins and kinases such as Cdc42, Gic1, 

Gic2, and Elm1 organize proper localization of the septin ring at the bud neck292,293,260. 

Dynamics of septin filaments are likely regulated by post-translational modifications. For 

example, phosphorylation of septins in yeast is often regulated by cell cycle signaling such as 
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G1 cyclin-dependent kinases294,295. These and additional kinases like Cla4 and Gin4 enable 

stable filament assembly and maintenance at the bud neck, and phosphorylation is critical for 

successful cytokinesis296,297,298. As an example of even more refined regulation, phosphorylation 

of certain septin residues can influence the higher-order structure formed by the filaments, be it 

a ring or gauze structure201. In contrast, sumolyation promotes disassembly of septin ring 

structures as mutations in sumolyation sites lead to septin rings accruing at the bud neck299,300. 

Ubiquitylation also contributes to septin degradation301 and may be relevant in some disease 

settings like Parkinson’s disease302. Regulation of septins in mammalian cells, however, 

remains poorly characterized aside from the identification of a family of Cdc42 effectors, BORGs 

(binders of RHO GTPases) that can directly bind to septins and regulate their localization within 

the cell303. In addition to filament assembly, regulation of protein expression is also unclear 

although altered expression levels, isoform splicing, or post-translational modifications like 

methylation are observed in a number of human diseases including cancer304,305.  

  



 22 

CHAPTER 3: ROLE OF THE SEPTIN CYTOSKELETON IN T CELL ACTIVATION AND 

EXPANSION 

 

I. INTRODUCTION 

T cell proliferation rapidly expands the number of antigen-specific cells, which is 

necessary to control infection. Typically, this kind of cell division is initiated by a T cell 

interaction with its cognate antigen on an APC, and its magnitude is determined by the strength 

of the TCR recognition event in that cell-cell contact306,307,308. Antigen-specific T cell clonal 

expansion has been reported to occur in the lymph node where swarming T cells engage in cell-

cell contacts with proximal APCs and other activated T cells29,309, and this may represent a 

‘niche’ for cell division. Yet, cell division can also be driven by high local cytokine concentrations 

in the environment, in the possible absence of such cell-cell interaction. This scenario is 

considered a possible hazard for autoimmunity, as when non-virus-specific ‘bystander’ cells 

experience high concentrations of cytokines produced by viral-specific T cells during an immune 

response in a lymph node307,310. Cytokine-driven cell division is also clearly important for 

homeostatic maintenance whereby cytokines such as IL-7 or IL-15, in conjunction with transient 

low-affinity p-MHC-TCR interactions, support turnover of clones5. While asymmetric cell division 

has been proposed to be a pathway that can influence the individuality of daughter cells31, 

completion of cytokinesis has been considered invariant. To our knowledge, it has not 

previously been possible to clearly separate cytokine- versus TCR-driven cell division. 

The physical event of cell division requires multiple processes, including the functions of 

specific kinases311, specific cytoskeletal proteins such as myosins and, notably, 

septins312,231,286,313. Septins are a family of GTP-binding proteins that self-assemble into 

tetrameric, hexameric, or octameric quaternary structures and further into large filaments, rings, 

and gauzes in vitro and in vivo, and are assembled on the cell cortex207,314,315.The mammalian 

septins, 13 in number, can be divided into four groups with one from each class required to form 



 23 

a canonical complex. In mammals, Septin 7, the only one in its class, appears indispensable for 

the generation of filaments, and its depletion leads to loss of the other septin 

proteins207,208,209,210, presumably as a result of quality control processes. Septins were originally 

identified as ‘cell division cycle’ (cdc) mutations192 and are evolutionarily conserved in their 

critical role for cytokinesis. Similar to yeast, septins in mammals have been found to be 

essential for completion of cytokinesis286,191. Septins are usually, but not exclusively, found 

assembled as a ring at the cleavage furrow286,222. They previously have been suggested to be 

essential at the furrow to coordinate myosin motor proteins during cell abscission312,223, to 

remodel the membrane as cytokinesis progresses287, and to anchor the midbody ring structure 

to the membrane225 as mother and daughter cell separation is resolved.  

One exception to the requirement of septins for mammalian cytokinesis has been T 

cells; we showed that Septin 7 depletion in cell lines led to loss of the other septins, but resulted 

in near-normal cell division in response to cues driven by APCs208. T cell cytokinesis in the 

absence of septins was also recently confirmed in a Sept7 genetic knockout model210. To 

investigate how T cells might evade this highly conserved requirement, we generated T cell-

specific depletion of Septin 7 in mice and examined CD8+ T cell activation and functions under a 

variety of conditions. We unexpectedly found that septins are required differentially for T cell 

division, depending on whether or not T cells engaged in cell contacts during the period of 

cytokinesis. This finding led us to examine how proliferation occurs in septin-null CD8+ T cells 

so as to isolate the compensatory pathways. Our results provide a rare insight into the 

possibility of specifically attenuating cytokine-driven expansion while leaving antigen-driven 

expansion untouched. 
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II. RESULTS 

Development of Septin-deficient T cells is Intact  

T cells were engineered to lack all septins using a Cd4-Cre allele in a genetic 

background of Sept7flox/flox (Sept7cKO)210. These mice were subsequently crossed to the OT-I 

TCR-transgenic allele. Mice from both polyclonal or OT-I backgrounds demonstrated near-

complete loss of Septin 7 in peripheral T cells with a small proportion (5–10%) of ‘escapees’ as 

assessed by flow cytometry (Figure 3.1A). To remove this contaminating population, we took 

care in all future analyses to eliminate these “escapees” from our experimental analysis when 

possible: either by detection of intracellular Septin 7 or use of mTmG mice316 wherein Cre 

recombinase activity converts mTomato+ cells to mGFP+. As predicted from shRNA studies in 

cell lines208, genetic deletion of Septin 7 led to coordinate loss of other key T cell-expressed 

septin family members in peripheral T cells as assessed by immunoblotting (Figure 3.1B). The 

Cd4-Cre allele is expressed in a pre-DP phase of thymic development317 and we observed initial 

onset of septin loss in DN thymocytes with maximal loss by the single-positive stage in 

Sept7cKO mice (Figure 3.1C). We observed comparable proportions of DN, DP, and SP 

thymocyte populations (Figure 3.1D), equivalent cellularity in secondary lymph node organs 

(Figure 3.1E), and similar frequency of CD4+ and CD8+ T cells within those organs (Figure 

3.1F). Additionally, naïve resting septin-deficient CD8+ T cells maintained normal amounts of 

filamentous actin (Figure 3.1G) and septin-deficient OT-I T cells exhibited morphological 

defects that phenocopied previous findings with septin knockdown in T cell clones208,222 (Figure 

3.1H,I). Together this demonstrates that development of septin-deficient T cells in this mouse 

model is largely intact. 
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Figure 3.1 Septin-deficient T cells develop comparably to wild-type T cells.  
(A) Intracellular Septin 7 protein levels of polyclonal CD4+ and CD8+ T cells from Sept7cKO or 
control mouse spleen as assessed by flow cytometry. (B) Protein levels of septin family 
members determined by Western blots of isolated CD8+ T cells from Sept7cKO or control OT-I 
mouse spleens. (C, D) Intracellular septin 7 levels (C) and frequency (D) of thymocyte 
populations from the thymus of Sept7cKO or control mice. (E, F) Cellularity of secondary 
lymphoid organs (E) and frequency of peripheral lymphocytes in lymph nodes (F) of Sept7cKO 
or control mice. (G) Intracellular phalloidin levels of naïve polyclonal CD8+ Sept7cKO or control 
T cells as tested with flow cytometry. (H, I) Activated Sept7cKO and control OT-I cells were 
plated on ICAM-1-coated coverslips and imaged for morphological measurements. Images of 
control and Sept7cKO cells illustrating the elongated uropod of Sept7cKO cells (H). 
Quantification of measurements and population distribution of cell length (I). Data is 
representative of at least two (H, I), three (A-C, E), or five (D, F) independent experiments. 
Small horizontal bars denote the SEM. *P <0.05 with data analyzed with unpaired t-test (E). 
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Selective Proliferation Defects in Absence of Septins 

We sought to examine T cell proliferation in the context of control or Sept7cKO CD8+ T 

cells isolated from these mice. Although septins are required for cell division in various types of 

eukaryotic cells, we and others have found that T cells proficiently proliferate in the absence of 

Septin 7 and associated septin family members208,222,210. Consistent with this, we found that, 

when co-cultured in vitro with bone marrow-derived dendritic cells (BMDCs) pulsed with the OT-

I peptide antigen SL8, CD8+ OT-I T cells diluted CFSE (Figure 3.2A, Figure 3.3A), progressed 

in cell cycle, and expanded in numbers at a similar rate to wild-type cells (Figure 3.2B). 

Unexpectedly, however, when activated with plate-coated anti-TCR antibody or soluble phorbol 

myristate acetate (PMA) and ionomycin, septin-deficient OT-I T cells underwent fewer cell 

divisions as assessed by CFSE dilution (Figure 3.2A, Figure 3.3A) and by cell recovery 

(Figure 3.2B) after 72 h. Polyclonal CD8+ Sept7cKO T cells exhibited these cell division defects 

as well (data not shown). Additionally, whereas stimulation with BMDCs generated largely 

conventional G1-S-G2/M cell cycle profiles, stimulation in the absence of APCs resulted in bi- 

and multi-nucleated cells, as detected by flow cytometry (Figure 3.2A, Figure 3.3A) and 

confocal microscopy (Figure 3.2C). This differential block in cell division was also observed in 

accumulation of septin-deficient forward-scatterhi cells as compared to the septin-competent 

“escapees” from Sept7cKO OT-I mice in T cell cultures stimulated with anti-TCR or PMA and 

ionomycin (Figure 3.3C). Altogether, this data demonstrates that T cells are not intrinsically 

unique in not requiring septins for cytokinesis, as was recently proposed210, but rather that only 

certain cytokinetic pathways  are septin-independent. Moreover, in assessing how the 

generation of multinucleate cells relates to cell division, we observed that septin-deficient cells 

are susceptible to cytokinesis failure with every division, not simply the first (Figure 3.2D). This 

observation argues that failure to divide is a stochastic event with the limited expansion of 

Sept7cKO T cells to APC-independent stimuli resulting from a breakthrough event with each 

division.  
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Figure 3.2 Septin-deficient T cells exhibit selective cytokinetic defects upon APC-independent 
stimulation.  
(A-B) Sept7cKO and control CD8+ OT-I T cells were activated in vitro through co-culture with 
SL8-pulsed (100ng/ml) BMDCs, culture on plate-bound anti-TCR and soluble anti-CD28, or 
stimulation with PMA and ionomycin. Proliferation and cellular DNA content of live blasted cells 
were assessed by flow cytometry 72h later as indicated by CFSE dilution and Hoechst, 
respectively (A), along with cell number recovery (B). (C) Confocal images of fixed Sept7cKO 
and control CD8+ polyclonal T cell nuclei stained with DAPI 48h after activation with PMA and 
ionomycin. Scale bar, 10mM. (D) Kinetics of OT-I multi-nucleation formation through 
comparison of CFSE and Hoechst content by flow cytometry 72h following a given activation 
condition. (E, F) Intracellular expression of c-myc (E) and cell surface expression of CD71 (F) 
expressed in naïve or activated live Sept7cKO and control CD8+ OT-I T cells 24h after 
activation. (G) Cell surface CD69 levels expressed by live Sept7cKO and control CD8+ OT-I T 
cells 24h after co-culture with BMDCs pulsed with a given OT-I peptide and concentration. 
Small horizontal lines denote the standard error of the mean (SEM). Data is representative of at 
least two (C) or three (A, D-G) independent experiments or pooled from the average values of 
technical triplicates from three independent experiments (B). *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001 with data analyzed with unpaired t-test (B). 
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Figure 3.3 Septin-deficient CD8+ T cell multinucleated cell formation is associated with an 
increase in size despite similar initial F-actin levels and normal activation.  
(A-F) Sept7cKO or control CD8+ OT-I T cells were cultured in vitro with SL8-pulsed (100ng/ml) 
BMDCs, on plate-bound anti-CD3 or anti-TCR with soluble anti-CD28, or with PMA and 
ionomycin. Quantification of mean CFSE dilution peak number of live Sept7cKO and control OT-
I T cells 72h after a designated in vitro condition (A). Frequency of live CD8+ cells from 
Sept7cKO or control OT-I mice with a given DNA content level as assessed by Hoechst with 
flow cytometry 72h following in vitro activation (B). Comparison of cellular forward-scatter area 
and intracellular Septin 7 within CD8+ T cells isolated from Sept7cKO OT-I lymph nodes 72h 
after in vitro activation. Gating delineates an “escapee” population of septin-competent T cells in 
Sept7cKO mice (C). F-actin levels in Sept7cKO and control CD8+ OT-I T cells 24h following in 
vitro activation (D). Cell surface CD69 (E) and CD25 (F) levels expressed by CD8+ OT-I T cells 
24h after activation. (G) Calcium flux in isolated naïve CD8+ OT-I T cells following stimulation by 
anti-CD3 clustering (top) or thapsigargin stimulation (bottom). The average of technical 
duplicate or triplicate samples for a given experiment and condition was calculated and graphed 
(A, B). Data is pooled from at least three (A) or six (B) independent experiments, or 
representative of at least three independent experiments (C-G). Small horizontal bars denote 
the SEM. *P <0.05, **P<0.01, ***P< 0.001, ****P< 0.0001 with data analyzed with unpaired t-test 
(A, B).   
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The division defect was not an obvious result of differential loss of filamentous actin with 

some stimuli and not others, as phalloidin staining at 24 h was identical between Sept7cKO and 

control OT-I cells (Figure 3.3D). Additionally, proximal signaling in response to all cues was 

unaffected by Septin 7 depletion. This was apparent in equivalent up-regulation of c-Myc and 

CD71 following all forms of stimulation (Figure 3.2E,F). Further, Sept7cKO OT-I cells stimulated 

by APC-dependent or -independent stimuli up-regulated CD69 and CD25 similarly (Figure 

3.3E,F). Finally, Sept7cKO OT-I T cell calcium flux in response to anti-CD3 crosslinking or 

thapsigargin blockade of SERCA uptake was also equivalent to that of wild-type cells (Figure 

3.3G). To determine whether the distinction amongst these stimuli related to strength-of-signal, 

we co-cultured T cells from control or Sept7cKO OT-I mice in vitro with BMDCs that had been 

pulsed with peptides differing in pMHC-OT-I-TCR affinity across a range of concentrations and 

measured CD69 up-regulation after 24 h (Figure 3.2G). Weak agonist peptides and lower 

doses induced less activation by this measure but Sept7cKO cells behaved identically to 

controls, demonstrating that Sept7cKO T cells sensed the density and identity of TCR signals 

similarly to wild-type cells. Thus, the differences we observed in Sept7cKO T cell proliferative 

capacity stimuli did not stem from defective TCR signaling or cell-cycle entry, but rather 

suggested that APCs contribute key cellular factors that facilitate division of Sept7cKO T cells.  

 

Sept7cKO Division Defects with APC-independent Stimuli 

Soluble cytokines also substantially drive T cell expansion and so we tested whether this 

stimulus would lead to cell division defects in septin-null T cells. We found that naïve septin-

deficient CD8+ OT-I T cells did not divide in vitro following exposure either to homeostatic 

cytokines IL-7 plus IL-15 or high concentrations of IL-2 (Figure 3.4A, Figure 3.5A)318. Again, 

defects in in vitro proliferation did not appear to result from dysfunctional signaling for Sept7cKO 

CD8+ OT-I cells phosphorylated STAT5, a target of these cytokine receptors, to a similar extent 

as control T cells (Figure 3.4B). As with TCR-stimulation in the absence of APCs, soluble 
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cytokines induced multi-nucleated septin-deficient CD8+ T cells (Figure 3.4C). The combination 

of APC-independent activation (PMA or anti-TCR) with addition of IL-2 also failed to rescue in 

vitro proliferation, suggesting that the defect observed did not result from inadequate cytokine 

production (Figure 3.4D, Figure 3.5B).  Rather, we concluded that, in contrast to stimuli from 

BMDCs, cytokines alone fail to support cytokinesis of septin-null T cells.  
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Figure 3.4 Septin-deficient T cells undergo cytokinetic failure following cytokine exposure.  
(A) Proliferation as indicated by CFSE dilution of live naïve Sept7cKO and control CD8+ OT-I T 
cells following in vitro culture with IL-7 (5ng/ml) and IL-15 (100ng/ml) (top), or IL-2 (5000U/ml) 
(bottom) for 5 days. (B) Intracellular levels of phosphorylated STAT5 in live control and 
Sept7cKO CD8+ OT-I T cells following IL-2 exposure 24h after cells were stimulated with PMA 
and ionomycin. (C) CFSE dilution and Hoechst levels in live Sept7cKO and control CD8+ OT-I T 
cells cultured in vitro with IL-7 and IL-15 (top) or IL-2 (bottom). (D) Proliferation of live 
Sept7cKO and control CD8+ OT-I T cells 72h following in vitro activation as indicated with 
addition of IL-2 (10-20 U/ml) at initial plating. Data is representative of at least three 
independent experiments. 
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Figure 3.5 Septin-null T cell division is enhanced by co-stimulatory but not cytokine signaling.  
(A-D) Sept7cKO and control OT-I T cells were stimulated in vitro and the mean CFSE peak 
number of live cells was quantified. Analysis of cell proliferation 5d after exposure in vitro to IL-7 
(5ng/ml) and IL-15 (100ng/ml), or IL-2 (5000U/ml) (A), 72h after PMA/iono or anti-TCR 
activation with or without the presence of low-dose IL-2 (10-20U/ml) (B), 72h after PMA/iono 
activation in the presence of plate-bound Fc-ICAM, fibronectin anti-CD44, or anti-CD28 (C), or 
48h following PMA/iono stimulation in conjunction with platebound Fc-ICAM for a designated 
temporal duration (D). The average of technical duplicate or triplicate samples was calculated 
and graphed. Small horizontal bars represent the SEM. Data is pooled from at least three 
independent experiments. *P< 0.05, **<P 0.01, ***P< 0.001 with data analyzed with unpaired 
(A, C), or paired (B) t-test, or a matched one-way ANOVA test with Fisher’s LSD post-test (D). 
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Rescue of Defective Proliferation Through Cell Contacts 

We next sought to determine whether BMDCs were providing additional signals that 

overcame a block in proliferation in Sept7cKO cells. To do so, we performed add-back in vitro 

experiments, using PMA and ionomycin as a base stimulus. Addition of peptide-pulsed BMDCs 

to these OT-I T cell cultures largely restored cell division as assessed by CFSE dilution (Figure 

3.6A, Figure 3.7A). This partial rescue was equivalent when BMDCs lacking antigenic peptide 

were added, demonstrating that BMDCs mediate rescue independently of their ability to 

generate strong TCR signals. However, supernatant from competent BMDC-T cell cultures, 

added at 20%, was unable to restore division, suggesting that cell-cell contact was primarily 

responsible. In addition, we found that resting B cells were unable to support cell division in 

Sept7cKO CD8+ OT-I T cells whereas lipopolysaccharide (LPS)-activated B cells facilitated 

enhanced proliferation (Figure 3.6B, Figure 3.8B), though still not to the same extent as 

BMDCs (Figure 3.6A). That BMDCs and LPS-treated B cells supported Sept7cKO OT-I T cell 

division suggested that this rescue was mediated by cellular properties unique to highly 

activated APCs.  

In addition to TCR signals, APCs provide numerous accessory cues for T cells and we 

investigated many of these. In doing so, we found that signaling from co-stimulatory molecules 

to CD28 and from ICAM adhesion molecules to integrin LFA-1 represented a prominent portion 

of the rescue; antigen-free BMDCs restored cell division to Sept7cKO OT-I cells and this was 

partially inhibited with blocking antibodies to CD80 and CD86 or antibodies to LFA-1 (Figure 

3.6C, Figure 3.7B). This block was even more profound when anti-CD80/86 was combined with 

anti-LFA-1. Surprisingly, blockade mediated by these antibodies was nearly as effective when 

added 24 h after the initial stimulation with PMA and ionomycin plus BMDCs. This finding 

suggested that rescue of cell division was mediated by BMDCs in cell-cell contacts that take 

place well after the initiation of TCR signals.  
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Figure 3.6 APCs mediate rescue of septin-null CD8+ T cell cytokinetic defect through co-
stimulatory PI(3)K signaling.  
(A) CFSE dilution of live Sept7cKO or control CD8+ OT-I T cells stimulated with PMA and 
ionomycin and co-cultured at the time of plating with SL8-pulsed (100ng/ml) BMDCs (left), 
unpulsed BMDCs (middle), or 20% supernatant generated from wild-type BMDC-T cell cultures 
(right). (B) CFSE dilution of live Sept7cKO or control CD8+ OT-I T cells following 72h of co-
culture with resting or LPS-treated SL8-pulsed splenic B cells. (C, D) CFSE dilution of live 
Sept7cKO or control CD8+ OT-I T cells that were stimulated with PMA and ionomycin, co-
cultured with unpulsed BMDCs, and subsequently treated with blocking antibodies against 
CD80, CD86, and/or LFA-1 (C), or PI(3)K inhibitors LY294,002 (10uM) or GDC-0941 (10uM) (D) 
at the designated time after initial plating. (E) CFSE dilution of Sept7cKO or control CD8+ OT-I 
live blasted T cells that were co-cultured with SL8-pulsed (1-100ng/ml) BMDCs and treated with 
PI(3)K inhibitors LY294,002 (10uM) or GDC-0941 (10uM) 36h after plating. Data is 
representative of at least three (A, E), four (B), or five (C, D) independent experiments.  
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Figure 3.7 BMDCs mediate septin-deficient T cell division through PI(3)K co-stimulatory 
signaling.  
(A-E) Sept7cKO (red) and control (black) OT-I live cell mean CFSE dilution peak number was 
calculated following in vitro activation. Quantification of T cell CFSE dilution 72h following 
PMA/iono activation with addition of unpulsed or SL8-pulsed (100ng/ml) BMDCs, or supernatant 
from BMDC-T cell culture (A), 72h following PMA/iono activation with addition of unpulsed 
BMDCs and designated blocking antibody 0h (left) or 24h (right) after plating (B), 72h following 
PMA/iono activation with addition of unpulsed BMDCs and PI3K inhibitor LY294,002 (10µM) 
(left) or GDC-0941 (10µM) (right) (C), or 72h following activation with SL8-pulsed (1-100ng/ml) 
BMDCs with addition of PI3K inhibitor LY244,022 (10µM) or GDC-0941 (10µM) 36h (D) or 24h 
(E) after plating. The average of technical duplicate samples was calculated and graphed. Small 
horizontal bars denote the SEM. Data is pooled from at least three (A, D, E) or five (B, C) 
independent experiments.  *P< 0.05, **<P 0.01, ***P< 0.001, ****P <0.0001 with data analyzed 
with an unmatched one-way ANOVA test with Fisher’s LSD post-test. 
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To test whether these interactions were purely adhesive or resulted from signaling, we 

repeated the BMDC add-back experiments using several inhibitors that target 

phosphatidylinositol-3-OH kinase (PI(3)K), a key downstream signal transduction molecule in 

CD28 and LFA-1 pathways. We found that pan-PI(3)K inhibitor compounds LY294,002 and 

GDC-0941 blocked the BMDC-mediated rescue of Sept7cKO OT-I cell division with a modest 

reduction in control T cell proliferation (Figure 3.6D, Figure 3.7C). Wild-type cell viability, 

however, was not grossly impacted at the dose used (data not shown). Notably, blockade of 

PI(3)K signaling reduced septin-null OT-I T cell proliferation, whether added 24 h after BMDC 

addition, or at the onset of culture. To extend these findings to a more physiological setting, we 

similarly inhibited PI(3)K signaling 36 h after co-culturing Sept7cKO and control OT-I T cells with 

SL8-pulsed BMDCs and found that treatment reduced Sept7cKO T cell proliferation (Figure 3.6 

E, Figure 3.7D). Interestingly, control T cell proliferation was again modestly inhibited, with a 

more substantial loss in proliferation if PI(3)K was inhibited 24 h after initial co-culture with 

BMDCs (Figure 3.7E). While the magnitude of this effect was larger for septin-null T cells, this 

implies that ongoing PI(3)K activity is required for maximal proliferation, even in wild-type T 

cells.  

Consistent with these results, the differential capacity of resting or LPS-treated B cells in 

facilitating Sept7cKO OT-I T cell division was not due to differences in proximal T cell activation 

as assessed by CD69 up-regulation (Figure 3.8A). Rather, LPS-treated B cell-driven T cell 

division was similarly mediated through prolonged signaling via CD28 and LFA-1 and 

dependent upon PI(3)K (Figure 3.8B, C). Together these findings support a model whereby 

APCs establish a niche of cell-cell contact interactions characterized by PI(3)K signaling that 

complements or compensates for septin function in CD8+ T cell division. 
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Figure 3.8 LPS-treated B cells enhance septin-null CD8+ T cell division through co-stimulatory 
PI(3)K signaling.  
(A) Cell surface expression of CD69 by Sept7cKO or control CD8+ OT-I T cells following 24h of 
co-culture with SL8-pulsed (100ng/ml) resting or LPS-treated B cells. (B) Quantification of 
Sept7cKO and control OT-I live cell mean CFSE peak number 72h following in vitro co-culture 
with resting or LPS-treated B cells and addition of blocking antibodies against CD80, CD86, 
and/or LFA-1, or PI3K inhibitor LY294,002 (10µM). The average of technical duplicate samples 
was calculated and graphed. Small horizontal bars denote the SEM. (C) CFSE dilution of 
Sept7cKO or control CD8+ OT-I T cells 72h after in vitro activation by resting or LPS-treated B 
cells and addition of denoted blocking antibodies, or PI3K inhibitor LY294,002 (10µM). Data is 
representative of at least three experiments. *P< 0.05, **P< 0.01, ***P< 0.001, ****P <0.0001 
with data analyzed with an unmatched one-way ANOVA test with Fisher’s LSD post-test (B). 
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Polarized Contacts Support Sept7cKO T cell Division 

BMDCs bearing CD80, CD86, and ICAM-1 represent a likely polarized surface during 

cell division and we sought to address whether that feature was sufficient to 

complement septin deficiency. To address this, we cultured PMA-activated OT-I T cells 

on wells coated with adhesive molecules including ICAM-1, fibronectin, and antibodies 

against CD44 and CD28. Of these, ICAM-1 and anti-CD28 were uniquely capable of 

enhancing septin-null CD8+ T cell division (Figure 3.9A, Figure 3.5C). These findings 

suggest that BMDCs facilitate septin-null division through specific signaling, not merely 

through general adhesion and cellular contact. Furthermore, by selectively plating OT-I 

T cells on ICAM-1 at various times during the stimulation, we determined that rescue 

was taking place at least 24 h after initial activation, but not at the time of initial 

stimulation (Figure 3.9B, Figure 3.5D). T cells begin dividing at least 24 h after 

activation29 and so this temporal window coincided with the kinetics of T cell entry into 

the cell cycle and ongoing division.  
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Figure 3.9 Co-stimulatory signaling is sufficient to enhance septin-null CD8+ T cell division.  
(A) CFSE dilution of live Sept7cKO or control CD8+ OT-I T cells stimulated with PMA and 
ionomycin and cultured on plate-bound Fc-ICAM, fibronectin, anti-CD44, or anti-CD28 for 72h. 
(B) CFSE dilution of live Sept7cKO or control CD8+ OT-I T cells stimulated with PMA and 
ionomycin for 48h and cultured on plate-bound Fc-ICAM for a designated interval of time 
following initial plating. Data is representative of at least three independent experiments. 
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Septin Dependence Separates Proliferation Drivers in vivo 

Our in vitro findings suggested that the requirement for septins in T cell division distinguishes 

cell division that is driven by the presence or absence of specific contacts or niches. We 

therefore compared different activating stimuli in vivo. Using the Dec-OVA model of antigen 

delivery to load antigens onto lymph node resident DCs319 we found that adoptively transferred 

septin-null CD8+ OT-I T cells expanded similarly to their co-transferred wild-type counterparts 

(Figure 3.10A). To test whether Sept7cKO T cells continue to require the presence of antigen-

loaded APCs after initial activation, CFSE-labeled Sept7cKO and control CD8+ OT-I T cells 

were co-cultured in vitro with SL8-pulsed BMDCs for 36 h, at which point the T cells were 

isolated. Sept7cKO and control T cells were then re-plated in vitro or co-transferred to antigen-

free mice. When the T cells were cultured in vitro, Sept7cKO T cells exhibited notable cell 

division defects (Figure 3.10B, top). Sept7cKO T cells, however, were able to divide proficiently 

compared to control T cells when transferred to antigen-free host mice (Figure 3.10B, bottom). 

These findings suggest that while Sept7cKO T cells do not require antigen-bearing APCs during 

cell division, endogenous interactions in vivo that are absent from the T cell-only culture are 

sufficient to support successful cell division.  

In contrast, when anti-IL-2 complexes were delivered to generate cytokine mediated 

proliferation in the absence of overt APC involvement, expansion of adoptively transferred 

septin-null OT-I T cells was significantly reduced compared to that of control cells (Figure 

3.10C). As an additional cytokine-mediated in vivo challenge, we transferred polyclonal wild-

type and Sept7cKO cells into sub-lethally irradiated mice. In these mice, T cells typically 

undergo a slow form of lymphopenic-induced proliferation, which is thought to mimic an acute 

form of homeostatic expansion184. Again, septin-null CD8+ T cells were impaired in their overall 

expansion (Figure 3.10D). These findings support a context-dependent requirement for septins 

in T cell division and extend our model to critical in vivo processes.  
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Figure 3.10 Septin deficiency differentiates APC- and cytokine-driven division in vivo.  
(A) Frequency of co-transferred control or Sept7cKO CD8+ OT-I T cells that expanded in 
draining inguinal lymph nodes of host mice that had been immunized subcutaneously with 
Dec205-OVA and anti-CD40 6d prior. (B) Naïve Sept7cKO and control CD8+ OT-I T cells were 
co-cultured with SL8-pulsed (100ng/ml) BMDCs in vitro, isolated 36h later, and either co-
cultured in vitro with low-dose IL-2 (10U/ml) (top) or co-transferred to antigen-free host mice  
(bottom). Ratio of control to Sept7cKO live T cells 48h or 72h following in vitro culture, along 
with a representative CFSE dilution profile 48h after T cell isolation (top). Ratio of control to 
Sept7cKO T cells recovered from host mouse spleen 48h after co-transfer, as well as CFSE 
dilution of cells (bottom). *P value = 0.0351 with data analyzed with 1-sample t-test comparing 
distribution to theoretical mean of 1. (C) Frequency of CD45.2+ CD8+ OT-I T cells that expanded 
in the spleen and inguinal lymph nodes of CD45.1+ host mice following IL-2 complex delivery 
i.p.daily for 7 days. (D) Frequency of co-transferred Sept7cKO and control polyclonal CD8+ T 
cells in the spleen and skin-draining lymph nodes of sub-lethally irradiated mice.  
Each symbol represents an inguinal lymph node (left or right flank) from host mice (A), 
individual host mice (B-D), or an in vitro culture sample (B). Small horizontal lines demarcate 
the SEM. Data is representative of at least three independent experiments with n = 3-5 mice (A, 
D), or pooled from at least two (B; top) or three experiments with total n = 7 (B; bottom) or 8 
mice (C). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 with data analyzed with paired (A, 
D), or unpaired (C) t-test.  
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Septin Requirement for CD8+ T cell Homeostasis 

We found evidence for defects in steady-state homeostatic maintenance of naïve and 

memory CD8+ Sept7cKO T cells, which is in agreement with findings that Septin 7 is required 

for cytokine-driven proliferation. Although peripheral CD8 compartments were comparable 

between Sept7cKO and control OT-I mice at 6–8 weeks of age, the frequency of CD8+ T cells 

declined after 6 months (Figure 3.11A, left, middle). In addition, we found that this was 

accompanied by a significant loss of phenotypically naïve CD44low/med CD8+ T cells in aged 

Sept7cKO OT-I mice. Of the CD8+ T cells that remained in aged Sept7cKO mice, CD8+ T cells 

were broadly CD44hi as compared to bimodal expression in control mice (Figure 3.11A, right), 

suggesting a lymphopenic environment in which these surviving Sept7cKO CD8+ T cells may be 

responding to antigen320,321. Given that memory CD8+ T cell homeostasis also relies on 

cytokines, we examined maintenance of memory CD8+ Sept7cKO T cells. Naïve Sept7cKO and 

wild-type CD8+ OT-I T cells were co-transferred to host mice that were immunized i.v. with 

DecOVA. Sept7cKO T cells were detected 14 days later at similar frequency in the spleen 

(Figure 3.11B, left), although slightly reduced in number in lymph nodes (Figure 3.12A), and 

highly expressed memory precursor cell (MPEC) markers CD44 and CD62L (Figure 3.12B). 

These Sept7cKO and wild-type OT-I T cells were then sorted from the spleen and lymph nodes 

and co-transferred to antigen-free mice. The frequency of Sept7cKO and control T cells was 

determined 8 weeks later as previous studies have demonstrated that multiple rounds of 

homeostatic turnover occurs over this period of time322. Indeed when quantified, the frequency 

of Sept7cKO T cells was significantly lower than control T cells in antigen-free host spleens 

(Figure 3.11B, right), indicating a role for septins in facilitating memory T cell homeostasis. In 

contrast, while we noted a trend toward preferential wild-type T cell maintenance in the lymph 

node, it was not as severe as in the spleen (Figure 3.12C). This observation may speak to 

intriguingly different milieus between the two organs that support homeostatic division, but 
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remains an area of future investigation. Altogether, this data demonstrates that a lack of septins 

impedes T cell division in a stimulus-dependent manner in vivo. 
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Figure 3.11 Septins are required for homeostatic maintenance of naïve and memory CD8+ T 
cells in vivo. 
(A) Frequency of CD8+ T cell population (left) and CD8+ T cell CD44 surface expression (right) 
in pooled lymph nodes of 6-8 week-old (top) or 6-month-old (bottom) OT-I mice. (B) Sept7cKO 
and control OT-I T cells were transferred to mice which were then immunized i.v. with DecOVA. 
OT-I T cells were sorted from immunized mouse spleen and lymph nodes 14d later, and co-
transferred to antigen-free host mice. Ratio of control to Sept7cKO cells sorted from spleen 14d 
post-DecOVA immunization (left). Ratio of control to Sept7cKO T cells recovered from spleens 
of antigen-free host mice 8 weeks after transfer (right). Non-significant P value (> 0.05) (left) 
and *P value = 0.0243 (right) with data analyzed with 1-sample t-test comparing distribution to 
theoretical mean of 1 (B). Each symbol represents an individual mouse (A, B; right) or an 
independent experiment (B; left). Small horizontal lines denote the SEM. Data is pooled from at 
least four independent experiments with total n = 8 (A), 5 (B; left), or 6 (B; right). *P <0.05 with 
data analyzed with unpaired t-test (A). 
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Figure 3.12 Homeostatic maintenance of septin-deficient and control CD8+ memory T cells in 
the lymph node. 
(A-C) Sept7cKO and control OT-I T cells were transferred to DecOVA-immunized mice, sorted 
from the spleen and lymph nodes 14d later, and co-transferred to antigen-free host mice. Ratio 
of control to Sept7cKO OT-I T cells sorted from lymph nodes 14d post-DecOVA immunization. 
*P value = 0.0107 with data analyzed with 1-sample t-test comparing distribution to theoretical 
mean of 1 (A). Surface expression of CD44 and CD62L on Sept7cKO and control OT-I T cells 
sorted from pooled spleen and lymph nodes 14d post-DecOVA immunization (B). Ratio of 
control to Sept7cKO OT-I T cells recovered from pooled skin-draining lymph nodes 8 weeks 
following co-transfer to antigen-free hosts. Non-significant P value (> 0.05) with data analyzed 
with 1-sample t-test comparing distribution to theoretical mean of 1 (C). Each symbol represents 
an individual experiment (A) or mouse (C). Small horizontal lines demarcate the SEM. Data is 
pooled from at least four independent experiments (A, C) or representative of two independent 
experiments (B).   
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III. DISCUSSION 

The significance of these results is that we have identified a situation and mechanism 

that differentiates APC/niche-driven proliferation from niche-independent division. This suggests 

that specific types of T cell division might be differentially targeted in the future, for example with 

cytoskeletal inhibitors. This is of particular importance since homeostatic expansion arising from 

lymphopenic conditions can result in organ transplant rejection or possibly autoimmunity, and is 

not responsive to co-stimulatory blockade323,324,325,326,327. In fact, a preponderance of clinical 

immunosuppressive agents are actually directed against antigen-specific T cell expansion, 

typically targeting pathways downstream of T cell activation such as mTOR or calcineurin324. 

Drugs that are available to restrict homeostatic division such as MMF target non-specific 

processes like DNA synthesis328 that are characteristic of all forms of T cell division, and thus 

leave patients ill-equipped to face pathogen challenge. Our work suggests that targeting septins 

and the pathways they use might yield better therapeutic strategies in these cases.  

Previous to this work, it had been found that T cells, amongst a select few eukaryotic 

cells, did not appear to require septins to complete cell division208,210. Now, we understand that 

the T cell exception reflects, not a cell-type, but a context-dependent role of septins in cell 

division. In the case of T cells, the context that rescues T cell division is the presence of a highly 

adhesive and activated surface or cell type. Previous in vivo lymph node imaging studies of 

proliferating T cells demonstrate antigen-specific T cells dividing independently of contact with 

labeled APCs309, though division following DC contact has also been noted329. Our findings that 

APCs or surfaces high in specific co-stimulatory molecules and integrins rescue septin-null T 

cell cytokinetic defects in vitro and in vivo provide support that a niche, in which T cells engage 

in contact interactions during the temporal window of division, serves a functional role. We 

observed a spectrum of septin-null T cell proliferative competence across the conditions 

PMA/ionomycin, anti-TCR/anti-CD28, or antigen-pulsed APCs, an effect that thus corresponds 

to the degree of PI(3)K signaling expected to be generated by these stimuli. It may thus be that 
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a threshold of total PI(3)K signaling must be reached for T cells to divide in the absence of 

septins. Yet, cytokines like IL-7 and IL-2 generate PI(3)K activity through their receptors as well, 

and we did not find partial or full rescue of the cytokinesis defect in these conditions. 

Distinctions in how and when PI(3)K is active likely underlie this, and it is also possible that the 

activating PI(3)K cue could be counterbalanced by additional cell-cell cues. Based on the data, 

we favor a model in which APCs can mediate septin-null cell division by providing a highly 

polarized source of PI(3)K signaling and/or stabilized cell cortex, given at or near the time of cell 

division. 

As septins have been described to establish polarity in yeast and reinforce local 

membrane compartmentalization by serving as a diffusion barrier279,242,330, it is tempting to 

speculate that septins and PI(3)K may cooperate or act redundantly to ensure that proper 

polarity is maintained while T cells undergo cell division. Notably, compartmentalization of 

phospholipids has been described as important during cytokinesis as the cytokinetic furrow is 

enriched for phosphatidylinositol-(4,5)-bisphosphate (PtdIns(4,5)P2)331,332. While previous 

studies have found PI(3)K signaling within the first 8 h of T cell activation to be the most critical 

in impacting eventual proliferation333, our data using PI(3)K inhibitors suggests that PI(3)K 

signaling even 24 h post-T cell activation continue to regulate wild-type T cell proliferative 

potential and kinetics. Indeed, one area where a dual PI(3)K–septin pharmacological inhibition 

might prove selective would be in blocking antigen-independent proliferation of leukemic cells 

while sparing the proliferation of antigen-dependent host T cells.   

One surprising result of our data in this paper and previous is that T cell signaling, even 

at a synapse, is independent of septins. In fact, our original impetus for studying these proteins 

was that they assemble more densely as a ring around the immune synapse (IS) (J.G. and 

M.F.K., unpublished). To this extent, our collective data is at odds with recent studies which 

used shRNA approaches to implicate septins in efficient STIM1 and ORAI co-localization and 

subsequent calcium flux in HeLa, Jurkat, and HEK cells253,334. We, in contrast, did not find that 
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differences in septin-deficient T cell division capacity stemmed from defects in TCR signaling 

processes. One possible reason for this difference would be some form of compensation in our 

cells for this specific septin function. The presence of cell division defects argues against 

ubiquitous compensation, and the idea of signaling-specific compensation is not supported by 

data in which normal calcium flux was observed despite Cre transfection of Sept7flox/flox T cell 

blasts (A.M.M. and M.F.K., unpublished). An alternative explanation for the apparent septin 

defect reported in cell lines may be that these cells are experiencing cytokinetic failure, and thus 

defective signaling is relatively distal to septin deficiency. At present, although we cannot 

support that there is a requirement of septins for T cell calcium signaling, further work may be 

needed to determine how and when our findings align with previous signaling studies. 

Why were we ever able to isolate T cells from the periphery of conditional knockout mice 

if cell division is possibly compromised? One answer is that while the Cd4-Cre allele depletes 

septins in the pre-DP window, T cells post-DP stage typically do not divide again unless called 

upon to do so for homeostatic expansion. Additionally, with respect to homeostatic processes, 

although septin-null cells are clearly defective in expanding in vivo when transferred to a sub-

lethally irradiated mouse, the effect was not as profound as the division defect to pure cytokines 

in vitro. It may be that some maintenance, if not expansion, of T cells in developing mice can 

involve synaptic cell-cell encounters that are septin-independent. For example, IL-15 is trans-

presented to CD8+ T cells by another cell bearing the alpha chain335. Additionally, T cells at 

steady-state engage in cellular contact with APCs presenting self-pMHC and/or fibroblastic 

reticular cells (FRCs) that produce homeostatic cytokines like IL-75. 

What is the breadth of this requirement?  Septin-null T cells did appear to selectively 

lose CD44–CD8+ populations in lymph nodes320,321 and we also observed defective homeostasis 

of memory CD8+ OT-I Sept7cKO T cells in the spleen. In light of the trend in septin requirement, 

these findings suggest that endogenous cell-cell contacts in these settings do not mediate 

Sept7cKO T cell division like endogenous cell-cell contacts do for activated T cells.  Although 
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we found no specific defects in septin-deficient T cells for effector generation as assessed by 

surface markers or interferon-g at day 6 post-immunization (A.M.M, J.G. and M.F.K., 

unpublished), late-stage cellular contacts such as those during asymmetric cell division or in 

late-stage T-T interactions31,32may supply an additional higher degree of complexity in T cell 

effector and memory development, as well as clonal burst size and sustained survival. In sum, 

septin-dependent versus -independent immune cell cytokinesis indicates the possibilities for 

enhanced selective targeting of proliferative processes. 
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IV. METHODS 

Mice 

Sept7cKO Sept7flox/flox mice210 were crossed to Cd4-Cre transgenic mice317 to deplete Septin 7 in 

T cells. These mice were bred to Ovalbumin (OVA)-specific TCR transgenic OT-I mice336 and/or 

mTmG mice316 (The Jackson Laboratory). Cells designated as experimental controls were 

generated from Sept7flox/flox Cd4-Cre– or Sept7flox/– Cd4-Cre+ mice. These mice, along with 

C57BL/6 (The Jackson Laboratory and Simonsen) and CD45.1+ mice, were housed and bred 

under specific pathogen-free conditions at the University of California Animal Barrier Facility. All 

experiments using mice were approved by the Institutional Animal Care and Use Committee of 

the University of California.  

 

Cell isolation 

CD8+ polyclonal or OT-I T cells were isolated from lymph nodes of 6–8-week-old mice using 

EasySep CD8 negative selection kits (STEMCELL Technologies). B cells were isolated from 

spleens of 6–8-week-old mice using EasySep B cell negative selection kits (STEMCELL 

Technologies). In specified experiments, B cells were treated with 1 mg/ml LPS (Sigma-Aldrich) 

for 5 h before use. BMDCs were generated from treating cultured bone marrow cells with GM-

CSF (granulocyte-macrophage colony-stimulating factor) for 7–11 days. IL-4 was added for the 

last 2 days with 1 mg/ml LPS stimulation 6–24 h before use. BMDCs and B cells were incubated 

with 1–100 ng/ml SL8 OVA peptide (SIINFEKL) (Anaspec), or variant peptides N4, T4, Q4H7, 

V4 (gift from E. Palmer and D. Zehn) for at least 30 min at 37°C and washed 3 times.  

 

Immunoblot  

Naïve CD8+ T cells were isolated from 6 week-old Sept7cKO and littermate control OT-I mice. 

106 cells per sample were lysed in PBS containing 1% Triton X-100 in the presence of a cocktail 

of protease and phosphatase inhibitors (2 mg/ml aprotinin, 2 mg/ml leupeptin, 2 mM 
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phenylmethyl sulfonyl fluoride (PMSF), 10 mM sodium fluoride, 10 mM iodoacetamide and 1 

mM sodium orthovanadate). After 15 min lysis on ice, lysates were spun at high speed for 10 

min to remove insoluble material and protein concentration in the supernatant was quantified by 

the Bio-Rad detergent-compatible protein assay to ensure equal loading. Samples were 

resolved by SDS-PAGE, and immunoblot analysis was performed using rabbit polyclonal 

primary antibodies against Sept1, Sept6C, Sept9241, Sept7 (IBL-America, Inc.), and HRP-

Conjugated Goat anti-Rabbit secondary antibody (Jackson ImmunoResearch) Relative protein 

abundance was quantified using ImageJ software (NIH).  

 

In vitro T cell activation assays 

Isolated T cells were labeled with 0.5–5 mM CFSE (carboxyfluorescein diacetate succinimidyl 

ester; Invitrogen) or CellTrace Proliferation Dye (BD Biosciences) for 15 min at 37 °C, cultured 

in 96-well plates at a density of 0.1 × 106/ml in complete RPMI and harvested for analysis 72 h 

later unless noted otherwise. CD8+ T cells were cultured on plate-bound anti-CD3 (2C11; UCSF 

Hybridoma Core) or anti-TCRb (H57-597; produced in our lab) with addition of soluble anti-

CD28 at 2 mg/ml (PV-1; UCSF Hybridoma Core). Alternatively, T cells were stimulated with 

100–1000 ng/ml PMA (phorbol 12-myristate 13-acetate) and 125 ng/ml ionomycin. In specified 

experiments 10–20 U/ml of recombinant human IL-2 (NIH AIDS Reagent Program) or 20% 

supernatant harvested from previous wild-type BMDC-T cell cultures was added at time of 

plating. For other indicated experiments, 96-well plates were coated with the following 

antibodies or proteins: 10 mg/ml anti-CD44 (IM7, eBiosciences), 10 mg/ml anti-CD28 (PV-1; 

UCSF Hybridoma Core), 5 mg/ml recombinant mouse ICAM-1 Fc Chimera protein (R&D 

Systems), or 10 mg/ml fibronectin, bovine plasma (EMD Millipore). In some experiments, cells 

were moved to or removed from plates containing ICAM-1 Fc Chimera protein, prepared as 

detailed above.  
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In co-culture experiments, OT-I T cells were plated with activated BMDCs at a 10:1 ratio in flat-

bottom wells, or with isolated B cells at a 1:1 ratio in round-bottom wells. In specified 

experiments, 10 mM of PI(3)K inhibitors LY-294,002 (Sigma-Aldrich) or GDC-0941 (gift from J. 

Roose) was added to culture 24 h or 36 h after plating. For BMDC rescue assays, T cells were 

stimulated with PMA and ionomycin, and mature activated BMDCs were added at time of 

plating. To block co-stimulatory signaling, 10 mg/ml anti-CD80 (16-10A1; UCSF Hybridoma 

Core) and 10 mg/ml anti-CD86 (GL-1; UCSF Hybridoma Core) and/or anti-CD11a (M17/4; 

UCSF Hybridoma Core) was added to culture 0 or 24 h after plating. Alternatively, 10 mM of LY-

294,002 or 10 mM GDC-0941 was added 0 or 24 h after plating. In other experiments, T cells 

were plated with activated BMDCs at a 5:1 ratio, isolated with a CD8 negative selection kit, and 

re-plated with 10 U/ml of human recombinant IL-2. 

 

Cytokine exposure 

Isolated CD8+ OT-I T cells were cultured in 96-well plates at a density of 0.1 × 106/ml. 5000 

U/ml of human recombinant IL-2, or murine recombinant 5 ng/ml IL-7 (Peprotech) and 100 ng/ml 

IL-15 (Peprotech) were added to media at time of plating, with cells harvested for analysis 5 

days later. 

 

Surface and intracellular flow cytometry staining 

Cells were harvested from lymph nodes, spleens, or in vitro culture, washed with PBS and non-

specific binding blocked with flow cytometry buffer (PBS, 2% FCS) and anti-CD16/32 (2.4G2; 

UCSF Hybridoma Core). Surface proteins on cells were stained with the following antibodies for 

25 min at 4 °C: anti-CD69 (H1.2F3; eBiosciences), anti-CD25 (PC61.5; eBiosciences), anti-

CD71 (C2, BD Pharmingen), anti-CD8a (53-6.7 eBiosciences), anti-CD4 (RM4-5; BioLegend), 

anti-CD44 (IM7; eBiosciences), anti-CD45.1(A20; eBiosciences), or anti-CD45.2 (104; 
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BioLegend). Cells were again washed and resuspended with flow cytometry buffer before data 

collection, with addition of black latex beads to samples to quantify cellular number.  

 

For intracellular stains, cells were washed with PBS, incubated with Zombie NIR fixable viability 

dye (BioLegend) at 4 °C for 30 min to demarcate dead cells. Cells were next washed and fixed 

with 4% PFA for 15 min at 20 °C. Lastly, cells were washed and stained in flow cytometry buffer 

with 0.2% saponin, along with anti-Septin 7241 or phalloidin probe (Invitrogen) for 30 min before 

a final wash and resuspension in flow cytometry buffer. Alternatively, fixed cells were treated 

with cold (-20°C) MeOH for 30 min at 4°C. Cells were then stained for 1 h at 20 °C in staining 

buffer (PBS, 1% BSA) containing anti-c-Myc (D84C12; Cell Signaling Technology), washed, and 

stained with fluorescently labeled donkey F(ab’)2 anti-rabbit (Abcam) for 30 min at 20 °C.  

 

For assessing cellular DNA content with Hoechst dye, harvested cells were washed with PBS, 

fixed in 70% EtOH for 30 min on ice, and washed twice again with PBS. Cells were then 

incubated with PBS containing 0.1% Triton-X-100, 0.1 mM EDTA, 100 mg/ml RNAse A (Thermo 

Scientific), and 5 mg/ml Hoechst dye (Thermo Scientific). Cells were again washed and 

resuspended in flow cytometry buffer. 

 

STAT5 phosphorylation assay 

Isolated CD8+ OT-I T cells were cultured in 96-well plates and activated through PMA and 

ionomycin stimulation or co-culture with SL8-pulsed activated BMDCs. Anti-mouse IL-2 (15 

mg/ml, JES6-1A12) was added to cultures at time of plating to restrict IL-2 delivery. After 24 h, 

recombinant human IL-2 (0.1-100 U/ml) was added to wells for 20 min at 37 °C. Cells were 

washed, fixed with 4% PFA for 15 min at 20 °C,and washed. Cells were resuspended with cold 

(-20 °C) MeOH and washed with flow cytometry buffer 4 times. To stain, cells were incubated in 
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PBS containing 2% BSA and anti-phospho-STAT5 (C71E5; Cell Signaling Technology) before a 

final wash and resuspension in flow cytometry buffer. 

 

Calcium flux signalling 

Isolated CD8+ OT-I cells were labeled with 1 mM ratiomeric calcium-binding dye Indo-1, AM 

(Life Technologies) in PBS for 15 min at 37 °C. Cells were washed twice with complete RPMI, 

and incubated at 37 °C for 15 min to allow for complete de-esterification. Cells were coated with 

5 mg/ml anti-CD3 (2C11; UCSF Hybridoma Core) on ice, washed, and transferred to 37 °C 10 

min prior to data collection. To induce CD3 cross-linking, 10 mg/ml of anti-Armenian hamster 

(BioLegend) was added to CD3-coated cells after 1 min of sample collection. Alternatively, 1 

mM of thapsigargin (Sigma-Aldrich) was added to uncoated cells. Cell samples were kept in a 

heating chamber (37 °C) during data collection by flow cytometry. 

 

In vivo cell transfer and Dec-OVA immunization 

Isolated CD8+ T cells were resuspended in PBS and adoptively transferred by retro-orbital or 

tail-vein injection to recipient mice. 0.5 × 106 CFSE-labeled wild-type and Sept7cKO polyclonal T 

cells were co-transferred to host mice that had been sub-lethally irradiated. Inguinal lymph 

nodes and spleen were harvested and analyzed 14 days following transfer. 0.5–1 × 106 CFSE-

labeled wild-type and Sept7cKO CD8+ OT-I T cells that had been co-cultured in vitro with SL8-

pulsed BMDCs were isolated and co-transferred to antigen-free host mice. Spleens were 

harvested and analyzed 48 h later. 

 

Alternatively, 2.5 × 103 wild-type and Sept7cKO OT-I T cells were co-transferred to congenic 

wild-type mice, respectively. Dec-OVA complexes were generated in-house from conjugation of 

anti-Dec205 (NLDC-145) to OVA. 1 mg of Dec-OVA, along with 10 mg of anti-CD40 (1C10; 
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eBiosciences), was injected subcutaneously in the left and right flanks of host mice. Inguinal 

lymph nodes were harvested and analyzed 6 or 7 days later.  

 

For memory homeostasis experiments, 2.5 × 106 naïve CD8+ OT-I wild-type and Sept7cKO T 

cells were co-transferred to host mice that were immunized i.v. with 10 mg DecOVA and 50 mg 

anti-CD40. Transferred T cells were sorted from pooled spleens and lymph nodes of these mice 

14 days later, counted, and 0.5–1 × 106  wild-type and Sept7cKO cells were co-transferred to 

antigen-free mice. Spleens and lymph nodes were harvested and analyzed 8 weeks later. 

 

In vivo cell transfer and IL-2 complex delivery 

1 × 106 isolated Sept7cKO or control OT-I CD8+ T cells were adoptively transferred by retro-

orbital injection to congenic recipient mice. IL-2 complexes were formed by incubating 1 mg of 

recombinant murine IL-2 peptide (Peprotech) with 5 mg murine anti-IL-2 (S4B6-1; BioXCell) for 

1 h at 20 °C. PBS was added and the solution administered by intra-peritoneal injections. IL-2 

complexes were freshly made and injected daily, with harvesting and analysis of inguinal lymph 

nodes and spleen after 7 days. 

 

T cell morphology analysis 

T cells were activated, and imaged on ICAM-coated coverslips with 0.25% low-melt agarose for 

morphological analysis. Cell length was measured using Metamorph software’s Integrated 

Morphometry Analysis (IMA) measurement tool. Images were acquired on a modified 

ZeissAxiovert 200M microscope with a plan-neofluor 63× objective (Carl Zeiss) using 

Metamorph imaging software (MDS Analytical Tech). 

 

Confocal microscopy 
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Isolated CD8+ T cells were stimulated with PMA and ionomycin, and cultured for 48 h. Cells 

were then transferred to poly-L-Lysine coated chamber slides. Once adherent, cells were 

washed twice with PBS, fixed with 4% PFA (PBS) for 15 min at 20 °C and washed. Cells were 

permeabilized with 0.1% Triton-X-100 (PBS) for 5 min, and washed twice with 1% BSA (PBS). 

Cells were then stained with DAPI (Invitrogen) before a final wash and application of a cover 

slip. Images of cells were generated using an inverted Yokogawa CSU-10 spinning-disk 

confocal microscope (Zeiss) with Micro-Manager imaging software (www.micro-manager.org). 

 

CFSE quantification 

A mean CFSE peak number was quantified for each in vitro proliferation experiment with CFSE-

labeled T cells. For a given sample’s CFSE profile of live cells, each CFSE peak was gated, and 

the percentage of cells populating the peak was generated. A weighted mean of the number of 

CFSE peaks diluted was then calculated.  

  

Statistics 

Comparisons between groups were analyzed with Student’s t-test as indicated with GraphPrism 

software. Data was denoted as significant if P-values were 0.05 or less.  
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CHAPTER 4: DENDRITIC CELLS IN CANCER 

 

Originally identified by Ralph Steinman based on their distinctive dendritic morphology, 

dendritic cells (DCs) encompass a group of professional antigen-presenting cells (APCs) that 

present self- and foreign- antigen to T cells through MHC-I and MHC-II, and are uniquely 

positioned to initiate T cell activation337. Responsive to environmental stimuli, be it homeostatic, 

infectious, or noxious, mature DCs also express a constellation of additional cues like co-

stimulatory molecules or cytokines that inform T cell proliferation and differentiation. As a vital 

link between innate and adaptive immunity, DCs serve as the crux and cellular driver of the 

‘cancer immunity cycle’ that generates antigen-specific anti-tumor T cell responses338,339. Briefly, 

this model outlines the process by which tumor DCs first phagocytose tumor cell antigen. A 

subset of these DCs traffic to the tumor-draining lymph node (LN) to present tumor antigen and 

prime tumor antigen-specific T cells. Other DCs present in the tumor microenvironment (TME) 

can reactivate these effector T cells upon entry. Although activation of DCs leads to migration to 

the LN22, it remains unclear which DCs are relegated to either migration or re-activation of T 

cells entering the TME. Speaking to the central role of DCs in directing cancer immunity, 

however, high mature DC density is associated with T cell activation and improved cancer 

patient outcome340,341,342. Furthermore, in human melanoma samples, Ccr7 expression is 

associated with higher T cell count as well as improved overall survival, reinforcing the role of 

migratory DCs in initiating T cell responses systemically as well as locally343 

Yet while an anti-tumor immune response would ideally lead to the clearance of aberrant 

cancer cells, immunosuppressive factors can stymie a potent anti-tumor immune response. 

Such factors may include: lack of neo-antigens, lack of stimuli to activate DCs, low tumor DC 

density, dysfunctional or tolerogenic tumor DCs, and exclusion or immunosuppression of 

effector T cells at the tumor site344. Recent advances in immunotherapy enable modulation of 

dysfunctional T cells through ‘checkpoint blockade’ of inhibitory receptors like CTLA-4 and/or 
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PD-1345,346,347. Yet while these modalities have demonstrated clear clinical value across several 

cancer indications, a substantial portion of patients do not respond or acquire resistance348,349. 

In these settings, it may be that the anti-tumor T cells are not responsive to targeting, or that 

immunosuppressive factors continue to promote T cell dysfunction. In these settings, it may 

prove beneficial to boost anti-tumor activity in innate immune cells that can partner with anti-

tumor T cells. Indeed, therapeutic augmentation of tumor DCs can improve tumor growth control 

or synergize when in combination with checkpoint blockade350,351,352. As such, a better 

understanding of DC subset specialization, the signals that trigger maturation and antigen 

processing in the TME, and the mechanisms by which tumor DCs drive T cell responses will 

help to guide ongoing development of myeloid-oriented therapies.  

 

I. TUMOR MYELOID COMPARTMENT  

Dendritic cells. Classical DCs (cDCs) in mice and humans refer to DCs that emerge from a 

restricted pre-cDC-derived lineage and exhibit exceptional antigen-presentation and T cell 

activation capacity353. cDCs are segmented into two separate lineage classifications (cDC1 and 

cDC2) that correspond to differential transcription factor requirements and functional 

specialization across tissue systems354,355,356. Both cDC1s and cDC2s can be found in mouse 

and human tumors342,350,357,358 and a better understanding of subset populations and their distinct 

functionality will inform development of DC-targeted therapies.  

cDC1s excel at cross-presentation of antigen and are critical for initiating CD8+ T cell 

responses across a number of immunological settings13,359,360,361,362. cDC1s include lymphoid 

tissue resident CD8a+ DCs and non-lymphoid tissue (NLT) migratory CD103+ DCs, which are 

strikingly similar transcriptionally and share expression of the chemokine receptor XCR1363,364. 

Together cDC1s depend on IRF8365,366 , BATF3361,363, ID2367, and NFIL3368 for development, 

although there may be differences in strict requirements between the subsets369,370. Notably, in 

humans, BDCA3+ (CD141+) XCR1+ CLEC9A+ cells are found in blood, lymphoid, and NLT, and 
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closely resemble cDC1s in transcriptional signature and enhanced cross-presentation 

ability371,372.  

In contrast, cDC2s preferentially activate CD4+ T cells through MHC-II337,353, express 

SIRPα, and are dependent on the transcription factor IRF-4356,373,374. Additional development 

requirements include ZEB2375, NOTCH2376, RELB377, and TRAF6378. Despite this overarching 

classification, cDC2s encapsulate a great degree of heterogeneity that likely represents diverse 

biological function364,379. While historically cDC2s have largely been identified as CD11b+ 

DCs354, dermal cDC2s at least include a CD11bhi and CD11blo KLF4-dependent population380, 

and highlights the advantage of using SIRPα instead of CD11b as a defining marker. Another 

complicating feature of cDC2s is that they share many surface markers with monocytes and 

macrophages (e.g. CD11b, CD11c, SIRPα, CX3CR1, CCR2). This overlap in commonly used 

markers has made it difficult to precisely define and isolate cDC2 cells and assess functionality, 

although CD64, MERTK, and Ly6c have been proposed as markers to selectively identify 

macrophages and monocytes381. In humans, cDC2s are best aligned with the CD1c+ (BDCA1+) 

subset found in the blood and various tissues372,382,383 and include at least two subset 

populations as revealed by recent single-cell RNA-sequencing analysis384. Although much 

progress has been made in better defining cDC populations, recent advances in single-cell 

profiling by RNA-seq and CyTOF in both mouse and human will help to further resolve their 

heterogeneity.  

With regard to ontogeny, cDCs arise from pre-cDCs, which are defined as Lineage- 

CD11c+ MHC-II- FLT-3+ SIRPα- in mice385 and as Lin- HLA-DR+ FLT-3+ CD117+ CD116+ CD123+ 

CD33+ CD45RA+ in humans386,387. Originating in the bone marrow, pre-cDCs migrate through 

the blood and can be found in lymphoid tissue as well as NLT like the lung, kidney, or liver388,366. 

Pre-cDCs notably commit early to cDC1 or cDC2 lineages and pre-cDC1 or pre-cDC2s can be 

identified in the bone marrow, blood and lymphoid tissue385,386. Both pre-cDCs and cDCs 

express FLT-3, and FLT-3L is required for cDC development and for in situ proliferation in the 
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periphery389,366. In addition, CSF-2R is expressed by cDC1s and cDC2s and, while GM-CSF 

does not appear to be required for resident cDC populations in lymphoid tissue development390, 

it is required for DC survival in peripheral tissue391 and induces CD103 expression392. While both 

cytokines influence DC biology, there does appear to be selective responsiveness, as FLT3-

ligand (FLT-3L) preferentially increases CD103+ DCs while GM-CSF expands CD11b+ DCs342. 

Pre-cDCs can be found in the tumor microenvironment (TME), and in some instances 

up-regulation of CCL3 by the tumor can recruit pre-DCs393. Although this particular study found 

that pre-DCs matured into functional cDCs in the tumor (albeit with slightly decreased MHC-II 

levels), extensive characterization of tumor pre-cDC populations across tumor indications and 

classes has yet to be completed. It thus remains to be determined whether cDC differentiation is 

altered or impaired in the TME. It will be of interest to test if poor cDC1 infiltration, which is 

associated with decreased survival rates342, results from a shift in differentiation or exclusion of 

pre-DCs from the TME.  

 

Plasmacytoid DCs. Plasmacytoid DCs (pDCs) develop from the common DC progenitor 

(CDP), but are independent of the cDC lineage354. In tumors they have often been associated 

with poor outcome as high numbers of CD123+ pDCs in early-stage breast cancer and 

melanoma correlate with decreased survival394,395. Despite their tolerogenic properties, some 

studies have found potent anti-tumor activity in pDCs upon therapeutic stimulation396. It is 

important to note, however, that a recent study has identified human pre-cDCs to be CD123+ 

CD303+ and to exhibit substantial overlap in additional surface markers with pDCs387. Although 

CD33 expression can separate pre-cDCs from pDCs, previous studies of pDCs may be 

contaminated with pre-cDCs and conclusions drawn may warrant reevaluation.  

 

Monocytes & Inflammatory DCs. Although cDCs are tautologically pre-cDC-derived, 

monocytes can be recruited to sites of inflammation and differentiate into monocyte-derived 
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DCs (moDCs), or, inflammatory DCs397. Monocyte ontogeny is primarily demarcated by CCR2-

dependency, and differential surface markers aim to identify inflammatory DCs across tissue 

systems such as ESAM-lo CD11b moDCs in the spleen376, CD11b+ CD103- moDCs in the 

intestine398,399, CCR2+ CD64+ moDCs in the dermis381 or CD64+ FcyRI+ moDCs in the muscle400. 

These inflammatory DCs have also been reported in response to a number of infectious or 

adjuvant agents such as influenza401, HSV-2402, Leishmania major403, Listeria monocytogenes404 

LPS405, or alum406. Transcriptional profiling of populations from the skin reveals that 

inflammatory DCs exhibit a similar gene signature to CD11b+ cDCs381, and in some cases, 

inflammatory DCs may substitute for cDC functionality406 or shape T cell differentiation403,407. As 

with cDCs, inflammatory DCs have been described in humans across various disease 

conditions and are thought to express HLA-DR, CD11c, CD11b, CD14, CD1c (BDCA1), CD1a, 

CD206, Sirpa, and FceRI397. Furthermore, inflammatory DCs have also been identified in the 

TME of mice408 and human tumor ascites409, and may also contribute to anti-tumor immunity. 

Indeed, anthracycline chemotherapy can prompt massive recruitment and differentiation of 

monocytes. Here in this model the therapeutic benefit of chemotherapy relied on CD11b+ 

cells410, suggesting that these inflammatory DCs may exhibit anti-tumor activity in pro-

inflammatory conditions.  

Many questions remain as to how inflammatory DCs develop, if inflammatory DC 

populations from these studies share common transcriptional programs, and how they are 

functionally distinct from peer cDCs. Some of the murkiness regarding function stems from a 

dearth of markers that cleanly and consistently separates inflammatory DCs from cDC2s or 

macrophages. Practical limitations have also restricted use of monocyte transfers to 

demonstrate ontogeny and instead have relied on CSF-1- or CCR2-dependency. There is 

evidence, however, for heterogeneity within the umbrella of ‘inflammatory DCs.’ Listeria 

monocytogenes infection results in a TNFα- and iNOS-producing inflammatory DC population 

(TipDCs) in the spleen404 while LPS injection leads to DC-SIGN (CD209)+ CD206+ inflammatory 
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DCs in LNs405. Despite their originally proposed monocyte origin, DC-SIGN+ CD206+ cells were 

found later to express the cDC-specific transcription factor Zbtb46 and to be FLT-3L-

dependent10, while Zbtb46 expression is absent in TipDCs411. This discrepancy suggests that 

the LPS-induced DC-SIGN+ cells may instead be cDC- and not monocyte-derived, or, 

alternatively, opens the possibility that Zbtb46 can be up-regulated during moDC development. 

In contrast, TipDCs are dependent on CSF-1 but not GM-CSF391 and may simply represent an 

inflammatory monocyte. As evident, further functional analysis and discussion is needed to 

determine the threshold that a monocyte-derived cell must meet to be considered a DC. A 

similar predicament exists in human studies as well, in which promiscuous expression of 

myeloid surface markers and a lack of rigorous lineage tracing may lead to inappropriate 

labeling of DCs and cells of monocyte origin. While seemingly semantic, clarity on ontogeny and 

functional specification will allow for more consistent comparisons across models and shed light 

on the myeloid populations that contribute to anti-tumor responses.  

  

Macrophages. Like DCs, tissue macrophages have heterogeneous ontogeny, but tumor-

associated macrophages (TAMs) are largely monocyte-derived412 and far out-number cDCs in 

the TME342. Functionally they are thought to be largely pro-tumor through production of 

immunosuppressive cytokines and surface markers like IL-10, TGF-β, and PDL-1, and factors 

that facilitate tissue remodeling, angiogenesis, and tumor cell growth and migration413,414. 

Macrophages have been described as more efficient at phagocytosis than DCs but far more 

inefficient at antigen cross-presentation14,415. As such, TAMs are incapable of supporting T cell 

proliferation342,357,416,417, and hence represent a functional counterpoint to cDCs. High 

frequencies of TAMs are generally associated with poor prognosis of a wide variety of cancer 

indications, although correlations between high TAM density and improved survival have 

emerged418. Like their myeloid brethren, macrophages are not uniform and take on distinct 

activation states, often characterized from in vitro studies as classical (M1) or alternative (M2) 
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activation based on initial stimulus419. Although likely more reductionist than what occurs in vivo, 

these two cellular profiles represent polarized transcriptional and secretory programs that may 

explain conflicting correlations in patient outcome413. For example, the M2 profile tends to be 

anti-inflammatory and promote wound-healing processes. In line with this functional divergence, 

a M2 signature is associated with a worse prognosis than a M1 signature420,421. Finer resolution 

of these populations in vivo will likely yield insight into TAM function as well as their impact on 

tumor development and responsiveness to immunotherapy. 

 

II. ROLE OF DCs IN DRIVING T CELL RESPONSES 

cDC1s. cDC1s are exceptional at cross-presenting endocytosed antigen on MHC-I, and unlike 

CD11b+ DCs, do not require activation to do so422. To ensure cross-presentation of antigen, 

cDCs restrict degradation of endocytosed peptides in phagosomes by limiting early recruitment 

of proteases, maintaining a neutral phagosomal pH, and facilitating export of antigen to 

cytosol14. DCs express an ER- and lipid body- resident GTPase Igtp that is required for lipid 

body accumulation following stimulation. Loss of Igtp or a lipid body coat component was 

accompanied by defective phagosomal maturation and CD8+ T cell cross-priming, which 

suggests an intriguing role for lipid bodies in regulation of cross-presentation423. In addition, 

cDC1s maintain a higher pH through Rac2-mediated Nox2 assembly and ROS production in 

phagosomes424. In line with these findings, our group has similarly observed that tumor CD103+ 

DCs have a higher vesicular pH than tumor CD11b+ DCs342 and although all DCs contain 

fluorescent antigen in the TME, only CD103+ DCs contain detectable fluorescent protein antigen 

following CCR7-dependent migration to the tumor-draining LN350,343.  

With such specialization in cross-presentation, cDC1s are uniquely well equipped to 

initiate CD8+ T cell responses425,426, and a number of studies have demonstrated their critical 

role across a variety of models13,359,360,361,362. Indeed, while naïve antigen-specific CD8+ T cells 

can proliferate and differentiate into cytotoxic T cells (CTLs) in tumor-draining LNs of 
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spontaneous and ectopic tumor models427, anti-tumor CD8+ T cell responses are greatly 

diminished with loss of Batf3-dependent cDC1s361. Although this could implicate CD8+ resident 

lymphoid DCs or tissue migratory CD103+ DCs, use of mixed bone marrow chimeras highlighted 

the critical role of CCR7+ CD103+ DCs specifically for initiating CD8+ T cells responses343. 

Moreover, loading of a pH-stable tumor antigen across resident DCs in the tumor-draining LN 

was CCR7-dependent, arguing that CCR7+ DCs from the tumor are the primary source of 

antigen in the LN and that antigen handoff occurs between CCR7+ and LN resident 

populations343. The relationship between resident and migratory DC populations in the tumor-

draining LN is unclear, but CD8+ T cells preferentially interact with migratory DC populations428 

and XCR-1+ DC1s have been visualized engaging in stable contacts with tumor-specific CD8+ T 

cells343,429. Notably, CD103+ DCs take up antigen early in primary and metastatic tumor 

development343,429 and thus are poised to set the stage for the subsequent anti-tumor CD8+ T 

cell response.  

In addition to priming CD8+ T cells in the LN, CD103+ DCs are also central T cell 

partners in the TME. Although CD103+ DCs are an extremely rare population in the tumor, their 

anti-tumor activity can be potent342. Numbers of CD103+ DCs and tumor-infiltrating CD8+ T cells 

are correlated350, and CD103+ DCs can recruit activated T cells into the tumor through 

production of CXCL9 and CXCL10430. Analysis of human melanoma tumors confirmed a positive 

correlation between Batf3-expressing DCs and Cxcl9 or Cxcl10 expression, as well as with 

CD8+ T cells430. CD103+ DCs present in the TME have been found to be uniquely capable of 

supporting CD8+ T cell proliferation and are important for re-stimulating activated CD8+ T cells 

upon arrival to the tumor342. Although the mechanistic requirements of re-activation by DCs in 

the TME is still not well understood, the presence of CD103+ DCs in the TME may promote 

higher T cell motility and contact with cancer cells430. In addition to outrivaling other cells at 

cross-presentation and activating CD8+ T cells, cDC1s are a primary producer of IL-12342,431,431, 

which helps to drive CD8+ T cell proliferation and effector function432. The benefit of IL-12 is 
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supported by the finding that higher Il12a expression levels are associated with CD8+ T cell 

effector genes and higher rates of responsiveness to chemotherapy434.  

As suspected from their outsized role in driving CD8+ T cell responses, higher tumor 

CD103+ DC numbers correspond to survival across multiple indications342. Even more indicative 

of their pro-stimulatory potential, immunotherapeutic benefit may rest on CD103+ DCs. In 

murine tumor models CD103+ DCs are required for the recruitment and local re-activation of 

CD8+ T cells that enables successful adoptive cellular therapy (ACT) with CTLs342,430. They are 

also necessary for anti-tumor effects of anti-PD1, -PDL1, or -CD137 therapy433, as well as 

vaccine approaches with FLT-3L and Poly:IC350, or inactivated vaccinia virus434. 

 

cDC2s. cDC2s contain an unresolved degree of heterogeneity, but were first described to be 

predominantly responsible for initiating and supporting CD4+ T cell activation and 

proliferation12,13,. Although population definitions have not been consistent, cDC2s broadly have 

been attributed to driving CD4+ T cell helper subset differentiation toward Th1435, Th2380,436,437, 

Th17376,438, as well as T follicular helper cell439 fate across a variety of immunological models. 

Some specialization of skewing capacity appears to be in place as Mgl2+ (CD301b+) CD11b+ 

DCs were identified as critical for mediating Th2 but not Th1 responses437. Given the 

heterogeneity present in the cDC2 compartment, the requirements and coordination for initial 

CD4+ T cell activation and later differentiation in the LN and tissue are not well understood and 

likely complex. Sequential interactions with multiple DC populations has been documented in 

the LN440 and these multicellular dynamics may also shape a given CD4+ T cell’s early 

differentiation program after initial priming. For example, in some scenarios cDC1s contribute to 

Th1 skewing441, and other LN DC subsets may similarly influence CD4+ T cell fate. While cDC2s 

are present in the TME, their role in anti-tumor immunity has not yet been fully defined. Notably 

a recent study using LLC-tumors observed CD4+ T cell proliferation when co-cultured with 

CD11b+ tumor and LN cDC2s and, interestingly, found that these cDC2s skewed CD4+ T cells 
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toward a Th17 phenotype primarily in vitro408. From this finding, it will be valuable to determine 

whether there is a functional significance of generating anti-tumor Th17 cells and to test how 

cDC2s function in CD4+ T cell activation and differentiation across different indications with an 

eye to the heterogeneity in that compartment. 

The requirements for CD4+ T cells can differ across types of immunological 

challenges442. Although it remains unclear the extent to which CD4+ T cells provide ‘help’ to 

CD8+ T cells during an anti-tumor response, there is precedent for CD4+ T cells to ‘license’ LN 

APCs with CD40L and boost T cell responses to apoptotic cell antigens. In doing so, CD4+ T 

cells can bolster the quality of CD8+ T cell priming by shifting the CD8+ T cell response one of 

tolerance to CTL generation443,444,445,446,447. CD4+ T cells also contribute to robust T cell memory 

programming and maintenance448,449,450. Later in the TME CD4+ T cells can promote CD8+ T cell 

infiltration and effector function in the tumor451,452.  

Going forward, it will be of interest to determine how DCs organize CD4+ T cell 

responses in different tumor models, and whether therapeutic targeting of CD4+ T cell function 

can effectively promote anti-tumor immunity. A combinatorial immunotherapeutic approach with 

allogeneic tumor-binding antibodies, anti-CD40, and IFNγ induced systemic expansion of an 

effector CD4+ T cell population that protected against new tumors, and a similar population was 

observed in patients undergoing immunotherapy453. These findings are similarly supported by 

the demonstration that ACT with CD4+ T cells can be effective in some models454,455,456,457. It 

remains to be determined whether CD4+ T cells play an outsized role in certain tumor models or 

therapeutic approaches, and whether cDC2s mediate these responses. Vaccination with cDC2s 

was more protective against a mouse model of LLC tumor growth than vaccination with cDC1s. 

Interestingly, the converse was true for B16 growth, suggesting that cDC2 profiles or CD4+ T 

cell contribution may vary between the two models408. Lastly, although cDC2s are thought to 

primarily drive CD4+ T cell responses and display sub-optimal cross-presentation, delivery of 

antigen with stimuli like immune complexes or TLR7 agonists can substantially boost cDC2 
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ability to cross-present antigen to CD8+ T cells422,130. Neither tumor nor LN CD11b+ DCs were 

capable of activating CD8+ T cells to the same extent as CD103+ DCs in a B16 model342,343 

although it remains to be tested whether therapeutic modalities could improve CD8+ T cell 

function via cDC2s as well as cDC1s.  

 

III. DENDRITIC CELLS: ARBITER OF TOLERANCE VS. ACTIVATION 

In the steady-state DCs are tasked with maintaining systemic tolerance. Cross-

presentation of antigen or apoptotic cells by cDC1s results in tolerant or suppressive CD8+ T 

cells458,459,460,461,462. cDC1 presentation of self-antigen can also support Treg expansion463. 

Transcriptional profiling of steady-state migratory DCs reveals a gene signature that includes 

genes like Socs2, Tmem176a, and Tmem176b that that could function to dampen DC 

activation11. Widespread loss of DCs with a CD11c-Cre-DTA model thus results in tissue 

infiltration of CD4+ T cells and onset of autoimmunity464. Similarly, Iκκβ-deficient DCs are unable 

to migrate from the skin to the draining LN, and this leads to a loss of Treg generation and 

severe autoimmunity465.  

Immunological challenges such as infection may present themselves, however, and host 

survival will require a shift from tolerance to robust effector adaptive immunity. To distinguish 

between ‘self’ and ‘non-self’ DCs express an assortment of pattern-recognition receptors 

(PRRs) including Toll-like receptors (TLRs) that bind to a diverse set pathogen-specific 

ligands20. This model was later broadened to account for danger associated molecular patterns 

(DAMPs) that signal tissue damage and cell death and that can also trigger DCs to take 

action21. Detection of pathogen or DAMP ligands activates DCs and enables them to alert the 

adaptive immune system through up-regulation of co-stimulatory molecules and inflammatory 

cytokines and migration to a draining LN466. While efficient antigen presentation by DCs is 

necessary to initiate T cell priming, these additional signals are required to drive effector T cell 

responses and robust anti-tumor immunity. In addition to antigen (Signal 1), co-stimulatory 
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molecules like CD80, CD86, or CD70 (Signal 2) increase T cell capacity to proliferate and 

produce cytokines467,468 and inflammatory cytokines like IL-12, IL-27, or type I interferon are 

critical for T cell effector differentiation130,131,469. As a regulatory measure to ensure that a DC 

has been directly exposed to a stimulus of immunological concern, cell-intrinsic TLR signaling is 

required to support robust T cell expansion and Th1 generation470.  

Many patients with cancer do have tumor-specific T cells in circulation and within the 

TME471,472, indicating that mature tumor DCs are initiating an antigen-specific response. Transfer 

of naïve tumor-specific T cells in mouse tumor models results in priming and expansion in the 

tumor, again confirming that spontaneous anti-tumor responses are underway but insufficient to 

clear the tumor343. Given the requirement for DCs laden with Signal 1 (antigen), 2 (co-

stimulatory molecules), and 3 (inflammatory cytokines) to tip the balance away from tolerance, 

investigation of both antigen uptake processes and DC-activation cues in the TME have been 

an important and active area of research. 

 

Tumor antigen recognition and uptake. DCs recognize and ingest tumor antigen through a 

variety of mechanisms. Tumor cell death occurs regularly and dying cells release ‘find me’ 

signals like lysophosphatidylcholine473, ATP474, or HMGB1475 that recruit myeloid cells to the site 

of cell death. Upon arrival, ‘eat me’ signals such as phosphatidylserine (PS) or calreticulin on 

the dying cell surface, as well as intermediate-binding partners, can be recognized by a variety 

of myeloid surface receptors476 allowing phagocytic cells like DCs to clear that dead cells477. 

These receptors include CD36, αvβ5 integrin, MERTK, CD91, or C-type lectin receptors which 

bind to the dead cell material and facilitate phagocytosis415,478,479. Tumor antigen immune 

complexes or opsonized dead cells can also be detected and cleared through complement, 

scavenger, or Fc receptors on DCs477. In addition to endocytosis of dead cells, DCs can obtain 

tumor antigen from living tumor cells through ‘nibbling’ with scavenger receptors480 or acquisition 

of tumor-derived exosomes481. Transfer of antigen between DCs in vitro has been reported as 
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well, suggesting that tumor antigen may be dispersed throughout the myeloid network 

regardless of proximal intimacy with tumor cells482. 

 

Immunogenic tumor cell death. Although DCs can capture tumor antigen through multiple 

sources, the signals that result from tumor cell death have been characterized extensively483. 

Dying tumor cells can act dually as a source of antigen and as a stimulatory DAMP, and robust 

generation of both CD8+ and CD4+ effector T cell responses requires 1) immunogenic cell death 

and 2) processing of cellular antigens through the cross-presentation pathway484.  

Apoptotic cell uptake was historically thought to be primarily immunosuppressive as 

apoptotic cell presentation results in ‘helpless’ CD8+ T cells459. Ingestion of apoptotic cells can 

prompt down-regulation of MHC-II and co-stimulatory molecules on DCs485, as well as a 

reduction in IL-12486. Macrophages and monocytes also phagocytose apoptotic cells, and 

uptake can increase production of IL-10, TGFβ, prostaglandin E2, and platelet-activating factor 

(PAF) alongside a reduction in pro-inflammatory cytokines such as IL-1β, IL8, GM-CSF, or 

TNFα487. Indeed suppressive signaling is initiated in DCs when apoptotic cells are ingested via a 

number of receptors such as complement receptor 3485,488, Mer-TK489, and inhibitory Fc 

receptors490. In addition to influencing DC-intrinsic signaling, apoptotic cells can prevent initial 

immune recognition of ‘danger’ signals. HMGB1 is a well-characterized alarmin that, when 

released from dying cells, activates myeloid cells through RAGE and TLRs491. In apoptotic cells 

caspase activation deacetylates the chromatin, which allows for HMGB1 binding and prevents 

its release and detection492. Caspase activation also leads to mitochrondrial production of 

reactive oxygen species (ROS). This ROS oxidizes the alarmin HMGB1 and neutralizes its 

activity so that it goes undetected493. Conversely, inhibition of ROS or sites of HMGB1 oxidation 

results in stimulatory apoptotic cells that break tolerance in a delayed type hypersensitivity 

model. Lastly, in some scenarios of apoptosis, caspases inhibit mitochondrial DNA from 

activating the DNA-sensing STING pathway and downstream type I interferon494,495. 
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Originally considered to be a foil to apoptotic cells, necrotic or necroptotic cells are highly 

immunogenic496 and trigger innate immune cell activation and recruitment through a number of 

pathways. Necrotic cells release a number of intracellular alarmin factors that initiate pro-

inflammatory cascades. The multi-functional alarmin HMGB1 forms complexes with nucleic 

acids and facilitates their localization and detection in endosomes to trigger myeloid PRR 

signaling497. HMGB1 leads to DC maturation and CD4+ Th1 skewing498, and can be presented 

on DC surface CD24 to directly co-stimulate T cells499. Intracellular uric acid released from 

necrotic cells similarly stimulates DC maturation and enhances T cell responses when used as 

an adjuvant500. Accordingly, an anti-tumor vaccination with necroptotic cancer cells can offer 

protection against tumor growth501. 

This dichotomy between apoptosis and necrosis, however, has become more complex 

with further experimentation. First, apoptosis can also be immunogenic in some settings502. 

Cross-presentation of infected cells in influenza is key to drive T cell immunity503 and 

presentation of apoptotic cells drives diabetes autoimmunity504. Although there have been 

varying results, injection of apoptotic cells can prevent tumor growth upon inoculation505. 

Moreover, irradiated- and UV light-induced apoptosis506 as well as doxorubicin-induced tumor 

cell death507 resulted in immunogenicity. Levels of autophagy may also influence 

immunogenicity given that ATP release from chemotherapy-induced tumor cell death requires 

autophagy508 and stimulation of autophagy leads to HMGB1 release509. With these findings in 

conflict with those that find apoptosis to immunologically silent, it may be that immunogenicity of 

apoptotic cells is dependent on an activation or stress status.  

APCs can sense DNA from dying cells510 as DNA binds to cyclic GMP-AMP synthase 

(cGAS), a sensor that catalyzes synthesis of the secondary messenger cyclic GMP-AMP 

(cGAMP) that activates STING, and this event in turn provokes a downstream type-I interferon 

production through the transcription factor IRF3511. Although CD11c+ immune cells in the tumor 

ingest tumor DNA512, it is still unclear in which cell types cGas pathway is active and how tumor 
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DNA obtains access to the cytosol. It is well established, however, that type-I IFN is critical for 

anti-tumor responses. Although type-I IFN is expressed CD11c+ immune cells in tumor and 

draining-LNs512, type-I IFN is also sensed by tumor cDC1s and this pathway required for CD8+ T 

cell infiltration in the tumor513,514. STING and components of the signaling pathway are thus 

critical for spontaneous or basal anti-tumor T cell responses512. 

 

Therapeutic approaches to promote immunogenic cell death. Although the presence of an 

ongoing anti-tumor T cell responses in patients suggests that immunogenic cell death (ICD) and 

antigen processing are already occurring, therapeutic strategies like chemotherapy, radiation 

therapy (RT), or immunotherapy often depend on and/or boost these ICD recognition 

processes. For example, basal STING signaling from dsDNA recognition in mouse models is 

required for anti-CTLA4/PD1512 or anti-PDL1351 therapeutic efficacy, as well as RT benefits515. In 

a poorly immunogenic mouse model of metastatic mammary carcinoma, anti-CTLA4 alone did 

not improve growth or survival, but combination with RT resulted in increased survival516. 

Although more experimentation is required to determine the mechanism and kinetics of the 

immune response, this model may represent ‘cold’ tumors with little spontaneous T cell 

infiltration and highlight the value in initiating flow of immunogenic antigen into the myeloid 

compartment to kick-start the adaptive immune response. 

Chemotherapies like oxaliplatin or anthracycline result in immunogenic cell death 

through TLR4 detection of HMGB1. This response is beneficial as breast cancer patients with 

loss-of-function alleles of TLR4 relapsed at a faster rate and advanced CRC patients 

experienced reduced survival517,518, although conflicting findings have been reported in non-

small cell lung cancer519. Anthracyclines trigger pre-apoptotic translocation of calreticulin to the 

cell surface, which enhances DC-mediated phagocytosis and T cell responses520. 

Chemotherapy can also amplify immunogenicity of tumor cells by triggering ATP release as 

apoptosis progresses521. This ATP acts on DC purinergic receptors like P2RX7 to activate the 
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NLRP3 inflammasome and IL-1β secretion522 and can elicit myeloid cell recruitment and 

monocyte differentiation into inflammatory DCs410. A study of anthracycline-treated breast 

cancer patients observed that loss-of-function of P2RX7 corresponded to a worse prognosis522. 

With multiple factors and processes at play to signal and recognize ICD, the weighted role of 

any given pathway likely varies across cancer indication, sub-class, and therapeutic modality. 

For example, as highlighted by several studies already cited, TLR4 can be protective through 

ICD detection following chemotherapy517,518. In contrast, other studies found that TLRs are not 

required for spontaneous anti-tumor T cell responses512, and RT benefits were instead 

dependent on STING signaling515. Overall, more research is needed to better clarify when and 

why certain pathways participate in tumor recognition and clearance and how therapeutic 

approaches can be more appropriately tailored to a given tumor class.  

 

Cross-presentation of tumor antigen. Effective cross-presentation drives robust CD8+ T cell 

priming and requires coordinated regulation of antigen uptake and processing. In addition to 

facilitating endocytosis by binding to the DAMP F-actin523,524, CLEC9A on cDC1s directs cell 

material into the endosomal compartment for cross-presentation525,526. DAMPs like heat shock 

proteins can be immunogenic and mature DCs through CD91527, but they also chaperone 

peptide antigen to enable cross-presentation528. At least in some situations chemotherapy 

promotes ICD cross-presentation as CD8+ T cell priming is reduced with loss of key pathways 

like NLRP3, caspase-1, or IL-1R522. Conversely, although immunogenic forms of apoptotic or 

necrotic cells mature DCs, sensing of DAMPs does not guarantee that cross-presentation of 

antigen occurs. Intriguingly, a recent study found that cross-presentation required RIPK1-

dependent NF-κβ signaling within the dying cell before phagocytosis529. Both necroptosis and 

apoptosis relied on this pathway for immunogenicity and cross-presentation, and inhibition 

within dying cells results in a reduction in anti-tumor CD8+ T cell responses. Thus, a more 
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comprehensive understanding of cross-priming requirements could help to predict therapeutic 

efficacy of engaging these signaling pathways. 

 

IV. SUPPRESSION OF TUMOR DCs 

cDC density and differentiation. While the TME may be a site chock-full with antigen and 

endogenous DAMPs capable of activating DCs, a network of immunosuppressive factors can 

stave off DCs and subdue their anti-tumor capacity. Higher cDC numbers are associated with 

better patient outcome341,342. Yet, cDCs may only be a rare population across a number of 

cancers in patients and mice342,530, which may be due to suboptimal recruitment, differentiation, 

or longevity. In mice, tumors with active β-catenin signaling express less CCL3, CCL4, CXCL1, 

and CXCL2. These tumors exhibit a substantial reduction of cDC1 infiltration in particular, and 

this results in decreased CD8+ T cell infiltration, impaired contact between CTLs and cancer 

cells, and magnified tumor outgrowth531. Perturbations in the cDC compartment may occur early 

in tumor development as the frequency of CD141+ cDC1s was already selectively reduced in 

early lung adenocarcinomas compared to healthy lung tissue358. Indeed, a decrease in, or loss 

of, DC infiltration may aid in early tumor evasion from immune detection and hinder the swift 

anti-tumor detection that has been observed in a mouse model of metastatic lung cancer429.  

The TME may also curb DC development and differentiation. VEGF, a tumor-derived 

factor, can interfere with FLT-3L activity532 and negatively impact DC differentiation in vitro533 

while, conversely, blockade of VEGF increases the number of mature tumor DCs534. DC 

maturation and survival, as well as differentiation to inflammatory DCs may also be inhibited by 

a number of tumor-derived factors such as gangliosides, prostanoids, polyamines, lactic acid, 

and neuropeptides535. Beyond soluble factors, tumor cells can also shed microvesicles or 

exosomes that contain bioactive messengers in the form of proteins, lipids, or microRNA535,536. 

Evidence suggests that uptake of these vesicular bodies restricts differentiation of inflammatory 

DCs from monocytes537 and alters DC activity through MHC-II down-regulation538 and T cell 
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skewing potential539,540. In vivo imaging of newly arriving metastatic cells in the lung revealed 

formation and shedding of cytoplasmic blebs, or cytoplasts, that were ingested by first-

responder immune cells like monocytes429. Although the bioactive components of the cytoplasts 

remain to be determined, these early interactions between tumor material and phagocytes may 

afford pioneering tumor cells the opportunity to tune immune responses and establish their 

niche. 

  

Handling of tumor antigen. Suppression of tumor DC antigen detection and processing 

pathways curtails ensuing effector T cell responses. Tumor DCs express higher levels of Tim3, 

which prevents ICD recognition by binding to HMGB1 and limiting recruitment of nucleic acids 

into endosomes541. This expression of Tim3 also inhibits DC maturation and reduces 

responsiveness to chemotherapy. Tumor DC cross-presentation function also appears to be 

compromised by the tumor. A recent study demonstrated that lipid peroxidation products in 

tumor DCs cause ER stress. Constitutive activation of the stress sensor IRE1a and downstream 

XBP1 signaling leads to lipid accumulation and impairs DC ability to activate T cells542. As 

further evidence of metabolic perturbations in tumor DCs, DCs from tumor-bearing mice and 

patients exhibit a high density of triglycerides and tumor extract increased levels of scavenger 

receptors that increase uptake of extracellular lipids543. Although these lipid-laden DCs 

expressed similar MHC-I levels, they could not process antigen as well and were defective in 

activating T cells. In addition, oxidized lipids specifically appear to block antigen cross-

presentation544.  

 

DC-mediated T cell responses. Factors in the TME also influence DC phenotype and function 

in shaping T cell responses.  Tumor-derived versican can induce IL-10R expression on DCs 

enabling exposure to IL-10, which can limit their ability to activate CD4+ and CD8+ T 

cells545,546,547,548. Indeed, TAM-derived IL-10 inhibits DC production of the pro-inflammatory 
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cytokine IL-12, a T cell effector-skewing cytokine552. IL-4 may also inhibit IL-12, as well as MHC-

II levels549. Other tumor-derived factors like PGE2 and TGFβ can up-regulate PD-L1 on DCs 

and thus influence T cell activation and exhaustion550.  

As a prominent tumor-infiltrating cell population with immunosuppressive function, Tregs 

can contribute to impairment of DC activity and effector T cell activation through secretion of IL-

10 and modulation of co-stimulatory molecule expression551. Recent evidence suggests that 

Tregs can also engage in particularly strong cellular contacts with DCs to perturb their 

cytoskeleton and reduce motility and T cell priming552. Tregs are notably increased in blood, 

LNs, the TME, and metastatic lesions in a variety of different tumor types, and appear to be 

functionally immunosuppressive based on IL-10 production and in vitro contact suppression 

assays553,554. In some cases Tregs can be recruited to the tumor cells or TAMs via CCL22 in 

ovarian cancer555 or CCL2 in melanoma556. Depletion of Tregs in mouse models leads to tumor 

rejection557 and a higher ratio of CD8+ T cells to Tregs correlates with improved patient 

outcome558.  

As a DC becomes tolerogenic, it becomes more likely to generate regulatory T cells 

instead of effector T cells, thus contributing to a pro-tumor feedback loop. DCs can produce 

factors like TGFβ that skews CD4+ T cells toward Treg differentiation559,560 and even traffic to the 

thymus to partake in T cell clonal selection561 and generation of central Tregs562. In general, DC 

function may also dynamically adjust with tumor development and growth. Phenotypic changes 

in tumor DCs have been observed during tumor progression whereby DCs down-regulate MHC-

II and but up-regulate inhibitory molecules like PD-L1550. In these cases, DC function may be 

beneficial (though insufficient) during early tumor growth, but become deleterious with tumor 

outgrowth. 
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V. THERAPEUTIC STRATEGIES TO HARNESS DC FUNCTIONALITY  

Many cancer patients have an ongoing and active anti-tumor immune response as 

detected by tumor-reactive T cells in their blood471,472., but this response is insufficient to control 

growth in instances of tumor progression. Within patients tumors with higher mutational burdens 

and neo-antigen loads respond better to T cell checkpoint blockade with anti-CTLA4 or anti-PD-

1 therapy563,564,565. In contrast, other tumors appear to be ignored by the adaptive immune 

system and have limited lymphocyte infiltration such that T cell modulation may have little 

benefit566. Targeting of DCs, especially in the context of checkpoint blockade, ideally will 

improve T cell activation to broaden the clonal diversity, increase T cell infiltration, and re-

activate pre-existing tumor-specific T cells. This strategy also holds the potential of boosting 

immunogenicity of tumors that may otherwise have not initiated a robust adaptive immune 

response. Suppression anti-tumor immunity can occur in the tumor-draining LN as well as the 

local TME, and while different cancer settings may require either systemic or local 

tuning410,453,567, targeting both may widen overall patient responsiveness to immunotherapy. 

Lastly, although cDC1 activity is critical for anti-tumor immunity in some mouse models, it 

remains to be determined if it is sufficient in patients, or whether synergy between cDC1s and 

cDC2s will confer broader or more durable clinical benefit. cDC1s and cDC2s have different 

growth factor sensitivities, antigen processing pathways, and TLR profiles, and these 

differences will be important to note as therapeutic avenues are designed and compared353. 

 

Strategies to augment DC function. Injection or over-expression of Flt3L prompts expansion 

of DCs, though preferentially cDC1s, in mice and humans568,569,570. Other efforts to expand and 

activate DCs in the setting of checkpoint blockade include transferring irradiated GM-CSF- or 

FLT-3L-producing cells with checkpoint blockade352,571. In cases where a DC legion is in place to 

stimulate T cells but cannot overcome the immunosuppressive milieu of the TME, DC activation 

and reprogramming may need to be the priority. Paired expansion and stimulation of DCs has 
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had preclinical success with synergy observed following co-treatment with systemic Flt3L and 

intratumoral poly:IC and anti-PD-1/anti-4-1BB350. STING agonists have shown promising results 

as injection of cGAS ligands alone or with checkpoint blockade improve murine anti-tumor 

responses351,572, as has anti-CD40 with anti-PD-L1573. In addition to activating DCs, others have 

tried to also heighten productive antigen uptake and processing through therapeutic delivery of 

allogeneic IgG-coated tumor cells in combination with anti-CD40574. Inhibition of phosphatases 

like SHP-1 and those that regulate Akt can also increase immune complex uptake and 

maturation profile of tumor DCs575. Intriguingly, TLR or PRR signaling independently of tumor 

antigen may also boost DC function and indirectly confer improved anti-tumor activity. Recent 

studies found that anti-CTLA4 immunotherapy required microbiota species like B. fragilis and 

this contribution was partially mediated through TLR2576. Complementary to this finding, 

administration of Bifidobacterium synergized with anti-PDL1 treatment whereby tumor DC 

profiling revealed an increase in genes associated with anti-tumor immunity577. 

As the biological bona vide vaccine, there has been great interest in harnessing DC 

biology to develop therapeutic cancer vaccines and has been reviewed extensively578,579,580. 

Briefly, this area of research covers several distinct strategies including adoptive transfer of 

antigen-bearing DCs, direct targeting of antigen to endogenous DCs, or injection of emulsified 

peptides, or recombinant viral or bacterial vectors. Cellular therapy with DCs generated ex vivo 

has been a tempting strategy as ex vivo culture enables robust activation, and there has been 

early success with personalized therapy based on neo-antigens present in a patient’s cancer581. 

Pre-sensitization of the vaccine site with a recall antigen like tetanus/diphtheria toxoid can 

improve DC migration to the LN and potency582, but a more comprehensive understanding of 

the factors that determine efficacy is needed. While promising, challenges certainly persist as 

the antigens to use for loading DCs remains to be determined and it remains unclear how 

responses will adapt to cancer cell immunoediting. The goal of course for neo-antigen delivery 

and presentation is to promote effector T cell responses. These T cells, however, will still be 
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susceptible to immunosuppression and dysfunction from tumor antigen-specific Tregs, 

tolerogenic endogenous DCs, and the TME milieu at large. These prevailing dynamics suggest 

that vaccination efforts may need to be paired with therapeutic reprogramming of the TME. 

 

Strategies to disable immunosuppressive APCs. TAMs are often the immune population 

with the greatest frequency in the TME and take on a number of pro-tumor functions through 

secretion and surface expression of factors that directly support tumor cell survival, growth, and 

metastasis, as well as those that directly inhibit DCs and effector T cells413. Although high 

densities of TAMs has been linked to poor prognosis, there are a number of studies with 

conflicting findings. This may be due to differences in markers used or analysis performed but 

there can also be heterogeneity within TAMs and a mix of pro- and anti-tumor profiles418. 

Refined analysis with markers that more specifically correspond to an immunosuppressive 

phenotype, however, correlates with worse outcomes across several tumor types420,421. 

Depletion of or repolarization of immunosuppressive TAMs has thus emerged as an appealing 

therapeutic strategy with the goal to shifting the balance toward DC-mediated T cell activity. 

TAMs are dependent on CSF-1 and neutralization of CSF-1 results in lower frequencies of 

TAMs in conjunction with higher frequencies of cDC1s and cDC2s in a mammary tumor mouse 

model587. Indeed, blockade of CSF-1R in patients can reduce F480+ TAMs with increased 

CD8+/CD4+ T cell ratios583. This inhibition approach has benefitted anti-tumor responses across 

a number of pre-clinical studies where it also synergizes with other therapies like chemotherapy, 

ACT, or checkpoint blockade, and a number of antibody and small molecule agents are 

currently being tested in clinical trials418. It has yet to be determined, however, whether depletion 

or reprogramming of TAMs is more advantageous and whether the benefits of a given strategy 

may vary based on the cancer type. Efforts to convert immunosuppressive TAMs with an 

‘alternatively activated’ M2 phenotype are also yielding preclinical success, and include PI3Ky584 

and class IIa HDAC inhibitors585. PI3Ky inhibition did not change the number of CD11b+ F480+ 
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cells, but the authors observed a shift in their phenotype, noting a decrease in TGFβ, arginase, 

and IDO concurrent with an increase in IL-12 and iNOS584. The Class IIa HDAC inhibitor 

TMP195 actually led to an increase in CD11b+ and F480+ cells, but macrophages exhibited 

dramatic shifts in gene expression and took on pro-tumor function as evidenced by their critical 

role in TMP195’s anti-tumor therapeutic effects585. 
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CHAPTER 5: ROLE OF CD11B+ DCS IN ANTI-TUMOR CD4+ T CELL RESPONSES 

 

I. INTRODUCTION 

The importance of an adaptive T cell response and its critical role in controlling tumor 

growth and/or regression has been well established. An absence of T cells has negative 

ramifications for immune control of tumor development586,587 while adoptive cell transfer (ACT) of 

CD8 T cells has shown promise in treating human cancer588. While the TME often exerts 

immunosuppressive pressure to prevent productive CTL recruitment, infiltration, or tumor cell 

elimination, the first-generation of immunotherapy has appreciated clinical success by boosting 

anti-tumor T cell activity through blockade of inhibitory checkpoint molecules like CTLA-4 and 

PD-1589,590. As expected, tumor rejection in mouse models of checkpoint blockade is contingent 

on improved T cell function591. 

Generation of this cohort of anti-tumor T cells in the tumor microenvironment (TME), 

however, prototypically first requires activation in secondary lymphoid organs (SLOs) that drain 

the tumor. Such priming of anti-tumor T cells in the lymph node (LN) notably enables the 

migration and infiltration of tumor antigen-specific T cells into the tumor mass, and may be a 

tipping point that dictates early tumor recognition or escape from immunological control. While 

some treatment modalities, such as combination therapy of anti-CTLA-4 and anti-PD-1, 

primarily depends on re-activation of T cells in the local TME, T cell priming in the LN during 

early stages of tumor growth is still required567.  

Although CD8 T cells are equipped to exert potent anti-tumor activity, CD4 T cells too 

are important in mounting a robust anti-tumor response. In immunogenic settings, CD4 T cells 

provide notable support in augmenting immune cell function through licensing of DCs592, 

stimulation of pro-inflammatory myeloid programs593,594,595, as well as direct effects on CTL 

recruitment and activity in the TME451. Adoptive therapy of CD4 T cells too has exhibited 

potential for therapeutic use454,596, and in some settings CD4+ T cells can even exhibit cytotoxic 
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capacity597. Notably, some therapeutic modalities such as anti-CTLA4598 or combinations of anti-

CD40, anti-PD1, and allogeneic-IgG immune complexes453 coincide with an emergence of a 

robust CD4+ effector T cell response.  

As professional APCs, antigen-bearing dendritic cells (DCs) are tasked with stimulating 

cognate T cells and producing an antigen-specific effector response. It has been appreciated 

that, as with prototypical immunological models, distinct tumor antigen-bearing DC subset 

populations carry out specialized roles in preferentially priming CD8+ or CD4+ T cells in 

SLOs343,408 as well re-activating T cells in the TME342. These specialized features may result 

from a variety of factors such as differential antigen acquisition, differential ability to present 

different forms of antigen through MHC-I or MHC-II, or spatial localization relative to T cell 

populations. In the example of skin melanoma, our group and others have observed that 

migratory DCs emigrate from the TME to the draining LN and serve as the primary source of 

tumor antigen343. Migratory CD103+ DC1s in particular have been identified as a pivotal myeloid 

partner for CD8 T cells as they are required for spontaneous anti-tumor CD8 T cell responses 

and are also thought to mediate anti-tumor responses following immunotherapeutic checkpoint 

blockade343,433.  

In contrast to CD103+ DC1s, DC2s have been identified as important in driving CD4+ T 

cell responses in a variety of models, although a number of myeloid cell populations may have 

outsized roles in a given helper T cell differentiation program380,437, 438,441,599,. In anti-tumor 

responses, CD11b+ DCs generally have been demonstrated to drive CD4+ T cell responses and 

skew T cells toward a Th17 fate357. Yet, evidence that DC2s contain substantial and further 

heterogeneity437,380 complicates the conclusion of this study, and it remains unclear which 

myeloid cell population(s) participate in anti-tumor responses, and which predominantly support 

anti-tumor CD4 T cell activation and effector cell differentiation. Indeed the diversity of DC 

populations that are present in the lymph node and TME, and how they collectively shape a 

given immune response is still not fully understood. For these reasons, we set out to better 
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characterize the DC populations that participate in anti-tumor responses and coordinate CD8 

and CD4 T cell responses.  
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II. RESULTS 

 

Single-cell RNA-sequencing reveals diversity in myeloid populations within the LN  

Flow cytometry has enabled considerable strides in distinguishing a number of distinct 

DC populations by surface marker expression and this biological segregation has revealed 

specialized immunological functionality. Yet, defining cell populations by a limited set of surface 

markers can mask additional heterogeneity within a given population, introduce an arbitrary 

hand in grouping of cell populations, or create difficulty in concluding cell identity and function 

when inconsistently applied across studies. We thus aimed to define LN myeloid populations 

based on a core transcriptional identity independent of surface marker delineation with single-

cell RNA sequencing. To do so, we sorted non-lymphocyte (CD90- B220- NK1.1-) myeloid 

(CD11c+ or CD11b+) cells from B16 tumor-draining LNs and processed them for single-cell 

RNA-sequencing with the 10x Genomics platform. We used the R software package Seurat to 

filter for cells that expressed more than 200 genes and genes that were expressed by at least 3 

cells. To minimize the degree to which cell cycle status influenced cell clustering, we removed 

cells with more than 5% reads associated with cell cycle and scaled count data to correct for 

remaining cell cycle contribution. We next used Seurat to identify a set of highly variable genes 

to drive principal component (PC) analysis and unguided graph-based clustering. A t-SNE plot 

analysis of the cell clustering generated 10 population clusters (Figure 5.1A). Clusters 0-4 and 

6-7 expressed canonical cDC genes such as the cDC-restricted transcription factor Zbtb4610 or 

the Flt3 receptor for the growth factor FLT-3L389,366 (Figure 5.1B) and we reasoned these cells 

represented LN cDCs. In contrast, Cluster 5 exclusively expressed prototypical monocyte and/or  

macrophage marker genes such as Ly6c2, Fcgr1, Apoe, and Mertk (Figure 5.1B). With 

differential expression analysis between all clusters we found Cluster 8 and 9 to be lymphocyte 

and stroma cell contamination, respectively (Figure 5.2A). While cluster marker genes emerged 

from this analysis and helped to distinguish these clusters as populations, visualization of the 
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top 10 markers did demonstrate there was a substantial degree of shared identity across 

populations. Such unifying programs likely reflect these cells’ common myeloid origin and/or 

function.  

Within cDCs we were able to distinguish migratory DCs from resident DCs based on 

elevated gene expression of markers whose protein expression is restricted to migratory DCs 

such as Ccr7 and Slamf1 (Figure 5.1C). We combined cells from migratory DC clusters 

(Clusters 0,1,2,4,6) or resident DC clusters (Clusters 3, 7) and performed differential expression 

analysis between these cluster groups to generate a general migratory DC and resident DC 

gene signature (Figure 5.3A). Expression of each of the signatures was largely uniform across 

each of the previously identified migratory or resident DCs, suggesting that these cell 

populations do indeed share a common set of gene markers based on this categorization. The 

exception was Cluster 6, which appeared to express the resident DC signature to a stronger 

degree than the migratory one. Closer examination of the Ccr7 expression distribution on the t-

SNE plot revealed segregated expression of this gene (Figure 5.1C), indicating additional 

heterogeneity. Cluster 6 may contain a mix of migratory and resident DCs and will require 

further attention. Overall, the migratory DC signature contained a number of gene markers, such 

as Ccr7, Fscn1, Socs2, Nudt17, Anxa3, Cacnb3, Samsn1, and Tmem123, which were identified 

in previous studies of LN migratory myeloid populations364,600. These similarities confirmed these 

cells’ migratory origin, and demonstrated consistency in signature across studies and models. In 

contrast, the resident DC signature consisted of enriched expression of MHC-II and MHC-II-

processing genes such as H2-Ab1, H2-DMa, H2-DMb1, H2-DMb2, H2-Aa, H2-Eb1, and Cd74. 

As migratory DCs express higher cell surface protein levels of MHC-II, it is unclear whether the 

increased expression of MHC-II genes in resident DCs reflects differences in translation rates or 

limitations in sequencing depth.   
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Figure 5.1 Identification of tumor-draining lymph node myeloid cells by single-cell RNA-
sequencing analysis. 
(A) t-SNE analysis of live CD90- B220- NK1.1- CD11b+ and/or CD11c+ myeloid cells sorted from 
B16 tumor-draining LNs and processed for single-cell RNA-sequencing. Each individual dot 
represents a single cell. (B) Distribution of expression of canonical cDC genes (left) or 
monocyte and/or macrophage genes (right) on t-SNE plot of LN myeloid cells. (C) Distribution 
of gene expression of Ccr7 and Slamf1 on t-SNE plot of  
LN myeloid cells (top), and GFP and CD150 protein expression by migratory (red) and resident 
(black) DCs with isotype control (gray) (bottom) in tumor-bearing Ccr7gfp reporter or wild-type 
mice, respectively. 
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Figure 5.2 Tumor-draining LN myeloid cell population gene signatures. 
(A) Heat map of cluster marker genes (logNfold change>0.5, expressed in ≥25% of all cells 
within cluster of interest) for each cluster as defined in Figure 2.1.  



 101 

  



 102 

Figure 5.3 Gene signatures of tumor-draining LN migratory and resident DCs. 
(A) Migratory (Cluster 0, 1, 2, 4, 6) and resident (Cluster 3, 7) DC clusters were each combined 
into group clusters and differential expression analysis between the two groups was performed. 
Heat map of scaled expression of genes (logNfold change>0.5, expressed in ≥50% of cells 
within the group cluster) across individual clusters.   
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To more specifically delineate individual cell population identity, we generated gene 

signatures from myeloid cell samples available from the Immunological Genome Project 

(ImmGen) database and plotted expression of these signatures on the LN t-SNE plot (Figure 

5.4A). This approach allowed us to confirm monocytes as Cluster 5, and separate resident DCs 

into CD11b+ DCs (rCD11b+) as Cluster 3 and CD8a+ DCs (rCD8a+) as Cluster 7. The migratory 

CD103 DC1 (mCD103+) signature was enriched in Cluster 1, and migratory Langerhans cells 

(mLCs) was localized to Cluster 2. As noted previously, recent studies have revealed 

considerable diversity within DC2s. Although DC2s are commonly defined as IRF4-dependent 

SIRPa+ CD11b+ DCs356, heterogeneity in surface protein expression like CD301b (Mgl2) or 

PDL-2 has been observed436,437. In addition, IRF4-dependency has been attributed both to 

CD11b+ populations as well as a CD11b- CD24- population380. Reflective of this heterogeneity, 

the migratory CD11b+ DC signature was primarily expressed across both Cluster 0 and 4. The 

CD11b-CD103- signature localized to Cluster 6, although we did note spillover expression in 

Cluster 0 as well. From this analysis, we hypothesized that these three clusters represented LN 

DC2 populations, and each expressed genes such as Gpr183 and Zeb2 (Figure 5.4B), which 

have been previously shown to be expressed by DC2s375,601. Although Immgen database 

sample populations did not provide further resolution of CD11b+ DCs, we hypothesized based 

on prior literature that Cluster 0 and 4 contained CD11b+ CD301b+ (mCD301b+) and CD301b- 

(mCD301b-) DCs as these CD11b+ DCs have been identified to exhibit distinct biological 

function436,437. Although Mgl2 expression was present in a subset of resident DCs, it was absent 

in migratory DCs (Figure 5.4C) and thus prevented us from identifying CD301b+ DCs in our 

data set. Surprisingly, when we looked by single-cell RNA-sequencing analysis at these DC 

populations in the tumor tissue itself, down-regulation of Mgl2 expression was concurrent with 

Ccr7 up-regulation within CD301b+ DCs (data not shown) and this relationship seems to explain 

the lack of Mgl2 expression detected in migratory LN DCs.  
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Figure 5.4 Identification of myeloid cluster populations generated by single-cell RNA-
sequencing analysis. 
(A) Expression of Immgen.org gene signatures distributed across t-SNE plot of tumor-draining 
LN. (B, C) Expression of Gpr183 and Zeb2 (B), and Mgl2 (C) plotted on t-SNE of LN myeloid 
cells.    
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Given our inability to evaluate whether these DCs separate based on CD301b+ expression, 

we performed differential expression between Cluster 0 and 4 (Figure 5.5A). In addition to 

mitochondrial genes, Cluster 0 expressed higher levels of chemotactic genes like Ccl17, Cxcl1, 

Ccl22, Cxcl22, and leukotriene C4 synthase gene Ltc4s. In contrast, Cluster 4, exhibited higher 

levels of genes that have been associated with type I interferon signaling like Glipr2602, Ifitm3603, 

and Isg15604, as well as antigen processing genes like the transport protein genes Tap1, Tap2, 

the immunoproteasome element Psmb2, and the negative regulator of autophagy Glipr2605. Of 

the candidate surface marker genes that emerged from this analysis, only CD9, but not CD134 

(Tnfrsf4) or CD1d, appeared to sub-divide migratory non-Langerhans CD24lo CD11b+ DCs 

(Figure 5.6A). Indeed, CD9 surface expression also corresponded with CD301b surface 

expression, suggesting that CD11b+ DCs largely contain populations of CD301b+ CD9+ and 

CD301b- CD9- cells (Figure 5.6B). Further validation of this CD9/CD301b delineation is 

required, however, and we intend to sort migratory CD11b DCs based on surface expression of 

CD301b+ or CD9. We can then test gene expression of candidate gene markers that 

differentiate Cluster 0 and 4 to determine if this relationship is recapitulated with these sorting 

strategies. For the time being, these analyses largely confirmed FACS-based separation of LN 

DC populations and, in particular, provided support for reports of increased DC2 heterogeneity 

and the presence of three populations distinct in genomic identity.  
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Figure 5.5 Gene signatures for tumor-draining LN migratory CD11b+ DC populations. 
(A) Differential analysis was performed between Cluster 0 and 4. Heat map of scaled 
expression of cluster marker genes (logNfold change>0.5, expressed in ≥25% of cells within the 
cluster of interest). 
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Figure 5.6 Migratory CD11b+ DCs can be divided based on CD9 and CD301b expression. 
(A) Surface protein expression of CD1d, CD134, or CD9 on migratory CD24lo CD11b+ DCs 
(black) with isotype control (gray) (B) Surface expression of CD1d, CD134, CD9, and CD44 on 
migratory CD11b+ CD301b- (pink) or CD301b+ (blue) cells with isotype control (gray).  
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We thus focused on the myeloid populations identified in the single-cell RNA- 

sequencing analysis and sought to characterize whether and how these different DC cells 

participated in anti-tumor T cell responses. For downstream experimentation we treated 

populations as specified by flow cytometry gating strategy whereby we could define monocytes 

(Figure 5.7A), resident CD8a+ and CD11b+ DCs (Figure 5.7B), and migratory CD103+, CD11b+ 

CD24hi Langerhans, CD11b+ CD24lo CD301b-, CD11b+ CD24lo CD301b+, or CD11b- CD103- 

DCs (Figure 5.7C). For CD11b- CD103- DCs, given that Cluster 6 already contained noted 

heterogeneity and a negative gating strategy had the potential for contamination from other 

populations, we enriched for CD24+ expression within this population (Figure 5.7D). The 

majority of CD11b- CD103- DCs were CD24hi compared to CD11b+ DC2s and this difference 

was reflected in the gene distribution of Cd24a in Cluster 6. 
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Figure 5.7 Dissection of LN myeloid populations by flow cytometric surface marker 
identification. 
(A) Identification of monocyte cells on t-SNE plot (left) and by flow cytometry (right). (B) 
Identification of resident CD8a+ and CD11b+ DCs on t-SNE plot (left) and by flow cytometry 
(right).  (C) Identification of the following migratory DCs on t-SNE plot (left) and by flow 
cytometry (right): CD103+ DCs, CD11b+ CD24hi Langerhans cells, CD11b+ CD24lo CD301b- 
DCs, CD11b+ CD24lo CD301b+ DCs, and CD11b- CD103- DCs. (D) Expression of Cd24a by LN 
myeloid cells (left) and surface expression of CD24 by migratory CD11b- CD103- DCs (middle) 
compared to migratory LN CD11b+ DCs (right). 
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Migratory cells from the tumor are required for antigen loading of myeloid populations in 

the lymph node and anti-tumor CD4 T cell activation 

LN DC populations were verified to be DCs based on high levels of GFP expression 

relative to monocytes in tumor-draining LNs of B16-tumor-bearing Zbtb46gfp reporter mice 

(Figure 5.8A). Using a B16 cell line that expresses the pH-stable fluorophore ZsGreen343, we 

tracked antigen uptake and observed loading of tumor ZsGreen antigen in all DC and monocyte 

populations (Figure 5.8B, C), which was consistent with previously published reports343. While 

monocytes exhibited the highest frequency of antigen uptake, migratory CD11b+ CD301b+ DCs 

were the population amongst DCs with the highest degree of loading. Although a previous study 

from our lab did not find migratory CD11b+ DCs to contain such a relatively high degree of 

ZsGreen antigen343, at the time, F4/80+ cells were treated as macrophages and not DCs. Upon 

further analysis, however, migratory CD11b+ DCs appear to have the highest levels of F4/80+ 

amongst migratory DCs (Figure 5.8D), and thus would have been excluded from analysis. We 

believe our updated gating strategy better represents DC populations, and that improved 

resolution of CD11b+ DCs will yield insight into their specific roles in anti-tumor immunity. 
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Figure 5.8 Composition of and antigen uptake by myeloid populations in B16-tumor-draining 
LNs. 
B16 tumor cells were injected in wild-type mice, and tumor-draining LNs were harvested and 
pooled for analysis. (A) GFP expression levels of myeloid populations in tumor-draining LNs of 
B16-tumor-bearing Zbtbgfp mice (blue) or wild-type control mice (black). (B,C) Tumor-draining 
LNs were collected from B16-ZsGreen tumor bearing mice. (B) Frequency of LN myeloid 
populations labeled with ZsGreen tumor antigen and (C) ZsGreen levels in myeloid populations 
(black) with naive non-tumor bearing controls (gray). (D) Expression levels of F4/80 on tumor-
draining LN migratory CD11b+ CD301b-, CD11b+ CD301b+, and Langerhans cells. Data is 
representative of at least three independent experiments. Small horizontal bars denote the 
SEM.  
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In addition to the LN, we were able to also identify migratory DCs in the TME. As 

previously reported, CD103+ and CD11b+ DCs are present in the tumor342, as are CD103- 

CD11b- DCs350(Figure 5.9A). As in the LN, we could further divide CD11b+ DCs into those 

expressing CD301b or not. Given the subcutaneous tumor model used we did not observe a 

population of migratory CD24hi CD207+ CD11b+ Langerhans cells (data not shown).  We again 

verified our use of tumor DC nomenclature by confirming that these DC populations expressed 

high levels of GFP in Zbtb46-GFP mice (Figure 5.9B), but, as reported historically, are far 

outnumbered by monocytes and TAMs in B16 tumors (Figure 5.8C). While it should be noted 

that our lab has previously gated on tumor DCs as CD24hi 342, with more experimentation we 

have observed variable CD24 levels on tumor DCs. In experiments that produce a greater range 

in CD24 expression, we find CD11b+ DCs to be CD24lo (Figure 5.9D). We thus recommend 

simply gating on F4/80- cells amongst MHC-II+ CD90- B220- NK1.1- Ly-6G- cells to include all 

DCs. Lastly, each DC population contained a CCR7+ subset of cells, indicating potential to 

migrate from the tumor to the tumor-draining LN (Figure 5.9E).  

With our updated gating strategy we confirmed that each of the LN DC populations we 

deemed to be migratory indeed expressed CCR7 unlike resident DC populations (Figure 

5.10A). These migratory LN DC populations were specifically reduced in CCR7-deficient tumor-

bearing mice (Figure 5.10B), and, consistent with our lab’s previous findings, tumor ZsGreen 

antigen was reduced across all DC populations in CCR7-deficient mice (Figure 5.10C). Our lab 

previously demonstrated that migration of tumor DCs to tumor-draining LNs is critical for 

transport of antigen to the LN and initiation of anti-tumor CD8+ T cell responses343. Since anti-

tumor CD4+ T cell activation is not as well understood, we tested whether CD4+ T cell activation 

had the same requirements. Indeed, when transferred into tumor-bearing CCR7-deficient hosts, 

CD4+ OT-II T cells did not proliferate to the same extent as those transferred to wild-type hosts 

(Figure 5.10, E).  

 



 118 

  



 119 

Figure 5.9 Composition of myeloid populations in primary B16 melanoma tumor. 
(A) Flow cytometric gating strategy for myeloid populations in primary B16 tumors with cDC 
subset populations denoted in red. Dump refers to CD90.2, B220, NK1.1, Ly-6G. (B) Expression 
of GFP in tumor myeloid populations in tumor-bearing Zbtbgfp mice (blue) or wild-type control 
mice (black). (C) Frequency of myeloid populations of live CD45+ cells in B16 tumors. (D) Flow 
cytometric gating example of cDCs (blue) in B16 tumors (left) with overlay of CD103+, CD11b+ 
CD301b-, CD11b+ CD301b-, and CD11b- CD103- cDC subsets on live CD45+ Dump- MHC-II+ 
cells (middle), and their surface expression of CD24 (right). (E) Surface CCR7 levels (black) on 
tumor DC populations with isotype control (gray). Data is representative of at least three 
experiments (A,B,D) or pooled average values from three independent experiments (C). Small 
horizontal bars denote the SEM.   
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Figure 5.10 Migratory DCs are required for tumor antigen trafficking to the LN and anti-tumor 
CD4+ T cell priming. 
(A) CCR7 surface expression on migratory DCs identified in B16 tumor-draining LNs. (B) 
Frequency of LN DC populations in wild-type or Ccr7-/- tumor-bearing mice. (C) ZsGreen levels 
in LN myeloid populations from B16-ZsGreen tumor-bearing wild-type (red, open) or Ccr7-/- 
(red, filled) mice. Naive wild-type control displayed in gray. (D) CFSE dilution of CD45.1+ OT-II 
CD4+ T cells 3d after adoptive transfer into Ccr7-/- or control B16-chOVA tumor-bearing animals. 
(E) Frequency of CD45.1+ OT-II T cells that had undergone division (left) and their frequency of 
endogenous CD4+ T cells (right). Data is representative of at least two (A-C) or three (D) 
independent experiments, or pooled from three independent experiments (E). Small horizontal 
bars denote the SEM (B, E). *P <0.05, **P<0.01, ****P<0.0001 with data analyzed with unpaired 
t-test (B, E).  
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Migratory CD24lo CD11b+ DCs are uniquely required for initiating anti-tumor CD4+ T cell 

responses 

Multiple studies have demonstrated the unique capacity of migratory CD103+ DCs to 

cross-present antigen and prime CD8+ T cells across a number of models, including tumor 

responses343,350. The DC population(s) that is charged with activating CD4+ T cells in settings of 

tumor immunity, however, is not as well characterized, especially given the population 

heterogeneity that our single-cell sequencing experiment reinforced. To determine which 

myeloid population predominantly contributes, we sorted each of the demarcated LN myeloid 

populations from mice that had been injected with OVA-expressing B16 (B16-chOVA) tumors. 

We then co-cultured these myeloid cells with naïve CD4+ OT-II T cells and tested which 

population was capable of initiating CD4+ T cell activation and proliferation. We found that 

migratory CD24lo CD11b+ DCs, whether they be CD301b+ or CD301b-, supported the greatest 

amount of CD4+ OT-II T cell expansion based on absolute cell number (Figure 5.11A) and 

frequency of cells undergoing cell division (Figure 5.11B). This superior ability in stimulating 

CD4+ T cell activation was likely not due to differential DC viability or ability to interact with CD4 

T cells as addition of exogenous OVA peptide at the time of plating resulted in comparable CD4 

activation and proliferation across DC populations (Figure 5.11C, D).  
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Figure 5.11 Migratory CD24lo CD11b+ DCs are required for anti-tumor CD4+ T cell priming. 
(A-D) LN myeloid populations were sorted from B16-chOVA-tumor-draining LNs and co-cultured 
ex vivo with naive CD4+ OT-II T cells, either alone (A, B) or with the addition of exogenous OVA 
peptide (323-339) (C, D). (A, C) Absolute number of live OT-II T cells recovered from culture 3d 
after plating, normalized and statistically compared to number of live OT-II T cells recovered 
following culture with migratory CD11b+ CD301b+ DCs. (B, D) Frequency of recovered OT-II T 
cells that had undergone division. Samples statistically compared to migratory CD11b+ CD301b+ 
DC condition. (E) Frequency of LN DC populations in wild-type or Irf4-/- tumor-bearing mice. (F) 
CD45.1+ CD4+ OT-II T cells were adoptively transferred into wild-type or Irf4-/- B78-chOVA-
tumor-bearing mice and recovered 3d later for analysis of CFSE dilution (left), the frequency of 
recovered cells that were dividing (middle), and the frequency of endogenous CD4+ T cells 
(right). Data is representative of at least three independent experiments (E, F), or pooled 
average values from at least three independent experiments (A-D). Small horizontal bars 
denote the SEM. *P <0.05, **P<0.01, ***P<0.001, ****P<0.0001 with data analyzed with paired 
(A-D) or unpaired (E, F) t-test.  
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To next test whether migratory CD11b+ DC2s were required for in vivo CD4+ T cell anti-

tumor responses, we adoptively transferred CD4+ OT-II T cells into IRF4-deficient B16chOVA-

tumor-bearing mice. These mice have been demonstrated to lack LN DC2s356,380, and we 

similarly observed a loss in CD11b+ CD301b+, CD11b+ CD301b-, and CD11b- CD103- DCs 

(Figure 5.11E). In the absence of these DC2s, we observed reduced proliferation of transferred 

CD4+ OT-II T cells based on CFSE proliferation and quantification of dividing cells (Figure 

5.11F). While we cannot formally exclude that CD11b- CD103- DCs may contribute to CD4+ T 

cell activation, the superior capacity of CD11b+ DCs to prime CD4+ T cells ex vivo suggests that 

they are the more potent partners for CD4+ T cells. Notably, although we observed a reduction 

in DC2 populations in the IRF4-deficient mice, we did not find a statistical decrease in any of the 

LN migratory DC2s when IRF4 deficiency was restricted to CD11c-expressing cells (Figure 

5.12A), nor a change in OT-II proliferation (Figure 5.12B). Different CD11c-Cre constructs have 

been reported to exhibit differential penetration in expression patterns606, and we intend to test 

whether a CD11c-Cre with earlier expression will perturb these DC2 populations in a DC-

specific manner, and whether defects in OT-II expansion will occur. Overall these findings 

suggest that, as with other models, anti-tumor CD4+ T cells depend on CD11b+ DCs for 

activation. 

Although both migratory CD11b+ DCs exhibited comparable ability in priming CD4 T 

cells ex vivo, acute depletion of CD301b+ DCs in tumor-bearing Mgl2-DTR mice did not affect 

early CD4+ T cell activation and expansion (Figure 5.12C, D). This suggested that CD301b+ 

DCs were not uniquely required for CD4+ T cell priming, and that other DCs such as CD11b+ 

CD301b- DCs, could compensate. Acute administration of DT, however, did appear to reduce 

other migratory DC populations. Given this broad reduction in migratory DCs, it was puzzling 

that OT-II T cell proliferation was unaffected. Although more experimentation is necessary to 

determine the discrepancy, it may be that acute DT administration allowed for compensation by 

remaining antigen-bearing cells, whereas longer-term depletion would affect antigen trafficking 
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altogether, such as is observed in the CCR7-deficient mice. Indeed, preliminary experiments in 

which DT was administered to Mgl2-DTR mice throughout the course of tumor growth resulted 

in reduced OT-II expansion (data not shown).  

Lastly, as expected from the in vitro priming of OT-II T cells, loss of migratory CD103+ 

and resident CD8a+ DCs in Xcr1-DTR mice did not impact early OT-II activation and 

proliferation, although initial recruitment of OT-II T cells into the ongoing anti-tumor immune 

response was reduced (Figure 5.12E, F). Similarly, we found that resident CD11b+ DCs were 

specifically depleted in Cd11c-Cre x Cx3cr1-DTR tumor-bearing mice, and loss did not affect 

priming of transferred CD4+ OT-II T cells (Figure 5.12G, H).  
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Figure 5.12 Depletion of migratory CD301b+, XCR1+, or resident CD11b+ DCs does not impair 
anti-tumor CD4+ T cell priming. 
Frequency of LN myeloid populations in Irf4fl/fl x Cd11cCre (A), Mgl2DTR (C) Xcr1DTR (E), or 
Cx3cr1DTR x CD11cCre (G) tumor-bearing mice. (B,D,F,H) Naive CD45.1+ CD4+ OT-II T cells 
were adoptively transferred into tumor-bearing mice and tumor-draining LNs were harvested 3d 
later for analysis of CFSE dilution (left), frequency of OT-II T cells that were dividing (middle), 
and the frequency of OT-II T cells amongst endogenous CD4+ T cells (right). In DTR models, 
diptheria toxin was administered i.p. 1d prior to T cell transfer and continued daily for the 
remainder of the experiment (C-H). Data is representative of at least three (C-F), two (G, H), or 
one (A, B) independent experiments. Small horizontal bars denote the SEM. *P <0.05, 
**P<0.01, ***P<0.001, ****P<0.0001 with data analyzed with unpaired t-test. 
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Migratory CD24lo CD11b+ DCs support Th17 and not Th1 differentiation of anti-tumor 

CD4+ T cells 

 Although activation of CD4+ T cells is of course critical for the mounting of a CD4 T cell 

response, downstream CD4+ T cell differentiation into T helper subsets shapes the overall T cell 

response. Different DC subsets have been found to contribute to CD4+ T cell differentiation 

across a variety of models, with conflicting findings at times437,380,441,599,438,357. We thus sought to 

test how different LN DC populations could shape CD4+ T cell differentiation by again sorting 

DC subsets from B16-chOVA-tumor-draining LNs and co-culturing them with naïve CD4+ OT-II 

T cells. To ensure that OT-II T cells were similarly activated, we added exogenous antigen to 

the wells. We then collected supernatant three days later and tested for a panel of cytokines by 

ELISA (Figure 5.13A). Of the cytokines that were detected, we statistically compared levels 

across conditions. At this time point, migratory CD11b+ CD24lo DCs notably supported lower 

levels of IFNy compared to other DC populations. IL-2, TNF-a, IL-17A, and IL-22 were also 

detected in the supernatant samples, but these cytokines were produced at comparable levels 

across DC conditions.  

To confirm our findings via an alternative method, we again co-cultured naïve CD4+ OT-II T 

cells with different DC populations, and now re-stimulated the cells with PMA and ionomycin 3 

or 5 days post-plating (Figure 5.13B, C). Again, migratory CD11b+ CD24lo DCs were incapable 

of supporting, or actively suppressed, early CD4+ T cell IFNy production. By 5 days post-plating, 

however, the frequency of IFNy+ cells had decreased across all DC populations, perhaps 

indicating a lack of sustained Th1 differentiation. In contrast, few IL-17A+ cells were observed 3 

days post-plating with the exception of those stimulated with CD11b+ CD301b+ DCs. Indeed, 

migratory CD11b+ CD24lo DCs were unique in their ability to drive IL-17A-producing CD4+ T 

cells. This Th17 programming was not an artifact of excessive or non-physiological antigen 

levels, as we observed similar skewing results when we cultured naïve CD4+ OT-II T cells with 

each LN migratory CD11b+ CD24lo DC subset with no addition of antigen (Figure 5.13D). These 
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results confirm a recent study that also found that CD11b+ DCs primarily promote Th17 skewing 

in LLC-tumor CD4+ T cell responses408.  
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Figure 5.13 Migratory CD24lo CD11b+ DCs support CD4+ OT-II T cell production of IL-17A ex 
vivo. 
LN myeloid populations were sorted from B16-chOVA tumor-draining LNs and co-cultured with 
naive CD4+ OT-II T cells. Cells were cultured with exogenous OVA peptide (pOVA) (323-339) 
(A-C) or alone (D). Culture well supernatant (A) or cells (B-D) were collected 3 or 5d later. (A) 
Concentration of cytokines detected by ELISA of DC-T cell supernatant. For cytokines detected, 
protein concentrations were individually graphed. Negative concentration values were converted 
to 0. (B) Frequency of IFN-y+ OT-II T cells detected following re-stimulation 3d (left) or 5d 
(right) after co-culture with a given DC population and pOVA. (C) Frequency of IL-17A+ OT-II 
cells detected following re-stimulation 3d (left) or 5d (right) after co-culture with a given DC 
population and pOVA. (D) Frequency of IFN-y+ and IL-17A+ OT-II T cells detected following re-
stimulation 3d (left) or 5d (right) after co-culture with migratory CD11b+ DC populations. Data is 
pooled from two independent experiments, each with two technical replicates (A), or is 
representative of at least two experiments with 2-3 technical replicates (B-D). Small horizontal 
bars denote the SEM. Statistical analysis was performed between the mCD301b+ DC condition 
with an unpaired t-test (A-C). *P <0.05, **P<0.01, ***P<0.001, ****P<0.0001.  
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 Although CD11b+ DCs initiate anti-tumor CD4+ T cell responses and can drive Th17 

differentiation, it is unclear to what extent this capacity unfolds in vivo. In contrast to our ex vivo 

observations, adoptive transfer of OT-II T cells into B16-chOVA-tumor-bearing mice did not 

result in a strong T helper subset profile in tumor-draining LNs. A relatively low frequency of OT-

II T cells produced IFNy upon re-stimulation, and we observed even less IL-17A production 

(Figure 5.14A). Nor did we observe up-regulation of FoxP3 (data not shown). In the TME, 

however, the majority of CD44+ FoxP3- conventional CD4+ T cells produced IFNy following re-

stimulation with minimal IL-17A production (Figure 5.14B). Given that these tumor-infiltrating 

CD4+ T cells exhibit a Th1 profile, it is unclear whether the Th17 skewing by CD11b+ DCs ex 

vivo represents an artificial situation where migratory CD11b+ DCs are isolated from 

physiological environmental cues, or if other myeloid populations dominate in advancing their 

CD4+ T cell programs in vivo.   

A previously published RNA-sequencing database revealed that tumor CD11b+ DCs 

express Tlr7 at greater levels than CD103+ DCs342. A preliminary experiment in which TLR7 

agonists Gardiquimod, Imiquimod, or Resiquimod were injected intratumorally resulted in a 

decrease in the frequency of Tregs in the tumor and a shift in conventional CD4+ T cells from a 

Th1 to a Th17 profile (Figure 5.14C). While other myeloid cells do express TLR7 and thus could 

be responsible for these changes in the CD4+ T cell compartment, it would be intriguing to test 

whether DCs are required for this improved effector T cell profile, and whether specific 

stimulation of CD11b+ DCs could unleash their potential for Th17 skewing.  
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Figure 5.14 TLR7 agonism induces a Th17 phenotype in B16 tumor infiltrating conventional 
CD4+ T cells. 
(A) Frequency of CD4+ OT-II T cells in tumor-draining LNs that were IFNy+ or IL-17A+ following 
ex vivo re-stimulation 7 days after transfer into B16-chOVA-tumor-bearing animals. (B) 
Frequency of FoxP3+ CD4+ regulatory T cells of B16 tumor-infiltrating CD44+ CD4+ CD90+ T 
cells (left) and frequency of conventional FoxP3- CD4+ T cells that produced IFNy or IL-17A 
(right) following re-stimulation ex vivo. (C) B16-tumor-bearing mice were administered 
intratumoral injections of Gardiquimod, Imiquimod, or Resiquimod, and tumors were harvested 
for ex vivo re-stimulation. Frequency of FoxP3+ CD4+ regulatory T cells of tumor-infiltrating 
CD44+ CD4+ CD90+ T cells (left), and frequency of conventional CD44+ CD4+ T cells that were 
IFNy+, IL-17A+, or IFNy+ IL-17A+ (right). Data was pooled from two independent experiments 
(A, B) or representative of one experiment (C). Small horizontal bars denote the SEM. *P <0.05, 
***P<0.001 with data analyzed with unpaired t-test.   
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CD301b+ and CD301b- migratory CD11b+ DCs express different surface markers and 

respond differentially to growth factors  

 Although CD301b+ DCs in particular have been linked to driving Th2 but not Th1 

responses, we were surprised to find that migratory CD301b+ and CD301b- CD11b+ DCs 

behaved so similarly across the assays we performed here. In addition to the single-cell RNA-

sequencing analysis, they do appear to represent distinct cell populations, or at least distinct cell 

states. Although the two populations express similar levels of FLT-3 and SIRP-a, thereby 

reinforcing their identity as DC2s, CD301b+ DCs express a number of surface markers typically 

associated with monocytes or macrophages (Figure 5.15A). In addition to PDL-2, which has 

been reported previously436,437, CD301b+ DCs express elevated levels of CD14, CD16/32, 

CD200R, and CD206. We also tested the effects of heightened systemic levels of DC growth 

factors like FLT-3 or GM-CSF by injecting Flt3l- or Gmcsf- over-expressing B16 tumor cells into 

wild-type mice. While all DC subsets expanded with increased levels of FLT-3L, CD301b- 

CD11b+ DCs preferentially expanded relative to CD301b+ DCs (Figure 5.15B). In contrast, 

CD301b+ CD11b+ expanded at a greater rate with increased levels of GM-CSF (Figure 5.15C). 

While this further supports these two DC subsets as functionally distinct, there does exist the 

caveat that these factors may affect levels of CD301b itself as has been reported for CD103607, 

which would confound demarcation of these very populations.  
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Figure 5.15 Migratory CD11b+ CD301b- and CD301b+ DCs are distinct in surface marker 
expression and responsiveness to FLT-3 and GM-CSF. 
(A) Surface marker expression of denoted proteins byB16-tumor-draining LN migratory CD11b+ 
CD301b- or CD301b+ DCs with isotype antibody control (gray). (B,C) Wild-type mice were 
injected s.c. with Flt3l- (B) or Gmcsf- (C) over-expressing B16 tumor cell lines and tumor-
draining LNs were harvested 14d later for analysis by flow cytometry. Frequency of LN myeloid 
populations was quantified as a proportion of live cells (left) or of migratory DCs (right). 
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Migratory CD11b+ DCs can prime CD8+ as well as CD4+ T cells, but are inferior in 

supporting effector T cell development  

 The current dogma is that cDC1s are specialized in cross-presentation and they are thus 

well positioned to initiate CD8 T cell priming362,426. There are indications, however, that CD103- 

or CD11b+ DCs have the potential of cross-presentation and can stimulate CD8+ T cells130,422. 

With our gating strategy that dissects migratory CD11b+ DCs with higher granularity, we 

investigated whether these subsets were capable of contributing to CD8+ as well as CD4+ T cell 

responses. We again sorted tumor-draining LN DC populations and co-cultured them with naïve 

CD8+ OT-I T cells. To our surprise, we found that CD11b+ CD301b+ DCs supported equivalent, 

if not increased, CD8+ T cell expansion ex vivo as migratory CD103+ DCs (Figure 5.16A). 

Although our group along with others has reported superior priming from migratory CD103+ DCs 

343,433, migratory CD11b+ DCs were sorted according to a different strategy and were likely 

dominated by Langerhans cells, which provided little stimulation here. Migratory CD11b+ 

CD301b- and CD11b- CD103- DCs also supported some CD8+ T cell expansion, though levels 

were reduced compared to migratory CD103+ DCs (Figure 5.16A).  

Intriguingly, however, the CD8+ T cells that were cultured with migratory CD11b+ DCs expressed 

lower levels of CD44, suggesting that their activation may not have been as robust (Figure 

5.16B). When we tested whether T cell effector function was affected by different DC subsets, 

we found that, as with CD4+ T cells, migratory CD11b+ DCs were incapable of supporting 

comparable IFN-y production (Figure 5.16C). This reduction did not appear to be a gross 

reduction in cytokine production as TNF-α levels were consistent across DC conditions. 

Migratory CD11b+ CD301b+ DCs in particular primed CD8+ T cells with lower levels of 

transcription factors Eomes and T-bet, indicating that early T cell activation programs may be 

altered in the absence of CD103+ DCs. As T cell priming does not occur in isolation, we next 

investigated whether migratory CD11b+ DCs could actively suppress IFNy production when 

migratory CD103+ DCs were present. To test this, we co-cultured naïve CD8+ T cells with 
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migratory CD103+ DCs alone, or with each migratory CD11b+ DC population. Here again we 

observed a reduction in the frequency of IFNy+ OT-I T cells when CD11b+ DCs were in culture 

(Figure 5.16D). While each CD11b+ DC population led to similar IFNy levels in each 

experiment, CD301b+ appeared to be more potent at limiting Eomes and T-bet expression in 

both experiments, a discrepancy that will require further exploration.  

Although CD11b+ DCs are able to prime CD8+ T cells ex vivo, it is unclear whether they 

exercise this capacity in vivo. Acute depletion of XCR1+ CD103+ DCs with Xcr1-DTR mice 

surprisingly did not impact initial activation and proliferation of transferred CD8+ OT-I T cells 

(Figure 5.16E). Previous work has demonstrated that specific loss of migratory CD103+ DCs 

resulted in a reduction of transferred OT-I T cells over a period of 14 days343 and we too 

observe this (data not shown). We are thus interested in testing whether CD8+ T cell activation 

can initially occur in the absence of CD103+ DCs, but whether the quality or survival of effector 

T cells is impaired. Further experimentation is of course needed to explore whether migratory 

CD11b+ DCs can actively contribute to the priming of anti-tumor CD8+ T cells, and it will be 

informative to first test whether CD301b+ DCs are spatially positioned to interact with CD8+ T 

cells.  
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Figure 5.16 Migratory XCR1- DC populations are capable of anti-tumor CD8+ T cell priming. 
(A-D) Myeloid populations were sorted from B16-chOVA tumor-draining LNs and co-cultured 
with naive CD8+ OT-I T cells ex vivo for 3d. (A) Absolute number of live OT-1 T cells recovered 
from culture, with cell number normalized and statistically compared to those cultured with 
migratory CD103+ DCs. (B) CD44 surface expression (left) and quantification of MFI (right) of 
OT-I T cells that were co-cultured with a given DC population. (C) OT-I T cells that had been co-
cultured with the designated DC population were re-stimulated and analyzed for IFNy (left), 
TNF-a (middle), and Eomes and T-bet expression (right). (D) OT-I T cells were co-cultured 
with a mix of migratory CD103+ DCs and specified DC population. Frequency of IFNy+ (left) and 
TNF-a+ (middle) OT-I T cells, along with Eomes and T-bet MFI expression levels (right). (D) 
Naive CD45.1+ CD8+ OT-I T cells were adoptively transferred into Xcr1-DTR or wild-type B16-
chOVA-tumor-bearing mice, and tumor-draining LNs were harvested 3d later. CFSE dilution of 
transferred OT-I T cells (top), frequency of OT-I T cells that had divided (bottom, left), and 
frequency of OT-I T cells of endogenous CD8+ T cells (bottom, right). Data is pooled from five 
(A) or two (B) independent experiments, is representative of at least two experiments (C, D), or 
is displayed as a preliminary experiment (E). Delta MFI refers to the change in MFI from 
unstained control (C, D). Small horizontal bars denote the SEM. *P <0.05, **P<0.01, 
***P<0.001, ****P<0.0001 with data analyzed with a paired (A) or unpaired (B-E) t-test. 
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Therapeutic targeting of migratory DCs with anti-CD40 may improve T cell priming 

 Given the critical role for DCs in stimulating effector anti-tumor T cell responses, efforts 

have been made to increase DC number and functionality. For example, treatment with FLT-3L 

and agonists that stimulate TLRs expressed on migratory CD103+ DCs like poly I:C has been 

tested to boost CD8+ T cell activity350. As migratory CD11b+ DCs are responsible for CD4+ T cell 

priming and may contribute to CD8+ T cell priming, we sought to test therapeutic modalities that 

could stimulate CD11b+ DCs as well as CD103+ DCs. We found that anti-CD40 agonism led to a 

substantial increase in migratory CD11b+ DC, as well as monocyte, representation in tumor-

draining LNs (Figure 5.17A). A preliminary experiment with anti-CD40 treatment resulted in an 

increase in transferred IFNy+ CD4+ OT-II T cells that produced IFNy in the LN (Figure 5.17B). 

We also observed up-regulation of surface co-stimulatory molecules such as CD80, CD86, and 

CD70 (Figure 5.17C). Migratory DC populations appeared to be those primarily targeted by 

anti-CD40 treatment, with CD301b+ DCs exhibiting the greatest changes in surface levels of 

these markers. We also noted that while CD70 was absent on DCs in control tumor-draining 

LNs, it was up-regulated with anti-CD40 treatment. Given its role in Th1 and effector T cell 

differentiation608,609 it will be interesting to test whether CD70 along with other co-stimulatory 

molecules plays a critical role in re-shaping T cell responses following anti-CD40 treatment. As 

expected, anti-CD40 treatment leads to slower B16 tumor growth (Figure 5.18A). Yet, although 

anti-CD40 treatment improves Th1 skewing and has been linked to improved systemic CD4+ T 

cell responses453, primary tumor control with anti-CD40 treatment appears to be mediated 

through CD8+ and not CD4+ T cells (Figure 5.18A). It may be that anti-CD40 stimulation 

bypasses the utility of CD4+ T cell help in controlling a primary tumor, but that improved CD4+ T 

cell priming is beneficial for protection against tumor metastasis or tumor re-growth. In either or 

both scenarios, it will be of interest to test whether anti-CD40 treatment requires DC populations 

for improved T cell functionality, and whether CD103+ DCs and/or CD11b+ DCs are responsible.  
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Figure 5.17 Anti-CD40 agonist treatment induces migratory CD11b+ DC expansion and 
increased expression of co-stimulatory surface molecules. 
(A) Frequency of myeloid populations in LNs harvested from B16-tumor-bearing wild-type mice 
that were treated with anti-CD40 or isotype antibody. (B) Naive OT-II T cells were adoptively 
transferred into B16-chOVA tumor-bearing mice that underwent anti-CD40 or isotype antibody 
treatment. IFNy production was analyzed by harvesting and re-stimulating tumor-draining LNs 
7d following T cell transfer. (C) Surface expression of CD80, CD86, CD70, or CD40 on B16-
tumor-draining LN myeloid populations following anti-CD40 or isotype antibody treatment. 
Antibody treatment was administered every 2 days for 4 days before LNs were harvested.  
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Figure 5.18 CD8+ T cells are required to mediate the anti-tumor benefits of anti-CD40 
therapeutic delivery. 
(A) Wild-type B16-tumor-bearing mice were treated with anti-CD40 or isotype antibody i.p.in 
conjunction with CD4- or CD8- depleting antibodies, and tumor size was measured. Data is 
representing one preliminary experiment.  
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III. DISCUSSION  

Here we demonstrate that while single-cell RNA-sequencing analysis of tumor-draining 

LN myeloid cells largely reflects populations defined by flow cytometric approaches, higher 

resolution of DC2 subsets is critical for dissecting their function in anti-tumor responses. 

Amongst identified DC2 populations, migratory CD11b+ CD24lo CD301b- and CD301b+ DCs are 

those primarily capable of initiating anti-tumor CD4+ T cell responses ex vivo and required in 

vivo for CD4+ T cell expansion. While CD11b+ DCs have been thought to be the canonical 

population to drive CD4+ T cell activation, the role of these DCs in light of their heterogeneity 

has varied across models. More specifically, the contribution by each DC2 population in anti-

tumor immune responses has not yet been characterized, and this finding brings increased 

clarity as to which populations we should target to improve the CD4+ T cell arm of anti-tumor 

immunity.  

In addition to activating CD4+ T cells, these migratory CD11b+ DCs were uniquely 

capable in supporting Th17 cell differentiation ex vivo. This finding reaffirms a similar 

observation from another group studying CD11b+ DC function in anti-tumor CD4+ T cell 

responses357. Yet if migratory CD11b+ DCs are primarily responsible for CD4+ T cell activation 

and preferentially support Th17 skewing, it remains curious that little IL-17A production is 

observed in vivo. Greater clarification is required for this discrepancy, but it may be CD11b+ 

DCs are unable to promote Th17 responses in vivo or other myeloid populations contribute 

more heavily toward T helper cell differentiation programming and outweigh the influence of 

CD11b+ DCs. Regulatory T cells are also a substantial, and often dominant, T cell subset within 

the tumor and it remains unclear which myeloid population predominantly supports their 

generation and/or expansion in the tumor microenvironment.  

Other studies have demonstrated a critical role for CD301b+ DCs in particular for driving 

Th2 responses437. In immunization models with adjuvants that led to Th2 skewing like papain, 

CD301b+ DCs were specifically required for such CD4+ T cell Th2 differentiation437. Highlighting 
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their unique features, CD301b+ DCs exhibit a notably distinct surface marker phenotype from 

CD301b- DCs. Given these findings, we had expected to observe divergence in CD301b- and 

CD301b+ DC functionality. We were surprised, however, that both appeared to equivalently 

initiate naïve CD4+ OT-II T cell expansion in B16-tumor responses, and both DC subsets 

skewed T cells toward a similar Th17 fate ex vivo. As discussed previously, B16 tumors appear 

to provoke a Th1-skewed immune response in vivo. Given this Th1 profile, it may be that the 

B16-tumor model captures how CD11b+ CD301b- and CD301b+ DCs function in a Th1 setting. 

For example, in Th1-dominated responses following challenge with CpG or HSV-1, loss of 

CD11b+ CD301b+ DCs did not impact CD4+ T cell activation or differentiation437. Similarly, we 

observed normal CD4+ OT-II T cell activation and proliferation when cells were transferred into 

CD301b+ DC-depleted tumor-bearing animals. Although still an open question, perhaps the 

CD11b+ CD301b- and CD301b+ DCs play similar roles in anti-tumor immunity, but CD301b+ 

DCs are uniquely capable of undertaking Th2- specific functionality when stimulated 

appropriately.  

In addition to initiating CD4+ T cell activation, we also found that migratory CD11b+ DCs 

have the capacity of initiating CD8+ T cell activation ex vivo, with CD301b+ DCs in particular 

capable of supporting comparable expansion as CD103+ DCs. Yet, as with CD4+ T cells, of 

CD8+ T cells that had been primed with CD11b+ DCs, fewer produced IFNy. These CD8+ T cells 

also expressed lower levels of transcription factors such as Eomes and T-bet that are a part of T 

activation programs and contribute to robust effector and memory T cell development. More 

work must be done to determine the extent to which these CD11b+ DCs contribute to CD8+ T 

cell priming in vivo, but this situation may reflect the benefits of therapeutically tilting DC number 

toward DC1s instead of DC2s. Alternatively, this relationship may call for the design of 

therapeutic strategies that improve CD11b+ DC functionality in addition to that of CD103+ DCs. 

We are currently exploring whether anti-CD40 stimulation could broadly reprogram migratory 
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DCs and thus boost anti-tumor CD8+ and CD4+ T cell effector and protective responses 

simultaneously. 

 

IV. METHODS 

Mice 

All mice were maintained under specific pathogen-free conditions and treated in accordance 

with the regulatory standards of the National Institutes of Health and American Association of 

Laboratory Animal Care, and are consisted with the UCSF Institution of Animal Care and Use 

Committee. The following mice were purchased for acute use or maintained under specific 

pathogen-free conditions at the University of California, San Francisco Animal Barrier Facility: 

C57BL/6J (The Jackson Laboratory, stock 000664), CD45.1 (The Jackson Laboratory, stock 

002014) OT-I336 (The Jackson Laboratory, stock 003831), OT-II610 (The Jackson Laboratory, 

stock 004194), Xcr1-DTR611(generious gift from Tsuneyasu Kaisho, Osaka University), Mgl2-

DTR437 (The Jackson Laboratory, stock 023822), Cd11c-Cre612 (The Jackson Laboratory, stock 

008068), Cx3cr1-lsl-DTR613 (The Jackson Laboratory, stock 025629), germline-deficient Irf4fl/fl 

614(gift from Shomi Sanjabi, UCSF) and confirmed germline deficiency by PCR614,  Ccr7-/-615 (The 

Jackson Laboratory, stock 006621), Ccr7gfp 616(The Jackson Laboratory, stock 027913), Cd11c-

Cre617 crossed with Irf4fl/fl (generous gift from Anne Sperling, University of Chicago), Zbtb46gfp 411 

(The Jackson Laboratory, stock 027618). All experiments in which mice were used were 

approved by the Institutional Animal Care and Use Committee of the University of California.  

 

 

Tumor cell lines 

B16F10 (ATCC, CRL-6475) and E.G7-OVA (ATCC, CRL-2133) were purchased. B16-ChOVA, 

a derivative of B16F10, was transfected with an mCherry-OVA (ChOVA) fusion construct 

identical to that used in previous studies in our lab343,427. B16-ZsGreen (B16ZsGr) was 
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previously generated in our laboratory as described429. B16-GMCSF618 and B16-FLT3L619 were 

generously provided by Lawrence Fong, UC San Francisco. Adherent cell lines were cultured at 

37°C in 5% CO2 in DMEM (Invitrogen), 10% FCS (Benchmark), Pen/Strep/Glut (Invitrogen). 

Suspension cell lines were cultured in RPMI-1640 (Invitrogen), 10% FCS, Pen/Strep/Glut and 

beta-mercaptoethanol.  

 

Single-cell RNA sequencing 

Live CD90- B220- Ly6G- NK1.1- CD11b+ and/or CD11c+ cells were sorted from B16 tumor-

draining LNs with a BD FACSAria Fusion. 5x104 cells were re-suspended in 0.04%BSA (PBS) 

and loaded onto 10X Genomics’ Chromium Controller. Samples were processed for single-cell 

encapsulation and cDNA library generation using 10x Genomics Chromium using Single Cell 3’ 

v2 Reagent Kits. The library was subsequently sequenced on an Illumina HiSeq 4000.  

 

Single-cell RNA sequencing analyses 

Sequencing data was processed using 10X Genomics Cell Ranger V1.2 pipeline. The Cell 

Ranger subroutine mkfastq aggregated reads on a per-cellular barcode basis and passed this 

data onto the Cell Ranger count, which aligned each cell’s reads against UCSC mm10 genome 

using the aligner STAR620. After assigning each read to its unique molecular identifier (UMI), 

count generated a final gene-cellular barcode matrix.  

This matrix was passed to the R software package Seurat621 (http://satijalab.org/seurat) 

(v2.0) for all downstream analyses. We then filtered on cells that expressed a minimum of 200 

genes and required that all genes be expressed in at least 3 cells. We also removed cells that 

contained > 5% reads associated with cell cycle genes622,623. Count data was then log2 

transformed and scaled using each cell’s proportion of cell cycle genes as a nuisance factor to 

correct for any remaining cell cycle effect in downstream clustering and differential expression 

analyses. For each sample, 
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principal component (PC) analysis was performed on a set of highly variable genes defined by 

Seurat’s FindVariableGenes function. Genes associated with the resulting PCs (chosen by 

visual inspection of scree plots) were then used for graph-based cluster identification and 

subsequent dimensionality reduction using t distributed stochastic neighbor embedding (tSNE). 

Cluster-based marker identification and differential expression was performed using Seurat’s 

FindAllMarkers for all between-cluster comparisons, using only genes that were expressed in a 

minimum of at least 25% of all cells in one of the two relevant groups and had an absolute log2 

fold change of at least 0.5.   

 To generate a priori signatures for the myeloid cell types that we expected to find in the 

tumor-draining lymph node sample, we downloaded microarray based transcriptional profiles 

from the Immunological Genome Project data Phase 1624 (GSE15907) for the following samples: 

 

IMMGEN population Analysis ID Replicates 

DC.8+.SLN rCD8a 3 

DC.4+.SLN rCD11b 3 

DC.IIhilang-103-11blo.SLN mCD11b- CD103- 3 

DC.IIhilang+103+11blo.SLN mCD103+ 3 

DC.IIhilang+103-11b+.SLN mLC 3 

DC.IIhilang-103-11b+.SLN mCD11b+ 3 

Mo.6C+II-.Bl Mono 5 

Mo.6C+II+.Bl 

 

For each IMMGEN population, we performed differential expression analysis comparing 

samples from the population of interest to the aggregate of the remaining 6 groups using the R 

package limma625. We cross-referenced the 20 genes with minimal FDR626 values with those 

genes expressed in the various single cell data sets and ordered the resulting pool by fold 
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change. The single-cell expression profile top 5-10 genes were median normalized and 

aggregated to create a single “signature gene” for each cell type. These signature genes were 

0-1 scaled and plotted in the context of the TSNE dimensionality reduction to show cellular 

location. 

 

Surface and intracellular protein staining for flow cytometry  

Tumor and LN tissues were harvested and enzymatically digested with 0.2 mg/ml DNAse I 

(Sigma-Aldrich), 100 U/ml Collagenase I (Worthington Biochemical), and 500 U/ml Collagenase 

Type IV (Worthington Biochemical) for 30-45 minutes at 37 °C. Tumor samples were subjected 

to consistent agitation during this time and LN samples were rapidly pipetted at the half-point 

time. Samples were filtered to generate a single-cell suspension and washed with stain media 

(PBS, 2% FCS).  

Cells harvested from these tissues or in vitro culture were washed with PBS and stained 

with Zombie NIR fixable viability dye (BioLegend) for 30 minutes at 4°C to distinguish live and 

dead cells. Cells were then washed with stain media and non-specific binding was blocked with 

anti-CD16/32 (2.4G2, UCSF Hybridoma Core), and 2% normal rat (Invitrogen) and Armenian 

hamster (Innovative Research) serum. The following antibodies were used to stain for cell 

surface proteins at 4°C for 25 minutes: anti-CD11c (N418, BioLegend), anti-CD11b (M1/70, 

BioLegend), anti-CD103 (2E7, BioLegend), anti-Ly-6C (HK1.4, BioLegend), anti-CD90.2 (30-

H12, BioLegend), anti-B220 (RA3-6B2, BioLegend), anti-Ly-6G (1A8, BioLegend), anti-NK1.1 

(PK136, BioLegend), anti-CD24 (M1/69, BioLegend), anti-CD8a (53-6.7, BioLegend), anti-

CD301b (URA-1, BioLegend), anti-MHC-II (M5/114.15.2, BioLegend), anti-F4/80 (BM8, 

BioLegend), anti-CCR7 (4B12, BioLegend), anti-CD150 (TC15-12F12.2, BioLegend), anti-XCR1 

(ZET, BioLegend), anti-SIRPα, (P84, BioLegend), anti-CD326 (G8.8, BioLegend), anti-CD207 

(4C7, BioLegend), anti-CD80 (16-10A1, BioLegend), anti-CD86 (PO3, BioLegend), anti-CD70 

(FR70, BioLegend), anti-CD40 (3/23, BioLegend), anti-CD45.1 (A20, BioLegend), anti-CD4 
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(RM4-5, BioLegend), anti-CD69 (H1.2F3, ThermoFisher  Scientific), anti-CD44 (IM7, 

BioLegend), anti-FLT3 (A2F10, BioLegend), anti-CD26 (H194-112, BioLegend), anti-PDL2 

(TY25, BioLegend), anti-CD14 (Sa14-2, BioLegend), anti-CD206 (C068C2, BioLegend), anti-

CD200R (OX-110, BioLegend), anti-CD16/32 (93, BioLegend). Cells were washed again and re-

suspended with stain media prior to collection and analysis on a BD Fortesssa or LSR-II flow 

cytometer. When applicable, black latex beads were added to the sample for quantification of 

absolute cell number. 

For intracellular stains, cells were fixed and permeabilized with the FoxP3/Transcription 

Factor Staining Buffer Set (ThermoFisher Scientific) after surface marker staining. The following 

antibodies were used to stain for intracellular cell proteins at 25 °C for 30-60 minutes: anti-IFN-γ 

(XMG1.2, BioLegend), anti-IL-17A (TC11-18H10.1, BioLegend), anti-FoxP3 (150D, Biolegend), 

Eomes (Dan11mag, eBioscience), and anti-T-bet (4B10, Biolegend). 

 

T cell isolation 

OT-I or OT-II T cells were isolated from LNs of CD45.1+ OT-I or OT-II transgenic mice using 

EasySep CD8 or CD4 negative-selection kits (STEMCELL Technologies), respectively. 

 

In vivo T cell adoptive transfer and proliferation  

Isolated CD45.1+ OT-I or OT-II T cells were labeled with Cell Proliferation Dye eFluor670  

(ThermoFisher Scientific) and 5x105 cells were adoptively transferred to CD45.2+ mice that had 

been injected with a subcutaneous tumor 14 days previously. LNs from tumor-bearing mice 

were harvested for analysis 3 days later. When applicable, 500ng of diphtheria toxin was 

administered intraperitoneally the day before transferring T cells, and continued daily for the 

remainder of the experiment.  

 

APC-T cell in vitro co-culture assays 
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APC populations were sorted from tumor-draining LNs using a BD FACSAria Fusion and co-

cultured with 2x104 isolated eFluor670-labeled OT-I or OT-II T cells at a 1:5 ratio in complete 

RPMI. Cells or culture supernatant were harvested for analysis 3 or 5 days later.  

 

T cell cytokine analysis 

To analyze DC-T cell in vitro cultures, cells were collected 3 or 5 days after initial plating. For 

adoptive T cell transfer experiments, 1x105 naïve CD4+ OT-II T cells were transferred to tumor-

bearing mice 7-10 days after tumor injections. Tumor-draining LNs were harvested 7 days 

following the T cell transfer and re-stimulated ex vivo. For tumor-infiltrating T cell experiments, 

tumors were harvested 12-18 days after injection and 8-16x106 cells were used for re-

stimulation. Single cell suspensions that were re-stimulated were incubated with 50 ng/ml PMA 

(Sigma-Aldrich), 500 ng/ml ionomycin (Invitrogen), 3 µg/ml brefeldin A (Cayman Chemical 

Company), and 2µM monensin (ThermoFisher Scientific) for 5-6 hours in complete RPMI and 

stained for surface and intracellular proteins.  

Alternatively, 3 days post-initiation of DC-T cell co-cultures, cells were pelleted and the 

supernatant was collected and stored at -20C for later use. A bead-based assay was then used 

to quantify the concentration for pan-T helper cytokines present in the co-culture supernatant 

(LEGENDplex Mouse Th Cytokine, Biolegend, Cat #740001), as per the manufacturer’s 

instructions.  

 

Antibody or therapeutic treatment in vivo 

To assess CD4/CD8 T cell dependency for anti-CD40-mediated anti-tumor response, 100 µg of 

anti-CD40 (Clone: FGK4.5, BioXCell) or isotype (Clone: 2A3, BioXCell) was injected on days 8, 

11, and 14. 250 ug of isotype (Clone: LTF-2, BioXCell), anti-CD4 (Clone: GK1.5, BioXCell) or 

anti-CD8a (Clone: 2.43, BioXCell) was injected at days 7, 10 and 13. To assess changes in cell 
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surface markers following anti-CD40 treatment, mice were injected with 100 ug of either isotype 

or anti-CD40 on days 10 and 12 and euthanized at day 14. 

To stimulate TLR7 in vivo, 25µg Gardiquimod (Invivogen), Imiquimod (Invivogen), or 

Resiquimod (Invivogen) was injected intratumorally on days 7, 9, 11, and 13. 

 

Statistical analysis 

Data groups were compared and analyzed with Student’s t-test using GraphPrism or Microsoft 

Excel software. Significance was established if a P value was ≤0.05. Experimental group 

assignment was determined by genotype or, if all wild-type mice, by random designation. 

Investigators were not blinded to group assignment during experimental procedures or analysis. 
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