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Abstract

The control of cytoskeletal dynamics by Dedicator of cytokinesis 2 (DOCK2), a hematopoietic 

cell-specific actin effector protein, has been implicated in TCR signaling and T cell migration. 

Biallelic mutations in Dock2 have been identified in patients with a recessive form of combined 

immunodeficiency with defects in T, B and NK cell activation. Surprisingly, we show here that 

certain immune functions of CD8+ T cells are enhanced in the absence of DOCK2. Dock2-

deficient mice have a pronounced expansion of their memory T cell compartment. Bone marrow 

chimera and adoptive transfer studies indicate that these memory T cells develop in a cell-intrinsic 

manner following thymic egress. Transcriptional profiling, TCR repertoire analyses and cell 

surface marker expression indicate that Dock2-deficient naive CD8+ T cells directly convert into 

virtual memory cells without clonal effector T cell expansion. This direct conversion to memory is 

associated with a selective increase in TCR sensitivity to self-peptide MHC in vivo and an 

enhanced response to weak agonist peptides ex vivo. In contrast, the response to strong agonist 

peptides remains unaltered in Dock2-deficient T cells. Collectively, these findings suggest that the 

regulation of the actin dynamics by DOCK2 enhances the threshold for entry into the virtual 

memory compartment by negatively regulating tonic TCR triggering in response to weak agonists.

INTRODUCTION

We have previously described a loss-of-function Dock2 allele (Dock2hsd) that had been 

inadvertently introduced into multiple mouse lines (1). Using this knockout allele of Dock2 
extensively in this study, we find that the responsiveness of Dock2-deficient CD8+ T cells to 

weak agonists is unexpectedly enhanced. Thus, while DOCK2 may promote TCR responses 

to strong agonists, it appears to constrain the responsiveness to weak TCR agonists. In vivo, 

the loss of DOCK2 results in an enhanced conversion to virtual memory T cells. Virtual 
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memory T cells can provide antigen-independent innate-like bystander protection in the 

context of intracellular infection against some pathogens such as Listeria monocytogenes 
(2), and contribute to protective immunity in mice (3, 4). In this present study, we show that 

the memory phenotype T cells, previously shown to be expanded in the absence of DOCK2 

(1), are polyclonal virtual memory cells and demonstrate that they are generated by direct 

conversion of naive T cells into memory as a result of cell-intrinsic hyperresponsiveness of 

Dock2hsd/hsd T cells to weak agonists. Mice with other engineered Dock2 mutations also 

exhibit the same phenotype. These findings suggest that the absence of DOCK2 lowers the 

threshold of self-peptide triggering required to enter the virtual memory T cell compartment.

Aside from homeostatic cytokine signaling and tonic TCR triggering, very little is known 

about the regulators of the CD8+ T cell virtual memory compartment. FYB1 (Fyn binding 

protein 1) has been proposed to function as a negative regulator of the size of the CD8+ 

virtual memory compartment by limiting the response to IL-15 (5). This study shows that 

DOCK2 functions as a novel negative regulator of the CD8+ virtual memory compartment. 

DOCK2 (Dedicator of cytokinesis 2) activates the actin effector Rho GTPase Rac by 

catalyzing the transition from the inactive GDP-bound state to the active GTP-bound state 

(6). DOCK2 localizes to the cell membrane via its DHR1 domain mediated interactions with 

PIP3 and polybasic amino acid cluster based interactions with phosphatidic acid, thus 

ensures spatially controlled activation of GTPase Rac at the plasma membrane (6-8). GTP 

bound RAC1 subsequently drives actin polymerization enabling cytoskeletal rearrangements 

required for lymphocyte chemotaxis (6, 9, 10), T cell interstitial motility (11), plasmacytoid 

dendritic cell cytokine secretion (12), and TCR activation (13, 14). This study suggests that 

DOCK2-dependent remodeling of actin cytoskeletal may limit the responsiveness of CD8 T 

cells to weak agonists such as self-peptides, thereby regulating the size of the virtual 

memory compartment.

MATERIALS AND METHODS

Mice

Dock2hsd/hsd mice were purchased from Harlan Laboratories and maintained as a separate 

colony in a specific pathogen free environment in accordance with institutional guidelines. 

C57BL/6J, OT-I and RAG1 knockout mice were purchased from Jackson Laboratory. Unless 

otherwise specified, all experiments were conducted using 8-12 week-old mice.

Bone marrow chimeras

Bone marrow was isolated from the indicated mice. Resuspended cells from the bone 

marrow were labeled using biotinylated anti-CD3 antibody and streptavidin microbeads 

(Miltenyi Biotec). Cells were then resuspended in PBS and 1×106 cells were transferred to 

each mouse.

Cell transfers

For lymphopenia induced proliferation experiments, mice were irradiated at a dose of 600 

cGy. 6 hours later, a total of 1X106 CFSE labeled naive T cells from Dock2hsd/hsd and WT 
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mice were co-injected into irradiated congenic hosts. One week later, transferred cells were 

recovered and assessed for CFSE dilution and CD44 upregulation.

For experiments in lymphoreplete mice, a total of 2×106 naive T cells from Dock2hsd/hsd and 

WT mice were co-injected into unmanipulated congenic hosts. Three weeks later, transferred 

cells were assessed for CD44 and CD122 upregulation.

RNA Sequencing and TCR repertoire analysis

RNA from 50,000 cells for each condition was isolated with QIAGEN RNA isolation kits 

according to the manufacturer instructions. RNA-Seq libraries were then prepared using the 

Smart-Seq2 protocol (43). Libraries were sequenced on an Illumina NextSeq 550. Paired end 

reads were aligned to the mm10 reference genome and expected transcript counts were 

estimated using the RSEM package. The transcriptomic data is available at the NCBI GEO 

database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135594). Gene Set 

Variation Analysis (GSVA) as well as Gene Set Enrichment Analysis (GSEA) were used to 

determine if the naïve CD8+ T cell gene expression program matched known immunological 

gene expression signatures (25, 26, 44). Differentially enriched gene sets were identified 

using the Limma package (45). From each mouse, 50,000 naïve or memory phenotype CD8 

T cells were sorted and the extracted RNA was used to prepare TCR repertoire libraries 

using a commercially available iRepertoire kit for mouse TCRβ and sequenced on an 

Illumina MiSeq instrument. V, D and J segment assignment and clonotypes identification 

was performed using MiXCR (46). Repertoire sequencing metrics are included in 

Supplementary Table 3. VDJtools was used for post analysis determination of convergence, 

diversity and hierarchical clustering of samples based on TCR Vβ usage (27).

T cell stimulation

Ex vivo polyclonal stimulation was performed by incubating T cells in a cell stimulation 

cocktail from eBioscience (cat: 00-4975-03) for 4 hours. Cytokines were purchased from 

Peprotech and used at a concentration of 10 ng/ml for 18 hours. For OT-I TCR stimulation 

altered peptide ligands were synthesized by AnaSpec and used at the indicated 

concentrations to stimulate cells for 4 hours.

Listeria infection

Mice were intravenously infected with 2×104 CFUs of LM10403S. At the indicated times, 

livers were homogenized with 0.05% Triton-X in PBS followed by plating of serial dilutions 

on Brain Heart Infusion agar plates containing streptomycin.

Flow cytometry

The following antibodies were used for surface staining CD8 (53-6.7), CD44 (IM7), CD49d 

(R1-2), CD122 (TM-β1), IFN-g (XMG1.2), CD69 (H1.2F3), CD25 (, Ki67 (16A8), TCR, 

Vβ5 (MR9-4), Vα2 (B20.1), CD45.1 (A20), CD45.2 (104), CD90.1 (OX-7), CD90.2 (30-

H12). Cells were permeabilized for intracellular staining using the Foxp3 permeabilization 

kit (eBioscience cat:00-5523-00).
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Microscopy and image analysis

OT-I T cells tagged with fluorescently labeled anti-CD8 nanobodies were co-cultured for 4 

hours in the presence of antigenic peptide-loaded syngeneic wild-type bone-marrow derived 

dendritic cells generated from B6 bone marrow (47, 48). The cells were fixed, stained and 

imaged using confocal microscopy as previously described (32). Image processing was 

carried out using ImageJ and Metamorph software. To assess F-actin intensity, the region of 

interest was defined as corresponding to the zone of actin polymerization along the contact 

interface between T cell and dendritic cell, and the F-actin intensity was quantified using 

MetaMorph Software. All images presented here are raw images, displayed at identical 

contrast settings.

RESULTS

Absence of DOCK2 results in the expansion of virtual memory T cells

In an earlier study, we identified an approximately 3-fold expansion of memory phenotype 

(MP) CD8+ T cells in mice carrying a spontaneous loss of function mutation in the guanine 

exchange factor DOCK2 (Dock2hsd/hsd) (1). This expansion is not specific to this particular 

allele of Dock2, as it is also present in gene targeted Dock2-deficient mice (6) (Figure 1A). 

The increase in the percentage of Dock2hsd/hsd MP cells is also mirrored by a similar 

increase in the total numbers of these cells (Figure 1B). Notably, these cells lack surface 

expression of NK1.1 and express both CD8α and CD8β (data not shown).

Recent studies have identified cognate antigen-independent memory cells that arise in 

unmanipulated lymphoreplete mice. (15-17). Such “virtual” memory cells can be 

distinguished from conventional memory cells by their low expression of CD49d (16). 

Based on CD49d staining, the majority of expanded memory phenotype Dock2hsd/hsd 

splenic T cells resemble virtual memory cells (Figure 1C). The ratio of virtual to true 

memory is also significantly increased in the absence of DOCK2 (Figure 1C).

Dock2hsd/hsd virtual memory cells are functional and their presence correlates with 
protection from intracellular infection

A key feature of memory cells from antigen-inexperienced mice is the innate-like propensity 

for the rapid and cognate antigen-independent production of interferon-γ (IFN-γ) following 

intracellular bacterial infection in response to pro-inflammatory cytokines such as IL-12 and 

IL-18 or NKG2D ligands (3, 4, 18, 19). Virtual memory T cells are dependent upon IL-15 

for their generation, and also require the continued presence of IL-15 in order to maintain 

the levels of effector molecules necessary for antigen-independent bystander protection (2). 

Consistent with these studies, a higher proportion of Dock2hsd/hsd CD8+ T cells respond 

rapidly to in vitro polyclonal stimuli (PMA + ionomycin, or IL-12 + IL-18) by secreting 

IFN-γ (Figure 1D and 1E).

As virtual memory cells can robustly traffic to the liver (2), we hypothesized that increased 

IFN-γ production by Dock2-deficient T cells could be protective against infection with 

Listeria monocytogenes, which replicates extensively in the liver. Indeed, expansion of 

virtual memory cells in the absence of DOCK2 correlated with increased resistance to L. 
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monocytogenes infection, as Dock2hsd/hsd mice showed significantly lower bacterial burden 

3 days after intravenous infection (Figure 1F). Importantly, there were no differences 

between wild type and Dock2hsd/hsd liver bacterial CFUs 18 hours post-infection, consistent 

with published studies showing that the protective effect of CD8+ derived IFN-γ was 

manifest only 3 days after infection (3).

Dock2hsd/hsd memory phenotype T cells arise in a hematopoietic-intrinsic manner 
following thymic egress

Some studies have identified key roles for radio-resistant stromal cells in maintaining 

peripheral T cell homeostasis (20). With this in mind, we sought to evaluate the contribution 

of non-hematopoietic cells in the expansion of virtual memory T cells by transferring bone 

marrow into irradiated RAG-deficient recipients. We found that only recipients of 

Dock2hsd/hsd bone marrow had a robust expansion of memory cells, while mice that received 

wild type bone marrow had a much smaller virtual memory compartment (Figure 2A). These 

experiments could not be performed in the setting of competitive reconstitution as Dock2-
deficient hematopoietic progenitors exhibit a severe defect in bone marrow reconstitution 

under competition from wild-type cells due to an impaired response to CXCL12 (21). 

Indeed, mixed bone marrow chimeras, where wild-type (WT) and Dock2hsd/hsd mice bone 

marrow were co-injected into the same Rag1−/− recipient, resulted in ~20:1 hematopoietic 

reconstitution despite a 1:1 transfer of bone marrow precursors.

In contrast to innate CD8+ T cells that are generated prior to thymic egress (22, 23), 

Dock2hsd/hsd virtual memory cells arise in the periphery, as mature CD8+CD4−CD44hi cells 

are not present in the thymus (Figure 2B). Dock2hsd/hsd deficient naive T cells also show no 

signs of early effector activation (surface CD69 and CD25 expression) or proliferation (as 

seen by Ki-67 expression) that accompany conventional true memory cell generation 

following thymic egress (24) (Figure 2C & 2D).

Dock2hsd/hsd naive T cells directly convert into memory phenotype cells

To explore the mechanism underlying the enhanced generation of Dock2hsd/hsd virtual 

memory cells, we examined the immunological gene signatures in the whole transcriptome 

profiles of Dock2-deficient and WT naive and memory phenotype CD8+ T cells using Gene 

Set Variation Analysis (GSVA) (Figure 3A) (25, 26). Unsurprisingly, genes involved in CD8 

memory T cell differentiation were among the top 20 pathways that were differentially 

enriched between the four conditions. However, we were surprised to find that the same 

three gene sets associated with memory CD8+ T cells as well as one gene set associated with 

day 15 effectors in the LCMV-Armstrong infection model were also among the top ten 

pathways that were differentially enriched between wild-type (C57BL/6J) and Dock2hsd/hsd 

naïve CD8+ T cells using both GSVA and GSEA analysis (Figure 3B and 3C). In order to 

assess whether a bona fide effector signature was enriched in Dock2-deficient naive CD8+ T 

cells, we performed GSEA using custom gene sets that were unique to or shared among the 

above four gene sets (Figure 3D). We found that only the genes which were common to all 

four gene sets, or the three memory cells gene sets, were enriched in Dock2-deficient naïve 

CD8+ T cells. Furthermore, the gene signature that is specific to day 15 effectors was not 

enriched in the Dock2-deficient naïve CD8 T cells. This suggests that CD8+ memory-linked 
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genes are likely to be upregulated in the day 15 effector CD8 T cell gene set, perhaps 

because the day 15 effectors in the Kaech et al LCMV infection model include memory cell 

precursors or have initiated the upregulation of memory-linked genes. Full details of this 

analysis as well as complete gene lists have been provided in Supplementary Tables 1 and 2. 

Consistent with the direct conversion of these mutant naïve CD8+ T cells to memory T cells 

and the bypassing of effector T cell clonal expansion, we observed no enrichment of any 

other gene sets associated with early T cell activation. Genes associated with activation or 

exhaustion such as CD137(4-1BB), PD1, TIM3, and LAG3 were also expressed at 

extremely low levels in from naïve CD8 T cells from wild-type and Dock2hsd/hsd mice). The 

complete RNA-seq dataset is available at NCBI GEO (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE135594).

TCR sequencing analysis suggested that the repertoire of the naive CD8+ T cells was 

comparably diverse in both Dock2-deficient and WT mice (Figure 3E). However, the 

Dock2-deficient virtual memory CD8+ cells were more diverse than WT virtual memory 

cells, suggesting that the conversion to virtual memory cells was a highly polyclonal process 

in Dock2-deficient mice (Figure 3E-G). One measure of antigenic selection in a TCR 

repertoire is convergence, the number of unique CDR3 sequences encoding the same amino 

acid sequence (27). In the context of virtual memory T cells, convergence can be interpreted 

as selection by self-antigens in the periphery. Analysis of the Dock2hsd/hsd memory T cell 

repertoire revealed a significantly lower number of unique CDR3 nucleotide sequences that 

encode the same amino acid sequence, compared with wild type memory cells (Figure 3H). 

This decrease in convergence suggests that the self-antigen affinity threshold for entering the 

virtual memory compartment is lowered in the absence of DOCK2, allowing more “naive” T 

cells to enter this compartment. Further supporting this conclusion, we found that the TCR 

Vβ expression profile of Dock2hsd/hsd virtual memory cells bore remarkable similarity to 

naive T cells and is quite distinct from wild type virtual memory cells (Figure 3I).

In order to determine whether Dock2hsd/hsd naive CD8+ T cells have an increased cell 

intrinsic propensity to convert to virtual memory, we investigated how adoptively co-

transferred Dock2hsd/hsd and WT naive T cells respond to homeostatic signals in vivo. 

Dock2hsd/hsd T cells transferred into irradiated lymphopenic mice proliferate at a strikingly 

faster rate than co-transferred WT T cells with concomitant CD44 upregulation (Figure 4A). 

Importantly, this increased rate of conversion to memory was also observed when naive 

Dock2hsd/hsd T cells were transferred into lymphoreplete mice without any irradiation 

(Figure 4B).

Surface CD5 levels, a proxy for tonic TCR signalling (28, 29), were significantly higher on 

naive T cells from Dock2hsd/hsd mice than WT mice (Figure 4C). In addition, Dock2hsd/hsd 

naive T cells also exhibit lower surface TCR expression (Figure 4C). These findings suggest 

that an increase in self peptide-MHC triggering may be associated with the expansion of 

memory phenotype cells. Interestingly, increased CD5 levels are also seen in Dock2hsd/hsd 

CD8 single-positive thymocytes, suggesting that the Dock2-deficient cells may receive 

stronger positively selecting signals. However, this is not accompanied by dramatic changes 

in the proportions of thymic precursors (Supplementary Figure 1A).
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Responsiveness to weak agonists is selectively enhanced in Dock2-deficient T cells

As our experiments implicated tonic TCR signaling in driving the conversion to virtual 

memory, we generated Dock2-deficient OT-I transgenic mice (OT-I Dock2hsd/hsd) to 

interrogate this phenomenon in the context of a defined TCR repertoire. OT-I Dock2hsd/hsd 

mice were born at Mendelian ratios and exhibited no obvious developmental defects. 

However, a close examination of T cells in the spleens of these mice revealed a striking 

accumulation of virtual memory cells, as compared to OT-I mice with normal expression of 

DOCK2 (Figure 5A, Supplementary Figure 1B). Thus, the Dock2-dependent expansion of 

CD8+ T cells does not require a polyclonal repertoire.

We next measured the responses of naive Dock2-deficient OT-I T cells to altered peptide 

ligands with varying degrees of affinity for the OT-I TCR using the following peptides, listed 

in increasing order of affinity: SIIGFEKL (G4), SIITFEKL (T4), SIIQFEKL (Q4), and 

SIINFEKL (N4) (30). We used CD69 upregulation (31) and cytoskeletal remodeling (32, 33) 

to evaluate TCR-dependent responses. Incubation of splenocytes with strong and 

intermediate affinity agonists (N4, T4 and Q4) consistently activated OT-I T cells as 

measured by CD69 upregulation, regardless of DOCK2 expression (Figure 5B-C). However, 

weak agonist (G4) stimulation resulted in significantly more CD69+ Dock2-deficient OT-I T 

cells when compared to cells from OT-I Dock2+/hsd littermates (Figure 5C). Dock2-deficient 

OT-I T cells also exhibited greater reactivity to both weak and intermediate affinity agonists 

when TCR reactivity was measured in terms of TCR downregulation (Figure 5D).

TCR signaling is associated with actin polymerization and the enrichment of filamentous 

actin (F-actin) at the immunological synapse. Remodeling of F-actin at the immunological 

synapse is essential for TCR signaling events (32, 33). The high affinity (N4) peptide 

induced comparable levels of polymerized actin at the synapse in both Dock2-deficient as 

well as WT OT-I T cells (Figure 5E and 5G). However, in the Dock2-deficient OT-I T cells 

but not wild-type OT-I T cells, the lowest affinity peptide (G4) induced prominent actin 

polymerization (Figure 5E and 5F). Collectively, these findings suggest that Dock2-deficient 

OT-I T cells have a significantly reduced threshold of TCR activation in response to low 

affinity peptides.

DISCUSSION

We had previously shown that the loss of DOCK2 results in a prominent expansion of CD8+ 

blood memory phenotype (MP) cells, and had used this phenotype to identify a loss-of-

function Dock2 genetic variant (Dock2hsd/hsd) in the commercially available C57BL6/NHsd 

substrain of C57BL/6 mice (1). In this study, we show that a similar expansion of CD8+ 

memory T cells is not specific to this Dock2 mutant allele and is also seen in gene targeted 

Dock2 knockout mice (6). In contrast to conventional antigen-experienced memory cells, the 

majority of Dock2hsd/hsd memory T cells exhibit low surface expression of CD49d, originate 

in the periphery, lack activation makers, and have a highly diverse repertoire without any 

dominant clones. It can thus be concluded that the MP cells in Dock2hsd/hsd mice represent 

bona fide virtual memory cells.
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Virtual memory T cell generation and maintenance is dependent on TCR triggering by self-

peptide MHC and common γ-chain cytokine derived signals. However, there is little known 

about negative regulators of the virtual memory compartment (5). In this study, we have 

provided evidence that DOCK2 sets a threshold for direct entry of naive CD8+ T cells into 

the virtual memory compartment. We have shown that there is reduced TCR sequence 

convergence and greater naive-like TCR Vβ usage in the Dock2hsd/hsd virtual memory TCR 

repertoire suggesting that more “naive” TCRs are able to enter this compartment. We found 

a striking enrichment in gene sets associated with memory differentiation in the genes that 

are upregulated in Dock2hsd/hsd naive CD8+ T cells relative to WT naive T cells. Notably, 

there was no enrichment of gene sets associated with effector differentiation. We observed 

an increased propensity of adoptively co-transferred Dock2hsd/hsd naive T cells to convert to 

a memory phenotype in response to homeostatic signals. We also demonstrated that Dock2-

deficiency increases TCR sensitivity to weak agonists, and a higher level of CD5 observed 

on Dock2hsd/hsd T cells is consistent with enhanced responsiveness to self-peptide MHC in 
vivo.

A prior study by Sanui et al. showed that in the absence of DOCK2, MHC-II restricted 2B4 

TCR transgenic CD4+ T cells exhibit a reduced response to weak agonist peptides (13). 

However, the interpretation of this experiment may be complicated by the observation that 

DOCK2 may negatively influence lymphocyte proliferation independent of antigen receptor 

signaling (34). Besides DOCK2, FYB1 has been shown to negatively regulate the size of the 

virtual memory compartment (5). However, the relationship between DOCK2 and FYB1 has 

not yet been studied, and it is formally possible that DOCK2 and FYB1 function in the same 

or parallel pathways.

It is currently unclear how the loss of DOCK2 sets the threshold for weak agonist TCR 

stimulation. One possibility is that the decreased interstitial motility (11) observed by 

Dock2−/− T cells results in increased TCR-MHC contact duration. It is possible that 

increases in antigen presenting cell “residency” time results in increased amounts of TCR 

triggering and concomitant conversion into memory cells. Another possibility is that the loss 

of DOCK2 disrupts the cortical network lowering the threshold for activation by weak 

ligands. Cortical actin forms a dense 100 nm thick layer lining the plasma membrane and 

can act as a barrier to TCR signaling by restricting the access of intracellular domains of 

LAT and CD3 to cytosolic signaling mediators such as PLC-γ1 in the absence of CD28 

dependent costimulation (35, 36). The TCR and LAT are present in distinct microclusters in 

resting T cells, and the disruption of actin polymerization results in their activation-

promoting aggregation (37). DOCK2 is localized to the cell membrane via its interactions 

with the phospholipids, PIP3 and phosphatidic acid, and promotes RAC1-mediated actin 

polymerization (6-8). Therefore, we speculate that disruption of cortical actin in Dock2-

deficient mice may contribute to the increased TCR responsiveness to weak agonists by 

promoting the enhanced diffusion of segregated transmembrane proteins such as the TCR 

and LAT and promote their association with downstream signaling mediators. Further 

studies on the role of Rac, the GTPase activated by DOCK2, in TCR signaling and virtual 

memory differentiation following egress into the periphery could also be informative as 

current studies of this GTPase have been, largely focused on thymic development and 

homing (38, 39).
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In conclusion, we have demonstrated a novel role for DOCK2 in restricting the size of the 

virtual memory T cell compartment most likely by setting the threshold for responses 

against weak agonists. DOCK2 deficiency is a rare cause of severe immunodeficiency and 

early onset infections in humans (40). However, the effect of DOCK2 on virtual memory 

cells in humans is yet to be determined as the flow cytometric markers for virtual memory in 

humans are not well established (15, 41). Our findings suggest that any efforts to dampen 

immune responses using a small molecule inhibitor of DOCK2 should be tempered by an 

understanding that this protein has pleiotropic effects on peripheral T cell homeostasis (42).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

1. DOCK2-deficient CD8+ T cells spontaneously convert into virtual memory 

cells.

2. Dock2−/− CD8+ T cells exhibit enhanced responsiveness to weak agonists.
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Figure 1: Dockhsd/hsd mice have an expanded virtual T cell compartment and are resistant to 
intracellular bacterial infection with Listeria monocytogenes
(A) The proportion of CD8+ memory phenotype cells (MP) in the spleens of Dock2hsd/hsd, 

Dock2Fukui/Fukui and wild-type (WT) mice as measured by flow cytometry.

(B) Number of naive (CD44loCD122−), memory phenotype (CD44hiCD122hi) and total 

CD8+ T cells in the spleens of WT and Dock2-deficient mice.

(C) Percentage of CD8+ virtual memory (VM) (CD44hiCD49dlo) T cells among total CD8+ 

T cells as well as the ratio of VM to true memory (TM) (CD44hiCD49dhi) CD8+ T cells in 

the spleens of WT and Dock2-deficient mice

(D & E) Intracellular staining for IFN-γ in WT and Dock2-deficient CD8+ T cells 

stimulated for 4 hours with PMA and Ionomycin (D) or for 18 hours with IL-12 and IL-18 

(E).

(F) Bacterial burden in the livers of Listeria-infected WT and Dock2-deficient mice at 18 

and 72 hours post-infection (data from two experiments with groups of 3 to 4 mice each). In 

the above experiments, statistical significance was assessed using unpaired two-tailed 

Student’s t test.
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Figure 2: Dockhsd/hsd virtual memory T cells arise in a cell-intrinsic manner following thymic 
egress
(A) Bone marrow cells from either Dock2hsd/hsd or WT mice were injected into irradiated 

Rag1−/− mice. The spontaneous generation of memory CD8+ T cells (CD44hi CD122hi) was 

examined in the recipient mice at 12 weeks after cell transfer.

(B) CD44 levels on the Thy1.2+ CD8+ CD4− single positive thymocytes from WT and 

Dock2-deficient mice.

(C) Levels of activation markers (CD25 and CD69) on splenic CD8+ T cells from WT and 

Dock2-deficient mice

(D) Percentage of Ki-67+ cells in the CD44lo and CD44hi CD8+ T cell compartments in WT 

and Dock2-deficient mice.

All experiments were performed twice in groups of 3 to 4 mice. Statistical significance was 

assessed using unpaired two-tailed Student’s t-test.
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Figure 3: Naïve Dock2hsd/hsd T cells exhibit memory-like characteristics
(A) Top twenty differentially enriched immunological gene signatures among naïve and 

memory phenotype CD8+ T cells from wild-type and Dock2hsd/hsd mice.

(B) Top ten differentially enriched immunological gene signatures between wild-type and 

Dock2hsd/hsd naïve CD8+ T cells. Gene sets linked to memory T cell differentiation are 

marked with a star in A and B. In both A and B, the heatmaps are colored by the GSVA 

enrichment score.

(C) Gene set enrichment analysis of genes upregulated in CD8+ naive (CD44loCD122−−) 

Dock2hsd/hsd T cells compared to WT naive CD8+ T cells. Significantly enriched pathways 

linked to memory T cell differentiation are shown.

(D) Overlap among the enriched gene sets linked to memory CD8+ T cell differentiation 

shown in A, B and C. Only the starred overlaps are significantly enriched in naive CD8+ 

(CD44loCD122−−) Dock2hsd/hsd T cells compared to wild-type by GSEA analysis.
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(E,F and G) The repertoire diversity of naïve and memory phenotype (MP) CD8+ T cells 

from Dock2-deficient and wild-type mice assessed using the Shannon-Wiener diversity 

index (E) and visualized by scaling the area and color of the clonotypes by their abundance 

(F) or using a rarefaction plot (G).

(H) Repertoire convergence (F) (i.e. number of unique CDR3 nucleotide sequences that 

encode the same amino acid sequence) in naive (CD44loCD122−) and MP (CD44hiCD122+) 

T cells from WT and Dock2hsd/hsd mice. Statistical significance was assessed using unpaired 

two-tailed Student’s t test.

(I) A hierarchically clustered heatmap of the frequency of TCR Vβ gene segment usage in 

naive (CD44loCD122−−) and MP (CD44hiCD122+) CD8+ T cells from Dockhsd/hsd and WT 

mice.
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Figure 4: Naïve Dock2hsd/hsd T cells undergo spontaneous conversion into virtual memory T cells
(A) Naive T cells from CD45.2+ Thy1.2+ Dock2hsd/hsd and CD45.2+ Thy1.1+ WT mice were 

co--transferred into irradiated CD45.1+ Thy1.2+ lymphopenic mice and assessed for CFSE 

dilution and CD44 upregulation after 1 week.

(B) Naive T cells from CD45.2+ Thy1.2+ Dock2hsd/hsd and CD45.2+ Thy1.1+ WT mice were 

co-transferred into unmanipulated lymphoreplete CD45.1+ Thy1.2+ mice and assessed for 

upregulation of memory markers after 3 weeks.

(C) Surface levels of CD5 and TCR on naive CD8+ T cells from Dock2hsd/hsd and WT mice 

as assessed by flow cytometry.

Statistical significance was assessed using unpaired two-tailed Student’s t-test.
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Figure 5: OT-I Dock2hsd/hsd mice have an expansion of memory phenotype (MP) T cells and 
show increased ex vivo responses to TCR stimulation
(A) The proportion of CD8+ CD44hi CD122+ memory phenotype (MP) cells in the spleens 

of OT-I TCR-transgenic mice in the WT and Dock2hsd/hsd background.

(B-D) T cell activation in response to four hours of ex vivo stimulation with peptides of 

varying signal TCR affinity. Representative histograms in response to stimulation with 1μM 

peptide (B). Percentage of CD69+ cells observed (C) or degree of TCR downregulation (D) 

in response to a range of peptide concentrations. Statistically significant differences (p < 

0.001) assessed using an unpaired t-test are marked with asterisks.

(E and F) Confocal microscopy of filamentous actin (green) at the immunological synapse in 

OT-I WT or OT-I Dock2hsd/hsd T cells co-cultured with syngeneic wild-type splenocytes in 

presence of (C) the high affinity SIINFEKL (N4) peptide or (D) the low affinity SIIGFEKL 

(G4) peptide. OT-I T cells were pre-stained with a fluorescently labeled anti-CD8 nanobody 

(red).
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(G) Quantification of F-actin intensity in OT-I WT and Dock2hsd/hsd CD8+ T cells upon 

stimulation with high (N4) or low (G4) affinity peptides shown as integrated fluorescence 

intensity. The Mann–Whitney unpaired t-test was used to assess statistical significance. The 

bars charts depict mean ± SEM.
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